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EXECUTIVE SUMMARY
[bookmark: _GoBack]The Failure Mode and Effects Analysis (FMEA) was carry out by Omaira Hernandez in Clyde Wind Farm, which is based near Abington, South Lanarkshire. Energy and Environmental Engineer with an specialisation on FMEA analysis is my degree. The help of technician’s employers at the wind farm was necessary. The analysis was carried out within 2 weeks. 
OBJECTIVES
On this report, a failure analysis carried out to identify the reason why cracks have developed on a 3-year-old wind turbine is explained. The main aim of this technique was to find a solution for the mentioned problem after failures were discovered. Several recommendations were given to meet the adequate wind turbine functioning. The FMEA project was part of an initiative taken by the wind turbine plant operation management against the deterioration of wind turbine blades. 
FMEA
FMEA is a tool used to take actions and reduce failures of a process. Also, it is used to prevent failures during a design process. Wind turbine manufacturers have used FMEA to asses, evaluate and prioritise known failure modes and therefore improve machinery production that had been reduced by an error. 
There were 3 failure modes found and analysed: 
1. Cracks and delamination due to insufficient lighting protection.
2. Topcoat damage due to severe weather and impacts.
3. Adhesive bond line failure and other manufacturing problems.
The current controls in place were analyzed and recommended actions proposed to fix the error and avoid future failures. 
STRENGHTS AND WEAKNESSES
Strengths: 
· FMEA can evaluate failure modes, their causes and effect, providing information to prevent future failures in product and process design.
· While the product is being design, an FMEA provides the designer with accurate information of the possible failures that should be considered.
· From the RPN obtained, actions can be taken to eliminate the failure or reduce it.
Weaknesses: 
· It is a time-consuming technique.
· The relationship between various failure components is not considered. 
· FMEA might be applied to late if it does not affect decision-making of a design and process.



· FMEA depends on subjective analysis and engineers’ experience. 
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1.0 INTRODUCTION
The UK government target is to reduce carbon emission up to 80% by 2050 due to the global warming. One of the main methods to achieve this is by replacing fossil fuels with environmentally friendly energy sources as wind energy, which implies the need to design more wind plants.
Wind energy is a sustainable and green energy source in which wind is used to create mechanical power through wind turbines. Regardless the fact that wind energy is considered a reliable and affordable source of electricity, wind turbines often operate in harsh environments that can cause serious damage to them. Hence why wind turbines need regular maintenance to stay reliable and available as well as prompt action when a failure is detected, to avoid any major problems or costs. 
The aim of this report is to analyse, determine and eliminate the origin of major cracks found in a 3-year-old turbine blades material, reason why a risk assessment is conducted through a FMEA (Failure Mode and Effect Analysis).
Wind turbines are devices are devices that convert Kinetic Energy into electrical energy. A wind turbine systems’ most critical components and the most vulnerable parts to break are the blades, which cause the highest number of incidents reported in Wind Farms, as stated by Caithness Windfarm Information Forum accident statistics. A broken blade could be a potential cause of destruction to other blades, the tower, the wind turbine itself and other wind turbines in the farm. 
The blades damage has also been shown to be the most expensive type of repair damage that demands a significant amount of repair time, reflecting 15-20% of the entire wind turbine system. Therefore, wind turbine blades need the greatest possible care and once damaged, prompt repair action should be taken to prevent the collapse of the whole tower and the numerous risks that it involves. 
In order to enhance wind turbine performance and availability, the first step is to accurately determine the causes of failure, failure rates, failure effects and criticalities. 
The report begins with a detailed FMEA analysis. The results of the examination and the corrective action plan are presented and analysed. Finally, other tools and techniques that could be used to investigate the problem are discussed, and a variety of recommendations is made for further cases. 

2.0 WIND TURBINE BLADES
As already mentioned, the wind turbine blades are responsible for capturing the Kinetic Energy of the wind. WT can be classified into horizontal-axis and vertical-axis. Horizontal-axis blades have higher aerodynamic yield than the vertical ones, hence why most commercial turbines, including the ones to analyse in this process, have horizontal-axis blades nowadays. To understand the fails that could occur on wind turbine blades, it is necessary to understand their structure design. 
2.1 STRUCTURE
Spar caps: main structure (skeleton) of the blade carrying the high loads.

Shear webs: these connect the spar caps to make it into one spar cap and thus provide stiffens against bending loads

[image: ]
Shell: cross-sectional shape of a blade that transforms the Kinetic Energy in the wind into useful energy.



Sandwich structure: formed by thermosetting resigns (polyester and epoxy), resign glass and carbon fibre materials, core materials (woods and PVC foams).




2.2 MANUFACTURING AND MATERIALS
Blades are mainly made of composite, material made of two or more different materials with different physical or chemical properties that when combined produce a new material with different properties from the individual components. Manufacturers use composite for its strength, flexibility and lightweight.
The most common manufacturing processes for wind turbine blades are: vacuum infusions and the prepreg process. In 2015, 65% of power plants in Europe use vacuum infusion while only a 35% use prepreg, this is associated to the cheaper price vacuum infusion offers compare to the prepreg process.

3.0 FMEA ANALYSIS
3.1 PROBLEM OBSERVATION
Cracks damage to blade tip. 
3.2 FMEA PROCEDURE
The procedures follow to carry out the FMEA on wind turbine blades material and the improvements that could be achieved if recommended actions were taken, are described and explained in this section. 
The FMEA is a tool used to identify machinery and equipment failures and the effects on the system or end users, to assess with the risk associated with the type of failure as well as enforce corrective measures to address the serious concern. Even though FMEA was first conducted in aerospace industry, nowadays is also used in a variety of industries including automotive, health, aeronautical, software, wind energy, etc. 
There are numerous types of FMEA, but the most common ones are: 
· System FMEA: focus on system deficiencies and analyse the whole system. 
· Design FMEA: focus on design deficiencies and analyse the subsystem level (which is made up of various components) 
· Process FMEA: focus on manufacturing deficiencies and analyse the assembly operation. 
Considering that the failure on the blades is found on the material of which they are made of, the type of FMEA used on this project is a Process FMEA, method used to discover risks derived from: human errors, methods involved in the manufacturing process, materials and machinery used in the process, measurement systems and environment factors that affects the operation performance. 
In a FMEA analysis, the subsystem is found naming the assembly part under analysis, followed by the function description, which describes the purpose of the assembly operation. Once the reason why the failures have developed are mentioned, also named as failure mode, the impact of error on the system is calculated in three steps. 
· Severity: a number that refers to the effect the failure has on the product based on a severity scale. 
· Occurrence: frequency which each failure or potential cause occurs. 
· Detection: ranking number associated with the possibility that the error will be detected before it affects the system.
Each of the three variables is graded on a scale between 1 (Best) and 10 (Worst). These three factors combine resulting in a rating scored called Risk Priority Number, used to prioritise products that require additional performance planning. 
The following table shows the Process FMEA carried out on the wind turbine blades and the results obtained from it as well as recommend actions fix this problem.

	PROCESS 

	FUNCTION DESCRIPTION
	FAILURE MODE 
	
POTENTIAL CAUSE OF FAILURE

	EFFECT CAUSED BY FAILURE
	  S
E
V
	O
C
C
	CURRENT CONTROLS
	

D
E
T  
         

	  

R
P
N  


	Blade
	Cracks and delamination 
	Insufficient lighting protection
	
-High pressure and shock wave resulting in sudden delamination and cracks 
- Fast thermal expansion
- Degradation of material 
- Catastrophic blade destruction 
	10
	6
	- Lighting sensor devices.

	5
	


300

	Blade 
	Topcoat damage
	External object impacts (Animals, transportation and severe weather)

	- Crack opening
- Delamination
- High dynamic stress
- Out-of-place loading conditions 
- Stiffness and strength reduction
- Low-rotation speed
	7
	6
	- Regular inspections during Wind Turbine operation.
- High wind speed detection that allows the turbine to automatically shut off
- Harmonic motion mechanism to detect cracks  
	5
	


210

	Blade 
	Adhesive bond line failure and cracks 
	


Incorrect adhesive application and other manufacturing errors. 




	
- Layers of the rotor blade debonding
- Out-of-plane deformations of the panels above and below the shear web
- Susceptibility to buckling
- Crack opening
- High local stress
- Stiffness and strength reduction
- Low-rotation speed
	7
	3
	- Control the thickness of the adhesive bond line during the manufacturing process
- Regular inspections during Wind Turbine operation.
- Harmonic motion mechanism to detect cracks  
	8
	




168



 
	ACTIONS

	FUNCTION DESCRIPTION
	FAILURE MODE 
	RECOMMENDED ACTION
	RESPONSIBILITY/TARGET DATE
	
ACTIONS TAKEN
	    
S
E
V
	
   O
C
C
	
D
E
T
	
R
P
N

	Blade
	Cracks and delamination due to insufficient lighting protection 
	- Inspections and repairs should be done periodically, even when there are no visual risks. 
- Use of acoustic waves to detect cracks and delamination that are not visible.
- Weather-measurement systems to predict storm seasons in a particular area and prevent strike damages. 
-Lighting detections system with an alarm fitted to detect lighting within a pre-determined radius of the wind plant and therefore emit an alarm to reduce the farms operators’ risk of injury. 
	Wind Technician
 (Marcos Norris)
18/12/2019 
	- Arrange inspections to detect lighting protection to be done every three months.
-Fitting an alarm to lighting system.
- Implementation of harmonic motion mechanism and thermal imaging techniques to detect cracks damage in inspections. 

	
	 
	
	

	Blade 
	Topcoat damage due to severe weather and impacts
	- Inspections and repairs should be done periodically, even when there are no visual risks. 
- Use of acoustic waves to detect cracks and delamination that are not visible.
- Use of radar devices to keep animals away. 
- Use of heating sensor that automatically activated when ice appears. 
- Use of braking system employed to cut-out blades speed and bring them to rest in presence of strong winds.
	

Wind Technician 
(Marcos Norris)
28/12/2019 



	-Arrange inspections to check topcoat damage every three months.
- Install radar beams.
- Install heating sensors.
-Install a braking system to the wind turbine.
	
	
	
	

	Blade 
	
[bookmark: _Hlk26640393]Adhesive bond line failure and other manufacturing problems

	Use of impulse echo technique which sends an ultrasonic pulse into the material that reflects material showing any bond failure. 
-Inspections and repairs should be done periodically, even when there are no visual risks. 
- Use of acoustic waves to detect cracks and delamination that are not visible.

	
Wind Technician
(Marcos Norris)
02/02/2020 

	 - Arrange inspections to detect lighting protection to be done every three months.
- Include impulse echo technique inspections to be part of every three months inspections.  
	
	
	
	




4.0 CORRECTIVE ACTION PLAN
Following the FMEA analysis, a corrective plan and a maintenance strategy to prevent failures from happening on wind turbine blades was designed. Based on the information obtained from this method, the corrective plan will focus mainly on the failures with the highest RPN as these will be the ones causing more risk, which goes from insufficient lighting and topcoat damage to manufacturing errors. 
4.1 Failure Root:
Lighting protection failure is due to a design error: use of low conductive materials for blading manufacturing, lighting reception points allocated erroneous, fail to provide a low-impedance path for currents to earth, incorrect material testing before plant construction, fail to implement the correct lighting protection systems and fail to accomplish a satisfactory weather-measurement system to predict the probability of lightning strikes. There exist two main possibilities to why insufficient lighting protection has such a high severity and occurrence values: the frequency of lighting strikes in the area where the wind turbine plant is based is relatively high; light strikes may endanger workers without warning if there is not an alarm is fitted. Controls may detect the cracks as it is an inspected process, hence the assigned value 5 for detection. The RPN result is 300, making it the suspected reason for the revealed cracks in the blade’s material. 
Topcoat damage is originated from severe weather, animal impact and transportation errors in which humans are responsible. These large structures normally travel long distances to its final destination, leading to a great opportunity for impact damage. The damage caused from severe weather and animal impact comes from a material, manufacturing and design error: failed testing for conformity design requirements during manufacturing process to ensure the correct tooling, manufacturing processes and materials are being used; wrong application of NDE techniques to evaluate the properties of a material, fail to fit radar devices to keep animals away and materials used on the manufacturing process that did not fulfil a high-cycle fatigue, low density and the correct material stiffness. Topcoat damage allow the wind turbine to operate but there is a reduced level of performance that makes the severity value a 7. Severe weather, animal impact and transportations error are common failures that have already been experienced in previously at the Clyde Wind Farm, but not in major proportions, for this reason, the occurrence value associated to this failure mode is a 6. As well as it happens with insufficient lighting protection, the value assigned for detection is a 5 as visual inspections are likely to detect the cracks. 
Manufacturing errors derive from:  manufacturing techniques (e.g. wrong thickness of the adhesive bond line during the manufacturing process, as non-uniform thick bond lines would introduce a greater change for bond line adhesive failure), cost effectiveness (to achieve a successful cost effectiveness, sometimes materials that do not provide a long term mechanical performance are used) , blade design (airfoil geometry variations in outboard airfoil chamber could lead to aerodynamic imbalance resulting of a turbine life reduction) and material, manufacturing and tool testing are crucial. Manufacturing errors are more difficult to be detected as they normally develop inside the blade making them difficult to be seen, reason why an 8 has been given for detection. Nowadays, blades go through many failure detections methods during the manufacturing process, making it a reliable process, from there that a 3 value has been assigned for occurrence as well as a 7 for severity, as the turbine performance would be affected by a manufacturing failure. RPN is equal to 168, making it the lower risk for blade material cracks. 
4.2 Short-term maintenance:
· Prevent: Considering visual inspections are not enough to identify damages, thermal imaging systems as well as harmonic motion would provide more accurate results, allowing the technicians in charge of the maintenance to look inside a blade and see its condition. Thermal imaging system consists of a camera fitted with infrared detectors that detects the heat that comes from a crack, whilst harmonic motion uses the vibration signals of the harmonically excited structure. Also, impulse echo technique inspections, method that will send an ultrasonic pulse into the material reflecting any material boundaries defects, should be done to detect any missing bond. Those inspections should be done more frequently.

In addition to the already mention inspection techniques, installing radar beams, heating sensors and alarm systems, no matter what the root of the material crack is, is highly recommended. The radar device would transmit electromagnetic pulses that would alter the flight behaviour of the birds and stop the animals from being diced by the blades, while the anti-icing technology would heat the blade surface quickly in the presence of ice using carbon-based electrical heaters. The point of installing alarms is to alert plant workers of a risk, e.g. when strikes occurs within a designated location range, field crews receive an immediate alarm warning so that recommended risk actions could be taken.

· Fix: In this case, because preventive maintenance could not be carried out, corrective maintenance must be executed to stop damage propagation that could lead to a turbine collapse. This consists of a cost-effective method using composite repairs, external and scarf patches, to restore the damage sandwich region in the blade tip.
4.3 Long-term maintenance:
The only long-term solution would be to replace the blade, something that would be extremely costly if considering that a new blade costs approximately £400,000.00, in addition to the loss of production associated with replacing the default part.  

5.0 SUGGESTION OF OTHER TECHNIQUE TO INVESTIGATE THE PROBLEM
Besides the benefits of reducing process failures, an FMEA is prone to fail when the technique is not properly done, hence why Fault Tree Analysis is named as a suggestion analysis failure method. FTA 
FMEA is used more often as a prospective technique, whilst FTA is a suggestion failure analysis method which is frequently used to evaluate an event that has already occurred, in which one specific failure breaks down into a tree form. ABNORMAL VIBRATION 
BLADE SURFACE ROUGHNESS 
DAMAGE BLADE
BLADE FAILURE 






SEVERE WEATHER
EXTERNAL IMPACT
WRONG MATERIAL USED
LIGHTNING PROTECTION FAILURE
MANUFACTURING ERRORS 

	
INCORRECT DESIGN 
WRWRONG MANUFACTURING PROCESS 
WRONG TOOLS USED
BIRDS

	WWRONG RESISTANCE ANALYSIS 
INSUFFICIENT LIGHTING PROTECTION
TRANSPORTATION DAMAGE
EARTHQUAKE
HURRACAINE



ICE FORMING



6.0 RECOMMENDATION
After the corrective plan was designed and minutely explained and as a FMEA expert with 15 years of experience, before carrying out a long-term maintenance, a short-term repair must be considered. Short-term maintenance following the mentioned recommended steps is highly effective, as not only the cracks will be repaired and prevent the event from happening again, but it will also save thousands of pounds that replacing a blade would involve considering the loss of production and higher repair costs  that this process would demand. Also, hiring an experienced technician that would be able to fix the problem in-house would stop the wind turbine plant from spending money excessively. 
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