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Summary

In the framework of LuFo R&T projects a number of Rolls-Royce Deutschland Low and High Pressure Com-
pressor rotor blades were geometrically scanned at the beginning and end of their life cycle. Based on this
data component wear, ageing and manufacturing variability across the life cycle of the engine can be derived.
Using Computational Fluid Dynamics (CFD) such geometric component variability can be converted into key
parameter changes of aerothermal performance of the compressor. The aim of this thesis is to post-process
the available component data and to quantify the geometric changes versus the nominal design using existing
analysis tools already being applied in probabilistic assessments of compressor components. In a next step, a
probabilistic investigation can be performed using the Rolls-Royce aerothermal analysis tool Hydra in order to
quantify the impact of the component variability onto compressor aerothernmal performance. Doing so an
assessment and analysis of key geometric component parameters onto compressor performance across the
component life cycle can be done.

The results show that there are sources of geometrical uncertainty of the blades throughout their life cycles.
The beginning of life geometrical variability has been shown to be larger than the end of life geometrical
variability. Furthermore, it has been shown that the geometrical variability due to operational wear is too
small to be accurately captured by the current CFD evaluation methodology. This methodology focused on
evaluating single blade geometries without the effects of fillet and tip gap variabilities.
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Introduction

World War II was a profound test of humanity whose resolution was an enormous industrial challenge that
required efficient use of resources. In response, the use of statistical quality-control concepts in manufacturing
has been greatly expanded. Wartime experience made it apparent that statistical techniques were necessary to
control and improve product quality. After the war Japan, with the help of US experts such as Deming and
Juran, developed its own ideas regarding quality control [44][7][8].

The benefits followed quickly: "The result is now legendary. From a standing start, by the 1970s manufacturing
industry in Japan was producing cars, motorcycles and domestic goods cheaper than anyone else. Added to
that, such items were becoming nicer to use and of better quality" [60]. The increased competitiveness drove
the USA to develop similar quality-control projects such as Total Quality Management, Six Sigma and Lean
manufacturing. Interestingly, all these projects pursue the goals of "minimising waste, improving customer
satisfaction and improving financial results" [3] and all originate from the Japanese projects [8].

Six Sigma particularly became popular in the 1990s when it was championed by companies such as Motorola
and General Electric, which have benefited from it dramatically [7]. General Electric specifically attributed
hundreds of millions in savings per year to Six Sigma activities and Motorola claimed billions in savings overall
[13][14][26].

It is clear that assuring quality has enormous benefits to companies in various fields and it does so on different
fronts, such as minimising waste, attracting and satisfying customers, and maximising product value over its
life cycle. Furthermore, it has become clear that quality assurance is vital in keeping up with the competition.

Almost two decades after launching Six Sigma, the market is evolving from quality of product to quality of
service [15]. This is especially true for aircraft engine companies which are moving into service based contracts,
such as the Rolls-Royce TotalCare®[5][48]. Because of increased quality demands from the customers and to
secure future profits, it is more important than ever for the engines to be designed in a way that reduces waste
and ensures reliability and performance throughout the engine life cycle.

At the core of this, as well as at the core of the engine, are the gas path components such as compressor and
turbine blades, whose performance have major implications on the performance of the entire product. To
ensure reliability and performance of the engine throughout its life cycle it is therefore important to ensure
that the level of quality of compressor and turbine blades is high throughout their life cycle.
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1.1. Opportunities for quality improvement of compressor and turbine
blades

Improving the quality of these components can be done in multiple ways. Assuming that the manufacturing
process has already been optimised from the economical perspective, the quality of the end product can now
be primarily changed in the design phase. The following opportunities, or combinations of them, are available.

* The blade design can be adjusted such that the manufacturing process will produce less blades that do
not conform to the geometric requirements.

* The blade design can be adjusted such that the blade mechanical performance will be less sensitive to
manufacturing variability and deterioration.

* The blade design can be adjusted such that the blade aerodynamic performance will be less sensitive to
manufacturing variability and deterioration.

The first point addresses the material and economical waste that occurs directly as a result of the manufacturing
process. The manufacturing of every blade incurs costs while only the conforming blades make a return profit.
The return profit must outweigh the incurred costs and therefore the price of a conforming blade rises with the
number of non-conforming ones. The activities the first point are linked with the manufacturing process and
its techniques.

The second and third points are interconnected as both arise from the same source - geometrical variability
due to manufacturing and deterioration processes. The impact of geometrical variability on the blades can
be viewed from multiple perspectives. It can be seen in terms of stress bearing capability or in terms of
aerodynamic performance. These are addressed in points two and three respectively.

The stress bearing capability determines how many operating cycles the blade can mechanically withstand.
Blades that have high mechanical stress variability require higher safety factors to ensure a given safety level.
This then translates to an increase of the weight of an individual blade and consequently the entire engine.
However, the blades are expected to be very similar to one another in terms of shape mass and volume and
therefore any variability in mechanical stresses is expected to be small.

On the other hand the aerodynamic performance is the main driver in blade shape design and small deviations
in the blade shape are expected to have a relatively large impact on performance. In the case of turbine blades
this also includes blade cooling.

Note that all three opportunities involve aerodynamic modelling of the blades at some point. In the end,
aerodynamic interaction of the blade with the working fluid is its purpose. No matter which direction the cost
reduction activities take, this purpose must be preserved within some performance requirements. However,
from an aerodynamics perspective it is point three that is the crown jewel of the listed opportunities. This is
because this activity focuses directly on aerodynamic performance as opposed to the other two that feature
aerodynamics only tangentially.

1.2. Conclusions of the literature review

To give a visual overview of the current state of the art the work presented in sections 3.1 and 3.2 is summarised
in table 1.2, with the work focused on holistic modelling omitted. In table 1.2 some of the references are color
coded with either gray, blue or cyan. The grey references represent work where no CFD has been performed
and the analysis was based on the parameters of the blades. Cyan denotes the work performed on centrifugal
compressors. The results of references highlighted in blue contain the effects of manufacturing variability and
deterioration combined. Their separation has not been performed within the scope of the respective works.
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To summarise the results, the effects of manufacturing variability on compressor and turbine performance have
already been studied significantly. The variation has been described both by Principle Component Analysis
(PCA) approaches and more intuitive NACA aerofoil parameters. It was reported that the most important
modes of the PCA resemble the NACA aerofoil parameters. Furthermore, the approach using NACA like aerofoil
parameters has been used in more publications than the PCA approach.

The uncertainty quantifications of manufacturing scatter have already been performed using 2D and 3D
Monte Carlo (MC) CFD on individual blade, stage, and whole module levels for compressors. For turbines
most applications focused on single blade analyses, but a synthesis approach was also demonstrated that was
able to give results for a full turbine stage. The most important parameters were different in different studies,
but usually limited to stagger angle, maximum camber and blade thickness at various positions. This suggests
that the identity of the most important parameters depends on the blade design itself. An important lesson is
also that the performance scatter reduces with an increasing amount of uncertain blades, but the performance
offset increases.

In the field of deterioration quantification, the initial investigations have been performed on a holistic, whole
engine level. The investigations focused on individual blade components have been performed in 2D. These
works simulated the deterioration without using measured data. In 3D the geometrical variations between
blades have already been analysed. Some work has also been performed to quantify these variations, however
the effects of manufacturing and deterioration were not separated. Because of this it is not known which
process has a larger impact on performance and the effects cannot be modelled separately. The 3D work here
was also used NACA like aerofoil parameters to characterise the blades.

The next step based on uncertainty quantification of compressor and turbine blades is to determine how do
the effects of manufacturing variability and deterioration compare. This can be done in terms of geometrical
parameters as well as performance scatter. Furthermore, the performance evaluations could be enhanced
by incorporating all known deterioration effects such as, erosion, deformations, dirt thickness accumulation,
surface roughness changes and tip height reduction in the 3D domain.

Significant work has also been performed in the field of robust optimisation of compressor and turbine blades.
This work has also mostly focused on 2D applications. The manufacturing and deterioration scatter in 2D were
simulated using Hicks-Henne functions. The optimisation efforts were not based on measured uncertainty
data and used arbitrary assumptions to model it.

Some 3D methodologies tackling robust design against manufacturing variability were also presented. Here
again the NACA like parameters were used. In the case of deterioration work on robust optimisation of
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compressors to take into account surface roughness increases has already been made. The opportunities here
remain to apply the robust optimisation based on measured manufacturing uncertainty. This could initially be
performed on an individual blade level, followed by work on the stage and entire module levels.

The next steps of robust optimisation of compressor and turbine blades include combining of its multiple
effects, for example deterioration geometry changes, surface roughness increase and tip gap behaviour. Robust
design of blades against deterioration is also an open opportunity. This could also be performed on the
individual blade, stage and module levels.

1.3. Research question

This thesis is focused on understanding the impact of deterioration on engine performance within the the
demarcated framework presented in subsequent sections 4.2, 4.3, and 4.3 . The research question is:

The research question is to investigate the impact of in service deteriora-
tion on blade (1) geometry, (2) performance at the cruise design point,
and (3) how these compare to the corresponding impacts of manufac-
turing variability by analysing and comparing the blade geometrical
parameters and 3D CFD results of a set of blades measured before as-
sembly into the engine and after removal during an overhaul activity.

Answering this question will give an insight into how individual blades deteriorate geometrically, how to
appropriately model this process, and how it compares to geometric variability due to manufacturing. The
models capable of simulating manufacturing variability and deterioration effects can support subsequent
robust optimisation activities.

1.4. Thesis outline

To introduce the reader to the topics discussed in subsequent chapters, chapter 2 briefly presents the major
terms discussed in these chapters and the ideas that underpin them. A very general introduction is given
to uncertainty quantification and robust optimisation. Furthermore, the effects of engine deterioration are
briefly discussed and an example calculation of possible benefits of reducing performance variability is worked
through.

In order to be able to constructively add to the effort of improving aerodynamic quality of compressor and
turbine blades, the current state of the art needs to be reviewed. This is done in chapter 3, which outlines the
steps that need to be taken to improve quality and what work has been done on these steps so far. Furthermore,
within the review of literature different methodologies of these steps are briefly presented. Lastly, the possible
next steps are presented.

In chapter 4 the steps selected to be performed in the scope of this thesis are presented. The dataset and the
general assumptions made are also discussed. Research objectives and goals are formulated for each of these
chapters, and the individual steps that make up the subsequent chapters are outlined. Lastly, the methodology
used is selected based on the findings of the literature review.

Chapter 5 presents the geometrical evaluation of manufacturing variability and deterioration. The comparisons
are done by comparing measurements directly, as well as characterising the blades and comparing the
characterisations.

Chapter 6 presents the quantification of the effects of geometrical variability on blade performance. The
measured blades are evaluated using 3D CFD and their results are compared to isolate effects due to individual
uncertainty sources. Lastly, the influence of individual geometric parameters on the performance Quantities
of Interest (Qol) are analysed.

Chapter 7 presents how to model the geometrical effects of manufacturing and deterioration. First the
process that rebuilds the blade geometries from a set of geometrical parameters is discussed. Secondly the
modelling of these parameters such that they represent manufacturing and deterioration is presented. Lastly,
the convergence of the modelling to the measured results is presented.



Useful background concepts

This section aims to introduce the basic ideas used within this thesis. As outlined in chapter 1, the main
opportunities that can be taken are the adjustment of the blade design such that the end product quality levels
are increased.

The concept of uncertainty quantification is presented in section 2.1. Adjustment of the blade design for
increased quality level relies heavily on the ability to predict these quality levels of a proposed blade design.
This prediction includes the evaluation of the impact of uncertainty on a selected parameter of interest, which
is called uncertainty quantification.

With the ability to predict the performance scatter of a specific design, the quality level of a product series can
be increased by altering the design itself. This is called robust design and is discussed in section 2.2.

Combined, the concepts of uncertainty quantification and robust design allow to account for the uncertainty
of processes in the blade design. Deterioration is one of the most important uncertain processes as it heavily
impacts engine performance. A short overview of engine deterioration is given in section 2.3.

Lastly, for sake of clarity, the naming convention for a blade is outlined in section 2.5. This section describes
the prominent features of the blade and provides the names used for these features in the following chapters.

2.1. Uncertainty quantification

An illustration of an example Uncertainty Quantification (UQ) problem can be seen in figure 2.1. This figure
contains several features, such as a 2D Gaussian distribution, a response surface and several point clouds.
These elements together show the impact of two uncertain parameters of a sample product on a selected
performance parameter of this product.

The 2D Gaussian distribution seen in figure 2.1 represents the joint probability distribution of the two un-
certain parameters. The two magenta lines plotted on the joint distribution surface show the location of the
deterministic design parameter. In other words, the design intent requires both parameters to be zero, but due
to uncertainty they span a range of values.

The uncertain parameters could be many things, ranging from geometrical, operational, environmental
parameters to physical model configuration settings such as specific heats, fuel calorific values or other
property coefficients. In the case considering the geometrical changes of blades, this distribution characterises
the geometrical variability of a batch of manufactured blades.

The response surface characterises the performance of the product, and is a function of the uncertain parame-
ters. The response too could be many different things, that range from simple area calculation between two
uncertain lengths, complex 3D CFD and other models. Furthermore, this surface is not necessarily smooth
and can feature non-linearities, e.g. shocks of a CFD solution. In the case of blade evaluation the response is
the aerodynamic, or other multidisciplinary performance of the blade geometry.
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Figure 2.1: Example illustrating the principle of uncertainty quantification.

The point clouds are comprised of 10 sample points, which represent 10 product realisations. There are three
point clouds in total, connected with a series of arrows. The first is on the 2D Gaussian distribution, which
shows where the points have been sampled. The second is on the response surface and shows the performance
of the sampled realisations. This point cloud shows the performance scatter in 3 dimensions. The interest
lies only in the performance scatter, therefore this cloud is compressed into 2D and finally into 1D with two
projections that remove the scatter due to the uncertain parameters. The 2D and finally 1D projections are
shown as the last two point clouds. The arrows further illustrate the steps in the procedure.

The actual costs connected to the performance scatter can then be evaluated by calculating the cost of
producing non-conforming products. Alternately, the impact of the remaining scatter can be quantified based
on the company’s business model.

2.2. Robust optimisation

Based on the illustration of an example UQ problem in section 2.1, an illustration of the concept of robust
optimisation is given in figure 2.2. This figure shows the 2D Gaussian distribution, response surface and
sample points from figure 2.1. Additionally, another 2D Gaussian distribution that is offset by 2 along one of
the axis and plotted in yellow, has been added along with its corresponding sample.

For the sake of the following discussion, the 2D Gaussian distributions in blue and yellow are named design 1
and design 2 respectively. In this example, both design 1 and design 2 uncertain parameters have standard
deviations of unity. Furthermore, it is assumed that higher values of performance parameter are more optimal.

The first thing that can be noticed about design 2 is that the intended performance point lies at a higher
positions on the response surface than the intended performance point of design 1. However, the performance
scatter of design 2 is also larger, which can be seen by comparing the blue and magenta points plotted on the
vertical axis.

Notice that beyond the intended design point of design 2 the response surface drops quickly. Some of the
samples sampled from the design 2 joint Probability Density Function (PDF) therefore fall within this region,
which then causes the performance scatter to increase. Essentially, relative to design 1, design 2 trades low
performance scatter for higher nominal performance.
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Robust optimisation with 2 uncertain parameters.
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Figure 2.2: Example illustrating the principle of robust design.

Design 1 is the more robust design. In this case, relative to design 2, realisations of design 1 will perform better
on average, and have less realisations non-conforming to minimum performance requirements. However,
design 1 is not necessarily the optimal robust design point. This depends largely on the formulation of the cost
function.

An example cost function to be minimised during robust optimisation might be:

f(0) =—-A1u(p) + A20(p) 2.1)

Equation 2.1 will perform a basic trade-off between the mean of the performance and its variability, represented
by the standard deviation. In this case p is a vector of realisation performances, with one value for each of the
realisations. Notice that due to construction, the function can be minimised by minimising the performance
variability, and maximising the mean performance. The exact location of the optimal point is then governed
by the response surface and trade-off coefficients A; and A,. With the variation of the selections for A; and A,
a Pareto front can be obtained.

Notice that the selection of A; and A, can lead to unexpected results. Imagine the extreme case where p is an
efficiency and A, >> A;. The efficiency will be in the range of 0 to 1 by definition. As the standard deviation
dominates the mean performance, the optimisation could end in a location where the efficiency is 0, but is
very consistent over all the realisations. In essence, this would be a robust design, however not one that is very
interesting.

Furthermore, even though the input uncertain parameters are normally distributed, this is not necessary
true for the output performance parameter. Specifically, the performance parameter will only be normally
distributed when the inputs are normally distributed and the response surface is linear or close to linear in the
region where the samples are evaluated.

The standard deviation is well suited for evaluation of symmetrical samples, but does not give any information
of asymmetry if it is present. An alternate approach could be to use the first and third quartiles to assess this.
In cases where minimal performance requirements are imposed, the first quartile of the performance should
be used instead of the standard deviation.

Using the first quartile effectively changes the nature of the cost function. If the standard deviation is used in
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the cost function, the performance scatter will be minimised. Note that products that perform better than
intended also increase the standard deviation. However, optimising to reduce the scatter caused by better
products is counter productive. If the first quartile is used, the performance of the three quarters of products is
maximised, thereby avoiding the situation where better performing products could cause an increase in cost.

2.3. Deterioration

The aim of this section is to give a rough overview of the effects that deteriorate the performance of compressor
blades with in service use. These effects can change the geometry of the gas path by changing the aerofoil
metal geometry, changing the aerofoil geometry by particle deposition, and displace it through the degradation
of the alignment surfaces. These effects result in a reduced stage and overall compressor performance, as well
as lower operational surge margins.

Subsection 2.3.1 presents the effects that impact the aerofoil metal geometry, and subsection 2.3.2 presents
the change of tip gaps with in service use. Subsection 2.3.3 discusses the change of aerofoil geometry due to
particle deposition and its related surface roughness increase with in service use. Lastly, subsection 2.3.4 gives
a general explanation of engine performance over the span of its life.

2.3.1. Geometrical changes of blades

There are several effects that directly change the metal geometry of the blade aerofoils. In the case of compres-
sor blades the most prominent effects that pertain to the aerofoil section itself are:

e erosion - mechanical reactions with deposition particles
e corrosion - chemical reactions with deposition particles
¢ Foreign Object Damage (FOD)- damage caused by larger ingested objects

Erosion is caused by ingested abrasive particles in the air such as ash, and sand. These particles then cause a
reduction of aerofoil geometry, and subsequent surface roughness increase. The reduction of geometry can be
seen, among others, as the blunting of blade LE, and reduction of the blade chord length [20].

Corrosion causes pitting on the compressor blades, which causes small indentations in the blade surface as a
result of material loss due to chemical reactions. "Experience has shown that deposits on compressor blades
often contain sodium and potassium chlorides. These combine with water to form aggressive solution that
promotes pitting corrosion of the blades" [41]. Other molecules, such as sulfur dioxide (SO,) and hydrocloric
acid (HCI) also create acidic conditions that promote pitting [41].

FOD is typically caused at the forward compressor stages, as these are some of the first components along the
gas path. However, in some cases the foreign objects reach the rear stages as well, and cause damage. The
extent of the damage depends on the foreign object size and composition, blade construction, and impact
location. It can lead to direct or secondary failure. An example of foreign objects that can cause damage is ice
[41].

2.3.2. Tip gaps

The performance of compressor blades is dependent on the size of the tip gaps. Because of this gap air from
the pressure side can flow over the tip to the suction side, which introduces losses and reduces the blade
efficiency. Intuitively, the larger the gap the worse the performance is. The gap is also subject to uncertainty
and should therefore be evaluated along with other geometrical parameters.

This size of the tip gap also depends on the mechanical and thermal loads the components are subject to
during operation. For example, on take-off the engines are run to the maximum power setting and therefore
maximum revolutions per minute (RPM), which translates into maximum centripetal forces stretching the
blades. This reduces the tip gap and can make the blades rub with the liner attached to the casing. Other
examples include temperature expansion of the blades and the casing.

Furthermore, the tip gap is expected to change due to deterioration effects during the course of an engines life.
Of all the aforementioned compressor components the drum and the casing are not expected to deteriorate
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geometrically. On the other hand, the liner and the blade are both expected to have their geometries change.
The intuitive expectation is that the blades and liner have their heights decreased as a consequence of geometric
interaction with each other. The degree of this interaction and its distribution between both these components
depends on the specific blade and liner combination as well as the operational use of the engines.

Two types of liners are available: abrasive and abradable. Abrasive liners are those that are expected to
abrade the tips of the blades. Inversely, abradable liners are those that are expected to be abraded by the
blade interaction. Therefore depending on the liner blade combination either one or the other will mostly be
abraded. Furthermore it is interesting to note that the tip gap will not necessarily increase constantly along the
axial direction. Instead the tip gap could vary in height along the blade tip. For example, the tip gap at the LE
and TE could be larger than at the mid-chord.

This also means that the tip gap depends on the operation of the engine and its corresponding deterioration.
Engines that are not requested to provide maximum available thrust often are expected to have lower tip gaps
that those that do.

2.3.3. Fouling

Fouling is the combined effect of aerofoil thickness increase through particle deposition, and the surface
roughness increase connected with it. Increased thickness can reduce the mass flow through a compressor
stage, while the surface roughness increase increases friction losses. This can have significant effects on
performance. For example, Meher-Homji and Brownley [41] consider an annual loss of 3% of power due
to deterioration extremely modest. Fouling accounts for 70 = 85% of performance deterioration, as per
Diakunchak [10]. The main impact of fouling is the increase of surface roughness as opposed to the increase of
aerofoil thickness [47].

Fouling is caused by pollutants adhering to the blade surface through several different mechanisms. These
include settling, diffusion, interaction, inertial impaction and electrostatic forces. Common examples of
particles that cause fouling are smoke, oil mists, carbon, and sea salts, and are usually roughly 2 — 10um in
diameter [32]. High concentration of these particles in the air can be found at airports near the sea and at
airports in countries with high levels of air pollution.

Some of the effects of fouling can be prevented, to a degree, and its effects mitigated, again to a degree.
Industrial gas turbines commonly have inlet filters installed in order to remove the pollutants from the air
before entering the turbo-machinery, and thus prevent much of the fouling. This is impractical in the case of
aircraft engines. The effects of fouling can be mitigated by engine washing [33] [41]. Washing can remove the
pollutants from the blades and therefore restore the initial performance.

2.3.4. Engine life

The estimates of engine lives are largely based on the behaviour of the engines through their lives. Basically
the engines start their lives with some initial performance and then lose it over time due to deterioration
effects. After the level of performance drops to the point where the engine can barely still generate the thrust
needed to perform a worst case condition take-off (with one engine inoperative) in the worst case ambient
conditions (very high temperatures) with a fully loaded aircraft, the engine is removed from service and sent to
be refurbished in order to restore its performance. After the overhaul the engine is sent back into service.

The engines are expected to have 3 overhaul services in their entire lives. After that enough time has passed
that it is worthwhile to replace them with newer engine types. As an example, an engine that can complete
5000 flights [45] before an overhaul is needed and flies a route lasting 10 hours will typically need an overhaul
every 7 years. This is based on the assumption that the airline will fully utilise the aeroplane and make 2 flights
per day with the aircraft, with a 2 hour turnaround time per flight. Therefore a total life of an engine can be
estimated to be roughly 30 years.

To visualise the performance of an engine fleet over the course of its life a schematic is given in 2.3. This figure
shows a life limiting performance parameter plotted on the y-axis against the flight cycles performed on the
x-axis. It also shows three overhaul activities as the spikes where the performance parameter is restored to the
initial performance level. The intervals between these spikes are called intermediate lives in this chapter.
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Impact of manufacturing scatter on performance.
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Figure 2.3: Theoretical behaviour of performance bounds of engine fleet performance with operational use.

For simplicity it has been assumed that in each of the intermediate lives the performance scatter due to
deterioration that will occur is the same. In other words, no deterioration scatter can be seen in figure 2.3.
Furthermore, overhauls will not restore the exact amount of the performance lost as the same manufacturing
scatter that caused the initial scatter is also present here. However, an assumption can be made that the mean
of the overhauled engine fleet will match the mean of the initial performance. Lastly, it is assumed that the
intermediate life values follow a normal distribution.

The initial scatter is combined with deteriorated scatter and translated into the intermediate life scatter at
the first overhaul stage of engines lives. The performance of engines is then recovered during overhauls and
then depleted once more as the engine returns to operational service. In total the engines experiences the first
deterioration process after introduction to service and three subsequent overhaul and deterioration cycles.

As the amount of performance recovered during overhaul is also a random process all of the intermediate lives
are also random variables. The total life prediction for an engine fleet is therefore a sum of 4 random variables,
each representing a specific intermediate life. As per the assumptions regarding the overhaul effectiveness the
total life can therefore be calculated using 2.3:

n
Z=Y X; where X;~N(u;0?) 2.2)
i=1
n n
Z~N(Y i,y 09 2.3)
i=1 i=1

It can be seen from this equation that to calculate the estimate of fleet life, the estimates for intermediate
engine lives and the scatter of intermediate lives must be given. Based on figures available in literature the
following numbers were selected:

2.4. Impact of manufacturing scatter and deterioration on finance

Section 2.3 gave an overview of engine performance behaviour over its life and presented the most important
causes of performance deterioration. In the end the impact of this deterioration is financial. The aim of this
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section is to provide the financial motivation for robust design against deterioration.

The motivation is presented as a quantified example that shows the possible financial opportunity of improving
robustness. The results are given as the size of opportunity per % improvement of mean life and % reduction
of its scatter. The analysis is supported by sample cost values freely available in internet mass medjia.

The example is broken into two parts. Subsection 2.4.2 quantifies the opportunity of reducing the scatter of
life. Separately, subsection 2.4.3 quantifies the financial impact of reducing the rate of deterioration. Both
parts together form the final opportunity available.

2.4.1. Estimation of engine prices and lives

To do the evaluation of the opportunity present within the reduction of performance scatter some initial cost
estimates must be made. These are the number of engines of a particular type that are being evaluated, the
standard deviation of their lives, the price of an overhaul, the price per hour that the airline pays and the
amount of hours flown per every cycle.

The price of small business jet engines is roughly can be roughly estimated from the prices of the aircraft they
operate on. The BR700 series operates on business aircraft such as the Bombardier Global 5000 and Gulfstream
550. The various derivates of these airframes cost between 50 and 70 million $ [63]. The costs of the BR715
engine can be estimated from the price of the Boeing 717, which is roughly 33 million $ [2]. Assuming that the
engines account for a quarter of the airframe costs, the estimated price for an engine from the BR700 family is
between 8.75 and 4.13 million $. Assuming that the airlines opt for the cheapest option the price lower price of
4.13 million dollars is used in this example.

Assuming that the engines are sold under a pay-by-the-hour scheme, this would include all the maintenance
work. In this example it is assumed that the maintenance includes 3 overhauls, costing 1.2 million $ each.
Assuming that the expected life of the engines is roughly 20, 000 cycles, each lasting 4 hours, the price-per-hour
is 41.38%.

In the case of large engines the price for a single engine is roughly 41.7 million $ [50]. Assuming the same
expected service life in terms of cycles as for the smaller engines, but with each cycle lasting 8 hours, the price
per hour is roughly 260$.

2.4.2. Impact of performance scatter on finance

Under the conditions of Rolls-Royce TotalCare ®the airline only pays a pre-agreed pay by flying hour fee and
the manufacturer takes care of the maintenance costs. This gives peace of mind to the airline, and incentivises
the manufacturer to ensure that the engines operate reliably and provide the performance agreed upon in the
contracts. It also means that the maintenance costs must be known beforehand in order for the contracts to be
negotiated correctly.

The largest part of maintenance costs are the engine overhauls, which are expensive. Typically the costs of an
engine overhaul are in the range of 1.2 to 2 million $ [1], [51], whereas the amount paid out by the airline for
a single large engine over the course of its life is about 41.7 million $ [50]. This means that a single overhaul
can account for roughly 5% of the amount received by the engine manufacturer. It is therefore very important
that the number of expected overhauls required is projected accurately for along term. Unexpected engine
overhauls represent a loss of profit for the company and in some cases potential overall loss on a contract.

The main idea in setting up the contract is therefore to place its end date such that it corresponds to the
expected end of life for the engines. One method for choosing the exact end date could be to ensure that all
engine lives fall beyond that point. This can be done by calculating the end of contract as being before the
mean of the fleet life by 6 standard deviations of its scatter, which is illustrated in figure 2.4.

Assuming the standard deviation of the intermediate lives as 250 cycles, the end of life scatter, using 2.3, is 500
cycles. The six standard deviations offset of the end of life contract is therefore 3000 cycles. When using the
first approach to estimate the losses, the number of unused cycles is the difference between the mean total
engine lives and the end of contract point. As all engines fall after this point this difference is assumed to equal
the 6 standard deviation range.
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Impact of manufacturing scatter on performance.
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Figure 2.4: Theoretical scheduling of end of fleet support contract.

The cost of these cycles can be calculated using equation 2.4, where V is the value, nengines is the number of
engines covered by a particular contract, iis;gmq is the number of standard deviations used in the setting of
the end of contract date, iy, percycie is the number of hours the engines operate for in one cycle, and p is the
price-per-hour payable by the airline as per the contract.

V = Nengines* Nsigma* 0 * Nh.percycle’ P (2.4)

For the case of a small business jet engine fleet consisting of 300 engines, the loss due to the performance
scatter, under the assumptions and cost estimations, would amount to 148.68 million % . It can be seen that
this cost scales directly with the scatter and therefore a 1% decrease in scatter is a 1% decrease in cost, in this
case roughly 1.5 million $.

For the case of a large engine fleet also consisting of 300 engines, the loss due to the performance scatter, under
the assumptions and cost estimations, would amount to 1.872 billion % . Again, this cost scales directly with
the scatter and therefore a 1% decrease in scatter is a roughly a 18.72 million $ reduction in losses.

2.4.3. Impact of deterioration rate on finance

Another way to improve the profitability of the engines is to increase their service life. This can be done by
improving the initial performance margins of the engines, or by improving their deterioration rates. Both of
these can be achieved by altering the aerodynamic design of the turbomachinery components. Assuming that
the blades are already optimized for maximum initial performance, the improvement of the deterioration rates
should be optimised next.

This requires the performance of the deteriorated blades to be increased. As the blade geometries are expected
to change with operation the improvement of deterioration rates is likely conflicting with the goal of maximising
the initial margins. However, as long as the reduction of life due to smaller margins is less than the improvement
of life due to improved deterioration rates, the trade-off is worthwhile.

Since deterioration was assumed to be modelled as a linear function of in service time, the improvement of life
due to improved deterioration rates can be expressed using equation 2.4.3. In this equation AL is the increase
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of life gained through the change of the deterioration rate, k;y;y;q; is the initial deterioration rate, Kipproved 18
the improved deterioration rate, n is the ration of the rates, M is the initial performance margin, and L;;t;q; is
the initial expected life.

1 1
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n

Equation 2.4.3 shows that the improvement of life changes with % As n is expected to be close to 1, a 1%
reduction of the deterioration rates therefore roughly translates into 1$ increase of life. The increased revenue
due to this increase of life can be calculated using equation 2.5.

V =(1—-n) Rengines Linitial - Bh.percycle* P (2.5)

Applying the price estimates from subsection 2.4.1, the improvement of life due to deteriorated rates being
improved by 1% equals roughly 9.9 million $ for business jet engines and 124.8 million $ for large engines.

2.5. Naming convention

To support the discussion the features of the compressor blade design must first be named. This is done
for the design that is being evaluated in the subsequent work, namely the BR715 R3 compressor blade. The
naming convention is established here in order to improve clarity of the arguments presented regarding the
methodology implemented and results obtained.

The BR715 R3 compressor blade is shown in figure 2.5. This figure shows the Computer Aided Design (CAD)
design of this particular component and the orientation of the coordinate system within which it is defined.

First, it is important to determine the coordinate system within which the CAD is located and name its axes.
A Cartesian coordinate system with the orientation displayed in the figure is used to define the blade. Its
x-axis is collinear to the engine axis of revolution. This direction is therefore named the axial direction. The
y-axis points tangentially in the direction of rotation under operation and therefore this direction is called
the tangential direction. The z-axis points along the span of the blade and is therefore called the spanwise
direction.

In general, this CAD can be split into three major features, each with its own purpose. These purposes are:
¢ To hold the component in place within the assembly
* To form the lower geometry bound of the gas path annulus
¢ To impart the energy onto the flow

It is therefore convenient to name the features that complete these tasks individually. These are the axial
root, platform and the aerofoil, marked as features 1, 2 and 3 in figure 2.5 respectively. To avoid confusion
when referring to the “blade”, the entire component is hereafter named the blade, and the aerodynamic “wing”
located on the platform is called the aerofoil.

Intuitively, the root positions the blading element in place by use of the dovetail surfaces. The platform bounds
the gas path and provides a surface onto which the blade is attached. Near the front of the blade there is a
groove on the lower side of the platform.

The aerofoil itself has several features. The location, along the spanwise direction, where the aerofoil is attached
to the platform is called the hub. On the opposite end, the location where the aerofoil ends is called the tip.
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Figure 2.5: The features of the name and their naming convention.

The aerofoil geometry is a complex 3D shape that changes continuously from the hub to the tip. The cross
section of the aerofoil at any specific spanwise position is called the aerofoil section.

This CAD shown in figure 2.5 is used to support the manufacturing process and the blades are manufactured
according to its dimensions. As the x-axis and the engine axis of revolution are collinear the CAD is already
located in the spanwise position that it assumes in the final assembly.



Review of probabilistic methods for quality
control of compressor and turbine blades

Before attempting to take advantage of the opportunities outlined in chapter 1, their potential benefits need to
be quantified. After all, if these possible benefits are not substantial, then taking further steps to take advantage
of the available opportunities is not worthwhile. The quantification of the impact of geometrical uncertainty
on component performance is therefore the first step to be taken.

Past work performed on performance uncertainty quantification of compressor and turbine blades is presented
in section 3.1. The aim of this section is to show that the blades do have geometrical variability and that this
causes significant performance variability. Lastly, it provides an overview of methods already developed to
characterise compressor and turbine blades, and the methods to quantify their geometric variability in terms
of performance.

Provided that the available opportunities are substantial the next step is to take advantage of them by updating
the existing designs to robust designs. The past work performed on robust optimisation of compressor and
turbine blades is presented in 3.2. This section presents the separate ways blades could be optimised for
robustness to geometrical variability.

The conclusions drawn from the literature review are then given in section 1.2. This section summarises the
progress made so far and opportunities available for future work. Furthermore, the most frequently used
methods are highlighted.

3.1. Uncertainty quantification of compressor and turbine blades

Compressor and turbine blade performance are affected by many sources of uncertainty. Initially, some
uncertainty is present during the manufacturing process, which affects the initial performance of the individual
blades. Secondly there is some uncertainty in the inlet conditions of the engine that cause different operational
performance. Lastly, the blades undergo a deterioration process during the course of their lives, which further
changes their performance. These are the uncertainty source that need to be quantified.

In this section an overview of literature on the application of uncertainty quantification methods on aero-
dynamic performance parameters of compressor and turbine blades is presented. First the applications
pertaining manufacturing uncertainty are presented in section 3.1.1, followed by the applications on deterio-
rated blades in section 3.1.2.

3.1.1. Applications for manufacturing uncertainty

Several approaches for quantifying manufacturing variability of scanned blades have been developed recently.
Garzon et al. [16] used PCA to analyse radial station measurements of 150 compressor blades of the same stage
taken from 4 different engines. The variables used in the PCA were the measured aerofoil coordinate distances
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from their corresponding mean aerofoil coordinates. The obtained PCA modes were reported to resemble
classical NACA aerofoil parameters. No clear most important mode was identified. A 2D CFD MC assessment
has then been performed based on these modes to determine the effect of the geometric variability. Performing
an evaluation using five times the geometric variability that was observed in the actual measurements, the
authors reported a 1% reduction of compressor efficiency relative to the nominal design to manufacturing
variability.

The same procedure has been applied to turbines as well. Duffner [12] used PCA to characterise manufacturing
geometrical variability of Coordinate-Measuring Machine (CMM) measured turbine vanes. The measurements
were taken from the midspan of the blades only. Based on these profiles a 2D CFD sensitivity analysis
was performed. The author reported that there is a high probability that geometrical variability leads to
unacceptable losses. The modes were not interpreted in more intuitive geometrical parameters.

Lange et al. [37] have used PCA to analyse scanned 3D compressor blades and performed 3D CFD MC
assessment of the effect of manufacturing scatter. They have reported that the most important principal
components resemble classical profile parameters which are more intuitive to understand. The total pressure
ratio was reported to be highly correlated with stagger angle and maximum camber of the blades.

Lange et al. [35] have developed a method for extracting 14 classical NACA aerofoil profile parameters from 3D
scans of compressor blades. Heinze et al. [21] used the method developed in [35] on 500 3D scanned turbine
blades and extracted the NACA parameters from the scans at 61 radial stations. This resulted in 854 parameters
(61 stations x 14 parameters), which is large. They then demonstrated that a spanwise correlation between the
parameters at individual sections exists. Specifically, it was shown that the parameters of individual blades
are more or less constantly offset from the nominal values at all stations along the span. This allowed the
number of parameters required for the characterisation of the blade to be reduced from 854 to just 14, which is
tractable for probabilistic evaluations.

The histogram of one of these parameters, namely the maximum thickness, averaged over the entire blade
span is show in figure 3.1. This figure clearly shows a scatter that could have an impact on aerodynamic
performance.

Fitted PDF
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maximum thickness - 1mean section
Figure 3.1: A histogram of max thickness of 500 scanned blades and its corresponding PDF [21].

Within the scope of Heinze et al. [21] aerodynamic evaluation of these blades was left as a next step. To address
this step, Lange et al. [36] scanned 150 high pressure compressor blades. Using methodology from Lange et
al. [35] they extracted the NACA parameters from the scans. The parameters were then characterised by a
multivariate PDE A sample of 500 new parameter sets was extracted from this PDF and used as a basis to build
randomized realisations of the original blades. Based on these blade realisations 3D CFD was performed in
order to assess the performance sensitivities in respect to the NACA geometrical parameters.

Figure 3.2 shows the pressure coefficient plots based on the results of 3D CFD of realised blades for a particular
span-wise section. The pressure coefficient distribution for individual realised blades are plotted on top of
each other in grey to illustrate the overall scatter in the results. Additionally, two realisations are plotted in
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red and black to highlight the differences between individual realisations. The difference between these two
highlighted blades is significant in the first quarter of the chord. This different behaviour and its corresponding
different performance is a direct consequence of geometrical variability.

pressure coefficient
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= realization 325
other realizations)
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Figure 3.2: A comparison of the coefficient of pressure distribution of uncertain aerofoil geometries [36].

Lastly, Lange et al. [36] computed the sensitivities of performance parameters to the geometrical parameter
variabilities. The isentropic efficiency was most sensitive to thickness related parameters, with the Leading
Edge (LE), maximum and Trailing Edge (TE) thickness the three most important parameters. The loss co-
efficient was most sensitive to these same parameters, in the same order. The last performance parameter
evaluated was the blade turning which was most sensitive to the stagger angle and the maximum camber of
the blades. Lastly, it was reported that these sensitivities are in agreement with the results of Garzon et al. [16].
The similarity of both studies suggests that both the PCA and parametrisation approaches are equivalent in
terms of identifying performance sensitivities with regards to geometrical parameters.

In Lange et al. [36] the authors assumed that the impact of geometric uncertainty on performance of a single
blade are representative of the entire rotor. Obviously this is not truly representative of reality, as the basis
for uncertainty quantification of blades is that all the blades have slightly different geometries and therefore
slightly different performances. To remove this assumption Lange et al. [38] simulated up to eight passages
composed of blades with individually generated geometries. A part of the simulation results presented in
Lange et al. [38] is shown in figure 3.3.
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Figure 3.3: Isentropic efficiency histograms and their corresponding PDFs for CFD models containing several
different numbers of passages. [38].

Figure 3.3 shows the histograms and their PDFs for simulations using 1, 2, 4, and 8 passages. Note that a
comparison of the mean performance of the different multi-passage results can not be done on the basis of
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figure 3.3 as the values of the histograms are scaled between their respective minimum and maximum values.

From figure 3.3 it can be seen that the performance scatter reduces with the increase of the number of passages
simulated. In contrast to the performance scatter decrease, Lange et al. [38] report that the performance offset
converges to a value other than the results of the single passage model. As the blades have geometry that is
completely independent from one another it is more likely that models using few passages will be comprised
of only "good" or "bad" blades, which increases the scatter. Models with several passages will most have a mix
and therefore the scatter would be lower.

Lange et al. [38] also report that the results of this work, where the blade geometries representing an entire
stage were independent of one another, can be contrasted with the results of Lange et al. [36], where they
were not. These results and methods can therefore be used to determine the lower and upper bounds of the
performance scatter that could be observed in reality.

Expanding on that work, Lange et al. [39] investigated the impact of manufacturing variability on multiple
stages at once. They performed 3D MC CFD on a 10 stage compressor represented by a single rotor stator
pair for each of the stages. The manufacturing scatter was characterised for three distinct stages. For the rest
of the stages the scatter was interpolated between the values of the evaluated stages. The final geometry of
the generated compressor realisations was then governed by 140 PDFs (14 parameters x 10 stages) that were
independent from stage to stage. The realisations were built based on samples obtained from the PDF’s using
a Latin-Hypercube sampling and used in a 3D MC simulation. To represent the speed line seven operating
points were used in the CFD assessment.

The results were the sensitivities of global parameters such as mass flow and isentropic efficiency to geometric
parameters and the sensitivities of individual stage performance uncertainties to the overall compressor
performance. They suggest which of the geometric parameters in a full compressor and which stage uncertainty
in a full compressor are the most important respectively.

The results showed that front stages had larger impact on the overall performance than rear stages. Further-
more, with more throttled operating points the front stages became increasingly important. For the initial
operating point the most influential parameter was the leading edge thickness. For more highly throttled
operating points this changes however and the most important parameter became the maximum camber.

The MC requires a high number of CFD evaluations to be performed. In order to reduce the required compu-
tational time Schmidt et al. [56] have compared the MC approach against a less computationally intensive
adjoint approach. This was done by comparing the sensitivities of performance parameters to geometric
variability of compressor blades obtained by both methods. The MC method relies on evaluating CFD for
several blades based on randomly generated parameters. Based on these evaluations the sensitivities of
performance to geometric parameters can be determined. This is done by a polynomial regression of the
results. The blades were characterised with the NACA like parameters.

Alternately an adjoint CFD evaluation of a blade can be performed to obtain the partial derivatives of per-
formance parameters to the geometrical parameters. These partial derivatives can then be seen as a linear
model of performance. Combining this model with the actual variability of geometrical parameters their
impact on the actual performance can be determined. The main advantage of this approach is the reduced
computational time as only one CFD evaluation needs to be performed.

However, for this approach to be valid the assumption that the performance varies linearly with the geometrical
parameters must be valid. The initial adjoint CFD from which the partial derivatives are obtained is based on a
mean blade.

The sensitivities of isentropic efficiency 7n;s, pressure ratio 7; and turning angle AB obtained using these
methods are shown in figure 3.4. The x-axis of the plots features the sensitivity parameter which is calculated
by multiplying the standard deviation of the geometrical parameter with the partial derivative of the specific
performance with respect to the geometrical parameter.

Figure 3.4 shows that both methods roughly agree with each other. The agreement is best for the case of
pressure ratio m; where both the first and second most important parameters of both methods are the same
even though the actual sensitivity values are not the same. In the case of turning angle A both methods identify
stagger angle y as the most important parameter, but do not agree exactly how important it is. Furthermore,
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Figure 3.4: Sensitivities of performance to geometrical parameters calculated using the adjoint and MC-type
methods. [56].

no agreement is reached for the second most important parameters. Lastly, for the case of isentropic efficiency
1is none of the three most important parameters are in agreement.

Due to the observed differences in the calculated sensitivities it can be concluded that the methods are not
interchangeable. As the MC method relies on less assumptions it stands to reason that its results are more
credible.

The approach of using NACA parameters for characterisation of compressor blades has also been applied to
turbine blades. Scharfenstein et al. [55] analysed scans of 500 new and used turbine blades to obtain their
respective NACA aerofoil parameters. Based on PDFs of these parameters they performed a 3D MC CFD
evaluation. A plot of the results can be seen in figure 3.5.
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Figure 3.5: Statistics on Passage of the relative Mach number and its correlation with stagger angle y. [55].

Figure 3.5 shows a plot using a visualisation technique called Statistics on Passage. In this case this technique
plots the statistics associated to all points of a 2D grid section of a 3D CFD solution. The statistics are calculated
among the solutions of the different blades. On the left side of figure 3.5 the standard deviation of the Mach
number is presented. On the right side the correlation of the local relative Mach number with the blades
stagger angle y is shown. The blades are visualised in white in both of the sub-plots. The figure also highlights
aregion on the suction side of the blade at approximately half chord location.

On the left sub-plot this region shows moderate standard deviations which are a consequence of geometrical
variability. On the right sub-plot it is shown that these are strongly correlated with the blades stagger angle
y. Furthermore, Scharfenstein et al. [55] reported that the turbine rotor could choke due to the impact of
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geometric variations. Note that the geometrical variability consists of both manufacturing variability and
deterioration. The impact of these individual sources of uncertainties was not separated within this work.

Similar work has been performed by Kolmakova et al. [27] who performed a 3D quantification of turbine blade
performance with uncertain geometrical and inlet and outlet air parameters. The blade geometry description
was limited to stagger angle, chord length, blade height, and tip radius. The uncertain air parameters were the
inlet total pressure and temperature and the outlet static pressure. Performance was characterised through
loss coefficient, mass flow and the outlet flow angle. The assessment showed that the uncertainties in the
air parameters had no significant effects on performance. On the other hand, geometry variations had a
significant impact on performance of turbine blades. Stagger angle and displacement of the trailing edge
caused the largest impact on the performance parameters, up to 4% and 20%, respectively.

Turbine blades have a different geometry than compressor blades as they typically exhibit cooling holes
and slots in them. It is important to take these into account when characterising the blades with the NACA
parameters and subsequently analysing them. Hogner et al. [22] analysed scans of 20 turbine NGVs that
featured cooling holes and a trailing edge slot. A special method was presented that removed the cooling holes
from the geometry before the calculation of the aerofoil parameters. The trailing edge slot was characterised by
its own specific parameters such as the trailing slot position, thickness and height. Again, these were combined
in a multivariate PDF from which randomised samples could be drawn.

The turbine blades used in this work were cast as a pair, which needs to be addressed in the simulation.
Therefore two individually created blades were joined in a pair. This was done to keep the dimensionality
of the PDF to a minimum and therefore the number of samples and CFD calculations needed to quantify
the performance. The 3D CFD was then performed on the generated blade pair. To expand the results of a
single blade pair to the entire stage a so-called synthesis approach was implemented. This approach linearly
superimposes individual blade pair results to give the full stage results. The use of this method has been
supported due to the linear behaviour of the results and the absence of cross-effects in the solutions.

The cooling holes and the trailing edge slot on turbine blades introduce cooling air to the gas path. Within the
CFD setup this was modelled as a line source on the surface of the blade. The output parameter of interest
was the relative capacity change. As in the cases of Lange et. al. [38] and Scharfenstein et. al. [55] the size
of the performance scatter was decreased for the full stage results compared to the single blade pair results.
Furthermore, it was noted that a possible explanation for the relatively low geometrical scatter observed is the
low number of scanned blades used in the evaluation.

Lastly, Hogner et al. [22] reported that parameters that somehow affected the passage cross sectional area
between turbine blades had the largest impact on performance. These were the profile offset at the suction
side and the trailing edge cooling slot position.

The assessment of the impact of uncertainty of film cooling has been performed by D’Ammaro et al. [9]. In this
work the authors quantified the impact of uncertain cooling passage inlet conditions on the cooling adiabatic
effectiveness. The results showed that a 40% variation in the inlet conditions can reduce the turbine blade life
by 5 times. Even though the work focuses on uncertain inlet conditions it can be seen that variability of the
cooling geometry could have a potentially large impact on the blade life as well.

Quantification of turbine tip gap and fillet radius geometrical variability has been performed by Montomoli
et al. [46] using 3D CFD. The tip gap and fillet radius were modelled using a two dimensional Gaussian
distribution. The parameters of the distribution were selected arbitrarily and did not originate from measured
data. The results were reported as response surfaces and showed that relatively small geometrical variations
can cause significant changes in the flow field and therefore performance. Both the tip gap and the fillet radius
were found equally important.

The geometrical variability has impact not only on the performance of the individual engine components,
but also on the entire engine. Gorelik et al. [19] have created a probabilistic whole engine model that is
capable of taking into account the variability of real components. This model allows to evaluate the impact of
component geometrical variability on whole engine parameters such as efficiency. An example application
to 3D centrifugal compressors has been shown. In this assessment only the blade angles at the compressor
inlet and thickness along the shroud line were varied. Therefore only global changes in geometry could be
quantified, whereas the local effects could not be captured.
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3.1.2. Applications for deterioration uncertainty

First assessments of deterioration focused on a holistic approach backed by operational data. Lakshmi-
narasimha et al. [34] describe a stage stacking approach to whole engine deterioration modelling based on
empirical operational data. Zaita et al. [64] developed a holistic deterioration model that relied on aircraft
mission profiles, environmental conditions and physical and design characteristics based on the stage stacking
approach. A current example of holistic deterioration prediction method has been developed by Spieler et
al. [59]. This model is capable of taking into account specific airline mission profiles and using correlations
derived from operational data to predict deterioration.

As opposed to holistic modelling, current trends attempt to model deterioration on a component level. Kumar
et al. [28] simulated erosion on a 2D compressor aerofoil to show the impact it has on performance. The
erosion was simulated as a series of depressions modelled using Hicks-Henne functions. The parameters of
these functions were selected by the user and were not obtained from real blades. These erosion patterns were
then applied to the pressure side of the blades, as shown in figure 3.6.

Figure 3.6: Erosion patterns constructed on the 2D aerofoil pressure side. [28].

To expedite the calculations a surrogate model was constructed and validated to approximate the flow equa-
tions based on the results from the HYDRA flow solver. The analysis of blade erosion showed that it could
cause an upto 5% increase in pressure loss for the blade in question.

Goodhand et al. [18] showed that compressor blades susceptible to switches between flow mechanisms, such
as separation, are most sensitive to geometry variations in 2D. Here the Hicks-Henne functions were again
used to simulate blade erosion. The function parameters were also selected by the user and were not obtained
from real blades. The results showed that blades with sharp leading edges are susceptible to leading edge
separation as a consequence of geometrical variability.

A quantification of fouling in 2D has been performed by Qui et al. [52]. The Hicks-Henne functions were
once again used to simulate the dirt on a 2D compressor aerofoil. Once again, the parameters governing
the functions were not based on real blade data. The results showed that performance losses increased
monotonically with the amount and size of the fouling.

In 3D, Marx et al. [40] have scanned 1400 variously deteriorated and 300 newly manufactured blades from 10
different stages and compared their geometries. The blades were then parametrised similarly to the process
described in Lange et. al. [35]. The parameters of newly manufactured and deteriorated blades were then
compared to each other. The authors reported that deterioration increased the geometrical scatter of the
blades. An example plot for the leading edge thickness can be seen in figure 3.7.

Figure 3.7 shows 10 color coded vertical bands that each represent blades of a particular stage. The bands are
scaled to have their heights in proportion to the real blades. Furthermore the passage contours are drawn
in with white as well as some grid lines to support visual comparison. The colours of the band represent the
scatter of the particular geometrical parameter for the particular stage and location on the blade. Note that the
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Figure 3.7: Change of the leading edge thickness due to deterioration [40].

color scale is given in percent of the reference blade values and ranges from 60% to 140%. Therefore any value
below 100% is a reduction in that parameter and vice versa.

From figure 3.7 it can be seen that deterioration sharpened the front stage leading edges while it blunted the
rear stage leading edges. Furthermore, the authors report that over all the parameters the increase of scatter
was small for front stages and larger for the rear stages. As the analysis also included blades that have been
previously repaired these effects were also included in the results.

Reitz et al. [53] have developed a process for evaluation of performance of deteriorated compressor blades
using 3D CFD and showed its use on an example blade design. This work followed the approach described
in Lange et al. [35] to parametrise the blades and to rebuild blades based on an arbitrary set of geometrical
parameters. The deterioration variability came from a set of 120 scanned blades. The rebuilt blade geometries
were then evaluated using the CFD tool TRACE. The difference of performance between maximum and
minimum Mach numbers at a 2D section at 95% of the blade height can be seen in figure 3.8.
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Figure 3.8: Difference between the maximum and minimum Mach number of realised deteriorated blades for
a 2D section at 95% of the blade height[53].

Figure 3.8 shows that for the geometry uncertainty and the selected set of boundary conditions the variation in
Mach number was up to AM = 0.15. One of the conclusions reported was that deterioration changes the stage
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performance noticeably. Note that this work did not take into account blade roughness and deteriorating tip
height. Furthermore it did not attempt to decouple the effects of manufacturing variability from deterioration,
therefore the reported effects were a combination of manufacturing variability and deterioration.

Work done so far on quantifying compressor deterioration on a blade level relied either on arbitrary deterio-
ration modelling or included the effects of both manufacturing variability and deterioration. In the case of
turbines no previous work that would address purely the quantification of the effect of deterioration has been
found.

3.2. Robust optimisation of compressor and turbine blades

Uncertainty quantification of performance as given in section 3.1 reveals what the impact of the uncertainty is.
Essentially the magnitude of the impact directly translates into the magnitude of the opportunity for using
robust optimisation.

Provided that the impact of uncertainty is large, the natural next step is to use the information of the impact
in the design phase. In the current scope the uncertainty relates to two processes, manufacturing and
deterioration. For the purposes of optimisation these effects must therefore first be separated as they might
have different impacts.

After the effects of manufacturing variability and deterioration have been properly separated, modelled
and evaluated in terms of performance, the blades can be optimised by including these effects as well. This
optimisation can aim to achieve various goals. By optimising the tolerancing of blade surfaces the performance
deviations of a particular nominal design can be improved. This is done by recognising the most important
blade sections and reducing their tolerances. This however increases manufacturing costs, which can possibly
be offset by reducing the tolerances in less important sections. Alternately the blade shape can be changed to
provide improved results over the original nominal design. In this work it was assumed that the manufacturing
was already optimised economically, therefore the optimisation of the tolerancing was not considered.

This section gives an overview of literature that deals with robust optimisation of compressor and turbine
blades. It is split into two parts that each deal with one of the uncertainty processes. Both sections first discuss
the applications on compressor blades and follow with the discussion of turbine blades. For both of these
parts, the work performed in 2D is presented first. Based on this, the work in 3D is presented next.

3.2.1. Optimisation of blades for uncertainty in manufacturing

Kumar et al. [29] have designed a 2D compressor aerofoil robust to manufacturing variability. The Hicks-Henne
functions were used to parametrise the entire aerofoil, with 5 function describing the suction and pressure
sides each. The amplitudes of the Hicks-Henne functions are then used as the design parameters which results
in the aerofoil being described by 10 parameters. The bounds for these parameters were specified by the user.

Based on the geometries obtained with this process an optimisation of the aerofoil was performed. The aim of
the optimisation was to minimise the standard deviation of the normalised pressure increase over the blade
while maximising its mean. The normalized pressure is the difference of the total pressures at inlet and outlet
normalised by the inlet total pressure and multiplied by 100. The results of the deterministic optimal design
and the robust design are shown in figure 3.9.

Figure 3.9 shows two histograms overlapped that represent the performance scatter of two designs. Fur-
thermore two vertical lines are drawn which denote the deterministic performance of the two designs. This
figure shows that a robustly designed aerofoil would be significantly less sensitive to manufacturing scatter.
Furthermore the robust blade had better mean performance, lower performance scatter and better worst case
performance than the deterministic design, at the expense of worse nominal design performance. Because the
actual performance of the blades is the performance after manufacturing is taken into account, the worsening
of nominal performance is not significant in this case. Note that mean performance does not correspond to
the peaks in the histograms in this case as both have a strong right tail.

In subsequent work Kumar et al. [30] have extended the method developed in Kumar et al. [29] to include the
information on the process capability into the assessment. The process capability data is used to effectively
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Figure 3.9: Comparison of normalized pressure loss coefficients of deterministically and robustly designed
blades [29].

determine the bounds of the parameters of the Hicks-Henne functions. As this work is just an adaptation of
the inputs of Kumar et al. [29], the results of both studies are in direct agreement with one another.

Similarly, Dow et al. [11] have performed an optimisation of 2D compressor aerofoils taking into account
manufacturing variability, and simultaneously optimised the manufacturing tolerances of the blade. The blade
was simulated by a vector of normal differences between the manufactured and nominal geometries, which
was then modelled using a multivariate normal distribution. Using this setup the tolerancing scheme of the
blade can be altered by changing the covariance of the multivariate normal distribution. Parameters of the
multivariate distributions were not based on measurement data. The geometries generated with this process
were evaluated by a 2D solver called MISES. The results showed that the leading edge geometry was the most
important and the tolerances in this region were reduced in the optimal design.

For the case of turbines, Moeckel et al. [42] presented a frame work to calculate cost savings associated to
various tolerancing schemes for turbines in quasi-3D. This work focused solely on the thermal analysis of the
blades. The uncertain parameters were the operational conditions, such as the inflow temperatures and mass
flows, the film cooling hole diameters and heat transfer coefficients. The results showed that the film-cooling
hole diameter is one of the most important parameters to be correctly toleranced.

Javed et al. [24] have performed robust optimisation of 3D centrifugal impellers against manufacturing
uncertainty using manufacturing capability assumptions. The design variables were several geometrical
parameters. Based on the tolerances of these parameters the uncertainties of impeller performance could be
quantified. The tolerances and the level of robustness were arbitrarily selected by the authors. The objective of
the optimisation was to maximise the means of pressure rise and isentropic efficiency while minimising their
standard deviations.

The realisations of the impeller were evaluated based on a response surface model, itself based on 3D ANSYS
CFX calculations. The results showed that the impellers could be optimised to several levels of robustness as
desired by the designer.

Focusing on uncertainty of operational conditions, Vinogradov et al. [61] have performed a 3D robust optimi-
sation of a axial high pressure turbine blade. In this case the inlet conditions were subject to variability, and
the dimensions of the LE film cooling rows and the tip clearance were design parameters of the optimisation.

Arsenyev et. al. [4] have developed a methodology for optimisation of 3D low pressure turbine stator vanes
against geometrical variability. The method is multi-disciplinary and involves aerodynamic and thermal
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evaluations as well as an evaluation of mechanical stresses. An example application of a robust aerodynamic
design of turbine blades was presented. In this example the blade thickness at the LE and TE, and the blade
axial and tangential positions were the uncertain parameters. The optimisation focused primarily on blade
reliability as opposed to aerodynamic design.

Bestle et. al. [6] have proposed a quasy-3D approach to robust design of compressor blades. The quasy-3D
approach means that the blade is represented by several 2D aerofoil sections, which can be stacked together to
give the final 3D geometry. The 2D aerofoil sections were parameterised using NACA like parameters, as seen
in Lange et. al. [35]. These parameters are subject to uncertainty. The CFD evaluations needed for the robust
optimisation were performed on the 2D sections independently to save time.

3.2.2. Optimisation of blades for uncertainty of deterioration

Kumar et al. [31] have performed a robust optimisation of 2D compressor fan aerofoils against erosion using
methodology similar to Kumar et al. [29] and Kumar et al. [30]. Erosion was simulated as depressions in the
blade surface modelled by Hicks-Henne functions. The parameters of these functions were selected arbitrarily.
The aerofoil shape was then optimised to have its performance robust against this erosion. The objective was
to maximise the mean of the normalised pressure loss while minimising its standard deviation. The results
showed significant improvements in terms of performance of the robustly designed aerofoils.

Yaping et. al. [25] have performed a robust optimisation of centrifugal compressors against fouling. Fouling
has been simulated using a 3D surface roughness map. The optimised results showed improved robustness to
surface roughness uncertainty while retaining good design point performance.

No other work with regards to robust optimisation of compressor or turbine blades against deterioration has
been found.






Research question formulation

Chapter 1 gave a general introduction to the need of quality control for compressor and turbine blade perfor-
mance. This has been further explored in chapter 3, which showed that the blades indeed have geometrical
variability that translates into performance variability.

Based on the literature review given in section 3, the next step that should be performed is the uncertainty
quantification of the impact of deterioration on aerodynamic performance variability based on blade mea-
surements. This step has been selected as it is a prerequisite for robust optimisation activities also identified in
section 3.

The aim of this chapter is to demarcate the problem framework within which to address the selected next
step and to formulate an appropriate research question. The research steps required in order to answer the
research questions are identified and the methodology and software to do so is selected as well.

First, the measured data and its features are represented in section 4.1. The features of the data determine
what kind of knowledge can be obtained by analysing it.

Several sources of uncertainty, as identified in chapter 3.1, can be included in the subsequent performance
analysis. These include the variability of the inlet air conditions. The assumptions regarding the uncertainty of
the inlet conditions are given in section 4.2.

The blade measurements inherently include the effects of all sources of geometrical uncertainty. In order
to improve the understanding of blade deterioration the impact of these sources must be separated. This is
discussed in section 4.3.

Aircraft engines are expected to operate in a range of atmospheric and operational conditions. Some of these
conditions are also required to be selected as the boundary conditions for the CFD evaluation of the blades.
The conditions used in performance quantification must therefore be carefully selected in order to arrive
at meaningful results. After all, assuming that the performance uncertainty is small, it makes little sense to
quantify it under operational conditions that the engine will rarely or never experience in its life. The selection
of these conditions is done in section 4.4.

Based on the demarcation of sources of uncertainty, the approach to separate its effects, and the demarcation
of the operational conditions, the research question can be formulated. This is done in section 1.3.

Lastly, based on the best practices found in the chapter 3 the methodology used to complete parts of the
answer of the research question is selected.
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4.1. Overview of the dataset

This chapter gives an overview of the dataset that was used to analyse the impact of deterioration on perfor-
mance. Measuring deteriorated blades is essentially measuring an outcome of an experiment. The parameters
of this experiment, such as the origin of the blades, the size of the sample, and the design of the experiment,
are presented in section 4.1.1.

The important features and the disadvantages of this dataset are further discussed in section 4.1.2.

The actual measurement campaign that produced the 3D point cloud data is presented in section 4.1.3. This
section gives an overview of the process used and highlights the specific preprocessing that is needed before
the data could be properly analysed.

4.1.1. Experiment setup

The blades used in the assessment were 36 BR715 stage 3 compressor rotor blades. They came from 3 separate
engines operated by a single operator and were manufactured to the same specifications by three separate
manufacturers. The manufacturing process involves first forging the blades and subsequently machining parts
of the blade to the end geometry requirements.

This particular type of blade was selected as they are fitted into engines operated on commercially used Boeing
717 airframes. As these airframes fly relatively short routes it typically makes several flights per day. This means
that the blades are returned into refurbishment in a shorter period of time relative to engines on larger aircraft
that typically fly longer routes.

The aim of quantifying the impact of deterioration on performance is ultimately to support robust design.
From the perspective of robust design it is interesting to understand how deterioration impacts different blade
geometries. The ideal Design of Experiments (DOE) would therefore send several batches blades based on
separate nominal design into service and measure them upon return. This would give an overview of the impact
of deterioration on performance as a function of the nominal blade design. The ideal DOE however cannot be
realistically be performed as, assuming that the current blades are deterministically optimal, installing blades
that are suboptimal would be bad for business and therefore counter-productive.

Another important aspect of deterioration are the operational conditions. Therefore another ideal DOE could
have several blade batches of the same design go into service under different operational conditions. This is
mostly not practical as there are many operational conditions to consider and Boeing 717, which is powered
by the BR715, has too few operators to support an extensive DOE. Therefore to isolate operational conditions
from the assessment, blades from a single operator have been selected for analysis.

4.1.2. Features

The main feature of the dataset is that the blades have been measured at two time points in their life. They were
first measured before being installed for the first time — these blade scans are referred to as the “manufactured
blades”. This allows for an assessment of the impact of deterioration with respect to operational use.

The engines they were fitted in flew within a commercial fleet and performed the same routes in similar condi-
tions as the other engines of the fleet. Therefore the blades experienced deterioration and wear representative
of the particular fleet flying within the particular operating conditions.

The blades were then scanned again when the engines returned from service for a refurbishment — these blade
scans are referred to as “deteriorated blades”. The measurements of the two states together allow the modelling
of geometry changes with operational use of individual blades.

The blades are manufactured with their heights higher than the prescribed values. This is done as the tip
heights are prescribed for the entire stage assembly as opposed to individual blades. Therefore, before being
placed into an engine, the blades are assembled into their stage and have their tips rubbed to conform to the
geometrical requirements. The manufactured blade scans were made before this process took place. Because
of this, no information on the blade heights of manufactured blades can be extracted from the dataset.
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4.1.3. Measurement campaign

The blades were measured using an optical 3D measuring system IVB Kolibri Flex 100 at TU Dresden. The
resolution of the scanner is approximately 30um [23]. The scanner produces an unstructured point cloud
representation of the blade. Note that the scanner resolution determines the scale of the features that can be
captured. For example, small holes due to blade pitting and surface roughness cannot be sufficiently captured
using this resolution.

For scanning the blades are clamped into place within the measurement system manually. The resulting
point clouds are therefore oriented within the same coordinate system, but occupy different positions in it.
Therefore, in order to allow the comparison of individual blades they must first be individually aligned to their
appropriate position within the compressor coordinate system before analysis.

Choosing the common coordinate system as the compressor coordinate system further allows the discussion
of parameters to be made in meaningful intuitive values.

Within the measuring campaign the blades were clamped into place using their root geometry. A part of the
blade geometry covered by the clamping geometry was therefore not captured within the measurements.
The clamping geometry itself has already been removed from the measurements during the measurement
campaign.

4.2. Uncertainty of engine inlet conditions

Inlet air conditions play a major role in engine performance. Its uncertainty can be separated into two contri-
butions: the flight to flight uncertainty of the atmospheric conditions, and the flight to flight selection and
execution of the flight profile. Essentially, the inlet conditions depend on the daily weather, the flight profile se-
lected by the pilot and how well the pilot can adhere to this flight profile. This uncertainty could hypothetically
be used in the design phase to optimise engine performance for the most commonly encountered operating
conditions.

4.2.1. Atmospheric conditions

In aviation the daily atmospheric conditions are expressed as offsets from International Standard Atmosphere
(ISA) conditions at the sea level. ISA is an idealised atmospheric model based on thermodynamic equations.
Daily atmospheric conditions can therefore be split into the daily variation of the conditions at the sea level
and the variation of the actual altitude profiles about the ISA model. Additional factors that are not included in
the ISA model are wind, turbulence and water vapour which can impact performance drastically.

The atmospheric conditions at sea level have a more drastic impact on airline operations than their altitude
variation. In certain circumstances these conditions can reduce engine performance to a point where taking off
from a certain airport is not possible. Therefore in the design phase a set of worst case atmospheric conditions
under which the engine still produces adequate thrust is selected. This limits airline operations to the airports
that reliably experience atmospheric conditions less severe than the worst case conditions designed for.

For a particular engine design performance variability dictates how severe these conditions can be. However,
as the worst case conditions are deterministically selected it is the geometrical uncertainties that govern the
severity of these conditions.

The uncertainty of the conditions about the ISA model with altitude are secondary in magnitude of perfor-
mance impact, but have a larger economic impact, provided that missed business opportunities due to engine
performance limitations are not included. Profit oriented airlines typically do not schedule flights to airports
they cannot take off from. The economic impact therefore originates from in flight fuel consumption variability
due to atmospheric conditions uncertainty.

The aircraft spend most of their operating time in cruise, which is typically where most of the fuel is consumed.
Cruise altitudes are typically in the tropopause where the temperature is approximately constant, therefore
temperature variations are expected to be negligible.

The exact altitude is selected such that the fuel efficiency is optimised. The fuel efficiency is governed by
the operating point efficiency of the engine and therefore an altitude with appropriate pressure to keep the
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engines running at maximum efficiency design point. Assuming that the airlines fly at the optimum altitude
the cruise pressure is approximately constant as well.

Furthermore, the engines are designed to operate in a wide range of atmospheric conditions and therefore
their efficiency is not expected to be sensitive to very small deviations in atmospheric conditions. As the
uncertainty of atmospheric conditions in cruise is expected to be very small it can be assumed that it will have
no major impact on performance and therefore airline economy.

4.2.2, Airline operations

Different airlines will have separate preferences regarding flight profiles. One airline might prefer to climb
with maximum allowable power to reach maximum fuel efficiency cruise altitude as soon as possible. Another
airline might prefer to climb with reduced power to trade the extra fuel burned to preserve engine life and
minimise maintenance costs.

Furthermore, different airlines operate in different regions of the world and have different route structures
and business models, which all impact the decisions regarding flight profile selection. For example, airlines
operating in predominantly cold environments are interested in cold weather performance and vice versa.

Lastly, during flight the pilot might be asked to deviate from the selected flight profile due to ATC requirements.
To take this into account the world aircraft fleet would have to be modelled to determine the occurrence of
such requests.

To take the uncertainty of airline operations into account an accurate estimate of the future engine customers
behaviour as well as the world flight routes would have to be made. This is practically impossible and therefore
this source of uncertainty is excluded from the assessment.

4.3. Separating manufacturing from deterioration geometrical uncertainty

The real issue in determining the impact of deterioration is that the deteriorated geometry also invariantly
includes the manufacturing variability. The challenge therefore lies in separating these. This can theoretically
be done in two ways:

¢ A set of blades can be scanned when being assembled into an engine and than scanned again when
being removed from the engine during an overhaul activity.

¢ Alarge set of blades can be scanned when being assembled into an engine and another, unrelated set of
blades can be scanned when being removed from the engine during an overhaul activity.

The first approach allows to directly determine the impact of deterioration as the differences between both
scans of the same blade. The penalty for this is the time it takes for the engine to return from service to perform
an overhaul.

The second approach allows the data to be gathered quickly as there is no need to wait for the blades to
return from service. However this mean that the impact of deterioration can only be presented as a change
of a particular performance statistic, such as its mean or standard deviation. Moreover, it is not possible to
completely separate manufacturing effects from deterioration effects, as the manufacturing variability also
changes with different blade batches.

The most important reason for this would be the fact that the tooling used in manufacturing the blades itself
deteriorates with use. Therefore the blades manufactured when the tooling was new could be significantly
different from the blades manufactured when the tooling is about to be changed out. This effect can introduce
statistically significant differences between batches of blades of a single manufacturer.

Secondly, the same type of blades could be manufactured by several different companies that use different
tooling. This could result in statistically significant differences between the manufacturers as well. This would
then further skew the differences between the scanned manufactured and deteriorated blades.

In order to achieve greater relevance of the final conclusions the first approach should be used to obtain the
blade scans for further analysis. The differences in geometry and performance due to deterioration should be
evaluated for individual blades as well as for the entire blade set statistics.
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4.4. Operating point

The engines will realistically be operated in a variety of atmospheric conditions using various power settings.
The engines are therefore designed to produce a certain level of performance in all expected situations. This
performance can be summarised in terms of performance maps. However, computing these performance
maps of engines is a large computational task in itself as it requires CFD simulations for several operating
points. In order to reduce the complexity of the task a suitable operational point for the analysis needs to be
selected.

Following the argument from section 4.2.1 the engines spend most of their operational time in cruise where
most of the fuel is being consumed as well. This is therefore the most important operational point for the
engine. Therefore the optimal design cruise point should be used for the evaluation. Specifically, this is the
maximum efficiency point on the 100% speed line.

4.5. Research project overview

In order to answer the research question given in section 1.3, several intermediate objectives need to be
completed. The aim of this section is to provide an overview of these objectives, the research sub-questions
that they answer, and the selection of the methodologies used to complete these objectives.

* Visual evaluation of geometrical variability

* Evaluation of variability of geometrical parameters

* Quantification of impact of manufacturing variability on
performance

* Quantification of impact of deterioration on performance

* Modelling of manufacturing variability and deterioration

€EKK:

Figure 4.1: Intermediate objectives to be performed in order to answer the research question.

The last step in the flowchart is essentially a prerequisite for any subsequent robust optimisation activities.
Robust optimisation relies on the ability to model manufacturing variability and deterioration. Therefore the
modelling of the effects of manufacturing and deterioration itself is interesting.

4.5.1. Research sub-questions
The sub-questions that need to be answered in order to answer the research question are presented below:
1. What is the geometric impact of deterioration?

(a) How does the geometry change from early to late life of the blades?
(b) How do we separate the effects of different types of deterioration?
(c) How do we model the impact of these effects on geometry?

2. What is the performance impact of deterioration?

(a) How does the performance change from early to late life of the blades?

(b) How do the combined deterioration effects compare with manufacturing variability in terms of
performance impact?

(c) How do the separate deterioration effects compare in terms of performance?



32 4. Research question formulation

4.5.2. Methodology selection

In order to answer sub-question 1, a blade characterisation approach needs to be selected. Based on the
findings of section 3, the NACA like parameters were selected to characterise the blades. The alternate
approach identified is the PCA approach. The NACA like approach was chosen as it was used more often in
literature, gave results comparable to the PCA approach, and is intuitively easy to understand and interpret.
The parametrisation of the blades into NACA like parameters has been implemented within a software package
developed by TU Dresden named B2P [62], which was selected for the current work.

The performance impact is calculated based on results of 3D CFD evaluation of blades. The Rolls-Royce
proprietary CFD software suite Hydra [43] was used for this. To create the mesh for Hydra the in-house
meshing software PADRAM [57] was used. The visualisation of the flow results was performed using an open
source software application ParaView.

An additional aim of this thesis was also to produce a generalised uncertainty quantification workflow that
could support future investigations into importance of manufacturing variability and in service deterioration
of other available measured blade data sets. This workflow was implemented in iSight and used to obtain the
uncertainty quantification results presented a subsequent chapter.



Geometrical analysis of manufacturing and
deterioration variability

The aim of this chapter is to give an overview of the geometrical changes of the blades due to the deterioration
processes. The changes are obtained by comparing the measured manufactured and deteriorated geometries
of the same blades. The comparison is done visually, by calculating the point-wise surface deviations in the
GOM Inspect software package, and by comparing the blade parameters calculating the B2P software. The
comparisons aim to show the scatter of the deviations and parameters, and any offset from the intended
geometry.

First, sections 5.1 and 5.2 present the process of calculating the GOM surface deviation plots, and the B2P
calculation of the geometrical parameters used in the analysis respectively. The geometrical parameters are
the NACA parameters and the blade heights.

Before any comparison of the data can be made, the blades need to be aligned to the appropriate common
coordinate system. Obviously deviations would also be observed if the nominal CAD blade were compared to
the same blade that was offset, rotated or a combination of both. Section 5.3 gives an overview of the alignment
methodology, the importance of selecting the appropriate alignment and the actual alignment used to orient
the measured blade scans.

The geometry deviations that remain after the scans have been properly aligned include the effects of dovetail
and aerofoil scatter combined. Section 5.4 gives the motivation for separation of these deviations as well as an
overview of the methods to achieve this.

Section 5.5 presents the visual analysis of the scanned blades. The visual analysis is performed on the basis
of surface deviation plots made in GOM Inspect. The effect of deterioration is extracted by comparing the
deteriorated to the manufactured blades. In order to show how these compare to the original manufacturing
deviations, the results of comparison of manufactured blades to the nominal CAD design are also given.

Lastly, section 5.6 presents the analysis of the NACA like aerofoil parameters obtained using B2P. The analysis
focuses on spanwise profiles on the parameters as well as the blade-to-blade scatter of the parameters.

5.1. Calculation of geometry deviations

The manufactured blade geometry can be compared to the design intent by comparing the scanned point
cloud representation of individual blades with the CAD drawing of the design. This is done in the “GOM
Inspect” software package. In GOM Inspect the scanned blade is represented as a mesh with patches filling
the areas between the scanned points. Furthermore two geometries can be compared one to another in the
software by calculating the difference between them and displaying this difference in a colour range. This
allows the user to visualise the regions where and how the manufactured blades deviate from the design intent.
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5.2. Calculation of geometry parameters

This section gives an overview how the geometrical parameters that are used to characterise the blades are
calculated. Subsection 5.2.1 gives a brief overview of the calculation of NACA like aerofoil parameters based on
Lange et. al. [35] and the B2P user manual [62].

The NACA like aerofoil parameters give the shape of the blade. Another important feature for compressors are
also the tip gaps, for which the blade height is required. Subsection 5.2.2 gives an overview of the blade height
calculation based on the B2P user manual [62].

The tip gaps depend on elements other than the blade, such as the drum and the casing. Subsection 5.2.3
presents how to combine the calculated blade heights with the information regarding other elements to
calculate the tip gaps.

5.2.1. Calculation of NACA like aerofoil parameters

The reduction of the data for analysis can be done using NACA style geometric parameters as argued for
and described in [35]. The use of these parameters provides clarity and control to both the analyst that is
interpreting the data and the designer who subsequently aims to produce an improved design. The calculation
of the parameters has been performed using a tool called B2P developed by TU Dresden on the basis of [35]
[62]. The parameters that are calculated with this tool are illustrated in figure 5.2 for a specific blade section.

The parametrisation approach aims to calculate the parameters at several user defined span-wise positions
along the blade. First, the section points at each of the positions are identified and converted into streamline
coordinates. Then a camber line is fitted to the section outline. Based on the camber line the chord line is fitted
as well. These lines are then converted from sets of 2D points into distributions and a thickness distribution is
calculated as well. The NACA like aerofoil parameters are calculated based on these distributions.

The section positions are defined by the user as the percentage location between the hub and the tip of the
blade. The parameters calculated for each of the stations together give a 3D characterisation of the blade. Note
that the parameters are only calculated for the selected sections, and therefore any information of the blade
geometry between them is lost in the parametrised characterisation of the blade. Furthermore, any effects
with a frequency higher than the spanwise section frequency are lost. Lastly, surface roughness cannot be
calculated from the measurements, as their resolutions is too large.

An example is shown in figure 5.1. It shows the determination of these coefficients for an example blade. In
this figure three major features are plotted. These are the tip and hub contour, plotted in blue and brown
respectively, and the parametrisation section outlines that lie between them in cyan.

Tip and hub coefficients and spanwise section locations.

Spanwise direction (m)

Axial direction (m)

Figure 5.1: Example illustrating the blade parametrisation.
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To allow the calculation of absolute span-wise positions of the individual sections and their slopes, the
information regarding blade height and its position within its coordinate system must be provided by the user.
This is done by inputting the so called blade tip and hub coefficients, which contain this information.

These coefficients are defined as the spanwise position of two points that together give the blade height and
location, and the slopes of the hub and the tip contour at these points. Only the spanwise coordinates of the
points are given as coefficients as the axial location is hardcoded within B2P. In total there are therefore four
coefficients: two spanwise positions and two contour slopes. They need to be determined manually.

After data points of individual sections have been identified, the camber line and camber distribution can be
calculated. The camber line is determined using the Rolling Ball Method (RBM). The RBM works by "rolling"
balls of various radii inside the outline of the aerofoil section. The centres of the ball will meet twice for each
ball radius, once near the LE and once near the TE. The intersections are points on the camber line.

To improve the quality of the calculated camber line a subsequent step is then performed. This step aims to
find a camber point for each of the points that make up the section outline. It calculates the camber point as
the mid point between a point on the suction side and its corresponding point on the pressure side of the blade.
However, as the data is unstructured these points do not exist and must therefore be interpolated between the
points closest to the correct location.

To identify these points the camber points calculated with the RBM are interpolated by a polynomial. A line is
then drawn that runs from the selected point orthogonally through the camber line and pierces the section
outline at the other side. The points closest to this line where it pierces through the section outline are used to
calculate the location of the point corresponding to the chosen point. With both the corresponding points
available the camber point is now calculated.

After the camber line points have been calculated, the corresponding chord points can be calculated as the
projection of the camber points onto a straight line connecting the first and last points of the camber line. The
chord can then be expressed as a chord distribution by calculating the distance of each of the chord points
from the LE point and normalising with the total length of the chord. This converts a vector of 2D points into a
vector of values between 0 and 1.

As the camber points are calculated for each of the section outline points the blade thickness values can also
be calculated for every point of the outline using 5.1 [35].

f = 2(??"”’”3 X camber (5.1)

Furthermore, the camber can now be translated from a vector of 2D points to a 1D vector of values by
calculating the distance between each of the points and its corresponding chord points using equation 5.2 [35].

Wi = |j€iamber _ }Zhord (5.2)

This procedure works well in regions where the section outline curvature is low. If the curvature of the outline
is high, the procedure does not produce good results due to an assumption made when calculating the
camber line, specifically in the step where the selected points corresponding point was calculated as a linear
interpolation between the nearest points. This assumes that the interpolation is very close to where the real
outline would be. In highly curved regions this is not true. For these locations the camber line points are
calculated based on extrapolation from the known points. This extrapolation is done for a fraction of the entire
chord length however and varies from application to application. It can be approximated as the ratio of the
summed leading and trailing edge radii and the chord length.

Finally, the blade geometry is described using a chord, thickness and camber distributions. The chord distribu-
tion gives the non-dimensionalised locations along the chord line and thickness and camber distributions
together give the shape of the fitted aerofoil section. Note that these distributions only give the general shape
of the aerofoil section, but not its position, orientation or size. For this, additional parameters are required.

The parameters that give the position are the axial and tangential positions. They are obtained as the coor-
dinates of the first point in the chord line. The orientation of the blade is given by the stagger angle and is
calculated as the angle between the tangential axis, as shown in figure 5.2 [62] and the chord line, after the
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Figure 5.2: Parametrisation of a blade section into thickness, camber and chord distributions and NACA like

parameters.
symbol profile parameters
ax, tan axial and tangential position of section outline
A stagger angle
c chord length
tLE, ITE thickness of leading and trailing edge
POSt; ) POStr, assigned position on chord
tmaxs Wmax maximum thickness and camber of profile
POSt,00) POSwa. | assigned position on chord
arE, ATE angle at leading and trailing edge

Table 5.1: NACA like parameters calculated by B2P for a particular spanwise section.

offsets from the origin have been removed. The size of the aerofoil section is given by the chord length, which
is calculated as the distance between the first and the last points of the chord line.

The rest of the parameters are calculated directly from the camber and thickness distributions. The angles at
the LE and TE are calculated as the angle of the camber distribution at the LE and TE respectively. This is done
by fitting a 2" order polynomial through the camber distribution within the first and last 1.5% of the chord
length respectively. The slopes of the fitted polynomial at the LE and TE are then the LE and TE angles.

The thicknessess of the LE and TE are calculated at a position where the slope of the thickness distribution
reaches certain hard-coded values. The thickness is calculated as the distance between the suction and
pressure sides of the blade.

The positions where the LE and TE thickness are calculated are also stored as individual parameters. Essentially,
these positions are a measure of how elongated the LE and TE are. The nominal blades will have a constant
LE thickness along the span, as the minimal thickness is desired. As the chord decreases along the span, the
relative position of the LE therefore increases. As such, the LE becomes a longer part of the chord. At a single
section, the LE position can also increase if the blades become elongated. Therefore by comparing the LE
positions of several blades, and keeping their chord lengths in mind, the elongation of the LE shape could be
assessed.

Additionally the maximum thickness and camber and their respective positions are calculated from the
appropriate distributions. These help compare the thickness and camber distributions without the need to
actually plot them.

The entire calculation therefore results in 14 individual parameters and 3 distributions for each of the sections
evaluated. These parameters are summarised in table 5.1 and illustrated in figure 5.2 [62].
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5.2.2. Blade height calculation

The blade heights are calculated to determine the blade height variability. Because the heights are variable
and unknown the section corresponding to the blade tip cannot be calculated. Furthermore, the tip has a 3D
shape which could not be captured with a 2D slice. A separate method is therefore required to determine the
tip contour.

The deteriorated blade heights were calculated from the scanned data by using the B2P tip contour extraction
functionality. The application and methodology of this method on an example case can be seen in figure 5.3.

section outlines

E = skeleton lines
° B origin points

(2]

8| |—Blade m direction points
@ | |—Tilted Blade

Tip calc. process — puncture line

m intersection points /

Tangential dir. (mm) tip points

Figure 5.3: Calculation of tip contour. Left subfigure illustrates supports the reasoning behind the method
implemented in B2P. Right subfigure shows the application of this method on a blade [62].

Figure 5.3 contains two subpanels. The left panel shows two blade geometries simplified as rectangles in
2D. The blue blade represents the ideal geometry, whereas the brown blade represents an example non-ideal
realisation. Both blades have two points plotted on their blade tips. The points desired for the construction of
the tip contour are the ones that lie at the midpoint of the tip. Lastly, the brown blade also has a construction
used to arrive at this point drawn in. This panel supports the discussion of the reasoning of the method
implemented within B2P. The right panel shows the visualisation of this method in 3D from the B2P user
manual [62]. This panel supports a more detailed description of the method to calculate the tip contours.

The blade tip shown in figure 5.3 is flat, which is an approximation. The tips of the real blades are rounded by
the manufacturing and deterioration processes. However, because the radius of the tip is very large and the
thickness of the blade is very small the difference between a flat approximation and the expected height is
lower than the resolution of the scan. The approximation can therefore be made.

An approach to calculate the tip contours could be to simply select the highest points at each axial position.
The major issue with this approach is that it is very sensitive to the orientation of the blade. If the blade is
perfectly upright, as the blade drawn in blue in figure 5.3, then the approach is sound.

However, the blade geometry is variable and therefore it is very likely that the all the blades will be tilted with
respect to the tangential direction by some degree, as shown with the brown blade in figure 5.3. The highest
point of the brown blade is located on the left edge of its tip. In this case therefore the approach to select the
highest point does not give the desired result. This problem remains even if the approach selects the highest
point in radial coordinates. In this case, the edges of the tip are always farthest away from the axis of revolution
and will therefore always be selected by this method.

To avoid these problems the tip contour extraction implemented in B2P uses a different approach, which is
drawn in yellow on the brown blade. The two lines that are parallel to the tip represent two sections of the
blade. A line perpendicular to them can be drawn through two corresponding points of these sections. In this
case these points are the midpoints of the yellow lines. The location where this perpendicular line punctures
the blade tip is a point of the tip contour.
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The selection of the sections and points used for the calculation of these positions in 3D can be seen in the
right panel of figure 5.3. The sections selected to support the calculation are drawn in yellow and their skeleton
lines in blue. In this case, the points of the skeleton lines at the same axial locations are used to construct the
lines that point the tip.

The skeleton lines lie in the middle of the aerofoil sections in the tangential direction, and it is assumed that
the lines going through them also go through where the skeleton point of the tip would be. For this assumption
to be valid the blade geometry should not change significantly from the location of the yellow sections to the
tip. For usual blade designs this can be ensured by selecting these sections close to the tip.

The lines that determine the points of the tip contour are drawn as green arrows on figure 5.3. The actual
points of the tip contour are plotted using black markers. Note that this method can only determine the tip
contour points for the axial positions that are within the domain of both skeleton lines. In other words, the two
skeleton lines span different ranges of axial positions. The tip contour points can only be calculated for axial
positions that lie in the intersect of these ranges. If the blade chord length would increase drastically above the
selected sections the tip contour would be determined only partially. Similarly, if the blade is tilted heavily in
the axial direction, the procedure will return only a part of the tip heights. Usual compressor designs have a
reducing chord length with span and are not tilted in the axial direction.

5.2.3. Tip gap calculation

The tip gap can be calculated as the distance between the casing and the blade tip height. The determination
of the actual values is very complicated as it depends on multiple factors, which range from geometrical
dimensions to the mechanical and thermal stresses when operating. A typical arrangement of a compressor
blade assembled within the compressor module can be seen in figure 5.4. This figure shows 4 principle
components which together make up the tip gap. These are the compressor drum, blade, casing liner and
casing. Note that the tip gap does not depend on the dimensions of any single component. Instead it depends
on multiple components at once.

Drum

Figure 5.4: General arrangement of the blade within a compressor assembly, and the resulting tip gap..

The drum and the blade together make the lower bound of the gap and the casing and liner make the upper
bound. The determination of the tip gaps therefore depends on the dimensions and tolerances of all of these
components. These dimensions are not available for the drum, casing liner and the casing as these elements
have not been measured along with the blades. However, within the scope of this work the interest lies
solely with the blade performance. This can be isolated from the rest of the assembly by making appropriate
assumptions regarding all other components, which are summarised in table 5.2.

The manufactured blades were scanned before their final machining process, as mentioned in section 4.1.
Therefore for the manufactured blades no data is available for any of the compressor components and the tip
gaps therefore cannot be calculated.
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’ Part ‘ Manufactured tip gap | Deteriorated tip gap

Drum Assumed nominal Assumed nominal
Blade N/A From scans
Liner Assumed nominal N/A

Casing Assumed nominal Assumed nominal

Table 5.2: Source of dimensions required for the calculation of the tip gap.

For deteriorated blades the blade heights can be calculated. However, the stage 3 rotor blades that are being
evaluated have an abradable liner. As explained in section 2.3.2 the blades are therefore not expected to have
their heights reduced and the majority of the tip gap increase is expected to come from liner abrasion. The
assumption of the liner dimensions made in the case of the manufactured state therefore cannot be made for
the deteriorated case. The tip gaps cannot be calculated for either the manufactured state or the deteriorated
state.

5.3. Aligning the scanned blades

Subsection 5.3.1 presents a method to align the blade measurement scans to the nominal design. The alignment
is required because the blades are secured into their position manually in the blade scanning process. This
introduces differences in the orientation of the blade coordinate systems and the location of the blades within
their respective coordinate systems. Furthermore the nominal design will have its own coordinate system and
location within it as well. In order to compare the scanned blades to one another and to the design intent, the
scanned blades need to be aligned to a common reference — the design intent blade.

Subsection 5.3.2 shows the impact different alignment techniques might have on the results of the subsequent
analyses. Different alignment techniques include different selections of alignment surfaces as well as different
methods of calculation of the alignment.

Lastly, subsection 5.3.3 presents the alignment selected to align the blade measurement scans for the subse-
quent geometrical and performance analyses.

5.3.1. Alignment procedure

GOM Inspect offers the user several methods for aligning the blades and allows for selection of specific areas
of the scanned blade for comparison with the nominal blade. As the exact parameters for the alignment are
unknown, the “Local Best-Fit” method was selected.

The "Local Best-Fit" method relies on a user selected subset of the geometry to align it to a reference object. In
other words, a user selects a part of the measured blade mesh that will be used for alignment. The selected
mesh geometry is then aligned to the corresponding surfaces on the CAD model. The operation that is required
to align these point is then performed on the rest of the geometry, thus aligning the entire measured blade
mesh.

For this, the GOM software must have the information on which CAD surfaces to use to align the selected
mesh geometry. This is not done explicitly, by specifying the exact surface to be used, but rather implicitly, as
the surfaces nearest to the selected mesh geometry. Therefore the blades must be pre-aligned such that these
surfaces are reasonably close to each other, before the final alignment is made.

After the geometries have been pre-aligned and the alignment surfaces selected, GOM inspect will find the
optimal position that minimises the distances between the selected alignment surface. This is done by
minimizing the sum of the squared distances between each of the points on the selected mesh geometry
and the nominal blade [17]. Specifically, the distances are the lengths of the normal vectors from the CAD
alignment surface to the individual points of the selected geometry mesh point.

The alignment therefore depends on the areas selected for the alignment. If very small areas are considered
the end results are sensitive to local geometric uncertainties of these areas. Furthermore selecting different
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areas for alignment will produce different results. For example, the alignment could be chosen such that the
fit between the blade geometries is optimised while the root is not considered. Such a fit would show only
minimal variation of the blade stagger angle, even if in reality the variation is large.

Lastly, this also means that any points selected far from the rest of the selected mesh geometries will have a
relatively larger impact on the final alignment. Therefore care should be taken that the points are selected in
roughly equal quantities from all the important alignment geometry features.

5.3.2. Importance of alignment technique

The blade parameters are extracted from the scanned geometry at various positions. As the blade shape
changes along its span only the parameters at the same span locations can be compared. This means that the
analysis of NACA like parameters is sensitive to the blades being orientated correctly in the parametrisation
process.

To illustrate the importance of the alignment method on the results an analysis of the stage 3 blades has been
performed using two different alignments. First of these alignments uses all the surfaces identified in green in
Figure 5.5 and the second uses only some.

Il

Figure 5.5: Surfaces used in alignment of scanned stage 3 compressor rotor blades.

Figure 5.5 shows a CAD drawing of a stage 3 compressor rotor from the side and from the front. Surface pairs 1,
2 and 3, 4 correspond to surfaces on both sides of the blade.

Alignment 1 uses surfaces 1, 2 and 5 for alignment. Alignment 2 additionally uses surfaces 3 and 4. The
competing alignments result in different deviations from the nominal design blade. The difference in deviations
for a sample blade is shown in Figure 5.6.

Figure 5.6 shows the normalised deviations from the design intent if alignment 1 and 2 are used, in the left
and right sides of the figure respectively. The colour-bars are selected such that they show the same range of
values. Note that the histograms of the deviations next to the colour-bars change somewhat with the change of
alignment as well.

Several differences can be observed by comparing the left and right sides of figure 5.6. The most obvious is the
reddish patch in the upper half of the blade that is present on the left side. This patch is missing from the right
side. Both blades show high deviations from the nominal geometry in the region of the fillet. The region of
high deviations is larger for the left blade. Furthermore, comparing the vertical faces just below the platform
it can be seen that the deviations of this face are also larger for the right side. Lastly, at the tip near the TE
the right side shows a region of negative deviations that is missing from the left side. Together these features
indicate that there is a offset between the blades in the tangential direction. Specifically, the blade aligned
using alignment 1 is offset to the suction side compared to the blade aligned using alignment 2.

However, comparing the deviations of the root slanted surfaces it can be seen that the deviations do not change.
Furthermore, this is also true for the geometry of the platform. This indicates that the blade aligned using
alignment 1 is not offset in the tangential direction, but rather slanted along it.
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Figure 5.6: Impact of alignment technique selection on the geometrical deviations from the nominal design for
a sample scanned stage 3 compressor rotor blades. The image aspect ratio has been distorted.
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The NACA parameters obtained from the scanned blades also depend on the alignment. It is these parameters
that are used for the generation of the blades used for the aerodynamic evaluation of the impact of geometric
uncertainty. An analysis on the effect the alignment change has on the NACA parameters has also been
performed.

Figure 5.7 shows the impact of the alignment on the calculated axial position of the blade. Note that axial
position is determined relative to the B2P internal coordinate system centre, which is near the centre of the
blade. The values along the axial direction are increasing from the LE to the TE, therefore all the axial positions
will be negative. This means that negative differences mean that the blades have moved towards the front of
the engine and vice versa.

The left panel shows the normalised differences due to alignment of individual blades. These normalised
differences were calculated by subtracting the parameters of blades aligned using alignment 1 from the blades
aligned using alignment 2, and normalising them with an appropriate arbitrary length scale. Mean spanwise
normalised differences were also calculated and are plotted as a bold blue line.

The right panel shows the histogram of the spanwise averaged normalised differences. These are calculated by
averaging all the normalised spanwise values of an individual blade. In this case this statistic is a meaningful
measure of the scatter as all the blades exhibit a particular behaviour.

The left panel of figure 5.7 shows that there are offsets between the blades that are differently aligned. Further-
more, these offsets are not constant along the span, and their absolute value increases with the span. This
suggests that the LE of blades aligned using alignment 1 is more vertical than the LE of blades aligned using
alignment 2, which means that, relative to the latter, the former are rotated along the tangential axis towards
the LE.

It is also interesting to note that there seems to be some correlation between the axial positions at the root and
the slope of the spanwise differences, e.g. the line that has the highest value at the first spanwise position also
has the highest increase of the differences with the span. This further supports the idea that the blades are
misaligned by some rotation about the tangential axis.

This is surprising, since the difference between the alignments is the addition of two parallel surfaces that are
expected to determine the position about the vertical and not the tangential axis. However, as these surfaces
position the blade about the vertical axis they also change the position of the surfaces that position the blade
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Figure 5.7: Comparison of axial position values calculated from scanned stage 3 manufactured compressor
blades aligned using alignments 1 and 2.

about the tangential axis. This change of position then manifests in a rotation about the tangential axis.

The right panel of figure 5.7 shows that the mean normalised difference in axial position due to alignment is
about 0.10 which is well below the scanner resolution of 30um. In most cases therefore this offset is negligible.
However, there are cases where this is not so, and one of the blades was offset by approximately 1.50.

Similarly, figure 5.8 shows the impact of the alignment on the calculated tangential position of the blade. Note
that tangential position is determined relative to the B2P internal coordinate system centre, which is near the
centre of the blade. The values along the tangential direction are increasing from the Suction Side (SS) to the
Pressure Side (PS), therefore all the tangential positions will be negative. This means that negative differences
have moved the blade towards the PS and vice versa.
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Figure 5.8: Comparison of tangential position values calculated from scanned stage 3 manufactured
compressor blades aligned using alignments 1 and 2.

The left panel of figure 5.8 shows behaviour similar to that seen in figure 5.7. The differences exhibit a linear
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behaviour and their slope seems to be correlated to the value at the first section. However, the differences are
larger in this case. The alignment had a relatively large impact on the value of the tangential position of the
blade. The linearly increasing tangential positions with the span also mean that the blade is rotated about the
axial axis towards the suction side, which is in agreement with the conclusions of the visual observations of a
sample blade. Similarly as before, this is a consequence of rotating the blade along the vertical axis.

The extent of the rotation along the vertical axis can be seen by looking at the impact of the two alignments on
stagger angle. This is done in figure 5.9.
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Figure 5.9: Comparison of stagger angle values calculated from scanned stage 3 manufactured compressor
blades aligned using alignments 1 and 2.

In the case of stagger angle, the deltas due to the alignments are quite noisy. However, from left panel of figure
5.9 it can be seen that almost all the data lies below 0. This shows that all of the blades have opened to some
degree, i.e. rotated such that the distance between the LE and TE in the tangential direction has decreased. As
expected, no real trend with the span can be observed, however this is not so clear due to the magnitude of the
noise.

The last parameters where significant changes were observed due to the alignments are the LE and TE angles.
The results for the TE angle showed a larger dependency on the alignment and are shown in figure 5.10.

In the right panel of figure 5.10 it can be seen that the largest average normalised differences are somewhat
higher than —0.08. The left panel of this figure then shows that the noise in the normalised differences due to
alignments is significantly larger than this. Specifically, all the blades have values centred about 0 with the
largest differences at approximately 1.4 and —1.4, which is more than 15 times the value of the maximum
average differences. It is therefore likely that the average differences are simply an artefact of the noise in the
LE and TE difference calculation. The same can be seen for the case of LE angles as well, therefore these results
are omitted.

Furthermore, for parameters ¢, ® max, Xomax» tmax> Xtmax> CLE, 'LE, XLE, ¢ TE, tTE, XTE the differences due to
the change of alignment are much smaller than the scanner resolution, and are therefore omitted. Note that
these parameters, along with the LE and TE angles depend solely on the shape of the aerofoil section and
not on its orientation. Therefore it is expected that these parameters would not change due to the proposed
alignments.
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Figure 5.10: Comparison of TE angle values calculated from scanned stage 3 manufactured compressor blades
aligned using alignments 1 and 2.

5.3.3. Actual alignment

Sections 5.3.1 and 5.3.2 illustrate the how the alignment is performed and its importance. This subsection
presents the geometry selected to be used in the alignment of the scanned blades.

The alignment method for the manufactured blades is therefore based on how the blade is installed in the
final assembly. Figure 5.11 shows a schematic of how blades with an axial root are installed in their respective
position with the surfaces used in the alignment highlighted in green:

Figure 5.11: The assembly of a blade with an axial root type, analogous to the one of the stage 3 compressor
blades that were scanned, into its final position.

Figure 5.5 showed the surfaces used in the analysis of the impact the alignment has on the parameters and
subsequently on the performance evaluation. These are also the alignment surfaces used in aligning the
manufactured blades.

The surfaces are on the blade root as well as the side surfaces which touch adjacent blades. The axial position
is given by the front vertical surface. The front vertical surface has a step feature on it. The faces that actually
touch the drum are the ones within the groove that can be seen in figure 5.12. The centrifugal forces are borne
by the dovetail slanted surfaces. The vertical surfaces on the side of the blade platform touch the neighbouring
blades and help determine the shape of the gas path passage. These surfaces are the ones used in the alignment
of the blades for inspection after they are manufactured.

Note that the scans have missing geometry in the location of the groove that is in contact with the drum, and
therefore another surface had to be chosen to determine the axial position. The flat surface below the step
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Figure 5.12: An example selection of the scanned data to be used in the alignment procedure of stage 3
manufactured compressor blades. The image aspect ratio has been distorted.

feature has therefore been used for alignment purposes. Note that this is not a high priority surface in the
machining of the dovetail and therefore this selection will add some uncertainty to the geometry.

Figure 5.12 also shows the geometry that is missing due to the measurement process. At the back of the dovetail
there is a large area where the geometry of the slanted surfaces is unavailable. This is where the blade had
been clamped during the scanning process. Furthermore, the bottom side of the axial root is missing as well.

5.4. Separating the impacts of a and blade deviations

Blade geometry deviations due to manufacturing variability and deterioration occur due to the effects of
these processes on its individual features. Knowing which features contribute most to deterioration geometry
deviations enables the subsequent efforts to focus on improving these specific features as opposed to the
entire design.

Subsection 5.4.1 gives an overview of the specific features that contribute to the geometry deviations and
the advantages of focusing on individual features. Essentially, this subsection explains why this separation
is desired, provides motivation for it and presents the levels at which it can be performed. Furthermore, the
implications of using the separation at either level are then discussed, and the decision to use the separation
at the alignment level is made.

Based on subsection 5.4.1, subsection 5.4.2 discusses the alignment techniques that can be used to determine
which feature of the blade is responsible for most of the gas path deviations. Two techniques and their
advantages are explained.

5.4.1. Possible levels for the separation of impacts

The blades are being analysed because they have some geometric uncertainty associated with them. Ultimately
the interest does not lie in the geometric uncertainty of the blades, but in the uncertainty of the gas path
passages between them. The shape of the passages depends mostly on the shape of the blade, the axial
root, and the drum that holds the blades in place. Of these three, the axial root and drum geometries have a
particularly large impact, as together they define how the blade will be positioned within the gas path. For
example, the aerofoils can be manufactured perfectly, but if they are not oriented properly within the gas path
due to poor axial root quality, the gas path will still be geometrically uncertain.

For the purpose of the current assessment it can be assumed that the drum is perfectly manufactured, which
allows the nominal CAD blade to be used as the reference for alignment. By performing CFD on blades that are
aligned to the nominal CAD design the performance scatter that exists due to their geometrical deviations can
be calculated. Provided that the scatter is sufficiently large this analysis would warrant a robust optimisation
of the blading element. However, the analysis would not tell which part of the blading element should be
optimised for improved results.
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This information is particularly worthwhile as the geometry and the manufacturing process of the axial root
are relatively straight forward, whereas the ones of the aerofoil are not. Due to the large impact of the dovetail
on the gas path shape and its relatively simple optimisation, it is therefore worthwhile to try and optimise the
axial root first. However, if the actual geometrical deviations due to the axial root shape are small, then the
aerofoil needs to be optimised. To summarise, improving the robustness of performance should be performed
on the feature from which most of the deviations originate from.

The separation of the effects must occur somewhere in the performance evaluation process. Figure 5.13 shows
the two identified methods of separation and the levels of their evaluation process. There are five levels all
together. The levels are: the raw data, alignment, parameter, CFD evaluation and post-processing levels. The
results in the postprocessing level are presented as pie charts, where the separate colors represent the degree of
impact of the individual features on performance. Specifically, blue and brown are used to denote the aerofoil
and axial root uncertainty impact respectively. Note that this figure also visualises how the performance impact
can be traced back from the CFD evaluation to the original data.

As there are two features for which the impact on performance should be quantified individually, at least
two separate performance evaluations are needed. Therefore the separation has to happen between the raw
data level and the CFD evaluation level. This leaves two levels at which the separation can be performed,
namely the alignment and the parameter levels. The two methods in figure 5.13 therefore show the processes
of separation at these levels. These processes also show how the resu
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Figure 5.13: Visualisation of the separation of the impact of dovetail and blade deterioration at the alignment
and parameters levels. 1.) Raw data level 2.) Alignment level 3.) Parameters level 4.) CFD level 5.)
Postprocessing. The blade image aspect ratios have been distorted.

The upper process demonstrates the separation at the alignment level. From the raw data two separate blading
element data are created by using separate alignments. The idea is that one of these geometries will include
the effects of both dovetail and blade uncertainty, whereas the other will include only one of these. These
geometries are then parametrised and evaluated with CFD. Lastly, a post-processing step is required to obtain
the performance impact of the dovetail uncertainty.

Alternately, the separation of the impact of axial root and aerofoil deviations can be done at the parameter
level. Here only one alignment is used, and the separation of the feature impacts is performed by separating
the geometrical parameters into two groups that that define the position of the blade and its shape separately.
The positioning parameters can be seen as part of the axial root geometrical deviations and therefore the
impact of these parameters on performance would be the impact of the axial root deviations on performance.

These groups can then be complemented with the parameters of the nominal blade to perform the CFD
analysis. Specifically, the group of position parameters can be completed with the nominal blade parameters,
and the group of blade parameters can be completed with the nominal position parameters. The evaluation of
these geometries therefore directly yields the impacts of the separated groups.
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However, the position parameters would position the aerofoil along the axial and tangential axes, but would not
account for any deviations along the spanwise axis. Furthermore, any rotation of the blade as a consequence
of the axial root deviations would be included in the impact of the aerofoil, not the axial root. This is because
the rotation of the blade is determined by the stagger angle, which cannot be decomposed into the two feature
uncertainties using this approach. Stagger angle can therefore only be classified either as a position parameter
or as an aerofoil parameter. The former case assumes that blade manufacturing results in perfect stagger angle,
and the latter assumes that the axial root will not induce any stagger angle.

On the other hand, the process involving different alignment procedures quantifies the impact of the feature
uncertainties without splitting the geometry. This avoids the issues highlighted for the parameter separation
process.

5.4.2. Methods for separation

The question at hand here is how to separate the geometry deviations of the axial root and aerofoil for both the
manufactured and deteriorated blades at the alignment level.

Note that the methods of using alignment to isolate the deviations of the root and the blade hinge on there
being two different references available to align the scans to. Specifically, these need to be references from an
earlier stage of the blade’s life, as the intent is to capture the effect of the process that occurred in between. As
discussed below, in the case of deteriorated blade scans these are their manufactured counterparts and the
nominal CAD design. However, for the case of manufactured blades only the nominal CAD design is available
as a reference. Therefore, in this case an assumption is required.

During the manufacturing process the axial roots are already machined to high precision using a manufac-
turing technique called broaching [49]. It could therefore be assumed that all the deviations that occur for
manufactured blades are deviations of the aerofoil. Robust optimisation taking into account the manufacturing
variability should therefore focus on the aerofoil.

Something similar clearly cannot be claimed for deteriorated blades, as in that case the dovetail will also
deteriorate. A prominent example of dovetail deterioration is the abrasion of the slanted surfaces of the
dovetail, which take the centrifugal load. The abrasion of these surfaces means that the entire blade will be
offset from the nominal design in the radial direction under operating conditions which will have a direct
impact on performance as well. This effect needs to be separated from blade effects such as blade abrasion.

To separate the effects of dovetail and aerofoil deterioration two approaches were identified:

1. The deterioration of the blade and the dovetail can be separated by comparing the scans aligned to the
nominal blade with the scans aligned to the manufactured scans

2. When comparing the deteriorated blade to the manufactured blade, geometry that is considered to have
not deteriorated is used (e.g. platform geometry).

Approach 1 can be used to separate the effects of deterioration of the aerofoil and dovetail. As mentioned
in the above paragraph, due to the abrasion of the faces that take the centrifugal load the blades can be
offset in the radial direction. That would mean that if we want to compare the manufactured parameters
of some span-wise location Hy; 4,y ¢, the deterioration parameters would be taken from a section that is at
Hyeter = Hmanuf — Hof fser- Note here that since these surfaces are slanted at an angle a degrees the offset will
be Hofset = Habrasion * €0S(@).

While optimising the aerofoils to minimise the effect of the blades being offset in the radial direction is possible
(more uniform blades with less twist) this should be done through optimising the axial root design instead
(by using less slanted surfaces). This is not possible using the current methodology as no parameters of the
axial root are captured. Nevertheless the optimisation of the aerofoil for deterioration would still be useful for
engines currently in production. For these engines the design of the axial root should remain the same to allow
for interchangeability with the current blades as this would avoid the need to re-design the drum. These results
would then include an implicit assumed relation between blade deterioration and dovetail surface abrasion.

To sum up, the blades can be optimised using this approach, but there would be no control over the axial
root, and no way to exclude it from the analysis. Some assumptions on the dovetail and its deterioration
would therefore be baked into the result. Given the aerofoil shape resulting from the optimisation, the
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assumptions might no longer hold, as the new design could feature lower centrifugal forces, different directions
of aerodynamic loading,...

Approach 2 would give more distinction between dovetail and aerofoil deterioration, as the alignment surfaces
are assumed to have deteriorated insignificantly. The selected surfaces would be either on the gas path
platform surface or the surfaces underneath the platform. These surfaces are not heavily loaded and are not
expected to erode or accumulate dirt. The question here is how much dirt accumulation could affect the
alignment. This question could be avoided by cleaning the blades prior to scanning them.

To sum up, approach 2 would not produce the issues in comparing the parameters and would at the same time
allow for separate evaluation of the aerofoil and dovetail deterioration. In this approach the dovetail design
and its deterioration would have to be represented by a model.

5.5. Visual comparison of scanned blades

This section provides a first glimpse of the geometrical deviations of the scanned blades. The deviations
are presented visually, as surface deviation maps of entire blade surfaces, with the deviations of each of the
geometrical points being expressed with colors. Secondly, blade aerofoil deviations for the hub, mid-span and
tip sections are plotted.

Subsection 5.5.1 gives an overview of the calculation procedures that are required to obtain the desired
visualisations. These are the calculation of the surface deviations as performed in GOM Inspect, and the
calculation of the section geometries as implemented in B2P.

Subsection 5.5.2 gives a visual presentation of the manufacturing deviations. Lastly, subsection 5.5.3 gives a
visual presentation of the deterioration deviations.

5.5.1. Methods for visualisation of measured blades

The calculation of surface deviations is performed in the GOM Inspect software. The surface deviations are
calculated on the basis of a measured point cloud and a 3D CAD design. These geometries must have been
aligned before the surface deviations have been calculated, and therefore the alignment will have an impact
on the magnitude of the deviations.

Calculation of surface deviations

GOM Inspect offers two main ways to calculate the surface deviations. One is to calculate the deviations on the
nominal CAD design, and the other is to calculate them on the measured mesh. This means that the methods
also differ on which geometry the results are visualised. Specifically, the deviations are plotted on whichever
mesh they are calculated on. The two approaches result in opposite results, as where the deviation from the
nominal to the measured mesh is positive for one of the methods, it will be negative for the other.

In order to be able to compare the surface deviations of different scanned blades to one another, as well as to
compare them for both manufacturing and deterioration deviations, they need to be calculated for comparable
geometrical points. Therefore all of the surface deviation maps have been calculated based on the nominal
CAD design as that allows a point-to-point comparison of different surface deviation maps.

The calculation process of the individual point deviations is quite simple. The deviation is the magnitude of
the normal vector from the surface of the base geometry to the other geometry. In this case the base geometry
is the nominal CAD design and the deviation at an individual point of the CAD design is the distance at which
a normal vector of the nominal CAD design surface pierces the measured geometry mesh.

Lastly, the fact that the deviations of all the measured points are calculated at the same locations on the nominal
CAD design allows to visualise statistics of the point-wise surface deviations. Specifically, the mean blade
deviations can be calculated as the point-wise mean deviations among all of the deviation maps. Similarly, a
standard deviation of the point-wise geometrical deviations can be made. This is done as a post-processing
step outside of GOM Inspect.
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Calculation of section geometries

An additional output of the B2P processing of measured blades are the coordinates of the individual spanwise
sections for which the parameters and their corresponding distributions have been calculated. These are not
the coordinates of the actual points measured by the 3D scanner, but the coordinates of the section outline
fitted to them. These coordinates at given at predetermined percentages of the chord.

5.5.2. Visual inspection of the geometrical impact of manufacturing

To get a first impression of the impact of manufacturing on the blade geometry the surface deviation maps
can be calculated. Figure 5.14 shows the mean geometrical deviations of the scanned blades. The left panel of
this figure shows the deviations on the pressure side, and the right panel shows the deviations on the suction
side. It can be seen in both of these panels that the deviations are predominantly positive. This means that the
manufactured blades are generally thicker than the nominal CAD design.

Means of the pressure side (left) and suction side (right)
geometrical deviations due to manufacturing
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Figure 5.14: The mean geometrical deviations due to manufacturing variability of the pressure side (left) and
the suction side (right).

Furthermore, regions with high deviations can be seen at the hub in both panels. Deviations in these regions
are due to the fillet extending to high up the blade itself. On the pressure side it can be seen that the highest
deviations are towards the TE. One such region is at the tip and another is at about quarter span from the hub
towards the tip. Another clearly visible region of positive deviations of the pressure side is a circular feature
located just behind the mid-chord position, slightly below the mid span section.

The mean deviations of the suction side are less pronounced. The majority of the deviations occurs behind the
LE area and in front of the 75% of the chord. The deviations are not as high as those of the pressure side. This
shows that the mean suction side is better manufactured than the mean pressure side.

The mean deviations only tell a part of the story however. For example, it could be that in reality most of
the blades have high deviations, and some of the blades very low deviations on the suction side. The mean
blade could therefore still have low surface deviations. To address this, figure 5.15 shows a plot of the standard
deviations of the geometrical deviations at each of the points on the blade.

This figure shows the standard deviations color coded from blue to red, where blue means that the blades are
all very similar in that region, whereas red means that the deviations are quite different from blade to blade.
The left panel of figure 5.15 shows that the deviations are relatively small for most of the blade. The region with
the lowest deviations is at the hub at the LE and the region with the highest deviations is at the LE of the tip.
Note that here the deviations at the TE are not considered. This shows that the geometries at the hub are very
similar to each other, while the geometries at the tip can vary much more.
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Standard deviations of the pressure side (left) suction side (right)
and geometrical deviations due to manufacturing
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Figure 5.15: The standard deviations of the geometrical deviations due to manufacturing variability of the
pressure side (left) and the suction side (right).

The same is true for the suction side, which is shown in the right panel of figure 5.15. In this case the deviations
are higher than on the pressure side. This means that the blades are more different to one another at the
suction side than on the pressure side.

This could be due to the blade suction surface changing independently from the pressure surface, or that both
surfaces change together and the blades have different amounts of twist in that region. The first can be seen as
standard deviation regions that appear on only either the pressure or the suction sides. The latter can be seen
as regions that appear on both simultaneously.

At the tip at the LE it can be seen that the pattern of standard deviations visible on the suction side also
appears on the pressure side. This indicates that this region is likely twisted by various amounts in different
blades. Furthermore, it can be seen that in this region, the standard deviations on the suction side are larger.
This means that in addition to the twist, the thickness in this region is variable, with most of the variability
towards the suction side. Lastly, it can be seen that the entire suction side above the mid-span section has
large standard deviations, relative to the region below the mid-span section. This further supports the idea
that the blades are more variable towards the tip.

In order to visualise the effects of manufacturing better, the aerofoil sections of all the blades are plotted in
the figures below. The comparison of the different aerofoil sections allows to compare their shape, position
and orientation visually. The aerofoil sections are plotted for sections 1, 21 and 41, corresponding to the hub,
mid-span and tip sections respectively. Note that the aerofoil sections have been rotated such that the LE
and TE lie roughly on the same horizontal position, and that the aerofoil section shape itself is distorted by
different scale axis for ease of comparison. Additionally to the individual aerofoil section plots their LE and TE
have been plotted individually for ease of comparison as well.

Figure 5.16 shows the aerofoil section variability at the hub. The variability of the aerofoil sections at can be
best seen at x = 0 as the contours of the manufactured aerofoil sections are distributed above the nominal
CAD design contour. Towards the TE and the LE it can be seen that the geometries are quite different as well.
This is better illustrated in figure 5.17, which shows these regions close up.

Figure 5.17 shows the LE contours on the left panel and the TE contours on the right panel. It can be seen that
the manufactured blades generally have their LE contour behind the nominal design contour. Furthermore,
the manufactured blades are thicker at the LE than they are intended to be. This can be seen by comparing
the scatters at the lower and upper contours. At the lower contour the scatter is centred about the nominal
contour, whereas on the upper contour the scatter is completely above it. This means that at least the blades
that have their lower contour below the nominal contour are thicker than the nominal CAD design. Lastly,
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Variability of section 1 aerofoil profile.

Nominal aerofoil
Manufactured aerofoils

Figure 5.16: The variability of manufactured aerofoil section profiles for spanwise section 1. Note that the
scaling of the axis distorts the actual aerofoil section shape.

Variability of LE and TE geometries of section 21 aerofoils.

Nominal aerofoil

Figure 5.17: The variability of manufactured aerofoil section profile LE and TE geometries for spanwise section
1. Note that the scaling of the axis distorts the actual LE and TE shapes.

it can be seen that for the upper contour the manufactured blades follow a different slope than the nominal
contour.

At the TE, the positions of the contours are more scattered than at the LE. The manufactured TE contours now
lie both behind and in front of the nominal TE contour. Unlike for the case of the LE, the TE thicknesses appear
to be more in line with the design intent. This can be seen as the scatter of manufactured contour lies beneath
both the upper and lower nominal contours.

Figure 5.18 shows the scatter of the aerofoil sections for the mid-span region. Similarly to figure 5.16, figure
5.18 shows that x = 0 most of the manufactured aerofoil sections lie above the nominal contour, with a scatter
comparable to the scatter seen for the case of the hub section. However, in the mid-span case the scatter
increases towards the TE, where it is much larger than that of the case of the hub, seen in figure 5.16. Towards
the LE the scatter has increased as well, but not as dramatically as towards the TE. Together this shows that the
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mid of the blades are manufactured well, with the scatter mostly increasing for the LE and TE.

Variability of section 21 aerofoil profile.

Nominal aerofoil
Manufactured aerofoils

Figure 5.18: The variability of manufactured aerofoil section profiles for spanwise section 21. Note that the
scaling of the axis distorts the actual aerofoil section shape.

The LE and TE regions can be seen better in figure 5.19. This figure further supports the statements made
in the discussion of figure 5.18. Furthermore, it can be seen that the LE and TE contours appear to have a
shape comparable to the nominal contour. In other words, the shapes of the manufactured contours are not
the main driver of the scatter seen in figure 5.18. Instead it is the positioning of the contours that causes the
scatter. Lastly, in the right panel of figure 5.19 the manufactured TE contours all fall in front of the nominal
contour. The left panel shows that the manufactured contours fall slightly in front or behind of the nominal
contour. This suggests that at the mid-span the chord lengths of manufactured blades are slightly shorter than
intended.

Variability of LE and TE geometries of section 21 aerofoils.

Nominal aerofoil
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Figure 5.19: The variability of manufactured aerofoil section profile LE and TE geometries for spanwise section
21. Note that the scaling of the axis distorts the actual LE and TE shapes.

To see if this trend continues towards the tip, figure 5.20 shows the aerofoil sections of the tip section. As
expected the scatter for this section is larger than both for the hub and the mid-span sections, as seen in figures
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5.16 and 5.18 respectively. Furthermore, note that in the case of the tip contour scatter, the scatter at the TE is
larger than the scatter at the TE. This further supports the discussion of the surface deviation maps as given in
section 5.5.

Variability of section 41 aerofoil profile.

Nominal aerofoil
Manufactured aerofoils

Figure 5.20: The variability of manufactured aerofoil section profiles for spanwise section 41. Note that the
scaling of the axis distorts the actual aerofoil section shape.

The LE and TE contours of the tip section have been plotted in figure 5.21. This figure shows that, unlike the
figures of the mid-span and hub contours, the LE contours now lie in front of the nominal contour. This means
that along the span the LE of manufactured blades has leaned forward at some point above the mid-span
position.

Variability of LE and TE geometries of section 41 aerofoils.

Nominal aerofoil

Figure 5.21: The variability of manufactured aerofoil section profile LE and TE geometries for spanwise section
41. Note that the scaling of the axis distorts the actual LE and TE shapes.
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5.5.3. Visual inspection of the geometrical impact of deterioration

To get a first impression of the impact of deterioration on the blade geometry the surface deviation maps
were also calculated. To extract just the impact of deterioration, the surface deviation maps of both the
manufactured and deteriorated blades were created in GOM Inspect. The maps were all performed on
the basis of the nominal CAD design, therefore the geometrical deviations of all the measured blades were
calculated for the same set of points of the nominal design. The differences between the manufactured and
deterioration geometrical deviations of individual blades then give the impact of deterioration.

Figure 5.22 shows the mean geometrical deviations of the impact of deterioration. The left panel of this figure
shows the deviations on the pressure side, and the right panel shows the deviations on the suction side.

Means of the pressure side (left) and suction side (right)
geometrical deviations due to deterioration
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Figure 5.22: The mean geometrical deviations due to deterioration of the pressure side (left) and the suction
side (right).

It can be seen in both of these panels that the deviations are predominantly positive. This means that the
deteriorated blades are generally thicker than the nominal CAD design. However, on the pressure side the
deviations are negative in a triangular region extending form the TE of the tip , LE of the tip and roughly half
span along the LE. On the pressure side this region has positive deviations.

There are several possible explanations for this behaviour. It could be explained by aggregation of dirt in the
location of positive deviations and blade erosion in the location of negative deviations. Furthermore, at the tip
the blade might have been bent towards the suction side, or had its stagger angle decreased. Furthermore, the
blade might have been leaned towards the suction side across the diagonal stretching from the tip TE and the
hub LE.

To show how consistent this behaviour is, figure 5.23 shows the standard deviations of the geometry deviations
due to deterioration. Note that the standard deviation value range of figure 5.23 is more than four times smaller
than that of figure 5.15.

It can be seen that in general the standard deviations increase from the hub to the tip, which means that
the deterioration at the tip is more variable than the deterioration at the hub. Furthermore, as the standard
deviations do not appear in the same triangular fashion as the mean deviations observed in figure 5.22, it could
be concluded that the pattern of the mean geometrical deviations at the tip LE occur to some extent for all
blades.

Furthermore, patterns can be observed on both the pressure and suction sides. These patterns are a con-
sequence of the blade geometries moving in the axial and radial direction. The patterns actually occur at
the edges of deviation regions. Specifically, these are the edges across which the gradient of the geometrical
deviations is large. In other words, these edges separate regions of very different deviations. These regions
will largely appear on both the manufactured and deteriorated blades. As the blades move in the axial and
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Figure 5.23: The standard deviations of the geometrical deviations due to deterioration of the pressure side
(left) and the suction side (right).

radial directions, the edges of the corresponding regions will misalign, causing a line of higher deviations at the
location of the misalign. All the lines due to this misalignments form a specific pattern on an individual blade.
These are not visible on the mean deviation plots as they are averaged out. However, the most prominent do
appear in the standard deviation plots as standard deviation is more susceptible to outliers than the mean.

As the geometrical deviations due to deterioration are relatively small, the plots of the entire deteriorated
aerofoil sections gives no interesting information. Therefore they are omitted here. However, the LE and TE
are expected to change. The LE of the deteriorated blades for section 1 can be seen in figure 5.24.

Variability of LE and TE geometries of section 1 aerofoils.

Nominal aerofoil
\

Figure 5.24: The variability of deteriorated aerofoil section profile LE and TE geometries for spanwise section 1.
Note that the scaling of the axis distorts the actual LE and TE shapes.

Some subtle differences can be observed between the left panels of figures 5.17 and 5.24. In figure 5.17 notice
the highes line of the bottom contour. In this figure this line represents two separate blades as their contours
lie on top of each other. In figure 5.24 they are split, meaning that the blade LE have deteriorated differently.
Furthermore, note that in figure 5.17 no scanned upper contour lies beneath the nominal upper contour. In



56 5. Geometrical analysis of manufacturing and deterioration variability

figure 5.24 a line now lies beneath the nominal upper contour.

However, the major differences can be seen in the right panel. Most notably, figure 5.24 shows two scanned
blades that have their bottom contours directly in the middle of the nominal blade, which is not the case
in figure 5.17. Furthermore, the deteriorated blades are now thicker. This can be seen as the increased gap
between the scanned bottom countours and the scanned nominal contour.

The comparisons of LE and TE contours of sections 21 (mid-span) and 41 (tip) show similar behaviour, therefore
they have been omitted.

5.6. Parameter comparison of scanned blades

The aim of this section is to present the analysis of the deviations of the NACA like geometrical parameters
obtained using B2P. The most interesting geometrical deviations are those due to deterioration. However,
these must be seen in the perspective relative to the manufacturing deviations. Therefore these deviations are
first presented in subsection 5.6.1. Afterwards, the deviations due to deterioration are presented in subsection
5.6.2.

In the case of blade heights a comparison between the manufacturing and deterioration deviations is not
possible, as discussed in section 5.2.3. Instead, subsection 5.6.3 gives a comparison between deteriorated
heights to the design tolerances to establish how large the entire deviations are.

5.6.1. Geometrical deviations due to manufacturing scatter

The aim of this subsection is to quantitatively describe the manufacturing scatter of the scanned blades in
order to establish a reference when quantifying the deviations due to deterioration.

The positioning parameters such as the axial and tangential positions, and the stagger angle have the largest
impact on the geometrical deviations of the gas path, along with the sizing parameter chord length. These are
therefore analysed first.

Secondly the blade camber and thickness distributions are analysed. First the actual distributions are com-
pared. Subsequently, the parameters that characterise these distributions are analysed as well.

Of these, the maximum thickness, and maximum camber, have the largest impact on the size of the blade, and
are therefore inspected first. The LE and TE shapes typically have a large impact on compressor performance,
and their parameters are analysed next. Lastly, the parameters with the lowest expected impact, such as LE
and TE positions, and the positions of the maximum camber and thickness are analysed.

The comparisons of the parameters are done by first plotting the differences between the parameters of the
manufactured blade and the nominal CAD design. This results in a single spanwise differences line per blade.
Additionally, the mean, median, and the 60 bounds of the differences at each spanwise section are plotted
as well. This plot shows the scatter of the measured blade parameters about the nominal CAD design. These
values in these plots have been normalised by an appropriate length scale. However, different plots that show
parameters with similar units have been normalised by the same length scale in order to retain proportionality.

Secondly, the blades are expected to follow some systematic behaviour about the nominal CAD design. In
order to determine the scatter of the individual lines about this systematic behaviour, the mean parameters at
each spanwise section were subtracted from all the lines and plotted. This plot shows the scatter of the blades
when compared to one another.

After the scatter about the mean spanwise differences has been determined, it is interesting to determine their
origin. It could be due to some behaviour of the individual blades, due to offsets from the mean, or simply
due to noise. In order to see which of these effects has a larger impact on the overall deviations a second plot,
which shows the spanwise differences lines with their means subtracted, is shown.
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Axial position

The manufacturing deviations of spanwise axial positions are shown in figure 5.25. The left panel of this figure
shows that at the hub the differences of axial positions are between roughly —1 and 2. This means that most of
the manufactured blades have their LE in front of the nominal CAD design. Furthermore it can be seen that the
axial position differences decrease with the span. This can most clearly be seen by the mean and the median
lines, which have negative slopes along the span. Therefore, at the tip most of the manufactured blades have
LE in front of the intended design position.
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Figure 5.25: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design axial position.

It can also be seen that the scatter at the tip is larger than at the hub. This, along with the spanwise change of
scatter, can be better seen in the centre panel. This panel shows that the manufacturing scatter about the mean
differences is roughly within +1. Furthermore, it can be seen that the scatter increases from about midspan
towards the tip. The spanwise differences between the mean and the median lines can also be seen in this
panel. Specifically, it can be seen that the median line lies slightly below the mean line for the entire span,
however the difference appears negligible.

The right panel shows that after the means are subtracted from the centre panel, the scatter in the differences
is considerably smaller. It can also be seen that from the hub the scatter due to the behaviour of the lines
decreases along the span up to roughly section 25. After section 25 it increases rapidly towards the tip. This
shows that the blades have different slopes of the LE in the axial direction to one another. This is caused either
by the positioning of the blade by the root or through imperfections in the manufacturing of the blade.

The right panel of figure 5.25 also has several blade difference profile lines highlighted. These lines show the
different observed profiles. Note that most of the line showing constant behaviour is directly underneath
the mean and the median lines, and therefore cannot be seen. The lines that feature constant or linear
behaviour could possibly attribute it to the root deviations. On the other hand the difference profiles such as
the highlighted piecewise linear or concave profiles can only owe their shape to manufacturing imperfections
of the blade itself. Under the assumption that the blade roots are manufactured perfectly, made in subsection
5.4.2, the absolute differences shown in the left panel of figure 5.25 are due to the manufacturing process of
the blade itself.
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Tangential position

The manufacturing deviations of spanwise tangential positions are shown in figure 5.25. The left panel of this
figure shows that at the hub the differences of tangential positions are between 0 and roughly 2.5. This means
that all of the manufactured blades have their LE offset in the direction of the suction side relative to the the
nominal CAD design. Furthermore it can be seen that the tangential position differences lower with the span.
This can be seen most clearly by the mean and the median lines, which have negative slopes along the span.

Furthermore, it can be seen that the scatter approximately doubles along the blade span and is within roughly
—2 and 3 at the tip. This can best be seen in the centre panel. In fact, the scatter increases especially in the last
25% of the span, in the tip region. Lastly, it can be seen that the median line lies almost directly on top of the
mean line. The differences between these two lines are very near to zero, and remain so along the entire span.
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Figure 5.26: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design tangential position.

Similarly to the discussion of figure 5.25, the right panel of figure 5.26 shows that a large part of the variation is
due to the profiles of the blades. The highlighted lines correspond to that ones highlighted in figure 5.25. These
show that the blade-to-blade differences of axial and tangential position have the same spanwise behaviour,

with the exception of the line named "constant". This line now appears to have a negative linear behaviour
with the span.

The blade manufacturing imperfections therefore had a 3D impact on the LE contour, as the behaviours in
the axial and tangential directions are the same. In the case of linear and constant behaviours this impact
is merely an offset, or lean of the LE contour in some direction. In the case of piecewise linear and concave
profiles the shape of the blade itself is imperfect.

Like in the case of the axial position, the blade-to-blade differences shown in the right panel of figure 5.26
are definitely due to aerofoil section manufacturing imperfections. Furthermore, under the assumption of
dovetail manufacturing, made in subsection 5.4.2, all the differences, seen in the left panel of figure 5.26, are
due to aerofoil section manufacturing imperfections.
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Stagger angle

Unlike the axial and tangential positions, where the general behaviour of the differences along the span was
linear, the stagger angle shows a clear dip in the first half of the span, near the hub. Furthermore, it can be
seen that most of the stagger angle parameters are below 0. This can be seen more specifically by noting that
the mean and the median lines both fall well beneath 0 for all spanwise positions. It can also be seen that the
scatter increases along the span.

This is best illustrated in the centre panel. It shows that the scatter roughly doubles along the span. The
blade-to-blade differences of stagger angle fall within +0.1. Furthermore, it can be seen that the scatter
increases roughly linearly from the hub towards the tip. The differences between the mean and the median
lines are again roughly 0 all along the span, with the median line lying slightly beneath the mean one.
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Figure 5.27: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design stagger angle.

The right panel of figure 5.27 shows that a large part of the scatter can be attributed to offsets between the lines.
However, it can also be seen that in the middle third of the blade span, between sections 15 and 30, the scatter
due to the behaviour of individual lines is at its minimum. Outside of this region it increases significantly
toward the hub and the tip. This shows that the behaviours also contribute a significant amount to the scatter.

The behaviours of individual lines are again highlighted to show the differences between them, and to compare

to the findings of figures 5.25 and 5.26. The highlighted lines correspond to the blades whose lines have been
highlighted in those figures.

Note that a direct comparison between these lines is not possible, as the mean behaviour that was subtracted
in the case of the right panel of figure 5.27 is not approximately linear. In this case the subtraction of the mean
behaviour imposes some general behaviour on the blade-to-blade differences as well. Despite this, the major
features of the individual highlighted lines were maintained. It can be seen that they have either a concave or

convex feature, most of them near the hub. These behaviours are due to the manufacturing imperfections of
the blade itself.
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Chord length

The axial and tangential positions, and stagger angle are all positioning parameters and do not have an
impact on the size of the actual blade. Among the considered NACA like parameters it is the chord length and
maximum thickness that control the size of the blade. If the blade is imagined as a simple cube, the chord line
would be its "depth" and the maximum thickness would be its "width".

The chord length deviations due to the manufacturing scatter can be seen in figure 5.28. The left panel of this
image shows that virtually all of the chord lengths differences fall below 0. This means that the manufactured
blades are shorter than the design intent. Furthermore, it can be seen that the chord length of the manufactured
blades drops sharply within the first few sections. This is likely an impact of the fillet, even though the sections
used in the parametrisation were selected to lie above it.

After the initial drop the chord lengths appear to stabilise and remain constant up until the tip. Furthermore,
the scatter reduces slightly towards the tip. This is illustrated by the 60 bounds both in the left and centre
panels. The centre panel further shows that the mean and median lines are again very close together, and the
differences between them can be neglected.

It is interesting to note that visually most lines lie above the mean and median lines in the centre panel. Most
of the lines indeed lie near or above the line. However this is offset by the few lines that lie roughly at —2.
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Figure 5.28: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design chord length.

The right panel of figure 5.28 shows why the scatter of chord length is increased near the hub, as seen in the left
panel. Most lines have constant behaviour along the span and therefore remain within the scatter seen in the
upper half of the blades also near the hub. A few blades have different behaviours near the hub however, which
increases the scatter. As mentioned above, this behaviour is due to the transition between the fillet and blade
LE and TE geometries. Some blades have already performed the transition, or most of it, before the evaluated
sections (lines that originate from —2), whereas some are still doing the transition (lines that originate from 1).

Furthermore, the scatter seen in the right panel is significantly smaller than the one seen in the left panel.
Therefore the behaviours of the differences profiles have relatively small contributions to the absolute differ-
ences. Lastly, the lines highlighted in figures 5.25, 5.26, and 5.27 are highlighted in the right panel as well. In
the case of the chord length the behaviour seen in the previous figures is not retained.
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Thickness distributions

The thickness distribution holds the information of the thickness of the blade along its chord. As such, this
distribution contains all the extracted information on the LE and TE thickness, maximum thickness, etc. The
comparison of the measured thickness distributions and the nominal thickness distributions can be seen in
figure 5.29. In this figure the thickness distributions for all the spanwise sections are shown at once.
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Figure 5.29: The comparison of measured manufactured and nominal thickness distributions for all the
spanwise sections.

Figure 5.29 shows the measured distributions in blue and the nominal distributions in magenta. It can be seen
that as a whole, the blue lines generally lie on top of the magenta lines, which is most obvious at the peak of the
distributions. This means that the manufactured blades are thicker than the nominal blade. Furthermore, it
can be seen that the behaviour of the blue and magenta lines is different in the LE and TE regions. This means
that the manufactured blades generally have thicker LE and TE geometries.

To better see the differences between the measured and the nominal distributions, they are shown in figure
5.30. This figure shows the differences of the spanwise sections near the hub plotted in blue colours, and the
sections near the tip in red colours. It also shows that all the distribution differences follow a wavy behaviour
along the chord, which is due to imperfections during manufacturing. These forging imperfections could be
due to cast imperfections or due to different cooling rates along the chord.

A Thickness (/)

. . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Chordwise position (/)

Figure 5.30: Differences between the measured manufactured and the nominal thickness distributions for all
spanwise sections.

It can be seen that the thickness distribution deltas are roughly centred about 0, when all the distributions are
considered together. Focusing on the distributions near the hub it can be seen that many of them lie beneath 0
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for the majority of the chord. The opposite is true for the distributions near the tip. Furthermore, it can be seen
that the manufactured thickness distribution differences near the hub are more scattered than those at the tip.

Camber distributions

The camber distribution holds the information of the blade curvature along its chord. As such, this distribution
contains all the extracted information on the LE and TE angles, maximum camber, etc. The comparison of
the measured camber distributions and the nominal thickness distributions can be seen in figure 5.31. In this
figure the camber distributions for all the spanwise sections are shown at once.
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Figure 5.31: The comparison of measured manufactured and nominal camber distributions for all the
spanwise sections.

Figure 5.31 shows that the manufactured camber distributions lie both beneath and above the nominal camber
distributions. At the hub the scanned camber distributions are below the nominal ones, and at the tip they are
above. This means that some of the manufactured blades are curved more at the tip, and some lass at the hub,
than intended.
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Figure 5.32: Differences between the measured manufactured and the nominal thickness distributions for all
spanwise sections.

The actual differences between the measured manufactured and nominal camber distributions can be seen
in figure 5.32. This figure shows the differences of the scanned and their corresponding nominal camber
distributions. The scatter of the camber distribution differences is lowest near the LE of the blades, and highest
near roughly 70% of the chord lengths. Furthermore, the positions of the maximum camber distribution
differences are moving from near the TE for the the hub sections, towards the mid-chord for the tip sections.
At the mid-chord location the tip sections have the highest scatter, as they span from -1 to +2.
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Maximum thickness

Another important parameter is the blade maximum thickness, as it gives an indication on the compressor
throat area. Figure 5.33 shows the differences of maximum thickness due to manufacturing imperfections. The
left panel of this figure shows a wavy behaviour of maximum thickness along the span. Furthermore, a large

dip can be seen in roughly the first third of the span. Furthermore, the differences can be seen to be roughly
within +1.

The central panel shows that the blade-to-blade scatter is high at the hub, decreases towards the midspan and
subsequently increases again towards the tip. However, it is interesting to note that the blade-to-blade scatter
at the hub is high largely due to two lines originating at around —2. Comparing the shapes of these lines to the
shape of the mean line from the left panel it can be seen that they are very similar, but inverted. Therefore
the lines that are causing the high scatter in the centre panel actually have more or less perfect maximum
thickness behaviour along the span.

Furthermore, excluding these lines and the two lines with a that originate at roughly +0.8, the lines lie roughly
within —0.2 and +0.3 at section 1. Again excluding the aforementioned lines, it can also be seen that the scatter
of blade-to-blade differences increases with the span. The difference between the mean and the median lines
is more or less 0 along the entire span and can be neglected.
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Figure 5.33: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design maximum thickness.

The right panel of figure 5.33 shows the behaviours of the lines without the mean spanwise offsets. It can be
seen that the impact of behaviours has a large impact on the blade-to-blade differences. Furthermore, in this
panel, at around section 30, it can be seen that two groups have formed. One of the groups is above the mean
and the median lines in this region, whereas the other group is just below these lines. In order to see if there
are other groups, the lines with similar behaviour have been plotted with similar colors in figure 5.34.

Figure 5.34 shows that five major groups could be identified. There are three groups with relatively many lines
(= 10), and two groups with relatively few. The groups show different spanwise behaviours, with some groups
decreasing with the span and others increasing or constant along the span.



64 5. Geometrical analysis of manufacturing and deterioration variability

0.8
0.6
0.4

3

X 021

[}

<

'§ 0.0

o

2-02F

c

X

L

£ -04r

X

m !

Z-06F Group 1: Waves decreasing, n=9

= Group 2: Waves increasing, n=10
-0.8 == Group 3: Linear decreasing, n=10
== Group 4: Constant, n=5
1.0F == Group 5: Waves constant, n=2
1.2k 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Section (/)

Figure 5.34: Groups of spanwise max thickness difference behaviour.

Due to the consistency of the difference behaviours within individual groups it is likely that the groups are a
consequence of manufacturing imperfections. Specifically, in the case of forged blades, the waviness could be
due to imperfections of the cast and any variability of the cooling rates of different regions of the blade. Most
of the groups have all their values within roughly —0.2 to +0.4, which is the impact the different behaviours
can have on the absolute differences.
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Maximum camber

The maximum camber is a measure of the maximal asymmetry of the blade sections suction and pressure sides,
and has a direct impact on the maximum lift coefficient of the section. Its deviations due to the manufacturing

imperfections can be seen in figure 5.35.
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Figure 5.35: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design maximum camber.

Left panel of figure 5.35 show that the maximum camber differences also have a wavy behaviour, and a peak
and a valley can be identified in the first half of the span. Furthermore it can be seen that the scatter increases
significantly from the hub to the tip. This is again best seen in the centre panel.

The centre panel shows that the differences are between +1 for the majority of the span and increase signifi-
cantly in the last quarter of the span towards the tip. It can be seen the the differences are centred around 0
and the differences between the mean and median lines are nearly 0 along their entire span.

The right panel shows that removing the spanwise means decreases the scatter at the tip. However, a significant
part of the scatter remains and is due to the behaviours of the individual lines. In order to analyse this behaviour
several lines were highlighted as well. These are the same lines as those in figures 5.25, 5.26, and 5.27. It can be
seen that the behaviour observed in these figures is also present here for the same blades.
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LE angle

The leading edge angle deviations due to the manufacturing imperfections can be seen in figure 5.36. First
of all the left panel shows that the LE angle lines are very noisy which is expected to be an artefact of the
calculation of the angles as opposed to the measured geometries being noisy. Despite the noise, it can be seen
that some sort of spanwise behaviour is present. This can be seen by observing the mean and median lines.

= Mean
Median 1.2+
60 bound

0.8 0.8

0.4

o
IS

0.0

LE angle (/)
LE anéle )
LE ahgle 0]
o
o

-0.4

o
SN

-0.81 -0.8 -0.8

-1.2 1.2+ 1.2

0 20 40 0 20 40 0 20 40
Section (/) Section (/) Section (/)

Figure 5.36: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design LE angle.

The left panel shows that the deviations are roughly contained within a range of 0.8 along the entire span.
This is more clearly seen in the centre panel, where virtually all the blade-to-blade differences fall within +0.4.
Furthermore, it can be seen that the scatter reduces from the hub to the tip.

The right panel shows that the noise has the largest impact on the blade-to-blade differences seen in the centre
panel. The plot in this panel is virtually identical to the one in the left panel, suggesting that any signal hidden
in the data is centred about 0 as well. However, any signal is simply lost in the noise.

To try and reduce the impact of the noise the LE angle data was smoothed using a Savitzky-Golay filter [54].
The results can be seen in figure 5.37. Compared to figure 5.36 the left panel of figure 5.37 now shows the
spanwise behaviour more smoothly. This behaviour shows that the manufactured LE angles are mostly smaller
than the design intent. This means that the camber at the LE is shallower than intended.

Looking at the centre panel, it can be seen that the blade-to-blade differences are well within roughly +0.4.
The behaviour along the span is still quite noisy, however there seems to be a small reduction of scatter along
the first third of the span. Like in the case of maximum thickness, the scatter is mostly high due to a few blades
that have LE angles close to the design intent.

This can be seen more clearly in the right panel, which shows the behaviour of the lines. The lines can be seen
to fan out towards the hub. Note also that the scatter decreased somewhat by removing the means of the lines.

The noise observed in figure 5.36 could be due to the blade LE shape being different to the design intent, or the
blade actually being differently curved in this region. The former is due more to the actual LE shape, whereas
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Figure 5.37: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design LE angle smoothed by a Savitzky-Golay filter.

the latter is more in line with the meaning of the LE angle. This is supported by the fact that the LE angles of
the nominal blade are much less noisy than the LE angles of the scanned blades. To assess this the leading
edges of the scanned blades and the nominal CAD design are plotted in figure 5.38. This image aims to show
the reasons for the LE scatter at a single spanwise section.

Figure 5.38 shows the mid-span (section 21) LE geometries of all the scanned manufactured blades as well
as the nominal blade. For ease of comparison these geometries have been rotated to a vertical position and
aligned by the right contour of the geometry as well as their highest point. This figure most notably shows
that at mid-span the manufactured blades are thicker than intended. Because of this, the radius of the LE
changes as well. More importantly, it can be seen that the manufactured blades have a different curvature of
the LE, with some blades achieving the highest point to the right of the nominal CAD design highest point.
The scanned blades therefore appear to be slightly more pointy. Small differences in the pointiness could
potentially cause larger deviations of the LE angle than warranted.

Furthermore, it can be seen that the left and right contours of the scanned blade LE geometries are not parallel
to the nominal CAD design ones. At the left contour the difference between the highlighted blades at about
where the axis label is located is slightly larger than at where the legend is located. The same can be observed
at the left contour where the yellow line slowly crosses back over the brown line.

Figure 5.38 explains the variation in LE angles for a single section and figure 5.36 shows the magnitude of this
variation section by section. It is unlikely that the blades would be manufactured with such high differences of
the blade LE and TE angles between individual spanwise sections. Furthermore, such differences would also
appear as features on the surface deviation plots if they were real, but they do not.

Figure 5.10 showed that even a small change in alignment caused high noise of the TE angle. In that case
a single blade was parametrised twice, with only the alignment being different between the cases. As the
alignment only changes the orientation of the blade it can be expected that any systematic differences would
cancel, or atleast dampen out one another. The amount of noise remaining in figure 5.10 supports the idea
that the calculation process of the LE and TE angles is sensitive to small changes of the geometry.
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Figure 5.38: LE shapes rotated and grouped for ease of comparison.

Lastly, it should be noted that the LE angles are calculated on the basis of the camber distribution along the first
1.5% of the chord. For blades with chord length of about 4cm the deviations are therefore calculated based on
data corresponding to about 600um of the chord. The maximum LE and TE angle error that could be induced

by the measurement uncertainty of the these regions of the blade is therefore about E = tan (g&%) ~2.86°,

which is about twice the scatter seen in figure 5.36.

Any significant blade specific spanwise behaviour and the behaviour of the 60 bounds along the span can
therefore be attributed to the manufacturing deviations, but the rest of the behaviour is most likely due to
noise. In this specific case the behaviour due to manufacturing variability can be seen in the left panel of figure
5.37. The blade-to-blade offsets that can be determined by comparing the centre and right panels of figure 5.37
are most likely due to noise. If these offsets were compared with the mean of 42 points sampled from a normal
distribution D ~ A& (,u =0,0 = 1), it would be seen that the orders of magnitude are the same. Therefore, for
this specific set of blades, the blade specific spanwise offsets can be attributed to the noise.
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TE angle

Similarly to the LE angle, the calculated TE angles are noisy, however in the case of the TE angles the noise is
larger. The differences between TE angles of manufactured scans and the nominal CAD design can be seen in
figure 5.39. Like for the case of the LE angles, some behaviour can be seen despite the noise. Specifically, in the
first half of the span, near the hub, there is a hump in the mean and median lines with a peak of roughly 1.
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Figure 5.39: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design TE angle.

Furthermore, the left panel of this figure shows that the noise is now roughly within —0.4 and +3. The scatter
can also be seen to increase up until approximately one third of the span, after which it decreases drastically
towards the tip. This can be seen well in the centre panel. It is interesting to note that the scatter is roughly the
same for points with the same TE angle mean offset in the left panel of figure 5.39. This suggests that there is a
correlation between the size of the differences and their scatter. Lastly, the mean and median lines are still
close together, with the median line lying slightly below the mean line.

The right panel of figure 5.39 shows practically the same scatter as the left panel. This suggests that the noise is
the main cause of the blade-to-blade differences. In order to better understand the spanwise behaviour of the
differences, and to better visualise the hump in the bottom half of the blade, the Savitzky-Golay filter has been
applied to the data, as has been done for the case of LE angles in figure 5.37. The smoothed TE angles can be
seen in figure 5.40.

Left panel of figure 5.40 shows that most blades feature the TE angle hump, however some do not, for example
the green line originating at about 1.6. Contrary to the centre panel of figure 5.39, the centre panel of figure
5.40 shows the scatter decreasing along the entire span. This is a consequence of the filtering procedure.

Furthermore, the right panel is virtually the same as the left panel. Therefore it is reasonable to conclude that
any blade-to-blade behaviour that might be present is lost in the noise. Furthermore the same arguments
that were presented to explain the noise for the case of LE angles apply directly here as well, as the calculation
procedure is the same.

The TE angle hump appears to be a significant blade specific spanwise behaviour. It can therefore be seen as a



70

5. Geometrical analysis of manufacturing and deterioration variability

TE angle (/)

-1.0

TE angle (/)

3.0

= Mean
Median
60 bound

0 20
Section (/)

20 40
Section (/)

TE angle (/)

0 20 40
Section (/)

Figure 5.40: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design TE angle smoothed by a Savitzky-Golay filter.

systematic effect of the manufacturing deviations. The rest of the behaviour is most likely due to noise. The
blade-to-blade offsets that can be determined by comparing the centre and right panels of figure 5.40 are most
likely due to noise. For this specific set of blades, the blade specific spanwise TE angle offsets can be attributed

to the noise.
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LE thickness

Another important parameter of the LE is its thickness. Sharper LE edges help increase the performance in the
design points, whereas blunter LE edges are able to operate in a wider range of inflow angles at the price of
reduced efficiency.

Figure 5.41 shows the impact of manufacturing on the LE thickness. In the left panel it can be seen that the LE
thickness differences originate at roughly 3 at the hub and drop to about 0 at the tip. The differences have a
wavy behaviour that includes an inflection point at roughly midspan.
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Figure 5.41: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design LE thickness.

The scatter appears to follow the behaviour of the differences and reduces somewhat from hub to tip. This can
be seen in the centre panel. It is again interesting to note that the large scatter at the hub is due to one line that
originates at about 1 on the left panel.

The right panel of figure 5.41 shows that the largest impact on the blade-to-blade differences are due to the
behaviour of individual lines. The same blades as highlighted in previous figures are highlighted here as well,
however the same behaviours as seen in figures 5.25, 5.26, and 5.27 are not present here.
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TE thickness

TE thickness controls the flow as it is leaving the blade. Thicker TE mean that the wakes behind them will be
larger, which in turn reduces the efficiency of the compressor.

Figure 5.42 shows the impact of manufacturing on the TE thickness. In the left panel it can be seen that the TE
thickness differences originate at roughly 1 at the hub and drop to about 0 in a dip within the first 25% of the
span. The differences then achieve a peak at about 30% of the span, after which they drop linearly toward the

tip.
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Figure 5.42: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design TE thickness.

The centre panel shows that the differences between the mean and the median lines can be neglected.
Furthermore, the centre panel shows that the scatter reduces from the hub towards the lowest point in the dip,
and again rises towards the peak. This suggests that whatever effect that caused the increase of the differences
also caused the increase of the scatter.

The right panel shows that some of the blade-to-blade scatter is due to offsets. However, a large portion of
it is due to the behaviour of the individual lines. Lastly, the lines in the right panel also demonstrate the
noise of the TE thickness differences. As the LE and TE thicknesses are calculated as thicknesses at a specific
hardcoded curvature of the LE and TE edge, any differences in the shape of these geometries might produce
non-representative thicknesses. The differences in the shape refer to pointiness of the LE contours as shown in
figure 5.38.
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LE position

Position of the LE is a parameter that is used to determine at what percentage of the chord length the LE begins.
These are the positions where the LE thickness has been calculated.

The impact of manufacturing variability on the LE position can be seen in figure 5.43. It can be seen that the
lines in the left panel closely follow the shape seen in the left panel of figure 5.41. It is therefore clear that in
this particular case the LE position and thickness are correlated. This is supported by figure 5.28 which shows
that the chord lengths are more or less constant along the span. As the LE thickness decreases, so does its
length. Therefore the LE at the hub are larger than the LE at the tip.
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Figure 5.43: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design LE position.

The centre panel of figure 5.43 shows that the blade-to-blade differences are quite noisy. Furthermore, it shows
that the blade-to-blade scatter is slightly decreasing towards the tip. Comparing the centre plot to the right
plot no real differences can be seen. Any blade-to-blade behaviour is simply lost in the noise.
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TE position

Position of the TE is a parameter that is used to determine at what percentage of the chord length the TE begins.
These are the positions where the TE thickness has been calculated.

The impact of manufacturing variability on the TE position can be seen in figure 5.44. A comparison of this
figure to figure 5.42 shows that the behaviours are exactly the opposite. This means that the TE position and
thickness are correlated, which is also supported by the constant chord length shown in figure 5.28. Note
that the TE position is measured as a percentage from the TE. An increasing TE position therefore means a
reduction of the TE size, which is what can be seen in figure 5.44. Lastly, any blade-to-blade differences are lost
in the noise, as a comparison of the centre and right plots shows no noticeable differences.
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Figure 5.44: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design TE position.
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Position of max. thickness

The position of maximum thickness helps compare the thickness distributions of multiple blades. The impact
of manufacturing variability on position of maximum thickness can be seen in figure 5.45.

In the left panel of this figure it can be seen that the manufacturing deviations of the position of maximum
thickness follow a wavy behaviour. Note that the difference of the maximum thickness positions are relatively
large. The maximum deviations from the nominal design are about 10, at the peak at roughly 30% of the span.
The lowest values are about —6, at the valley at roughly 60% of the span. This is ignoring the values that occur
near the tip where the scatter is large, and focusing on the values that most blades will typically achieve.

Note that for a blade with a chord length of approximately 40mm this chord length variation translates into an
absolute variation which is approximately an order of magnitude larger than the variation of the axial position.
Therefore, it can be seen that it is the maximum thickness position that dominates the position of maximum
thickness within the gas path channel. For a single blade evaluation this directly impacts the position of the
narrowest throat area.
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Figure 5.45: Absolute differences (left) and isolated difference profiles (right) between the manufactured and
the nominal CAD design maximum thickness position.

The centre panel shows that the deviations change along the span. The peak at about 30% of the span is mostly
due to two blades which dip down to about —10. These blades are actually closer to the design intent than the
rest of the blades. Furthermore, the scatter increases significantly towards towards the tip. A comparison of
the right and centre panels show that most of the scatter is due to the different blade spanwise behaviours, as
opposed to simple offsets.

The scatter seen in the centre panel of figure 5.45 is either due to actual geometrical deviations, calculation
procedure or its interpretation relative to the chord length. For example, it could be that the LE or the TE
decrease at different rates. This could cause an instability of the position of maximum camber, even if it is
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located at the same coordinates, as the position is calculated relative to the chord length. The left panel shows
that the differences appear to have a high signal to noise ratio, and it can be seen that calculation procedure
does not produce the scatter present at the tip at any other section. There is nothing special about the highest
section, as it is still located within the body of the blade. Therefore it can be concluded that the scatter at the
tip is not due to the calculation method itself.

Secondly, figure 5.28 shows that the scatter of chord length is approximately constant all along the span.
Therefore it cannot be responsible for the scatter seen at section 42 of the centre panel of 5.45. Therefore it is
expected that this scatter is due to actual blade geometry deviations. Furthermore, the spanwise behaviour of
the chord length is not responsible for the spanwise behaviour of the position of the maximum thickness.

Position of max. camber

Similarly to the position of maximum thickness, the position of maximum camber helps compare the camber
distributions of multiple blades. The impact of manufacturing variability on position of maximum camber can
be seen in figure 5.46. The left panel of this plot shows that the differences follow a wavy behaviour, with the
scatter increasing dramatically in the last third of the span. Comparing the right and centre panels it can be
seen that most of the scatter is due to different blade spanwise behaviours, as the panels show very similar
plots. Similarly to the discussion of 5.45, this is attributed to actual geometry changes.
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Figure 5.46: Absolute differences (left) and isolated difference profiles (right) between the manufactured and

the nominal CAD design maximum camber position.
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5.6.2. Geometrical deviations due to deterioration

The aim of this subsection is to quantitatively describe the deterioration scatter of the scanned blades. The
analysis of the impact of deterioration is based on the discussion of the impact of manufacturing from
subsection 5.6.1. This is done to maintain a perspective between the two sources of geometrical deviations
investigated.

The presentation of the results also follows the format established in subsection 5.6.1. However, in this case the
differences of geometrical parameters are calculated between the associated deteriorated and manufactured
blade parameters. The deteriorated blades were aligned to the nominal CAD design in order to show the full
impact of deterioration on the gas path channel.

Axial position

The impact of deterioration on the axial position of the blade LE can be seen in figure 5.47. The right panel of
this figure has been removed as it did not contribute new insights. The left panel shows that the changes near
the hub of the blade are very small, as all the lines originate at about 0. Along the span the differences rise,
which means that the axial positions of the deteriorated blades have moved towards the rear of the engine, and
are now behind the manufactured ones. Note that there is line with decreasing values along the span. The
decrease of axial position and therefore an offset in front of the manufactured blade is a consequence of the
alignment of the blade, as the blade is not expected to increase in size. It also suggests that the differences of
other blades could be caused due to the deterioration of the dovetail, as all of the differences follow a linear
behaviour.
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Figure 5.47: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured axial positions.

This is further supported by the right panel, which shows that the blade-to-blade scatter increases roughly
linearly with the span. The blade spanwise behaviours in the right panel are representative of the behaviour in
the left panel, as the subtracted mean line is also practically linear. The behaviours of the lines all appear to be
linear in this panel, which further supports the idea that the differences in axial position occur due to dovetail
deterioration.

The blade-to-blade scatter in this panel, at sections towards the tip, is approximately 1. Comparing this
scatter to the one seen in the centre panel of figure 5.25 it can be seen that for the investigated set of blades the
scatter due to manufacturing is about twice the scatter due to deterioration.
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Tangential position

The impact of deterioration on the tangential position of the blade LE can be seen in figure 5.48. This figure
contains only one panel that corresponds to the left panel of the parameter difference figured. The figure
shows two separate groups. As the groups of different behaviours can already be seen in the left panel, the
centre and right panels do not provide additional insight and have therefore been omitted. Furthermore, the
mean, median and the 60 bounds are misleading in this case, therefore they were omitted as well.

Both groups originate just below 0. The first group increases somewhat along the span, with its scatter also
increasing. The behaviour of the first group is linear and could therefore have been caused by the deterioration
of the dovetail.
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Figure 5.48: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured tangential positions.

The second group increases dramatically in the last half of the span. The increase in tangential positions means
that these blades have their LE offset in the direction of the suction side relative to the the nominal CAD design.
Furthermore, it can be seen that the behaviour of the second group is not linear, therefore it certainly cannot
be just an effect of the dovetail deterioration. This suggests that the blades were bent somewhat towards the
suction side.

Lastly, comparing the scatter due to deterioration, seen in figure 5.48, and the scatter due to manufacturing,
seen in figure 5.26, it can be seen that manufacturing has a larger impact on the scatter of tangential positions
of the LE for the investigated set of blades. The difference due to the behaviour of the second group is roughly
comparable to the spanwise behaviour due to manufacturing.
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Stagger angle

The impact of deterioration on the stagger angle of the blades can be seen in figure 5.49. The first thing that
can be seen is that the differences of the stagger angle due to deterioration are noisy. Furthermore, from the
left panel of this figure it can be seen that the stagger angle decreases from the hub, where it is slightly positive,
towards the tip, where it is slightly negative. As the stagger angle increases from the hub to the tip by design,
this means that the difference between the stagger angles at the hub and the tip has decreased. Therefore the
blades have been untwisted somewhat as a consequence of deterioration.
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Figure 5.49: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured stagger angle.

The centre panel shows the blade-to-blade differences in the stagger angle behaviour. It can be seen that the
noise dominates the plot and no behaviour can be discerned directly. The right panel shows that virtually all of
the scatter is due to the noise of the stagger angle as the plots in the centre and right panel are virtually identical.
Therefore any blade-to-blade differences are likely centred at 0 and concealed with the noise. However, it can
be seen that the blade-to-blade scatter of stagger angle reduces slightly from the hub towards the tip.

The difference between the mean stagger angle differences at the hub and the tip is smaller than 0.01. The
right panel shows that the scatter due to the noise is roughly +0.014, which is about 1.5 times larger than the

change due to the mean behaviour. Therefore, the accuracy of the observed impact of deterioration on stagger
angle is questionable.

Lastly, by comparing figures 5.27 and 5.49 it can be seen that manufacturing has a larger impact on the
uncertainty of the stagger angle. The behaviour seen in the left panel of figure 5.27 shows maximum mean
differences of about —0.1, whereas for the case of deterioration the largest differences are less than 0.01. This

means that the impact of manufacturing on stagger angle is an order of magnitude larger than the impact of
deterioration.



80 5. Geometrical analysis of manufacturing and deterioration variability

Thickness distributions

The impact of deterioration on the blade thickness distributions along the span can be seen on the left side
of figure 5.50. The far left panel shows the impact of manufacturing on the thickness distributions, as seen
on the left panel of figure 5.30. The left panel shows the differences between the measured deteriorated and
manufactured thickness distributions.
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Figure 5.50: The comparison of impact of manufacturing (far left) and deterioration (left) on all thickness
distributions, and the comparison of impact of manufacturing (right) and deterioration (far right) on all
camber distributions.

It can be seen that the impact of deterioration is relatively small compared to the impact of manufacturing.
However, it can be seen that the differences due to manufacturing general lie above 0, which indicated that the
deteriorated blades are somewhat thicker. Furthermore, it can be seen that the blades are becoming thicker
specifically in the sections near the TE of the hub. This is indicated by the blue lines climbing along the span.
The increase in thickness is less than 0.5.

From this it can be seen that the blades are generally thicker near the hub TE due to deterioration, however
these differences are small relative to the differences incurred by the manufacturing process. Deterioration
therefore does not have a large effect on the thickness of the considered blade set.

Camber distributions

The impact of deterioration on the blade camber distributions along the span can be seen on the right side
of figure 5.50. The right panel shows the impact of manufacturing on the camber distributions, as seen on
the left panel of figure 5.32. The far right panel shows the differences between the measured deteriorated and
manufactured camber distributions.

Similarly to the case of impact of deterioration on the thickness distributions, the far right panel of figure 5.50
shows that the impact of deterioration on the camber distributions is relatively small. Furthermore, it can be
seen that the differences due to deterioration at the tip sections are constant along the chord, whereas at the
hub sections they are more scattered. Therefore it can be concluded that deterioration impacts the shape of
the sections near the hub more than the shape of the sections near the tip.
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Chord length

The differences in the chord length as a result of deterioration can be seen in figure 5.51. Similarly to the case
of the tangential position, 3 behavioural groups can be identified. As discussed for that case, the centre and
right panels, as well as the mean, median and 60 bounds have been omitted here as well.
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Figure 5.51: Absolute differences between the deteriorated and the manufactured chord length.

The three groups all originate between chord length difference of roughly 0 and 0.5, with one outlier originating
at 1. For the first half of the span all lines stay together, and fan out into three separate groups at about
mid-span. A single outlier originating at approximately 1 can be identified as well. As the outlier lies so far
away from the other lines, it is likely that it is caused by the significant deterioration of the alignment surfaces.

It can be seen that the top most group remains roughly within the scatter bounds of the origin for the entire
span. The mid group retains the same scatter, however falls down to about —0.5. The bottom group falls down
to roughly —1.50 and has its scatter doubled.

The increase of the chord length that is observed in the first half of the span is most likely due to the deterio-
ration of load bearing surfaces of the dovetail. As these are eroded, the blade is offset towards the tip, which
in turn increases the chord length at any given radial position above the axis of rotation. The increase of the
chord length of about 0.25 would mean that the blade has been offset in the radial direction by about a third of
the spanwise distance between the radial sections, which translates into about 4 for a blade with the height of
600.

The top group therefore shows blades which have not had their chord lengths reduced, but have been offset in
the radial direction. The mid and bottom groups show blades which were offset in the radial direction by the
same amount, but have had some other effects reduce their chords by various amounts. The split into three
groups could be due to the blades being operated in three different engines. As the operational data of the
blades is unavailable this could not be checked.

Lastly, comparing the impacts of manufacturing and deterioration on the chord length, it can be seen that the
maximum difference due to deterioration are roughly —2, and the maximum differences due to manufacturing
are about —5. The scatter due to manufacturing is about 4, whereas the entire scatter due to deterioration,
including the three distinct groups, is about 2.5. From this it can be seen that the impact of manufacturing on
the chord length is about twice the impact of deterioration.
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Maximum thickness

The differences in the maximum thickness as a result of deterioration can be seen in figure 5.52. The left panel
of this figure shows that due to deterioration the blades are thicker at the end of their lives. The increase of
thickness is linear with the span and is highest at the hub (0.2) and lowest at the tip (0.1). Note that these values
are smaller than the resolution of the scanner.
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Figure 5.52: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured maximum thickness.

The left panel shows that the decrease of maximum thickness from the hub to the tip is about 0.1. The centre
panel shows that the blade-to-blade differences are about twice that. Furthermore, by comparing the centre
and right plots it can be seen that noise accounts for most of those differences. Therefore noise spans a larger
range than the spanwise variation of the maximum thickness seen in the left panel. Therefore, the accuracy of
the identified impact of deterioration on maximum thickness is questionable.

Comparing the impact of deterioration and manufacturing on maximum thickness, it can be seen that the
maximum mean differences due to deterioration are about 0.2, while the mean maximum difference due
to manufacturing is roughly 0.8. The scatter due to manufacturing is about 2, while the scattering due to
deterioration is about 0.2. Therefore, manufacturing has an impact on maximum thickness that is roughly 4
times larger than the impact of deterioration.
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Maximum camber

The differences in the maximum camber as a result of deterioration can be seen in figure 5.53. The left panel
of this figure shows that the mean differences have the shape of a quadratic function, with the minimum
at around section 10. This shape shows that near the hub the maximum camber has been reduced due to
deterioration, whereas near the tip it has been slightly increased.

10r 10r Mean 10r
Median

0.8 0.8 =60 bound 0.8

0.6 . 0.6 0.6

04r 0.4r 0.4r

Max. camber (/)
Max. camber (/)

-0.6 -0.6 -0.6
-0.8 -0.8 -0.8
-1.0 : : -1.0 : : -1.0 : :
0 20 40 0 20 40 0 20 40
Section (/) Section (/) Section (/)

Figure 5.53: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured maximum camber.

Figure 5.52 shows that the maximum thickness of the blades has increased. The increased thickness and
reduced camber together suggest that the accumulation of the thickness has therefore occured such that
the camber has decreased. Specifically, the thickness of the blades has increased because of the additional
geometry on the pressure side of the blades. Furthermore, the maximum camber of the blades decreases from
the hub to the tip by design. This means that any offsets in the radial direction due to the abrasion of the load
bearing surfaces of the dovetail would increase the maximum camber, not decrease it. This suggests that the
actual reduction of camber at comparable spanwise positions is larger than the one seen in figure 5.53.

However, the calculated maximum camber differences are small and very noisy. This can be seen best by
comparing the plots of the centre and right panels. This comparison shows that the scatter of the values is
due to noise as opposed to some behaviour. Furthermore, the noise accounts for about +0.20. Therefore, the
accuracy of the observed impact of deterioration on maximum camber is questionable.

Lastly, comparing the impact of deterioration and manufacturing, it can be seen that the maximum mean
difference due to deterioration is roughly —0.05, whereas the maximum mean difference due to manufacturing
is roughly 0.8. The blade-to-blade scatter due to deterioration, including the noise, is roughly 0.4, whereas the
scatter due to manufacturing is at least 1 and increases along the span. Therefore, manufacturing has a larger
impact on the maximum camber of the blades than deterioration.
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LE angle

Similarly to the discussions of the impact of manufacturing on LE and TE angles, the differences due to
deterioration are very noisy. This can be seen in figure 5.54. The mean differences due to deterioration are
centred about 0 along the entire span.
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Figure 5.54: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured LE angle.

It can be seen that the scatter reduces from the hub to the tip. The comparison between the centre and
right panels shows that virtually all of the scatter is due to the noise and not due to any inherent blade-to-
blade behaviour differences. The same reasons for the noise as mentioned in the discussion of the impact of
manufacturing on the LE and TE angles apply here as well. Lastly, as the mean behaviour appears to be linear
along the entire span the plot of smoothed LE angle differences has been omitted here.

Lastly, the impact of deterioration compared to the impact of manufacturing is quite small for the considered
blade set. Due to the noise it is not possible to determine any real difference of the LE angle, whereas
the maximum mean difference due to manufacturing is roughly —0.2. It can therefore be concluded that
manufacturing has a larger impact on the LE angle than deterioration. However, the LE angle differences are
very noisy, therefore it is not possible to accurately determine by how much the impact of manufacturing is
larger than the impact of deterioration.
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TE angle

The impact of deterioration on the TE angle can be seen in figure 5.55. Unlike for the LE angle, the deterioration
does seem to have a distinct impact on the TE angle. In the left panel of this figure it can be seen that there is a
dip in the differences of the TE angle in the first half of the span. The minimum of the dip is about —0.8.
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Figure 5.55: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured TE angle.

The differences are very noisy however, which can be observed by comparing the centre and right panels.
This comparison also shows that the scatter of values is about twice the magnitude of the dip observed in the
left panel. In order to understand the behaviour better the values smoothed with the Savitzky-Golay filter
could be plotted. However, the smoothed plots showed conclusions similar as in the cases where the impact
of manufacturing on LE and TE angles has been discussed. Therefore this plot and its discussion have been
omitted here.

Lastly, comparing the impact of deterioration and manufacturing, it can be seen that the maximum mean
difference due to deterioration is roughly —0.8, whereas the maximum mean difference due to manufacturing
is roughly 1.2. The blade-to-blade scatters due to deterioration, including the noise, are also comparable. Fur-
thermore, it can be seen that the impact of deterioration is exactly the opposite of the effect of manufacturing.
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LE thickness

The differences of the LE thickness due to deterioration can be seen in figure 5.56. The left panel of this
plot shows that for the first half of the span the differences of LE thickness are centred about Oum. In the
second half of the span the LE thickness differences show that the thickness of the LE has increased due to
deterioration.
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Figure 5.56: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured LE thickness.

The reason for this could be the offset in the radial direction due to the abrasion of the load bearing dovetail
surfaces, as the lower sections of the manufactured blades had thicker LE than the upper sections. However,
in the expected offset of 1/3 of the spanwise sections the increase of the LE thickness would be less than 0.1.
Furthermore, this increase would depend on the spanwise behaviour of the LE thickness, specifically on the
derivative of the behaviour with the span. Figure 5.41 shows that the decrease of the LE thickness with the
span is highest for the sections near the hub. This means that if the radial offset would be the cause of the LE
thickness increase due to deterioration, the increase would be largest at the hub sections. The left panel of
figure 5.56 shows that this is not so, therefore other effects must have caused the increased LE thickness. These
could be due to fouling and dulling of the LE.

The scatter of the LE thickness values is quite large. This can be seen best in the centre and right panels of
figure 5.56. The centre panel shows that the blade-to-blade scatter first reduces from the hub towards the
mid-span, before it increases towards the tip, where it is larger than at the hub. The comparison with the right
panel shows that most of this scatter is due to noise, however a smaller part could be due to differences in the
blade-to-blade behaviours. Notice also that the range between the LE thickness differences shown in the left
panel at the hub and the tip is less than approximately 0.25, whereas the scatter easily has a range of 0.5. This
casts doubts on the accuracy of the mean behaviour shown in the left panel.

Comparing the impact of manufacturing and deterioration it can be seen, that the impact of deterioration on
the LE thickness is smaller. The maximum mean differences due to deterioration are less than 0.25, whereas the
maximum mean differences due to manufacturing are about 0.25. Similarly, the scatter due to manufacturing
is more than 2, whereas the scatter due to deterioration, including the noise, is about 0.5.
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TE thickness

The differences of the TE thickness due to deterioration can be seen in figure 5.57. Similarly to the differences
of the LE thickness due to deterioration, the differences of the TE thickness are very noisy. In the left panel of
this figure it can be seen that the differences are positive along the entire span. Furthermore it can be seen that
the differences are somewhat higher in the first quarter of the span near the hub than in the other spanwise
positions.
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Figure 5.57: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured TE thickness.

Like in the case of the impact of deterioration on the LE thickness, the impact of deterioration on the TE
thickness is not due to a radial offset of the blade. This can be seen by applying the discussion given for the
case of the impact of deterioration on the LE thickness to the TE thickness. Similarly to that case, the possible
explanations for this behaviour are fouling or dulling of the TE as a consequence of the reduction of the chord
length. Lastly, the noise of the calculated values is much higher than the magnitude of the mean behaviour
seen in the left panel.

Lastly, comparing the impacts of manufacturing and deterioration on the TE thickness it can be seen, that the
maximum mean differences due to deterioration are roughly 0.25, whereas the maximum mean differences
due to manufacturing are roughly 1.2. It can be seen that the blade-to-blade scatter is also larger in the case of
manufacturing.
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LE position

The differences of the LE position due to deterioration can be seen in figure 5.58. The left panel of this figure
shows that the LE position moves backwards all along the span due to deterioration. The shape of the mean
difference behaviour appears to be quadratic, with a minimum around section 30. The lowest mean difference
is not more than —0.2 normalised percent of the chord length. For a blade with a chord length of approximately
40mm this translates to roughly equal to the scanner resolution.
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Figure 5.58: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured LE position.

The scatter appears to be relatively constant along the span. This can be seen best in the centre and right plots.
The comparison of these panels shows that virtually all blade-to-blade differences are due to noise. Due to the
small magnitude of the mean deviations and the high amount of noise the accuracy of the mean behaviour
shown in the left panel is questionable.

The maximum mean difference of the LE position is smaller than 0.2 normalised percent of the chord length,
whereas the maximum mean difference due to manufacturing is just under 1 normalised percent of the chord
length. The blade-to-blade scatters are comparable, and mostly due to noise. It can therefore be seen that the
impact of manufacturing on the position of the LE is larger than the impact of deterioration. This is amplified
by the fact that the deteriorated chord lengths are smaller than the manufactured chord lengths.
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TE position

Similarly to the impact of deterioration on the LE position, the differences of the TE position due to deteriora-
tion are noisy. Furthermore, the mean differences behaviour is centred around 0 normalised percent of the
chord length, with magnitudes smaller than 0.1 normalised percent of the chord length. This translates into a
movement of the position of the LE which is roughly equal to the blade measurement resolution. Therefore,
the accuracy of the identified behaviour is questionable. This is even more so in this case, than in the case of
the differences of the LE positions due to deterioration.
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Figure 5.59: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured TE position.

The maximum mean difference of the TE position due to manufacturing, as seen in figure 5.44, is roughly —0.4
normalise percent of the chord length. The impact of deterioration on the TE position much smaller than
that along the entire span. Therefore, it can be concluded that manufacturing has a larger impact on the TE

position.
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Position of max. thickness

The impact of deterioration on the position of the maximum thickness can be seen in figure 5.60. The left
panel shows that for the majority of the span the differences of the position of maximum thickness due to
deterioration are roughly +1 normalised percent of the chord length. The differences are much larger for the
last few sections near the tip. However, the mean behaviour can be contained by a much smaller interval.
Furthermore, the mean behaviour appears to be centred about 0 normalised percent chord length with any
deviations from it appearing random.
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Figure 5.60: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured position of maximum thickness.

The scatter can be seen to be increasing along the span, even if the final few sections where the differences
spike is not considered. This can be seen in the centre panel. Furthermore, by comparing the centre and right
panels it can be seen that the noise dominates the blade-to-blade differences.

Lastly, comparing the impacts of manufacturing and deterioration on the position of maximum thickness,
it can be seen that the maximum mean differences due to manufacturing are roughly 8 normalised percent
of the chord length, whereas the maximum mean differences due to deterioration are roughly 0 normalised
percent of the chord length for the entire span. Therefore, it can be concluded that manufacturing has a larger
impact on the position of the maximum thickness.
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Position of max. camber

The impact of deterioration on the position of the maximum camber can be seen in figure 5.61. The left panel
of this figure shows that the difference of the max camber position due to deterioration are negative for most
of the span. This means that the position of maximum camber has moved backwards, towards the TE.
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Figure 5.61: Absolute differences (left) and isolated difference profiles (right) between the deteriorated and the
manufactured position of maximum camber.

The maximum shift due to deterioration appears at about mid-span, where the difference of the maximum
mean camber position is less than —0.4 normalised percent of the chord length, which translates into less than
—-0.8.

The centre panel shows that the blade-to-blade scatter remains roughly constant along the span. The range of
the blade-to-blade scatter is roughly +0.8, which means that the noise is about twice the magnitude of the
largest mean difference. The right panel further shows that the blade-to-blade scatter is mostly just noise.

Comparing the impacts of manufacturing and deterioration on the position of maximum camber, it can be
seen that the impact of manufacturing is larger. The maximum mean differences due to manufacturing are
about 2 normalised percent of the chord length, whereas the maximum mean differences due to deterioration
are about —0.2 normalised percent of the chord length.
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5.6.3. Deteriorated blade height analysis

The tip gaps could not be calculated for both the manufactured state and the deteriorated state due to the lack
of information as discussed in subsection 5.2.3.

However, the expectation that the blade heights will not change significantly with regards to deterioration can
still be evaluated by comparing the deteriorated blade heights to the manufacturing tolerances. The offset of
the mean blade height from the design value would be due to deterioration, assuming that the blade heights
were normally distributed about the design value when entering operational use.

The blade heights have been calculated using the B2P functionality presented in the section 5.2.2. This
calculation outputs the tip contour points in 3D Cartesian coordinates. For plotting purposes these are
converted into 2D coordinates using equation 5.3.

f,y2) =/ y*+25) =(x,1) (5.3)

As the scanned blades were aligned to the nominal blade, the combined coordinate "r" is the height of
individual points above the axis of revolution of the compressor.

The heights of the deteriorated and the nominal blade are presented in figure 5.62 along with the blade height
tolerance bounds. Note that the nominal blade design features extra blade height to accommodate final
machining during assembly. Therefore the nominal geometry has been manually reduced according to the
assembly instructions for comparison with the deteriorated blades.
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Figure 5.62: Tip heighs of deteriorated BR715 R3 blades in radial coordinates.

To assess the offset of the group from the nominal blade a mean contour has also been calculated. This has
been calculated as the mean of the contours interpolated at the same positions. Based on these interpolated
values the standard deviation at all positions has also been calculated to plot the 60 bounds. Note that if the
median blade contour is added it lies directly on top of the mean blade. This means that the distribution of the
tip contour values at none of the positions is skewed.

In figure 5.62 the deteriorated blade heights are represented by coloured thin lines, and the mean, 60 bound,
nominal height and tolerance bounds as thick cyan, blue, black and dashed black lines respectively.

Near the LE and the TE the contours drop suddenly. In the LE both the scanned and the nominal blade
contours drop together — this is where the leading edge truncation begins. At the trailing edge only the scanned
blades drop. This suggests that at least near the blade tip the blade chord of actual blades is shorter than the
nominal chord.
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Between these LE and TE regions all the blade tip contours fall well within the tolerances. Furthermore also the
nominal height and the mean height lie very close together and partially overlap. It can be seen that near the LE
they are closest and they are more apart nearer the TE. It can also be seen that near the LE the scatter between
individual blades is smaller than near the TE. The 60 bounds mostly exceed the manufacturing tolerances,
more prominently towards the TE. However as the tip machining is not enforced long the entire contour it
cannot be claimed that the breach of the 60 bounds are due to deterioration.

In order to better visualise this behaviour the nominal contour can be subtracted from the deteriorated
contours to show only the variation about it. This is done in figure 5.63. This figure uses the same format as
5.62, with the addition of a new y-axis. This axis contains the p-values of the hypothesis that the differences of
individual blades, at a certain position, come from a distribution with its mean at 0. The p-values are plotted
by a thin green line.
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Figure 5.63: Tip height difference between deteriorated and nominal BR715 R3 blades in radial coordinates.

In figure 5.63 it can be seen that the scatter almost doubles from the LE to the TE if we ignore the highest
contour near the LE as an outlier. Furthermore it can be seen that the mean height difference is consistently
negative.

The p-values along the x-axis show the probability of extracting the blade differences of that position from a
distribution centred about 0. It can be seen that the p-values are high near the LE and near the TE where the
mean and the nominal line are close together. In the mid-chord region they are well below the 2% level. These
values suggest that the mean offset is statistically significant at least at the 5% level.

However, the mean offset is only about 2 times larger than the resolution of the scanner that measured the
blades. Furthermore it is important to note that compared to the estimated tip gap in cruise conditions this
mean offset is insignificant.

It can also be seen that the blade contours roughly follow a slope from the LE to the TE which can be either
positive or negative. Correlations of the slopes with the heights at the LE, mid chord and TE were calculated
for both the manufactured and deteriorated tip heights. As no significant correlations have been found their
discussion is omitted here. Furthermore as the average offsets are insignificant it is unlikely that significant
changes in the slope would be caused by deterioration.

A separation of the observed behaviours into the contributions from the axial root and aerofoil were not
performed. For the case of manufacturing the separation could not be done as the blades cannot be aligned
such that these effects could be isolated. For the case of deteriorated blades the contributions were not
separated as the overall effects were too small.

To summarise, possible reduction of the blade heights due to deterioration has been identified. This offset
appeared to be statistically significant, but insignificant compared to the expected values of the entire tip gap.
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The manufactured blades are expected to have less scattered tip heights than deteriorated blades. Therefore
both the manufactured tip gaps can be modelled as normal PDFs about the design intent value. The 60 bounds
based on the differences between the deteriorated and nominal tip heights fall approximately on top of the
tolerance bounds near the LE, but are relatively far away from these bounds near the TE. As it is was determined
to be unlikely that deterioration would change the slopes of the tip contours this behaviour can be used when
simulating the manufacturing tip gaps.

5.7. Lessons learned in comparison of deterioration and manufacturing
and recommendations

Most of the geometrical uncertainty for the considered measured blades is due to manufacturing as opposed
to deterioration. Furthermore, many of the parameter differences due to manufacturing appeared to have
linear behaviours along the span. In the case of linear and constant behaviours, the imperfection is likely due
to the positioning of the blade on the platform. These are the deviations that could potentially be reduced by
adjusting the machining settings of the dovetail. In the case of piecewise linear, or other non-linear behaviours,
only a part of the deviations could be recovered by merely adjusting the dovetail.

Many of the parameters have shown a large amount of noise in their values, which reduces the accuracy of
the analysis of the geometrical uncertainty. In order to improve the quality of similar analyses more robust
methods for extracting the parameters could be developed.

Deterioration has been found to have some spanwise effect, however for most of parameters the impact of this
has been very small. The most notable changes have been observed for the positioning parameters and the
chord length, which exhibited three different deterioration groups. Furthermore, the stagger angle showed a
small untwist of the blades.

The analysis of the deteriorated blade heights showed that the heights are still within the manufacturing
tolerances after being used in service. Therefore, it can be concluded that these blades did not have their
heights reduced. The tip gap clearance behaviour over time could not be determined as information on them
was not available. Future work could include scanning the liner, disk and casing geometries in order to support
the determination of the tip gaps of the engine.



Performance analysis of manufacturing
variability and deterioration

This chapter aims to demonstrate what the impact of manufacturing and deterioration uncertainty on com-
pressor performance is. Section 6.2 discusses the settings of the Hydra 3D solver that were used to obtain
performance results.

The preprocessing of geometry for use with Hydra, which is done in subsection 6.1. This subsection covers
the creation of the mesh used within Hydra from the measured point cloud measurements. As some of the
preprocessing steps cause a loss of some of the measured geometry, the convergence of the mesh to the original
measured blades is discussed.

Furthermore, the preprocessing of geometry, selection of the boundary conditions, as well as the limitations of
and shortcomings of the CFD evaluation are discussed.

Section 6.3 presents the results of the CFD calculations as a comparison between the manufactured, de-
teriorated and nominal CAD design blade performances. Furthermore, a comparison of the calculation
convergences is given.

Lastly, the influence of individual geometrical parameters on the performance scatter is given in section 6.4.
This section helps identify the geometrical parameters that cause most of the performance scatter and offset
using Coefficients of Influence. The coefficients also give insight on why the performance scatter and offset
occur.

6.1. Preprocessing of measured blade geometry

Subsection 6.1.1 gives a general overview of the problem geometry selection for the CFD calculations. It
describes the number of blades used in a single evaluation and how that geometry is prescribed within Hydra.

Subsection 6.1.2 discusses the preprocessing of the blades before the meshing takes place.

Subsection 6.1.3 discusses the convergence of the preprocessed blades to the original measured blades. This is
done by comparing the rebuilt and measured geometries, and by comparing the actual mesh to the measured
geometry.

6.1.1. Formulation of the CFD problem geometry

Within the CFD the evaluation of single blades is performed. The main advantage of the measured dataset is
that it enables an evaluation of the impact of manufacturing and deterioration on individual blades. Using
different blade geometries to construct the gas path passages introduces effects cross blade effects. These
might not be significant, however to isolate the quantification of deterioration only individual blades are
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evaluated in Hydra. Note that this means that simple blade-to-blade offsets of axial and tangential positions
have no impact on performance.

Additionally, the tip gap must be provided as an input to Hydra separately from the blade geometry. The blade
geometry input to Hydra must be extended to span the entire annulus, and the tip gap is given as a percentage
of this span. As the tip gap analysis performed in subsection 5.6.3 showed that the tip heights do not seem to
deteriorate, the blade heights are kept constant in the performance evaluation.

6.1.2. Blade geometry preprocessing

Geometry preprocessing is required as the measured geometry is stored in a different format than expected by
Hydra. As mentioned in section 4.1, the measured blades are stored as data point clouds, whereas the Hydra
preprocessing expects a NX part file geometry input. Therefore, the measured blade needs to be converted to
the NX part format.

This can be done by first rebuilding the blade based on its parameters and distributions using B2P, and
then using Parablading to create a NX part file based on the output files of the B2P rebuild process. As
the distributions and parameters of the measured blade are sued as a basis to rebuild the blades the delta
parameters are all zero. Furthermore, this means that there is no spanwise parameter flushing or distribution
morphing. The parametrisation of blades rebuilt this way therefore results in the same parameters and
distributions as those used in the rebuild.

However, as mentioned already in section 5.2.1, this also means that any information regarding the blades
between the spanwise sections, for which the parameters are provided, is lost. The need to use rebuilt
blade geometries in the CFD carries the information lost due to spanwise sampling over to the performance
evaluation as well.

6.1.3. Convergence of the preprocessed blades to the actual measured blade scans

This subsection discusses the results of the blade geometry rebuilt as a part of the Hydra preprocessing. The
convergence of the rebuilt geometry to the measured geometry is important as it influences the subsequent
performance analysis. Furthermore, if the convergence is poor the subsequent performance results are not
representative of the measured blades.

The convergence of the geometrical parameters and distributions has been ensured by using their parameters
and distributions as the Base Line Model (BLM), and using all zero delta parameters. Therefore the distributions
and parameters used in the rebuild should be exactly the same as those obtained when parametrising the
blades. The assessment of the convergence of the rebuilt is therefore performed by inspecting the surface
deviations of the rebuilt blades relative to the measured blades. The surface deviation plots were made by
subtracting the surface deviations of the measured blades from the surface deviations of the rebuilt blades.

Convergence of the rebuilt measured manufactured blades

Figure 6.1 shows the mean surface deviation differences that occur due to the rebuilding process of the
manufactured blades. Note that the color range of this figure is the same as the color range of figure 5.14,
which shows the mean surface deviations due to manufacturing.

Figure 6.1 shows that the majority of the surface deviation differences is well within +50um. Note that this
approximately equals the measurement resolution of 30um. The hub and the tip are regions of higher deviation
differences, which occurs as no geometry has been sampled in those regions. The trailing edge also shows
some mean deviations that are roughly —50um in magnitude.

The deviations of the TE occur as the TE and LE geometries are rebuilt using a predetermined shape as opposed
to rebuilding the real geometry. This causes the rebuilt blades to be slightly shorter than the measured blades,
depending on the local LE and TE geometries.

Furthermore, comparing the deviations seen in figure 6.1 with the deviations seen in figure 5.14, it can be seen
that the geometrical deviations caused by the rebuild of the manufactured blades are much smaller than those
caused by the manufacturing process.
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Figure 6.1: The mean geometrical deviation differences due to the preprocessing rebuild of the manufactured
blades for the pressure side (left) and the suction side (right).

The standard deviations of the geometrical deviation differences between the rebuilt and the measured
manufactured blades can be seen in figure 6.2. This figure shows that the geometrical deviation differences are
constant for virtually the entire blade, with the exception of the hub, tip and LE and TE contours. For the blade

the standard deviations are roughly 20um. At the TE the standard deviations are higher, and reach values of
roughly 150um.

Standard deviations of the pressure side (left) and suction side (right)
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Figure 6.2: The standard deviations of the geometrical deviation differences due to the preprocessing rebuild
of the manufactured blades for the pressure side (left) and the suction side (right).

Comparing the standard deviations of the deviations due to the rebuild process, as seen in figure 6.2 to those

caused by the manufacturing process, as seen in figure 5.15, it can be seen that the standard deviations due to
the rebuild process are relatively small.

To summarise, figures 6.2 and 6.1 show that geometrical deviations due to the rebuilding of the manufactured
blades are very small compared to the geometrical deviations due to manufacturing. Therefore, the rebuilt

manufactured blades can be considered converged. Because of this, the subsequent performance analysis is
representative of the manufactured blades.
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Convergence of the rebuilt measured deteriorated blades

Figure 6.3 shows the mean surface deviation differences that occur due to the rebuilding process of the
deteriorated blades. Note that the color range of this figure is the same as the color range of figure 5.22, which
shows the mean surface deviations due to deterioration.
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Figure 6.3: The mean geometrical deviation differences due to the preprocessing rebuild of the deteriorated
blades for the pressure side (left) and the suction side (right).

Similarly to figures 6.2 and 6.1, figure 6.3 shows that the hub, tip and TE regions have relatively large deviations.
This is due to the same reasons given in the discussion of figure 6.1. It can be seen that the deviation differences
due to rebuild of deterioration blades change along the span. The largest differences of the blade are at the LE
tip, where they are roughly —40um on the suction side, and roughly +50um on the pressure side. This suggests
that the rebuilt deteriorated blades are roughly 10um thicker than their measured counterparts.

Note that the mean geometrical deviation differences due to the rebuild process of deteriroated blades are
roughly the same size as the geometrical differences due to deterioration, as seen in figure 6.3. Furthermore,
the differences caused by the rebuild and deterioration are opposite in sign. This suggests that the rebuild
process did not account for the changes caused by deterioration.

The standard deviations of the geometrical deviation differences between the rebuilt and the measured
deteriorated blades can be seen in figure 6.4. This figure shows that the standard deviations and means of the
geometrical deviation differences follow a similar pattern, which also matches the patter of the geometrical
deviations caused by deterioration, as seen in figure 5.22. The standard deviations near the LE tip are roughly
40um.

In the case of the impact of deterioration on blade geometry, the pattern of geometrical deviations was not
very uncertain, as seen in figure 5.23, where the blade deviation uncertainty originated from how much the
deteriorated blades are angled in the tangential direction. This shows that if the deteriorated blades would
have been rebuilt simply missing the pattern of deviations, it would not appear on figure 6.4.

This suggests that the differences due to the rebuild process of deteriorated blades are caused by exaggerated,
or underrated, rebuilds of the deterioration effects. Note that the actual deviations caused by deterioration,
and the mean and standard deviations of geometrical deviation differences due to the rebuild of deteriorated
blades are all relatively small, with values of = 50um. Therefore the variability near the LE tip could be due to
the process accuracy.

To summarise, figures 6.3 and 6.4 show that geometrical deviations due to the rebuilding of the deteriorated
blades are approximately equal to the geometrical deviations due to deterioration. Therefore, the rebuilt
deteriorated blades cannot be considered well converged. Because of this, the subsequent performance
analysis likely does not show the true impact of deterioration.
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Figure 6.4: The standard deviations of the geometrical deviation differences due to the preprocessing rebuild
of the deteriorated blades for the pressure side (left) and the suction side (right).

Convergence of the actual mesh to the measured blades

As the mesh is created based on the preprocessed rebuilt geometry it will carry with it the differences induced
by the preprocessing rebuild process. As the rebuilt of the deteriorated blades was deemed insufficient, the
mesh convergence analysis is performed only for the manufactured blades.

The evaluation of geometrical convergence of the mesh to the measured geometry is done for an arbitrarily
selected example manufactured blade. However, the observed differences between the mesh and measured
geometries for the example blade are representative for other blades as well.

Figure 6.5 shows a comparison of the original measured blade geometry and its corresponding CFD mesh
visualised in Paraview software. The measured blade geometry is drawn in cyan, and the mesh blade geometry
is drawn in magenta. This comparison only allows to judge which geometry is in front of the other for the
given point of view.

Figure 6.5: The convergence of the mesh to the measured manufactured blade geometry PS (left) and the SS
(right). The image aspect ratio has been distorted.

It can be seen that the PS, shown on the left half of figure 6.5, is colored mostly in magenta, with cyan dots
scattered over its surface. The SS displays a pattern opposite to that of the PS. In the regions where dots can be
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seen scattered over the surface the deviations between the mesh and the measured geometry are minimal, and
only local. In regions where no dots can be seen the offsets are more systematic.

The most obvious regions where there are systematic offsets are at the tip and hub. Here the geometry has not
been sampled and has been only extended to fill the annulus. The regions of more systematic offsets on the
blades are near the TE, where the blades appears slightly too thick. However, even in these regions individual
dots can be seen.

As the differences of the mesh appear to be relatively small, it can be considered geometrically representa-
tive of the measured manufactured blades. Therefore the subsequent analysis of the performance Qol is
representative as well.

6.2. Selection of boundary conditions for 3D Hydra CFD

This section describes the selection of boundary conditions used in the evaluation of manufactured and
deteriorated blade scans. As a direct comparison of the blade performances is desired, identical boundary
conditions have been used for both. First, the selection of the operational conditions under which the blades
are evaluated is discussed is subsection 6.2.1.

Subsection 6.2.2 shows the computational domain, discusses the types of boundary conditions used, and
visualises the prescribed inlet and outlet flow parameters.

Lastly, subsection 6.2.3 discusses the limitations of the performed calculations. This subsection lists the
features of the problem that were not modelled and therefore do not have their impacts included in the
performance results.

6.2.1. Operational conditions

As the engines operate under cruise conditions most of the time, these conditions have been selected for the
evaluation of the blades. A single operational point on the 100% speed line, at the maximum efficiency has
been selected for CFD evaluation.

6.2.2. Boundary condition visualisation

The problem geometry of a single rotor blade evaluated by Hydra can be seen in figure 6.6. This figure shows
the blade outline in black, the tangential faces in blue and the axial faces in brown. For the tangential faces
periodic boundary conditions are prescribed. For the axial faces the inflow parameter profiles are selected by
the user. The top and bottom surfaces are not coloured, and are modelled as walls.

As such only the flow parameters on the axial faces need to be prescribed. It is assumed that the inflow and
outflow flow parameters are constant in the direction of rotation. Therefore, only a single spanwise profile
needs to be prescribed for each of the flow parameters in order to describe the entire inflow and outflow fields.

The inflow and outflow fields can be seen in figure 6.7. This figure shows that for the inlet several flow
parameters have been chosen, which include total pressure and temperature, the whirl and pitch angles and a
turbulence parameter. For the outlet only the flow function f is prescribed, and is kept constant along the
span.

The flow function is essentially a measure of the axial Mach number, and its derivation can be seen in equation
6.1. The Mach number is a non-dimensional number that allows the comparison of flow fields. As such,
setting the inlet temperature and mass flow, the blade rotational velocity and the outlet flow function, a direct
comparison of the flow fields can be made. This allows for a comparison of performance of individual blades.
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Figure 6.6: The problem geometry of 3D CFD of a single rotor blade.
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Figure 6.7: The spanwise inflow and outflow profiles of the boundary condition flow parameters.
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However, the comparison of the rotor performance does not directly show what happens to the engine
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performance. As the performance of a single component drops or rises, the performance of other components
changes as well. This can change the inflow and outflow conditions of the initial component as well, changing
its performance as well. This can lead to different compressor blades operating in different inflow and outflow
conditions in the same flight regime. This would require the simulation of other engine modules as well, which
is complex and computationally expensive. A direct aerodynamic analysis of the compressor is therefore
preferred. However, the changes in performance seen in the results of the compressor calculation cannot be
claimed to be whole engine performance changes.

6.2.3. Limitation of the performance evaluation

Within Hydra, the geometry is prescribed separately as the evaluated geometry, boundary conditions, the tip
gap, and the surface roughness of the blade.

Subsection 5.6.3 showed that the blades considered do not appear to have their blade heights reduced. As no
other information is available to calculate the tip gaps, as per subsection 5.2.2, the impact of tip gap uncertainty
cannot be included in the calculation. Therefore the tip gaps were specified as a constant percentage of span.
Specifically, the tip gaps were specified as the tip gap of the nominal blades under cruise operating conditions.

Subsection 4.1.3 explains that the measurement of the surface roughness could not be captured with the
scanner used in the measurement campaign. As no other measurements of the surface roughness were
available it was excluded from the analysis.

As such, the results of the performance evaluation include only the effects of the blade geometrical uncertainty,
without including the tip gaps and surface roughness. This means that the actual performance differences due
to deterioration will be larger than the ones obtained from the performance analysis.

6.3. CFD results analysis

This section shows the comparison of the CFD results of the nominal CAD design and the measured manu-
factured and deteriorated blades. First, subsection 6.3.1 establishes the QoI for comparison. These are the
quantities used in the subsequent discussion of the impacts of manufacturing and deterioration scatter.

Subsection 6.3.2 gives an overview of the convergences of the individual calculations. The understanding
of convergence is important as comparing results at different convergence levels might lead to inaccurate
conclusions.

Subsection 6.3.3 then presents the impacts of manufacturing and deterioration on the Qol. These are obtained
by comparing the individual blade performances to the nominal CAD performance.

6.3.1. Quantities of interest

The flow parameters used in the analysis of the performance of the measured blades are presented here.
Furthermore the formulae that is used to calculate them is given as well.

Total pressure ratio

The main task of the compressor is to increase the pressure of the working fluid. A measure for the pressure
increase is the pressure ratio, which is calculated as the ratio of the total inlet and outlet pressures as seen in
equation 6.4.

Ptotal
7Tmml - total out (64)

Protal in

The total pressures are calculated for the entire inlet and outlet area. These values were then aggregated into a
single value by mass averaging over the inlet or outlet area. The ratio of the mass averaged pressure ratio is
used in the subsequent performance analysis.
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Relative inlet and outlet angles and flow turning

The pressure rise in the compressor is achieved, roughly speaking, by accelerating the flow in the rotor to
increase its dynamic pressure component, and decelerating in the stator, to convert the dynamic pressure to
static. The flow is mostly accelerated in the direction the compressor is turning, and the amount by which it is
accelerated can be determined by the amount of turning that occurred.

The turning can be calculated as the difference of relative inlet and outlet angles of the blade, as seen in
equation 6.5. Note that this assumes that the turning of the flow is the same as the change of the relative angles,
which is not necessarily true. The relative inlet and outlet angles can in turn be calculated from the axial and
tangential velocities of the flow at the inlet and outlet.

AB = Bour — Bin (6.5)
f=atan Uroration — Vtangential 6.6)
Vaxial ‘

The tangential and axial velocity outputs of Hydra, viangentiar and Vayiai, are also mass averaged to give a
single outlet value, expressed in m/s. The blade rotational velocity, v;¢:4rion, iS prescribed as an input to
Hydra, and is given in radian per second. In order to convert to m/s the average annulus radius was calculated
by assuming that the mass flow is uniformly distributed over the inlet and outlet areas. The average radius was
calculated such that the are above it and below it are the same.

Loss coefficient

Theloss coefficient, Y, is defined as the change of stagnation pressure over a blade, which is non-dimensionalised
by dividing with the inlet dynamic pressure. It is calculated as per equation 6.7.

Y = Ptotal in — Ptotal out 6.7)

Ptotal in — Pstatic in

Note that for a compressor the outlet pressure is higher than the inlet pressure, therefore the loss coefficient
will be negative. In this case, the loss coefficient is the measure of the total pressure increase as a percentage of
the inlet dynamic pressure. For the calculation of the loss coefficient the mass averaged values output from
Hydra were used.

Static pressure coefficient

The static pressure coefficient is similar to the loss coefficient Y, and is defined as the change of static pressure
over the blade, which is non-dimensionalised by the inlet dynamic pressure. In this case, the static pressure
coefficient is the measure of the static pressure increase as a percentage of the inlet dynamic pressure. For the
calculation of the static pressure coefficient the mass averaged values output from Hydra were used.

Chstatic = Pstatic out — Pstatic in 6.8)

Ptotal in — Pstatic in

Total temperature ratio

As a result of work being done on the working gas, its pressure and temperature change. In the case of
compressors, the increase of pressure is desired, but the increase of temperature is not. The ratio of the inlet
and outlet temperatures is therefore another Qol, and can be calculated using equation 6.9.

Ttatal out
Ttotal = (6.9)
Ttotal in
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Furthermore, the efficiency of the stage can be calculated using the total inlet and outlet temperatures, if the
adiabatic temperature corresponding to the outlet pressure and inlet conditions is known. Therefore the total
temperature ratio can be used as an estimate for efficiency. In the case where the inlet total temperatures are
prescribed, low values of 7;,;,; mean better efficiency than high values of 7,,;. The calculation of 7,44 is
performed using Hydra mass averaged output total temperature values.

Isentropic efficiency

The compressor isentropic efficiency is the measure of how well the actual compressor approximates an
isentropic compressor. It can be calculated using equation 6.10. Obviously, higher efficiency values are
preferred over lower ones.

k=1
Protalour -1

Piotal in
i = ———————— 6.10
Nisentropic Tioualowr _ ( )

Tiotal in

Mass flow

For a compressor the achieved pressure ratio is important, but the amount of the working fluid delivered at
the exit of the compressor is also important. This is measured as the inlet mass flow. Note that the boundary
conditions prescribe only the inlet total pressure, and through the outlet capacity the outlet Mach number.
Due to this, the mass flow is not prescribed as a part of the boundary conditions, and is therefore calculated by
Hydra. In the following analysis the Hydra averaged output mass flow is used.

6.3.2. Convergence of the 3D CFD calculations

The results of the CFD converge over a number of iterations. As only converged solutions should be used in
the analysis of impact of geometrical variability on performance, this section shows the convergence of the
calculations made. This is shown for the residuals of the calculations as well as the QoI for both the evaluation
of the manufactured and deteriorated blades.

Convergence of residuals

The flow residuals are changes between the solutions at subsequent iterations. The residuals are given as
logarithms of the actual values, therefore their values are indicative of the order of magnitude of the actual
residuals. Figure 6.8 shows the residuals of the solutions for the manufactured and deteriorated blades in the
left and right panels respectively.

It can be seen in figure 6.8 that the residuals of individual calculations all behave similarly. Specifically, all
residuals are virtually the same for roughly the first 100 iterations. In this region the residuals experience two
steep descends separated by a very short region of slower descend. After roughly 100 iterations the residuals
decrease linearly at a shallower rate than previously. The exact rate differs from calculation to calculation. This
behaviour is the same for the residuals corresponding to evaluations of manufactured and deteriorated blades.

In both the left and the right panels the residuals reach values of approximately —14, with the residuals on the
left panel reaching somewhat lower values than those on the right panel. The residuals on the left panel are
also more grouped, whereas those on the right panel are more scattered. In both cases a single clear outlier is
visible, however it does not correspond to the evaluation of the same blade in manufactured and deteriorated
states.

Convergence of quantities of interest

The convergence of the Qol for the evaluation of manufactured blades can be seen in figure 6.9. This figure
shows the convergence of Qol normalised by their converged value. The converged value has been calculated
as the average value of the last 50 iterations. The left panel shows the convergence for all 500 iterations, while
the right panel shows the convergence above 200 iterations.
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Residual convergence for manufactured blades (left)
and deteriorated blades (right)
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Figure 6.8: Convergence of flow field residuals for the evaluations of manufactured blades (left) and
deteriorated blades (right)
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Figure 6.9: Convergence of Qol for the evaluations of manufactured blades.

In the left panel it can be seen that initially the values can be more than +20% of the final converged value.
Within 200 cycles the Qol appear to converge to their final value. The right panel shows that at 200 cycles
the differences to the final values are —0.02% to +0.07% of the final values. Furthermore, at 400 cycles the
differences are well within +0.01% of the final values and at 500 cycles no differences in the current order of
magnitude can be observed.

The convergences of the Qol for the evaluation of manufactured and deteriorated blades are virtually the same.
Because of this, the plot showing the convergence of the latter has been omitted here as it does not add to
the discussion. Based on the observed convergence of the Qol, the CFD evaluations of manufactured and
deteriorated blades can be assumed converged for the purposes of the subsequent performance study.
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6.3.3. Performance impact of manufacturing and deterioration uncertainty

In this section the performance impacts of manufacturing and deterioration are discussed by comparing
the Qol identified in subsection 6.3.1. The impact of manufacturing can be determined by subtracting the
converged nominal Qol value from the values from the CFD evaluation of manufactured blades. The impact of
deterioration can be obtained by subtracting the converged manufactured Qol values from the deteriorated
values. The converged Qol values are calculated by averaging the values of the last 50 iterations. All values
plotted have been normalised by an appropriate length scale.

The comparison of manufacturing and deterioration is performed by comparing the histograms of the con-
verged value differences. The figures showing the comparison of the manufacturing and deterioration impacts
show the differences to the nominal performance on the left panel, and the individual impacts of manufactur-
ing and deterioration on the right panel.

The individual impact of manufacturing is calculated as the difference between the Qol of the manufactured
and the nominal blades and are plotted in blue. The individual impact of deterioration is calculated as the
difference between the Qol of the deteriorated and the manufactured blades, and is plotted in brown. The
differences are calculated separately for each individual blade.

Note that as the rebuild of scanned deteriorated blades did not converge to the measured blades, as shown in
section 6.1.3, the results shown in this plot are not representative of the real impact of geometry deterioration.
The actual impact is likely exaggerated, but is nevertheless included for completeness and as a reference point
for the analysis of the impact of manufacturing.

The histograms are normalised such that their areas equal 1. They are complemented with a fitted Gaussian
distribution, and a line that denotes the mean of the calculated Qol values. Lastly, a line denoting the nominal
performance is drawn in black.

Total pressure ratio

The left panel of figure 6.10 shows that the manufactured and deteriorated blades appear to achieve, on
average, higher total pressure ratios. This is more so for manufactured blades than for deteriorated blades.
Furthermore, the deteriorated blades appear to have less scatter as the brown PDF corresponding to the
deteriorated blades is higher than the blue PDF corresponding to the manufactured blades. The maximum
total pressure differences are of the order of roughly £0.05% of the mass averaged inlet total pressure. For a
hypothetical inlet total pressure of 2bar that amounts to an increase of the mass averaged total outlet pressure
of 0.01bar.
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Figure 6.10: Impact of manufacturing and deterioration on total pressure ratio relative to the nominal pressure
ratio (left) and as individual impacts (right).
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The right panel of figure 6.10 shows a direct comparison of impacts of deterioration and manufacturing. In
this panel the impact on the total pressure ratio due to deterioration can be seen more clearly. It can be seen
that this impact is significantly smaller than the impact due to manufacturing even though the geometrical
scatter due to deterioration has likely been exaggerated in the preprocessing. Lastly, deterioration introduces
less performance scatter than manufacturing.

Relative inlet angle

The left panel of figure 6.11 shows that the manufactured and deteriorated blades appear to operate, on
average, with smaller than nominal, and nominal relative inlet angles respectively. The deteriorated blades
appear to have less scatter as the brown PDF corresponding to the deteriorated blades is higher than the blue
PDF corresponding to the manufactured blades. The maximum inlet relative angle differences to the nominal
are of the order of roughly +0.1° of the mass averaged relative inlet angles.
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Figure 6.11: Impact of manufacturing and deterioration on the relative inlet angle with respect to the nominal
relative inlet angle (left) and as individual impacts (right).

The observed on average increase of the inlet dynamic pressure means that the inlet velocity has also increased
on average. Because of this, and because the prescribed rotational velocity is constant, the relative inlet angle
decreases. In turn, the angle of attack experienced by the aerofoil also decreases, which in turn decreases the
lift coefficient. In this case, as the changes in velocity are relatively small, the changes in the relative inlet angle
are also small.

The right panel of figure 6.11 shows that the impact of deterioration on the relative inlet angle is opposite to the
impact of manufacturing. Deterioration appears to have a more constant impact on the inlet relative angles
than manufacturing.

Relative outlet angle

The left panel of figure 6.12 shows that the manufactured and deteriorated blades appear to operate, on
average, with higher than nominal relative outlet angles. The deteriorated blades appear to have less scatter
as the brown PDF corresponding to the deteriorated blades is higher than the blue PDF corresponding to
the manufactured blades. The maximum outlet relative angle differences to the nominal are of the order of
roughly +0.5° of the mass averaged relative outlet angles. It can be seen that these values are roughly 5 times
larger than the relative inlet angles shown in figure 6.11.

The right panel shows that the offset of the outlet relative angle is roughly 0.2°. Furthermore, it can be seen
that deterioration does not introduce a offset in the relative outlet angles. Lastly, the scatter introduced by
manufacturing is larger than that introduced by deterioration, even though that is likely exaggerated.
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Figure 6.12: Impact of manufacturing and deterioration on the relative outlet angle with respect to the
nominal outlet relative angle (left) and as individual impacts (right).

Turning

The left panel of figure 6.13 shows that the manufactured and deteriorated blades appear to operate, on
average, with higher than nominal turning. The deteriorated blades appear to have less scatter as the brown
PDF corresponding to the deteriorated blades is higher than the blue PDF corresponding to the manufactured
blades. The maximum turning differences to the nominal are roughly —0.2 + 0.4° of the mass averaged relative
outlet angles. As turning is just a subtraction of the relative outlet angle from the relative inlet angle, most of
the turning differences come from the relative outlet angle differences.
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Figure 6.13: Impact of manufacturing and deterioration on the turning with respect to the nominal turning
(left) and as individual impacts (right).

The right panel shows that manufacturing causes a turning offset of roughly —0.2°, while deterioration does
not cause a turning offset. The scatter due to manufacturing is larger than the scatter due to deterioration.
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Loss coefficient

The left panel of figure 6.14 shows that the manufactured and deteriorated blades appear to operate, on average,
with lower than nominal loss coefficient. The deteriorated blades appear to have less scatter as the brown
PDF corresponding to the deteriorated blades is higher than the blue PDF corresponding to the manufactured
blades. The maximum loss coefficient differences to the nominal are roughly —0.01 of the mass averaged loss
coefficient. This is a reduction of 1% of the total pressure change relative to the inlet dynamic pressure.
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Figure 6.14: Impact of manufacturing and deterioration on the loss coefficient with respect to the nominal loss
coefficient (left) and as individual impacts (right).

The loss coefficient decreases despite an increase of the outlet total pressure, relative to the nominal values.
This is caused by an increase of the inlet dynamic pressure. Proportionally to the nominal values, the increase
of the inlet dynamic pressure is higher than the increase of the outlet total pressure.

The right panel shows that manufacturing causes a loss coefficient offset of roughly —0.01, while deterioration
causes a loss coefficient offset that is positive, but much smaller than 0.005. The scatter due to manufacturing
is larger than the scatter due to deterioration.

Static pressure coefficient

The left panel of figure 6.15 shows that the manufactured and deteriorated blades appear to operate, on
average, with lower than nominal static pressure coefficient. The deteriorated blades appear to have less
scatter as the brown PDF corresponding to the deteriorated blades is higher than the blue PDF corresponding
to the manufactured blades. The maximum static pressure coefficient differences to the nominal are roughly
—0.008 of the mass averaged static pressure coefficient. This is a 0.8% reduction of the static pressure difference
relative to the inlet dynamic pressure.

The static pressure coefficient drops is the static pressure difference across the blade drops, or if the inlet
dynamic pressure increases. In this case, both of this conditions are fulfilled, and both effects reduce the static
pressure coefficient together. This shows that, on average, for a given inlet dynamic pressure the manufactured
blades deliver a smaller static pressure increase.

The right panel shows that manufacturing causes a static pressure coefficient offset of roughly —0.008, while
deterioration causes a static pressure coefficient offset that is negative, but much smaller than 0.005. The
scatter due to manufacturing is larger than the scatter due to deterioration.
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Figure 6.15: Impact of manufacturing and deterioration on the static pressure coefficient with respect to the
nominal static pressure coefficient (left) and as individual impacts (right).

Total temperature ratio

The left panel of figure 6.15 shows that the manufactured and deteriorated blades appear to operate, on
average, with a higher than nominal total temperature ratio. The deteriorated blades appear to have less scatter
as the brown PDF corresponding to the deteriorated blades is higher than the blue PDF corresponding to the
manufactured blades. The maximum total temperature ratio differences to the nominal are roughly 0.5-1073K.
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Figure 6.16: Impact of manufacturing and deterioration on the total temperature ratio with respect to the
nominal total temperature ratio (left) and as individual impacts (right).

The right panel shows that manufacturing causes a total temperature ratio offset of roughly 0.5- 103K, while
deterioration causes a total temperature ratio offset that is negative, but much smaller than 0.5-10~3K. The
scatter due to manufacturing is larger than the scatter due to deterioration.
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Isentropic efficiency

The left panel of figure 6.17 shows that the manufactured and deteriorated blades appear to operate, on
average, with a lower than nominal isentropic efficiency. The deteriorated blades appear to have more scatter
as the brown PDF corresponding to the deteriorated blades is lower than the blue PDF corresponding to the
manufactured blades. The maximum isentropic efficiency differences to the nominal are roughly —3-1073,
which is equal to an isentropic efficiency reduction of roughly 0.3%.

900 L1 l 800 r T
N Manuf. - Nom. [ Manuf. - Nom.
800 Deter. - Nom. 700 + Deter. - Manuf.
T TT
700 -
600
2600 >
£ £ 500 -
500 S
k-] k-]
> 2 400
3 400 E
3 S 300t
© 300+ =
o o

200 - 200

100 100 ¢

10 03 03 1.0 03 03
n () n ()

Figure 6.17: Impact of manufacturing and deterioration on the isentropic efficiency with respect to the
nominal isentropic efficiency (left) and as individual impacts (right).

The right panel shows that manufacturing causes an isentropic efficiency offset of roughly —1-1073K, while
deterioration causes a isentropic efficiency offset that is also negative and somewhat smaller than —1-1073K.
The scatter due to manufacturing is smaller than the scatter due to deterioration, although this is likely
exaggerated. Overall, manufacturing and deterioration appear to have a similar impact on isentropic efficiency.

Mass flow

The left panel of figure 6.18 shows that the manufactured and deteriorated blades appear to operate, on average,
with a higher than nominal mass flow. The deteriorated blades appear to have more scatter as the brown
PDF corresponding to the deteriorated blades is lower than the blue PDF corresponding to the manufactured
blades. The maximum mass flow differences to the nominal are less than 0.1kg/s.

The right panel shows that manufacturing causes a mass flow offset of roughly 0.02kg/s, while deterioration
causes a mass flow offset that is negative and somewhat smaller than the manufacturing offset. The scatter
due to manufacturing is larger than the scatter due to deterioration. As the inlet temperatures and pressures
are prescribed, and the inlet cross sectional area remains constant, the mass flow is directly representative of
the inlet Mach number as well.

The outlet flow function is prescribed in the boundary conditions, and establishes a relation between the
outlet total temperature and pressure, and mass flow. If the outlet total temperature and pressures change the
mass flow must also change to accommodate for this. From figures 6.16 and 6.10 it can be seen that the total
pressure ratio increases proportionally more than the total temperature ratio. Therefore the temperature and
pressure ratio from equation 6.1 reduces, and the mass flow increases to compensate.

6.4. Influence of geometrical parameters on performance

The aim of this section is to present the impact of the individual NACA like geometrical parameters on the
performance Qol. The impact of individual geometrical parameters is assessed using Col (Coefficients of
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Figure 6.18: Impact of manufacturing and deterioration on the mass flow with respect to the nominal mass
flow (left) and as individual impacts (right).

Influence). The calculation of the Col is discussed in subsection 6.4.1.

Subsection 6.4.2 then presents the Col that show which aspects of manufacturing and deterioration variability
cause the most of the performance scatter.

6.4.1. Calculation of Coefficients of Influence

In order to understand the importance of the geometry on the performance the so called CoI (coefficients of
importance) can be calculated based on a polynomial regression of the parameters. The polynomial regression
creates a response surface with some residual differences to the data that it is based on. These residuals can
be used as a measure of how well the response surface fits the real data by calculating the CoD (coefficient
of deterioration) using equation 6.11. In this equation R? is the CoD, Sg is the sum of the squared residuals
and Sy is the sum of the squared original values. This can be seen as a normalisation of the residuals by
the magnitude of the real value. Small R?> mean that the residuals are a large part of the response surface
approximation of the real value, and vice versa.

RP=1-=2 6.11)

The coefficient of influence is the difference of two such coefficients of determination. Specifically, the CoI of
a particular parameter is calculated by subtracting the CoD calculated when all the parameters except the
particular parameter is used, from the CoD when all the parameters are used, using equation 6.12. In this
equation i is the subscript of the performance Qol, and j is the subscript of the geometrical parameter.

Col;j=R;-R;; (6.12)

Within the Col, the contribution from Rl? carries the information on the total residual values of the polynomial
regression. The contribution from R? i introduces the information of how much of the residuals are due to

parameters other than the particular parameter. The contribution of Rl? i is calculated only on a subset of the

data used in the calculation of R?. The removal of one dimension of a problem will produce a better fit, and
therefore Rl?j < Rl?. This also means that the Col ranges between 0 and 1.
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If this R?’ i is small, removing the particular parameter from the regression improved the fit. Therefore this
parameter has been predominantly a source of noise in the regression as opposed to a source of the behaviour.
Therefore it will have a relatively large CoI denoting a smaller influence on the Qol. Conversely, if a parameter
has alarge Col, it also has a larger influence on the Qol.

6.4.2. Impact of individual geometrical parameters on performance quantities of inter-
est

The analysis of the impact of individual geometrical parameters on performance Qol is done separately for
manufacturing and deterioration. For each of these the analysis first considers the CoI calculated on the
basis of the parameters extracted directly from the measured blades and their corresponding CFD evaluations.
Secondly, the Col calculated based on delta parameters to the reference geometry and performance are
considered. The first approach gives a global perspective on the importance of parameters, and the second
directly analyses the impact of the differences caused by an uncertain process.

To calculate the ColI the geometrical parameters must first be selected. The selection must be made such that
the blade-to-blade behaviour, as seen in section 5.6, is captured. As most of the blade-to-blade differences
appeared to be linear, and to reduce the number of parameters in the Co[I analysis, the spanwise parameter
means and the parameter spanwise slopes were selected. These were calculated individually for all the
evaluated blades. The slopes were calculated by fitting a linear function to the parameter spanwise position
and its value using least squares regression. The slopes are denoted with a k, and their subscripts show the
parameter they represent. The calculation of Col was performed using Rolls-Royce in-house software ProSi.

Col of manufactured blades

Figure 6.19 shows the Col, as calculated by ProSi, of all the selected manufacturing geometrical parameters on
their corresponding performance Qol. The geometrical parameters are on the x-axis whereas the performance
Qol are on the y-axis. The cells that are coloured blue denote higher CoI, with darker shades of blue denoting
Col above 0.8. On the far left hand of the matrix a column with green coloured cells can be seen. This is the
column of R?, calculated using equation 6.11. Note that all the values in this column are very close to 1, or are
1. This means that the polynomial approximation captured the behaviour well leaving very low residuals.
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Figure 6.19: ColI of manufactured geometrical NACA like parameter on the performance Qol.

It can be seen that there are several parameters that have a strong influence on all the Qol. These parameters
are the stagger angle, chord length, maximum camber, LE length, LE and TE positions, and several parameters



114 6. Performance analysis of manufacturing variability and deterioration

characterising spanwise blade-to-blade differences. These are the slopes of axial position, stagger angle and
chord length. Some other parameters appear to have strong influence on specific performance parameters.
It is interesting to note for example that the blade-to-blade differences in the spanwise distributions of axial
position have an influence on the performance. This suggests that 3D flow behaviour changes significantly
due to the spanwise blade-to-blade differences in the axial position.

Figure 6.19 shows the impact of the manufactured geometrical parameters on the overall performance of the
manufactured blades. In order to isolate the impact of the changes of these parameters due to manufacturing
on the performance Qol, a plot of the CoI calculated based on the delta values was made. In this case the delta
values were calculated between the manufactured and nominal geometrical parameters, and performance
Qol. The CoI based on these delta parameters is shown in figure 6.20.
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Figure 6.20: Col of manufactured geometrical NACA like delta parameters on their corresponding delta
performance Qol.

Figure 6.20 is very similar to figure 6.19. The main difference is that most of the medium strength ColI are
not present in figure 6.20. This can be seen best in the right part of the figure, where there are now fewer
highlighted ColI, and those that are are generally shaded more lightly. This reduction can be observed in the
left part of figure 6.20 as well, for example in the case of TE length, which lost influence on some Qol.

The reduction of the ColI in the right part of figure 6.20 means that their impact on the overall performance is
relatively strong, but their impact due solely to the manufacturing scatter is not as strong. Furthermore, as the
right half of figure 6.20 has few high CoI the blade-to-blade spanwise behaviour due to manufacturing does
not appear to result in a performance scatter.

In order to more accurately compare the parameters with highest CoI on the Qol, the exact values of the Col
for the geometrical parameters are plotted as bars in figure 6.21. In this figure the Col shown in figure 6.19
are used. The selected Qol are the isentropic efficiency, total pressure ration and turning. However, as the
geometrical parameters with high CoI generally have an impact on all the Qol, the most important parameters
are likely to be identified using just the listed Qol.

Figure 6.21 shows that in the case of manufacturing, the most important parameters are k,r for the isentropic
efficiency, y for the total pressure rise, and the LE position x; g for turning. Note that the impact of manufactur-
ing on the LE positions does not appear to have introduced any observable blade-to-blade offset differences,
or blade-to-blade spanwise behaviour differences, as shown in figure 5.43. Therefore kg and x g likely have
high ColI parameters as their removal in the calculation of Rl?j reduces the noise, and thus increases the Col.

Additionally, note that in the cases of the isentropic efficiency and turning the first few parameters have
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Figure 6.21: Ordered CoI of manufactured geometrical NACA like parameters on their corresponding
performance Qol.

virtually the same Col. As y is consistently among them it is also the most important of them.

Col of deteriorated blades

Figure 6.22 shows the Col, as calculated by ProSi, of all the selected deteriorated geometrical parameters on
their corresponding performance Qol. The values in the far left green shaded column are very close to 1, or are
1. The polynomial approximation has therefore captured the behaviour well.
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Figure 6.22: Col of deteriorated geometrical NACA like parameter on their corresponding performance Qol.

it can be seen in figure 6.22 that the CoI of the deteriorated geometrical parameters and Qol are very similar
to those shown in figure 6.19. This is likely due to the fact that section 6.3.3 showed that deterioration has a
relatively small impact on performance, compared to manufacturing.
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However, it can be seen that the Col shown in figure 6.22 are generally stronger than those show in figure 6.19.
Note that the deteriorated blades did not converge geometrically to the measured geometries during the CFD
preprocessing. Therefore the enhanced ColI could be a remnant of the preprocessing.

Figure 6.23 shows the ColI calculated based on the delta geometrical parameters and delta Qol. In this case
the deltas are calculated by subtracting the manufacturing values from the deteriorated ones. It can be seen
that in this case virtually all the parameters have a high influence on all the performance Qol. However, due to
the small changes in the geometrical parameters and performance Qol due to deterioration, the high CoI are
likely due to the noise.
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Figure 6.23: Col of deteriorated geometrical NACA like delta parameters on their corresponding delta
performance Qol.

As all the geometrical parameters appear to have high CoI on all the performance Qol the ordering of the
parameters per their Col, as seen in figure 6.21, is omitted here.

6.5. Lessons learned in performance quantification of manufactured and
deteriorated blades

The aim of this chapter was to compare the performance scatter due to manufacturing variability and deteriora-
tion. Section 6.3 showed that manufacturing variability has a larger impact on performance than deterioration.
However, also the impact of manufacturing variability on performance was relatively small.

Furthermore, section 6.1 showed that the geometrical variability due to deterioration is roughly the same order
of magnitude than the error caused by the geometry preprocessing. Therefore, the current process cannot
accurately quantify the impact of the observed magnitude of deterioration, as seen in chapter 5.

Section 6.4 showed that different Qol are influenced by different geometrical parameters. For the selected Qol
stagger angle appeared to be the most important parameter.

A separation of the observed behaviours into the contributions from the axial root and aerofoil were not
performed. For the case of manufacturing the separation could not be done as the blades cannot be aligned
such that these effects could be isolated. For the case of deteriorated blades the contributions were not
separated as the overall performance impact was too small and the impact of deterioration on performance
could not be evaluated accurately.

As the measurements required to calculate the tip gaps were not available for this assessment, they have been
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left out. In future work these could be included is the measurements of other parts that make up the tip gap
are provided. The tip gaps are likely to be a geometrical feature that reduces performance significantly.

It is not necessary that all compressor blade designs would experience manufacturing variability and deteriora-
tion the same way, or that the geometric variability observed in chapter 5 would cause the same performance
scatter for them. The evaluation of the impact of geometrical variability on performance should therefore be
performed for other compressor blade designs as well. This would help show the relationship between the
design parameter values and their geometrical variability due to manufacturing and deterioration.

A blade set available for this is the R9 blade set, which comes from the same measurement campaign as the
R3 blades considered in this thesis. However, care should be taken to account for different mechanisms that
deteriorate the blade. For example, the R9 blade analysis cannot be directly compared with the R3 analysis, as
the R9 blades rub their height away, while the R3 rub away the liner. The R9 blades are therefore expected to
have more variable stagger angle along the span. Analysing similar blades across different engine types should
help avoid these considerations.






Simulation of manufacturing and
deterioration effects for proposed blade
designs

The aim of this chapter is to show how to simulate the effects of manufacturing variability and deterioration in
order to support the robust optimisation of compressor blades.

The impacts of manufacturing and deterioration can be simulated by applying their parameter difference
effects on a set of proposed design parameters. For this approach the crucial step is to build the geometry to
be evaluated by the CFD. Section 7.1 shows how the blades can be rebuilt based on a set of parameters.

The subsequent step is to determine how to model the effects of manufacturing and deterioration in therms of
delta parameters. Furthermore, any correlation between the manufacturing and deterioration effects must be
taken into account. This is discussed in section 7.2.

Manufacturing and deterioration have 3D effects need to be taken into account while modelling their impact
on the geometry. The individual NACA like parameters will have their own PDFs that have to be captured
properly. This results in a large number of uncertain parameters to be used in the optimisation, which is
impractical. Section 7.3 discusses the reduction of parameters and the subsequent convergence of the blade
rebuild.

7.1. Rebuild process of blades

The aim of this section is to give an overview of how the NACA like geometrical parameters can be used to
create a full blade. The methodology described is based on the one implemented within B2P based on Lange
et. al. [35] and the B2P user manual [62].

That methodology combines some user defined baseline geometry (BLM) and the desired delta parameters of
that geometry to rebuild a blade. Subsection 7.1.1 presents how the delta parameters are applied to a BLM.

It is important to have a BLM such that the applied delta parameters are as small as possible. Therefore the
creation of a BLM based on the measured blades is discussed in subsection 7.1.2. This is advantageous as the
major spanwise behaviour observed in chapter 5 can be contained within the BLM.

Before the delta parameters that represent manufacturing and deterioration variability can be applied to a
new proposed design, the BLM for this design must be provided. In this case, the measured blades on which
to perform the calculation are not available. The method to arrive at the BLM in that case is discussed in
subsection 7.1.3.
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7.1.1. Application of delta parameters

The delta parameters update the BLM which consists of section parameters and their corresponding chord,
camber and thickness distributions. Therefore the parameter update is performed in two steps. First the
parameters are updated with the delta parameters. Then, the distributions are updated to reflect the new
updated parameters.

Application of delta parameters to parameters

The delta parameters supplied by the user are applied within B2P. It allows the user to specify the parameters
for different averaging sections in which the parameters should be applied. This allows a reduction in the
number of delta parameters to be used in the blade rebuild.

The delta parameters are applied within their prescribed bounds, as per equation 7.1 [62]. In equation 7.1
P! are the updated parameters, P2LM are the parameters of the BLM and AP are the applied average delta
parameters.

pi = pBIM L AP 7.1)

Note that this might lead to cases where a sudden increase in the parameter would be observed. For example,
increasing the axial position by different amounts for two spanwise halves would result in a leading edge with
a slanted step between the two sections that belong to different halves. An example of this is shown in figure
7.1. This figure shows the design BLM as a thick black line, with the sections at which it is discretised denoted
with the circular markers. The delta parameters are plotted with a thick blue line, and are —1 for first half of the
span and +1 for the second half of the span. It can be seen that the delta parameters are discontinuous at the
mid-span position. This occurs as they are specified as averages within their individual averaging sections and
are therefore generally not C° smooth.
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Figure 7.1: Spanwise flushing of delta parameters.

To account for this the delta parameters are flushed along the spanwise positions such that they are C° smooth.
This is done by applying the prescribed delta parameter value the centres of their respective averaging sections,
and interpolating the delta parameter values of other sections in between. Not that this might cause that
the average of the parameters in an averaging section of the updated geometry might not match the delta
parameter assigned to it. An example of this would be a delta parameter set that is —1 for the first and last
thirds of the span and +1 for the middle third. The mid-point of the middle third would therefore have a delta
parameter of 1 with the delta parameters decreasing towards both the tip and the hub. This means that the
average of the middle third would be less than 1.
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Application of delta parameters to distributions

After the delta parameters have been applied to the BLM parameters, the morphing vectors for the distributions
are calculated. An example of such a morphing vector is shown in figure 7.2, as taken from the B2P user guide
[62]. This figure shows two distributions. The lower black line denotes the distribution of a BLM section,
whereas the upper black line denotes the target distribution. The change of the peak is shown by the red
morphing vector, whose components are the delta position of maximum thickness and the delta maximum
thickness.

trlnax T
?E T m —O— Initial distribution
% tmax —e— Morphed distribution
% ¢BLM 1 Morphing vector
S

normalised chord []

Figure 7.2: Morphing vector for the peak of the thickness distribution [62].

Figure 7.2 shows the change for only one distribution point. The morphing vectors are also calculated for the
LE and the TE points. These points correspond to the points for which the LE and TE positions and thicknesses
are calculated in the parametrisation of the blade . They are shown in figure 7.3 drawn in yellow and green
respectively. The morphing vectors are sufficient to adjust these points, however no information is present in
the delta parameters for the distribution points in between.
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Figure 7.3: The morphing points of the thickness distributions and the corresponding weighting functions [62].

For these points a combination of the morphing vectors is therefore applied. The combinations are performed
using weighing functions, which determine the impact of the specific morphing vectors on a particular
distribution point. These are drawn as the gray full, dotted and dashed lines in figure 7.3. These lines show
that the LE morphing vector has an impact on the points up until the maximum position, and that the TE
morphing vector has impact beyond the maximum point. The morphing vector of the maximum point has an
impact over the entire chord. The morphed distribution can be expressed as [62]:

X m
6 en) = 7™M Uen) + Y- mjweien) (7.2)

i=1
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In equation 7.2 t]’: is the morphed distribution based on the new set of parameters, ., is a position along the

chord, thM is the distribution of the base geometry, m; ; represent the morphing vectors and w; ; are the
weighting functions.

7.1.2. Creation of the BLM based on measured scans

For the rebuild process the BLM needs to be supplied by the user. It needs to be supplied in the form of four
separate files containing the spanwise parameters, chord, camber and thickness distributions. This geometry
should be such that the deviations introduced to it by the delta parameters are minimal. Therefore the BLM
should be based on the measured blades.

Specifically the BLM could be created as a "mean" or "median" blade of the measured blades. That would
ensure that the average delta parameters applied to this geometry will be minimised. In this subsection the
approach will be discussed on the example of creating a median blade, but the approach is the same for the
mean blade as well.

The creation of the median BLM blade is based on the results of the measured blade parametrisation. These
results include the spanwise section parameters and their corresponding chord, camber and thickness dis-
tributions. As discussed in section 5.2.1 most of the spanwise section NACA like parameters are calculated
directly from these distributions. The positioning parameters such as the axial and tangential positions, chord
length and stagger angle are calculated separately.

The calculation of the median positioning parameters and the stagger angle is straight forward. The values of
all the blades are collected from their separate files and their median calculated. This median is calculated for
each of the spanwise sections separately, as the median BLM geometry needs to be created for all sections.

The calculation of the parameters based on the distributions is more involved. Simply calculating the median
parameters might lead to a situation where the parameters do not agree with the distributions they are intended
to describe. This leads to poor rebuild quality results. Instead, the median distributions can first be calculated,
after which the parameters can be calculated from them exactly as they have been in the parametrisation
process. These are then the median aerofoil section distributions and parameters.

To do so the median distributions for each of the spanwise sections are first calculated. This is done by pairing
the values of chord distributions with the, for example, camber distribution values of a particular spanwise
section of a particular blade. These can then be imagined as x and y coordinates respectively. These are
then collected for all the scanned parameters, and for each x location the corresponding median y value is
calculated.

Note that the chord distributions of different sections or of different blades are not necessarily the same.
Therefore the values cannot be averaged directly. Instead a new set of chord positions can be selected along
the chord forming a set of new x coordinates, x,. The original x and y coordinates are then interpolated at
locations x, to give the values y, for each of the blades. The values of y, are then averaged at each of the
positions x;, to give the average distribution.

Based on the median distribution the median aerofoil section parameters are calculated. The calculation
procedure for those haas been discussed in section 5.2.1.

Note that in the case of the measured blades the BLM calculated with the methodology presented will contain
the average spanwise behaviours as seen in chapter 5. Therefore only the blade-to-blade differences need to
be simulated.

7.1.3. Creation of the BLM for a proposed design

A new proposed design is a new nominal CAD design. As such it does not contain the inherent differences of
the camber and thickness distributions due to manufacturing and deterioration. Therefore, before this CAD
design can be updated with the delta parameters that simulate the effects of manufacturing and deterioration,
its distributions, and therefore also parameters, need to be updated for the inherent differences as well. The
updated geometry is the BLM of the new proposed design.



7.2. Modelling manufacturing and deterioration effects 123

For the case of simulating the effects of manufacturing and deterioration on the nominal CAD design this
update has been done as the calculation of the median parameters. In the case of the design proposed in
the optimisation, measured blades are not available. Therefore the differences of the camber and thickness
distributions are assumed to be the same as those observed for the nominal CAD design, and applied to the
proposed design in order to obtain the proposed BLM.

The calculation of the distribution differences is similar to the process of calculating the average distributions
described in subsection 7.1.2. First the methodology described in subsection 7.1.2 is followed in order to
obtain the median or mean camber and thickness distributions. Then the distributions of the nominal CAD
design are subtracted from these average distributions, which gives the differences of the distributions. Lastly,
these differences are applied to the new proposed design distributions. Note that also in this case the chord
distributions are not necessarily at the same, and therefore interpolation of the distributions at new positions
is required, as described in subsection 7.1.2.

The parameters of the base geometry need to reflect the distributions as well. Therefore the parameters of
the proposed design must also be updated by the differences of the parameters. The procedure is analogous
to the calculation of the distribution differences. First the average parameters of the measured blades are
calculated and the parameters of the nominal CAD design are subtracted to give the parameter differences. The
differences are then applied to the positioning parameters. The parameters that characterise the distributions
are recalculated from the updated distributions. This procedure calculates the parameter differences for all
the spanwise sections individually.

Note that this process assumes that the new proposed design blades will experience the same effects of
manufacturing and deterioration as the measured blades. For small differences between the proposed and the
nominal designs this is a reasonable assumption, however for proposed designs that are drastically different
this assumption might not hold.

7.2. Modelling manufacturing and deterioration effects

The aim of this section is to present the modelling of the manufacturing and deterioration effects of the aerofoil
section parameters. Subsection 7.2.1 discusses the basic approach of modelling the delta parameters with
Gaussian distributions, as well as setting up the delta parameters for various numbers of spanwise sections.

Subsection 7.2.2 discusses the correlation between the effects of manufacturing and deterioration on the
individual aerofoil section parameters. These need to be taken into account when simulating new delta
parameters.

Subsection 7.2.3 also discusses the correlation of effects of manufacturing and deterioration. However, un-
like subsection 7.2.2, it discusses the so called cross-parameter effects of manufacturing and deterioration.
Essentially, these are the correlations between the effects of a particular parameter and the effects of other
parameters.

7.2.1. Modelling of delta parameters

The aim of this section is to present how the manufacturing and deterioration effects are modelled with the use
of delta parameters. As discussed in subsection 7.1.2, only the blade-to-blade differences need to be modelled,
while the average spanwise behaviour is contained within the base geometry.

Section 5.6.1 showed that most of the blade-to-blade deviations due to manufacturing is due to simple blade-
to-blade offsets, however other spanwise behaviours were also observed. These included linear, concave and
piecewise linear behaviour.

As described in section 7.1.1, the delta parameters are flushed along their respective averaging sections.
Therefore using 2 averaging sections allows the recreation of the linear behaviours. The use of 3 averaging
positions can be enough to capture piecewise linear behaviour, provided that there are only two linear
behaviours combined together. It could also simulate the concave behaviour to a degree as a piecewise linear
approximation.

Within B2P the number of averaging sections needs to be the same for all the parameters. However, different
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numbers of averaging sections can be used when setting up the delta parameters file, which is the input for B2P.
In that case the number of averaging sections in this file would be determined by the parameter that requires
the most averaging sections to describe its spanwise behaviour. For that parameter the actual delta parameters
in all the averaging sections is calculated. The delta parameters of other parameters can be calculated only
in their required number of averaging sections, and those numbers interpolated to obtained the values that
would correspond to the actual averaging sections.

This only leaves the issue of simulating the delta parameters in their respective averaging sections. For the
case of manufacturing section 5.6.1 showed that the mean and median lines lay on top of each other, which
means that the distributions of parameters and their corresponding PDF at the individual spanwise positions
are not skewed. The measured set of blades is relatively small, therefore the distribution fitting depends on the
individual measurements to a large extent. Note that a set of few values sampled from a normal distribution
might not be normally distributed. Because of this, it is only reasonable to assume that the distribution of the
values is a Gaussian distribution. If the measured set were larger, other probability distributions could be fitted
in an attempt to determine the underlying PDE

Therefore each delta parameter is being modelled by a dedicated Gaussian PDE It is possible however that the
delta parameters are correlated. This needs to be taken into account when sampling these PDF in order to
obtain delta parameters that simulate manufacturing or deterioration. For example, the LE thickness could
be correlated with its position. This could occur if the LE were manufactured larger than intended while the
overall dimensions of the blade remain the same. On the other hand it might be correlated to chord length, as
larger blades could mean larger LE.

For the case of simulating the effect of manufacturing the delta parameters can be sampled directly from the
multivariate PDF constructed on the basis of the individual delta parameter PDFs and their covariance matrix.
This can be done as the manufacturing does not follow after any previous uncertain process. This is obviously
not true for the case of deterioration, as it follows after manufacturing.

7.2.2. Spanwise correlation of manufactured and deteriorated delta parameters

For the case of deterioration any correlations of the deterioration differences with the manufacturing differ-
ences need to be taken into account when sampling the delta parameters that simulate deterioration. In other
words, it is important to know, and to take into account, whether there is any relationship between the value of
a parameter and the amount it deteriorates by.

In order to see how strong these correlations are, they were calculated individually for each of the parameters.
The correlations are based on the differences caused by manufacturing and deterioration, as those are the
quantities used to simulate these effects. The span was subdivided into 7 different averaging sections. In each of
these averaging sections the parameters of the individual blades are averaged. This results in 36 averaged values
for each of the 7 averaging sections. This is done for both the manufacturing and deterioration differences.
The correlation is then performed pairwise for the different averaging sections of the manufacturing and
deterioration differences. This results in a 7x7 correlation matrix. The correlation is calculated as the Spearman
rank correlation coefficient, as per Spearman [58]. The entire procedure is similar to that of Heinze et. al. [21].

Figure 7.4 shows the created rank correlation matrix for axial position. This figure shows the Spearman rank
correlation coefficient matrix with the rows and columns corresponding to the deteriorated and manufacturing
averaging sections respectively.

The Spearman rank correlation coefficients range from —1 to 1, with the former indicating strong monotoni-
cally decreasing trend, and the latter a strong monotonically increasing trend. Values around 0 indicate no
correlation. Figure 7.4 shows that all the rank correlation coefficients of axial position are close to 0. This
means that the blade-to-blade differences due to manufacturing of the axial position do not have an impact
on the blade-to-blade difference of axial position due to deterioration.

This is true for the parameters that have not exhibited much noise in their values in chapter 5. Some of the
correlations of the averaged differences of these parameters are strong. The rank correlations are strongest for
the case of the TE angle. The rank correlations of this parameter are shown in figure 7.5.

Figure 7.5 shows that the rank correlation coefficients on the diagonal are strong, whereas the off diagonal
coefficients are weak. This indicates that the average TE angle blade to blade differences of the manufactured
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Figure 7.4: Spearman pairwise rank correlation coefficients of section averaged manufacturing and
deterioration differences of axial position.
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Figure 7.5: Spearman pairwise rank correlation coefficients of section averaged manufacturing and
deterioration differences of TE angle.

blades directly affect the average TE angle blade-to-blade differences of the deteriorated blades of the same
averaging section. However, they have no impact across different averaging sections.

Therefore, the differences are only correlated locally. This could be the case if all the sections were deteriorating
independently, with the deterioration causing significant blade-to-blade differences in the TE angle. However,
this does not coincide with the data shown in figure 5.55, where no blade-to-blade behaviour could be isolated.

A more reasonable explanation is therefore that the correlations are caused by different levels of noise, due to
the sensitivity of the calculation method. The levels of noise in the actual values of the parameters it can be
seen, that the noise in the values of manufactured TE angles is higher that the noise of the deteriorated TE
angles. Therefore, when subtracting them to obtain the differences due to manufacturing and deterioration
the noise of the former dominates the noise of the latter. Therefore, the correlation between the differences
due to manufacturing and deteriroation are a consequence of the different noise levels.

The same conclusions can be drawn for other parameter correlations as well. Note that the other correlation
matrices feature rank correlation coefficients that are weaker than the ones seen in figure 7.5. It can therefore
be concluded that there is no direct correlation of manufactured parameters to the deteriorated ones.
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7.2.3. Cross parameter correlation of manufactured and deteriorated delta parameters

It is not necessary that the parameter value in the manufactured state is the only indicator of how this
parameter will deteriorate. It is possible that there could be cross parameter effects. To assess this, the
correlations between the aerofoil section parameters are plotted in figure 7.6. This figure shows the pairwise
correlations of the manufacturing and deterioration parameter differences, calculated for the individual 7
spanwise averaging sections. The manufacturing differences are the differences of the measured blades to the
nominal CAD design, and the deterioration differences are the differences between the manufactured and
deteriorated measurement pairs.
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Figure 7.6: Spearman pairwise rank correlation coefficients of section averaged manufacturing and
deterioration differences of all parameters.

Figure 7.6 contains two panels. In the left panel the values of the correlations are displayed in color, from red
being +1 and blue being —1. In the right panel, the color display is the same, but with all correlation coefficients
less than 0.5 and higher than —0.5 replaced with 0. This isolates the correlation coefficients that imply possible
correlation. The deteriorated parameters are on the y axis, whereas the manufactured parameters are on the
x axis. As the correlations are done for 7 averaging sections, the correlation matrix of manufacturing and
deteriorated differences is of the size 7 x 7. These are located on the diagonal of the left panel, and correspond
to the matrices discussed in subsection 7.2.2.

The left panel of figure 7.6 shows that there are regions of higher and lower correlations. For example, between
the deteriorated tangential position and manufactured axial position differences. However, the right plot
shows that these are all smaller than 0.5. In fact, only a few correlations higher than 0.5 are present, with most
belonging to the TE angle. The reson for this has already been discussed in subsection 7.2.2.

The other relatively high correlation coefficients are the between the manufactured and deteriorated position
of the LE, and between the TE angle and the TE position. As seen in subsection 5.6, the LE and TE positions,
and the TE angle are all parameters with relatively high amounts of noise. Therefore, similarly to the reason of
the TE angle correlations, these correlations are due to varying amounts of noise in the manufactured and
deteriorated parameters.

7.3. Convergence of blade rebuild

The aim of this section is to show the convergence of the rebuild blades updated with the effects of manufactur-
ing and deterioration. The aim is to achieve good convergence with the minimum amount of delta parameters.
The discussion of this section is based on the measured blades, and the convergences are based on attempts
to recreate the measured geometries. This is because the effects of deterioration were to small to accurately
capture using the current rebuild method, as discussed in section 6.1.3..

The number of parameters obtained during parametrisation is relatively high, which makes simulating all the
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parameters intractable in a probabilistic simulation. Subsection 7.3.1 shows the reduction of the number of
these parameters.

The rebuilt blades are intended to simulate the manufactured and deteriorated blades. Section 7.3.4 shows
the convergence of the rebuilt process to the intended shape by comparing the measured parameters to the
parameters created by the rebuild process.

Subsection 7.3.3 shows the convergence of the surface deviation maps based on blades rebuilt using the
reduced number of uncertain parameters. The parametrisation of the blades is essentially geometry sampling
at a few locations. Because of this, information on the blade deviations are inherently lost. Furthermore, the
reduction of parameters also inherently causes a loss of information. This section shows how well the surface
deviations converge to the measured surface deviations.

Essentially the interest lies with the performance of the evaluated geometry as opposed to its shape. Therefore
the performance of rebuilt blades needs to converge to the performance of the measured blades. Subsection
7.3.6 shows the performance convergence of the performance Qol.

Lastly, the manufacturing and deterioration effects are simulated by generating a number of blade geometries
which are subsequently evaluated by CFD. As CFD is computationally costly it is advantageous to keep the
number of geometries that need to be evaluated to a minimum. Subsection 7.3.7 shows the convergence of the
performance Qol with the sample size.

The comparisons made in this section all centre on the comparison of measured and rebuilt geometries. The
rebuild process aims to rebuild the measured blades, and requires the delta parameters and the BLM to be
supplied. Therefore, for the creation of rebuilt blades, a BLM has been created as a median of the measured
blades as described in subsection 7.1.2. The delta parameters between the median and the measured blades
were then calculated and used in order to rebuild the original measured geometries. The difference between
the measured and the rebuild geometries is the subject of the convergence study.

7.3.1. Reduction of parameters

The aim of this subsection is to determine the rebuild approaches to be used in the subsequent convergence
study. As seen in the discussion of the effects of manufacturing and deterioration on the spanwise parameters
in chapter 5, most of the blade-to-blade differences are either spanwise constant offsets or linear functions of
the span, with some exceptions featuring behaviours that were piecewise linear or could be well approximated
by piecewise linear behaviour.

For the constant offsets a rebuild using delta parameters averaged along the entire span is sufficient to capture
the blade-to-blade differences. For the linear behaviour two spanwise delta parameters are needed. More are
needed for the piecewise linear behaviour.

It is not necessary that the same number of delta parameters are used in order to simulate the blade-to-blade
differences. The spanwise behaviour of some parameters can be simulated by many delta parameters, whereas
others can be simulated by a single delta parameter.

In this case chapter 5 has shown that the parameters that feature most of the linear behaviour are the axial
and tangential positions, stagger angle and the maximum camber. Therefore an approach using two delta
parameters to describe the blade-to-blade behaviour of these parameters, but using one delta parameter for
all the rest can be used. This approach is called the hybrid approach hereafter.

In order to take into account any piecewise linear behaviour at least 3 delta parameters need to be used. This
allows to model any behaviour that can be approximated with three straight lines. However, as seen in figure
5.46, the position of maximum camber has piecewise linear behavour only in a small part of the span, which
could be only crudely captured by 3 delta parameters. However, it can be seen that 4 delta parameters should
be able to approximate the observed behaviour well.

Therefore the approaches considered for the convergence study will use the delta parameters averaged across
the entire span, of 4 different averaging sections and a hybrid approach which models the axial and tangential
positions, the stagger angle and the maximum camber with two delta parameters. These approaches are
hereafter named the 1 section, 4 section and hybrid approaches. The rebuild is performed by several numbers
of delta parameters for equidistant spanwise averaging sections.
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7.3.2. Selection of the BLM geometry

As mentioned in section 7.1.2, the BLM is supplied by the user and should resemble the rebuilt blades as
much as possible. In the case of rebuilding the measured blades a suitable BLM must be selected based on
the magnitude of the differences between the individual blades and the BLM. If the differences are small, the
nominal CAD geometry can be used, otherwise a mean or median BLM must be constructed as per 7.1.2.

Figure 7.7 shows the difference between the median BLM and the nominal CAD design of the measured
manufactured blades considered. The mean BLM is not shown as it is virtually exactly the same as the median
BLM. Figure 7.7 shows the camber distributions in the left panel and the thickness distributions in the right
panel. The comparisons are only done for the midspan region, but the findings apply to most other spanwise
sections as well.

Camber (/)
Thickness (/)

Median Median
=== Nominal === Nominal
0 0.5 1 0 0.5 1
Chord (/) Chord (/)

Figure 7.7: Comparison of the median BLM and the nominal CAD design midspan camber (left) and thickness
(right) distributions.

In the left panel it can be seen that the nominal and median BLM camber distributions are similar along the
majority of the chord. The maximum difference occurs near the mid-chord position, where the peak of the
camber distribution is. Here it can be seen that the median BLM camber distribution peaks slightly more
towards the TE than the nominal CAD design camber distribution. Furthermore, the median BLM camber
distribution has a lower peak.

In the right panel the differences in the thickness distributions can be seen. The differences in these distribu-
tions are visible along the majority of the chord, but are most pronounced at the TE, where the median BLM if
thicker than the nominal CAD design. Furthermore, the median BLM is also thicker at the mid-chord location,
and at the LE. It is thinner in a region between the LE and the peak however.

The differences in the thickness distributions cannot be captured by morphing the nominal distribution, as
the differences are local, while the morphing distributes the impact of the delta parameters along the entire
chord. Therefore the nominal CAD design cannot be used, and the median BLM model has been chosen as a
basis for the rebuild of the measured manufactured blades.

7.3.3. Convergence of surface deviations

The convergence of the different rebuild processes identified in subsection 7.3.1, can initially be analysed by
analysing the surface deviation maps. In this case the rebuilt blades are compared to the measured blades they
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are intended to represent. The surface deviations between the two show the convergence of the rebuild. These
deviations are calculated by subtracting the measured surface deviations from the rebuilt surface deviations.

These can be calculated for all 36 measured blades. The information in the 36 separate surface deviation maps
per rebuild approach were then summarised in the mean surface deviation map and the map of standard
deviations for individual surface points. The former shows the mean differences between the measured and
rebuilt blades, while the latter shows the regions that are most variable when rebuilt. Note that the values
presented in the plots have been normalised by an appropriate length scale.

Surface deviations of 1 section approach rebuild

Figure 7.8 shows the mean differences between the measured blades and the blades rebuilt using the 1 section
approach. The mean deviations are color coded, with the extremes of the spectrum representing +0.5. Note
that the maximum mean deviations of manufactured blades, as shown in section 5.5.2 were +1, which is twice
as much.
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Figure 7.8: The mean differences between the surfaces rebuilt using the 1 section approach and the measured
blades for the pressure side (left) and the suction side (right).

It can be seen that the impact of the rebuild is within roughly +0.15, as most of the blade is coloured in shades
between yellow and blue on the spectrum. There are some regions of relatively high differences however, most
notably near the TE. Near the TE the differences on the pressure side are negative, while the differences on the
suction side are positive. This indicates that the TE the blades are being rebuilt with insufficient curvature.
Furthermore, it can be seen that the widths of the regions of high deviations in the x direction are periodic in
the y direction. The locations where the widths are smallest are where the aerofoil sections are being rebuilt.

Another feature that can be seen are the streaks of larger deviations along the chord that can be seen both on
the pressure and the suction sides. These streaks are located in between the rebuilt sections, and are therefore
aremnant of spanwise sampling of the blade geometries.

The regions with negative deviations near the hub are a result of the fillet effects on the blade. As no geometry
was sampled in this region the rebuild process cannot account for the fillet effects. The same can be claimed
for the region of the tip, as the highest sampled section is below the clipped LE tip geometry. Therefore any
special behaviour of the blade above that section cannot be accounted for.
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Lastly, it can be seen that the points on the TE are generally coloured blue. This suggests that the rebuild blades
are somewhat shorter than the measured blades.

Another aspect of the surface deviation plots is to try and determine which regions are most susceptible to
differences as a result of the rebuilding process. This can be assessed by analysing the standard deviations of
the differences at each of the geometry surface points. This is shown in figure 7.9.
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Figure 7.9: The standard deviation of differences between the surfaces rebuilt using the 1 section approach
and the measured blades for the pressure side (left) and the suction side (right).

Figure 7.9 shows the standard deviations color coded from blue to red, with blue denoting regions of relatively
low standard deviations, and red denoting areas of relatively large standard deviations. This figure shows that
the centre of the blade has low standard deviations, which means that the rebuilds are consistent with the
measured geometry. However, the tip, hub and LE and TE regions are more uncertain. This could be due to
the fact that the mean delta parameters are expected to be similar to the delta parameters of the mid-span
sections. This occurs as most of the blade-to-blade behaviour is linear.

Note that the TE is coloured dark red on the left panel of figure 7.9, and coloured red for sections above roughly
a third of the span from the hub in the right panel. This shows that the differences at the TE are not very
consistent, and therefore it is not necessarily true that the rebuild blades are shorter than the measured blades.

Surface deviations of hybrid approach rebuild

Figure 7.10 shows the mean differences between the measured blades and the blades rebuilt using the hybrid
approach. Compared to the deviations of the 1 section approach, as shown in figure 7.8, it can be seen that
the hybrid approach converges better to the measured blades. The deviations along the entire span are now
roughly within +0.15.

The chordwise streaks are still visible, however they cannot be completely removed anyway, as they depend
on the locations of the spanwise geometry sampling sections. The TE still shows that the rebuilt blades are
generally shorter than the measured blades.

Figure 7.11 shows the standard deviations of the differences between the blades rebuilt using the hybrid
approach and the measured blades. It can be seen that the standard deviations of the differences are relatively
small for virtually the entire blade, compared to the standard deviations of the 1 section approach, as seen in
figure 7.9. This means that the rebuild differences are consistent for all the measured geometries being rebuilt.
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Figure 7.10: The mean differences between the surfaces rebuilt using the hybrid approach and the measured
blades for the pressure side (left) and the suction side (right).
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Figure 7.11: The standard deviation of differences between the surfaces rebuilt using the hybrid approach and
the measured blades for the pressure side (left) and the suction side (right).

Some areas of higher deviations remain however. These are near the tip, hub and the TE. Furthermore, there
are some regions of high deviations on the LE as well, just above the half span. The large TE variability could
account for the high mean differences of the TE seen in figure 7.10.
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Surface deviations of 4 section approach rebuild

Figure 7.12 shows the mean differences between the measured blades and the blades rebuilt using the 4 section
approach. Compared to the deviations of the 1 section approach, as shown in figure 7.8, it can be seen that the
hybrid approach converges better to the measured blades in the upper half of the span. However, in the lower
half of the span the convergence is worse.
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Figure 7.12: The mean differences between the surfaces rebuilt using the 4 section approach and the measured
blades for the pressure side (left) and the suction side (right).

The standard deviations of differences in these regions are also relatively large, as seen in figure 7.13. This
shows that in these regions the differences between the measured and rebuilt blades are different for individual
measured-rebuilt blade pairs. Therefore some blades are rebuilt better than others. However, analysing the
individual blade rebuild differences, it can be seen that the large differences in the TE region occur for the vast
majority of the measured-rebuilt blade pairs.

These differences could be due to the high levels of noise of the TE angle blade-to-blade differences. It can be
seen in figure 5.39 that the blade-to-blade differences of the TE angle are high for the first half of the span, after
which they decrease. This coincides with the behaviour of the high surface deviation regions of the 4 section
approach rebuilt, seen in figure 7.13.

7.3.4. Convergence of parameters

The aim of this subsection is to demonstrate the convergence of the parameter rebuild using 1 and 4 section
and the hybrid approach, identified in subsection 7.3.1.

The measured parameters were obtained by parametrising all the measured blade, and have already been
analysed in chapter 5. The rebuilt parameters are obtained by re-parametrising the rebuilt geometries with B2P.
This ensures that the parameters in the convergence study are the actual parameters that have been rebuilt.

Essentially the convergence of parameters focuses on the ability of the rebuild process to replicate the blade-to-
blade behaviour seen in the chapter 5. Note that the analysis of the parameters in chapter 5 already described
the blade-to-blade behaviours after the spanwise constant offsets have been subtracted. This is the level of
convergence that a 1 section rebuild can achieve. The successfulness of using more delta parameters can be
measured by how much of the remaining blade-to-blade behaviour they manage to capture.
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Figure 7.13: The standard deviation of differences between the surfaces rebuilt using the 4 section approach
and the measured blades for the pressure side (left) and the suction side (right).

The comparison of the convergence of different rebuilding processes is done using plots similar to those used
in chapter 5, and have two panels. The left panel shows the differences between the measured manufactured
blades and the nominal design. This is a reference case that gives perspective to the rebuild differences of dif-
ferent rebuild processes. The right panel shows the rebuilt parameters with their corresponding manufactured
parameters subtracted, leaving only the blade-to-blade differences lost due to the rebuild.

The comparisons of convergence are given for axial and tangential positions, stagger angle and maximum cam-
ber, which showed linear and piecewise linear blade-to-blade behaviour. Other plots do not show significant
differences between the proposed rebuilding processes and are omitted here.

Axial position

Figure 7.14 shows the differences of the axial position caused by the rebuild process. In the right panel shows
the differences of axial position lost in the rebuild process. It can be seen that the blue lines, corresponding to
1 section rebuild, correspond directly to the blade-to-blade differences seen in figure 5.25.

Furthermore, it can be seen that both the hybrid and the 4 section approaches reduce the loss of blade-to-blade
behaviour significantly. This can be seen in the lower half of the span where the scatter of yellow and orange
lines is smaller than the scatter of the blue lines. The same is true for all sections above section 30.

However, the hybrid and the 4 section approaches have not been able to capture all of the behaviour. The
hybrid approach only uses 2 delta parameters to model the axial position and therefore cannot capture all the
behaviour at the tip, which results in the loss of the scatter at the tip. The 4 section approach captures the tip
scatter. However, a outlier line belonging to the 4 section group can be seen, showing that in some cases even
this approach is not sufficient.

In general the differences between the hybrid and the 4 section approaches are small. Compared to the
differences due to manufacturing on the left panel, the amount of blade-to-blade behaviour that is lost both
approaches seem to be acceptable in the case of simulating manufacturing blade-to-blade differences.

Furthermore, as there is already a large difference in the number of parameters between the 4 section and the
hybrid approach, it is unlikely that increasing the number of parameters beyond 4 will reduce the amount of
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Figure 7.14: The axial position differences due to manufacturing (left), and the axial position blade-to-blade
behaviour losses due to the rebuild process (right).

behaviour lost. Therefore the amount of behaviour lost by section 4 is indicative of the limits of the rebuilding
process.

Lastly, as the more complex 4 section approach is not decisively better than the hybrid approach it is reasonable
to accept the loss of scatter at the tip in exchange for a drastically reduced number of uncertain parameters.
Therefore, in the case of the axial position rebuild the hybrid approach is more advantageous.

Tangential position

The loss of blade-to-blade behaviour of tangential position due to rebuild process can be seen in figure 7.15.
Note that this figure shows the same differences between the rebuilding process results as figure 7.14, and
therefore supports the same conclusions.

It can be seen that both the 4 section and hybrid approaches reduce the amount of behaviour lost significantly.
Furthermore the differences between them are rather small. Comparing the behaviour lost due to the rebuild
to the differences due to manufacturing, it can be seen that it is relatively small. Lastly, it can be seen that the
increase of delta parameters did not significantly reduce the amount of behaviour lost, therefore the hybrid
approach is advantageous for the rebuild of tangential positions.

Stagger angle

The loss of blade-to-blade behaviour of stagger angle due to rebuild process can be seen in figure 7.16. Note
that this figure shows similar differences between the rebuilding process results as figure 7.14.

It can be seen that both the 4 section and hybrid approaches reduce the amount of behaviour lost in the
sections near the tip significantly. However, near the hub the reduction of the behaviour lost is small.

The differences between the result of the 4 section and hybrid approaches are generally small. However, there is
a large difference near the hub, where the yellow lines corresponding to the hybrid approach are very scattered.
This means that it is unable to accurately simulate the impact of manufacturing in this region. However, it can
be seen that in this region all of the proposed rebuilding processes are not capable of accurately simulating the
blade-to-blade behaviour observed.
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Figure 7.15: The tangential position differences due to manufacturing (left), and the tangential position
blade-to-blade behaviour losses due to the rebuild process (right).
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Figure 7.16: The stagger angle differences due to manufacturing (left), and the stagger angle blade-to-blade
behaviour losses due to the rebuild process (right).

Maximum camber

The loss of blade-to-blade behaviour of stagger angle due to rebuild process can be seen in figure 7.17. Note
that this figure shows similar differences between the rebuilding process results as figure 7.14.

It can be seen that both the 4 section and hybrid approaches reduce the amount of behaviour lost in the region
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Figure 7.17: The maximum camber differences due to manufacturing (left), and the maximum camber
blade-to-blade behaviour losses due to the rebuild process (right).

near the hub and the tip significantly. However, near the tip the hybrid process produced an outlier.

The differences between the result of the 4 section and hybrid approaches are again generally small, apart
from the outlier of the hybrid process. However, comparing the behaviour lost to the differences due to
manufacturing, it can be seen that that the losses of behaviour at the hub and at the tip are high for all
approaches. It is therefore unlikely that any of them is capable of accurately simulating the blade-to-blade
differences of the maximum camber due to manufacturing, as seen in the left panel of figure 7.17.

7.3.5. Convergence of parameter distributions

Another aspect of the geometry rebuild are the distributions. The camber and thickness distributions are
morphed in the rebuilding process, and therefore their convergence to the expected results should be analysed.
This is done by comparing the differences of the distributions caused by manufacturing to the differences
between the distributions rebuilt by 1 section, 4 section and hybrid approaches, and the manufactured distri-
butions they are intended to represent. The blade-to-blade behaviour that is lost is calculated by subtracting
the measured distributions from the rebuilt ones.

Thickness distributions

The comparison of the thickness distribution manufacturing differences and the blade-to-blade differences
lost in the rebuilding using the 1 section approach can be seen in figure 7.18. The comparison of the blade-to-
blade differences lost using the hybrid and the 4 section approaches can be seen in figure 7.19. The different
spanwise sections are denoted using different colors.

From figures 7.18 and 7.19 it can be seen that the 1 section and hybrid approaches give identical results. This is
due to the hybrid approach uses only one delta parameter for each of the morphing points coordinates. In
other words, the hybrid and 1 section approaches are equivalent in this case, and use 6 delta parameters to
morph all the spanwise thickness distributions. The 4 section approach uses 4 times as many;, i.e. 24.

It can be seen that the 4 section approach does lead to less blade-to-blade behaviour being lost. This can be
seen as the scatter of the red lines in the right panel of figure 7.19 is smaller than the corresponding scatter
in the left panel of this figure. For the sections near the hub this approach does not reduce the amount of
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Figure 7.18: The thickness distribution differences due to manufacturing (left), and the thickness distribution
blade-to-blade behaviour losses due to the rebuild process (right).
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Figure 7.19: The thickness distribution differences due to manufacturing (left), and the thickness distribution
blade-to-blade behaviour losses due to the rebuild process (right).

behaviour lost significantly, which can be seen by comparing the blue lines in the left and right panels of figure
7.19. The comparison shows that they are largely the same, with some differences near the TE.

Furthermore, it can be seen that the 1 section and hybrid rebuilds capture the chordwise variation of maximum
thickness seen in the left panel of figure 7.18. On the other hand, the 4 section approach retains some chordwise
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variation from figure 7.18. Because this variation is not prominent in the 1 section rebuild it can be deducted
that it is contained within the BLM. This suggests that the chordwise variability is caused by the 4 section
approach.

Camber distributions

The comparison of the camber distribution manufacturing differences and the blade-to-blade differences lost
in the rebuilding using the 1 section approach can be seen in figure 7.18. The comparison of the blade-to-blade
differences lost using the hybrid and the 4 section approaches can be seen in figure 7.19. The different spanwise
sections are denoted using different colors.
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Figure 7.20: The camber distribution differences due to manufacturing (left), and the camber distribution
blade-to-blade behaviour losses due to the rebuild process (right).

From figures 7.18 and 7.19 it can clearly be seen that the lowest amount of behaviour lost is using the 4 section
approach, with the hybrid approach being a close second. However, for the sections near the hub TE the 4
section approach performs worse. Furthermore, note that the differences of the distributions rebuilt with
the hybrid and the 4 section approach, as seen on figure 7.19 are roughly half of the differences caused by
manufacturing, as seen in the left panel of figure 7.18. This means that half of the blade-to-blade behaviour
has been lost.

7.3.6. Convergence of performance

In the performance analysis of manufactured and deteriorated blades of chapter 6 several Qol have been
identified. These Qol are used to determine the convergence of the blade modelling. The figures of the
convergence of the Qol show different behaviours, which are illustrated on the examples of the isentropic
efficiency n;, turning A and total pressure ratio ;.

Overall it appears that the hybrid approach performs best, however the performance convergence has only
been achieved for AB. Therefore it is possible that the performance scatter observed in this particular set of
measured blades is too small to be accurately modelled with the current methodology. Here methodology
stands for the measurement campaign, parameter extraction and rebuild processes.

In order to assess the convergence, the 7n;; differences between the measured and rebuilt manufactured blades,
and the nominal blade have been plotted as normalised histograms on top of each other. Fitted Gaussian
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Figure 7.21: The camber distribution differences due to manufacturing (left), and the camber distribution
blade-to-blade behaviour losses due to the rebuild process (right).

distributions and their means were also added for ease of comparison. The histograms were normalised such
that their area equals 1.

Isentropic efficiency

Figure 7.22 shows the ;s convergence of the rebuilt blades. It can be seen that in the case of 77;; the mean
differences due to manufacturing are roughly —0.3. The mean rebuilt differences, at —0.15, are only roughly
half of this however. Furthermore, the scatter of the measured manufactured blade 7n;; is much larger than the
scatter of the rebuilt blades ;. For the case of n7;5 none of the rebuild approaches has performed sufficiently.

The highest CoI corresponding to the manufactured blades, as shown in figure 6.21, are all spanwise average
values, apart from the the spanwise behaviour slope of the LE position, k. Therefore, a better convergence
of ;s with more spanwise delta parameters is not expected. Figure 7.22 appears to suggest this. In the hybrid
approach x; g is modelled using only one delta parameter, as opposed to two, which would allow to capture
kyxrE in the rebuild as well. However, as figure 5.43 shows that the blade-to-blade differences are in fact mostly
noise, it is not expected that adding more delta parameters for x; g will improve the convergence. This is
confirmed by the 4 section approach convergence of n;;.

Therefore, the cause for not achieving convergence of 77;; is most likely hidden in the recreation of the thickness
and camber distributions. Further studies, which are beyond the scope of this thesis, are required to determine
if it is indeed the distribution morphing process that induces these differences.

Turning

Figure 7.23 shows the A convergence of the rebuilt blades. It can be seen that in the case of AS the mean
differences due to manufacturing are roughly 0.05. The mean offsets of the 1 and 4 section approaches are
roughly twice as large, and therefore do not converge well in terms of A. However, the hybrid approach does
appear to converge well.

Figure 6.21 shows that turning is influenced by many parameters, such as the LE position and length, chord
length, stagger angle and maximum camber. However, these are all spanwise averaged values, while the
blade-to-blade spanwise behaviour slopes do not appear to have a high influence. It is therefore not surprising
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Figure 7.22: The convergence of rebuild manufacturing blade to the measured manufactured blade isentropic
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Figure 7.23: The convergence of rebuild manufacturing blade to the measured manufactured blade turning.

that the increase of spanwise parameters does not bring an improved convergence in terms of A, however, it
is surprising that the hybrid approach performs better than both the 1 section and 4 section approaches.

Total pressure ratio

Figure 7.24 shows the 7, convergence of the rebuilt blades. It can be seen that in the case of 7; the mean
differences due to manufacturing are roughly 0.1. The mean offsets of the 1 and 4 section approaches are
roughly three times as large, and therefore do not converge well in terms of Af. Note that the PDF of the 1 and
4 section approaches lie directly one on top of the other, therefore only the 1 section approach PDF is visible.

Similarly, the hybrid approach appears to not converge well, with the mean difference roughly twice the size of
those due to manufacturing. The scatter appears to have been rebuilt relatively well in all cases however.

The parameters with the highest CoI are the spanwise mean stagger angle and the TE position, followed by the
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Figure 7.24: The convergence of rebuild manufacturing blade to the measured manufactured blade total
pressure ratio.

spanwise behaviour slopes of the chord length and stagger angle. Therefore it seems that in this case the 1
section approach suffers from the lack of the spanwise behaviour information during the rebuild. On the other
hand, the 4 section approach appears to be too dependant on the noise of the extracted parameters.

7.3.7. Convergence of sample size

In order to determine how many uncertain geometries need to be evaluated by CFD in order to estimate the
performance uncertainty, a dedicated analysis of the impact of sample size on the performance characteristic
has been performed. This has been done by simulating a number of geometries and evaluating them with 3D
CFD. Based on the convergence of the performance PDFs the sample size for which the level of accuracy is
acceptable can be selected.

The performance convergence depends directly on the number and distribution of the geometrical parameters,
which in turn depend directly on the shape of the design and the manufacturing capability for that design.
Because of this, the sample size convergence analysis should be performed independently when analysing
different blade design measurements. Therefore the analysis has been constructed such that the amount of
work required for it is minimised.

For the analysis a sample of 50 blade geometries has been created based on the delta parameter distributions
described in section 7.2. Bootstrapping was then used to estimate the sampling distributions of the mean and
standard deviation of a performance Qol. The performance Qol selected for the analysis is the Loss coefficient,
described in chapter 6. The sample size is based on the convergence of the sampling distributions of the mean
and the standard deviations of the loss coefficient.

Bootstrapping

Bootstrapping is a method that attempts to estimate the sampling distribution of a particular statistic. A
particular statistic might be a mean, standard deviation or other value that summarises information of a
sample. Note that the sample is a subset of the population, through which the statistics of the population are
inferred. A population will have exact statistics as all the possible elements are included in their calculation. A
sample will have uncertain statistics as only a few elements of the population are used in the calculation of its
statistics. The PDF that shows which sample statistics are more probable is the sampling distribution of that
statistic.

The more elements there are in the sample the more the sampling distribution will hone in on the population
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statistic. When all the elements of a population are included in the sample, the sampling distribution will have
0 probability density for all values other than the population statistic, where it will be infinite.

This procedure can be applied if the samples are taken directly from the population. However, if the assumption
that the sample is representative of the population (independent and identically distributed), the sample can
assume the role of the population. The sampling distribution is then based on the subsamples of the original
sample. By the assumption made, the sampling distribution of the subsample statistics is also the sampling
distribution of the sample statistics.

For this assumption to hold the sampling from the sample must be done with replacement, which means that
any element in the sample selected for the subsample, remains in the sample for the next element selection.
This ensures that the assumption that the sample is representative of the population is preserved. Essentially,
sampling from a PDF can be seen as sampling with replacement, because no value is removed from its domain
after being selected. By sampling with replacement the empirical PDF of the sample is therefore preserved.
Note that this also means that if the subsample size is the same as the sample size, the sampling distribution
will still be distributed around some value. This is because due to replacement some elements will almost
certainly be selected more than once.

The parameter that needs to be selected for bootstrapping is the size of the subsample. This parameter needs
to be sufficiently high, but is selected arbitrarily.

Convergence of sampling distributions of Loss Coefficient

For the use of bootstrapping the assumption of the sample being representative of the population must be
valid. In the current case, the populations are the multidimensional PDF that characterise manufacturing
and deterioration. Therefore the assumption is satisfied by construction of the rebuild blades, as the delta
parameters are sampled such that they have statistics as close to the population statistics as possible.

Within the bootstrapping framework, a sample of 50 blades was created and evaluated using 3D Hydra to
mimic the population. As the populations are normally distributed the statistics of interest in the convergence
of sample size are the mean and the standard deviation. Their sampling distributions can be seen in figure
7.25.
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Figure 7.25: PDFs of selected Loss Coefficient subsamples (left), and the sampling distribution of their means
(centre) and standard deviations (right).

Figure 7.25 contains three panels. The left panel shows the PDF of the subsamples selected from the sample.
This PDF is a Gaussian distribution fitted to the subsample data for ease of visualisation. This can be done as
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the sample is normally distributed, and therefore the subsample is also expected to be normally distributed.

The left panel shows the scatter of the subsample PDF due to sampling. It can be seen that the lines corre-
sponding to N = 10 are the most scattered, while the lines corresponding to N = 50 are the most consistent.
Furthermore, it can be seen that the lines corresponding to N = 10 containt the narrowest PDE This is because
for low sample sizes it is possible that most of the values fall close together, resulting in narrow distributions.
Furthermore, because of this the scatter between the PDF is larger.

In order to characterise the behaviour better, the centre and right plots show the sampling distributions of
the mean and standard deviations of these PDF respectively. From both of these plots it can be seen, that the
sampling distributions become increasingly narrower with the increase in the subsample size. Furthermore,
it can be seen that the difference between N = 10 and the others is relatively large, whereas thereafter the
differences become relatively small. The sampling distributions of N =40 and N = 50 are virtually the same,
with very little differences between them. Therefore N = 40 is selected as the sample size for geometry
generation and CFD evaluation.

7.4. Lessons learned in modelling effects of manufacturing and deteriora-
tion

The aim of this chapter was to show how to model the influence of manufacturing and deterioration on
geometrical NACA like parameters. Section 7.2 showed that deterioration is independent from manufacturing
variability for this particular blade design. Furthermore, section 7.2 proposed three approaches in order to
create new blades with simulated effects of manufacturing and deterioration.

Section 7.3 showed that of these approaches, the so called hybrid approach performed best. Using this
approach, sufficient rebuild convergence has been achieved for surface deviations and most of the rebuild
parameters. However, sufficient convergence has not been achieved for the rebuild of the camber and thickness
distributions. Furthermore, the performance Qol did not all converge to the expected values.

This suggests that the currently employed process is currently not capable of accurately simulating the
manufacturing impact, of the magnitude seen in chapter 5, on blade geometry. The process here includes the
measurement campaign, and the parameter extraction and blade rebuild processes.

As the impact of deterioration on geometry is smaller than the impact of manufacturing, it also cannot
currently be modelled accurately. The modelling accuracy could be improved by using equipment with smaller
resolution in the measurement campaign. However, blades with higher levels of geometry variability could
still be modelled by the current process.

An alternate approach for reduction of parameters could be established with the use of Adjoint CFD. Studies on
the sensitivities of performance by using both the CoI and the Adjoint technique have already been performed
by Schmidt et. al. [56]. An analysis using Adjoint CFD could be performed as a part of the convergence study
as well.
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