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Abstract
This document reports on the research, methodology, testing, FEA results and design

development of a reverse engineered composite wind tunnel fan blade. The blade in
question is from Mercedes AMG Petronas’ F1 Team’s wind tunnel 2. The project was
undertaken in partnership with Lentus Composites and Mercedes AMG Petronas’ F1 Team.
Mercedes commissioned Lentus Composites and the author to develop a replacement fan
blade design and then manufacture a prototype for testing.

The main body of work identifies the required design targets to match the current original
blades’ performance achieved through the development of testing methods and carrying out
analysis of the blade characteristics. These performance targets formed the basis of the

subsequent design and specification capable of manufacture of the new replacement blade.
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1. INTRODUCTION

This report details the work carried out and submitted for consideration as a 3™ year
undergraduate project in support of a BEng (Hons) degree (Motorsport Engineering and
Design) adjudicated and awarded by the University of Wales Trinity Saint David.

The work is an on-going commercial project with its origins evolving during the authors
period of industry placement where, after gaining valuable experience, was appointed by his
employer Lentus Composites to liaise with their client Mercedes AMG Petronas to assist with
developing solutions for retro design and manufacture of replacement wind tunnel fan
blades.

1.1 Background To Project
The Mercedes AMG Petronas’ F1 Teams aerodynamics department operate an

aerodynamic wind tunnel facility. A major component is the motor-fan unit which is made up
of individual fan blades. Currently, Mercedes do not hold any spare blades in the event that
one or more fails and requires replacement. There is therefore a risk that projects using the
wind tunnel facility could be delayed and disrupted with corresponding impact on cost. To
minimise the risk of the tunnel facility being out of operation, Mercedes have identified the
need to have available spare fan blades.

The existing fan blades are of a composite construction. They were originally designed and
manufactured by Flex Prop in 2004. For commercial reasons not revealed Mercedes have
not returned to the original manufacturer to obtain additional blades preferring instead to
commission Lentus Composites, a company specialising in bespoke composite
manufacturing, in the first instance, to perform a reverse engineering investigation to
determine design criteria and manufacturing process for a like for like single replacement
blade. It is this work embarked upon and entrusted to the author to successfully fulfil this
commission that forms the basis of this final year undergraduate honours degree project.
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1.2 Principal Challenges At Project Inception
The project aims (detailed in Section 1.3) were largely influenced by the absence of

information on the original design and construction of the existing blades essential to
achieve a simple replication. As a consequence, the assignment was complex with multiple
unknowns requiring evaluation as well as considerable computation analyses and testing of

an existing blade.
Original data/information that was not available:

+ Specification for fan module operation, including limits

+ Blade loading conditions (subsequently assumed); including parameters for torsion,
fatigue and vibration

« Behaviour characteristics under varying loading conditions and outputs of analysis
undertaken

s Final design concepts adopted

o Actual profile of material used in composite blade construction

+ Manufacturing techniques/process

Data available:

» Mercedes actual operating conditions and self-limits

¢ Inspection of actual wind tunnel facility

« Fan blade supplied by Mercedes from which dimensions and surface cross section
profile were determined as well as being subjected to non-destructive load testing (It
was not available for destructive examination of internal core material and
construction techniques deployed)

1.3 Project Aims

e Investigate the current blade loading

+ |dentify blade performance requirements

e Design and build testing rigs

e Test current blade performance

e |dentify achievable design targets for the new blade
e Build FEA methodology and create FEA model

¢ New blade design to achieve design targets

¢ The new blade design to be manufactory viable

The project aims were developed after reviewing literature and carrying out initial testing to

see if the project was achievable and to understand the scope.
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1.4 Project Plan & Gateways
The intended project planning Gantt chart can be seen in Figure 1.

W\ 9 \\ %{\ﬂaf\Jab ,@\ \ «\ﬁf
“ BATIARARAARARARAAAANY

'

S Bde

Test A Nethod

Tag Tes! Coment Blzd

Test Cumenl Bde
Defioe aminate
Desip
Defe e Feot
Desip
Finliz Design
il

iyt | *—_:

Ryotdaitl
Figure 1 intended timing chart

The plan was developed after an initial project review and exploration of testing required.
Below are the gateways associated with achieving the project aims and executing the project

plan:

Gateway 1 Gateway 2 Gateway 3 Gateway 4

Figure 2 project gateways

Each gateway was set to be achieved before moving to the next stage. This report covers up
to Gateway 3 which at that point the project is handed over to Lentus to complete.
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1.5 Structure Of The Design Team Behind The Project
The project was conducted working alongside the engineers at Lentus. The engineers are at

the cutting edge of composite technology and Lentus is contracted to sell the new replica
blade to Mercedes. Consequently, throughout this project, aspects of the analysis and
decisions were made in conjunction with Lentus. This meant there was a structure as to who
made the final decisions and mentored the work of Gavin Spring-Benyon (the author),
together with how the tasks were allocated through the life of the project. The following flow

chart sets out the supporting structure:

Nolan Richmond
Modelled Composite Unit Manag - Hyson
Project Roll - Project sign off. Advising Lead Stress Engineer
Gavin Spring-Benyon with design Project Roll - Sign off for
design, stress and FEA
analysis. Advising Gavin

Spring-Benyon with analysis

Gavin Spring-Benyon
Blade Stress & Design Engineer
Praject Roll — Developing the blade design and
carrying out FEA analysis

Stephane Helle
Lead Engineer
Project Roll - Sign off for design
and manufacturing

Vijay Kuner
Junior Design Engineer
Project Roll - Manufacturing design and project
manager

Figure 3 project supporting structure
Nolan Richmond and Graeme Hyson both have vast experience in this type of project. This
experience was used as references to back up the findings/outputs of Gavin Spring-Benyon;
particularly important in the absence of very little/no published research or literature to

provide guidance on blade design, loading and analysis.
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2.1 Wind Tunnel & Wind Tunnel Blades
Automotive wind tunnels are a vital tool in developing aerodynamic devices and assist in

validating computational fluid methods of analyses (Katz, 1995). Wind tunnels come in two
different types; closed and open loop. The Mercedes AMG F1 facility is a closed loop wind
tunnel comprising segments of variable cross section and function illustrated in Figure 4.
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Fan and
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Figure 4 closed loop wind tunnel construction (Katz, 1995)
The air speed in a closed loop wind tunnel is generated by an axial fan comprising blades
manufactured from a variety of materials including aluminium, carbon fibre and composites.
(Katz, 1995). The axial fan is designed to generate a large volume of flow without inducing
large pressure differences within the tunnel. Further, axial fans are optimised to minimise
sound excitation particularly if the tunnel is designed specifically for acoustic tests. Low
sound emission from the operation of the tunnel is crucial for accurate measurements of
sound excitation. An automotive wind tunnel and/or an acoustic wind tunnel can be
considered to be precision equipment in a demanding application where the blade design is
crucial for its optimum measurable performance with minimal energy losses (Fagerberg &
Stromberg, 2007).

2.1.1 Mercedes wind tunnel
Mercedes AMG F1 have two wind tunnels: one being a full scale testing facility for

automotive use (Tunnel 1) and the other being 60% scale for the formula one racing team
development (Tunnel 2). The composite blades analysed and subject of this project are
those forming the axial fan in Tunnel 2 (Miller, 2018).
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Tunnel 2 is a closed loop temperature controlled single axial rotor wind tunnel. Mercedes
advised the max rotor speed of 550 RPM is capable of generating wind speeds up to 80m/s.
The air circulation is forced by a 2.2MW motor which drives 1.5m long carbon fibre
composite blades (overall fan diameter of 3m). Other features of the wind tunnel include in-
built rolling road, adaptive wall system and yaw and pitch control (Mercedes AMG F1, 2018)
(Miller, 2018).

Figure 5 Mercedes AMG F1 Wind Tunnel 2 (Mercedes AMG F1, 2018)

2.2 Wind Tunnel Blade Design
A report by Fagerberg and Stromberg (F&S) looking into the required design characteristics

of modern day composite rotor blades found that most closed loop wind tunnel rotors are
equipped with short blades housing a slender design. A blade had to meet the demands of a
tunnel by utilising materials with high strength and stiffness values, but is also lightweight
enough to reduce centrifugal loading when in operation. Fagerberg discusses how carbon
fibre fulfils the modern day requirements of a blade with it being lightweight, having high
tensile capabilities and being versatile when manufacturing complicated shapes (Fagerberg
& Stromberg, 2007).

Incidentally, one surprising outcome of the literature review was the realisation that the F&S
report on fan blades was centred on design of a composite blade for Flex Prop wind tunnels
and was the same or similar blade used in the Mercedes wind tunnel 2 axial fan.

F&S go on to suggest that a tunnel rotor blade needs to have the following criteria
considered when designing the optimised blade:

e 1%t natural frequency of the final design
* Must be cost effective

s Strength

+ Geometrical tolerance

s |Impact and toughness
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« Attachment details to the rotor hub

Unsurprisingly one of the main blade design parameters is the aerodynamic profile and
shaping. However the profile design in this instance is already set, this being a reverse
engineering replication project. Therefore there is little that can be optimised if the project

output is to achieve an individual replacement matching the remaining set of blades.

2.2.1 Blade loading
F&S report suggests there are 3 main loadings acting on the blades. They are:

1. Bending aerodynamic load caused by low pressure fields.

2. Torsional load from the low pressure fields distribution across the span.

3. Centrifugal load generated by the mass of the blade being spun at high speed.
These loading characteristics are supported by Ki-Sang Lee in a paper looking into the
aerodynamic optimisation of low speed axial fan flow which found the same loadings
scenarios as F&S (Lee, 2008). A further reinforcement of these considerations is verbal
evidence offered by Nolan Richmond (Lentus Composites moulded composite's Aerospace
engineer) who concurred with the findings of the two papers (Richmond, 2018).

The distribution of the aerodynamic load in both F&S and Lee’s papers found that blades are
aerodynamically designed to evenly distribute the aero load across the span as much as
possible to achieve a target uniformly distributed load particularly with bending kept even
longitudinally and as much as possible near to the centre to reduce the torsional moment
(Fagerberg & Stromberg, 2007) (Lee, 2008). Both papers found, through computational fluid
dynamics, the following pressure distributions and surface velocity traces:

i [ ] waes  Fluid Direction o
Uy = o
08 |
\
ot 06F Leading
g n gx[l:o o edge
o 04F g |
L Top of Blade
02r | High Pressure
0 P .§ PSR OCTAL (O g
0.2 4 06 0.8
VU,

(a) Axial velocity
Figure 6 Blade load distribution graphs (Fagerberg & Stromberg, 2007) (Lee, 2008)
The graph on the left in Figure 6 shows that the velocity (black square markers) along a
blade's span stays fairly even. The pressure plot on the right is the findings of F&S which
shows a high pressure contour on top of the Mercedes wind tunnel 2 blade. The pressure

contour illustrates a fairly even pressure along the span with a slight bias to the blade tip.

School of Engineering Gavin Spring-Benyon (P142997) Page 22 of 185




The Mercedes blade has a twisted profile along the span to replicate a higher angle of attack
(AoT) at the blade base as incoming velocity speeds will be lower. Moving out from the base,
the blade twist becomes less aggressive to reduce AoT as incoming velocity speeds
increase (Fagerberg & Stromberg, 2007). The changing angle of attack along the span
supports the theory of attempting to achieve a uniformly distributed load along the blade.
This design reasoning is also applied to jet engine blades. A report by LI Yang tests the
performance of jet engine blades and finds blades are twisted to try and give equal thrust
and load distribution. In addition Yang finds there is tendency for axial flow blades aero load
to be in the upper mid-span area, which matches up to the pressure contours found by F&S
(Yang, 2007).

The following can be concluded from the available literature looking into blade loading:

+ The Mercedes wind tunnel 2 blade has three principal loading conditions of bending,
torsional and centrifugal load when considering the structural design of the blade.

+ There appears to be no published research/literature providing guidance on blade
loading values or percentage of the distribution in typical operating scenarios; only
pressure plots as an indication of likely load distribution.

¢ There is a considerable amount of research data on jet engine turbine blades;
however these concentrate on blade vibration rather than loading.

¢ F&S used FEA and optimisation techniques in structural design of a fan blade

(Fagerberg & Stromberg, 2007).
There is no literature providing the values for bending and torsional load on the current
blade. However the centrifugal loading of the blade can be calculated. A report by NASA
calculated the centrifugal force for wood blades on a wind tunnel fan from:

CF=mxw?xr
Equation 1 centrifugal force

The report goes on to say that m is the mass of the body in rotation and r is the body's
centre of gravity point distance from the axis of rotation (NASA, 1998). This is a simple but
effective way of identifying the centrifugal loading for Mercedes blade.

As the design brief is limited to design a like for like blade it is not necessary to know the full
bending and torsional load. Instead, testing the current blade can determine the torsional
and bending stiffness. The results can then be utilised as the design targets for the new
replica blade. If however a blade was not available for testing, then the aerodynamic loads
could be found from computational fluid dynamics software such as ANSYS which was the
method F&S used. (Fagerberg & Stromberg, 2007).
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Most smaller blades are tested for stiffness by using a single point load and measuring the
displacement. However, a paper by NASA looking into the best practice for testing of wings
and blades, found the preferred testing method for validating designs is using a whiffletree
rig (see Figure 7). A whiffletree rig allows loading the blade with bending and torsional loads
at the same time and gives freedom for distributing load un-evenly across the span of the
wing/blade. The whiffletree distributes the load from a single point through beams pivoting in
tension which are connected by cables. The load is applied to the wing/blade surface
through profile clamps. (NASA, 2011) NASA’s recommendations are backed up by Nolan
Richmond's advice from his previous experience at GKN, validating wing designs
(Richmond, 2018).

-
RV

b | \
T e Ve e

- Wing 8 Stationary
photogrammetry photogrammetry
’ target target

Figure 7 NASA whiffletree testing a wing (NASA, 2011)

The whiffletree rig gives the possibility of being as close as possible to how the blade is
loaded from aerodynamics. However whiffletrees are designed from knowing the percentage
of load distribution across the span and chord length (NASA, 2011). F&S’s report does
provide a pressure contour figure of the blades loadings, but this is not substantial enough to
base a decision on the percentage of loading acting on the blades surface (Fagerberg &
Stromberg, 2007). Advice from Nolan Richmond from past experience designing wings and
whiffletrees advised that it is possible to find the blade/wing loading span spread (bending
load) from using simple jet engine blades thrust calculations; and find the point at which it
acts along the blade chord (torsional) (coefficient of pressure point) from using 2-D aerofoil
analysis software (Richmond, 2018). Using a combination of results from calculations and
F&S's pressure contour figure it is considered enough data to design an appropriate

whiffletree rig for test loading the existing fan blade.
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2.2.2 Axial blade thrust calculations
A seminar by the Cranfield University (Cranfield University, 2008) into the jet engine design,

expressed the steps to find blade load distribution as follows:

1. Blade velocity resolving from Pythagoras theorem — V§ = Inlet velocity to the
blade V= The axial velocity Va + the blade rotation velocity speed U.
U= w(RPM of fan) x r (the radis of the blade from the rotation axis).

2
Blade xe
N / U YVa? + U2 =V,

Vi )
/|  VZi=0Outlet axial velocity of the fan

Equation 2 resolving blade velocity
2. Using Bemoulli’s to find the pressure difference across the blade —
Ap = 1,‘)1”2 - 1pl”f
2 1 2 2
Equation 3 Bernoulli’s
3. Calculate the coefficient of pressure — it is being assumed that the axial fan is in
steady state and the temperature is set at 20°C.
Cp = i—” q=1/2pV?
vi=ypl
Equation 4 coefficient of pressure
4. Calculating the force acting on blade from coefficient of pressure - To work out
the force acting over the blade in a single section, find the Cp Top and the Cp Lower,

thus giving the Cp Ave in the middle. Then use the area (A) between the Cp Top and
Cp Lower.

Blade

F=Cpx1/2pV?xA

A T Top
;
Vi =2 i

Cp Ave Section 1

1
i i
Cp = Cp Ave = (Cp Top + Cp Lower) /2 1 '
1

== Cp Lower ;

Equation 5 calculating blade force

Using this method has the benefit of understanding the distribution as well as to estimate
the total test load.
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2.2.3 Torsional distribution using 2-D CFD package
There are many aerofoil 2-D analysis packages; however, Aero Foil Engineering is one of

only three packages which validate its results against existing aerofoil profile data. It
calculates profile coordinates, coefficient of pitch (Cm), coefficient of lift (Cl), and
aerodynamic centre (ac) from vortex panel method and integral boundary layer equations

(Aerofoil Engineering, 2003).

The coefficient of pressure point (Cp) is calculated from Aerofoil Engineering out puts as
follows:

_ (ac—Cm)

Cp Cl

Equation 6 calculating the coefficient of pressure point

The Cp represents the moment about which all aerodynamic forces act for a profile, thus

giving the torsional load along the blade.

2.2.4 Blades vibration dynamics
F&S found another important aspect to consider when designing the blade; vibration

dynamics (part natural frequency) (Fagerberg & Stromberg, 2007).

The vibration modes within blades give different attitude displacement. For example, a paper
by R.S Moham carried out analysis on several different steam turbine blade designs and
found a similar trend of mode types (Moham, 2014). Between 3 designs they had the

following modes:

1. Bending Flutter
2. 2" bending flutter
3. Torsional flutter
4. And edge bending
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1 Flexural Mode(1F) 27 Flexural Mode(2F)

1 Torsional Mode(1T) 1 Edge Bending Mode(1EB)

Figure 8 Moham turbine blade vibration analysis results (Moham, 2014)

Another paper looking into design and testing of composite compressor blades also found

the same trends as Moham (Wollmann, 2016).

Reverting back to F&S paper, they found through finite element analysis, the first four modes
of the blade to be:

1. Flutter
2. Tip torsional
3. Torsional flutter
4. Second load bending
The F&S report states the first mode to be at 38Hz, however when manufacturing the blades

this value ranges from 38 to 42Hz (Fagerberg & Stromberg, 2007).

Moham and Wollmanns findings follow a similar pattern. In each paper, the author has
obtained their results through FEA and practical testing, with the testing validating their FEA
results.

There are a few methods to carry out testing. A common method is Frequency Response
function. This works by simultaneously measuring the excitation and output response of the
body, which returns the frequency peaks in Hertz (see Figure 9). The peaks from the
response represent the different modes of the body. The test can be carried out either ‘static’
or ‘free’. The results obtained from static testing are influenced from being attached to
another body as this may increase/decrease the overall stiffness, and/or cause a dampening
effect. Free testing is when the body is elastically suspended, which avoids the problem of
other bodies affecting the results. The test can be carried out by using a single
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accelerometer measuring the response of the body and a force inducer (Agilent

Technologies, 2000). This method was used by F&S when correlating their results.

Excitation ——— H{w) f———— Response
Xl Yiw)

Figure 9 system block diagram

An alternative testing method is laser velocimetry (LDV), which works on the same principle

as the Frequency Response function method. However, it obtains results using the Doppler

Effect to measure vibrations in components. |t works by measuring the light scattered from

the vibrating object and detects slight frequency changes. This method can produce the

same results as normal tap testing but with the added benefit it can detect displacement

changes in a part and predict the mode shape (Polytec, 2018).

2.2.5 Blade design features and blade material
Later on in F&S’'s report is an explanation of the design of the Mercedes blade and in

particular the principal design formula derived from years of experience for meeting the

needs of wind tunnels. The Mercedes blade design is:

Stainless steel foot in the shape of an H located at the base of the blade. The steel
foot allows the rotor attaching bolts to be pre-stressed to avoid the challenge of
predicting long term creep properties within the part without putting any compression
force onto the composite which could result in relaxation of the joint. In addition, the
steel foot would adequately transfer the centrifugal forces to the rotor (Fagerberg &
Stromberg, 2007). Creep is the tendency of the material to move slowly or deform
permanently when under mechanical stresses. A book by F.L Matthews and R.D
Rawlings defined a design technique of using metallic materials pre-stressed in
composite constructions which can minimise the creep effect within laminate, almost
making it negligible (Mattews & Rawlings, 1994). F&S also have a steel foot in their
design to avoid inter-laminar stresses between sharp radiuses from the blade fixing
to the tunnel rotor hub (Fagerberg & Stromberg, 2007).

Creep predictions also applied to the steel foot itself and F&S over engineered the
foot to avoid the need for non-linear analysis. F&S took the view of having the
highest operation stress value below half of the material yield value, and thus could
argue creep in the foot is so minimal that it is negligible as well. This obviates the
need for doing FEA analysis into creep (Fagerberg & Stromberg, 2007).

The main blade profile shape is formed by a PVC foam core. Composite plies are

then wrapped around the core (Fagerberg & Stromberg, 2007).
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+ The blade tip is reinforced with a pre-cured composite piece. This allows for small
adjustments of the blade length when being installed in the wind tunnel without
exposing the foam core (Fagerberg & Stromberg, 2007).

+ The main central laminate comprised UD fibres running in the longitudinal direction
wrapping around the blade foot. The UD fibres contribute to the bending stiffness of
the blade and transfer centrifuging load to the foot. The plies are layed onto the foam
core. The foam core acts as a sandwich composite ultimately increasing the second
moment area value of the structure, thus increasing stiffness (Fagerberg &
Stromberg, 2007).

+ Have UD plies running in a +45/-45 direction to aid the torsional stiffness of the blade
(Fagerberg & Stromberg, 2007).

+ F&S highlighted the final weight of the blade as one of the most important
considerations when developing design. If the component is extremely heavy this will
increase the centrifugal load on the wind tunnel rotor dramatically. The consistent
weight of each blade manufactured is also important because any big variance in
weight between blades can lead to the rotor being un-balanced causing unnecessary
vibrations (Fagerberg & Stromberg, 2007).

Main structure parts .
Base Foam Core UD Shell Skin

Figure 10 illustrating the three mm'r.!.parts of the Mercedes blade design

There are no papers available which prescribe a wind tunnel fan blade design with the
exception of NASA's paper, but that was tailored to solid wood blades (NASA, 1998). There
is also a lack of published data around composite jet turbine blades structural design. One
paper by Amoo states the modern day composite structural design of a jet engine fan blade
is comprised of a solid UD laminate with a titanium base. The leading, trailing, and tip of the

blade are reinforced with a titanium strip (Amoo, 2012).

There appears to be very little literature exploring composite materials used in fan blades.
F&S state a combination of UD carbon fibre and a cold cure epoxy resin matrix as a good
formula for successful blade design (Fagerberg & Stromberg, 2007). Amoo states the same
with jet engine blades made from UD fibres and epoxy resin (Amoo, 2012).
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2.2.5 Manufacturing techniques
F&S took into consideration the surface finish of the blade, consistent finished product

tolerances and confidence in all plies being consolidated as the main requirements when
manufacturing the blades. From their experience, resin transfer moulding (RTM) meets all
the requirements (Fagerberg & Stromberg, 2007).

RTM is a technique of closed mould curing. Dry fibres are placed into a closed mould when
a low viscosity resin is injected and typically cured with hot water running through the mould.
F.L Matthews and R.D Rawlings describe the technique as a consistent and reliable way of
ensuring consolidation between plies of complex geometry parts (Mattews & Rawlings,
1994).

The RTM Process

@ Pump

|
A B r Mllmg
- Head
Vent
Fmerglasl:ls]_\i j‘]
t “"\ ."_

Mat
| S

Rasn Catalyst H

Mold
SO —

Figure 11 RTM process (Mattews & Rawlings, 1994)

Amoo states that most jet engine blades are manufactured using prepregnanted composites
and are cured in autoclaves (Amoo, 2012).

2.3 FEA & Composite Material Principles
Once F&S established the design features and targets of the blade FEA and optimisation

techniques were used to develop the laminate and stainless steel foot. Papers by Amoo and
Lee also used FEA packages to develop jet engine blade laminate structures (Amoo, 2012)
(Lee, 2008).

From the different sources researched (such as F&S and Amoo) it was evident that the ideal
way of developing the blade laminate structure was to use FEA and optimisation packages,
as this saves a vast amount of time when trying to achieve all blade design targets.
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2.3.1 Design studio optimisation
Once a single FEA analysis has been completed within Design Studio, optimisation can be

used to speed up the development process of the laminate. The optimisation principal is
setting out the variables, objectives and constraints to find the best design for a given part
through gradient-based algorithm. An example of this being applied to the fan blade is:

Variables — Number of UD plies
Constraints — 1: Does not deflect more than 10mm 2: Has a minimum natural frequency of
40Hz
Objectives — minimise blade weight

Once the 3 parts have been established, this creates a design dilemma. The optimisation
provides an approximate solution to the problem. The optimisation problem is then carried
out using DOT and BIGDOT optimisers within Design Studio. With it being an iterative
process, once the optimisers have found an approximate solution, a new FEA is performed
and the process is repeated until the solution converges. Numerical optimisation in a general
sense solves the nonlinear and constrained problem, hence the set of design variables X;,

i = 1, N contained in vector X, this will give:

Minimize F(X)

Topology within Design Studio can then be used to further develop the design and optimise
part shape (Vanderplaats, 2007).
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3. OUTCOMES FROM LITERATURE REVIEW

From reviewing the available literature, the scheme of work to design the blade was as

follows:
Table 1 scheme of work
No. Task Description/Notes
1 Create CAD model of the current
blade
! The methods developed in the literature
2 Calculatziglt?icliztlic;ﬂdlng and review are used to calculate both the
aerodynamic and centrifugal loadings
The loadings found from the calculations are
3 Design testing rig used to design a whiffletree stiffness testing
rig
. ' Carry out the testing to find the current blade
4 Stiffness testing stiffness
Using a combination of using LDV and a
5 Tap testing single accelerometer testing rig to find the
current blade modes
i Measure the current blade to find the total
8 Massieatng mass and the centre of gravity
Develop the methodology of how to model
7 Develop FEA model thotilads
8 Develop blade design
9 Develop blade laminate

The first step was to create a CAD model of the current blade from a 3D scan. Mercedes
loaned their CreafForm MetraScan (see Figure 12) equipment to be able to create a detail
scan of the blade.

Figure 12 CreaForm MetraScan equipment (CreaForm, 2019)

Figure 13 illustrates the scan data of the blade converted into the blade CAD used for this
project.

C_urrent Blude_ Scan Data Blade CAD

Figure 13 scan data into blade CAD model
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4. INITIAL LOADING CALCULATIONS, RESULTS & TESTING RIG DESIGN
4.1 Blade Aerodynamic Load & Distribution

4.1.1 Wind tunnel information from Mercedes
Mercedes supplied the base information regarding the maximum tunnel load for the

calculations discussed in Section 2.2.2 (see Table 2).

Table 2 base wind tunnel information (Miller, 2018)

Calculation Input Term Value
w Fan rotor max RPM 550RPM
r Radius of the blade from the rotation axis 1.2m
Va The axial velocity inlet 55m/s
p Air density 1.225Kg/m?

At 550RPM, the wind speed in the working section of the wind tunnel is 80m/s which
decelerates to 55m/s when it reaches the inlet of the fan rotor. It is unclear what the outlet
velocity of the fan rotor is as there is no air speed sensor until the working section of the

wind tunnel. This means the velocity output speed could be between 55m/s to 80m/s.

4.1.2 Bending load distribution
The calculations were carried out in Excel and done in 10.625mm increments of the blade

span, thus giving 136 calculations. The Excel spreadsheet can be seen in Appendix J.

Setting the outlet velocity to 80m/s in the calculations gives the following pressure
distribution along the blade with area 1 being the start of the blade span and area 136 at the
tip (see Graph 1).
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Pressure Distribution

) Ave pZ:pl

Meaﬂo
Graph 1 blade pressure distribution with outlet speed set to 80m/s

It can be seen from Graph 1 that there is a trend of the pressure difference increases moving

towards the blade tip. This makes sense when considering the blade tip is traveling at a

higher velocity as the blade is rotating around the central axis. This trend underpins

confidence that the calculations are consistent with expectation.

Figure 14 the 8 load points on the blade for the testing

The whiffletree principle design will apply the adopted load to the blade under tension
through profile clamps (clamps see Figure 15). It was considered that 136 sections is
excessive to accommodate along the blade span without over constraining the test. After
researching what the minimum size of steel box section that could be used for the testing
load, it was decided 8 load points would be the maximum. The 136 sections would be split
into 8 loading points (see Figure 14 for CAD illustration).
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Figure 15 testing rig blade profile clamp

Pressure Distribution Over A Range Of V1s V2s

L

% of Total Load

i

Graph 2 results of changing the outlet velocity

To understand how changing the outlet velocity changes the load distribution, the
calculations were repeated 55 times. Graph 2 above shows the results of changing the outlet
velocity values. The biggest change from 55m/s to 110m/s was 4.98%. This is a small
enough change confirming the method can still be used. From Graph 2, the average was

taken for each load point and used as the final load distribution (see Graph 3).

Average Load Distribution

20.00%
18.00%
16.00%
E 14.00%

2 12.00%
10.00% I
1 2 3 4 5 6 7 8

Load Points

% of Total Loa

588

Graph 3 load distribution along the span of the blade
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After adopting the average results, the trend remained the same with the largest load
towards the tip. Comparing the results against F&S’'s CFD pressure contour, there is the

trend of higher pressure towards the tip (see Figure 16's progressive green towards the tip).

Figure 16 F&S CFD pressure distribution results (Fagerberg & Stromberg, 2007)

Whilst the two sets of results appear to match closely, there are still errors within the
calculations. For instance, back in Section 2.2.1, Lee and F&S found the blades are
aerodynamically designed to evenly distribute the aero load across the span as much as
possible to achieve a target uniformly distributed load, particularly bending, maintained even
longitudinally (Lee, 2008) (Fagerberg & Stromberg, 2007). The results did not reflect that
trend. This could be down to the calculations not taking into account the varying coefficient
of lift due to the blade twisting profile (different angle of attack along the blade). However,
the results are sufficient enough to give an understanding of load distribution for testing to
find the current blade stiffness. Table 3 is the percentage of total load going to each profile
clamp for the testing rig.

Table 3 profile clamp load
Profile Clamp | % Of Total Load
7.17%
8.38%
9.74%
11.27%
12.95%
14.78%
16.78%
18.93%

Col~N|m|uv|d&|w M|

Calculating the force acting on blade from coefficient of pressure at 550RPM results in
421Kg as the maximum aerodynamic load at that speed. However, it should be noted this is
just a guide for the total load as it is calculated from the frontal area of blade. The stiffness

testing should be tested above this load to give a reserve factor for the calculations.
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4.1.3 Torsional distribution
The torsional distribution comes from the point where the centre of pressure (CoP) acts

along the chord length. For each of the load points on the blade, a 2D sketch of the profile
shape (Figure 17) was taken and then exported into Aero Foil Engineering 2D CFD package
for analysis.

Figure 17 2D sketch of one of the profile shapes

For all the profiles, the air speed was set to a standard value for the analysis. One of the
limitations of using this method was identifying what angle of attack the profile should be to
find the CoP point along the chord which is closely represented in operation. To overcome
this problem, each 2D profile angle of attack was adjusted in the software to give the same
output coefficient of lift as it was the blade design methodology, to ensure an even load
distribution (have similar lift force). This is a limited approach, but it keeps the torsional
distribution relative to each other and gives an indication for testing. The results of this gave
a percentage distance from the leading edge to the point of the CoP (see Graph 4).

cP
70.00

60.00
50.00
5 40,00

-5
“ 3000
—e—CP
20,00
10,00

0.00

Load Point

Graph 4 results of the CoP CFD analysis of the 2D profiles (100% is the leading edge of the profiles)

The results show the profile nearest the blade base has the CoP point closer to the lead
edge and travels towards the centre along the span length. This trend makes sense as the
profile nearest the base is traveling at a lower air speed in operation meaning it needs to run

at a higher angle of attack to achieve similar lift force in comparison to the profiles traveling
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faster (keeping the bending load as even as possible). The trend can be seen in F&S's

pressure contour data in Figure 16.

Table 4 below is showing the point at which the loads need to be applied along the chord

lengths to represent the torsional distribution during the testing.

Table 4 torsional distribution points
Load Point | Chord Load Position

296.04

245.48

226.42

208.09

195.55

183.72

173.71

166.07

O~ || | (r |

4.2 Stiffness Rig Design

4.2.1 Whiffletree design
The whiffletree distributes the force depending on the distance between the pin joint

linkages. The tree was fabricated in a series of box sections with linkages to be able to take
a single load input and split it into 8 points. The distance between the linkages dictates the
percentage of the total load applied to a single load point (see Figure 18 for illustration)
(NASA, 2011).

Distance InputLoad Pin joint linkages
| —p! T .//
1 1

& ° ) O -
T g N g S|
8 Load Outputs
Figure 18 the whiffletree construction
The box section size was designed to have a large safety factor to minimise the deflation of
the parts when under load and affecting the testing results.

To calculate the correct distance between the linkages for the correct force, distribution
moments were used. The construction of the excel spreadsheet to calculate the required pin
to pin distance to match the results of Section 4.1.2 can be seen in Appendix J.
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To apply the torsional distribution as well as the bending load, the whiffletree was configured
to apply force offset along the profile clamps to represent the results of Section 4.1.3 (see
Figure 19).

espee
cobeo

mi

il

Figure 19 showing the whiffletree applying the load offset along the blade

4.2.2 Overall scheme
The stiffness rig works by applying the load through a chain host and is monitored by a

tensile load cell (see Figure 20).

Figure 20 stiffness rig

Due to the twisting of the blade profile, determining what angle the load should be applied
was a challenge. In operation the aerodynamic loading is applied normal to the surfaces of
the blade profile, but the rig could not apply the load in this manner. If the blade was
mounted in the rig with the start of the span perpendicular to the loading direction, then
towards the end of the span, the load would need to be applied 45" (see Figure 21).

School of Engineering Gavin Spring-Benyon (P142997) Page 39 of 185




Y
LENTUS

COMPOSITES

Load Load
Direction

Load Direction

Direction

Figure 21 showing the blade mounted with the base perpendicular to the loading direction

If the blade was mounted twisted at the base so the end of the span was perpendicular to

the load direction, the same problem would occur at the reverse end (see Figure 22).

Load Load

Load Direction
Direction  Direction

Figure 22 showing the blade mounted with the tip perpendicular to the loading direction

To achieve a compromise, the blade is mounted 17" offset to minimise the twisting (see
Figure 23). This is one of the limitations of the stiffness testing rig as it is not applying the

load that truly resembles actual operating conditions. This is a disadvantage of adopting
stiffness testing instead of CFD.

Figure 23 blade mounted on the rig at 17" offset

The load cell tracks the load being applied to the blade and displacement is tracked by the
GOM camera tracking system.
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Figure 24 GOM camera tracking system
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5. TESTING RESULTS

This section lists the results of all the blade testing carried out. Appendix B details the

methodology of how the tests were carried out.

5.1 Initial Testing Results
Whilst waiting for the manufacture of the main testing rig, a simplified alternative point load

facility was built to allow initial performance data to be captured so that the first stage design
development process could proceed pending completion of the whiffletree rig.

Figure 25 is the design of this initial testing rig. The rig applies the bending and torsional load
separately through a profile clamp at the end and the blade is attached to a steel girder to

minimise the deflation of the base influencing the results.

Steel girder

Blade
Profile clamp i

-

Figure 25 initial ‘stiffness testing rig’ design

The blade was tested up to 50Kg in bending and 12Kg in torsional. The load was applied in
increments to ascertain if the deflection is linear and thus the stiffness is linear. The
deflection was measured using 6 DTi’'s along the span. The test was repeated with the DTi's
in different positions on the upper and lower surfaces to identify if the current blade laminate

was consistent everywhere.

Figure 26 the current blade being tested with the DTi’s
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5.1.1 Bending load testing results
The construction of this testing rig and how it applies the load creates a cantilever beam

scenario. The lines in Graph 5 represent the deflection of the blade with DTi's in different
positions. The results show that the blade bends consistently across the whole span and
chord lengths indicating the current layup is symmetrical. However, point 6 shows the
deflection decreases which deviates from what could be expected from bending of this type
of beam. Initially it was thought that this could be due to a faulty DTi, but changing the gauge
had no effect on the result. It was hopeful that the whiffletree testing would shed more light
on this anomaly in the blade deflection.

Bending Load

Deflection (mm}

Points
—e—Blade Bottom Centre Line  —e—Blade Bottom Leading Edge —e— Blade Bottom Trailing Edge
—a#—Blade Top Cente Line —a—Rlade Top Leading Edge Blade Top Trailing Edge

Graph 5 bending load deflection along the span
Graph 6 maps out the stiffness of the blade. The two set of lines are showing how the
deflection is increasing as the load increases at points 3 and 5 from the test. Both sets of

lines are linear across the blade meaning the blade material is working in the elastic region.
For both points the stiffness is 90.45N/mm.
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Bending Stiffness

Stiffness =

E
| 90.45N/mm
23
2

2

r
1 // |
R
o 100 200 0 an — )

Force (N)

—8—Centre line  —@— Leading fdge o—Traling Edge  —@—Centre Line -#— Leading Edge #—Trailing Edge

Graph 6 force increasing against deflection of points 3 and 5 from the bending test

5.1.2 Torsional load testing results
To represent the torsional behaviour, the blade loading needed to be offset from the centre

axis to create a twist in the blade. Also, due to the nature of the blade profile, a load at each
of end of the profile clamp was required to be in the same clockwise direction (Figure 27
illustrates torsional load). However, the equipment needed to create this loading scenario for
the testing rig was unavailable. Instead, a compromise was to load separately the leading
and trailing edge of the blade offset from the centre (see Figure 28). This does not create a
pure torsional load, but a mixture of bending and torsional which would have to suffice for
this testing rig.

Figure 27 ideal way of loading the blade to create torsional load
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Figure 28 the way the blade was loaded as a compromise to achieve torsional load

Graph’s 7 and 8 are the results from applying the load at either end of the profile clamp. The
same testing method of repeating the test with the DTi's in different positions was carried
out. Between both sets of results, the DTi's switch with the amount of deflection measured at
the trailing and leading edge blade surfaces (observe the coloured lines change over
magnitude in Graph’s 7 and 8). This does indicate that the test is applying some torsional
load to the blade as it would be expected to see the lines closer together if the blade were
bending more than torsional. The testing for torsional load is not perfect with this rig design
but is sufficient for having starting data to advance the design process pending the

manufacture of the whiffletree rig.

Leading Edge Torque Load

k=
o

-
1]

Ly
=

Stiffness =
86.83N/mm

-
[.¥]

Deflection (mm)
== =]
B (-4 o =

=]
8]

Points

—a—Blade Bottom Centre Line —&—Blade Bottom Leading Edge —#— Blade Bottom Traling Edge

—a—Blade Top Centre Line —e—Blade Top Leading Edge o—Blade Top Traling Edge

Graph 7 loading at leading edge and torsional load results

The graph lines switching between the two tests points towards there being a symmetrical
layup for the torsional stiffness of the blade. The leading edge results in a stiffness of
86.83N/mm and trailing of 78.36N/mm, both which are close to the bending stiffness of
90N/mm. This again indicates symmetrical layup across the whole blade. Alternatively, it
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could be due to not being a pure torsional load and the plies creating the bending stiffness

are contributing to the results.

Trailing Edge Torque Load

Stiffness =
78.36N/mm

08

Deflection (mm)
-

=4
-

04
02

Points

—e— Blade Botom Centre Lline  —e— Blade Bottom Leading Fdge —e— Blade Bortom Traling Edge

—a— Blade Top Centre Line —a— Blade Top Leading Edge ~ —e— Blade Top Traling Edge

Graph 8 loading at trailing edge and torsional load results

Overall, the results from these tests are not perfect but considered sufficient for moving the
project forward. The DTi data from the tests can be used as constraints for optimising the
new blade layup for the given load to match the stiffness performance. However point 6
previously discussed seems to be an error in the data and consequently only the data up to

point 5 was used for optimisation of a new layup.

5.2 Whiffletree Testing Results
The original idea with the whiffletree rig was to set the GOM system facing to the side of the

blade looking down to capture the full length of the blade deflecting under load as illustrated
in Figure 29. However, an oversight when designing the testing rig was the GOM system
cameras could not be positioned to pick up the points on the blade due to the steel pillars

supporting the rig being in the way (see Figure 30).

Blade Rig Amounting Point

Gom Camer,

>

G0M Camera

Figure 29 illustrating original idea for the GOM system
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Figure 30 steel pillars supporting the rig obscuring GOM cameras

The compromise was to position the cameras offset from the blade front looking along the

side (see Figure 31).

Blade Rig Amounting Point

a -,

Figure 31 compromise position for the GOM cameras

GOM Camera

5.2.1 Potential errors
Figure 33 illustrates how the position of the cameras during the test could not capture the

entire length of the blade and could only pick up the points on the profiles clamps 4 to 8. This
meant when designing the new blade this is the only data available to match the stiffness

performance. However, there are a few potential errors using this data:

+« The profile clamps do not move fully relative to the blade surface as the parts have
their own displacement and stiffness properties which would mean the blade is not
deflecting as much as is shown from the data.

¢ Not having the full length of the blade measurements could lead to not matching the

correct stiffness performance.

In Figure 33, where the profile clamp is at the tip of the blade, the GOM system is picking up

the points on the top box section, blade surface and bottom box section. To identify how
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much of a difference between the blade moves relative to the profile clamp, the point
captured on the end of profile 8 can be analysed. This is achieved by calculating the
percentage difference between points on the top box, lower box and blade surface. The
calculation was done on 5 sets of three points that align to each other across the chord
length at profile 8 (see Figure 32).

Three Points 1

Three Points 3

Three Points 4

Three Points 5

Figure 32 showing the points used to check blade movements relative to the profile clamp

Graph 9 shows the results of comparing the displacement between the 5 sets of three points
as the load increases. The minimum difference is below 2%, rendering it negligible. The
difference was likely to be even smaller as the FEA should model the problem correctly.
Also, profile 8 shows the maximum difference as it is applying the most load.

2.00%

1.50% W

_—0— g —a—Three Points 2

Diff (%)
s
g

—a—Three Points 1
~—&— Three Points 3

—&— Three Point 4

0.50% W
—a— Three Points 5

0.00%
2000 2500 3000 3500 4000 4500 5000 5500

Load (N)

Graph 9 results of comparing the displacement between the 5 sets of data

Figure 33 also shows at the mid-point of the blade span (profile 4), the deflection is
converging to minor and with the blade bending like a beam it is reasonably predicted to

reduce further closer to the base. With the deflection being very small after profile 4, the data
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that might have been captured would likely have very minor influence on defining the
stiffness of the new blade. Under these circumstances, the data is considered sufficient
enough to develop the layup to give the correct stiffness on the new blade.

5.2.2 Results
The blade was tested up to 5020.4N (511.76Kg). Figure 33 is the magnitude of blade

displacement at 5020.4N load that the GOM system measured.

[mm]
40.542

36.000
—32.000
- 28.000

d 24.000

20.000

16.000

12.000

7.898

Figure 33 magnitude of blade displacement at 5020.4N

The GOM system can divide up the magnitude displacement into X,Y,Z components with Y
being the bending deflection. Figure 34 is the Y component from the test which shows
progressing towards the tip of the blade, the deflection is increasing exponentially. This
indicates that the load towards the tip is potentially increasing, which was expected from the
whiffletree design in mimicking the load distribution from the calculations in Section 4.1.
However, it could just be displacement characteristics of a cantilever beam scenario in
bending. There is, in actual fact, no way of establishing if the load being applied from the
whiffletree is delivering what was expected.
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Figure 34 Y component from the test

There is confidence in the whiffletree loading, the results of which are shown in Graph 10

which is mapping out each profile clamp displacement against load. From zero load, all

clamps are the same but as the load input increases, the gap between the graph lines is

increasing in accordance to what was expected. Profiles 4, 5 and 6 have similar jumps

between the displacements as do the calculated load distribution. Profiles 7 and 8 are

increasing with the gap greater in comparison, which also aligns with increasing load

distribution.
Y Deflection Vs Force

45

40
£ 35
E 30
S 25
5 |
(=]
g W

5

0

0 1000 2000 3000 4000 5000 6000
Force (N)
—8— Profile 4 —@—Profile 5 #— Profile 6 —@— Profile 7 —&— Profile 8

Graph 10 Y component displacement against load

The calculations for the torsional loading of the whiffletree found approaching the centre of

the blade span (profile clamp 4) moment of the load is centre of the chord and towards the

tip moves off to the side. Looking at the X component (see Figure 35), there is deflection off

to one side of the blade towards the tip and minimal at the span centre, which matches to
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what was expected of the whiffletree loading. This indicates the rig is applying the right load

distribution.

[mm]
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-2.800
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3405

Figure 35 X component displacement

Graph 11 is showing how the magnitude displacement from the measured points on the
profile clamps increases with load. The graph lines are all linear indicating the blade is still
working in its material elastic region. However, at a low load input, the graph traces are not
linear but this is due to the whiffletree taking up slack and not applying load across the whole
blade.

Displacement (mm)

Hame
L I L L I L I L L L L L I L i L .
WRAITN UMAIN TRRSN MOROEM 083N UTROTH 232N i BN TSN 3NN ITSASON  SONLIEN  A2JAMSN  SSNAEN SN

Load (N)

Graph 11 all the points’ magnitude displacement against load
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All of the results from this testing did not replicate the errors identified in the initial testing
results from the temporary rig (see Section 5.1.1). There is the possibility that the profile
clamps are constraining the blade during testing which would hide this error, but that is
unlikely as the profile clamps were positioned away from point 6 that was measured in the

initial testing.

The results of the testing was considered adequate for defining the stiffness of the new
blade. Table 5 shows the magnitude displacement data to be used as constraints for
optimising the new blade layup for the given load to match the stiffness performance.

Table 5 magnitude displacement data to be used as constraints

Profile 7 6 5 4 3 2 1

5.3 Blade Frequencies Testing Results

5.3.1 Tap testing results
Figure 36 below shows the results of the tap testing to find the first natural frequency.

A B € o

Average
Response
= 33.44Hz

LEADING EDGE

Figure 36 tap testing results
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The 44 accelerometers found an average response of 33.44Hz across the blade. This
average ignores a few accelerometers that were outputting erroneous results that did not
follow the trend of the majority on the blade.

The result of 33.44Hz was encouraging as this was very close to what F&S designed and
tested (Fagerberg & Stromberg, 2007). The actual difference between the results could be
due to the setup of the test; for example F&S tested a blade bolted to a steel plate while this
current blade was bolted to a steel table. To what torque the bolts are tightened will have an
effect on the stiffness of the blade and its frequency. Attached to different platforms also has
an effect on the frequency (Agilent Technologies, 2000) (Fagerberg & Stromberg, 2007).

5.3.2 LDV results
The LDV also found the same first frequency of 34.37Hz confirming correlation of the two

test methods underpinning confidence in the results. The LDV's magnitude frequency graph
of all 4 modes are shown where the data trace spikes (see Graph 12).
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Graph 12 LDV magnitude frequency results
From the results the LDV found the mode shapes of all 4 modes. The first mode is bending.
Figure 37 shows the results compared to F&S’s FEA results. LDV correlates closely. F&S in

their report only state the frequency of the first mode to be 38Hz, but does show the other 3
modes shaping FEA results.

School of Engineering Gavin Spring-Benyon (P142997) Page 53 of 185




—_— a .
LENTUS 2@

LDV Results F&S FEA Results

1t Mode
34.37Hz

Figure 37 LDV and F&S results of the first mode shape (Fagerberg & Stromberg, 2007)

The second mode shape is torsional and again correlates to F&S’s findings (see Figure 38).

LDV Results F&S FEA Results

2d Mode
125Hz

— ] EarTy
v.151 i * ’

Figure 38 LDV and F&S results of the second mode shape (Fagerberg & Stromberg, 200.?)

The third mode shape is second torsional which also correlates (see Figure 39).

LDV Results F&S FEA Results

3¢ Mode
265.62Hz

Figure 39 LDV and F&S results of the third mode shape (Fagerberg & Stromberg, 2007)

And finally the fourth mode is second bending (see Figure 40).
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LDV Results F&S FEA Results

4" Mode
337.5Hz

Figure 40 LDV and F&S results of the forth mode shape (Fagerberg & Stromberg, 2007)

All the results correlate to F&S’s findings which implies:

1. Full confidence in the testing results.
2. The blade designed in F&S's report is the same blade being reverse engineered in
this report.

The results from the LDV testing was adopted for the design input for the new replica blade.

5.4 Existing Blade Mass Testing Results
Another important aspect of the blade to be determined was the total mass and the CoG

point.

5.4.1 Blade total weight
The current mass of the total blade was measured (using scales) to be 20.1Kg.

5.4.2 Blade centre of gravity measurement
The distance of the CoG point from the blade base (Z) influences the inertia and the

centrifugal force of the blade.

To find the Z distance, a simple test of balancing the blade until in balance was carried out

(see Figure 41).

Distance Z

Figure 41 illustration of the seesaw used for find the CoG Z distance

The test established the Z distance for the current blade is 359mm.
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6. REPLACEMENT BLADE DESIGN TARGETS

Table 6 below contains the design targets for the new replica blade which were formulated

from research and the pre-design testing results:

Table 6 blade design targets

No. Target Value
1 New Design To Match Current Blade Stiffness Match tr::s\;iilses from
> The Design To Cop%g\élgptznentrlﬁ.lgal Loading At Value tobe calculated
3 Total Blade Mass 20.1Kg
4 New Design To Match 1t Mode Frequency Min 38Hz
5 New Design To Match 1% Mode Shape Bending Mode
. Z To Be No More Than
6 The CoG Z distance 359mm
7 Steel Foot Stress To Be Half Of Material Yield Point Depending On Material
8 Composite Strain Be Below 3000 Microstrain

Notes for Table 6:

e The ideal target is to match the exact displacement for the given load from the
whiffletree testing results, but this might not be possible in the new design. How much of
a % error that would be acceptable is not clear as there is no reliable literature to guide.
With that in mind, the way forward was to achieve a blade design output and then
discuss the values with the project partners, and in particular the implications of the
error % that could be tolerated in accepting the final design output.

e The centrifugal loading was calculated from the formula detailed in Section 2.2.1 once a
design matched the stiffness targets. The design coping with the load will be judged on
the stress and strain of the blade design.

e The first frequency of the blade was the priority to achieve in view of how the new
design would interact with the existing blades still in operation. The other 3 modes were
considered of less importance as the rotor would not operate near the frequency values
to cause a mode to interact with existing blades. However, if the other mode shapes can
be achieved, then this would indicate the new blade is matching the exact required
stiffness performance.

e The Z distance was set not to increase more than the current blade as this would
increase the inertia load on the fan rotor without appreciating the implications on the
structural integrity. The value can be lower provided the new blades are changed in
pairs to avoid an imbalance during rotor operation.

» The stress on the steel foot needs to be half of the yield to avoid creep within that part.
This follows the same approach as F&S (Fagerberg & Stromberg, 2007).
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* As established in the literature review, one of the steel foot design concepts is to be able
to neglect creep within the composite. Nolan Richmond from his experience advised the
plies within the composite layup should not be above 3000 microstrain to certify the part
to withstand an infinite life cycle negating the need for a fatigue analysis (Richmond,
2018).

6.1 Replica Blade Principal Design

At this point of the project, Lentus confirmed the unilateral decision to manufacture the new
blade using prepregnated composite materials in view of the extensive experience of this
technique within the organisation. In addition, the alternative of using an RTM process would

be too expensive and outside the remit of the project costing.

The initial design of the replica blade followed the same principals as F&S did with the
current blade.

The new blade design process was approached considering the following segmental parts:

Steel Foot — For the reasons explained in Section 2.2.5

Foam Core - For the reasons explained in Section 2.2.5

Central UD 0 Laminate - For the reasons explained in Section 2.2.5

Full Blade Laminate - For the reasons explained in Section 2.2.5

Steel Sleeves — To protect the foam core from damage when installing the blade into
the rotor.

Shroud Foam Core — To form the shroud shape.

7. Shroud Composite Skin — To protect the shroud core and steel foot.

ol s

i

J'-

Figure 42 main parts forming the new blade design
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7.FEA METHODOLOGY

The FEA model of the blade is one of the most important aspects of the project as it is
defining the new design of the blade. Using the correct approach at modelling the blade is
essential as model correlation can only come after a prototype has been made. This section

runs through the methods found to best model the blade.

One of the blade design principals is to eliminate the need for fatigue analysis or non-linear
analysis. This means all the FEA carried out on the blade will be done using linear analysis

only.

7.1 Mesh Strategy
The following criteria were determined in pursuit of adopting the best approach to mesh the

blade:

» Mesh type
+ Mesh density

+ Mesh configuration for each blade part and construction model

7.1.1 Blade assembly meshing categories
The blade comprises multiple parts (as detailed in Section 6.1) requiring different meshing

techniques categorised as follows and contributing to overall blade design:

1. Parts that are composite (composite parts)
2. Parts which are considered to be in high stress (steel parts)

3. Parts for low bearing stress (sandwich parts)

In Appendix C the options for meshing the parts are discussed and reviewed. Having
reviewed the options for meshing the blade, the following approach was adopted:

+ The composite parts of the blade used 2D quads elements.

s The principal complex geometry is the inner sandwich. Using a bricks mesh was
found to be extremely difficult. As an alternative, tets was adopted as the sandwich
was not considered to be under high levels of stress.

+ The steel parts used bricks elements where feasible with an option to revert to
second order tets if subsequent foot design evolves into complex geometry. It has
already been established the difference in outputs is small.

There are a few methods to connect meshing multiple parts.
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7.1.2 Mesh connection methods
There are a few ways of modelling the connection between the different part meshes each

with particular benefits and selection depending on the model scenario (Predictive

Engineering, 2014). The methods are:

1
2.
3.
4

Concentric nodes
Spring elements
RB2 and RB3 elements

Glue contact regions

Each method was tested through parameter studies and coupon testing, with the results and

analysis available in Appendix D.

In conclusion, the overall best method for connecting the meshes together within the blade

model is using glue contacts with the settings used in run 8 (see Appendix D) as it has

acceptable correlation between all fronts.

7.1.3 Mesh density
Mesh density is an impotent aspect of modelling in FEA (MacDonald, 2011). Unfortunately

there is no straightforward answer to what is the right mesh size or density, but there are

methods to help find the right mesh approach:

3.

Compare FEA results to experimental testing data.
Run an initial analysis with a medium mesh density followed by a further run with a
fine mesh and ascertain if there are big differences in the results.

Run with overly fine mesh throughout the model.

For the blade model, the following approach was adopted throughout the project:

Run an initial analysis with a medium mesh density and run again with a fine mesh
until the difference is small.

Increase the mesh density where there is adverse colour contour transition.

The steel foot had a fine mesh as this was considered an area of high stress.

Fine mesh refinement around steel foot bolt holes.

The sandwich part mesh could be low density in comparison to the foot to save on
resolving time as this area was expected to be in low stress. This also applies to

other areas where stress is low.

The above approach was developed from carrying out research and testing, see Appendix

E for the results and discussions.
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7.1.4 Other elements used in the model
The whiffletree testing applies the load through the profile clamps (see Figure 15). To match

the same loading as the blade experiences during testing, the clamps are modelled into the
FEA blade model (see Figure 43). This is important to help match the same stiffness when
optimising the layup.

| Top Box Sections

Bottom Profile Block A

Bottom Box Sections
Figure 43 profile clamps modelled into the blade FEA maodel

Note in Figure 43 only the bottom profile block is modelled in. It was considered that only the
bottom clamp was in contact with the blade during the test as the rig was pulling the blade
upwards, meaning the top profile block disengages from the blade surface and thus is not in

contact. The top profile block was removed to save on solving time.

To simplify the model further the bolts connecting the top and bottom profile box section
were removed and replaced with spring elements. The spring elements stiffness was defined
in the same manner as shown in Appendix D to match the bolts used in the rig. Table 7 is
the data used to calculate the stiffness of each bolt used in the rig and Figure 44 is showing

to which profile clamp the bolt value is referring to.

Table 7 data used to calculate the bolt stiffness’s and stiffness results

Bolt Working Length Area E Stiffness Units
1 210 84.3 205000 82292.85714 N/mm
2 195 84.3 205000 88623.07692 N/mm
3 195 84.3 205000 88623.07692 N/mm
4 180 84.3 205000 96008.33333 N/mm
5 170 84.3 205000 101655.8824 N/mm
6 170 84.3 205000 101655.8824 N/mm
7 160 84.3 205000 108009.375 N/mm
8 169.61 841.3 205000 101889.6291 N/mm
9 210 84.3 205000 82292.85714 N/mm
10 195 84.3 205000 88623.07692 N/mm
11 195 84.3 205000 88623.07692 N/mm
12 180 84.3 205000 96008.33333 N/mm
13 170 84.3 205000 101655.8824 N/mm
14 170 4.3 205000 101655.8824 N/mm
15 160 84.3 205000 108009.375 N/mm
16 169.61 4.3 205000 101889.6291 N/mm
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The working length was measured from the blade testing CAD model, the area is the bolt

thread cross-section of an M12, and E is from the bolt material datasheet.

Figure 44 bolt numbering

7.2 Model Loading
When designing the blade, there were initially 3 separate FEA models to load the blade

under 3 load types.

1. Applying load from testing
2. Applying the centrifugal load
3. Applying both loads at the same time

Applying the load obtained from the stiffness testing had to be done separately as the rig did
not apply centrifugal force to be able to match the stiffness. Once a design was matching the
stiffness from testing, it could then apply both loads simultaneously. Applying the centrifugal

load only was done just for the initial design process.

7.2.1 Applying the stiffness testing load
As explained in Section 7.1.4, the profile clamps in the FEA model are applying the load to

the blade. Referring to the excel spreadsheet built to calculate the whiffletree load
distribution, the max testing load of 5020.4N was entered to evaluate the loading for each

profile clamp. Table 8 shows the loads applied to each clamp in the FEA model.
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Table 8 loads applied to FEA model
Profile Clamp Load (N)
1 436.48
493.54
562.29
632.92
711.76
800.07
895.08
1000.1

(eI RN oyl U, N-NY RUSTR B N

Figure 45 illustrates the location of the load points. Normally the load is applied through the
bolts holes in the box sections during testing. However in the FEA model, they are applied to
the nodes on the top surface of each box section to simplify the model since it does not

make a difference to how it applied to the blade.

Figure 45 showing where the load was applied to e profile clamp
7.2.2 Applying the centrifugal load

The easiest way of applying the centrifugal load to the blade was applying a gravitational
load to the model. The gravitational load (a) can be worked out from using F = ma where F
is the centrifugal force of the blade at 550RPM and m is the mass of the blade assembly.
This way is advised by Siemens’s FEMAP commands FEA guild and is similar to how F&S
modelled the loading on the current blade (Siemens, 2016). A benefit of applying the
centrifugal force through a gravitational load is that it is evenly distributing the force across

all the nodes. Figure 46 is an illustration of how the gravitational load would be applied.
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Figure 46 is an illustration of how the centrifugal would be applied

The centrifugal load was calculated by Equation 1 in Section 2.2.1. As a conservative
approach, the load was calculated with the blade mass being 21Kg and the centre of gravity
point distance 1.859m (1.5 being the radius of the fan rotor + the blade CoG Z distance
0.359). This means the CoG Z distance of the new blade cannot be more than 0.395mm
from the base.

CF=mXw?xr
Equation 7 centrifugal force
2m
12&5KN::21X(550x86)2x1859

Equation 8 centrifugal force at 550RPM
The force is then converted into gravitational load:

F
a=—
m

Equation 9 gravitational load

The mass value will depend on the mass of the current design being simulated; for example
assume the blade mass is 20.1Kg:

129.5KN
20.1Kg

Equation 10 gravitational load numbers

6442.786g =

Thus the load for the FEA blade model is 6442.786m/s?.

7.2.3 Applying centrifugal & stiffness load
Applying both loads consisted of running the model with profile clamps and adding the

gravitational load in the same load case (see Figure 47).
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Figure 47 showing how both loads are applied at the same time

When working out the gravitational load, the mass to divide the centrifugal force was
required to include the total weight of the profile clamps to avoid over loading the blade in

view of the centrifugal force being worked out with the mass at 21Kg.

7.3 Model Constraints
The blade when in operation is connected to the fan rotor by 4 bolts in the steel foot

(Fagerberg & Stromberg, 2007). F&S constrained their model by assigning a rigid
connection between all nodes at the surface of the bolt holes with a node at the global origin.
They did this to simplify the FEA model and accepted this would give a high stress region
close to the holes of the steel foot (Fagerberg & Stromberg, 2007).

ELTMENTS

HAT A

Figure 48 how F&S set up their model constraints (Fagerberg & Stromberg, 2007)
Another approach of constraining the model would be to set the node at the global origin to
have a stiffness value that represented the bolts connecting the blade to the fan rotor.

However, the information needed to calculate the stiffness was unattainable. Also, there was
no information on how stiff the rotor structure was to factor into the model.
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In view of this lack of information regarding the stiffness of the structure and connecting
bolts, the decision was taken to adopt the same conservative approach as F&S with
constraining the nodes around the bolts holes as rigid nodes in 123456.

There are a few ways in which the nodes can be constrained rigidly. In theory it does not
matter which approach is selected. However to check that this is indeed the case, a
parameter study was carried out on the blade model.

The study loaded the steel foot with 66kN of force and constrained the nodes in three
different ways:

1. Spider with a rigid node at the centre
2. Constrained nodes around the edge of the bolt holes
3. Spider to a rigid node at the global origin

[ P —r——
[ ]
[

g Spider with
centre node

Constrained nodes at
around the bolt holes

Figure 49 the three different ways that where tested

The point of the study was to see if the reaction forces at the constrained nodes would add
up to the input force. If there was a difference, then the way in which the nodes are
constrained would influence behaviour,
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Maodel Constraints Results
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Graph 13 results of constraining the blade model

Graph 13 shows the results of the study. The graph shows the reactions forces are identical
for the different methods.

7.4 Design Optimisation Set Up

7.4.1 Objectives

The objective of the optimisation was originally set to achieve the total mass of the blade
within a range of 20Kg to 21Kg, but the software could not accommodate this type of

objective. Instead, all the optimisation runs were focused on minimising the total blade mass.

7.4.2 Constraints
Originally the simulation was going to have the following constraints:

+ Magnitude displacement of the blade to match the data from stiffness testing
¢ Have a minimum 1%t mode frequency of 38Hz

+ Have a minimum composite failure index to control the stress in the layup

However, the software could not facilitate running the failure index and frequency
constraints. Only the displacement constraint was able to run in the simulation.

The values used for the constraints are presented in Table 5. The values are applied to the
model nodes in the regions of the same position as the GOM tracking points from the test

(see Figure 50).
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7.4.3 Design variables
The number of plies within the composite layup were the variables to change within the

simulations. Discrete design variables were chosen as the composite plies could only
change by a value of the material thickness (1 ply).

7.4.4 Composite ply topometry
The topometry is the way of controlling what was an acceptable ply size for the new design.

If not controlled, the plies could be as small as Smm?.

The topometry was controlled by having a minimum number of elements grouped together
for a design variable. The minimum number of elements for a group was found through

iterations of testing to find an acceptable ply size for manufacturing.

7.5 Summary Of The FEA Model
Figure 51 is an example of a complete FEA model of the blade.
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Figure 51 example of a complete FEA model of the blade

Figure 52 shows the main parts included in the blade FEA model and Table 9 is a summary
of the settings used to define each part within the model. Note that the summary is a guide
as to how the model was set up initially, since the variables were changed/refined
throughout the project to optimise results.

Figure 52 main parts that go into the blade FEA model
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Table 9 summary of the settings used to define each part within the model

Part Number Part Name Element Type |ElementSize| Constraints Load Mesh Connection
1 Steel Foot Solid Bricks/Tets Smm Yes No Glue Contacts
2 Foam Core Solid Tets 10mm No No Glue Contacts
3 Central UD Composite Plate quads Smm No No Glue Contacts
4 Full Blade Composite Plate quads 5mm No No Glue Contacts
5 Steel Sleeves Solid Bricks S5mm No No Glue Contacts
6 Shroud Foam Core Solid Tets S5mm No No Glue Contacts
7 Shroud Composite Plate quads Smm No No Glue Contacts
8 Profile Clamps Block Solid Tets 8mm No No Glue Contacts
9 Profile Clamps Box Sections Solid Tets 10mm No Yes Glue Contacts

The built FEA model's quality was evaluated through checking methods which can be seen
in Appendix F.
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8. INITIAL DESIGN & RESULTS
The first design incorporated all the parts listed in Section 6.1. However, to simplify the FEA,

only the foot, foam core, central UD 0 laminate and blade full laminate were modelled in. The

bill of masteries used in the blade designs are in Appendix G.

The first foot design used the same geometry profile of the current blade and the 0 UD plies

wrapping around the foot (see Figure 53).

First Foot Design s Current Blade Foot = = =

AT WM 11:08

Plies wrapping
around base

Figure 53 first foot design compared to F&S design (Fagerberg & Stromberg, 2007)

Note the plates on the current blade foot (see Figure 53) are not include in the first design.

The foam core geometry was the exact size of the blade profile. Figure 54 is showing the

interaction of the foam core sitting on top of the foot.

Figure 54 interaction between the foot and core

The UD 0 plies are wrapped around the foot onto both sides of the core, in a similar way to
F&S, to connect the core to the foot and transfer the loads to the base of the blade (see
Figure 55).
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New blade Current Blade

ETETEET

Foam Core

uD 0 Plies

Foot

A

Figure 55 comparing the UD 0 plies current blade to new bfde {Fageri:érg & Stromberg, 2007)

On top of the UD 0 plies are the main plies that cover the whole blade geometry.

8.1 FEA Model
In Section 5.1 the initial blade design was developed from point load testing rig data. The

FEA analysis of the first design was split up into 3 load cases due to the point load testing rig

not being able to apply only bending and torsional at the same time:

1. Bending load
2. Torsional load

3. Centrifugal load, bending load and torsional load

The profile clamp was modelled into the FEA model to apply the loads from the test (see
Figure 56). The UD 0 plies were meshed separately from the main layup mesh. The meshes
were separated to make the centre 0° UD plies the variables for the optimisation. This was
done as it was proving difficult to output a sensible layup for manufacturing (ply size not in
small patches). This led to the main layup being optimised manually alongside the centre UD
0° plies.
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UD 0 Plies Mesh

Profile Clamp

Figure 56 blade FEA model for the initial design

For developing the initial design composite layup, a 3 step process was adopted:

1. Apply bending load - apply the load results from the testing and use the
displacement data as the constraints. Once the correct stiffness achieved, apply
torsional load.

2. Apply torsional load — apply the torsional load identified from testing and use the
displacement data as the constraints. Once achieving the correct stiffness, apply all 3
loads

3. Apply all 3 loads — evaluate design

The composite layup was optimised in steps 1 and 2 which were repeated until both sets of
constraints were close to 0% violation.

8.2 Initial Blade Layup
Figure 57 is the optimised layup to meet the constraints of the bending and torsional load

optimisation runs.
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Figure 57 initial design composite layup

The light and dark blue meshes in Figure 57 is the number of 0° UD plies wrapping around
the foot and core with a ply drop off half way up the span length. The red mesh is the main
blade layup covering the whole of the blade. The optimisation was tailored to output a
symmetrical composite layup. However, to achieve this meant the constraints would be
violated as a compromise. Graphs 14 and 15 are the FEA displacement results for bending
and torsional loads for the initial blade optimised design. The graphs show the FEA
displacement compared to the testing results. Notice the blue graph line stops short; this is

because point 6 from the data was left out as it was thought to be an error.

FEA Bending Load Results

Deflection (mm)
-
=

08 e

o 200 400 600 800 1000 1200 1400 1600 1800
Length Along The Blade Span ([mm)

—a—TestData @ FEA

Graph 14 initial blade design bending load FEA displacement results compared to test data
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FEA Torsional Load Results

Deflection {mm)

1] 200 400 600 800 1000 1200 1400 1600 1800
Length Along The Blade Span (mm)

—8—Test Data ® FEADaa

Graph 15 initial blade design torsional load FEA displacement results compared to test date
The violation of the FEA displacement results were not improved any further as the first
design was just to initiate developing the blade design. Also, the application of the loads

were not considered to be correct for the blade.

Figure 58 initial blade design FEA displacement results

8.3 FEA Stress Results

8.3.1 Bending load

Figure's 59 and 60 show the highest major and minor principle stresses acting on the
composite laminate design. The red circles indicate where the highest stresses occur, thus
are potential failure points. The blue circles show where the profile clamp was applying the
load in the FEA model. The major principle stress is acting on the top surface of the blade as
this side is in tension during the test. The minor stress is on the bottom blade surface as it is

in compression during the test.
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Figure 59 bending load ply 1 major principle stress

Figure 60 bending load ply 1 minor principle stress

A closer look at the high stress points in the laminate reveal they are on opposite sides of
each other (see Figure 61) due to the blade being mounted on the rig at 17 offset creating a
twist in the foot area. It is suspected the high stress points are occurring in that area due to
sudden change of the composite ply geometry leading to a stress concentration point. Figure
62 illustrates bunching up of stress lines. The stress is also thought to increase in that area

due to close proximity to the highly stiff steel foot and the twist.
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Figure 61 potential failing points of the composite

Figure 62 illustration of the stress lines on the blade

The maximum failure index follows a similar trend to that of stress contours with highest
points being the same concentration areas (see Figure 63).

Figure 63 bending load Tsai-Wu failure index
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The steel foot has 4 concentration points (see red circles in Figure 64) where the bending

load from the composite is being transferred to the 4 bolt holes.

Figure 64 bending load foot Von Mises stress

8.3.2 Torsional load
For the torsional load, the same trends of stress concentration points are evident, particularly

in the areas of sudden change of composite geometry. However, it is on both sides of the
blade arising from the applied twist. The point where the profile clamp is applying the load

can be seen again in Figure 65.

Figure 65 torsional load Tsai-Wu failure index
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8.3.3 All 3 loads
Applying all 3 loads including the centrifuge load caused a repetition of stress concentration

points (see Figure 66). However, the points were occurring on both sides of the blade due to
the high 129.5KN centrifuge load cancelling the bending load; further evidence of this was
the deflection in the blade was reduced compared to the test bending data (see Graph 16).

TR

Figure 66 failing points of the composite under all 3 loads

FEA ALL 3 Loads Results

57
54
s1

42
39

27
24
2 o

18 **

L1
03

o 200 200 S0 00 1000 1200 1400 1600 1800
Length Along Blade Span (mm)

Defhwetion (mm]

—a—TestData @ FEAData

Graph 16 comparing the blade FEA defection against test bending data

The Tsai-Wu failure index showed the high stress points (see Figure 67 blue circles). The
highest index however was where the profile clamp was in contact with the blade surface
(Figure 67 red circles). This is unexpected as the clamps should not theoretically be applying
any more load than from the previous FEA bending load case. Further investigation revealed
the clamp was pulling on the composite due to the gravitational acceleration and did not slip
due to the nature of the glue contact set up. This means the high index in that area could be

due to artificial FEA condition in the glue contacts.
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Figure 67 Tsai-Wu failure index for all 3 loads
The steel foot had the high stress around the bolt holes, which is expected with high

centrifugal load and the nodes around the holes being constrained rigidly (see red circles
Figure 68).

Figure 68 all 3 loads foot Von Mises stress

The stress in the foam core is very low (see Figure 69), which is a good indication the
composite skin is absorbing almost the entire load as intended. The core is acting as a
sandwich keeping the composite skins apart, as intended.
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Figure 69 all 3 loads foam core Von Mises stress

8.4 FEA Natural Frequency Results
Figures 70 to 73 compare the FEA natural frequency results from the initial blade design

against the LDV results for the first 4 modes. The 15 mode shape is similar to the LDV
results; however, the frequency is 112Hz which is exceptionally higher than the current blade
of 34.37Hz. This is due to the blade total mass being 10Kg compared to the current original
blade of 20.1Kg. The other 3 mode shapes and frequencies are also at variance to the LDV
results. This indicates the blade stiffness is not matching up to the current blade as the mode
shapes are affected by the part stiffness (Agilent Technologies, 2000).

LDV Results FEA Result

I Mode
34,37Hz

Figure 70 initial blade design 15 mode
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LDV Results FEA Result

27 Mode
125Hz
F:‘g‘ure 71 initial blade design 2" mode
LDV Results FEA Result
3<% Mode
265.62Hz
.;f'gure 72 initial blade design 3¢ mode
LDV Results FEA Result
41 Mode
337.5Hz

f—:fgure 73 initial blade design 4™ mode
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8.5 Points To Take Into The Next Design
The initial design gave a good indication that some aspects of the design needed

improvement. The following evaluations were made from the results:

L

The sudden change in the composite geometry near the blade base is a potential
failure in the design. The stress is relatively low in those areas, but this is probably
due to a relatively low bending load. When the whiffletree load is applied these points
could lead to failure.

To eliminate the stress points, the geometry would need to be upsized. However, the
composite in that zone was reduced in size because of the base shroud. An
alternative is to transfer the load to the steel foot progressively commencing further
up the blade span.

Mass needs to be added to the design. This will assist in determining what frequency
the mode shapes occur at.

The shroud parts of the blade design need to be added into the FEA model. This will
give a better result of what the total blade mass is and give more accurate results
with the mode shapes.
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9. MANUFACTURING CONSIDERATIONS

The developments in the blade design covered in this section were made over a series of
design iterations. Appendix H and | show results of the two interim blade designs.

9.1 Tooling Scheme
The new blade will be manufactured using prepregnated composite materials. Lentus opted

to cure the material using pressure autoclave. To achieve this, a tooling scheme was

developed.

The tooling assembly for the blade comprised a bottom and top composite mould (see
Figure 74). A composite mould was elected over aluminium as this would have a small

amount of flex during curing to assist with ply consolidation (Lentus Composites, 2019).

BOTTOM HALF

TOP HALF

BOTTOM HALF

Figure 74 mould assembly (Lentus Composites, 2019)

Ply consolidation is one of the main concerns with manufacturing the blade with

prepregnated materials, especially between composite ply stack and core material.

To assist with the consolidation, the plies wrapping around the steel foot will be laminated to
the core and foot instead of into the mould. The rest of the plies will be laminated into each
side of the mould (see Figure 75). This approach assists with reducing consolidation as it
allows the operator to carry out vacuum de-bulks during laminating, which compresses the
plies (Lentus Composites, 2019).
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Layup On Blade Assembly

Figure 75 both ways of laying up the blade (Lentus Composites, 2019)

Once the lamination is complete, the blade will be assembled with the shroud core parts and

placed into the mould assembly for curing (see Figure 76) (Lentus Composites, 2019).

Figure 76 assembling blade into the mould {Lentus Composites, 2019)

9.2 Composite Consolidation
The consolidation of the plies can occur in a number of ways:

1. Vacuum de-bulks
2. Small amount of mould flex during curing from cleave pressure

3. As the mould assembly closes, some crushing of the plies against the core

These 3 consolidation processes help with the main span area of the blade, but not the plies

around the foot and shroud zone. The nature of the blade design leaves the base open to
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allow autoclave pressure to compress an intensifier into the foot area which consolidates the

plies around the foot (see Figure 77) (Lentus Composites, 2019).

Orange intensifier | &&*

Figure 77 Applying autoclave pressure (Lentus Composites, 2019)

The intensifier pushes the shroud core pieces into the mould to consolidate the shroud plies.

However, this only works in one direction as shown in Figure 78 with the solid red arrow.

Figure 78 applying pressure to shroud a.re (Lentus Composites, 2019)
To apply pressure in the chequered red arrow direction, a silicone wedge is added into the

blade shroud design (see Figure 79) which expands from the heat generated from the curing
process and rams core parts into the shroud plies.

Figure 79 silicone parts (Lentus Composites, 2019)

The foam core in the area of the shroud is considered to contribute little or no structural

rigidity to the overall blade design and consequently the stresses are low. To help with
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assembling the blade during manufacturing, the core is split into 8 parts, which also

accommodate the silicone wedges and steel sleeves (see Figure 80).

9.3 Load Transfer

els
-dbi

Figure 80 assembly parts in shroud area

F&S used steel plates originating off the steel foot (see Figure 81) and extending into the

foam core to help transfer the load to the foot (Fagerberg & Stromberg, 2007). Reviewing the

FEA results of the initial blade design, the guess would be that the gradual load transfer

plate was to reduce the concentration points on the laminate.

It was considered using the plates in the new replica blade design would not have the same

effect as it was not intended to be manufactured using RTM, which fills in any crevices with
resin, to which the plates would bond with the foam core (Mattews & Rawlings, 1994). The

resin around the plates would also create a washer effect to disperse the load into the

plates, rather than the plates cutting into the foam (Lentus Composites, 2019). Using

prepregnated material does not have the benefit of filling crevices, thus it would be difficult to

bond in the plates and over time would cut into the foam.
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Current Blade Foot = -

Figure 81 F&S foot design (Fagerberg & Stromberg, 2007)

A suggestion by Lentus was to use a composite spar instead of the plates to transfer the
load (Lentus Composites, 2019) (Richmond, 2018). A paper by Matthew J Nicolas into the
in-flight load and shape of composite aircraft wings found using composite spars in the wing
reduces the stress at the connection point to the fuselage (Nicolas, 2016). Also, a paper by
Antonio Paolozzi used a composite spar in a carbon skinned with polystyrene core plane
wing (see Figure 82) to reduce stress and increase stiffness (Paolozzi, 2006). It appears
there is experience to draw on for using a composite spar to reduce the stress near the steel
foot with the added benefit of increasing stiffness.

Polystyrene Core

Composite Spar

—

T

Composite Skin

Figure 82 Antonio Paolozzi composite wing (Paolozzi, 2006)

Figure 83 is the spar design developed for the new blade. The design functions by wrapping
plies around the main foam core and the steel foot. Note in Figure 83 the foot design is
modified to have an extruding part for the composite to warp around. To accommodate the
spars, the main core is split giving leading and trailing edge cores. The spar length and
overhang was developed in the second blade design, the results of which are in Appendix
H.

School of Engineering Gavin Spring-Benyon (P142997) Page 87 of 185




T " .
LENTUS ;@

Trailing Edge Spar

eading Edge Spar

Cut Through
Section

Main Com Eosite Laxug

1] m
w5 (= [
€O IR
=0 Main Core Py
& w 63

| g

SBar Composite LazuE |

Figure 83 composite spars

Figure 84 shows how the spars fit into the blade design and how the blade would be layed

up.

Figure 84 laying up spars

Figure 85 is showing the differences between the initial and the updated foot design for the spars.

School of Engineering Gavin Spring-Benyon (P142997) Page 88 of 185




—_— a .
LENTUS !@

Updated Foot First Foot

Extended shroud
Diameter I i

-~

Extruding Part

Back Pocket | |

Figure 85 comparing updated foot with first design

The updated foot design also had the following parts incorporated into the design:

+ The foot shape was extended up to the shroud diameter to add mass to the design.
This also had the added benefit of expanding into the mould to consolidate shroud
plies.

¢ Extruding part for spars and adding mass. The extruding part also has a pocket for
the main core to sit into, which when assembling the blade acts as a location pin.

+ Pocket on the back of the foot for the back plate.

9.4 Blade Mass Control
The current original blade has the base covered in composite, shown as yellow in Figure 86.

The new replica blade cannot cover the base in composite material as the foot requires
being exposed to autoclave pressure for ply consolidation.
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Figure 86 current blade shroud

To protect the internal materials and close the new blade up, a stainless steel back plate
was designed. After curing the blade, the back plate can be bonded into place (see Figure
87). Stainless steel was selected cover a composite plate for minimising weight contribution
to the total blade mass. The back plate provides the added benefit of being non-structural
which means it can act as a way of controlling the total blade weight after curing. The back
plate gives 2.3Kg of margin for adjustment of total blade weight.

Figure 87 blade back plate

9.5 Optimisation Ply Shape Control
The first few design iterations of the blade centre UD laminate wrapping around the foot as a

separate mesh from the main laminate. To give more freedom to the optimisation, the
meshes were combined to give one main laminate mesh for the blade. The spar and shroud
laminates were still separate meshes (see Figure 88).
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Figure 88 updated composite mesh

Even with applying the ply topometry controls, the laminate designs outputted by the
software were either not symmetrical or in small patches (see Figure 89). The former was
mainly down to the software attempting to make the layup as light as possible. This was not
a problem in terms of manufacturing this type of layup, but when only applying the bending
load in one direction, there was no guarantee that if the blade was loaded in the opposite
direction, it would achieve the same stiffness performance, nor cope with stresses. Similarly,
this can also be said for having a symmetrical laminate due to profile shape, but the risk is

minimal in comparison to the non-symmetrical laminate.

Figure 89 optimised composite layup

Not outputting a symmetrical laminate was the limit of the software capability on this project.
To progress the project forward, the best ply shape design was taken and specified to be

symmetrical, Figure 90 was the optimum shape.
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Figure 90 optimised composite layup for manufacturing

The software tended to produce composite layups that were un-balanced, for example the
layup in Table 10 where the ply orientation was unidirectional. This is another limitation of

the software.
Table 10 showing a un-balanced layup
Ply No.

14 -45*

13 -45°

12 45°

11 45*

10 45°
9 45°
8 45°
7| 45
6| o
5| 0
4 o o
3 0 [
2 0 o
1 0 o

Foot Core Section 1

The solution was to take the output layup and use CLT to find the Ex and Ey stiffness
values. Then use Helius Composite software to reorganise the layup to be balanced and

achieve the same Ex and Ey (see Figure 91).
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Figure 91 Helius Composite software with optimised layup
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10. PROJECT ERRORS & SOLUTIONS

A complex project of this nature is unlikely to be completed without encountering some
errors/blind alley investigations. Two such errors identified by the author as impacting on the

project in time and resources are discussed in detail in this section.

10.1 Composite Material Error
When carrying out the analysis of the second blade design, the composite failure index was

yielding a value significantly above 1 (see Figure 92).

Figure 92 blade design 2 maximum Tsai-Wu failure index

Further investigation showed all of the plies were failing (see Figure 93). However it was
restricted in the region of the blade underside face. Indicating that it was only in the areas

where the plies are under compression, stress was the issue.
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Figure 93 blade design 2 individual ply Tsai-Wu failure index

The compression stresses were found to be unexpectedly low (see Figure 94) in comparison
to what Torayca states the T700S fibre can withstand under compressive load (Torayca,

2018). This led to questions which material properties were being used in the FEA model.

Upon inspection, the compressive strength of the composite was set to 100MPa compared
to Torayca's data of using the fibre in a prepregnated resin of 1470MPa (Torayca, 2018).
This finding put into question all the material properties being used which were calculated
from CODA software at the beginning of the project. However, the results were clearly wrong

when comparing with Torayca’s.
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Figure 94 blade design 2 individual ply minor principle stress

The incorrect material properties had been used since the start of the project, which puts into

question the validity of the FEA results up to this point. The following are the parts of the

project that used the properties:

Coupon testing — The coupon testing used the incorrect properties, but the testing
results against the FEA results had good correlation. The reason for this was the
longitudinal young's modulus (Ex) was correct to Torayca’s data and the fibres in the
part ran longitudinally, which meant the bending deflection would be correct. The
stress results of the plies also had good correlations because the failure index was
calculated independently from the major and minor principal stresses. The main
material properties affected were the compressive strengths and transverse modulus
(Ey).

The first blade design — Again the fibres in the first design ran mostly longitudinally
meaning the results were valid. However, the failure index results are incorrect. In
theory the index should have been a lot lower and this might be another reason why
in the vicinity of the profile clamps, the composite was failing. Unfortunately, the
incorrect properties were not noticed at this stage of the project because the bending
loads were very small so that it did not put the fibres under much compression stress,
thus did not see the wide failure in the same magnitude as design 2.
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10.1.1 Solution
After seeking advice from Lentus, Graeme Hyson recommended using Torayca’s

longitudinal properties and then TenCate's E722 transverse properties as a starting point
(Hyson, 2018). In theory, the longitudinal properties of the UD would be more or less correct
as the fibre is doing all the work. In the transverse direction, it would be the resin properties
withstanding the load, but it is difficult to predict to what extent (Kaw, 2006).

The solution would be to use the Torayca’s and TenCates’s properties, but design the blade
composite layup to be insensitive to the transverse values. At the end of the blade design,
carry out a parameter study comparing how the performance of the blade would change
using different transverse properties from the original. This would identify if the design is in-

sensitive (Hyson, 2018).

10.2 FEA Model Glue Contact Error
The principle of how the glue contacts work is to maintain two meshes together and the FEA

software applies a force in opposite directions at the surface nodes to keep the meshes in
equilibrium to one another and stay in contact. Figure 95 illustrates this theory. The total
force needed to keep the meshes together divided by the applied element area to give the
glue traction, which is essentially the bonding stress on the glue (Siemens, 2016). For the
blade analysis, this output can advise the operator if the composite stack is de-laminating
from the core and foot under load if the glue traction is exceeding the interlaminar shear
strength (ILSS).

Force used to keep mesh

contact in equilibrium ~.___
Composite e
Plate Mesh lT N Ya = A

Core Solid
Mesh

Figure 95 glue contact mesh forces

During the analysis of the one of the blade designs, Graeme Hyson advised to check the
values in the glue traction. Figure 96 shows the results, but the colour contours were
showing very high traction stress and the plies de-bonding from the core and foot. Hyson

vetted the findings and concluded they were not accurate for two reasons:

1. Extremely high traction values in some areas (Hyson, 2018).
2. The colour contour was patchy, indicating the nodes of the meshes are not
connecting correctly (see Figure 96) (Hyson, 2018).
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Figure 96 glue traction on old settings

A study by Jonathan Buck into glue contact settings stated the glue traction contour should

have a smooth transition (see Figure 97).

Glue Traction

Figure 97 Jonathan Buck’s FEA glue traction results (Buck, 2014)

Looking at the contour arrows on the blade, the resultant directions for each vector across

the blade surfaces were randomised (see Figure 98).
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Figure 98 resultant glue traction contour arrows on old settings

Graeme Hyson's own study into glue contacts found the contour arrows resultant directions
should be facing in similar directions and not have sudden changes (for example the results
in Figure 99) (Hyson, 2018).

Figure 99 Graeme Hyson glue traction results (Hyson, 2018)

The blade contacts were not showing similar findings of the two studies, meaning aspects of
the glue contacts were not working. In hindsight, the coupon testing study into glue contacts
should have been examining the glue traction results.

10.2.1 Solution
The solution adopted was to re-visit coupon testing to obtain improved results and use a new

coupon model which was more representative to the blade design. Figure 100 explains the

coupon model set up for the study.
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The coupon is made up of: This all together makes a similar assembly of
the full blade model meshes

The coupon is constrained by 4 holes in the

IR cYs s wiap B steel foot with fixed nodes

meshes of carbon

The coupon is load at the
end of the part with 1000N.
This makes a counter leaver
beam with a point load.

1. Main Layup

o

The meshes for all of the parts are set to the same
size as the full blade model

Figure 100 coupon model set up

Running the coupon with the same glue contact settings gives the same patchy results (see
Figure 101).

Figure 101 coupon results with current settings

10.2.2 Study results
The study tried changing the aspects that would affect how the contacts connect the mesh

surfaces nodes together, the following was tested:

¢ Refining Current Glue Contact Settings — The settings were changed to the other
settings explored in the original study, but to no effect. Other changes were tried, for
example, increasing the search distance for connecting the nodes and checking the

surface vectors directions, but again to no discernible improvement.
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+ Spring Elements — Changing the contacts to spring elements realigned resultant
contour arrows faced in similar directions, but the glue traction value was still very
high (see Figure 102).

Figure 102 results of using spring elements glue traction contour arrows
The spring elements give fairly different displacement and stress contour results in
comparison to the glue contacts (see Figure 103). The results of the previous study found

glue contacts best for correlation.

Figure 103 comparing FEA results of using glue contacts and spring elements

+ Refining Plate Meshes — Using the glue contacts with the current settings but
refining the composite plates meshes had no effect on the contours.

¢ Refining Core and Foot Solid Meshes 2mm Tetrahedral — Refining the core and
foot solid meshes to 2mm element sizes resulted in a significant improvement; the
same displacement results but the glue traction contour and resultant arrows were
matching expectation. Looking at Figure 104, the arrows and contour colours had a
smooth transition. The highest traction value was centred where composite changed
from being attached from the foot to the foam core (see red circle). This was
expected due to the sudden change in core stiffness. However, the contour on the

foot part of the model was still patchy.

School of Engineering Gavin Spring-Benyon (P142997) Page 101 of 185




Figure 104 results of using 2mm tets glue traction

¢+ Refining Core and Foot Solid Meshes 1mm Tetrahedral — The mesh size was
changed to 1mm. This slightly improved the results and reduced the patchy contour

on the foot (see red circle Figure 105).

)

Figure 105 results of using 1mm tets glue traction
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10.2.3 Outcome from study
The study found that to improve the glue traction results the core and foot meshes should be

changed in size. The foot and core should have a 1mm mesh, but for foam core opting for a
2mm mesh would save on model solving time, as the study showed between 1 and 2mm

size has a minimal effect on the result.

Testing the blade model with the new mesh size resulted in a significant improvement on the
results. Figure 106 shows the composite mesh with glue traction contour. It can be seen the

values are low and the transition is smooth (not patchy).

Figure 106 results of using new settings from study

The contour arrows are in similar directions and have minimal sudden changes (see Figure

107). The foam core had the same positive result (see figure 108).

Figure 107 results of using new settings from study contour arrows
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Figure 108 foam core glue traction results with new settings
The new mesh size improved the foot but there was still patchiness across the foot surface
(see red circle Figure 109). The mesh size could not be reduced in an attempt to improve the

results as it was on the upper limit of the processing power, already at 1mm. The foot was
set to glue contacts for developing the composite laminate.

Figure 109 foot glue traction results with new settings

The new approach with the glue contacts increased the amount of solving time needed. To

try and reduce the time it was attempted to bias the mesh surfaces of the foot and core, but
this would not mesh correctly.
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11. FINISHED DESIGN & FEA RESULTS

The finished blade design was the product of several design iterations. The bill of materials

used in the final blade design are listed in Appendix G.

11.1 Blade Design Overview

11.1.1 Foot design

A similar foot design to the original is adopted but modified with a new round section where
the 0° UD plies wrap around (see Figure 110). The section was changed in an attempt to
make it easier to laminate the composite around the foot during manufacturing and reduce

some of the weight.

Foot Round Section

Figure 110 final foot design

In addition, the pocket in the foot for the foam core and back plate were updated to

accommodate the new round section (see Figure 111).

Figure 111 main core interacting with foot and updated back plate
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The initial FEA results of the updated foot identified a concentration of high stress in the
corners where the round section attaches to the 4 bolts (see Figure 112), greater than the
target of 50% yield but less than 100%.

Figure 112 FEA results with of the foot without modes Von Mises stress

To address this, an iteration of adding gussets and fillets were incorporated into the design

to disperse the load (see Figure 113).

Figure 113 foot with fillets and gussets

The gusset and fillets sizes where taken to the biggest without intruding into composite
bonding area of the foot. However, the biggest size could only reduce the stress down to
748MPa (see Figure 114), a 148MPa off the target of 600MPa (half the material yield).
Increasing the gusset size any more intrudes into the composite layup and affects the
stiffness performance of the blade. The 748MPa would have to suffice as the creep effect

would be minimal.
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Figure 114 foot with fillets and gussets FEA results Von Mises

A significant issue with the final design was the total blade mass of 23.93Kg was more than
the 20.1Kg target. Figure 115 are the FEA results of the back of the foot where it was low in

stress and therefore an obvious region to reduce mass.

Figure 115 FEA Von Mises on back of foot

The low stress regions of the foot were pocketed out to bring the mass down (see Figure
116).
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Figure 116 foot with cut out to reduce mass
Running the FEA again with the pocketed-out back section of the foot found the blade total

mass reduced to 20.79Kg without increasing the stress on the foot (see Figure 117). The
20.79Kg could be adjusted down to 20.1Kg with the back plate after manufacturing.

Figure 117 FEA Von Mises results of foot with cut out

11.1.2 Shroud area design and foam core
The shroud area design carried on with the silicon parts and the same amount of core parts.

The main foam core also comprised of 3 parts.

Figure 118 final core and shroud design
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11.2 FEA Stiffness Results Of Final Design
Figure 119 is the final laminate layup and Figure 120 is the corresponding sections for the

laminate (in Appendix J is another diagram of the final blade layup). The final layup
included a 90° ply to account for any transverse loading not being accounted for in the blade
design.

EERFEFEomvwevswn

Figure 1189 final composite main blade layup

Figure 120 final composite main blade layup locations and ply orientation

Figure 121 was the first spar layup which was changed to use woven material on the +45

plies to make it easier for manufacturing.
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Spar . '

Foot

Figure 121 first spar layup with layup locations and ply orientation

Figure 122 is the spar layup with woven material and Figure 123 is the corresponding ply

orientation. Some 0° UD plies had to be left in the laminate to keep the correct stiffness
within the blade.

Leading and Trailing Core

Figure 122 spar layup including woven materials
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Figure 123 spar layup including woven ply locations and ply orientation

Figure 124 is the total ply thickness across the blade.

1.8mm

1.4mm 2.8mm

Figure 124 total composite thickness across the blade

11.2.1 Blade stiffness
Figure 125 is the magnitude displacement of the blade under max stiffness testing load. The

testing found a max value of 40.542mm compared to the FEA of 39.4mm making a

difference of 2.81%.
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Figure 125 blade deflection under stiffness rig load

Points 1, 4 and 7 in Figure 125 are the constraint points of the optimisations. Graphs 17, 18
and 19 are comparing the FEA constraint point’s displacement against the testing data.

Point 1 Along Blade Testing Vs FEA

40
.
15 AlongBlade Diff %
5747569 -3.76%
30 7571269 -0.69%

939.4969 -0.63%
1121.8668  2.63%
1304.2369  4.98%

[+
w

—&— Point 1 FEA

-
w

<-«@ Point 1 Testing

XYZ Magnitude (mm)
n
-]

10

400 600 800 1000 1200 1400
Along Blade {mm)

Graph 17 comparing FEA blade magnitude displacement against testing results point 1
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Graph 18 comparing FEA blade magnitude displacement against testing results point 4
Point 7 Along Blade Testing Vs FEA
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Graph 19 comparing FEA blade magnitude displacement against testing results point 7

The new blade design does not exactly match the current blade stiffness, the difference
being 9.47%. The results could not be greatly improved without using asymmetrical layup or
by changing the ply sections. In theory, using a different UD material may improve the
results with current design. However, this point of the project had reached the deadline for
manufacturing Mercedes first blade prototype. The difference between the results was not
thought to impact significantly on the performance as the blade design was over-stiff.
Following a review meeting with Lentus discussing this result, the decision was made to
proceed with the layup to meet deadlines. This meant a design review meeting would need

to take place with Mercedes to discuss the difference between the new and old blade.
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11.2.2 Composite stress
Figures 126 and 127 are showing the FEA results of highest stressed plies of each

orientation for major and minor principle stress. When comparing the final results against the
first blade design there was a similar trend of the stress concentration points remaining, with
little improvement. This could imply the spars are not having the required effect, however,
putting it into context, the first design was only tested up to 50Kg and this final design has

over 500Kg of load with the overall stress relatively low.

Figure 126 worst stressed plies under stiffness rig load major principle stress

Figure 127 worst stressed plies under stiffness rig load minor principle stress

11.2.3 Composite failure index
The failure index is low with the worst point being 0.35. The index results show how there

are now two stress concentration points (see Figure 128 red circles), one being from the
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sudden change in composite geometry and the other from the sudden change in core

stiffness (the composite going from the steel foot to the foam core).

Figure 128 maximum Tsai-Wu failure index

11.2.4 Material parameter study
With the layup defined for blade stiffness, the next step was to check how changing the

transverse direction and shear material properties would affect the results. Two different sets
of material properties were tested; a low end set (unknown properties set 50% lower) and a
high end set (unknown properties set 100% higher). Figure 129 shows those properties
tested together with the normal properties.
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For the results for the blade displacement, there was only a change of 3% (see figure 130).

Figure 130 different material properties blade displacement results

The failure index results showed the same distribution across the blade (see figure 131),

with the lower end properties only having a difference of 5%. However, the high end had a

difference of 30%, and this was probably due to increasing transverse young’'s modulus

which led to 90° and +45° absorbing more of the load because of their higher stiffness.
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Graeme Hyson concluded this was the likely reason for the index increase (Hyson, 2018).
The material is very unlikely to have the high end properties as the normal properties used
were stated by the manufacturer.

Figure 131 different material properties blade maximum Tsai-Wu failure index results

Overall the study showed even with extensive changes to the material properties, the

composite layup is not sensitive to the changes.

11.3 FEA Stiffness & Centrifugal Load Results Of Final Design
With the defined laminate the centrifugal and stifiness loads were both applied to the model.

11.3.1 Composite stress
The highest stressed plies of each orientation resisting major and minor principle stress

followed the same trend as with only having bending load applied. The blade had the same
distribution of stress as previously, but to a greater extent (sees Figure 132 and 133).
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Figure 132 worst stressed plies under stiffness rig and centrifugal load major principle stress

Figure 133 worst stressed plies under stiffness rig and centrifugal load minor principle stress

11.3.2 Composite failure index
The added load increased the failure index up to 0.57 but maintained the same distribution

(see Figure 134).

School of Engineering Gavin Spring-Benyon (P142997) Page 118 of 185




T " .
LENTUS ;@

Figure 134 maximum Tsoi-Wu failure index from both loads

11.3.3 Composite strain
The highest strain in the blade occurred in ply 1 at the siress concentration points (see

Figure 135). The value of the maximum strain was 4700 microstrain which was in excess of
the design target of 3000. However, this was only in one isolated spot. Reviewing the results
with Nolan Richmond, he did not consider the value of 4700 being an issue as it was in one
small area (Richmond, 2018). This aspect of the design was included for highlighting with
the client Mercedes.
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Figure 135 maximum strain

11.3.4 Other composite part results
The composite spars had a relatively low stress and failure index with the exception of high

stress where the core changes from the steel to the foam core (see Figure 136).
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Figure 136 spar composite FEA results

The composite layup for the shroud area consisted of 4 plies. The FEA results showed
extremely low stresses in that area which was expected in the design since the steel foot
withstands the entire load. In Figure 137 the colour contours are patchy, indicating the glue
contacts used to connect the mesh in that region are not quite in sync. However, with stress
being so low it was not thought to have a significant enough influence on the results to
induce the material to fail if amended.
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Figure 137 shroud composite FEA results

11.3.5 Foot stress
As previously explained the foot has the highest stresses in the gusset attachment (see

Figure 138).
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Figure 138 foot FEA results Von Mises

11.3.6 Core stress

The majority of the core is subject to low stress, as expected for the sandwich material (see
Figure 139). However, some points on the leading and trailing core are exceeding the
material strength of Rohacell 71 (see red circles). To overcome this problem, the leading and

trailing core use Rohacell 101 as this has a higher strength than 71.

Figure 139 foum core FEA results Von Mises

11.3.7 Other solid parts stress
The silicone parts and the steel sleeves were both within their material properties (Figure

140 and 141).
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Figure 140 silicone parts FEA results Von Mises

Figure 141 steel sleeves FEA results Von Mises

11.3.8 FEA natural frequency results
Carrying out the FEA study on the design frequencies found the first mode matched up

perfectly with the LDV and F&S results of the current blade (see Figure 142). Mode shape
was bending and had a frequency of 41.12Hz. The same for the second mode having a

similar mode shape and frequency (see Figure 143).
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FEA Results

LDV Results

15 Mode
34.37Hz

Figure 142 final design FEA results of 15 mode

FEA Results

LDV Results

2" Mode
125Hz

»

Figure 143 final design FEA results of 2"¢ mode

The 3 and 4" modes were different from the current blade (see Figures 144 and 145).

FEA Results

LDV Results
3 Mode
265.62Hz

Figure 144 final design FEA results of 3 mode
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FEA Results

LDV Results
4" Mode
e
337 5Hz

Figure 145 final design FEA results of 4'" mode

The results indicate that the new blade is close to matching the stiffness of the original with
the 1¢ and 2" modes being close. However, the 3" and 4" difference in value could be due
to:

« Different mass distribution between the blades

¢ Use of different materials

Even with the 3™ and 4" being different, the favourable results of the 1t and 2"¥* natural
frequency is a good indication that the new blade design is close to being the exact stifiness
of the original. The design target was to replicate the 15 frequency and mode shape close to

the original which has been achieved from the results.

11.3.9 Bond stress between laminate and core/foot
All the results of the final blade design up until this point have been positive. One of the last

aspects to check was the bond stress (glue traction) between the laminate and the cores.
Upon first inspection across the blade laminate and foam core, the glue fraction was below
6MPa (see Figure 146). In the area of where the laminate attaches to the steel foot, the
stress was around 40MPa, which at the time was thought to be acceptable as the E772 was
rated to 67MPa (TenCate, 2018). However, after a penultimate design review meeting with
Lentus, Nolan Richmond and Graeme Hyson identified from their experience that the 40MPa
was too high and the laminate would de-bond from the foot. Graeme Hyson advised that
some of the material classification properties tested and issued by material manufacturer are
done in an artificial environment and not in realistic applications. They recommended the
stress should be below 20MPa, which was only a problem for the steel foot connection
(Lentus Composites, 2019) (Hyson, 2018) (Richmond, 2018).
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Figure 146 glue traction results

To check that the 40MPa was not an artificial stress caused by the FEA simulation, the glue
contacts on blade was run again with spring elements connecting the composite mesh to
the foot resulting in a similar result with the stress being at 42MPa (see figure 147).

Figure 147 glue traction on the foot using spring elements

Carrying out further investigation into the contributing factors influencing the maximum
failure index found that the majority of the maximum index values originate from the
interlaminar stresses. In Figure 148 the red circles indicated the two spots where the index is
high. Looking at the failure index of the compressive and tensile stress of ply 1 the two spots
do not exist. The failure index of the interlaminar stresses’ is identical to the maximum index
meaning the high stress in the joint comes from the interlaminar stress. This in turn means

the plies want to pull apart and de-bond from the foot.
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Figure 148 comparing failure index’s

This can be said for the spar composite as well with the total index substantially coming from
the interlaminar stress (see Figure 149) at the same point where the steel foot starts and
ends.

Figure 149 spar interlaminar shear strength failure index

The results show the composite tending to de-bond. This is typical of this type of joint.
Graeme Hyson confers (Hyson, 2018).

11.3.10 Attempts to reduce the bond stress
Several improvements to the design were tried:
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+ Adding in zed ply — Transferring the peeling load onto fibres under tension through
composite attached to the foot pocket and then to the surface of the main laminate
(see Figure 150).

Figure 150 the zed ply on the steel foot

Mesh was modelled in-between the foot pocket and the main laminate to act as the zed
plies. A layup of low and high stiffness was tried. However neither had a significant effect on
the results. Figure 151 is the glue traction stress, which is still above 20MPa near the edges
of the foot.

i

4 F /. s "y &y s =

Figure 151 FEA results of adding in the zed plies glue traction

+ Wrapping 90° plies around foot — The 90° plies are intended to warp around the
joint of the steel foot in contact to the foam core. Figure 152 illustrates the function of
the 90° plies which is intended to stop the main plies pulling away from the foot under

bending load as the 90° fibres counteracts by going into tension.
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Figure 152 illustrating the 90° plies going into tension

However, this approach had no effect on the results even with increased composite material
stiffness values for the 90° plies.

+ Tapering foot — tapering the foot connection point with the foam core and change
the stiffness gradually, rather than a sudden change. Figure 153 shows the results
with and without taper. The taper did not have a beneficial effect, indicated by how
the interlaminar shear strength failure index did not change significantly. Tapering the

foot did cause the foot stress to increase from 748 to 962MPa.
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Interlaminar Shear Strength Failure Index

Normal Foot

Foot With Taper Interlaminar Shear Strength Failure Index

Figure 153 comparing the FEA results of.rhe foot with and without a taper

+ Extending out the foot with taper — Building on the tapering concept, extending the
foot into the blade with an elongated taper (see Figure 154).

Figure 154 foot with extended foot taper
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Figure 155 FEA results of extended taper foot glue traction

The extended foot did improve the results slightly, but still not below the acceptable level of
20MPa. Figure 155 shows the results. The high concentrated stress transfers to the edge of
the foot.

Foot With Taper Normal Foot

Figure 156 comparing FEA results of the foot with and without extended taper interlaminar shear strength failure index

The failure index of the extended taper has moved from one of the two previous spots where
the index is high (see Figure 156), but still not assisting with stress reduction around the
abrupt composite geometry change. The extended taper foot repeats the problem of
increasing the foot stress (see Figure 157). In addition, extending the foot results in

increasing the total blade mass which is undesirable.
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Figure 157 tapered foot Von Mises stress FEA results

+ Increasing composite stiffness at foot — This approach was to divide up the
composite sections near the foot and start with a similar stifness as the foot itself.
Then gradually reducing stiffness along the blade by dropping off the plies (see
Figure 158). This again is attempting to smooth the sudden change in the stiffness
over increased area.

Composite layup

same similar Dropping Dropping
stiffness tofoot  in stiffness in stiffness

Figure 158 illustrating having stiffer composite section near the foot then dropping off along the blade span

The results are shown in Figure 159. Whilst this was not entirely successful, there was a
slight improvement.
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Figure 159 FEA results of extended taper foot glue traction

In summary, none of the methods of reconfiguring the joint design resulted in reducing the
bonding stress to 20MPa. However, increasing the composite stiffness towards the foot,
together with tapering, could result in the target improvement necessary if there was
sufficient time remaining to develop the technique further. The adjustments to the design
would have to be done with care so as not to inadvertently change the CoG Z beyond the
design target and the total mass of the blade. Perhaps the composite spars could be re-

looked at to help bring the bonding stress down.

Unfortunately, at this point of the project the deadline for finishing academic/investigative
work was imminent, which meant further development on the new blade design would have
to be curtailed. A review of the full design to date was conducted with Lentus and a plan
formulated and agreed for adjusting the design to accommodate the bonding stresses,
thereafter manufacturing the prototype. The author would focus on finishing academic
elements to comply with University requirements whilst Lentus would adjust the design to

resolve the last remaining issue.
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11.4 Summary Of Finished Design
Table 11 below sets out the summary of the final design performance against the original

design targets:

Table 11 final design performance against the design targets

No. Target Value Accegtable Why?/Notes
New Design The blade stiffness was only
To Match Match the at worst 9% stiffer. The
1 c values from performance is to be
urrent Blade . . .
Stiffness testing discussed with Mercedes to
reach an agreement.
The Design To
Cope With Viilus tolbe Composite not failing under
2 Centrifugal calculatad load, but safety factors to be
Loading At discussed with Mercedes.
550RPM
The total mass came out as
3 Total Blade 20.1K 20.79Kg. Mass is over but
Mass Hing can be controlled with back
plate.
New Design
g | ToMatehTst | yfin 3ghy
Frequency
New Design .
5 | ToMatch st | Dorand
Mode Shape
The Z came out as 246mm.
Z To Be No Mercedes are aware that
6 Tl;?stcai(ge z More Than because this value is not the
359mm exact same the blades will
need to be changed in pairs.
Steel Foot
Stress To Be . Not thought to have a major
7 Half Of gﬁpﬁ;'t‘l':;gl effect, but to be discussed
Material Yield with Mercedes.
Point
8 Composite 33350350‘” In one confined spot, to be
Strain : : discussed with Mercedes.
Microstrain

Table 11 does not include the unresolved issue of the bonding stress being too high against

the target threshold. Apart from that, Lenfus has confirmed the new blade design produced

conforms to their satisfaction and confidence to deliver a prototype for testing to Mercedes,

subject to their approval of errors highlighted in the body of this report.
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11.4.1 Reserve factors

One set of criteria that has not yet been considered and quantified are the reserve factors
(safety factors) of each part of the new blade design. Table 12 shows the reserve factors for
major components in the design and Table 13 the reserve factors that have been used in

terms of the loading used in the FEA analysis.

Table 12 blade parts safety factors

Blade Parts Reserve Factors
Part ; Highest
Part Defining Material Mfit:,l?tﬂ Value on Factor | Notes
Value Part
Main Tsai-Wu Value Of
Composite | failure index o0 ETE 1 il
T700S E722
Composite Tsai-Wu & TR30S 3K | Value Of 033
Spars failure index 2X2 Twill 1 )
E722
T700S E722
Shroud Tsai-Wu & TR30S 3K | Value Of 0.016
Composite | failure index 2X2 Twill 1 ’
E722
Von Mises
Foot Slress 15-5PH 1200MPa 748MPa
Shroud Core | Von Mises | RohacellIG- | 4 gyp, | g omPa
stress F71
. Alchemix
Silicon Parts | YOn Mises | orvo40. | 3.4MPa | 0.047MPa
stress C251
Main Foam Von Mises | Rohacell IG-
Eota Sifoss F71 1.5MPa 0.5MPa
. To be
Leading and :
. Von Mises | Rohacell 1IG- updated
= Tralllgg siress F 71 1.5MPa 1.7MPa t0 1G-
oam Core F101
. Stainless
Steel Von Mises
Sleeves sireas steeel’g;ade 205MPa 4. 7MPa
Von Mises Stainless
Back Plate steel grade | 205MPa 12.3MPa
stress 304

The factors in Table 13 are derived from the assumptions made during the design process.

The following points are made about the factors:

+ The blade was tested up to 5020N rather than the 4130N calculated. Also Mercedes

resfricted running the wind tunnel at 50m/s rather than the original operational target

of 80m/s. If the facility exceeds 50m/s, this would mean as an estimate, the tunnel
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runs at 343.75. Running 37.5% slower than maximum design means the factor has a

further 37.5% (Miller, 2018).
¢ Again if it is assumed the tunnel only runs at 50m/s then the centrifugal load is lower.

Table 13 blade load reserve factors

Blade Loading Reserve Factors
Load Running Load Load Used
Aerodynamic load 4130N 5020N
Assumed Aerodynamic Load
At 50m/s wind speed 2581N B020N
Centrifugal Load 50424N 129500N

As there is no information available on what are the right reserve factors for the new blade

design, it is proposed to discuss the above factors with the client Mercedes and ascertain if

they are acceptable.
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12. CONCLUSIONS AND EVALUATION

This report has fracks the design process adopted to reverse engineer a composite wind
tunnel fan blade for Mercedes AMG Petronas’ F1 Team with Lentus Composites. Testing
was carried out to find the current original blade performance which then formed the basis of

design targets for the new replacement blade.

Aspects of what was important to the customer and to what Lenfus Composites considered
essential to incorporate into the design have been listed and adopted into the design
process. In addition, tools for project planning, timescales, structure and aims have been
utilised to run the project efficiently and track progress towards achieving the aims.

The results of blade testing correlated closely to information gathered from the research into
the current blade composition. The data from testing was used in conjunction with design
optimisation to accelerate the design process. However, the optimisation was limited with
respect to manufacturing techniques available and consequently the design at that stage,
was manually fine-tuned by the author.

The literature review identified there is a lack of existing reliable design criteria. Even with all
the testing carried out on the current blade, there were still areas of unknowns; for example,
centrifugal loading cannot be tested until the new blade is in operation within the wind
tunnel. Further, the calculations for the aerodynamic loading have shown to be successful
for testing the current blade, but nevertheless still had to make assumptions to arrive at
those results. Whilst those gaps were infilled with the considerable experience of Lentus,

there does ultimately need to be 100% confidence in the results of the FEA.

With there being a lack of information on the current blade (exact material used and layup)
the success of the new blade finally rests on the prototype testing. If the prototype testing
results correlate with the FEA then there is confidence the blade will perform as expected in
the wind tunnel. If not, then there would need to be further development of the FEA model to
correlate the results followed by a reassessment of the design and targets explored in
conjunction with Lentus and Mercedes.

The input to reverse engineer and design of the replacement blade was underestimated at
inception both with respect to resource time and the technical challenge of achieving all
targets to manufacture a successful replacement before the deadline of submitting this
thesis. The final design detailed in this report achieves at least 90% of the original targets
with the final hurdle being the adequate measures to deal with the high bonding stress at the
joint of the foot. The initial results of the manufacturing methods considered and tried as a

means to resolve that issue indicate improvements can be made with additional
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development time. The project is on-going to complete the final design threads at the time of

writing.

Another outcome from the review meeting with Lentus was after the bonding stress issues
have been resolved then to have a critical design meeting with Mercedes to get them to buy
into the analysis that has been carried out and the errors in the design targets. As well for
them to review the reserve factors of the new design. After that point the prototype can be

manufactured and tested.

In light of the technical challenge and being a high stakes product this is an ongoing project
to achieve complete satisfaction of the customer. In terms of the aims of this report, the
majority have been achieved on the way to delivering a prototype blade to Mercedes.
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13. FURTHER WORK

As previously mentioned, the most pressing matter, which is currently in hand is that related
to resolve the bonding stress issue. Once resolved, CAD all the core parts with the offset of
the final laminate thickness and run FEA to check this does not affect the blade
performance. Up to now, the cores geometry has been the same as the blade final geometry
as it would take too much time to keep modelling the offsets from the different laminates. It is
expected that the results of the FEA with the offset would have very minimum change
between the models without the offsets, as the composite plate meshes were set up to
extend into the part.

Once the prototype blade FEA is completed, arrange the critical design meeting with
Mercedes to inform and gain their approval of the finalized prototype design and results.
Thereafter, proceed to manufacture the first prototype blade.

The prototype then needs to be stiffness tested and LDV tests to correlate the result with the
FEA. If successful, review the results with Mercedes and if acceptable, proceed to series

manufacture of the new blades.

Projected completed.
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Appendix A - FEA & Composite Material Principles

FEA uses the method of analysing displacement. FE requires the solution of the matrix
equation Ku = P. K is the sum of element stiffness matrices K; and NE the number of finite
elements in a structure (Vanderplaats, 2007).

Equation 11 FEA solution matrix

P column is the matrix which contains the load vectors for each loading conditions and U
columns are the corresponding nodal displacements. Stiffness matrix is the function of the
design variables defining the structure. The load vectors P may also be a function of the
other design variables. One assuming a proposed design has been specified, the stiffness
matrix K and load vectors can be created (Vanderplaats, 2007). Therefore the

displacements U must be solved:

u=KP
Equation 12 displacement from stiffness matrix

The stiffness element k; is formed from stiffness matrix & using the local co-ordinate system

of the elements and geometric transformation matrix T

ki =TTkT
Equation 13 element stiffness matrix

u displacements joint is already calculated it is possible to calculate the forces on each
element using the displacement and element stiffness matrix which are with the associated

element. Itis transformed to the coordinate system locally by:
u® =Tu
Equation 14 transformation matrix
Where u and u® are only the displacements contained with the associated nodes of the
element. The element forces now are:
f = kpu®
Equation 15 element force

It is now possible from all of the forces to calculate the corresponding constraints and
stresses (Vanderplaats, 2007).
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The FEA package used in this project was GENESIS Design Studio. Design Studio is
capable of running linear structure analysis, nonlinear, frequency mode analysis, and part

optimisation.

Composite FEA process
The following steps outline the process used to run a single analysis on a composite

structure:

1. First is to input the orthotropic properties of the materials into the software. Material
which is considered to be orthotropic is defined by having the classification of
properties performing differently depending on the loading direction. For example a
unidirectional laminar might have very high tensile loading capabilities in the
longitudinal direction to the fibre, but have significantly lower values in the transverse
direction. The performance of an orthotropic material can be classed by acting in
three different planes of symmetry. Each plane gives a unique Young's modulus
value for the longitudinal direction 1 (E11), transverse direction 2 (E22), and in plain
direction 3 (E33). As well as Young's modulus this applies to the shear stress within
the material (G12 and G13) (Kaw, 2006). The finite element software would evaluate
stiffness terms as shown below:

Ll Cy Co Cy 0 0 0]fg

Gy Cp Cp €3 0 0 O ’ £ w
o| [Cs Cy Cy 0 0 0 []g

w0 0 0 Cy 0 0 (
ts] |0 0 0 0 Cy O]

3

¥n
M3
T2 0 0 0 0 0 CM_ Ta

Equation 16 orthotropic stiffness terms

Composites are usually made up of laminates, and a laminate is made up of single plies
which are known as a laminar material. A laminar ply is constructed by combining a resin
matrix impregnated with a reinforcement material (fibre). A typical laminar ply would be a
unidirectional fibre impregnated with an epoxy resin (Kaw, 2006). A three plane properties
can be calculated by taking a percentage volume fraction of the resin matrix and

reinforcement. FEA can find the final terms by using the rule of mixtures technique:

1 Y, Y

E: E Ea

1 Ve Va
: ;

Equation 17 Composite rule of mixtures equation (Bheemreddy, 2014)
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2. Once the materials are defined, the part geometry (CAD) can be imported into the
software and mesh the structure with element nodes. The type of meshes can vary
from volume 4 node tetrahedron, to plane 4 nodes plates. Plate elements are the
most common way of modelling composite structures. They use the classical
lamination theory (CLT) to calculate the behaviour of a composite lay-up. CLT is
similar to classical plate theory (CPT) but CLT takes into account the material having
different properties in different directions. CLT only works for thin laminates with in-
plane direction. There are 4 parts to CLT (Bheemreddy, 2014) (Femap, 2017).

Part 1 Kinematic Equations - u0, v0, and w0 are the displacements of the middle plane in
the x, y, and z directions. Again, x0, ey0, and yxy0 are the mid-plane strains, and kx, Ky,
and kxy are the curvatures.

8%
B _5 ‘1)
0 e *
fx *x Kx Ox 1T
|0 ) _ vy | 87wy
Ep | =18y b2y kp (=1 a z —&,5‘
Ve 0 '-'I" Ly 4 ' v ..
Y 7] Y Bup + vy 8 _4“1
. . ) |
YR C =

Equation 18 Kinematic Equations (Bheemreddy, 2014)

Part 2 Constitutive Equations - K indicates the Kth layer counting from the top of the
laminate.

o . S 512 Sie| |ex
syt =Tl [Sh[7h = n S| 1oy
}.\U, " om Sp_.p) i 5[:‘_ k

Equation 19 Constitutive Equations (Bheemreddy, 2014)

Part 3 Resultants — All the terms on the left side are the force and moment resultants.
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Equation 20 Resultants (Bheemreddy, 2014)

Part 4 Equilibrium Equations —
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Equation 21 Equilibrium Equations (Bheemreddy, 2014)
The 4 parts are then brought together to give the stiffness matrices 4, B and D. There is a
relationship between the resultants (forces and moments) and strains of the composite
laminates. If the stresses in the resultants are replaced with constitutive equations the
following is given:

0
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Equation 22 CLT replaced equation (Bheemreddy, 2014)

Then CLT applies the summation and integration operations to their respective components,

the force and moment resultants can be expressed as:

Nel |41 A2 Al [2u Bz A %
Ny = Ay Aliet+ By By

J i3 Ky
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0
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Equation 23 Integrated CLT (Bheemreddy, 2014)

The integrated equation can be given as follows:

N| (A B
M B D

Equation 24 ABD stiffness equation (Bheemreddy, 2014)

LY

A is the extensional stiffness, B is coupling stiffness, and D the bending stiffness of the
laminate. The stiffness matrices are given as follows:
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Equation 25

Finally this then is used as the displacement method in FEA to solve (Bheemreddy, 2014).

An extra composite characteristic which is used in FEA is the laminate failure theory. As the
behaviour of composites is very complex, failure theories are a great tool in post processing
results to understand how individual plies (lamina) are stressed within a laminate from the
total load being applied to the part. They can identify if a single ply is failing within a laminate
lay-up. There are many theories in how it calculates its failure index, but some are more
accurate than others when compared to experimental data. Bheemreddy, Matthews &
Rawlings, and Kaw's composite books found one of the best, when compared to data, is
Tsai-Wu's theory. In addition, a paper by Meng looking into different theories being used in
FEA found Tsai-Wu to be the best as well (Meng, 2014).

Tsai-Wu is based on the total strain energy theory of Beltrami but applies it to the general
lamina state of plane stress with unequal tensile and compressive strengths (Kaw, 2006).
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Equation 26 Tsai-Wu failure theory (Kaw, 2006)
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Appendix B - Testing Methodology

Stiffness Test
Testing outcomes
The following were the aims of the stiffness testing:

1. Load the blade in increments to ascertain if the deflection is linear, thus the stiffness
would be linear.

2. Test the blade up to 421Kg and find the corresponding deflection along the blade.

3. Test to 500Kg to establish a safety margin over the anticipated operating load for

developing the new design.

Procedure of testing
The following is a step by step procedure of testing the blade on the stiffness rig:

1. Attach blade to testing rig and set out tracking dots for GOM system. At the same
time using data from the blade testing CAD model, mark out the positions for the

profile clamps.

Figure 160 blade being attached to testing rig

2. Record weights of all whiffletree and profile clamps.
3. Calibrate GOM system.
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Figure 161 calibrating GOM system

4. Track the blade droop arising from the load applied by the weight of the profile
clamps.

Figure 162 tracking blade before attaching clamps

5. Attach profile clamps and record droop. Set out GOM tracking dots on profile clamps.

Figure 163 attaching clamps

6. Attach whiffletree to load cell and calibrate load cell against total weight of
components.
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Figure 164 calibrating load cell

7. Attach whiffletree to profile clamps and zero load cell.

Figure 165 blade fully set up for testing

8. Begin testing and increase the load by 250N increments. At each increment, record

blade displacement through GOM system. Repeat until excess 5000N is achieved.
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Figure 166 testing blade

9. Repeat test to ensure consistent results are recorded.

Natural Modal Test

As discussed in Section 2.2.4, establishing the vibration response of the blade is another
important aspect of the blade design. Two methods of finding the current blade response
could be carried out with the available equipment; tap testing and LDV testing. These were
both carried out to be able to correlate the results between two sets of data.

Testing outcomes
The following were the aims of the tap testing:

1. Find the average first natural frequency of the blade; the testing equipment used was
only adequate enough to find the first frequency. This meant the tap testing results
would be used to validate the results of the LDV.

LDV testing aims were:

1. Find a first natural frequency that correlates with the tap testing results.
2. Find the first 4 natural frequencies of the blade and the mode shapes. The mode

shapes can be correlated against F&S’s findings from their report.

Procedure of tap testing
Due to the complexity of the blade shape, a single accelerometer was not adequate enough

to give consistent results. To overcome this, a mesh style rig was constructed which
consisted of 44 sensors evenly placed over the blade (see Figure 167).

School of Engineering Gavin Spring-Benyon (P142997) Page 152 of 185




—_— - "
LENTUS %%

Figure 167 mesh of 44 accelerometers

Only 8 sensors could be read at any one time due to the available equipment which meant
the test would have to be carried out multiple times. This led to ensuring the force input to
the blade was consistent between tests. To achieve this, the amplifier on the LDV rig was
used to apply a force to the blade (see Figure 168), which meant the force could be
controlled and consistent throughout the tests.

Figure 168 LDV amplifier on tap testing rig

The procedure of the test is as follows:

1. Attached sensors to blade

2. Setup 2x PicoScope and connect to 8 sensors
3. Triger amplifier and record results
4

Repeat test until all 44 sensors have been recorded
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Procedure of LDV testing
The LDV was set up to measure the same points on the blade as for the tap testing and

used the amplifier to ensure the same force input (see Figure 169).

Figure 169 set up of the LDV testing

The procedure of testing is as follows:

1. Calibrate camera distance from blade and lighting

2. Setthe LDV to capture points on blade. The points to be taken are to be the same as
for tap testing

3. Run LDV test
Repeat to correlate consistent results
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Appendix C - Blade Assembly Meshing Categories

F&S used a mesh combination of quadrilateral (quads) shell elements for the composite
parts and solid brick elements for their steel foot design. Their reasoning for this combination
was that modelling composites with shell quads gave the best results when correlating FEA
models, and with respect to the blade foot, bricks are considered to give more accurate
stress results compared to tetrahedral (tets) or wedge elements (Fagerberg & Stromberg,
2007). F&S did not state how the sandwich parts were meshed, nor if they were even
included in the FEA model. Sagib Hameed meshed the turbine blade in a similar format to
F&S but there were no sandwich parts in their design (Hameed, 2015).

Predictive Engineering’s book on composite laminate modelling recommends for meshing
composite parts to use 2D elements over 3D as it gives more freedom when applying CLT.
Also, quads over tets from past experience appear to capture the stress concentration areas
better (Predictive Engineering, 2014). A book by Bryan J MacDonald also recommends
using quads for 2D elements as they gave more accurate results (MacDonald, 2011).

Predictive Engineering also publish a book on Foundations of FEA Modelling which states
when possible, the use of brick elements for solid meshing as this gives better results with
solving stress in the components. Other benefits are that it usually takes less time to solve
(being less nodes) plus works better with orthotropic materials. However, with complex
geometry, it can be difficult to generate a mesh and is time consuming (Predictive
Engineerings, 2011). MacDonald's book states tets produce acceptable displacement results
but generally do not give accurate results for stress, which is mainly due to the element
shapes being stiff in comparison to bricks. However, in more recent years there has been
great improvement with tets elements being closer to bricks (MacDonald, 2011). Predictive
Engineering also confirms tets elements have improved to match the performance of bricks
when using second order elements. Tetrahedral first order elements are close behind the
performance of second. The down side of using second order is that it requires more time to
resolve. However, weighing up the time needed to generate the brick mesh if the geometry
is complex and the level of accuracy needed from the model, the difference in time overall is
small (Predictive Engineerings, 2011).

Attempting to mesh the geomefry of the blade using 3D bricks is difficult due to its
complexity (see Figure 170). Consequently, using tets for the sandwich and steel parts on
balance is considered the optimal approach.

School of Engineering Gavin Spring-Benyon (P142997) Page 155 of 185




—
LENTUS

COMPOSITES

Figure 170 showing the difficulties with meshing the complex geometry

To establish how much of a difference in results there is between bricks and tets, a
parameter study was undertaken on a simple cantilever bar with a point load at the free end
and fixed at the other (see Figure 171). This enables correlation of the FEA results through
simple hand calculations for deflation and the average bending stress at the fixed end.

Figure 171 bar model for correlation study

Using the same mesh size for each meshing type, the quads elements give slightly more
accurate results against the predicted hand calculations (Graph 20). The study results are
not representative of the blade, but do give an indication that the FEA results between the

two mesh types have converged in recent years.
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Maesh Type Study Results
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Graph 20 mesh type study results

Predictive Engineering’s book on composite laminate modelling recommends that if the
component is treated as a sandwich composite (which the blade could be viewed as with it
essentially being composite on the outside encasing and an inner core/steel), then the part
could be meshed in all shell elements. This could be achieved by positioning the core/steel
material in the middle of the composite layup information for CLT. However, due to the
complex geometry, the plate elements would not align at the middle because of the twist in
the blade and variation in the thickness along the length of the geometry (see Figure 172 for

illustration).
B!ade-t
(o] est
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s, Mesh Normal vectorsand | | 20
plate growth direction : g2
I 7]
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Figure 172 showing how the plate mesh would overlap with the complex geometry
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Appendix D - Mesh Connection Methods

To find the best method to use, a parameter study was carried out on a coupon cantilever
beam which represented the blade model by having a steel base tet solid mesh (foot of the
blade), Rohacell core solid mesh (blade sandwich parts) and E722 T700S composite 2D
quad mesh (see Figure 173).

Coupon construction

AN

Carbon

Figure 173 coupon construction

The idea of coupon was to represent the main parts of the blade design in plain geometry to
enable simple hand calculations. The plate mesh model as discussed in Appendix C could
easily be manufactured for testing, providing three methods of validating and correlating the
FEA results and finding the best connection method.

The coupon had three different loads applied to it for the study:

Table 14 loads used for the coupon study

Load Type Load
Cantilever beam with a point load at the free end 49.05N (5Kg)
Cantilever beam with a point load at the free end 98.1N (10Kg)
Cantilever beam loaded in tension 1000N

The hand calculations compared the max deflation results for all 3 loads, while the plate
mesh model can potentially compare both the max deflation and stress distribution.
However, due to limited equipment available for the testing, the results could only be
compared to the max deflation under a 49.05N load.

The hand calculations used to calculate the max deflections follows:

+ Max bending deflection

School of Engineering Gavin Spring-Benyon (P142997) Page 158 of 185




TR s

————— A

p LMmmd
max _L T X

Equation 27 max bending deflection
To calculate the max deflection, the cantilever beam is considered non uniform with a point
load at the free end using a duplex equation (23). The beam was sectioned A,B,C with two

sets of El values as illustrated in Figure 174 together with dimensions used in calculations.

FIXED
, A B8 c Carbon
30 E
E722T700 4
t=0.2

130

Figure 174 coupon sections and measurements

Initially, work out overall E and I values for both E,I, and E,I, as the part is a sandwich

composite. This can be done using parallel axis theorem and CLT.

L =1 + Ad?

Equation 28 parallel axis theorem
The EI values must = the same for the equation to work. As E;[; has a much higher number
because it has the steel base in the sandwich, it can be treated as a fraction.

B A
Mmm Mmm
dmax = dx + | —=—=—dx
El, 0.02E,1,
C B
Equation 29 max bending deflection formula for the coupon

Equation 25 then gives the max deflection for the coupon under bending load.

¢ Tension deflection

AL = FL
T EA
Equation 30 max deflection under tension load
To work out the total deflection under tension, the AL values are worked out for B-C and A-B
then added together to give total AL (see Equation 31). The E values are the same as for

dmax.

FLp_c . FLy_p
E,A | EA

Equation 31 max deflection under tension load formula for the coupon

= Total AL
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The hand calculations were validated by comparing with FEA results from using a plate
mesh model of the coupon. Table 15 are the results between the two sets of deflection data
which compare closely and thus the hand calculations were considered viable for this study.

Table 15 validating the hand calculation results

Hand Cale (mm) FEA(mm) Difference (%)

49.05N (5Kg) 0.796 0.778 2.31%
98.1N (10Kg) 1259 1.556 2.19%
1000N 16.23 15.86 2.33%

Using a combination of brick, tets and quad elements in the blade model, it is extremely
difficult to line the nodes up between the meshes. To do so was not considered practical.
Also the RB3 method to integrate connections was discarded due to difficulty in modelling
and reliability of results. Three methods remained to be tested for adoption:

+ Glue contact regions
+ Spring elements
+ RB2

Glue contact regions — glue contacts connects the meshes together by simulating infinitely
strong glue that never delaminates between the two mesh surfaces. Figure 175 is the

coupon model set with the regions that are to have glue bonding together.

Figure 175 FEA model of coupon with glue contact regions connecting the meshes together

Within the FEA software there are multiple settings to define how the glue contacts behave
in the model. Graph 21 is the FEA results of using the different combination of settings to
define the glue contacts against the hand calculation results. Testing found that run 8 had
the best overall correlation between the different loading types on the coupon. Run 8 sets

the glue as a deformable weld between the two mesh surfaces.
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Graph 21 testing glue contact regions FEA correlation results

Spring elements — spring elements connect the meshes together by simulating small
springs in between the two sets of nodes on the mesh surfaces (see Figure 176). The
springs can be set to a calculated stiffness value for the resin matrix of the composite that

connects the parts together.

Figure 176 FEA coupon model with spring elements connecting the meshes together

The spring stiffness value for this test has been calculated using the following equation:

Bulk E x Bond A
Bond Gap

Equation 32 working out the spring element stiffness

Bond A is the area of the element size, bond gap is assumed to be 0.1mm and the Bulk E is

Bond K =

the bulk modulus of epoxy resin which is assumed to be 3500MPa, this gives a stifness
value of 315000N/mm.

RB2 - RB2 connect the meshes together by connecting the nodes on the mesh surfaces by

creating rigid body elements (see Figure 177).
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Figure 177 FEA coupon model with RB2s connecting the meshes together

Graph 22 is the results of testing the RB2 and spring elements methods on the coupon
model against the hand calculation results. Run 17 used the stiffness value of the
calculation, however with the bond gap and the epoxy resin modulus being assumed, 3 extra
runs where carried out to see how sensitive the stifiness value was to the results. Making the
stiffness value very high or low did not affect the results by much, meaning the stiffness

value is not very sensitive to the end results.

Using RB2 And Spring Elements
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W Max Stess On Top Layer  ® Bending Deflection Tension Deflection

Graph 22 testing RB2 and spring elements FEA correlation results

Graph 23 is comparing the best results from the three methods. Using the settings from run

8 seems to be the best way of modelling the connection between the meshes.

School of Engineering Gavin Spring-Benyon (P142997) Page 162 of 185




—
LENTUS

COMPOSITES

Best of Each Method
60.00%
8 50.00%
]
'g 40.00% 31.28%
£ 30.00%
£

Glue Contacts

20.12%
£ 2000% 15.94%
'S
w 1000% 550, 3.52% 2.50% .
0.00% —— ‘
] 16

RB2

m Max Stess On Top Layer

Run Number
® Bending Deflection

51.51%

36.56%
8.95%
19

Springs

m Tension Deflection

Graph 23 comparing the best connection results between the each method

Figure 178 is the FEA coupon model colour contour results of the best methods. Looking at

the colour contours of the stress and deflection, the glue contacts gives an even distribution
across all three load types. In comparison, the RB2 and spring elements give a disjointed

distribution of stress. Conferring the results with Graeme Hyson (stress engineer at Lentus),
he agreed the FEA colour contour results should have an even distribution and not to be

patchy to represent realistic defamation and stress in a part (Hyson, 2018).

Bending Deflection

Glue Contacts
Run 8

Bending Major Prn Stress

Bending Core Von Mises Stress

Figure 178 FEA coupon model colour contour results

Tension Deflection

Figure 179 is comparing the glue contact results against the plate model results. The results

between the two are very similar which leads to the conclusion that the glue contacts are the

best method integrating the multiple meshes for the blade.
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Figure 179 comparing the results of the glue contacts and plate mesh model

To reinforce the decision to adopt the glue contacts as the best method, the coupon was
manufactured with the same materials for actual testing as the coupon used in FEA model

with the same composite layup (see Figure 180).

Coupon Layup:
OP10-E722 150g UD @ O°
OP20 - Core
OP30-E722150g UD @ O°

Figure 180 coupon constructions

The coupon was tested fixed to an aluminium rig and loaded with 49.05N (5Kg weight) at the
free end (see Figure 181) where a DTi was positioned to take measurements. The test was

repeated to gain an average result.

Figure 181 testing rig for the coupon

The initial test results did not correlate with the FEA and hand calculation results (see Table
16).

School of Engineering Gavin Spring-Benyon (P142997) Page 164 of 185




—
LENTUS %

Table 16 results of testing the coupon

Test1
Results Coupon Results Diff (%)
Hand 0.796 1.51 89.70%
FEA Plate 0.778 1.51 94.09%
FEA 0.825 1.51 83.03%

With there being such a difference between the results, it was unlikely the first test was
correct. Further inspection of the manufactured coupon found that during the curing
process, the Rohacell core had been crushed, which meant the cross-section area of the
part had become smaller resulting in a smaller second moment of area than originally
allowed for (see Figure 182). The revised value (x) was 9.62mm.

Figure 182 manufactured coupon

Inputting the revised value into the calculations, the FEA model outputted results a lot closer

(see Table 17) but not enough for validation.

Table 17 results of testing coupon with new | value

Test 2
Results Coupon Results Diff (%)
Hand 1.013 1.51 49.06%
FEA Plate| 1.059 1.51 42.59%
FEA 1.0778 1.51 40.10%

When considering this further, it was believed that there was a movement in the aluminium
holding rig during testing. Consequently, the rig was incorporated into the FEA model to see

if it influenced the results.

Figure 183 aluminium holding rig with coupon
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Running the FEA model again with the rig included found the results to correlate within 6%
(see Table 18).

Table 18 results of FEA model with rig compared to testing
Test3
Results Coupon Results Diff (%)
FEA | 1.434 | 1.51 | 5.30% |

In conclusion, the overall best method for connecting the meshes together within the blade
model is using glue contacts with the settings used in run 8 as it has acceptable correlation
between all fronts.
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Appendix E - Mesh Density
Mesh density is an impotent aspect of modelling in FEA (MacDonald, 2011). Unfortunately

there is no straightforward answer to what is the right mesh size or density, but there are
methods to help find the right mesh approach:

Compare FEA results to experimental testing data

2. Run an initial analysis with a medium mesh density followed by a further run with a
fine mesh and ascertain if there are big differences in the results

3. Run with overly fine mesh throughout the model

The first method is finding the mesh convergence point when the results correlate with the
testing data (MacDonald, 2011). To see how mesh density affects the results, a parameter
study was conducted on the same cantilever bar model in appendix C. Table 19 lists out how

the nodes and elements were increased over 8 runs.

Table 19 nodes and elements numbers over 8 runs

Run Number of Elements  Number of Nodes

1 72 80

2 120 128

3 300 310

4 1080 1098

5 4560 4598

6 28200 28294

7 112800 112988

8 2826000 2826942

Graph 24 is the results of the study. As expected the accuracy of the results increases as
the mesh becomes finer, but past run 7 does not have a sufficient improvement. This means

run 7 is the optimum convergence point.
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Graph 24 mesh density study results

This approach however was not feasible as the composite layup of the current blade is unknown,
thus there are no comparable results. Also, the mesh may converge at different mesh sizes; for
example, displacement in general converges faster than stress results (MacDonald, 2011). For the

blade interested in both output of results.

The second method is best suited to assist in refining the blade mesh. However, it would need to be

applied every time the FEA model changed following a design update.

With respect to the third option; due to the size of the blade, choosing a very fine mesh throughout
the model would increase the solving time to an unacceptable level rendering it an impractical

approach.

Other considerations in MacDonald’s book regarding mesh density are as follows:

+ In general, employ a finer mesh in areas where high stress is expected (MacDonald,
2011)

¢ Use a fine mesh around holes (MacDonald, 2011)
¢ \When there is an adverse colour contour transition between elements, increase the
mesh size for better resolution (MacDonald, 2011)

e Areas where there is low stress, the mesh density can be low in comparison to rest
of the model (MacDonald, 2011)
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Appendix F - Model Quality Checks

Element Quality
The quality of the 2D and 3D meshes were checked before running the model. For all the

mesh types used, the Jacobian needed to be below 0.6 as this is recommended by Siemens
FEMAP guide lines to be an acceptable mesh quality for results accuracy (Siemens, 2016).
In addition, the regions where it was expected to have high levels of stress in the foot, the
quality was greater (0.2 Jacobian) to ensure a better resolution of the results (Predictive
Engineerings, 2011).

Jacobian compares the shape of an element to an ‘ideally shaped” element of the same
topology. It takes into consideration all the different aspects of defining a good element.
However, this can sometimes mislead an element to be of good quality when actually it is
fine in most aspects but poor in others, so should be used with caution (Siemens, 2016).

If a region of the model mesh is poor but is not considered critical or having a big influence
on the end result then it could be acceptable.

Testing if the model is over-constrained
To check the model is not over constrained, a simple test was carried out by applying a 1G

force to the assembly to ascertain if the reaction forces at the constraints add up to the total
mass of the model. If forces do not add up correctly equal to the total mass, then the model

is over constrained.

The test included the profile clamps for the stiffness testing. The total mass of the parts
comes to 43.74Kg.

The reaction force was 429.113N in total from the 4 bolt holes of the steel foot (see Figure
184). Dividing the 429.113N with 1G gives the mass of the assembly to be 43.74Kg, thus
demonstrating the model is not over constrained.
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Figure 184 results of the constraint test
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Appendix G - Blade Bill Of Materials

This section lists out the bill of materials used in the final design of the blade.

Core Materials
F&S used a PVC foam as core material in the current blade (Fagerberg & Stromberg, 2007).

The new blade design will be manufactured with prepregnanted composite materials in view
of Lentus’s extensive experience. The logical material to use was Rohacell. Lentus have
incorporated Rohacell in a vast range of products gaining considerable experience. Benefits

include:

+ Easyto machine
* Lentus have a range of suppliers for manufacturing the parts

+ Similar mechanical properties to PVC foam
The grade of Rohacell used is IG-F 71 and the properties are in detailed in Table 20.

Table 20 Rohacell IG-F 71 properties data (Evonik, 2019)

Property IG-F 71
Tensile Modulus 92MPa
Density 75Kg/m?®
Compressive Strength 1.5MPa
Tensile Strength 2.8MPa
Shear Strength 1.3MPa

Composite Materials
F&S used UD fibre in the current blade as the main structural plies (Fagerberg & Stromberg,

2007). The new blade will follow a similar approach by using Torayca T700S UD with
TenCate E722 resin system. Lenfus have previously used this product in a range of

structural applications accumulating experience working with the material.

In some areas of the blade parts, the geometry renders it difficult to laminate using UD
material. Instead, the use of Grafil TR30S 3K 2X2 Twill woven with the TenCate E722 was
more appropriate. Lentus have used this previously in conjunction T700S UD. The 2X2 Twill

fibre woven format is easier to laminate as the fibres are intertwined and do not splay apart.
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Table 21 detail the properties of both composite materials used in the blade:

Table 21 composite material properties (Torayca, 2018) (TenCate, 2018)

Torayca T700S UD Grafil TR30S 3K
Property 200gsm 33% Resin | 2X2 Twill Woven
Weight 50% Resin Weight |

Matrix TenCate E722
Density 1605.3Kg/m? 1605.3Kg/m?
Tensile elastic modulus fibre direction 135GPa 56GPa
Tensile elastic modulus transverse 5GPa 56GPa
Shear modulus in-plane 5GPa 5GPa
Tensile strength fibre direction 2500MPa 590MPa
Compressive strength fibre direction 1450MPa 565MPa
Tensile strength transverse 100MPa 580MPa
Compressive strength transverse 100MPa 560MPa
Shear strength in-plane S50MPa S50MPa
Shear strength interlaminar 50MPa 50MPa

To assist the composite bond between the Rohacell and steel foot, TenCate EF72 glue film

is used.

Silicone Material

To aid ply consolidation in the blade shroud area, silicone parts were included in the design since
they expand during the manufacturing process from the curing heat. The silicone used was a
composite application grade Alchemix RTV240-C251 detailed in Table 22:

Table 22 silicone propteries (Alchemie, 2019)

Property Alchemix RTV240-C251
Density 1250Kg/m?
Young's modulus 1.67MPa
Tensile strength 3.4MPa
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Structural Steel
F&S used a high yield strength stainless steel for the foot to be able to withstand the high

stresses arising in the blade at the point of fixity and avoid the need for a creep analysis

within the foot design, as well the corrosion resistant properties (Fagerberg & Stromberg,

2007).

For the replica design, grade 15-5PH steel was chosen as this material fulfilled all the

requirements outlined in previous paragraph. After initial FEA runs of the blade design, it

was decided with Lentus that grade 15-5PH-3 would be acceptable to withstand the stresses
from the FEA results. Table 23 provide the properties:

Table 23 15-5P properties (AK Steel)

Property Stainless Steel 15-5PH-3
Density 7870Kg/m?
Young's modulus 200GPa
Shear modulus 76GPa
Yield strength 1200MPa
uTs 1366MPa

Cosmetic Steel
For all steel parts within the foot that were considered not to be structural or not subject to

high stress values, the cheaper stainless steel grade 304 was used as it was more cost

effective for the project (see Table 24):

School of Engineering

Table 24 304 properties (AZO Materials, 2001)

Property Stainless Steel 304
Density 7900Kg/m?
Young's modulus 200GPa
Yield strength 205MPa
uTs 515MPa
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Appendix H - Blade Design 2
The second blade design took on board the outputs from the first blade design. One of the

main points was to reduce the high siress near the base. Earlier in this report it was
explained that the best way of doing this was through a composite spar (see Figure 185).

Figure 185 composite spar attached to the foot

To decide how big the spars should be a study was carried out looking at changing the
length and overhang (see Figure 186). The study used a previously optimised layup and
changed the two spar variables to find an optimum which reduced the stress without

changing the stiffness too much from the previous results without the spars.

Figure 186 the two variables for the spar

Graph 25 shows the results from changing the spar length. As expected as the length
increases the stress decreases in the composite around the foot, but the blade stiffness

starts to increases too much. 300mm was taken as the optimum overall and it is not the
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highest at removing the stress, but increasing the stiffness too much will not allow for leeway

for optimising the main laminate to match the stiffness of the current blade.

Spar Length
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Graph 25 spar length results
Taking the 300mm length forward the overhang was tested next. The spar length was found

using a set overhang of 50mm, and at 50mm shows 0% change. The results show the

overhang change is not very sensitive to affecting the results.

Spar Overhang
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Graph 26 spar overhang results

Overall the 300mm and 50mm overhang was the best and taken forward to be used in the

blade.
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The foot design was also updated to include the following:

+ The foot shape was extended up to the shroud diameter to add mass to the design.
This also had the added benefit of expanding into the mould to consolidate shroud
plies.

« Extruding part for spars and adding mass. The extruding part also has a pocket for
the main core to sit into, which when assembling the blade acts as a location pin.

+ Pocket on the back of the foot for the back plate.

Figure 187 shows the updated foot changes.

Figure 187 blade design 2 foot

The foot had the extruding part added in to give a bonding surface for the spars to wrap
around. It was extruded 20mm before going into the main profile of the blade to give as
much bonding surface as possible and was not extruded past as the geometry would start to
get too complicated for machining.

To protect the internal materials and close the new blade up, a stainless steel back plate
was designed. After curing the blade, the back plate can be bonded into place (see Figure
188). Stainless steel was selected over a composite plate for minimising weight contribution
to the total blade mass. The back plate provides the added benefit of being non-structural
which means it can act as a way of controlling the total blade weight after curing. The back

plate gives 2.3Kg of margin for adjustment of total blade weight.
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Figure 188 foot back plate

The shroud area parts have been added into the FEA to improve results. To help with
consolidating plies in the shroud area, a silicone wedge is added into the blade shroud
design (see Figure 189) which expands from the heat generated from the curing process
and rams core parts into the shroud plies. This idea pushed the shroud core parts into the

mould walls. As well the core parts were split up to be easy to assemble when
manufacturing the blade.

Figure 189 silicone parts and shroud core parts

Figure 190 is the FEA results of the composite stress with the updated blade parts. The
similar trends remain from the first blade design, but comparing the same laminate with and
without the spar shows how the spars are reducing the stress (see Figure 190).

School of Engineering Gavin Spring-Benyon (P142997) Page 177 of 185




T .
LENTUS %

Without Spar With Spar

Figure 190 FEA stress results of design 2 composite with updated parts

However, at this point it was noticed that the failure index results were not making sense

(see Figure 191).

Figure 191 blade design 2 composite failure index results

The steel foot and main foam core are showing points where there are stress consternation

areas (see red circles in Figure 192).

Figure 192 FEA stress results of foot and main foam core

The out comes from design 2 were as follows:

s The composite spars results show improvements on the stress within the composite.
¢ The failure index seems far too high, further investigation is needed.
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+ In the next designs the foot and main core stress concentration areas need to be

improved.
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Appendix I - Blade Design 5

Design 5 took the same principles forward from design 2. Design 5 developed the laminate

to match the stiffness results of the current blade.

Figure 193 and Graphs 27, 28 and 29 (which are 3 sets of data from the FEA against the
testing data) show the results of the stiffness of the blade matching the exact data from
testing. However, the laminate designs outputted by the software were either not
symmetrical or in small patches (see Figure 194). The former was mainly down to the
software attempting to make the layup as light as possible. This was not a problem in terms
of manufacturing this type of layup, but when only applying the bending load in one direction,
there was no guarantee that if the blade was loaded in the opposite direction, it would
achieve the same stiffness performance, nor cope with stresses. Similarly, this can also be
said for having a symmetrical laminate due to profile shape, but the risk is minimal in

comparison to the non-symmetrical laminate.

Point 7

Figure 193 displacement FEA results of blade design 5
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Graph 27 comparing FEA blade magnitude displacement against testing results point 1 of design 5
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Point 4 Along Blade Testing Vs FEA
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Graph 28 comparing FEA blade magnitude displacement against testing results point 4 of design 5

Point 7 Along Blade Testing Vs FEA
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Graph 29 comparing FEA blade magnitude displacement against testing results point 7 of design 5

Figure 194 optimised composite layup design 5
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Not outputting a symmetrical laminate was the limit of the software capability on this project.
To progress the project forward, the best ply shape design was taken and specified to be
symmetrical, Figure 195 was the optimum shape.

Figure 195 optimised composite layup for manufacturing to move project forward
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Figure 196 excel load distribution calculations
Gavin Spring-Benyon (P142997)

£05vB6C5 0 L0SH0TS 01T THBSTE00 IGSERIEY0  EVEEOSLLYD SSLELTTE0E TEELATESE RIS TN ETLLRITOTT BrTIS0ES %5 TrE0TTRSG ST8IT ST
L] Torba0E0T1 T008TE000 EPREOCLIFD  IEISHTLYD 1EELey TREE aED0R0TEE ST2WOOTE BAOLETOTT 0TI %5 CEEvIAINGE 89T CIRGET
031066570 BUITALR'G0T FLRTOTS000 LERISRTAND  LORSRELHTD 0089 014E SEERIEGERE Be0TRTOEL SRIERTYEOL SEGFIETNSS BUESTLIRTS SiR9%ET ST
SDEISLEST FLSBETER0T SLEETTE0ON L0BSRELSYD  EOOESTTHD SEETLESERE IS L SFLEPISEON TOTEEEEOT BUEETLTE RS TOLETEOTHE 9T ST58EST
feStysesT D TERELIE BT GEEIRTE0OD EDOBSTESVD FOOETEETD FIELLS BIEE ErI0ETERIE L0TrsaEn SR9ELSTROL LS 7 TLLEIEDaER S9sETT ST
THEIRESTD SOBLERT BT TEEREISON  PA0EERSKD LTOOTSTED SETOETS5TE TLALETRIE Eb STT0E0R0T FITSISEEES LOSTETR6T6 81 CIEFTST
Lo ted] LERLL0T BIBTET000 (T0OTSTSFD  GIRITTSD TI9(6T BIIE TERELLBSTE STTZEOEOL i [OSTETRE TS BREE%E T6 SIEPTST ST
BELIDGERTD TORTIHTL0T LEGRTES00 SERITSAD  ERSELLOD TSRETLBETE THE30L 6808 GEEE0SL0T 750886901 G9568ET6 SRTRLELTE SLE04T STTERET
SLEETEED BERSTLR0T TEREEE0D EPOSLIDGD BOSTSISED TEER0LER0E ST TIE TE0eRls el ERTHYR00 EBTTRIELTE SRREETTE CITeEET SIEET
SERERD 61 90T CESTSECOON BOEISTSENO 1RSSRl CRUSTTI0E ISRV ECED BEETHSH ST FE00S5°SOT 9 T5 SUDISEES TS 8sT SIETIST
rETIRaTy D 1EE9'S0T TIRSEEC00D 1589%062K0 LETEREETYD TRCSS0EShE SLEaTy S8eT L0800 SETROYSOT GL00SEE5 05 bl SIRTIST SINT
(el teli] SERELHS0T LiB6074000 (ETBBEETYD  TIRSRTENED SISHTSRAL BT GLTEOYE0T 21995800 UFeTTEEE SOERSH0E 68 SIT94T ST9055T
FRESEESTHD SRTENTATOT TEEREROOD TEPEsTETP0 LRELTRIIND S09ET SI8T TEESTETELD BT4SETHT LBE0994H0T 99EECE0EER BETEAE0ES 790457 #1
SrT0RRE0T D ELRTNIHT L5BSFE00D LPELIRITVD  GRGEEsanyl TRESTSTELT STBEST 5850 LEE09SE ST BESHVEEDT GETEOLRTER ISLISE0ES 1 SIERTST
THLSE0SD SOUTIBEENT TORCESOOD  SHEZESHOND (ETISSIOD STRIST T e gesras el BRRLTEET 158/05808 SHOTLEL 8 SHEETST iy
TRAEESLEE T GTTTAR0'E0T 1006055000 CETTSS00MD  TEROTEREED GOT8RYBI5T il P BriRLIE R0 SOREOTETO0 SPOTLELYLE EErELIARE SETET STIR0ET SIETED STIRED STL8105RE
BLEEHTECD SER0TEET0T SrESS00n TEBOISREETD STG0SERdEl ST T SOFE0TET0N LBEEEEIT00 BEFSLTSNSE TeB0e5TEE ST80ET SEEHT STT0ED SIGT0 SETIOS ST
LT9ETEEED LTSN T SE009EC000 CTGOSCESED BOSOUTTHED STOSTTEENT THE06L TN LEERERTTO TSBERLLTOT TERQSE S8 WITSRLEYSE LT SLESRYT SIS0 SERSRTD SETR00 LS
TO0RTOELED OIS TOESESSOOT  EDEOUTIEED  GRESIED FSEL T SITE0 TSERLLTON EATEETTON SN LT95EET0E CReE T BEE BT a0 LO0308T6ET
Ltrdiy] CLRELOOTOT AATTH000 QRUGSIED  OERIOSESED CETIB09EL SRITEL6IT COURST IO EBpL0S 00T [T8e8eT0%8 T0vEITHE SHiFT ST ST 90 SORR0BIET
LATLT0EED TERREO0T GTSRESS00D SEPTOSERED SOBIROESED SEETTE BT FLODSTFELD ERLOSLO0T BLSEET 00 rEETFvE EOVRET0RES 195877 5T SO9EST0 SST0 BB
BOEDLLEEET TESEDERE66 F5TSRAC000 SD6TF0ESED  TTTEGHENED CIBOATHETT TR BLERETOON L5TECITLBE EDEETOREE LBLT006TER ST SIERT 1741] L] THr95 20T
TOETaEsED TITESS000 TITBGRSSE] EGesgEevEl TR GETESEIT LSTESITLGE LTRTSLITEE LBLI006TE8 GRLOBLETE e SLEERT sientl SEEETO SSEROSIRTL
Lol TRZATLC00 EGRGGEGHED GHOGRTEVED et E0TE BEEGG T [22NTTSD TRGESS0L 85 afiiye] £R5T1996T8 ST SLEETD SIEE0 GTOLGY BRI
SDIsRLS000 SLOBFIESED  EEROPESEED E9ESE (000 LTEER9'SEET TESE8E0L 85 TEOZETOUE ERSTIS96 T8 SUBSITSETE ST STTERT0 SR EEISTO0
{ TEERLLSOOD ESPOFESEE] LeRIRRETED LTEEPTOR6T LHSRRTET TEOETOTES EOTEERENLE UESTFSETR EROTTRL0E ST SIRTORT Lardi] SLEE0 LBEFAT956T
BEERREELET TIEC08:000 IEFRETED  ERTISHITED L93BTET6T BETLRGSHT EQTEEHY L5 TE96LERT L6 GOE0TTRL TR TBLFT0ETIS ST ST SLET S TTSSEL 68T
= e SER0EEC00D BPIVERIED LGTELESIED SSTLBES38T BHILRL 08T TL96L68T L6 BEOLESEYDE T9LT0ET 08 1707 1174 SIT6ET SOO0BET L4101 SO0 BLTL99GEST
.0 TORSALTIED TEaacEC00D IBTEIESTED IBSEGTRIED 610k S0AT e i BEG/BSRY% CpR02ERT06 GET6IRTSEL BHSEEA06EL 10861 33 T80T fhai} ES9S0aLIT
.u LBBESSROET SSTTSTER'S6 TE9LB35000 LBSBETS0ED  SOTETEOOED G658 40T TESERY L8T SPE0TERTS SISTRTESSE Br¢ES06 8L THELERSTRL LT SLEERET i SLEESTD TALA0GSTLIT
m ETSNRLLET0 FERLEETSE THSITEL000 TEI00E0  FRCOSEETD e LB0T FIRALE T 99TETENEE FISILIETSE TRELERTEL FEELITROLL SLEGSET SIEVET SLEEETD SUETD BLOTIERSST
= ECCTERERT D SLITETER TG SLSpES00D PRERCEET0 LSTIOTERTO g L90LT PISTLIBTSS BERTEIIYRE PEELFIBYLL BTLSH0L0LL SUBFET STTREET SIS0 S SHELIB6ET
o S TETOL Y bE GTSLEC000 LTTOTSRT0 SST0MERLTY L99RLE0LET THETYETST BERTRIRY TS ETOLFERTH SIGOLL TUTTegEeL SITBEET SLEET SCTEETD ST WALTOTTiel
=) STRTELEREG TG00000  SHGSEA0  GOSLBNTD 1395 EIST ST SRS T00ESE8ES TS ISSEEL SHET SISTET S0 LB SEEFR RS
m THE8600T 0 S9020T4H 6 L38vE0%000 S096LB0T0  EHORTTESED SOTTVE95kT BOFETL BT T008CERY €5 TETo0w0TEG TSRSl L0BESHETSL CHROTET S280ET SLBSTTD SAT0 TSRIT0RTST
[y e L] SLI00E TG 4105504000 EORTTESTO BIWSTSEE0 BEFTTL B5ET ST ERT TET996T E5 TEIETOLTE [0geSTETeL ERTIY L STO06T ST9SETT S0 SH500 TELTITLEL
o] {174] LERESERT6 BEE5E03000 SIPREISST0  TERIBILTO TIPS ERET FIETLEN T T ST ERSTTERL EREA0T0%RL 195601 ST SO9EE00 00 Orea8aSTET
_m SISIERTD ETBLTIOETE TEOITIS0O0 TSRISTEST0  BTRETZEETU L SRRSTEIT BIEPOT TS B0EEEETLTE EGORR0TORL SRDELESEEL L4 SIENTT 800 SLERIDD ETTE0009T1
= TILLEISETD STTOSHLETE TETLSTS0O0 BIGSITEECD SOSECOTETV SERRLETEDT RISt BOCGEETLTE ECB000ETTE 9BOLLEREEL GlrLISBLTL SLERITT SUEXT SLENLOD SLE0D SEOTSTSOTL
I s EEE FHEETN000  GO9RSOTSTO  TOSISLTTED SETRLUTT ET6000ET TS LELTSTRL06 GLRLIBRTL et STIESTT HE] LD L0LLT905TD
— TE6TS560°06 16120000 IERCLIIT0  Z6CIOERTED SIOGRERIT LELTSIRL 06 s ing ] USTERLTTL CITECTT L1 STTE0 L} BUITIS960T
.m BIRTENTON0E LF9TETS000 SIRESREOT 0 I0RLE 5301 SaTRSNET 05 T2LLBE HTeEISS L ST SIRTETT 00 SLATEDD TOEESRTTRT
s =1 BITL0ESEE STOLETS000 LSELRTLETO LISETI0T Ll TEETEE 6590608500 AT ST SLBTEND SRO0 STTLIY 6B
= SOTEBBIETD TERET06E TEBSTES0OD FEOETSRITD TELALETERG SeLETERT R LB6EEL0EE 47121118 4741048 ST S0 S0 TO0GLP6'96
ony.. FUFRTRETD RIS EE SEBFESNND EGLSRRRLID HIRL690T6 LiTLoeysse LGASOL0TEE TEGETETEEE SFOGSTLEY ST 1} S0 0 LWTELLO VR
o [T P ED] (7,0 ey aedn J2M0 Ja0dp 1600 S pd-30 Jddn A REMTA maonn =2mnn Rddn 1ammJ Jaddn s [EECET]
A 0 [T/ 7070 ST (5] n paads ageig ) jezor () Swawa

School of Engineering

LENTUS

COMPOSITES




10 Eig nt i
Vel | IR ERD W59 I
| Breo] | 3501 | LHe]
2008801 | 20ve0 | L0010
| W8 | [ WE | Wy
7] o
DI 0y DT
LB P SHHETIE LTI
L | o HABEE L] | s EAT ] ¥
a1 2070 S0
*ﬁ [F) M [E)
(PO g e DI S
SLEUN 3%
apEn
[P KB A
g

.

LENTUS

SITE

=

Gavin Spring-Benyon (P142997) Page 184 of 185

Figure 197 excel spreadsheet construction to calculate the distance between pin joints for the right load distribution
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Figure 198 final blade layup (Lentus Composites, 2019)
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