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PREFACE

As a master student Aerospace Engineering at the Technical University of Delft, | have written this
thesis report as one of the final steps to fulfil the requirements of graduation. The thesis report was
written with two main purposes. The first was to give as much insight to the topic as possible,
resulting in the addition of a lot of data and the intention to add new ideas on the studied subject.
The second purpose was to present the findings in a clear and understandable way for the reader.
Both purposes should help future researchers getting familiar with the topic in an efficient way.

During the full period of this master thesis project, new insight was gained on the buckling
performance of grid stiffened structures, which can be considered a promising opponent for highly
loaded sandwich structures. Based on the performed buckling analysis, weight reductions up to
approximately 30% were found, which could possibly be further improved by introducing more
design variables to the analysed structure.

A sneak preview of the manufactured grid stiffened panel is already shown on the cover, which was
performed by a complex vacuum infusion process. The process is clearly explained with nice footage
of all the different steps.

Compressions tests were also performed, where a new test set-up is designed in an attempt to
model simply supported boundary conditions at the unloaded edges. The compression tests
contributed to an improved understanding of the numerically performed analysis on the different
structures.

All the described information in this project has taken a total of 10 months to be finished. This
included a full literature study, designing and analysing different structural designs, manufacturing,
testing and reporting on all of these steps.

| hope you enjoy reading the thesis as much as | enjoyed working on the topic and writing about it!

R.W.J. de Ronde
Delft, January 2018
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SUMMARY

The increasing rotor blade radius on wind turbine blades, requires the introduction of lower weight
solutions to prevent the trailing edge of the blade from buckling under its own weight. Under the
framework programme FP7 of the European Commission, part of the INNWIND.EU project focuses on
the development of these light-weight structures. A particular case is studying the possibility to
replace the sandwich trailing panels by lighter weight grid stiffened panels. Initial numerical analysis
has estimated a weight reduction of approximately 30% on the trailing panel section of the blade.

A literature study gives an overview of the state-of-the-art on wind turbine trailing panels and grid
stiffened structures in particular. Design and analysis is the first step of this project, on which
numerous studies are performed on global and local failure modes. The limitation is mainly the
expensive and complex manufacturing process involved, which is why the applications are mainly
found in the aerospace industry. With the advancement of automated fibre layup, the costs of the
manufacturing process can be drastically reduced in the future. A low number of publications were
found on testing of grid stiffened structures, but the ones found were overall in relatively good
agreement with the numerical analysis performed. Since bending moments on the trailing panels on
a wind turbine blade are the driving factor behind the failure of the blade, this typical load case will
be studied. This is simplified to a uniform compression load in order to enable a relatively simple test
set-up. The main research question stated at the end of the literature study is:

“Is it possible to create a lighter weight trailing edge panel design by using an orthogrid stiffened
panel, with remaining strength and stiffness properties at equal or lower cost?”

The performed research starts with a comparison between sandwich and orthogrid stiffened
structures, where different failure modes for both types of structure are analysed. Verification
between analytical and numerical models is performed for the sandwich panel, which showed
relatively good agreement. A parametric study for the orthogrid panel shows good agreement
between numerical and analytical models for the global buckling failure mode. The study also gave
valuable insight in the influence of the different design variables of grid stiffened structures on
specific local and global failure modes.

For a range of design loads, low-weight designs are found for sandwich and orthogrid structure.
While comparing the weights of the panels along the different load cases, the sandwich and
orthogrid panel relatively have the same structural performance. However, when the loading
conditions increase to higher compressive loads, the orthogrid obtains a better specific stiffness than
the sandwich panel. Weigh reductions are found between 20% and 30% for the higher design loads,
of which the related sandwich designs are typically found on conventional wind turbine blades.

In an attempt to validate these results, manufacturing and testing of both types of structures is
performed. The manufacturing of a sandwich panel is a rather straight forward vacuum infusion
process. The orthogrid manufacturing process has first been tested with smaller sample panels.
When relatively good quality products were obtained from the designed vacuum infusion set-up, a
larger orthogrid panel was also manufactured for validation of the earlier obtained results.

All the manufactured panels have been tested in a compression machine, where simply supported
conditions around the panel were tried to be introduced during the test. An aluminium test frame on
the unloaded edges was designed to prevent out-of-plane displacement of these edges when panel
buckling initiates. The test set-up was improved after the two sample orthogrid panels have been
tested, since a better connection was required between the front and aft aluminium frame. A
discussion on the manufacturing and testing process is written about the found limitations and
opportunities for further improvements.




The data obtained from the performed compression tests are evaluated. The applied load is plotted
along with the machine displacement and the measurements from the attached strain gauges. For
each of the panels, a comparison with their corresponding numerical model is made. In order to
obtain similar results between the experiment and the numerical model, different improvements
were introduced. These improvements were based on the performed quality analysis, but boundary
conditions have been adjusted as well to be in better agreement with the test set-up.

A list of conclusions can be drawn, based on the performed study. These conclusions are summarized
for each chapter, where after the main research question is answered. Based on the study, a clear
answer cannot be given yet, since the loading conditions addressed in this study are more complex in
reality. Designing and analysing the structure under more complex loading conditions is therefore
recommended for future research. Lower weight designs can also still be found by introducing more
design variables in the analysis. Another limitation is the manufacturing process, which needs to be
improved on the introduction of more design variables. Automation of the process is also necessary
to enable the manufacturing of larger structures. Future research on wind turbine trailing edge
panels also requires new test set-ups, which can validate the structures on sub-component level. The
test set-up used during this project could therefore be further developed. Finally, other topics which
are outside the scope of this project are stated as potential research questions, which would result in
a stronger conclusion on the stated main research question in this project.

Vi
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1.Introduction

Under the framework programme FP7
of the European Commission, the
INNWIND.EU project is focussed on
the development of beyond-state-of-
the-art 10-20 MW off shore wind
turbines [28]. Part of this objective is
the design and analysis of a light
weight rotor blade, allowing further
increase of rotor blade radius. The
increased blade length leads to a
larger rotor swept area, resulting in
higher blade operation loads. This
finally results in more rotational Figure 1.1: Grid stiffened structure
power and enabling higher energy T

production of the wind turbine. A
potential weight reduction could be
found by introducing a grid stiffened
structure, shown in figure 1.1, into the
rotor blade design, as a replacement
of the conventional sandwich
structure shown in figure 1.2. The
background and motivation of this Figure 1.2: Sandwich structure

study is described in section 1.1. The

general goals for this project are addressed in section 1.2. The roadmap which was followed to reach
the formulated goals are explained in section 1.3, where the structure of the report is schematically
drawn in a flow chart.

1.1 Background and motivation

Wang [1] performed a numerical analysis and optimization on the introduction of a grid stiffened
structure on the trailing edge of a rotor blade. Comparing the optimized grid stiffened structural
design with a conventional benchmark design, resulted in a potential weight reduction of more than
30%. The obtained blade design was numerically studied for its buckling performance, tip deflection
and natural frequencies, which were all found within the design limits. As an additional conclusion,
improved designs can still be found by introducing more design variables or using different
optimization routines.

Shroff [2] manufactured a section of the designed blade as a demonstrator, which resulted in some
conclusions regarding the complexity of the manufacturing process. One of the addressed problems
with respect to upscaling the manufacturing process is found in the varying grid dimensions along the
blade length. The introduction of fibre build-up or ply-drops on the stiffened grid should therefore be
investigated and suitable manufacturing techniques should be developed. Another conclusion can be
drawn with respect to the mould which was used to produce the grid. Each grid design requires a
unique mould, resulting in multiple moulds to be produced to manufacture different grid designs.
Finally, the demonstrator shown in figure 1.3 was manufactured by secondary bonding of a separate
skin and grid. A suitable method to manufacture a grid stiffened skin as an integral structure without
the need of bonding is expected to give the best result with respect to early separation of grid and
skin.

The above described conclusions and recommendations drawn by Wang and Shroff will be taken into
account in formulating the goal of the project in the next section.




1. Introduction

Figure 1.3: Demonstrator of a section of the blade design using the grid stiffened concept [2]

1.2 Goal of the project

Based on the background information, it can be concluded that validating test results are missing
with respect to the performed numerical analysis.
The general goal of the project is therefore stated as follows:

e Validate the buckling performance and weight of a sandwich structure compared to a grid
stiffened structure on the trailing edge of a wind turbine blade.

This goal should be reached by setting the following subgoals:

e Obtain a high quality product, which is suitable for testing. The aim is thereby to obtain an
integral structure, without the need of secondary bonding grid and skin.

e Develop a suitable test method to validate the numerically studied designs and the high
quality structures.

With the above goals in mind, the literature study will focus on the state-of-the art, from which the
research questions for this project are set-up. The duration of a master thesis is thereby taken into
account.

1.3 Structure

The project is divided in eight chapters, as shown in figure 1.4. Sufficient background information is
obtained in chapter 2, where a detailed description on the state-of-the-art is given in a literature
study, resulting in the research questions for this project.

Part | of the project is based on verification of results of analytical and numerical models and
describes the theoretical foundation of the sandwich and grid stiffened structure. Chapter 3 and
chapter 4 will focus on the design and analysis of a sandwich and orthogrid structure respectively.
Chapter 5 will evaluate and compare both structures.

The last section of chapter 5 will describe the different designs to be manufactured and tested in
order to validate the results. These given designs are addressed in the second part of the project,
where chapter 6 gives insight in manufacturing and testing of the different designs. After obtaining
results from the quality of manufacturing and the results of the experimental work, evaluation and
improvements on the numerical models will be performed in chapter 7.

In chapter 8, conclusions with respect to the obtained results are made and a recommendation is
given for future studies on the implementation of grid stiffened panels on a wind turbine rotor blade.
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2.Literature Study

Wind turbines have grown significantly in size in the past decades. This increased size of wind
turbines is necessary to accommodate the increasing demand of power and to lower the production
costs per kilowatt hour electricity. One of the major limitations of further increasing the size of wind
turbines is the mass of the blade. Gravitational forces become very high, resulting in buckling of the
blade. New structural designs should therefore be analysed, which can potentially result in lower
weight designs and the ability to increase the wind turbine size further.

From an earlier study carried out by Wang and Shroff under the FP7 European project INNWIND.EU
[1, 2], a grid stiffened structure was proposed as a replacement of the sandwich trailing edge panels,
in which a weight reduction of more than 30% was found with respect to the analysed section of the
benchmark blade. To verify and validate these results, a buckling analysis should be performed,
where a grid stiffened panel is compared to a benchmark sandwich panel.

This literature study is performed to obtain sufficient knowledge about all important aspects involved
in wind turbine blade design. This knowledge can then be used in designing and analysing a grid
stiffened panel, which could be used as a replacement of the sandwich trailing edge panels. Section
2.1 briefly describes the wind turbine in general and it gives information about aspects related to the
blade design. The study narrows down to the wind turbine blades in section 2.2 and this information
is used to describe the conventional wind turbine blade trailing edge design panels in section 2.3.
Literature related to design, analysis, manufacturing and testing of a grid stiffened panel is given in
section 2.4. The literature studied so far will be analysed in section 2.5, where it will result in the
research questions being investigated in this thesis project.

2.1 Wind turbines

Wind turbines exist in different forms, but the main type of design seen in practice nowadays is a
three bladed horizontal axis wind turbine. Such a wind turbine can be split into four main
components, which are indicated in figure 2.1.

Nacelle

» Blade

» Tower

Foundation

Figure 2.1: Main components of a horizontal axis wind turbine
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The foundation connects the wind turbine to the ground and distributes the gravitational and
aerodynamic loads over a large surface area. The type of foundation depends on local soil conditions,
which could roughly be divided in on- and offshore wind turbines.

The tower is positioned on top of the foundation and should withstand the gravitation loads from the
weight of the nacelle and the blades. Dynamic loads from the rotation of the blades and wind gusts
should also be taken into account for the tower design. The tower is most of the times assembled
from multiple tubular steel sections, which are joined by bolted flanges. On the inside, one can find
thick copper cables to transfer the generated energy to the grid. A ladder is typically available to be
able to reach the nacelle for maintenance purposes.

The blades of the wind turbine are the actual part that extract energy from the wind. Horizontal axis
wind turbines are mainly seen with three blades. In comparison with two or four bladed designs, this
is mostly found to be the most cost-effective design. The next section will give more details about the
wind turbine blade.

The fourth and final component is the nacelle, which connects the tower and the rotor blades. Inside
the nacelle, the rotational energy of the blades is converted to electrical energy. A gearbox is present
to increase the slow rotational speed of the rotor blades. The obtained high rotational speed is used
to drive the generator, from which the electrical energy is obtained. More smaller components could
be found to control the wind turbine as efficient as possible, but since they are outside the scope of
this project, these other components will not be discussed. Further reading could be found in books
related to wind turbine engineering [3, 4].

2.2 Wind turbine blades

The study will now narrow down to the wind turbine blade, since the particular structure to be
investigated is found here. The blade design could be divided in two main functionalities. First, the
aerodynamics of the blade should be designed in such a way that as much energy as possible can be
extracted from the wind. The second functionality a blade should posses is the structural strength to
withstand all the loads applied to the blade, without the occurrence of material or structural failure,
which is the main topic of this report.

The aerodynamic functionality is driven by the shape of the outer surface of the rotor blade. Chord
length, thickness and camber of an airfoil should be optimized together with the twist along the
length of the blade. The twist along the radius of the blade is applied, since the tips move a lot faster
through the air than the rotor near the root of the blade. This results in a changing relative wind
vector acting along the length of the blade, demanding for the twist giving an optimum angle of
attack.

From the latter, it could be imagined that the requirements for the structural functionality become
more complex, caused by the preferred aerodynamic shape of the rotor blade. The structure and
materials selected for the blade should therefore not only cope with the ultimate loads, fatigue loads
and stiffness requirements against low cost and weight, but should also be able to obtain the desired
aerodynamic shape.

Figure 2.2 shows an example of a cross-section of a wind turbine rotor blade. Depending on the size
and location along the length of the blade, the airfoil mostly contains one or two shear webs. The
spar caps on top and bottom of the shear web are present to improve the bending stiffness of the
blade. The leading edge has a lot of curvature, where the trailing edge has a relatively flat design.
During most of the assembilies, four parts have to be joined. The shear webs are two separate parts,
which are joined to the top and bottom blade panels and spar caps with an adhesive bond. Adhesive
bonds are also present at the leading and the trailing edge of a typical wind turbine blade. Each part
could be assigned a certain load case to counteract, which is further explained later in this section.
The part of the blade indicated with “trailing panels” is analysed in this project.

To obtain the desired structural functionality of the blade, glass and carbon fibre reinforced polymers
are mainly found in conventional rotor blade designs. However, since carbon fibre is much more
expensive than glass fibre, the majority of the blade consists of glass fibre reinforced polymers.
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Carbon fibre is sometimes chosen at the spar caps, where they are laid down as a unidirectional tape
along the length of the blade.

Adhesive joints Adhesive joints
A \“ Shear webs 74 %,
E “\ ""' \ ““\
Leading edge Trailing edge
Trailing panels
Spar caps gp

Figure 2.2: Example cross-section of a wind turbine rotor blade

The buckling resistance of the leading and trailing edge, consisting of glass fibre is improved by
applying a lightweight core between the glass fabrics, resulting in a sandwich design. The relatively
flat trailing sandwich panels will be assessed more specifically in section 2.3.

The loads applied to the rotor blade are an important aspect for structural design. The forces applied
to the rotor blade are caused by the aerodynamic forces from the wind, inertial forces and
gravitational forces from the weight of the rotor blades. These forces result in the three main
contributors of force to the rotor blade as shown in figure 2.3.

The tangential force causes the rotation of the blades and causes a moment around the chord-wise
(or edge-wise) direction. The thrust force causes a flap-wise moment. Both moments result in a
torsional moment around the axis along the blade, since the shear resultants are not applied at the
shear centre of the cross section.

The latter is a rather straight forward and simplified explanation of the applied forces. In reality, the
aerodynamic forces could be divided in steady and unsteady loads. Steady loads occur if a uniform
wind speed across the area of the rotor blade is present. Unsteady loads are more likely in practice
and are caused by vertical wind shear, cross winds or wind turbulence across the rotor diameter.
These differences in aerodynamic forces, cause periodic loads on the blades on each rotation.

These periodic loads are also caused by the gravity loads applied on the blade. At different angles of
the blade with respect to its starting position, the weight of the rotor blade tensions and compresses
the blade periodically. The inertial loads are thereby also present and are a result of the centrifugal
force of the blades. All these load conditions could add up to worst load cases, which should be
counteracted by the blades structural strength. In case of pitching and jawing of the blade, small
loads are also introduced on the blade.

In order to simplify the complex loading scenario given above, the chord-wise (edge-wise) and flap-
wise moments are assumed to be mainly determining the structural design.

Referring back to figure 2.2, the spar caps mainly counteract the flap-wise bending moment and the
shear web is present to cope with the shear force resulting from the flap-wise moment.

The edge-wise moment is carried by the leading and trailing edge of the wind turbine rotor blade,
where it should be taken into account that a shear force is also present as a result of the edge-wise
moment.
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Figure 2.3: Loads on a wind turbine rotor blade [4]
2.3 Blade trailing panels

Due to the edge-wise moment on the rotor blade, the lightweight sandwich trailing panels require
enough stiffness to resist panel buckling under the compressive loads it is subjected to. The highest
compressive loads in the trailing panels occur during the upward movement of the blade every single
rotation of the wind turbine. A simplified sketch of a wind turbine blade moving in upward direction
is shown in figure 2.4.a. The load Fy is the sum of the aerodynamic loads and the gravitational loads.
Since the gravitational loads pointing in the negative y direction are larger than the aerodynamic
loads in the positive y direction, a resulting negative force in y is drawn. The load resultant acts along
the length of the blade where in this case the cross-sectional area along the length is constant to
simplify the explanation. The free body diagram in figure 2.4.b shows the moment M, and the shear
force Vy on the fixed end of the blade. Taking a small section of this free body diagram in figure 2.4.c,
the gravitational loads could be assumed to impose a bending moment along the length. From
bending theory, the stresses acting on the cross-section of the blade are shown in figure 2.4.d. It can
be seen that during the upward movement of the blade, a varying compressive stress is acting on the
trailing edge of the cross-section. To simplify the analysis during this project, a uniform compression
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will be assumed to compare the buckling performance of a sandwich panel with that of a grid
stiffened panel.

Kassapoglou [14] described analytical methods to determine the critical load of different failure
modes of sandwich panels. Vadakke & Carlsson [29] studied compression of sandwich specimens and
compared predicted failure loads with experimental results. The described methods, along with finite
element models will be further addressed and used in chapter 3 and 4.

(0 A (d)

Figure 2.4: Simplified rotor blade with one end fixed (a); Simplified free body diagram of gravitational
loads on a wind turbine blade (b); Enlarged section of the free body diagram drawn in b (c);
Compressive and tensile stresses acting on the cross-section as a result of the bending moment (d)
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2.4 Grid stiffened structure

Literature related to compression of grid stiffened panels could be divided in design and analysis,
manufacturing and testing. Subsection 2.4.1 is focussed on different methods used for the design
and analysis part. State-of-the-art manufacturing methods are discussed in subsection 2.4.2 and
literature found on testing of grid stiffened structures is outlined in subsection 2.4.3.

2.4.1. Design and analysis

Since the main objective of the trailing panels is resisting of buckling, the study will focus on
compressive loading on a grid stiffened structure.

The main failure modes of a grid stiffened structure under compression are attributed to global panel
buckling as shown in figure 2.5, crippling of the stiffener as shown in figure 2.6, intracellular buckling
as shown in figure 2.7, material failure and skin-stiffener separation. The two latter are expected to
be post buckling failure modes and will therefore only be briefly assessed during this project.

Figure 2.5: Global buckling of a grid stiffened structure

L

Figure 2.6: Stiffener crippling of a grid stiffened structure

Figure 2.7: Intracellular buckling of a grid stiffened structure
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Global buckling is considered when the complete skin and stiffener show large out of plane
deflections as an integral structure. Many literature has been found to determine this type of failure
mode for grid stiffened cylinders as well as for grid stiffened panels. In most cases, smeared stiffener
models are used to determine the global buckling load analytically. Jaunky et al. [5] describe an
improved theory for the calculation of the global buckling load. The approach in this paper calculates
a shift of the neutral axis, by using the method of minimum potential energy. The results are
compared to finite element models, which show good agreement with the described method.
Another theory is described by Xu et al. [6], where the neutral axis for the stiffened grid is
determined by introducing only the portion of the skin attached to the stiffener. The average neutral
surface for the skin is then determined by smearing the stiffened grid along its own neutral axis. By
superimposing the stiffness contribution obtained from the skin and the stiffener, the equivalent
stiffness matrix is obtained. The bending stiffness is then used to determine the global buckling load
of the grid stiffened panel. The results showed good agreement with finite element analysis
performed on different grid stiffened structures. Different other studies have been performed on
global buckling analysis of a grid stiffened panels or cylinders [7, 8, 9, 10, 11, 12].

The case of stiffener crippling was shown in figure 2.6. An exact method is obtained by Meink et al.
[13]. Applying an approximate function for the out-of-plane displacement, which was in agreement
with test results, in combination with a minimization of total potential energy resulted in an exact
solution. The method is extended to different cross-sections of a stiffener. Stiffeners with linear
varying thickness along the height are analysed, where different ratios are used. The procedure is
then also applied to an hourglass type of cross-section. When the analytical results are compared to
finite element models for some particular cases, it was found that obtained results were accurate for
a certain range of dimensions. Since the results of the analytical solution described is limited to
certain dimensions of the stiffener, stiffener crippling will be difficult to analyse and taken into
account during an optimization. Future research should give more insight in the behaviour of the
stiffeners under compressive loading.

To determine the intracellular buckling load, shown in figure 2.7, the skin of an orthogrid between
the stiffeners could be modelled as a plate with four simply supported or clamped edges [14]. This
method could be used to obtain a rough estimated value for the intracellular buckling load, where
the real buckling failure load is expected to lie between the two results obtained from simply
supported and clamped boundary conditions. However, any verification of the method has not been
found in literature at the moment. Skin buckling has also been addressed by Weber and Middendorf
[15], where for different types of panels the buckling coefficient is determined. The effect of angles,
panel curvature and material orthotropy is outlined.

For each of the failure modes, a suitable model will be chosen and further explained and used in
chapter 3 and 4.

2.4.2. Manufacturing

Next to the analysis of the different types of failure mode, manufacturing is another important
aspect to take into account as a result of the complex geometry of a grid stiffened structure. In order
to validate analytically or numerically determined behaviour of a structure, a good quality product
should be manufactured and tested.

To obtain a high quality product, including continuous fibres at the stiffener crossings (nodes),
Sorrentino et al. [16] have performed a numerical and experimental study on a cylindrical design with
a stiffened grid on the inside of the cylinder. Producing the mould for the cylindrical structure was
the first step prior to manufacturing. One of the requirements is to be able to easily remove the
mould after the product is produced. Second, the ribs should obtain enough compaction from the
mould, which means a compatible mould material should be used. The third requirement is to have
sufficient space at the nodes, where the fibres cross and build up if the mould is not properly
designed. Surface treatments were also performed to improve the mould and product separation
after the manufacturing process. Once the mould was designed, a curing temperature simulation was
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performed numerically to check for high temperature gradients at the nodes, where the material has
the largest thickness. The manufacturing was performed by placing the mould in a fixture, which
could rotate. Impregnated carbon fibres were wound through the channels of the mould by hand and
on top of the filled channels, the prepreg skin was placed around the mould. The results from an axial
compression test, were in good agreement with the numerically predicted stress.

As a follow-up on this experiment, Sorrentino et al. [17] manufactured the same specimen, but used
a robotic filament winding process. This automated process was introduced for several reasons. In
comparison with filament winding by hand, a robot could perform the process faster and it is able to
reproduce the same quality every time. A robotic process is also capable of applying a continuous
fibre tension during the layup process. The obtained product from the automated process was
compared on geometrical and quality aspects with the handmade cylinder. It was shown that the
robotic filament wound structure resulted in a better product on all aspects. A 20% higher failure
load was also obtained.

As was mentioned before, the design and production of the mould of a grid stiffened panel is an
important part for obtaining a high-quality product. Huybrechts et al. [18] have therefore formulated
two effective manufacturing techniques and describe the theory behind the mould design. Both
techniques focus on compaction of the ribs, by using the coefficient of thermal expansion of the
mould material. The methods are validated by comparing the calculated geometry with the exact
geometry measured after manufacturing.

Filament winding and state of the art fibre placement are described by Shroff [19, 20]. The filament
winding process could be performed by winding dry or wet fibres around a mould. The main
drawbacks are found in limitations of the shape of the product and the ability to steer the fibres in
any direction. This drawback of filament winding is not found for automated fibre placement, which
has the ability to steer fibres by directing a robot arm along the surface of a mould. The drawback
here is that the robot has to apply pressure, when applying a layer of material. The pressure applied
on a thin uncured stiffener could then be too high, making these complex shapes impossible to
produce with this method. A solution to this problem could be found by using dry fibres,
impregnated with a binding material. Upon heating and placement of the fibres, a dry preform of the
grid stiffened panel is obtained, which can be infused with resin afterwards. The mentioned
automated methods described, were however not used for manufacturing during Shroff’s analysis.
The actual test specimens were produced by a combination of hand layup, using a winding table, and
a vacuum infusion process.

2.4.3. Testing

So far found in literature, test results are mainly found for compression of cylindrical structures [16,
17]. In chapter 6 of the Isogrid Design Handbook [21], some basic input is provided regarding models,
sub-scale and full-scale tests.

Kim [22, 23] has performed compression tests on both a cylinder and a flat panel, which were both of
an isogrid type of structure. From the compression test on the cylindrical structure, it was found that
the design consists of good damage tolerance. Rib crippling was found to be the initial failure mode,
but the load was redistributed over the other stiffeners. By increasing the load further, different
stiffeners failed in crippling, but the load did not show a significant drop. Bending deformation of
stiffener and skin was obtained from back-to-back placement of strain gauges. Transverse and
longitudinal strains on the specimen were measured by rosette gauges.

The flat panel manufactured by Kim [23] using prepreg tows and plies and an autoclave was being
tested in compression. A total of 18 strain gauges were applied, from which one on the back of the
panel to capture plate bending. The load was introduced to the specimen uniformly by applying a
thick rubber strip on top and bottom of the panel. Since no stiffeners were placed at the sides, two
free edges were present during the test, probably causing a lower stability of the panel.

From almost all tests described so far, pinging sounds are heard prior to failure from instability of
skin, stiffener or the whole structure. Researchers attribute these sounds to matrix or fibre failure.
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2.5 Link to thesis project

From the previous work performed work during the FP7 European project INNWIND.EU, a lower
weight design was found with respect to a reference wind turbine rotor blade. A demonstrator of a
section of the blade was also produced. However, validation of the numerical results has not been
done yet and regarding the manufacturing of the design, different complications were addressed.
Combining the previous work performed by Wang [1] and Shroff [2] with the present literature study,
the next step of this research topic and the additional research questions can be set up. Three main
aspects related to the project could be stated as follows:

1. Comparison of the compressive strength of low weight sandwich structures against low
weight grid stiffened structure, for a range of design loads (Part )

2. Manufacturing of a high quality grid stiffened structure, suitable for testing (Part Il)

3. Validate numerical results for a grid stiffened panel (Part Il)

To accommodate for the above three aspects within the given timeframe of a master thesis project,
the comparison of a sandwich structure and grid stiffened structure is simplified to flat panels under
compressive loading, also noted in figure 2.4. As an addition to the mentioned simplification of flat
panel analysis, only the orthogrid structure will be compared to a sandwich panel, since this grid set-
up was also used in the optimized design of Wang.

Analyzing these flat panels, the main research question of this project is stated as follows:

“Is it possible to create a lighter weight trailing edge panel design by using an orthogrid stiffened
panel, with remaining strength and stiffness properties at equal or lower cost?”

To obtain a strong conclusion and recommendation with respect to the above main research
question, the three earlier mentioned aspects should be analyzed. The first aspect evaluated in part |
of the project, results in the following sub questions:

1. Which analytical or numerical methods could be used to determine the strength of a
sandwich or orthogrid structure?

2. Are analytical and numerical models in sufficient agreement to be used for finding optimum
results?

3. Which design constraints should be imposed during the analysis, as such that manufacturing
and minimum structural requirements are met?

The second aspect evaluated in part Il of the project, related to manufacturing of a high quality
orthogrid stiffened structure results in the following sub questions:

1. Which manufacturing technique is suitable for obtaining the obtained designs from the
performed analysis?

2. What tolerances occur on the different design variables during manufacturing and what
influence do they have on the quality of the product?

The third aspect also evaluated in part Il of the project, related to the validation of obtained results,
should give an answer to the following sub question:

1. Are the test results of the manufactured and tested panels in agreement with the numerical
models?

2. Is the testing method suitable for validation of the models or should the method of testing
be improved?
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According to conclusions drawn earlier, there are more aspects involved in designing a wind turbine
rotor blade trailing edge. The following questions should be studied in the future as well prior to
actual implementation, but are for now outside the scope of the project.

How is maintenance and repair minimized for grid stiffened structures?

How would load be introduced into grid stiffened structures?

How are top and bottom trailing edge panels adhered in case of a grid stiffened panel?

How would a grid stiffened panel behave under fatigue loading obtained from the periodic

rotations of the blade?

5. s it possible to repair small sections of the grid stiffened structure in case of small defects
after manufacturing or in case damage occurs during operation?

6. Non-uniformity of the design variables of the grid stiffened structure along the rotor blade

length should be studied and in what way this non-uniformity influences the structural

properties and the manufacturing process.

PwnNPE
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PART I: VERIFICATION

Before any validation of the sandwich and orthogrid panels can be performed, analytical and
numerical models should be evaluated in order to obtain a comparison on low-weight designs for a
range of compressive loading conditions. The design and analysis of a low-weight sandwich and grid
stiffened structure is outlined in chapter 3 and chapter 4 respectively. The comparison between the
two structures will be made on the obtained results in chapter 5, where a plan for validation is also
set up.

3.Sandwich Structure

As can be observed from figure 3.1, this chapter will describe the design variables of a sandwich
structure first in section 3.1. The panel will be analysed for a compressive load by analytical methods
in section 3.2, where local and global failure modes are taken into account. The global buckling load
is numerically determined by using a finite element method in section 3.3, where three different
element strategies are analysed. Verification of results is performed in section 3.4, where global
buckling predictions by analytical and numerical models are compared. Section 3.5 is devoted to
finding low-weight design solutions for a sandwich panel.

3. Sandwich
structure

3.1 Design variables

3.2 Analytical
analysis

3.3 Numerical
analysis

3.4 Verification
of models

3.5 Low-weight
sandwich panels

Figure 3.1: Flow chart chapter 3

3.1 Design variables

A sandwich panel design is mainly chosen for its high bending stiffness, obtained by applying an
offset to the stiff face sheets with respect to the neutral axis. This offset is obtained by placing a light
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weight core between the two face sheets. In wind turbine blades, a light weight foam or balsawood
is normally used as core material.

Figure 3.2 shows the different design variables for the sandwich panel, which is analysed in this
project as a benchmark design. Length a and width b describe the global panel dimensions. The core
thickness is described by t. and the face sheet thickness, depending on the number of stacked plies,
is given by t;. These geometric variables are used in the following subsections. The panel size has a
fixed length a of 866 mm and a fixed width b of 500 mm during this project.

~>Facesheet

~—>Core

Figure 3.2: Design variables of a sandwich structure

In the trailing panels of the wind turbine blade, mainly biaxial [+/-45] degree plies or triaxial [60/0/-
60] degree plies are found in the face sheets. The main fibre material used for the face sheet layups
is glass-fibre. Since Knowledge Centre WMC has a Saertex-812g biaxial glass-fibre on stock at the
facility, a stacking of biaxial plies will be used in finding low weight benchmark designs in section 3.5.
The material properties of this biaxial glass-fibre fabric as well as the material properties of the foam
core used in this project to analyse the sandwich panel are given in appendix A.

3.2 Analytical analysis

A flat sandwich panel under compression has different modes of failure, which will be outlined in this
section. Global panel buckling is analysed and described in subsection 3.2.1. Wrinkling of the
sandwich face sheets should also be considered and is treated in subsection 3.2.2. The core of the
sandwich panel can also fail under compression, which is described as core crimping. The analytical
method is described in subsection 3.2.3. To be sure that the material used in the face sheets has
sufficient strength, a first ply failure analysis will also be performed in subsection 3.2.4. The main
reference used for the analytical methods described in the following subsections are written by
Kassapoglou in chapter 10 of [14] and Vadakke & Carlsson [29]. More information, which could be
used to understand the described methods could also be found in chapters 15 till 17 of the book
written by Vinson [24].

3.2.1. Global buckling

When a sandwich panel is subjected to a compressive loading, it could fail by buckling of the
complete panel, also described as global buckling. The shape of the failure mode under compression
is shown in figure 3.3.

Kassapoglou [14] described the global buckling load under unidirectional compressive loading and
could be determined by equation (3.1), where the bending stiffness terms D;;, D1,, Dy, and Dgg are
higher due to the light weight foam core in between the face sheets. For a particular length a and
width b of a panel, the minimum buckling load could be found by calculating the failure load for a
range of buckling modes, given by the number of half waves m.
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Figure 3.3: Example of global buckling of a sandwich panel under compressive loading

4
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In the formulation given above, transverse shear effects are not taken into account, which makes it
good for preliminary designs with relatively low thickness, but far from accurate when more detailed
behaviour needs to be predicted for thicker sandwich designs. Therefore, a penalty on the buckling
load is introduced based on the core thickness and shear stiffness. The final formulation [14],
including transverse shear effect is given in equation (3.2).

Nx,gb

Ny gb (3.2)
1+ .G,

Nx,gb,ts -
In which the buckling load without including transverse shear effect was formulated in equation (3.1)
and the thickness and the transverse shear stiffness of the core material are:
t.: core thickness
G.: transverse shear stiffness of the core material alligned with the loading direction

Equation (3.2) will be verified with a numerical model in section 3.4.

3.2.2. Facesheet wrinkling

The face sheets of a sandwich panel could also fail under a local failure mode called wrinkling. The
failure mode could be considered as buckling of a small portion of the face sheet. Two particular
types of wrinkling, symmetric and asymmetric wrinkling, are described in this subsection.
Kassapoglou [14] has described the full derivations of the described methods.

it
il

Figure 3.4: Example of symmetric wrinkling of a sandwich panel under compressive loading

Symmetric wrinkling considers the case where both face sheets of a sandwich panel locally buckle
into or out of the core as is shown in figure 3.4. Asymmetric wrinkling considers the case where the
face sheets both buckle in the same direction with respect to each other.
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Symmetric wrinkling

A derivation of symmetric wrinkling is based on energy minimization, where the energy is obtained
from bending of the face sheets and extension of the core. The work done is obtained from the
applied force on the face sheet. The final resulting wrinkling load is dependent on the following
condition:

1

EfE.\3

t, < 1.817¢; (%) (3.3)
XZ

Where:

E_:out — of — plane core stiffness
G,: core shear stiffness

If the condition given in (3.3) is true, the core is relatively thin and completely deforms trough the
thickness and the symmetric wrinkling load is given by equation (3.4).

4 (3.4)

Nx,swr =

Else, a part of the core deforms through the thickness and the failure load is given by equation (3.5).

1
Mesar = 091t (ErE G )P 35

It should be taken into account that from the resulting equations (3.4) and (3.5), waviness of the face
sheet is not taken into account. This waviness is normally present when the core and sheet material
are co-cured, which is a typical manufacturing method in wind turbine blades. This will affect the
performance of the panel against wrinkling and other methods have been proposed using
knockdown factors. By using the above formulation, it should therefore be taken into account that
results could be unconservative.

For the symmetric wrinkling, a more conservative results is therefore formulated by equation (3.6),
which has been found in [14] and takes waviness of the face sheet into account. This more
conservative formulation will replace equation (3.5) in the analysis of the sandwich panel in the next
chapter.

1
Ny swr = 0'43tf(EfEchz)3 (3.6)

Asymmetric wrinkling

The same approach, but using a different approximated displacement function to satisfy the
boundary conditions is used to obtain the wrinkling load of asymmetric wrinkling. The following
condition provides the critical load for wrinkling:

1

t, < 3ty (Ef EC)5 (3.7)

2
GXZ

If the condition stated in equation (3.7) is true, the core deforms completely through the thickness
and the asymmetric wrinkling load follows from equation (3.8).
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3 |EfEC
Ny aswr = 0'59tf e + 0.378G,,t, (3.8)
c

Or else, the core only deforms partially and the wrinkling load is given by equation (3.9).

1 Gyt
Nx,aswr = 0-51tf(EfEchz)3 + % (3.9)

As well as for symmetric wrinkling, waviness of the face sheets along the surface of the core is not
taken into account in the formulation of equation (3.8) and (3.9). However, since there are many
analytical methods proposed in determining the wrinkling load, the decision is made to evaluate the
low-weight sandwich benchmark design by using equations (3.4), (3.6), (3.8) and (3.9) in section 3.5.

3.2.3. Sandwich core crimping

Core crimping of a sandwich panel mainly occurs when the shear stiffness of the core is low.
Kassapoglou [14] describes the method for this failure mode in chapter 10 of his book. The failure
mode could be compared to buckling of the panel with zero wavelength and is schematically shown
in figure 3.5.

I

1l

Figure 3.5: Example of core crimping of a sandwich panel under compressive loading

Considering the zero wavelength, equation (3.2) could be analysed by setting the length a of the
panel to zero. In this case, it should be noted that N, 4, given by equation (3.1) goes to infinity and
results in:

00)

(o]
3.10
1+QQ (3.10)

Nx,cc =

Applying I’'Hopital’s rule to equation (3.10), the critical core crimping load is given by equation (3.11).

(3.11)

Where t. and G, are mentioned in section 3.2.1. It can be noted from the formulation that a higher
core crimping failure load is found by introducing a higher thickness of the core or by introducing a
core material with higher shear stiffness. This increase of shear stiffness is however found to have an
almost linear relationship with increase in density [24] and thereby resulting in increased weight of
the structure.

3.2.4. First ply failure

When applying a compressive load to the sandwich panel, a Tsai-Wu [31] and a Tsai-Hill [32] failure
criterion are used to see if material failure is not critical for the design. The procedure of the failure
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3.3 Numerical analysis

analysis is described in appendix B. Both criteria are repeated here for convenience, where the Tsai-

Hill criterion is given by:
2 2 2
91 _019% % Tz _ (3.12)
X2 Xz vz §S2

And the Tsai-Wu criterion by:
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3.3 Numerical analysis

This section describes the numerical analysis of a sandwich panel by finite element models, using
Marc Mentat software. The goal of this section is to find the mesh density for the sandwich panel,
where convergence of results is reached. This convergence will be found for different types of
element strategies, where the following design variables are used as an example sandwich panel in
this whole section:

=  Face sheet layup: [+/-45],

= Core thickness: 19 [mm]
= Lengtha: 866 [mm]
= Width b: 500 [mm]

The boundary conditions are modelled with simply supported conditions all around the panel, which
are schematically drawn in figure 3.6. The out-of-plane displacements w are zero all around the
panel. On the left-edge, displacements in x and y direction are also zero. The load is applied to the
right edge, where the displacement in y direction is also set to zero.

w=20

Point loads

s<c
I
o000

y
Lx w=20

Figure 3.6: Boundary conditions of the sandwich numerical model

An eigenvalue buckling analysis is performed with three different modelling strategies to find the
lowest failure load and its mode of failure. Subsection 3.3.1 described a 2D model for the layup of
face sheets and foam core in one shell element. In subsection 3.3.2, the foam core is modelled by 3D
solid elements and the face sheets by compatible shell elements. The third model, described in
subsection 3.3.3 uses higher order elements and also uses 3D solid elements for the foam core and
shell elements for the face sheets. A comparison of the three different models is made regarding
computational cost, convergence rate and accuracy in subsection 3.3.4.

Heder [27] studied sandwich panel buckling with numerical models using different boundary
conditions, which contributed to the study performed in this section.
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3. Sandwich Structure

3.3.1. Element Type 75 (Shell)

One of the simplest ways of modelling the sandwich panel is by using a quadrilateral shell element,
which is referred to as a type 75 element in Marc Mentat. The element is shown in figure 3.7, where
every one of the four nodes has 3 translational and 3 rotational degrees of freedom.

+ Gauss Points

oy

Figure 3.7: Element type 75, bilinear thick-shell element [26]

From the presented analytical solution in the previous subsection, it was shown that transverse shear
has a significant effect on the actual behaviour of the sandwich panel. Therefore, a finite element
analysis will be performed with transverse shear effect taken into account. By using the “enhanced
transverse shear” option in the job properties of Marc Mentat, a parabolic distribution of the shear
strain trough the thickness will be introduced in this particular model. In the default case, this would
have been modelled with a constant shear strain distribution.

A 1 N compressive load will be applied to each node at the right edge of the sandwich panel, where
after the eigenvalues are found using the buckling analysis in Marc Mentat. The product of the total
applied load and the lowest found eigenvalue determines the first buckling load of the structure. The
buckling mode is graphically presented by Marc Mentat and is related to the eigenvector of the
corresponding eigenvalue.

The resulting buckling loads for different mesh densities are presented graphically in figure 3.8,
where it will be considered that a converged solution is found when the buckling load is smaller than
a factor 1.01 times the critical load found from the most refined mesh. This situation occurs for 680
elements (or an element size of 25 mm). The exact values indicated with green dots can be found in
appendix C.
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Figure 3.8: Convergence of the buckling load, using element type 75
3.3.2. Core type 7 (brick) and face sheet type 75 (shell)

Another possible way to model the behaviour of the sandwich panel is when the foam core is
modelled by using 3D solid elements, as shown in figure 3.9. The face sheets are modelled by type 75
elements, which are compatible with the solid element.

L3

Figure 3.9: Element type 7, eight-node brick element [26]
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3. Sandwich Structure

Again, an eigenvalue analysis is performed. Since the panel is modelled in 3D, transverse shear
effects are expected to be included in the analysis. The found buckling loads for increasing mesh
densities are graphically presented in figure 3.10. The values indicated in the graph by the green dots
can be found in appendix C.
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Figure 3.10: Convergence of the buckling load, using element type 7 and 75

From the graph, it can be seen that by using a mesh of 17200 elements (or element size of 10 mm),
the buckling load is within a factor of 1.01 times the critical load with the most refined mesh.

3.3.3. Core type 21 (brick) and face sheet type 22 (shell)

The third and final model used to analyse the sandwich panel is build from higher order 3D solid
elements and higher order shell elements, shown in figure 3.11. Having 20 and 8 nodes respectively,
the elements are more expensive than the ones used so far, but a lower number of elements is
expected to be used in order to obtain a converged solution.
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Figure 3.11: Element type 21, twenty-node brick element and element type 22, eight-node thick shell
element [26]

The buckling eigenvalue analysis is performed for a range of element densities, of which the results
are graphically presented in figure 3.12 below. The values of the data-points can be found in
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3.3 Numerical analysis

appendix C. A fast convergence can be recognized for a total of 756 elements (element size of 40
mm), where the expected buckling load is within a factor of 1.01 times the critical buckling load of
the most refined mesh. The graph also shows an increase in the expected buckling load from 20 mm
till 15 mm. This could be a result of the model having an extra solid element through the thickness of
the core, while decreasing the element size. This changes the ratio between the number of elements
for the core and face sheet, possibly explaining the oscillation around the critical load.
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Figure 3.12: Convergence of the buckling load, using element type 21 and 22
3.3.4. Comparison of the numerical models

In order to compare the three different models presented so far, all convergence graphs are
presented in figure 3.13, where the expected buckling load is given on the y-axis and the number of
used elements shown on the x-axis.
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Figure 3.13: Comparison of the convergence of the numerical models described in subsection 3.3.1
(blue), 3.3.2 (green) and 3.3.3 (red)
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3. Sandwich Structure

From the figure shown, it can be seen that both the model with element type 75 converges almost as
fast as the model using element type 21 and 22, while the latter is computationally much more
expensive. However, comparing both solutions with the analytically expected buckling load, the
model using element types 21 and 22 gives a solution which is in better agreement.

The model with element types 7 and 75 converges for a larger number of elements. The model also
shows a smooth converging line towards approximately the same solution as is predicted by the
model with element type 21 and 22.

The solutions, which are considered to be converged are indicated with a square in figure 3.13 and
for each of those solutions, the computational time of the analysis is also found. The same CPU was
used to solve the analysis, with the following results:

e Element type 75: 2 seconds
e Element type 7/75: 23 seconds
e Elementtype 21/22: 3 seconds

3.4 Verification of models

This section will focus on comparison between the analytical and numerical models. The focus is
hereby on the global buckling failure mode of the sandwich panel. The analytical solution for this
failure mode was given by equation (3.2). The expected global buckling load is analysed for five
different designs shown in table 3.1, where the first design was presented in the previous subsection.
The other four designs were chosen based on the goal to verify a range of possible design options.
The layup of the face sheet ranges from 2 till 6 layers of biaxial glass-fibre, while increasing the core
thickness up to 50 mm for the fifth design. An exception is made with the fourth design, where the
core thickness is reduced relative to an increase of the face sheet thickness. This is done to verify the
models for a thick face sheet with a relatively thin core as well.

For each analytically determined load, the different numerical models outlined in the previous
subsection are used to calculate the expected buckling load of the particular designs. The obtained
buckling loads are compared to the analytical solution in figure 3.14. The solution is obtained by
using the mesh density, which was concluded to give a converged solution for each of the models.
For sandwich designs 3, 4 and 5, no solution was obtained from the model with element types 7 and
75.

Table 3.1: Sandwich designs for verification of analytical and numerical models

Sandwich 1 Sandwich 2 Sandwich 3 Sandwich 4 Sandwich 5

Facesheet layup

Core thickness [mm] RE] 20 40 25 50

The numerical model build from element types 21 and 22 will be used for verification of the
determined low-weight designs in the next chapter, based on the following reasons:

e Computationally almost as fast as the element type 75 model and faster than the element
type 7/75 model

e Global buckling prediction gives the most accurate solutions compared to the analytically
determined solution, where the difference was the largest (10.2%) for sandwich design 4

e The model with element type 7/75 did not give valid results for thicker sandwich designs,
making that particular model unusable
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3.5 Low-weight sandwich panels

== Numerical model element type 75, subsection 3.3.1
== Numerical model element type 7 and 75, subsection 3.3.2
== Numerical model element type 21 and 22, subsection 3.3.3
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Figure 3.14: Verification of analytical global buckling solutions by numerical models
3.5 Low-weight sandwich panels

This section describes the way in which low-weight sandwich designs are found in order to make a
comparison with the orthogrid structure. The brute force analysis scheme is presented in figure 3.15.

e ————

L,

no, update design variables

Figure 3.15: Brute force analysis scheme for low-weight sandwich panels




3. Sandwich Structure

Step 1 of the analysis describes the different input design variables. The core thickness is available in
a range from 3 mm to 68 mm in steps of 1 mm. To obtain a panel design, which is comparable to a
layup used in the trailing edge of a wind turbine blade, a stacking of a multiple of [+/-45]-degree plies
is used.

Step 2 calculates the failure modes and the weights of all different design variable combinations.
Since the numerical analysis for global buckling was in sufficiently good agreement with the analytical
solutions, the analytical methods are used in finding an optimized design for the benchmark
sandwich panel. For every design, all the mentioned failure modes from section 3.2 are taken into
account.

After all calculations have been made, the lowest weight design is chosen for a range of design loads
in step 3. The design loads range from a compressive load of 50 kN up to and including a load of 800
kN, with a step size of 50 kN.

The resulting weight values for the found sandwich panels are shown in figure 3.16, where the
combined weight of face sheet and foam core material is indicated by the blue triangles. The weight
fraction of the face sheet and core are shown as percentages by the green stars and yellow circles
respectively. From the figure, it can be seen that the foam core material is found to be around 20 to
25% of the total weight of the panel in this particular design and material combination.
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Figure 3.16: Low-weight sandwich panel weight(fractions) per design load

The design variables related to the found low-weight designs are given in table 3.2. The design load is
shown in the first column. The layup of one of the two face sheets and the thickness of the foam core
can be found in the second and third column respectively. The corresponding weight, which is based
on the material densities given in appendix A, are repeated in the fourth column.

Table 3.2: Design variables for low-weight sandwich panels with different design loads

Design load [kN]  Layup face sheet Core thickness [mm)] Weight [kg]

50
100
150

200
250

300
350
400 [+/-45],
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3.5 Low-weight sandwich panels

[+/-45]s

The prediction of all the different failure modes, corresponding to the low-weight designs are shown
in figure 3.17. It can be seen that global buckling, face sheet wrinkling and core crimping loads are
predicted relatively close to each other. According to the analysis, material failure will not be
expected under the applied compressive loads.

2200 : : : : ‘ :
2100 4, Global buckling e e
%388:*** Asymmetric wrinkling i -’
1800/|{ece Symmetric wrinkling . !
1¢00|| == Core crimping

='1500{/eee TSai-Hill FPF L —— R — FE '

= 14001+, Tsai-Wu FPF o B e R

5 1300{— ~ ~ — . - : - : .

©1200f - _— Sy

O 1100f - - e i e ° R

o 1000f N S— . e ]

5 900 ‘ i D e to . b - i ,,

G 700t - - - e ¢ e . = . s :

“e0 6 e e o+ § B B O —

5000 e
400 - - T -
300} e 9 e ; . : e
200f Lo g : ‘
100}t : :
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Design load Fx [kN]

Figure 3.17: Different failure loads for the low-weight sandwich designs

From figure 3.17, it can be seen that in all cases, global buckling is determined to be the first failure
mode to occur under the applied compressive load. Using the 3D numerical model with element
types 21 and 22, the obtained analytical global buckling loads are verified, for which the comparison
is shown in table 3.3. The first column indicates the design load, with the analytically determined
global buckling load in the second column. The third column shows the numerical solution for the
global buckling load, where also the eigenvalue multiplied by the applied load is written in between
brackets. The fourth column gives the differences between the analytical and numerical solution and
the last column indicates the number of buckling number of half waves expected during by the
numerical model.

From the results, it is shown that the numerical model predicts a failure load within 8% of the critical
load predicted by the analytical model for all cases. The number of buckling half waves predicted by
the numerical model is however increasing up to a number of 6 for the case of 450 kN. This
difference with the analytical model could be explained by the foam core not being taken into
account in equation (3.1), where m determined the number of half waves. Further study or
experiments should be performed to explain or validate the occurrence of multiple half waves on the
numerical model.
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3. Sandwich Structure

Table 3.3: Verification of low-weight sandwich designs by numerical eigenvalue analysis with type 21
and 22 elements

Design  Analytical Numerical solution from Difference [%] Failure mode from
load solution x; eigenvalue analysis x, [N] (@ o 100) numerical model
X2

[kN] [N] (eigenvalue * applied load)
50

100 106235
150

200 206410
250

300 303474
350

400 407565
450

500 507439
550

600 610542
650

700 708267
750

800 803976

106722 (0.1694*630000) +0.46% 2 half waves

222012 (0.3524*630000) +7.03% 3 half waves

323694 (0.5138*630000) +6.25% 5 half waves

425817 (0.6759*630000) +4.29% 5 half waves

533232 (0.8464*630000) +4.84% 5 half waves

621251 (0.6151*1010000) +1.72% 5 half waves

736795 (0.7295*1010000) +3.87% 5 half waves

+6.55% 5 half waves

860318 (0.8518*1010000)
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4.0rthogrid Structure

As a potential replacement of the sandwich panel on the wind turbine trailing edge, the grid stiffened
type of structure is proposed. This chapter will discuss the orthogrid type of structure, where the
different design variables are explained first in section 4.1. Analytical analysis for different types of
failure modes is discussed in section 4.2. A numerical model for this type of structure is set up in
section 4.3, using shell elements. Verification is performed by a parametric study, where analytical
and numerical methods are compared in section 4.4. The goal of this chapter is to give a clear
overview of the available methods to determine the behaviour of an orthogrid stiffened panel and
obtaining low-weight designs in section 4.5 with the presented models.

4. Orthogrid
structure

4.1 Design variables

4.2 Analytical
analysis

4.3 Numerical
analysis

4.4 Parametric
study

4.5 Low-weight
orthogrid panels

Figure 4.1: Flow chart chapter 4

4.1 Design variables

One specific type of grid stiffened structure is the orthogrid, which consists of orthogonally
positioned stiffeners as is shown in figure 4.2. Xu et al. [6] describe a complete panel in terms of a
unit cell vector S, where a number is added as a subscript and refers to a certain direction of the
stiffener. S; and Ss refer to the longitudinal stiffeners along length a of the panel and S, and S¢ refer
to the stiffeners in transverse direction along width b of the panel. a; and by indicate the length and
width of a single unit cell respectively. For clarity, the components S; and S, would refer to diagonal
stiffeners, which are not present at the orthogrid stiffened panel. The example panel given in figure
4.2 would have the unit cell vector indicated by equation (4.1).
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4. Orthogrid Structure

S

S=Si= 1| (4.1)
|s.| lo.8333]
ls.] Lo7s]

The given example shows 2 unit cells along the x-axis, resulting in 2 times S; and 4 times Se.
Substituting for S, and Sg results in a total of 5 stiffeners, which is also drawn in figure 4.2. The same

applies for 1.5 unit cells along the y-axis. This unit cell vector is used during the analytical calculation
of the global buckling load in the next section.
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Figure 4.2: Design variables of an orthogrid structure

The design of the panel is further described by the following different variables, which are also
shown in figure 4.2.

tg: thickness of the skin [mm] (4.2)

ts¢: thickness of the stiffener [mm] (4.3)

hg:: height of the stiffener [mm] (4.4)

dxg: spacing between two transverse stiffeners [mm] (4.5)
dy,:: spacing between two longitudinal stiffeners [mm] (4.6)

The panel length a and width b are fixed to 866 mm and 500 mm respectively. For the skin, Saertex-
812g biaxial glass-fibre layers are used, for which the properties are described in appendix A. The
stiffeners will be manufactured by using unidirectional glass-fibre roving, of which the properties are
assumed to be equal to a unidirectional glass-fibre fabric also described in appendix A.
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4.2 Analytical analysis

4.2 Analytical analysis

Analytical methods found in literature or produced from theory are outlined in this section. Analysis
of the global buckling of an orthogrid panel will first be discussed in subsection 4.2.1. The individual
stiffeners within the grid could also locally buckle (crippling). A suitable displacement function is used
in combination with a minimization of total potential energy to obtain the particular failure load and
is described in subsection 4.2.2. The buckling of local skin segments between the stiffeners is called
intracellular buckling. Methods to determine this particular failure load for rectangular sections are
described in subsection 4.2.3. The separation of skin and stiffener is assumed to be a post buckling
mode of failure and is briefly described in subsection 4.2.4. First ply failure within the panel is
obtained by applying a Tsai-Wu, Tsai-Hill and maximum stress failure criterion in critical zones and is
described in subsection 4.2.5.

4.2.1. Global buckling

Xu et al. [6] describe a smeared stiffener method to determine the global buckling strength of a grid
stiffened panel. The method shows accurate predictions of the buckling strength of an orthogrid
stiffened panel, compared to a finite element analysis. Since there was no success in reproducing the
given values from the article exactly, the complete derivation as it was stated in the article of Xu et
al. can be found in appendix D. The method as it is described in the appendix is coded and used
during the rest of this project.

A brief description of the method is given here. The equivalent stiffness matrix of the grid stiffened
panel should be found based on the unit cell configuration, which is a superposition of the separate
skin and stiffener stiffness contributions to the ABD-matrix:

sk T Ast sk + Bst] [€0
4.7
[Bsk + Bst sk + Dst [ ] ( )

Assuming simply supported boundary conditions, where displacement and moments are zero at the
edges of the panel, the assumed displacement function is described by:

w(x,y) = Z Z Cinn Sin m;rx) sin (m;y) (4.8)

m=1n=
The Ritz method is used in combination with a minimization of the total potential energy. The
derivative of the total potential energy is set equal to zero, resulting in the following equation to be
solved:

ol . 2m?n?a? n*a* 4m?n?a? m?a?
ac.. = G |M*Dyq1 + b2 Dy, + e Dy, + ¥ Dgg — ) Ny
n a*
2b2 y
u 64m a 64nza3
D (4.9)
ij m2p3 26
l 1j= 1

) (W - :z;lg; —5)|-0

From which the term with the summation signs only give a non-zero contribution when:
m+i=odd AND n+j=odd (4.10)
The above results in a generalized eigenvalue problem and is given by:

[[E] = Ny ey [H]] {Coun} = {0} (4.11)
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4. Orthogrid Structure

In which:
[E]: matrix with all terms obtained from the equivalent D — terms

[H]: matrix containing all values related to the applied forces Ny, Ny, and Ny,
{Cn}: will be equal to the eigenvector after evaluation
Ny y xy: €igenvalue

The eigenvalue problem is solved by a Python script called scipy.linalg.eig(E, b=H). The resulting
eigenvalues and eigenvectors are substituted in equation (4.11) to verify the validity of the used
Python script. The largest error found within the resulting zero vector was negligible, which means
the solution from the eigenvalue analysis will be considered accurate enough.

To verify the method described by Xu et al. and given in appendix D, the results will be compared
with a numerical model in section 4.4, where a parametric study is performed on the orthogrid
structure.

4.2.2. Stiffener crippling

Another typical failure mode of a grid stiffened structure is the local buckling or crippling of a
stiffener. In order to obtain a solution for this failure mode, an exact solution for a plate under
compression with three edges simply supported and one edge free is described in this subsection.
Meink et al. [13] described a displacement function for the stiffener which is used in combination
with the method of minimum potential energy. A full derivation of the method for the critical
stiffener crippling load is described in appendix E. Equation (4.12) is found as a solution, which is in
good agreement to an exact solution found in chapter 6 of [14].

m2m? 0.190 0.0265dx,,> 12.285
Nx,SC=D11 2 +D12 ? +D22 T +D66 ? (412)

2-2p 4
dxst st memn hst st

When the crippling load is found, it should be related to a total force applied to the panel. This is
done by relating the individual membrane stiffness of a stiffener to the equivalent membrane
stiffness of the complete panel. The total force, which causes stiffener crippling is then described by
equation (4.13).

Y1 (EA);
F,=Fx—2—— 2 4.13
tot l * (EA)l ( )
Where:
F; = Nx,sc * hgt (4.14)
i: single stiffener (4.15)
N:number of structural members of the cross — section (4.16)

Since the panel will be tested in uni-axial compression, the transverse stiffeners are not analyzed for
crippling.

4.2.3. Intracellular buckling

The intracellular buckling load is estimated by considering the skin between the stiffeners as a small
simply supported plate. It is assumed that the bending/twisting coupling terms D¢ and D, are very
low due to symmetry of the layup and could be neglected. The buckling load under uni-axial
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4.2 Analytical analysis

compression is then easily determined by applying the method of minimum potential energy and can
be described by equation (4.17) [14]:
w2 (AR)*

Nyjicss = D’ Dyym? + 2(Dy; + 2Dg6) (AR)? + Dy, =)
S

(4.17)

The aspect ratio AR is based on the number of longitudinal and transverse stiffeners on the panel and
is given by:
_dxg  ag

AR = = —
dyse bo

(4.18)

Equation (4.17) is evaluated for m ranging from 1 to 20 and the lowest obtained load will describe
the intracellular buckling load. To obtain the applied load to the complete panel causing buckling of
the local skin segments, the failure load is multiplied with the width of the skin section. Equation
(4.13) can then be applied to find the total applied load.

Since simply supported conditions can be too conservative, clamped boundary conditions are also
analysed. Considering clamped boundary conditions for the rectangular skin pocket between the
stiffeners, equation (4.19) is used as the approximated displacement function to describe the
buckling load. The full derivation is given in appendix F.

SEN 2mmx 2nmy
w(x,y) = Z Z Cinn (1 — cos ” )(1 — cos by ) (4.19)

m=1n=1

The resulting buckling load under clamped conditions and an uni-axial applied load is given by
equation (4.20).

. . <4m2n2) ‘D < 82 > D (4n2dxst2> “D ( 16m? > (4.20)
x,ic,ecc — M11 detz 12 3dySt2 22 mzd}’st4 66 3dy$t2 .

The analytical methods using simply supported and clamped conditions will both be compared with a
numerical model as verification in section 4.4.

4.2.4. SKkin stiffener separation

Since there is not much literature found on analytical solutions for the separation of skin and
stiffener, this particular failure mode will be assumed to occur after local buckling of skin or stiffener,
where out of plane stresses will probably increase significantly due to peel stresses at the edges.
Results from Shroff’s experiments [20] also show this typical sequence of failure modes, where local
buckling of the skin was observed prior to separation of the skin and stiffener.

Since the project is focussed on the first mode of failure, this failure mode will not be further
assessed in this report.

4.2.5. First ply failure

To determine if material failure occurs as a first mode of failure, different failure theories are used to
predict the critical load in the skin and the stiffeners. Since the stiffeners in the orthogrid stiffened
panel will only consist of [0] degree fibres and the skin consists of [+/-45] degree plies only, not all
plies have to be analysed for failure. The outer extremes of the stiffener and skin will undergo the
largest strains, caused by a non-zero B-matrix and are therefore expected to be subjected to the
largest stresses. Figure 4.3 shows six critical locations on the panel, which are analysed for first ply
failure. The analysis for material failure is performed for the skin and stiffeners separately. The skin
(locations 1 and 2) is analysed by a Tsai-Wu [31] and Tsai-Hill failure [32] criterion, since this part of
the structure could be seen as a plate. The stiffeners (locations 3, 4, 5 and 6) are considered to be
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4. Orthogrid Structure

beams, which are analysed by determining the stress in the direction of the stiffener. This stress is
compared to the allowable tensile or compressive strength of the material.

Longitudinal stiffeners

/ ,, Transverse stiffeners

\‘ 1 hzO"'(tsk/z)
Skin

: outer layer of skin

: inner layer of skin

: lowest layer of transverse stiffener

: highest layer of transverse stiffener
: lowest layer of longitudinal stiffener
: highest layer of longitudinal stiffener

aOuhWNRE

Figure 4.3: Critical locations for first ply failure analysis

The steps to determine the strains and curvatures of the orthogrid panel are outlined in appendix B,
where the ABD-matrix is obtained from the smeared stiffener method described in appendix D. The
global strains and curvatures are used to determine the strains at each critical location, using

equation (4.21).
Ex €x0
yxy yxyO

The z value is the distance between the calculated neutral axis using the smeared stiffener method
used for global buckling and the z-location of the ply. The neutral axis is assumed to lie at the z
location, where the stiffeners are smeared over the area. The determination of this value is outlined
in appendix D and is shown in figure 4.3 as:

KX
+z Ky] (4.21)

Kay

oo + () (4.22)

The critical locations could now be analysed using their specific failure theory.

Skin (location 1 and 2)

For the skin, the exact same method as is further described in appendix B is used to obtain the failure
load within the plies. The most conservative of the Tsai-Wu or Tsai-Hill criterion is used for
comparison with the failure loads found for the transverse and longitudinal stiffeners. From the
analysis, it was found that the orthogrid panel bends towards the grid side of the panel under
compression as a result of the asymmetry of the structure. This results in higher compressive stresses
at location 2 of the skin and with that, a lower reserve factor.
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4.3 Numerical analysis

Transverse stiffeners (location 3 and 4)

It is assumed that the complete orthogrid panel stretches and bends as one integral structure, based
on the found ABD-matrix. Due to the relatively thin and small cross-section of the stiffener, it is also
assumed that the stiffener behaves like a beam, with stretching in the direction of the stiffener only
and bending around the out-of-plane axis only. Since the transverse stiffeners lie parallel to the y-
direction of the panel, equation (4.21) is then simplified to the strains in the transverse direction as
follows:

&y =&y T Z ¥ K, (4.23)

In equation (4.23), the strain in the direction of the stiffener is multiplied with the stiffness of the
unidirectional glass-fibre, resulting in the stress at the critical locations of the transverse stiffener.

Otransverse stiffener — Ellgy (4-24)

The stress is compared to the allowable compressive or tensile strength of the unidirectional glass-
fibre material, resulting in the reserve factor (RF) for the applied load:

0. g,
RF = 25 or RF = il (4.25)

Otransverse stiffener Otransverse stiffener

The expected critical failure load per mm width of the panel is obtained by multiplying the RF with
the initially applied load. The total critical material failure load is obtained by multiplication with the
width of the panel.

Longitudinal stiffeners (location 5 and 6)

For the longitudinal stiffeners, the exact same method is used as is described for the transverse
stiffeners. In this case, the strain along the longitudinal stiffener is obtained by taking the strains in
longitudinal direction from equation (4.21):

Ex = Exo T Z * Ky (4.26)

Comments on the first ply failure analysis

Since the low-weight designs to be found in the next chapter, are expected to be stability driven
designs, the first ply failure model described in this subsection will only be used as a quick method to
determine if this failure mode would occur prior to one of the stability driven failure modes.

In future studies, the accuracy could be improved by introducing the transverse and shear stresses
present in the stiffener.

4.3 Numerical analysis

The numerical model of the orthogrid structure is build by element type 75, shown in figure 3.7,
which is used for both the skin and the stiffeners of the panel. This subsection will outline different
convergence studies related to global buckling, stiffener crippling and intracellular buckling of the
grid stiffened panel. The goal is to make an assumption on the required mesh density to find
converged solutions on a range of designs. The convergence study is performed by analysing six
examples of orthogrid structures. Subsection 4.3.1 gives two examples of an orthogrid panel, where
intracellular buckling is predicted by the analytical models. In subsection 4.3.2, two designs
predicting stiffener crippling are outlined. The last two example designs show convergence towards a
global buckling solution and are discussed in subsection 4.3.3. A brief summary and sub conclusions
are given at the end in subsection 4.3.4.
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4. Orthogrid Structure

4.3.1. Convergence study for intracellular buckling

By using the analytical models from the previous subsection, two different designs were obtained for
analyzing the intracellular buckling failure mode. Both are shown in figure 4.4 and 4.5, where the
latter has relatively more stiffeners than the first design. It is expected that a more refined mesh
should be used to obtain a converged solution for the design with more stiffeners, because local
modes of skin instability are expected to be found.

Figure 4.4: Orthogrid design, skin layup: [+/-45];, stiffener layup: [0]s, hs:: 25.0 [mm], 5 longitudinal
stiffeners and 13 transverse stiffeners

Figure 4.5: Orthogrid design, skin layup: [+/-45],, stiffener layup: [0],, hy: 21.0 [mm], 16 longitudinal
stiffeners, 47 transverse stiffeners

Starting with the design shown in figure 4.4, the orthogrid panel is first modelled with a coarse mesh
and results using more refined meshes are found afterwards. The results from the analysis are
graphically presented in figure 4.6, for which the exact values from the numerical analysis can be
found in appendix G. For a coarse mesh, where the panel is modelled by only 260 elements, the
predicted mode of failure shows global buckling. By refining the mesh, the expected failure mode
changes to a combination of intracellular buckling and stiffener crippling. This was not expected from
the analytical model, where the lowest failure mode was given for intracellular buckling. This
expected combined mode of failure should be taken into account and more insight could probably be
obtained from experiments. The solution is converged when the panel is modelled by 27500
elements (or approximate element size of 5 mm), where the solution is within a factor of 1.01 times
the solution obtained with the most refined mesh.
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Figure 4.6: Convergence of orthogrid design of figure 4.4

In the previous example, global buckling was found as the initial failure mode, when modelling the
panel by a relatively coarse mesh. In this case it already changed to a combination of stiffener
crippling and intracellular buckling quickly when refining the mesh.
From the analysis of the second design in figure 4.5, it is not very obvious that intracellular buckling
(or a combined local failure) will occur, due to the high amount of stiffeners reducing the size of the
skin cells. Figure 4.7 shows the results of the convergence study of the buckling analysis, of which the
exact values can be found in appendix G.
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Figure 4.7: Convergence of orthogrid design of figure 4.5

From these values, the solution tends to converge to the global buckling case. However, when a
refined mesh of 27549 elements is reached, the predicted failure mode switches to intracellular
buckling. From that point, the mesh should be refined much more to obtain a converged solution for
this typical design. This results in a computationally very expensive analysis, where the
computational limit has been reached on the ability to perform the buckling analysis.
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4. Orthogrid Structure

Effect of cell size on intracellular buckling

As a comparison between the two analysed orthogrid designs, the number of elements along the
length and width of a skin cell are calculated.

The considered converged solution of the first design was modelled with an element length and
width of 5 mm, which resulted in 13 elements along the length of a cell and 25 elements along the
width of the cell. This resulted in a total of 325 elements per skin cell, resulting in an accurate
solution with respect to an even finer mesh.

The second design was modelled with an approximate element length and width of 2 mm as the
most refined mesh. This model resulted in 9 elements along the length and 16 elements along the
width of a cell. A total of 144 elements was then used to model each of the skin cells, which was not
considered sufficiently accurate.

In order to obtain at least the same element density within one skin cell, the second model should be
build from an approximate element size of 1 mm, which was found to be too expensive
computationally for the available computers.

Future study could possibly determine the mesh density required within a cell in order to find a
converged solutions for the intracellular buckling load.

4.3.2. Convergence study for stiffener crippling

This subsection shows the numerical convergence with respect to the stiffener crippling mode. Two
example designs are obtained by using the analytical methods described in the previous subsection.
The two designs are shown in figure 4.8 and 4.9, where the main difference is found in the amount of
stiffeners between the two.

Figure 4.8: Orthogrid design, skin layup: [45],, stiffener layup: [0]s, hg: 25.0 [mm], 5 longitudinal
stiffeners and 7 transverse stiffeners

Figure 4.9: Orthogrid design, skin layup: [45],, stiffener layup: [0];, hy: 25.0 [mm], 15 longitudinal
stiffeners and 25 transverse stiffeners
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4.3 Numerical analysis

The convergence study, related to the design shown in figure 4.8, is graphically presented in figure
4.10, of which the data-point values are outlined in appendix G. It is shown that the numerical model
initially predicts a failure mode of global buckling for a model consisting of only 82 elements. After
increasing this number of elements, stiffener crippling is expected and eventually converges when
24500 elements are used. This solution is within a factor of 1.01 times the numerical solution
obtained with the most refined mesh.
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5 o oo Convergence of global buckling
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Figure 4.10: Convergence of orthogrid design of figure 4.8

The same convergence study is performed for the design of figure 4.9. The resulting values of the
convergence study are drawn in figure 4.11, for which the exact values can be found in appendix G.
In this case, stiffener crippling is already observed to be the first mode of failure from the analysis.
However, a very refined mesh should be used to find a converged result for the particular design.
Modelling the panel with 109712 elements results in a solution within 1 percent of the solution with
the most refined mesh.
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Figure 4.11: Convergence of orthogrid design of figure 4.9
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4.3.3. Convergence study for global buckling

This subsection provides insight in the convergence of two orthogrid designs, which fail in global
buckling according to the analytical models. The first design is shown in figure 4.12 and consists of
less stiffeners than the second orthogrid design given in figure 4.13.
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Figure 4.12: Orthogrid design, skin layup: [45];, stiffener layup: [O]s, hg: 15.0 [mm], 7 longitudinal
stiffeners and 11 transverse stiffeners

Figure 4.13: Orthogrid design, skin layup: [45],, stiffener layup: [0]s, hg:: 15.0 [mm], 15 longitudinal
stiffeners and 25 transverse stiffeners

The results from the numerical models of the first design are graphically presented in figure 4.14 and
the exact values are given in appendix G. From this convergence graph, it can be seen that the model
converges relatively quick and a very refined mesh is not necessary to find the global buckling failure
mode. Only 512 elements are sufficient to obtain a result which is within a factor of 1.01 times the
numerical solution found by using 64070 elements. A combined local failure mode was also found,
but was related to a higher eigenvalue.
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Figure 4.14: Convergence of orthogrid design of figure 4.12

In figure 4.15, the convergence study related to the example orthogrid design from figure 4.13 is
shown. The data-point values are written down in appendix G. A relatively fast convergence is shown
for the predicted global buckling failure mode. A combined failure mode was also found, which
converged to a higher critical load at a very fine mesh.
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Figure 4.15: Convergence of orthogrid design of figure 4.13
4.3.4. Discussion on numerical convergence orthogrid

Converged solutions were found for five of the six analysed designs and it was found that local failure
modes had to be modelled with finer element meshes in order to obtain a converged solution. For
designs with small skin cells or stiffener sections, the computational limit was even reached, before
an actual converged solution was found.

41



4. Orthogrid Structure

From the six analysed example orthogrid designs, some simplifying decisions will be made in order to
speed up the process of finding low-weight designs in the next chapter. In order to find converged
solutions using the presented numerical model, an element size of approximately 2 mm will be
considered as accurate enough. Using this element size, only the second example panel did not show
a clearly converged solution, where the number of transverse and longitudinal stiffeners was very
high. If designs with a high number of stiffeners are found, an extra check could be considered with
modelling the specific design with a coarser mesh as comparison.

For future study, computational cost could possibly be reduced by using different element types to
model the orthogrid structure. Smaller sections of a design could also be modelled and analysed in
order to capture local failure modes within grid stiffened structural designs.

4.4 Parametric study

In order to verify the analytical and numerical models, a comparison between the two will be made,
combined with a parametric study. This parametric study is performed to obtain more insight on the
influence of an orthogrid design variable on a typical failure mode. To start, a benchmark design is
chosen, which allows a change of a design variable in a negative and positive sense. The design was
also chosen to approximately have a weight percentage of 40% in the skin and 60% in the stiffeners,
since the stiffeners are expected to give the main contribution to the structural stiffness and
strength. Taking the above into account, the following design variables are chosen for the benchmark
design used in the parametric study:

= Skin layup: [+/-45]4

= Stiffener layup: [0]g

=  Stiffener height: 20 [mm]
=  Number of longitudinal stiffeners: 10

=  Number of transverse stiffeners: 15

= Llengtha: 866 [mm]
= Width b: 500 [mm]

The cross-section of a transverse or longitudinal stiffener with a portion of the skin is shown in figure
4.16.

5.752 mm

20 mm

Z [+/-45]4
t x 7

’
’
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} 2.7 mm

Figure 4.16: Cross-section of a stiffener of the benchmark orthogrid design
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From this benchmark design, each design variable will be changed and the influence it has on the
analytical and numerical results will be shown. In subsections 4.4.1 till 4.4.5, the following design
variables will be changed accordingly:

4.4.1. Skin thickness

4.4.2. Stiffener thickness

4.4.3. Stiffener height

4.4.4. Number of longitudinal stiffeners
4.4.5. Number of transverse stiffeners

A discussion on the performed parametric study will be performed in subsection 4.4.6, where the
most important sub conclusions regarding this section are also drawn.

4.4.1. Skin thickness

The skin layup of the benchmark design will be changed from 1 till 10 layers of biaxial glass-fibre. The
influence of the skin thickness, when the other design variables are fixed, is drawn in figure 4.17. The
exact values of the data-points from the numerical models are given in appendix H.

The global buckling load predicted by the analytical and numerical model are in very good
agreement. A local failure mode is predicted in two different ways. The buckling analysis shows pure
skin cell buckling for a skin layup of 1 or 2 biaxial glass fibre plies. The other solution shows a
combination of skin and stiffener buckling at the same time. This combined local failure mode tends
to follow the line between intracellular buckling under simply supported and clamped conditions.
However, at the moment stiffener crippling becomes more apparent as a local failure mode, the
graph follows the green curve of stiffener crippling. The analytical solution of stiffener crippling is
however over predicting the failure load with respect to the numerical solution.

e Global buckling = a Global buckling (FEM)
oo Stiffener crippling ma Intracellular buckling (FEM)
oo Intracellular buckling (ss) =& Combined local failure (FEM)
e-e Intracellular buckling (cc)
2000 ‘ ‘ ‘ _
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Figure 4.17: Influence of skin thickness on the stability driven failure modes
4.4.2. Stiffener thickness

The stiffener thickness of the benchmark design will be changed from 2 till 20 layers, using a step size
of 2 layers. The influence of the stiffener thickness on the different failure modes, when the other
design variables are fixed, is drawn in figure 4.18. The values of the data-points for the numerically
predicted failure modes are given in appendix H.
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The numerical and analytical model to determine global buckling are in very good agreement. The
local failure modes predicted by the numerical model are following the line of stiffener crippling
initially. When the thickness of the stiffeners increase to 6 plies, a combined failure mode of stiffener
crippling and intracellular buckling is predicted by the numerical model. At the point, where the
thickness of the stiffener is build of 12 plies, the stiffener crippling failure mode is not shown in the
results of the numerical model anymore. From this point, intracellular buckling is shown from the
numerical result, which is predicted between the analytical models based on simply supported and
clamped boundary conditions.

oo Global buckling = a Global buckling (FEM)
oo Stiffener crippling == Intracellular buckling (FEM)
oo Intracellular buckling (ss) = Stiffener crippling (FEM)
e-o Intracellular buckling (cc) ma Combined local failure (FEM)
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=
©
21000}
_S T 50k
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073 4 6 8 10 12 14 16 18 20
Stiffener layup [0]-plies

Figure 4.18: Influence of stiffener thickness on the stability driven failure modes

4.4.3. Stiffener height

The stiffener height of the benchmark design will be changed from 2 till 40 mm, using a stepsize of 2
mm. The influence of the stiffener height on the different failure modes when the other design
variables are fixed, is drawn in figure 4.19. The values of the data-points for the numerically
predicted failure loads are given in appendix H.

oo Global buckling e-e Intracellular buckling (cc)

e Stiffener crippling ma Global buckling (FEM)

e Intracellular buckling (ss) ma Combined local failure (FEM)
2000— ‘ ‘ ‘ ‘ : ‘ - ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -

5 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Stiffener height [mm]

Figure 4.19: Influence of stiffener height on the stability driven failure modes
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The predicted failure load for global buckling by the analytical and numerical model is in good
agreement. The difference between the two solutions seems to deviate a little for increasing
stiffener heights, but remains within 10%. The local failure modes predicted by the numerical model
is of the combined case. The yellow line stays between the analytical models for intracellular buckling
assuming simply supported and clamped boundary conditions. However, the decreasing critical load
of stiffener crippling by height seems to influence the numerical prediction, because the difference
with the clamped case of intracellular buckling becomes larger.

4.4.4. Longitudinal stiffeners

The number of longitudinal stiffeners for the benchmark design will be changed from 2 till 30
stiffeners in steps of 2. The results from the analytical and numerical models are shown in figure
4.20. The values of the data-points related to the numerical analysis can be found in appendix H.

oo Global buckling e-e Intracellular buckling (cc)

oo Stiffener crippling = a Global buckling (FEM)

oo Intracellular buckling (ss) ma Combined mode (FEM)
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Figure 4.20: Influence of number of longitudinal stiffeners on the stability driven failure modes

The global buckling predictions obtained from the numerical and analytical solutions seem to be in
good agreement. The case, where only two or four stiffeners are present, the solution is not accurate
or no solution was found respectively. For two stiffeners, this could be explained by knowing that the
two stiffeners were modelled at the unloaded edges and were therefore part of the boundary
conditions where a constraint was placed on the out-of-plane displacement.

A combined failure mode of stiffener crippling and intracellular buckling was found along the whole
range of the number of longitudinal stiffeners. For the lower amount of longitudinal stiffeners,
between 4 and 10, the graph follows the intracellular buckling models with simply supported and
clamped conditions. For 12 and more longitudinal stiffeners, the numerical result follows the
stiffener crippling case. For 20 or more stiffeners, the numerically predicted load eventually crosses
the analytical solution for stiffener crippling.

4.4.5. Transverse stiffeners

The number of transverse stiffeners are changed over a range from 3 until 41 stiffeners in steps of 2
stiffeners. The predicting failure loads obtained from the analytical and numerical models are
presented in figure 4.21. The values of the data-points for the numerical results are found in
appendix H.

For this last graph of this parametric study, the global buckling load obtained from both the
numerical and analytical model is again in good agreement.
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4. Orthogrid Structure

The combined failure mode predicted by the numerical model, seems to follow the stiffener crippling
prediction initially. At the moment, where the prediction of the intracellular buckling load is more
apparent to occur with respect to stiffener crippling, the numerical line follows its path between the
lines of intracellular buckling.

A note should be made about the analytically determined intracellular buckling load, where the
transverse stiffeners do not have an influence on the intracellular buckling load initially. However,
having more than 19 transverse stiffeners, the aspect ratio of the skin cell becomes lower than 1 and
the stiffener spacing in x direction becomes very small. This eventually leads to the first term of
equation (4.17) and (4.20) to be the dominating factor of the typical failure load.

oo Global buckling e-e Intracellular buckling (cc)

oo Stiffener crippling = a Global buckling (FEM)

oo Intracellular buckling (ss) =z Combined mode (FEM)
2007777

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41
# of transverse stiffeners

Figure 4.21: Influence of number of transverse stiffeners on the stability driven failure modes
4.4.6. Discussion

In order to find low-weight designs in the next section, the analytical models will be used to find a
preliminary design, which are verified and improved by the numerical model afterwards. It was
shown from the parametric study, that the analytical models deviate from the numerical models.
However, since a sufficiently good trend was found between both models, a knockdown factor could
be placed on the analytical predicted failure loads in order to find preliminary designs, which are
conservative. After a comparison between the obtained results from this subsection, the knockdown
factors shown in table 4.1 will be applied to the analytical models. The knowledge about the
influence of each design variable on the different failure modes could be used for further improving
the obtained designs in the next section.

Table 4.1: Knockdown factors on analytical models

Failure mode Knockdown factor

Intracellular buckling (clamped boundary conditions)

Stiffener crippling
Global buckling

From all these design variables, it seems that the number of transverse stiffeners have a low
influence on the different failure modes in comparison to the other design variables. Only when the
number of transverse stiffeners become significantly high, the stiffeners improve the local failure
modes by lowering the stiffener and skin cell in length. This effect of changing the aspect ratio could
also be obtained by introducing angled stiffeners as a replacement of the transverse stiffeners. For
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future studies, an isogrid stiffened structure could therefore be analysed as well in order to obtain
more efficient designs. It was also shown in appendix D, equation (D.64), that angled stiffeners would
improve the torsional stiffness of the structure, which is not taken into account during this study. In
the case of isogrid stiffened structures, Chen et al. [30] present an approximating displacement
functions to model triangular skin sections, which could then be used to analytically determine the
intracellular buckling load of an isogrid stiffened structures. In addition, transverse stiffeners could
be modelled and manufactured with lower thickness than the longitudinal stiffeners, to further
improve the designs. This introduces an extra design variable, which is for now outside the scope of
the study.

The analytical models used to determine stiffener crippling and intracellular buckling are not very
accurate, but the comparison with the numerical model shows that the influence of the design
variables could be guessed. In order to improve the analytical models for the local failure modes, one
could try to find the influence of the skin and stiffener thickness on the boundary conditions. As an
example, a thicker stiffener could result in stiffer boundaries between stiffener and stiffener or
between stiffener and skin.

An overview of the influence on the different failure modes by changing different design variables is
shown in table 4.2. The increase of each of the design variables, results in a change of the failure
modes, indicated by “+”, “-“ and “squared” signs. A “+”-sign indicates a slowly (almost) linear
increase of the failure load. A “++”-sign is related to a faster (almost) linear increase of the failure
load. When the “+”-sign is indicated with a “square”-sign, the failure mode tends to increase in an
exponential way. The “(+/-)*"-sign is used when the influence could either be negative or positive,
depending on the values of the design variables themselves.

Table 4.2: Influence of the design variable on the different stability-driven failure modes

Design variable Global buckling Stiffener crippling Intracellular
buckling

Skin layup

Stiffener layup

Stiffener height

# of longitudinal stiffeners
# of transverse stiffeners

4.5 Low-weight orthogrid panels

A trial and error based technique will be used to obtain low-weight orthogrid designs. In 4.5.1,
theoretical optimum solutions will be designed, where the design variables of the orthogrid panel
have no constraints. In 4.5.2, potential manufacturing limitations are taken into account on the
stiffener thickness, resulting in more practically oriented designs.

4.5.1. Theoretical low-weight orthogrid designs

The analytical models are used first to obtain a preliminary design on each of the load cases, because
the numerical models used so far are computationally expensive. As a result of the parametric study,
the knockdown factors from table 4.1 are used on the analytical models to obtain a preliminary
design for each of the load cases. An improved brute-force analysis is used for finding the lowest-
weight design within the following ranges for the different design variables:

e  Skin layup: ranging from 1 till 5 in steps of 1 ply

e Stiffener layup: ranging from 1 till 10 in steps of 1 ply

e Stiffener height: ranging from 10 till 50 in steps of 1 mm

e Number of longitudinal stiffeners: ranging from 3 till 30 in steps of 1 stiffener
e Number of transverse stiffeners: ranging from 4 till 50 in steps of 1 stiffener
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4. Orthogrid Structure

The found preliminary design from the knocked down analytical models are shown in table 4.3. All
the failure load predictions (without knockdown factor) from the designs listed in this table are
graphically presented in figure 4.22, along with the numerically predicted failure load by a buckling
analysis. All of the numerical models were build by an approximate element size of 2 mm, which was
assumed to give converged solutions for designs with a relatively low number of stiffeners. The
obtained preliminary designs have a lot of longitudinal and transverse stiffeners and it can therefore
not be assumed that the obtained solutions from the numerical model are converged. The
theoretical preliminary designs will however be further improved to obtain the final theoretical low-
weight orthogrid designs. A convergence study could be performed for each of the final designs in
order to give a conclusion about the convergence. This is not performed during this study, due to
time limitations.

Table 4.3: Preliminary orthogrid designs by analytical solutions (theoretical)

Design Skin layers  Stiffener  Longitudinal Transverse  Stiffener Weight

load [kN] [+/-45] layers [0] stiffeners stiffeners height [mm] [kg]

50

100 20
150

200 15
250

300 13
350

400 3 19 45 25.0 5.035
450

500 4 16 35 27.0 5.661
550

600 4 17 38 28.0 6.188
650

700 5 9 34 30.0 6.658
750

800 5 10 35 31.0 7.110

47 18.0 2.529

35 21.0 3.685

45 24.0 4.373

In order to further improve the preliminary designs, figure 4.22 is used to try and make some
improvements and lower the weight. Each of the load cases is shown on the x-axis and the y-axis
gives insight in the critical load of each failure mode with respect to the design load. The legend
indicates the different predicted failure modes, of which the first five are obtained from the
analytical solutions and the last two vertical bars are determined by the numerical model. All the
exact values related to the histogram are presented in appendix I.

As an example, for the 50 kN design load, a 50% higher combined local failure mode is found with
respect to the design load. From the parametric study, it was observed that the number of transverse
and longitudinal stiffeners have a small influence on the global buckling load and a larger influence
on the local failure modes. The design could therefore be improved, by removing some of the
transverse and longitudinal stiffeners, up to the point where the numerically determined critical load
is still higher than the design load.

For each of the design loads, this trial and error scheme is used to obtain a design, where the
numerically determined buckling load is still above the design load.

In addition, some of the designs predict an early first ply failure, based on the analytical solution.
From the different designs, it can be seen that the ones with a low first ply failure critical load also
have a low number of longitudinal stiffeners (550, 700 and 800 kN). The preliminary designs are
therefore also improved by increasing the first ply failure load on some of the designs.
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4.5 Low-weight orthogrid panels

mm Global buckling == First ply failure
== Stiffener crippling = Global buckling (FEM)
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Figure 4.22: Different failure loads for the preliminary orthogrid designs (theoretical)

The improved final designs, obtained after the performed numerical analysis on each of the load
cases, are shown in table 4.4. The analytically and numerically determined failure loads related to the
found low-weight orthogrid designs are graphically presented in figure 4.23. The exact failure modes
related to the vertical bars in the histogram are presented in appendix I.

As was mentioned before, the designs found cannot be considered converged, due to the high
number of stiffeners present.

Table 4.4: Improved low-weight orthogrid designs by trial and error (theoretical)

Design Skin layers Stiffener Longitudinal Transverse Stiffener Weight

load [kN] [+/-45] layers [0] stiffeners stiffeners height [nm]  [kg]

50

100 27
150

200 25
250

300 31
350

400 3 19 37 26.0 4.772
450

500 3 22 37 27.0 5.197
550

600 3 23 40 28.0 5.616
650

700 4 18 31 30.0 6.125
750

800 4 20 34 30.0 6.648

33 17.0 2.376

43 22.0 3.108

49 24.0 3.871
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4. Orthogrid Structure

mm Global buckling == First ply failure

== Stiffener crippling == Global buckling (FEM)
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Figure 4.23: Different failure loads for the improved low-weight orthogrid designs (theoretical)

Figure 4.24 graphically presents the increase in weight of the orthogrid panel, when the compressive
load is increased. The weight percentage for the grid and skin are also shown in the graph. Low-
weight solutions tend to have as less weight as possible in the skin. The weight of the skin will
increase when the intracellular buckling load is the critical failure mode and cannot be further
improved by applying more longitudinal stiffeners.
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Figure 4.24: Theoretical low-weight orthogrid panel weight(fractions) per load case
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4.5 Low-weight orthogrid panels

4.5.2. Practical low-weight orthogrid designs

The high amount of stiffeners found in the previous subsection, resulted in very small stiffener
thicknesses. This could result in manufacturing problems, where tolerance issues could result in a
bad quality product. In terms of an automated process using fibre layup, tolerances could also
become a problem, where the robot head is not able to steer exactly over the small stiffener or the
thin stiffener will be crushed under the applied pressure from the machine.

Another optimum result is therefore found from the numerical models, where a minimum stiffener
thickness is introduced. A preliminary design is found by using the analytical models, from which a
trial and error procedure is again used to find low-weight designs for the range of load cases. The
manufacturing of a thin stiffener was the main problem, which is why this design variable is given a
minimum of 5 mm, resulting in at least 7 layers of unidirectional layers of glass-fibre trough the
thickness of the stiffener. The preliminary designs are then obtained from the following ranges:

e  Skin layup: ranging from 1 till 5 in steps of 1 ply

e Stiffener layup: ranging from 7 till 15 in steps of 1 ply

e Stiffener height: ranging from 10 till 50 in steps of 1 mm

e Number of longitudinal stiffeners: ranging from 3 till 30 in steps of 1 stiffener
e Number of transverse stiffeners: ranging from 4 till 50 in steps of 1 stiffener

The resulting designs from the improved brute-force analysis are shown in table 4.5. The designs are
verified by the numerical model and are presented in figure 4.25 along with the analytically
determined critical loads. The data related to the failure loads of the preliminary designs are
presented in appendix J.

Table 4.5: Preliminary orthogrid designs by analytical solutions (practical)

Design Skin layers Stiffener Longitudinal Transverse Stiffener Weight

load [kN] [+/-45] layers [0] stiffeners stiffeners height [mnm] [kg]

50

100 18.0
150

200 22.0
250

300 23.0
350

400 9 7 26.0 5.207
450

500 9 4 29.0 5.856
550

600 11 18 27.0 6.364
650

700 8 5 30.0 6.768
750

800 9 17 29.0 7.288

2.929

3.697

4.516
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4. Orthogrid Structure

== Global buckling == First ply failure

== Stiffener crippling = Global buckling (FEM)

== Intracellular buckling (ss) == Intracellular buckling (FEM)
== Intracellular buckling (cc) == Combined local failure (FEM)
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Figure 4.25: Different failure loads for the preliminary orthogrid designs (practical)

The preliminary designs will be improved by (re)moving material of the specific design. With the
knowledge of the parametric study, a trial and error solution technique is used to obtain lower
weight designs for each of the design loads. For some of the preliminary designs, an improvement
with respect to the first ply material failure load has to be made. Increasing the number of
longitudinal stiffeners should give this increase on the critical load.

Table 4.6 shows the improved designs, for which the critical loads are presented with a histogram in
figure 4.26 and the related data can be found in appendix J.

Table 4.6: Improved low-weight orthogrid designs by trial and error (practical)

Design load Skin layers Stiffener Longitudinal Transverse Stiffener Weight

[kN] [+/-45] layers [0] stiffeners stiffeners height [mm] [kg]

50

100 18.0
150

200 21.0
250

300 23.0
350

400 9 8 26.0 4951
450

500 7 9 27.0 5.652
550

600 11 15 27.0 5.982
650

700 9 12 29.0 6.506
750

800 11 10 30.0 6.892

2.845

3.677

4.328
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4.5 Low-weight orthogrid panels
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Figure 4.26: Different failure loads for the improved low-weight orthogrid designs (practical)

The resulting weights of the improved designs are presented in figure 4.27. The weight fraction in the
grid and skin are also presented, where it is observed that most of the weight is present in the grid of
the panel. Compared to the theoretical low-weight designs, the weight percentage in the skin is
slightly higher. This could be explained by the fact that the skin requires more thickness in order to

prevent intracellular buckling, which is more apparent to occur as a result of the larger skin cells.
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Figure 4.27: Practical low-weight orthogrid panel weight(fractions) per load case
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5.Comparison of Low-Weight Designs

In the previous two chapters, different analytical and numerical models have been analysed and
verified. With those models, low-weight designs were obtained for a sandwich and an orthogrid
structure. A comparison between the obtained low-weight solutions is made in section 5.1. In order
to validate these compared results, different panels which will be manufactured and tested are
described in section 5.2.

5. Comparison of
Low-weight designs

5.1 Evaluation

5.2 Validation plan

Figure 5.1: Flow chart chapter 5

5.1 Evaluation

The obtained low-weight solutions found in the two previous chapters are drawn together in figure
5.2. It is observed that for lower load cases, both types of structure perform equally well. For higher
load cases, a reduction in weight is observed for the orthogrid structure compared to the sandwich
structure.

Wang [1] stated the following in her optimization study on orthogrid wind turbine blade trailing
panels:

“At the same time, a minimum skin thickness of 1.7688 mm (40% of the average face sheet thickness
of the sandwich trailing panels of the reference blade) is set to avoid the local skin buckling due to
the ultrathin skin”

The average thickness of the face sheet on the reference blade is therefore approximately 4.4 mm
and can be compared to a lay-up of at least 6 layers of biaxial glass-fibre used during this project. The
range of designs with 6 biaxial glass-fibre layers or more are indicated with the grey background
colour in figure 5.2. The practical low-weight orthogrid designs show a weight reduction between
19.7% till 28.3% with respect to the low-weight sandwich panels.

The theoretical orthogrid design shows lower weight solutions, but the weight reductions seem to be
negligible for higher load cases. The large amount of stiffeners on the theoretical designs also
introduce a lot of stiffener crossings. These locations are not taken into account in the analysis, but
could have negative effects on the performance of the structure, because fibres are steered at these
locations during manufacturing. In addition, convergence of the numerical solutions for the
theoretical designs cannot be assumed. The theoretical designs do show lower skin thicknesses,
which could improve the performance as a result of a lower level of asymmetry of the structure.
Future studies could focus on finding lower-weight solutions for the grid stiffened structure, by
introducing more design variables. As an example, the isogrid type of structure could be analysed or
transverse stiffeners could be modelled with varying stiffener thicknesses. Another option could be
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5.2 Validation plan

the introduction of longitudinal and transverse stiffener, which have different heights compared to
each other.

—e i_ow-‘weiglht o‘rtholgrid ‘(the‘oreti‘cal) ‘[kg]‘
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Design load Fx [kN]

Figure 5.2: Comparison of the low-weight sandwich and orthogrid designs

5.2 Validation plan

In order to validate the analysis performed so far, manufacturing and testing of the designs will be
performed. Taking the time available during a master thesis into account, it has been decided to
manufacture and test the two designs shown in figure 5.3 and figure 5.4, which are related to the
design load of 100 kN. This lower load case is chosen, because the fibre roving used for the stiffened
grid has to be wound manually. Higher design loads can result in manual glass-fibre winding taking up
to a couple of weeks to finish only one panel. For the orthogrid panel, it was also decided to test the
manufacturing process for a very dense grid structure, based on the theoretical low-weight solutions.
This should result in a conclusion on design limits for the manufacturing process.

. a =866 mm

Z —

!
t;=2%0.675=1.35mm

b =500 mm
, e —————————
Ly

Figure 5.3: Low-weight sandwich design for a design load of 100 kN
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Figure 5.4: Low-weight orthogrid design (theoretical) for a design load of 100 kN

In order to evaluate the manufacturing process for the orthogrid structure specifically, two sample
panels are manufactured in parallel to the design and analysis part of the project. These two panels
are also tested in order to see if improvements on the test set-up could be made for the larger panels
at a later stage of the project. The design for the sample orthogrid panel is shown in figure 5.5. The
design variables of the panels shown in figures 5.3 till 5.5 are given in table 5.1 and 5.2.

Table 5.1: Design variables of sandwich panel to be manufactured and tested

Loadcase [kN] Core thickness [mm] Weight [kg]

100

Layup face sheet

Table 5.2: Design variables of orthogrid panels to be manufactured and tested

Loadcase Skin layers  Stiffener Longitudinal Transverse Stiffener Weight
[kN] [+/-45] layers [0] stiffeners stiffeners height [mm]  [kg]

Small panel
100
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Figure 5.5: Sample orthogrid design
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PART II: VALIDATION

In order to validate the low-weight designs obtained, the results will be compared to experimental
data. Manufacturing and testing of the panels is therefore outlined in chapter 6. Evaluation of the
test data and improvements to the initial models are discussed in chapter 7.

6.Manufacturing and Testing

This chapter is written in chronological order of manufacturing and testing of the different panels,
because results from the performed experiments were taken into account to improve the next test.
The manufacturing and testing of the sample orthogrid panels will be described first in section 6.1
and was done in parallel with the analytical and numerical work performed during the project. This
was done to prevent any delay to the project in case issues with respect to the complexity of the
manufacturing and testing would have occurred. The sandwich design to be manufactured and
tested is outlined in section 6.2. The larger orthogrid panel design will be dealt with in section 6.3.
Finally, concluding remarks will be given on the manufacturing and testing process in section 6.4,
where options for further improvements are discussed.

6. Manufacturing
and Testing

6.1 Sample of 6.2 Sandwich panel 6.3 Orthogrid panel

orthogrid design (100 kN design) (100 kN design)

6.4 Concluding
remarks

Figure 6.1: Flow chart chapter 6

6.1 Sample of orthogrid design

Since the manufacturing process of flat grid stiffened panels is more complex than the fabrication of
flat sandwich panels, the process itself will be analysed and tested before applying it on the larger
low-weight designs. Subsection 6.1.1 describes the different steps of the manufacturing process.
Testing of two sample orthogrid panels will be outlined in subsection 6.1.2. The last subsection 6.1.3
will evaluate the quality of the final product and will give a conclusion on which method is most
suitable for obtaining a high quality product.

6.1.1. Manufacturing process

The complexity of the design results in a difficult manufacturing process. The steps to manufacture
two sample orthogrid panels for the project are shown on the flow chart in figure 6.2. Each of the
steps from A till G, will be explained in this subsection.
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6.1 Sample of orthogrid design

G. Curing and

anel aesign Inding table finishing

E. Fibre winding

B. Plug design
SR (lay-up)

C. Silicon mould F. Vacuum infusion

Figure 6.2: Flow chart of the manufacturing steps for the sample orthogrid panels

Step A: Design the panel

The process will start with the determination of all the design variables of the grid stiffened panel.
Since tabs should be applied around the complete panel before testing under a compressive load,
each side is extended by 50 mm as is indicated in figure 6.3. The added material will also contribute
to the quality of the final product, since the edges are normally not as smooth as the material away
from the edges. At the node locations, where the transverse and longitudinal stiffeners are crossing
each other, extra volume is added by applying a fillet, to obtain sufficient volume for the fibres. This
extra volume should prevent the fibre at the nodes to build up twice as fast as the fibre in the
stiffener sections. The radius of the fillet at the nodes is equal to the thickness of the stiffener, which
should result in the same fibre volume fraction at the nodes and at the stiffener sections.

Figure 6.3: Design of sample orthogrid panel
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6. Manufacturing and Testing

Step B: Build a plug of the design

Knowing the design variable values, a plug of the panel was build with walls around it. The plug of the
small orthogrid panel, shown in figure 6.4, was made by milling two layers of 10 mm thick tab
material in order to create the designed stiffener height. Two extra layers of 10 mm were milled for
obtaining sufficiently high walls on each side of the plug. A flat bottom plate of 2 mm thick tab
material was finally milled. The five parts were glued together by applying epoxy resin between all
the layers. After curing of the epoxy resin, a test was performed on the water tightness of the plug.
This was done to prevent leaking of the silicon during the next step of the process.

Figure 6.4: Plug of sample orthogrid panel

Step C: Making and post-processing silicon mould

The produced silicon mould is shown in figure 6.5. Uncured silicon is poured in the plug, to form a
silicon mould for laying up the dry glass-fibre roving at a later stage. A sufficient amount of silicon
was poured into the plug in order to obtain a thick layer connecting the different blocks of silicon.
The silicon material used for the mould has a hardness of shore 15. This soft variant of silicon was
chosen to enable easy removal of the mould from the product after infusion. Tolerances on the
stiffener thickness after manufacturing could be a drawback of the soft mould. As a final step, the
mould is inspected on small films of silicon, which could be present inside the channels of the mould.
These should be removed to prevent them from influencing the quality of the final product.

Figure 6.5: Silicon mould of sample orthogrid panel




6.1 Sample of orthogrid design

Step D: Design and build winding table

A winding table shown in figure 6.6 was made to enable the layup of the glass-fibre roving. A sketch
of the grid design and the position of the mould was drawn and printed on an Al sheet. The paper
was positioned on a plywood panel along with the silicon mould. Large nails were hammered at the
locations indicated by the large red dots on the Al sheet. Finally, smaller pins were placed at the
node locations in the mould and on the sides where the channels are present. This is done to guide
the pins through the channels as straight as possible. To ensure accurate and fast placement of these
small pins, pin placement tools were used as indicated in figure 6.7.

2e

>y

Figure 6.6: Winding table design

Figure 6.7: Pin placement tools

Step E: Winding of glass-fibre roving manually

Using the winding table, the glass-fibre roving was wound through the channels of the silicon mould
as is shown in figure 6.8. The roving was wound through the mould until it was filled to the top of the
channels. The filled mould was then prepared for vacuum infusion, which is shown in figure 6.9. All
pins were removed and excess glass-fibre roving was cut. The loose roving was connected by tape
along the edges of the mould.
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6. Manufacturing and Testing

Figure 6.9: Silicon mould, filled with dry glass-fibre roving

Step F: Design vacuum infusion set-up

Impregnation of the dry fibres with resin will be performed with vacuum infusion. In this process,
two different set-ups were tried in order to obtain a high-quality orthogrid panel, schematically
presented in figure 6.10.

The first set-up (top figure) has the biaxial skin layers placed on top of the silicon mould. A peel ply is
placed on both sides of the silicon mould to prevent different layers sticking to each other.

In the second set-up (bottom figure), the filled silicon mould is turned upside down after laying up
the glass-fibre skin plies, a peel ply, a flow mesh and another peel ply on top of the silicon mould.
Since the silicon mould was relatively small, the turning of the mould can be performed without the
glass-fibre falling out of it. In case of a larger mould, an extra plate should be used to turn the mould
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6.1 Sample of orthogrid design

upside down. When the mould is laying with the skin on the bottom, the resin flow during the
vacuum infusion is supposed to run through the skin first and exit the mould on top. For this, holes
were already drilled in the silicon mould prior to winding the glass-fibre roving. These holes can be
drilled by using a drill with a 2 mm diameter. In addition, holes at the grid nodes were present due to
the steel pins placed during the preparation of the winding table.

The lay-up on top of the most outer peel ply is the same for both infusion set-ups. In figure 6.11, a
semi-permeable membrane is placed on top of the peel ply, which only allows air to go through,
resulting in vacuum over the full product during the whole infusion process. A breather, caul plate
and another breather are placed on top of the membrane to apply an even pressure along the panel
and to keep vacuum over the full surface.

® Resininlet -~ Breather
® Air outlet/connection to vacuum Semipermiable membrame
=== Orthogrid panel — Vacuum hag
Sylicon mould . A luminium mould
- - - Flow mesh B Caul plate

Figure 6.10: Vacuum infusion set-ups for the sample orthogrid panel

Figure 6.11: Semi-permeable membrane with a breather and caul plate on top

Using a vacuum bag and positioning the air outlet inside, the infusion can be performed as is shown
in figure 6.12.
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6. Manufacturing and Testing

Figure 6.12: Sample orthogrid panel under vacuum

Step G: Curing, post-curing and preparing for testing

The resulting sample orthogrid panels from infusion set-up 1 and set-up 2 are shown in figure 6.13
and 6.14 respectively. The infusion was finished after an hour, where the mould was heated to 30
degrees. An initial cure cycle of 2 hours was performed at 50 degrees Celsius, where after it was
cured for 24 hours at room temperature. After removing the product from the silicon mould, a post-
cure cycle of 10 hours was performed at 70 degrees Celsius.

Figure 6.13: Sample orthogrid panel 1

Figure 6.14: Sample orthogrid panel 2




6.1 Sample of orthogrid design

The first panel shows a warpage, which is a result of the asymmetric skin layup. The biaxial glass-fibre
plies were a lay-up of [+45] and [-45] degree layers. The layup was corrected for the second panel to
[-45, 45, -45, 45, 45, -45], which is still not fully symmetric, but did improve the warpage of the
resulting panel.

With the naked eye, voids were found on the first panel, exactly at the middle of each stiffener
section as is indicated in figure 6.15. For the second panel, the drilled air outlet holes in the silicon
mould, were therefore chosen at the middle of each of the stiffeners. This reduced the size of the
voids for the second panel. Holes were not drilled at the small stiffeners at the edges of the panel,
where the same voids were found as is shown in figure 6.16.

Figure 6.15: Voids at the middle of the stiffeners of sample orthogrid panel 1

Figure 6.16: Voids at the small stiffener sections at the edges of sample orthogrid panel 2

The infused panels finally have to be prepared for testing. One of the resulting specimens is shown in
figure 6.17. The infused panels are supposed to be tested in a compression machine, where the load
should be introduced in the structure without crushing the loaded edges. The loaded top and bottom
edges of the panels are therefore tabbed and the adjacent cells are filled with bonding paste (green
colour). The unloaded edges are also tabbed, because they are supposed to be simply supported
during the test. Extra out-of-plane stability is added at the unloaded edges, to prevent local buckling
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6. Manufacturing and Testing

of the skin or tab material at those locations. This is done by putting small stiffeners between the
skin and the applied tab material, without influencing the stiffness in the loading direction. The final
panel length a is milled to 380 mm and the width b is milled to 190 mm.

Figure 6.17: Sample orthogrid panel 1, ready for testing

Figure 6.18: Test set-up of sample orthogrid panel 1
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6.1 Sample of orthogrid design

6.1.2. Testset-up and general results compression test

This subsection describes the test set-up of the compression test and the general results. Evaluation
of the data is written in the next chapter. Since all the analytical and numerical models are based on
simply supported boundary conditions, the test set-up is designed in order to simulate these
conditions as close as possible. In a general compression test machine, the top and bottom can easily
be fixed or supported by the machine. However, the unloaded edges are free to move in the out-of-
plane direction, which would result in different behaviour during the test. To introduce the simply
supported conditions at the unloaded edges, an aluminium frame is build around the panel as is
shown in figure 6.18, which enables the panel to only slide along the frame in the plane of the panel.
To prevent the test machine from compressing the frame, the aluminium frame was given a height
which enabled the machine to compress the panel up to its critical load without touching the frame.
In this particular case, a safety factor of 3 was chosen with respect to the displacement at failure
obtained from a non-linear analysis on the numerical model.

Both of the sample orthogrid panels were compressed until final failure occurred. The first orthogrid
panel showed combined local buckling of skin and stiffener and finally failed due to the separation of
the skin and stiffener as is shown in figure 6.19. The final failure load, where the skin and stiffener
separated was found to be a compressive load of 123 kN.

Figure 6.19: Final failure of sample orthogrid panel 1 at -123 kN

The second panel was also undergoing combined local buckling of the skin and stiffener, but the first
material failure occurred due to the delamination of the middle bottom stiffener as can be seen in
figure 6.20 at a compressive load of 110 kN. After this first stiffener failure, the panel was able to
hold the applied force and increased to a compressive load of 112 kN, where the stiffener on the left
bottom also failed as is shown in figure 6.21. An image of the skin side after final failure is shown in
figure 6.22.
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Figure 6.21: Stiffener delamination of sample orthogrid panel 2 at -112 kN
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6.1 Sample of orthogrid design

Figure 6.22: Buckled skin after final failure of sample orthogrid panel 2

After both tests, it was observed that the front and aft of the aluminium frame were pressed apart.
This was a result of the connection between the front and aft being too weak to counteract the out-
of-plane reaction forces. This observation is used to improve the test set-up for the larger panels,
where steel wire is used to connect the front and aft aluminium frame.

6.1.3. Quality analysis

This subsection describes the influence of the manufacturing process on the different design
variables and summarizes the main deviations found with respect to the design of the sample panels.
The fully extended quality analysis and all its measurements can be found in appendix K.

The following design parameters are analysed in this quality analysis:

Skin thickness
Stiffener height
Stiffener thickness
Stiffener spacing
Fibre volume fractions

The thickness of the skin was found to be 1.74 mm compared to the design value of 2.025 mm. This
lower value will probably result in a lower intracellular buckling load than initially expected, which is
why it should be changed in the model in the next chapter.

The stiffener height showed a reduction of 1 mm and 0.7 mm for the first and second sample
orthogrid panel respectively, which could be a result of the applied vacuum on the product during
the resin infusion.

The largest deviations are found for the stiffener thickness, where measurement are made at 3
locations along the height. The average of the stiffener thickness of sample orthogrid panel 1 was
found to be 4.56 mm and for the second sample orthogrid panel an average thickness of 4.32 mm is
measured.

69



6. Manufacturing and Testing

As a result of the lower stiffener thickness, the measurements of the stiffener spacing resulted in
higher values than initially designed.

The final measurements on the sample panels were performed after the compression test. The fibre
volume fractions found for the stiffener and skin are presented in table 6.1.

The stiffeners show a fibre volume fraction of approximately 40%. The material properties for
designing the stiffeners are designed with a fibre volume fraction of 50%. The difference should be
taken into account, when the numerical model will be improved after evaluation of the test results in
the next chapter.

The fibre volume fraction of the skin is found to be 50% and is in good agreement with the material
properties used for design.

A negative void volume fraction is found for the skin of the second panel. The void volume
measurements are a result of estimated densities for the glass-fibre and the epoxy. Tolerances on
these densities could be the explanation of this practically impossible negative void volume fraction.

Table 6.1: Fibre volume fractions sample orthogrid panel 1 and 2

Fibre Volume Fraction Resin Volume Fraction Void Volume Fraction
(%) (%) (%)

Panel 1 stiffener
Panel 1 skin
Panel 2 stiffener
Panel 2 skin

The difference of fibre volume fraction should be adjusted in the numerical model in the next
chapter. The stiffness in the fibre direction should be adjusted by first calculating the stiffness of the
glass-fibre roving by equation 6.1.

Efipre = 2 * (Etotal — Eresin * RVF) = 76300 [MPa] (6.1)
In which:
Etotal = 39500 [MPa] (6.2)
Eresin = 2700 [MPa] (6.3)
RVF: Resin Volume Fraction = 0.5 (6.4)

The adjusted total stiffness E4; for the glass-fibre roving can then be calculated by:
Etotal = FVF * Efipre + RVF * Eregin (6.5)
The new values for sample panel 1 and 2 are 32208 MPa and 32797 MPa respectively.

Overall, the quality of both panels showed good results with respect to the quality of the infusion,
where low void content was found. The largest tolerances were found for the thickness of the
stiffener, especially on the bottom location, where it is connected to the skin. This is probably a
result of the silicon mould being pressed into the stiffener at that location.

Method 2 will be chosen to manufacture the larger orthogrid panel, since less voids are found by
observations.

The tolerances found during the manufacturing process on the different design variables will be
taken into account for the next panel. The design variables will therefore be adjusted prior to
manufacturing as such that the final product will have the intended design values.
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6.2 Sandwich panel (100 kN design)

The manufacturing process of a sandwich panel is performed by a vacuum infusion. The set-up will
be described in subsection 6.2.1. The performed compression test is described in subsection 6.2.2,
along with the general observations during the test. A quality analysis will then follow in subsection
6.2.3 to determine the geometric and material properties of the test panel.

6.2.1. Vacuum infusion process

The vacuum infusion process, which is used to make the low-weight sandwich panels is schematically
presented in figure 6.23. First, a peel ply is placed on the mould in order to remove the product easily
after the infusion process. On top of this peel ply, a flow mesh is placed, to let the resin flow
relatively fast along the bottom of the panel. Another peel ply is then applied to prevent the flow
mesh to adhere to the product after the epoxy has cured. The product itself is then layed up, using 2
plies of [+45/-45] degree glass fibre material for both face sheets and a foam core of 12 mm
thickness in between. On top of the product another peel ply and flow mesh are placed. The final
layer will be the vacuum bag.

Resin inlet

® Air outlet/connection to vacuum
Facesheets
Sandwich core

- - - Flow mesh

Peel ply
— Vacuum bag
A luminium mould

Figure 6.23: Schematic drawing of sandwich panel vacuum infusion process

In order to introduce the loads during the compression test without crushing the panel at the edge, a
block of tab material was placed at both loaded edges. The blocks were infused along with the full
product, from which the side view is schematically drawn in figure 6.24. Since the block of tab
material has a thickness of 10 mm, additional layers of biaxial glass-fibre were placed to create a
panel of uniform thickness.

Facesheet = 1.35 mm

Foam gore / Ply drop = 1 mm
1

%_%

Block of tab material = 10 mm

12 mm¢ ¢14.7 mm

Figure 6.24: Schematic side view of the sandwich loaded edge
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All around the panel, tab material of 2 mm thickness is also applied on both sides as is shown in
figure 6.25. The tab material will be sliding along the aluminium frame at the unloaded edges during
the compression test. Since these tabs are applied, the total length a of the panel is increased from
866 mm to 946 mm. The total width b of the panel is increased with 20 mm on both sides up to a
total of 540 mm. Initially, the panel size was manufactured with larger outer dimensions, since the
edges are not always of good quality. These lower quality edges were milled from the panel, ending
up with the final product.

As a final comment, a dry spot is observed at the top left in figure 6.26, showing the top side of the
sandwich panel. This was a result of the vacuum infusion, where the resin was flowing faster on the
bottom through the flow mesh. Due to the faster flow on the bottom, the flow front did not go
linearly along the length of the panel at the top. This resulted in the encapsulation of some air. This
could be improved by shortening the flow meshes above and below the panel.

Figure 6.25: Vacuum infused sandwich panel (bottom)

Figure 6.26: Vacuum infused sandwich panel (top)
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6.2.2. Testset-up and general results compression test

This subsection described the improved test set-up used for the larger panel tests and gives the
general results observed during the test. Evaluation of the compression test data is performed in the
next chapter.

The full test set-up as it was designed initially is shown in figure 6.27. Video cameras were positioned
along with lighting on both sides of the compression machine. The aluminium bars connecting the
front and aft frame are replaced by steel wire on three locations along the height of the frame. This
replacement should prevent the frame from moving out of its plane. However, as indicated in figure
6.28, the wire elongated as a result of the out-of-plane forces from the sandwich panel, which
started to bend. Due to the stretching of the wire, the test was aborted, because any damage to the
test frame as a result from a breaking wire had to be prevented.

Figure 6.27: Test set-up sandwich panel

!
:

Figure 6.28: Elongation of the steel wire after sandwich bending
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In order to improve the test set-up and prevent the aluminium frame from moving out-of-plane,
additional stiffness to counter the reaction forces is introduced by applying steel L-profiles connected
by thick steel bolts, as shown in figure 6.29. The already tested sandwich panel was compressed
again in order to conclude if the extra stiffness would improve the test.

The second test did not show any observable out-of-plane movement of the aluminium frame
anymore and was therefore considered successful. The sandwich panel was loaded up to its final
failure at a compressive load of 149 kN.

Figure 6.30: Final failure of the sandwich panel after the second (improved) test
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6.3 Orthogrid panel (100 kN design)

Buckling of the panel initiated at approximately -135 kN, where after the final failure occurred as it is
shown in figure 6.30. The face sheets had wrinkled along the width of the panel.

6.2.3. Quality analysis

To determine the quality of the sandwich panel, geometric and material properties are measured.
The full quality analysis, with all the performed measurements can be found in appendix L. These can
be divided in the following measurements:

e Total thickness

e Thickness foam core

e Thickness face sheet

e Fibre volume fractions

The average total thickness of the panel was measured to be 14.473 mm, which is 0.227 mm thinner
than the designed value.

The foam core thickness was measured prior to manufacturing and has an average of 12.155 mm,
which is slightly higher than the design value of 12 mm. The difference is explained by manufacturing
tolerances of the foam core material.

The thickness of the face sheets are determined by subtracting the foam core thickness from the
total average thickness. This results in a value of 2.318 mm of both face sheets. Since one face sheet
is a stacking of 2 layers of biaxial glass-fibre, 1 ply is giving a thickness of 0.580 mm. This is different
from the thickness used for design, where 1 ply was considered 0.675 mm.

Fibre volume fraction measurements are performed on different locations on the sandwich panel,
both on the bottom (figure 6.25) and the top (figure 6.26) of the panel. This was done by cutting
pieces of the sandwich panel and sawing the foam core from the small cuts. The excess foam core
material was sanded and polished until no foam core material was present on the surface of the
piece of face sheet.

The average fibre volume fraction for the top and bottom is taken from a total of 3 measurements
each. The small difference is addressed to tolerances in the measurements, since the sanding and
polishing of the foam core from the piece of face sheet influences the measurements. A total average
of approximately 49% could therefore be given for the fibre volume fractions, which is considered to
be in sufficient agreement with the datasheet of the material.

The resin and void volume fraction show no considerable values and are therefore not further taken
into account.

Table 6.2: Fibre volume fractions sandwich panel

Fibre Volume Fraction Resin Volume Fraction Void Volume Fraction
(%) (%) (%)

Facesheet (top)
Facesheet (bottom) REEE] 49.77

6.3 Orthogrid panel (100 kN design)

The theoretical low-weight orthogrid design for a design load of 100 kN will be manufactured and
tested. Subsection 6.3.1 describes the manufacturing process, of which some steps are changed with
respect to the earlier sample orthogrid panels as a result of the larger dimensions. A description of
the test set-up and the general observations are outlined in subsection 6.3.2. The quality analysis is
summarized in subsection 6.3.3.
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6.3.1. Manufacturing process

The different steps involved in the manufacturing of the larger orthogrid panel are the same as for
the sample panel, but some have been changed as a result of the increased size. The flow chart in
figure 6.31 shows the different steps.

G. Curing and

A. Panel desi mad D. Winding tabl
anel design inding table finishing

E. Fibre winding

B. Plug design
(lay-up)

C. Silicon mould F. Vacuum infusion

Figure 6.31: Flow chart of the manufacturing steps for the large orthogrid panel

Step A: Design the panel

The design of the 100 kN orthogrid is based on the theoretical found low-weight solution and is
shown in figure 6.32. An extra 60 mm is added to the length of the design at both sides, which is used
for tabbing and supporting the orthogrid panel to the compression test machine. The width b is
extended with 40mm on both sides, because tab material will be placed to be simply supported to
the aluminium frame during the test.

Figure 6.32: Theoretical low-weight orthogrid design, design load of 100 kN

From the quality analysis of the sample orthogrid panel, mainly the stiffener thickness was reduced
by tolerances on the plug manufacturing, pouring of the silicon mould and the vacuum infusion of
the final product. These tolerances are taken into account, in order to obtain a final product having
the initially designed dimensions.
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6.3 Orthogrid panel (100 kN design)

Table 6.3 shows the additions to the skin thickness taken into account. The orthogrid design has a
stiffener thickness of 1.438 mm. On average the thickness of the stiffener was reduced by
approximately 0.67 mm from the mould to the product, which explains the factor in the third
column. Since the plug cannot be manufactured by milling as a result of the size of the panel, a 3D
printed grid was ordered in eight parts. Since tolerances were not known for the 3D printing
technique, no additional thickness was added. The grid was therefore 3D printed with a stiffener
thickness of 2.11 mm. The other design variables are printed as initially designed.

Table 6.3: Tolerances during manufacturing process

Design variable Product Factor Factor

Stiffener thickness

Step B: Build a plug of the design

Due to the size and number of stiffeners, milling of the plug was not an option anymore. The grid was
therefore 3D printed in 8 several parts, of which one is shown in figure 6.33. The 3D printing method
used was Fused Deposition Modeling (FDM) with a layer thickness of 200 microns. The quality of the
3D prints were relatively good and low tolerances allowed to glue the 8 parts together with bonding
paste as is shown in figure 6.34. The bottom and walls of the plug were cut from tab material and
were glued and made watertight by using a silicon sealant.

Figure 6.33: Piece of 3D printed grid for the plug

Figure 6.34: Plug of the 100 kN orthogrid design
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Step C: Making and post-process silicon mould

The shore-15 silicon was poured into the 3D printed plug as is shown in figure 6.35. After 24 hours of
curing, the mould could be removed. After the cured mould was removed from the plug, some post-
processing steps had to be performed in order to make it ready for winding the glass-fibre roving and
vacuum infusion.

The first step was to peel off all the excess silicon, which was present at the top of all channels. This
excess silicon was a thin film as a result of the 3D printed plug not completely glued to the bottom
plate. This post processing step could be prevented when the whole 3D printed grid was fixed to the
bottom plate over the full surface.

The second step was the drilling of holes at the bottom of the silicon mould at every middle location
of the stiffener, in order to have a sufficient number of air outlets during the vacuum infusion
process. A total of 952 (34*28) holes were drilled, using a drill of 2 mm in diameter.

The finished silicon mould is shown in figure 6.36.

Figure 6.35: Silicon curing in the 3D printed plug

Figure 6.36: Finished silicon mould of the theoretical low-weight orthogrid panel
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Step D: Design and build winding table

The winding table is shown in figure 6.37. A drawing of the positions of the nails on the edges and
the location of the silicon mould was printed on AO paper and it was taped to a plywood board. The
silicon mould itself was first placed on a wooden plate, because it had to be turned upside down
after the winding process had finished.

As a last step, a total of 891 pins were placed at each stiffener crossing in order to steer the fibre in
two directions. The aim is to prevent the fibre from building up twice as fast as in the stiffener
sections. The pins also introduced an extra hole in the mould, which could improve the air outlet
during the vacuum infusion.

Figure 6.37: Winding table of the theoretical low-weight orthogrid panel

Step E: Winding of glass-fibre roving manually

The glass fibre was wound manually through the silicon mould, as is partially shown in figure 6.38. A
total of approximately 750 meter of glass-fibre roving completely filled the silicon mould, which took
almost 3 full days to finish. After the silicon mould was fully filled, the nails were removed and the
excess roving was taped together at the side as shown in figure 6.39.

A rititilili‘liliﬁlili

f

Figure 6.38: Winding of the glass-fibre roving of the theoretical low-weight orthogrid panel
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S ol N (g i - -

Figure 6.39: Finished state after winding the glass-fibre roving

Step F: Design vacuum infusion set-up

The same infusion set-up as the one for the second sample orthogrid panel was used to infuse the
large orthogrid panel. In order to turn the mould upside down on the aluminium mould, an extra
plate was placed on top. Along with the earlier wooden plate positioned on the bottom of the silicon
mould, the dry glass-fibre layup can be turned around without disturbing the lay-up.

Figure 6.40 shows the vacuum infusion lay-up, before the semi-permeable membrane is applied on
top. The figure shows the resin runner placed around the silicon mould. The green flow mesh is
supposed to spread the resin along the skin laying on the bottom. The resin will then move upwards
through the silicon mould and flow out through the drilled holes.

Before applying the vacuum bag, the semi-permeable membrane, a breather, caul plate and another
breather are layed up as is shown in figure 6.41. The full set-up is tested for air tightness, where the
minimum measured air pressure on the outlet was 8 mbar.

Figure 6.40: Vacuum infusion set-up, before applying semi-permeable membrane
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Figure 6.42: Vacuum infusion set-up tested on air tightness

Step G: Curing, post-curing and preparing for testing

After the infusion was performed, the product was cured for 24 hours at room temperature. After
removing the product from the mould, a post-cure session was followed, which had a duration of 10
hours at 70 degree Celsius.

The product showed very good quality, where the resin infusion had reached all parts of the
orthogrid panel. At the locations, where the 3D printed grid parts were glued together, the surface
was found to be rough, which was expected. A photo of the full panel is shown in figure 6.43 and a
close-up shot is taken from the grid and shown in figure 6.44. The rough points on top of the grid are
a result of the holes in the silicon mould, which acted as air outlets. The rough surface was easily
removed with sanding paper.
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Figure 6.43: Orthogrid panel (100 kN) design, final product

Figure 6.44: Close-up orthogrid panel (100 kN) design, final product




6.3 Orthogrid panel (100 kN design)

6.3.2. Testset-up and general results compression test

The test set-up is shown in figure 6.45. Two video cameras were positioned to film both sides of the
panel during the test. The aluminium frame was again stiffened with the steel L-profiles and thick
bolts to prevent out-of-plane displacement of the unloaded edges. The fixtures on the loaded edges
had been adapted to the total thickness of the panel, from which a close-up view is shown in figure
6.46.

Figure 6.45: Test set-up orthogrid panel

Figure 6.46: Orthogrid panel fixture at the top loaded edge
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According to the test results, global buckling initiated at a compressive load of 95 kN. Final failure
occurred at a compressive load of 163 kN, due to a combination of skin stiffener separation and a
compression failure of the stiffener as is shown in figure 6.47 and figure 6.48/6.49 respectively. The
failure at this location could be a result of the simply supported conditions missing over a small range
of the length. The strain gauge result at the top of the panel will give more insight in the next
chapter.

Figure 6.48: Compression failure of the grid at -163 kN (1)
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Figure 6.49: Compression failure of the grid at -163 kN (2)

6.3.3. Quality analysis

A summary of the performed quality analysis is given in this subsection. Additional information with
respect to the performed measurements can be found in appendix M. The following measurement
were performed:

Total thickness
Stiffener spacing

Skin thickness
Stiffener height
Stiffener thickness
Fibre volume fractions

The average of the measurements on the total thickness was found to be 17.44 mm, where the
designed value was given by 17.675 mm.

The average stiffener spacing in x and y were 24.61 mm and 16.96 mm respectively. These values are
both lower than the designed values of 24.89 mm and 17.04 mm. A relatively large standard
deviation can also be observed, which can have significant influence on the thin stiffeners.

The stiffener height was in relatively good agreement, where an average of 16.91 mm was found.
This is only 0.09 mm lower than the design value.

The skin thickness is calculated by subtracting the average stiffener height from the measured
average total thickness. This resulted in a skin thickness of 0.53 mm, which is lower than the design
value of 0.675 mm. However, since a large scatter in results of the average total thickness is present,
the skin thickness value could be easily influenced by the performed calculation. Measuring the
thickness of the skin after cutting pieces out of the panel, the average skin thickness was found to be
0.676 mm and is therefore considered to be in sufficient agreement with the designed value.

The stiffener thickness was measured on the bottom, middle and top location along the stiffener
height. Taking the average of all measurements together, an average stiffener thickness of 2.30 mm
is found. This is 0.19 mm thicker than the plug design and 0.862 mm thicker than the low-weight
design found in chapter 4.

Table 6.4 shows the fibre volume fractions measured after the compression test. Both stiffeners and
skin have lower values than were found during the manufacturing of the sample orthogrid panels.
This is a result of the higher void volume fractions found from the measurements.

Using equations 6.1 till 6.5, the stiffness E;; of the stiffener is adjusted to 30043 MPa.
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Table 6.4: Fibre volume fractions orthogrid panel (100 kN design)

Fibre Volume Fraction Resin Volume Fraction Void Volume Fraction
(%) (%) (%)

Stiffener
Stiffener node
Skin

6.4 Concluding remarks

Based on the performed work with respect to manufacturing and testing, some conclusions and
recommendations can be set-up for future research. A short discussion is therefore given on the
findings related to manufacturing in subsection 6.4.1 and related to testing in subsection 6.4.2.

6.4.1. Discussion on manufacturing

From the experience obtained on manufacturing of grid stiffened structures during this project, a
couple of involved aspects can be discussed.

The first aspect is the obtained quality of the product from the vacuum infusion process. The used
method has shown to result in a good quality product with a low number of voids present. To reduce
the number of voids further, the resin flow could be assessed by filming the process with an infrared
camera, with the aim to see the flow pattern and get a better understanding of the reason behind
the dry spots which were mainly found in the middle of the stiffeners.

Besides the good infusion of the panels, the low fibre volume in the stiffeners and the tolerances for
the stiffener thickness should be further investigated and techniques should be developed to
increase the fibre volume and improve the tolerances on mainly the stiffener thickness.

The second aspect involves the complexity of the process. A lot of steps have to be undertaken to
infuse one panel, which heavily increase the total time of manufacturing. The large orthogrid panel
has taken two weeks in total from plug manufacturing up to the final product. Improving or removing
certain steps from the process, would lead to faster and possibly cheaper manufacturing. In that
perspective, automation of the fibre winding process is relevant in order to manufacture larger
structures, because this step alone had cost 3 days in total to finish by hand.

The third aspect is related to the complexity of the structure itself. During this project, constant
design variables were used in the design of the panels. When different stiffener heights have to be
manufactured along the width and length of the structure, ply drops have to be introduced, which is
a handling that cannot be performed with the present technique.

6.4.2. Discussion on testing

The developed testing method during this project had shown good results in general. The main
challenge on further improving the test set-up is to improve the boundary conditions, in order to
enable an accurate translation to the boundary conditions applied on the numerical models. The
aluminium frame could therefore be improved by replacing it with a more stiff steel frame, where
the frame itself can be build with a lower number of parts to speed up the building of the set-up. The
simply supported boundary conditions on the unloaded edges can also be improved by applying
them over the full length of the panel. To enable this, the width of the fixture applying the
compressive force on the panel should then be changed to the distance between the two supports
on the left and right of the panel.

Another improvement can be made by increasing the visibility on the test specimen, which could
possibly be reached when a stiffer steel frame is introduced. With the extra visibility on the
specimen, the test could be expanded by introducing digital image correlation to determine the
strains on the skin side of the panel. As a result, the application of a lot of strain gauges could be
prevented and a comparison with a finite element model could easily be made.
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In this chapter, the obtained results of the compression tests are evaluated and compared to the
numerical models. The performed quality analysis is used to adjust the model dimensions and
properties in order to improve the results. Differences between the model and the experimental
results still present after the improvements are explained and recommendations on potential
improvements for future research is given. A flow chart of this chapter is shown in figure 7.1. The
evaluation and improvements of the sample orthogrid panels, the sandwich and the orthogrid panel
are outlined in section 7.1, 7.2 and 7.3 respectively.

7. Evaluation and

Improvements

Y

7.2 Sandwich panel

7.3 Orthogrid panel
(100 kN design)

7.1 Sample of

orthogrid design (100 kN design)

Figure 7.1: Flow chart chapter 7

7.1 Sample of orthogrid design

This section contains the evaluation of the two compression tests of the sample orthogrid panels.
The experimental data obtained from the machine displacement and the strain gauges will be
compared to the numerical model. Sample orthogrid panel 1 will be addressed first in subsection
7.1.1. and the evaluation and improvements for the second sample orthogrid panel will be outlined
in subsection 7.1.2.

7.1.1. Sample orthogrid panel 1

The evaluation of the results is carried out by comparing the load/displacement curve and the
load/strain curves at the locations of the strain gauges. In order to model the compression test
numerically and compare it with test results, a non-linear analysis is performed with Marc Mentat.
An example of the set-up of the numerical model is given in appendix N.

The full model of the sample orthogrid panel consists of a total of 33140 elements, where the
extended edges with tab material are also included. The material properties of the tab material were
requested at the supplier and were slightly less stiff than the Saertex-812g biaxial glass-fibre used for
the skin. This change in stiffness has been taken into account. On each edge, simply supported
boundary conditions were applied to the numerical model and the final failure load during the
compression test of 120 kN will be applied with a time step of 0.005. Since the model is symmetric
along the xz-plane of the panel, a load imperfection is applied to the middle longitudinal stiffeners as
an initial unit load. This should allow the stiffeners to cripple under the applied load as is expected by
the buckling analysis and was also observed during the test. After the numerical analysis has been
performed, the data of the force, displacement and strains is extracted from the results file.

The locations of the strain gauges are shown in figure 7.2, where 1&5, 2&6, 3&7 and 4&8 are
positioned as a pair on two sides of the skin. A comparison between the strains of the compression
test and the numerical model are shown in figure 7.3. From the symmetry of the numerical model,
the strains at each strain gauge location were found to be relatively similar, which is why only 1
load/strain curve is plotted. From the resulting graphs, it is observed that the numerical model
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predicts stiffer behaviour and shows a higher intracellular buckling load than is observed during the
compression test. The model is therefore improved on some aspects.

X
Figure 7.2: Strain gauge locations on sample orthogrid panel 1
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Figure 7.3: Load/strain curve of experiment and numerical model, sample orthogrid 1
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It was shown in the quality analysis that not all design variables were accurately manufactured. The
numerical model is therefore improved to the measured values in the quality analysis subsection of
the previous chapter:

e Skin thickness: changed from 2.025 mm to 1.74 mm

e Stiffener height: changed from 20.0 mm to 19.0 mm

e Stiffener thickness: changed from 5.04 mm to 4.56 mm

e Stiffener stiffness: changed from 39500 MPa to 32208 MPa

The influence of the different improvements on the strain obtained from the non-linear model is
shown in figure 7.4. The largest influence on the intracellular buckling load is observed by the
reduction in skin thickness, which could be expected since a thin skin decreases the intracellular
buckling load exponentially. The adjusted stiffness of the stiffeners shows the largest influence on
the slope of the load/strain curve.
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Figure 7.4: Influence of the adjustments on the strains, sample orthogrid panel 1

The superimposed model improvements are compared to the strain gauges measurements in figure
7.5. The overall stiffness still shows some stiffer behaviour in comparison with the experimental
results obtained from the strain gauges. The initiation of intracellular buckling is however predicted
with a large error of 20.5% at a compressive load of 63.6 kN with respect to an approximate load of
80 kN shown by the data from the strain gauges.

The main reason behind this lower value could be that the shell elements introduce wider and longer
skin cells in comparison with the manufactured panel, because the thickness of the stiffener is not
taken into account. The differences of the length and width of the skin cells are outlined in table 7.1.
From plate buckling theory, it is known that the width of a panel has a significant effect on the
buckling load. A difference of 10% for the width was found, which gives approximately a decrease of
20% according to analytical models presented in chapter 4. Based on this statement, the model could
possibly be improved by modelling the stiffeners of the orthogrid with 3D solid elements to
accurately model the length and width of the cells.

In order to test the above statement in a simplified way, the cells could be modelled smaller. Since
the decrease of the cell size, would result in more influence of the added tab material, the complete
panel has also been modelled with a lower width b of the panel. The results of the non-linear
numerical model with the actual measured cell sizes are presented in figure 7.6.
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7. Evaluation and Improvements

It could be observed that the critical failure load is in much better agreement with the compression
test results.

A reason for the scatter of the intracellular buckling load in the different cells, could be a result of the
different skin thicknesses. Relatively small changes on the skin thickness already introduce a
significant effect on the critical buckling load as is also shown in figure 7.4. Measurements on the skin
thickness should therefore be as accurate as possible in order to have an accurate model for
intracellular buckling.

Table 7.1: Real and numerical skin cell length and width of sample orthogrid panels

Sample panel 1 Numerical model Difference [%]

Skin cell length [mm]
Skin cell width [mm]
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Figure 7.5: Load/strain curves of experiment and improved numerical model, sample orthogrid 1

140
120+
=100
ﬁ H
S 80f — Strain gauge 1
o — Strain gauge 5
D 60 — Strain gauge 2
= — Strain gauge 6
2. 20! Strain gauge 3
— Strain gauge 7
0! — Strain gauge 4
Strain gauge 8
of : -- All improvements + smaller cells
0 2000 4000 6000 8000 10000 12000 14000
Microstrain [-]

Figure 7.6: Load/strain curves of experiment and improved numerical model with smaller cells,
sample orthogrid 1
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7.1 Sample of orthogrid design

The higher overall stiffness of the numerical model as was shown in the load/strain curves, is also
shown in the force/displacement curves drawn in figure 7.7. The red line indicates the data obtained
from the compression test and the green and blue line show the results from the non-linear analysis
for the original and the improved model respectively.

It can be seen that the improved model does give better results when compared to the experimental
load/displacement curve, but the difference is still present.

This could partially be explained by the start of the compressions test, where the test specimen has a
low stiffness initially and probably has to deform until the applied compression is completely
distributed through the panel. After a displacement of 0.25 mm at approximately 10 kN, the slope is
relatively linear.

Another explanation of the lower stiffness could be related to the boundary conditions of the
unloaded edges. It was observed during the test, that the aluminium frame did not hold the edges
from bending out-of-plane completely. This ability of deformation could have resulted in less stiff
behaviour during the test. However, this explanation was tested by removing the boundary
conditions at the unloaded edges of the numerical model and did not result in a lower stiffness of the
numerical model.

The most logical explanation could be found in the stiffness of the stiffeners. From figure 7.4 it was
already shown that this parameter had a significant influence on the slope of the load/strain curve.
Since the glass fibre roving was placed by hand and had to be steered at every stiffener crossing, the
fibre could lose some more of its stiffness properties as a result of the layup process. More research
should therefore be performed on the influence of the stiffener crossings.

In addition, the unidirectional fibre was not under tension anymore at the moment of infusion,
resulting in possible waviness of the fibres through the stiffeners. With respect to hand lay-up,
automated processes [17] have been proven to be far more accurate for laying up fibres and also
resulted in higher quality products.

The material properties of the fibre roving could also be different, as they were assumed to be the
same as the measured values of the unidirectional fabrics. A different twist or processing technique
could have resulted in changed stiffness properties of the glass-fibre. Accurate material properties
should therefore be available to give a conclusion on this statement.

In an attempt to strengthen the above explanation, a knockdown factor could be placed on the
stiffness of the stiffeners. This knockdown factor is determined by the ratio of the linear stiffness
regions in figure 7.7 (30 kN to 70 kN), for the test machine displacement and the improved numerical
model. The knockdown factor is then determined to be 0.696.
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Figure 7.7: Force/displacement curve of experiment and numerical model, sample orthogrid 1
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7. Evaluation and Improvements

The stiffness is then further reduced to 22417 MPa and when introduced on the model with the
small cells, the load/strain curves are obtained as they are shown in figure 7.8.
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Figure 7.8: Load/strain curves of experiment and improved numerical model with smaller cells and
knock-down on stiffener stiffness, sample orthogrid 1

Finally, the non-linear model (without smaller cells and knock down factor) is compared to the
buckling analysis performed in chapter 4. This resulted in an estimated intracellular buckling load of
63429 N (214N*296.4), which is good agreement with the non-linear analysis. The asymmetry of the
orthogrid panel therefore seems to have no influence on the intracellular buckling load determined
by the eigenvalue analysis, which is based on a linear static analysis.

7.1.2. Sample orthogrid panel 2

For the second sample orthogrid panel, the data from the compression test is evaluated and
compared to the numerical model in this subsection. The data obtained from the compression test
consists of the applied load and the related machine displacement and strains obtained from the
strain gauges. The same non-linear model is used as was described for the first sample orthogrid
panel. The applied load was only changed to 110 kN, since failure had occurred earlier at the second
panel. The strain gauges were placed on different positions in order to determine the buckling mode
along the length of the panel and within each of the cells. They are schematically indicated in figure
7.9. A total of 11 strain gauges are placed along the length of the panel at the skin side. In the top left
cell on the grid side, 3 additional strain gauges are placed, which are opposite to the strain gauges on
the skin side. These are placed in order to compare the strains on the grid and skin side during
intracellular buckling. Since the original design was not in good agreement with the actual test for
the first panel, the design is immediately improved by the measurements performed in the quality
analysis subsection of the previous chapter:

e Skin thickness: changed from 2.025 mm to 1.74 mm

e Stiffener height: changed from 20.0 mm to 19.3 mm

e Stiffener thickness: changed from 5.04 mm to 4.32 mm

e Stiffener stiffness: changed from 39500 MPa to 32797 MPa

In addition, the length a and width b are adjusted to 377 mm and 187 mm, because more material
was milled away than intended before the test.
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7.1 Sample of orthogrid design

The load/strain curves of the strain gauges positioned in the top left cell are shown in figure 7.10,
along with the improved numerical model. Only one load/strain curve from the numerical model is
presented to indicate the expected failure load, since the linear region was the same for each
position. A big error in determining the intracellular buckling load is found. This error was also
observed for the first sample orthogrid panel, of which the possible explanation is given in subsection
7.1.1. Decreasing the skin cell size resulted in better comparison between the numerical model and

the compression test.
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Figure 7.9: Strain gauge locations on sample orthogrid panel 2
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Figure 7.10: Load/strain curves of experiment and improved numerical model, sample orthogrid 2
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7. Evaluation and Improvements

The load/displacement curve is shown in figure 7.11, where the test result is shown along with the
original model and the improved design. The region of low stiffness at the start of the compression
test is more visible here. Different possible explanations on the lower stiffness have already been
described in subsection 7.1.1.
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Figure 7.11: Force/displacement curves of experiment and numerical model, sample orthogrid 2

When trying to analyse the intracellular buckling mode, results of strain gauges 1 to 11 are plotted at
different load levels in figure 7.12. The figure shows 2 buckling half waves in each cell (1to 5 and 7 to
11), which is not in agreement with the results from the numerical analysis shown in figure 7.13,
where 3 half waves are predicted. This could again be a result of the width and length of the skin cell,
which is lower in reality.

It could also be a result of edge conditions. Since there are only 2 cells along the length, this local
behaviour could be influenced by the boundary conditions of the test. The applied bonding paste at
both loaded edges could have influenced the boundaries of the cells.
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Figure 7.12: Strain gauge results along the skin length at different load levels
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7.2 Sandwich panel (100 kN design)

Based on the results, it is also advised to use a different experimental method in determining the
buckling mode, since figure 7.12 is not very clear when only using 5 strain gauges along the skin
length. The use of digital image correlation would be a possibility to determine the strains gradually
along the skin cell.

Figure 7.13: Screen shot of the buckling mode of the improved numerical model (exaggerated out-of-
plane displacements)

Finally, using the buckling eigenvalue analysis performed in chapter 4, a load of 61572 N is predicted,
which is in agreement with the predicted result from the non-linear model in figure 7.10.

7.2 Sandwich panel (100 kN design)

This section describes the evaluation of the obtained data from the compression test performed on
the sandwich panel. As the first compression test on the sandwich panel was not going as planned
and had to be aborted prior to failure, the extracted data will be evaluated first, where after a
comparison is made with the numerical model.

The strain gauges are positioned on multiple locations on both sides of the panel, which are shown in
figure 7.14. On both sides of the panel, a row of 11 strain gauges is placed to determine the buckling
mode during the test. In all the graphs, an “a” or a “b” will be added to the strain gauge number,
which correspond to the first and second compression test respectively.

The resulting load/strain curves of strain gauge 1 to 11 of the first test are drawn in figure 7.15. It is
clearly observable that the strain gauges measure different strain along the length of the panel,
where the largest strains are found in the middle. This is probably a result of bending of the panel as
was already mentioned in figure 6.28.

At the start of the test, it is even noted that at the location where no aluminium frame is present, a
tensile strain is measured by the strain gauge. This is a result of bending of the panel at this location,
which can be clearly shown by plotting the obtained strains of gauge 1 and 2 against the results from
gauges 12 and 13 on the opposite side of the panel. The related graphs are plotted in figure 7.16.
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Figure 7.14: Strain gauge positions on the sandwich panel
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Figure 7.15: Load/strain curves of test a on the sandwich panel
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Figure 7.16: Load/strain curves at the start of the sandwich compression test a

The second test on the same sandwich panel was performed with an improved design of the
aluminium frame, where extra steel support was applied to prevent out-of-plane displacements at
the unloaded edges. Since the sandwich panel was already loaded up to 90% of its final failure during
the first test, possible damage already present to the sandwich panel invalidates this second test.
During the second test, final failure was reached after global buckling of the panel was shown on the
video recording. In order to approximately determine this load, the results of both rows of strain
gauges at different load levels are plotted in figure 7.17. The solid line represents strain gauges 1 to
11 (front of the panel), ranging from 2 to 84.6 cm along the x-axis. The dashed lines indicates strain
gauges 12 to 22 (aft of the panel). Each load level is indicated by a different colour and at a load level
between 116 kN and 130 kN, the strains on the front and aft of the panel seems to deviate at an
increased rate. This indicates buckling of the panel, where at approximately 30 cm and 50 cm, the
strains are equal. These two points of equal strain, indicate 3 half waves of global buckling.
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Figure 7.17: Strain curves along the length of the panel, solid lines represent strain gauges 1 to 11,
dashed lines represent strain gauges 12 to 22, (improved compression test b)
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7. Evaluation and Improvements

The larger strains in the middle of the panel, could however not be explained. In order to further
investigate this test, it is advised to redesign the load introduction, where a more gradual ply drop
should be used. In addition, the aluminium frame could be improved to obtain more realistic
boundary conditions during the test.

In order to have an idea between the test data and the initially expected behaviour obtained from
the numerical model, the load/displacement curves are shown in figure 7.18. The load/displacement
curves of the first and second test are red and green respectively, which show relatively the same
behaviour. The second test follows a more stiff curve as a result of the extra applied steel support
around the frame. The original design and improved design are also numerically modelled with the
tab material included. Based on the manufacturing and quality analysis of the sandwich panel, the
following improvements were made to the model:

Face sheet thickness: changed from 1.35 mm to 1.16 mm
Foam core thickness: changed from 12 mm to 13.16 mm
Added the block of tab material at the loaded edges

Added tie links at the loaded edge

The foam core was increased to 13.16 mm, because the face sheets are modelled by shell elements,
which do not represent the mid-plane of the face sheet at the correct distance from the neutral axis.
The large difference in displacement is addressed to the large strains observed in the middle of the
panel, for which no explanation has yet been found and needs further investigation.

180
160
140}
<120
% 100}
o
E 80}
g 60
< .
40 — Compression test 1
— Compression test 2
20 — Numerical displacement (original)
— Numerical displacement (improved)
OO 2 4 6 8 10 12
Displacement [mm]

Figure 7.18: Force/displacement curves of experiment and numerical model, sandwich panel

Where the load/displacement curve does not show any agreement between the numerical model
and the experiment, the failure load does show some comparison. When performing the eigenvalue
analysis from chapter 3 and including the improvements, a global buckling load of 136109 N is
expected. This value is compared with the load/strain curves of the second test in figure 7.19. At
almost exactly this load level, the two opposing strain gauge 6 and 17 at the middle of the panel start
to diverge, which indicates buckling of the panel.
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Figure 7.19: Load/strain curve of strain gauges 6 and 17 during second test compared to predicted
buckling load

7.3 Orthogrid panel (100 kN design)

The obtained data from the compression test of the large orthogrid panel is evaluated in the section.
During the test, a final failure load of -163 kN was observed. In order to compare it with the
numerical model, the complete panel is remodelled with its increased length and width and the
added tab material. An example of the set-up of the numerical model is shown in appendix N. The
model consists of a total of 130686 elements and all the nodes at the edges are fixed in the out-of-
plane direction. At one loaded edge, the nodes are fixed in both the in-plane directions, where the
other loaded edge is fixed in y-direction and has nodal ties in order to create a uniform displacement
as a result of the applied load.

From the quality analysis performed on the panel, the following material and geometric
improvements will be implemented in the numerical model:

e Stiffener thickness: Changed from 1.438 mm to 2.3 mm
o Stiffener stiffness: Changed from 39500 MPa to 30043 MPa

The load/displacement curves of the non-linear analysis and the test results up to final failure are
graphically shown in figure 7.20. The red curve, indicating the results obtained from the compression
test, indicates a lower stiffness initially. From a load of 20 kN at approximately 1 mm displacement, a
linear stiffness region is observed. This linear region is compared with the numerical models in table
7.2. The improved model, shows an increased stiffness of the panel, deviating from the experimental
result. This higher stiffness from the numerical model was also found for the sample orthogrid
panels. The most likely explanation so far thought of is the lower stiffness properties of the grid of
stiffeners, of which the causes were outlined in subsection 7.1.1. The influence of the stiffener
crossings could be significant since there are 33 along the loading direction of the panel.
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Figure 7.20: Force/displacement curves of experiment and numerical models, orthogrid panel

Table 7.2: Overall panel stiffness of the large orthogrid panel (experiment and numerical models)

Experiment Original model Improved model
(40 kN -100 kN) (5 kN — 60 kN) (5 kN — 60 kN)

The initiation of global buckling of the orthogrid panel can be observed from the strain gauge results.
Since the cells on the grid side of the panel were too small, no strain gauges can be applied to this
side. A total of 24 strain gauges were applied in order to obtain sufficient results from the test. The
locations are schematically presented in figure 7.21. Strain gauge 1 to 17 are applied to obtain the
buckling mode of the panel, since global panel buckling is expected initially. Strain gauges 18, 19, 20,
21, 23 and 24 are applied to determine the buckling shape along the y-axis. Strain gauge 22 is applied
next to strain gauge 10 at a neighbour skin cell in order to see if the cells locally buckle in different
out-of-plane directions as a result of the ultra thin skin.

X = 86.6 CM x=0cm

y
X< Skin side

Figure 7.21: Strain gauge locations at the skin side of the orthogrid panel
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7.3 Orthogrid panel (100 kN design)

The load/strain curves from strain gauges 1, 3, 5, 7, 9, 11, 13, 15 and 17 are shown in figure 7.22,
where it is observed that buckling initiates in the range of 90 to 100 kN. Strain gauge 1 is positioned
at the side of the panel, where the aluminium frame is not fully constraining the edges from out-of-
plane deflection. It is observed that it induces a very small buckling half wave as a result of this lack
of constraint.
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Figure 7.22: Load/strain curves from the compression test of the orthogrid panel

To show the difference more clearly, a comparison is made with the improved numerical model in
figure 7.23. Only strain gauges 1 till 9 and their related numerical solution are shown. From the
numerical model, strains at 1, 2 and 3 all follow a curve where the strain increases at a faster rate
after buckling initiates. Here, it is also apparent that strain gauge 1 shows opposite behaviour as a
result of the aluminium frame not covering the full edge. It is therefore be recommended to improve
the design of the test set-up, as this could result in unwanted failure during the test.

The linear region of the load/strain curves of both the experiment and the numerical data show good
agreement. The initiation of the buckling load is however predicted at a higher load by the numerical
model, which will be analysed now.
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Figure 7.23: Comparison of load/strain curves from the compression test and the numerical model
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The buckling mode observed during the compression test of the large panel is presented in figure
7.24. Every curve indicates a certain load level, where on the x-axis, the location of the strain gauge
on the panel along the length is indicated. From the experimental results, 3 half waves along the
length can clearly be observed, which initiates between the lines of 83 and 105 kN.
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Figure 7.24: Strains along the panel length on different load levels during compression test

A comparison with the improved numerical model is made in figure 7.25, where the dashed lines
indicate the results from the numerical model. The improved numerical model also shows 3 half
waves, but the expected buckling load is much higher than the experimental value, which could
possibly be addressed to the stiffness of the grid.
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Figure 7.25: Strains along the panel length on different load levels from the improved numerical
model

The explanation of the stiffness of the grid being lower as a result of hand lay-up, influence of
stiffener crossings and the glass-fibre roving material could be tested by introducing a knockdown
factor on the grid stiffness in the numerical model. This factor is chosen by the values stated in table
7.2. Dividing the experimental value by the improved model value, results in a knockdown factor of
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7.3 Orthogrid panel (100 kN design)

0.707. The stiffness of the unidirectional roving is therefore lowered to a value of 21240 MPa.
Comparing the compression test results again with the numerical results with a knockdown factor on
the stiffness of the stiffeners results in figure 7.26. Initiation of global buckling predicted by the
numerical model shows a much better result compared to the experimental data. However, the
global buckling load is still slightly over predicted and the post-buckling strains at the edges are
higher in reality.
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Figure 7.26: Strains along the panel length on different load levels with a knockdown factor on the
stiffness of the grid

The strains and critical buckling load could be influenced by material and structural imperfections,
which are not taken into account in the numerical model.

In the experiment, the boundary conditions at the unloaded edges were improved with the stiff steel
profiles and thick bolts. A small out-of-plane displacement is however always allowed since the
aluminium frame is not clamping the sides.

Based on the initial stage of the load/displacement curve from the panel, it is advised to improve the
load introduction, because this could be the cause of this low stiffness at the initial applied load. The
boundary conditions at the load introduction could also be an explanation of the large strains at the
loaded edges and the early global buckling.

From a numerical analysis perspective, different element types could be used, which could possibly
improve the results of the high post buckling strains as a result of the large curvatures. A higher order
shell element is therefore recommended as a more accurate solution.

The strain results along the y-axis can also be plotted for different load levels. Since at each of the
three rows of strain gauges along the y-axis, the same behaviour of 1 half wave is shown, only the
results from strain gauges 20, 9 and 21 are plotted in figure 7.27. This result is in agreement with the
numerical model.

Strain gauge 22 was placed in order to see if any skin cell buckling would have occurred during the
test. The load/strain curve is therefore compared to strain gauge 10, which is placed in an adjacent
skin cell. Both curves are not exactly showing the same strains, but both skin cells do bend in the
same direction, explained by the fact that the strain gauges both measured compressive strain first
and change into a tensile strain after global buckling initiates. The assumption here is made, that only
one half wave would be present in case of intracellular buckling. For obtaining accurate results on
these questions in the future, digital image correlation on the skin side of the panel is advised.
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Figure 7.27: Strains along the panel width on different load levels obtained from the compression
test
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Figure 7.28: Load/strain curves of strain gauge 10 and 22, positioned in two adjacent cells

In order to make a comparison with the low-weight designs found by the linear static eigenvalue
analysis, the non-linear model is compared to the used eigenvalue analysis. In this calculation, the
skin thickness has a reduced value of 0.53 mm. This is a result of the initial skin thickness calculations,
which were later found to be inaccurate. With an applied load of 446 N, the lowest eigenvalue
obtained from the analysis is 328.9. This results in a prediction of 146689 N for the buckling load. It
was observed from the non-linear numerical model that global buckling initiated at approximately
130000 N, which is 11.4% lower than the critical load from the eigenvalue analysis. The geometric
non-linearity of the orthogrid panel is therefore expected to give lower global buckling load than
initially expected by the linear static eigenvalue analysis. This penalty should be taken into account as
a result of the asymmetry of the grid stiffened structure.
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8.Conclusions and Recommendations

As a result of the performed study described in this report, conclusions and recommendations are
given for future research in this chapter. The conclusions in section 8.1 will evaluate the main and
sub research questions, which where stated at the beginning of the project. Based on the findings
and drawn (sub)conclusions, section 8.2 is devoted to recommendations for new studies related to
the subject.

8.1 Conclusions

In order to give a clear conclusion to the main research question at the end of this section, an
overview of the findings and sub conclusions are given first. A division is made between the two
different parts of the project. The first part is evaluated in 8.1.1, where the sandwich and grid
stiffened structure are designed, analysed and compared. The second part related to validation,
including the manufacturing and testing of the designed structures, is outlined in subsection 8.1.2.
The final conclusion is then given in subsection 8.1.3.

8.1.1. Sub conclusions on verification

The first part of the thesis, including the design and analysis of the sandwich and othogrid structure,
is outlined in this subsection.

In order to obtain a benchmark design for this study, the sandwich structure was designed and
analysed. Different analytical and numerical models were set up to calculate different failure loads of
the sandwich panels. In this study, the numerical model consisting of element type 21 and element
type 22 resulted in the most accurate prediction of the buckling load compared to the analytical
model. In addition, the computational cost was low compared to the other two presented models.
Using the analytical models, low-weight sandwich designs have been found and were verified by the
numerical model. Since the low-weight designs were obtained from all possible combinations of
design variables, they could be considered the lowest-weight solutions of the sandwich panel.
However, the analytical models used to analyse the sandwich structure were found in literature,
where they were not validated over a full range of designs. This results in uncertainties about the
validity of the used analytical models, which should be proven in future studies.

From all the different calculated failure loads, the assumed material failure load predicted by the
Tsai-Wu and Tsai-Hill criterion do not seem to limit the low-weight designs of sandwich panels, since
both show high failure loads with respect to the other modes of failure. Therefore, a low-weight
design seems to be driven by stability of the face sheets and the strength of the core material.

The studied innovative design was the orthogrid structure, on which different modes of failure are
applicable. Analytical and numerical models were set up for the structure. Each of the different
models was verified by a parametric study. Global buckling predictions obtained from the analytical
[6] and the numerical model have shown good agreement over a broad range of designs. The
analytical models predicting stiffener crippling and intracellular buckling are not in very good
agreement with the numerical models, but based on the parametric study, the influence of different
design variables on both of the local failure modes could be determined relatively well. The influence
of the different design variables on the failure modes were found to be as follows:

e Increasing the skin thickness resulted in an exponential increase of the intracellular buckling
load predicted by the analytical and numerical model.

e Increasing the number of longitudinal stiffeners and as a result, decreasing the stiffener
spacing in transverse direction, resulted in an exponential increase of the intracellular
buckling load predicted by the analytical and numerical model.
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e Increasing the stiffener thickness results in an exponential increase of the stiffener crippling
load predicted by the analytical and numerical model.

e Increasing the stiffener height resulted in an exponential increase of the global buckling load
predicted by the analytical and numerical model.

e The influence of transverse stiffeners on the different failure modes seem to be low, where it
is assumed that their main function is to lower the length of the longitudinal stiffener
sections of the grid. This improvement could also be realized by applying angled stiffeners,
which could also improve the torsional and shear stiffness of the orthogrid panels.

Using knockdown factors on the analytical models of the orthogrid structure, preliminary low-weight
designs were obtained for a range of design loads. The preliminary designs were further improved by
(re)moving material along the panel. The resulting low-weight designs were found for an orthogrid
structure without any design constraint and for a design with a lower limit of 5 mm on the stiffener
thickness. The weight for grid stiffened panels could possibly be further decreased, when more
design variables are taken into account.

In the final chapter of part I, the benchmark sandwich design and the orthogrid designs were
compared. Based on a linear elastic buckling analysis, it is concluded that the structural performance
of the orthogrid structure improves faster in relation to the sandwich structure when the applied
compressive loads increase. Low-weight grid stiffened designs were found with and without design
constraints. The theoretical low-weight designs did however not give very high improvements with
respect to the more practical designs.

A drawback of the theoretical low-weight design could be the high number of transverse and
longitudinal stiffeners, having a low thickness. This results in a high number of stiffener crossings,
which could influence the performance of the structure. The thin stiffeners could also result in a bad
quality product as a result of the tolerances on the manufacturing process.

A positive effect could be obtained by the small skin thickness found for the theoretical low-weight
designs as a result of the smaller skin cells. This lower skin thickness could be beneficial in relation to
the asymmetry of the panel, which introduces a stretching/bending coupling.

8.1.2. Sub conclusions on validation

The second part of the thesis, including the manufacturing and testing of the sandwich and orthogrid
panels, is outlined in this subsection. A validation plan was set up in an attempt to give a solid
conclusion on the designed low-weight panels.

The sandwich panel was manufactured by a relatively straight forward vacuum infusion process and
the overall quality seemed to be sufficient for testing. In order to obtain a good quality orthogrid
structure, two small sample orthogrid panels were initially manufactured by a more complex vacuum
infusion process. After obtaining a sufficiently good quality product for testing, a larger orthogrid
panel was also manufactured.

The largest tolerances on the manufacturing process were found for the stiffener thickness. The two
sample orthogrid panels had a smaller stiffener thickness than designed for and resulted in an
average fibre volume fraction of 40.15% and 40.93%. The larger orthogrid panel had a higher
stiffener thickness than it was initially designed for and the average fibre volume fraction measured
was 37%. It seems that a lower stiffener thickness has a positive influence on the fibre volume
fractions. This could be a result of the expansion of the mould, which compresses the dry fibres in
the stiffeners. Therefore, in order to obtain high fibre volume fractions in the grid, a good
compaction during the vacuum infusion process is required. In the case of observable voids, they
were mainly found at the middle locations of the stiffener sections.
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A limitation of the used manufacturing process was the time involved. The stiffened grid was hand
layed up by winding a glass-fibre roving into the silicon mould. Making larger panels or panels with
even more meters of glass-fibre roving in the grid can result in weeks of manual winding.

All the manufactured panels were tested with a developed test set up, where all edges were
supposed to behave as simply supported. The results from these first tests seems to be promising,
but improvements to the test set-up can and should be made in order to obtain better agreement
between the numerical model and the compression test:

e The boundary conditions of the test set-up should be further improved to prevent bending at
one of the loaded edges at the start of the test.

e The load introduction on the test panels should be improved to potentially improve the
results from the compression test.

The machine displacements and the strain gauge results were also compared to a non linear
numerical model. During the evaluation of the results, the quality analysis of all the panels was used
to introduce model improvements, in order to explain any differences.

Intracellular buckling on the sample orthogrid panels was not predicted accurately by the numerical
model. The obtained results were conservative, probably by the cell being modelled wider than they
actually are. This possible explanation was tested by reducing the cell size on the numerical model,
resulting in a more accurate intracellular buckling load. It was also found that the skin thickness had a
large influence on this mode of failure and any scatter or imperfections along the surface of the skin
could therefore lead to early intracellular buckling.

The overall stiffness on all the orthogrid panels were predicted too high by the numerical models.
Different possible explanations were proposed:

e The influence of fibre waviness at the stiffener crossings were not taken into account.

e During the manufacturing process, the fibres were not under tension, resulting in possible
waviness through the grid.

e The glass-fibre roving could have different stiffness properties compared to the measured
material properties obtained from a unidirectional fabric. It was initially assumed that both
fibres would have approximately the same properties, but potential twist or a different
processing technique of the fibre could influence these properties.

The three possible reasons are not proven, but by introducing a knockdown factor on the stiffness of
the grid, a much better agreement between the compression test and the numerical model was
found.

Since the actual goal was to validate the low-weight designs from the first part of the project, the
non-linear analysis was compared to the linear static eigenvalue analysis. For the two sample
orthogrid panels, failing in a combined mode of intracellular buckling and stiffener crippling, the
eigenvalue analysis predicted the same load as the non-linear model. For the large orthogrid panel,
failing in global buckling, a difference of 11.4% was found. This lower critical failure load predicted by
the non linear numerical model should be taken into account and is a result of the asymmetry of the
grid stiffened structure.

The sandwich panel compression test did not run according to plan and it had to be aborted prior to
failure in the first test. With an improved test set-up, where the aluminium frame was stiffened, the
sandwich panel was loaded up to final failure. The sandwich panel critical failure load was predicted
at approximately the same value as obtained from the eigenvalue analysis, but a large difference in
the load/displacement curves were observed. Any conclusions on the test and the design therefore
requires further study and explanation.
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8.1.3. Main research question

At the start of the project, the following main research question was stated:

“Is it possible to create a lighter weight trailing edge panel design by using an orthogrid stiffened
panel, with remaining strength and stiffness properties at equal or lower cost?”

Based on the research performed in this study, a strong conclusion cannot be given, because there
are still limitations to be solved.

Besides the fact that numerical analysis shows promising results about the reduction of the weight of
the structure by using a grid stiffened structure, the loading conditions were simplified. In reality, the
introduction of shear or torsion could result in bad performance of the grid stiffened structure.
Another limitation could be the simplified analysis as a result of the computational cost of the
numerical model of a grid stiffened structure. As was shown for the large orthogrid panel, a non-
linear analysis introduces a penalty of 11.4% on the result of the performed eigenvalue analysis.

The manufacturing has been limited to a grid structure with uniform heights. As the height of the grid
is found of major influence on the global buckling load of the grid stiffened panel, the ability to
manufacture panels with stiffeners of varying heights along the length of the blade is of great
importance. An automated process for winding or laying up the stiffened grid is also necessary to
enable the manufacturing of larger structures.

Since there are not many test methods known on sub component level for wind turbines trailing
panels, a large gap between manufacturing and testing of small specimens and a full wind turbine
blade exists. New test methods are therefore required to design and test low-weight grid stiffened
structures of intermediate size.

8.2 Recommendations

The implementation of grid stiffened structures in wind turbine blade trailing panels still has a lot of
research questions to answer, as was outlined in the conclusion of this study. However, the
technology is still promising to investigate as a substitution of sandwich panels for the following
reasons:

e With the addition of more design variables and state-of-the-art optimization techniques,
improved weight reduction could possibly be found.

o No use of balsawood or foam core material is required, where the balsawood possesses non-
uniform material properties and has the drawback that it can rot, resulting in high repair and
maintenance costs.

e An automated manufacturing process can significantly drop the cost of production

e Good damage tolerance of the grid stiffened structure

In order to benefit from the above advantages, recommendations for future studies on the subject
are given on design and analysis, manufacturing and testing.

Design and analysis

Since the computational cost is limiting the accuracy of the models, improved techniques should be
developed to determine the different failure modes. Especially the local behaviour of the skin cells
and the stiffeners should be investigated and simple and efficient numerical models should be
developed to accurately predict these failure modes. In order to gain these insights, different
element strategies could be compared. Another option to determine the local modes of failure is to
compare small sections of a grid with the behaviour of the full panel and try to obtain comparable
results by setting the right boundary conditions and introducing the correct loading conditions.
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8.2 Recommendations

As was already mentioned, introducing more design variables could lead to more efficient designs.
Different design variables, which could lead to lower weight designs are:

e Different thickness of the transverse and longitudinal stiffeners
o Different heights of the transverse and longitudinal stiffeners
o Different angles of stiffeners or introducing the isogrid type of structure

An important aspect to take into account is the design load of the panels, where only a compression
load was used in this study. Making the load case more complex by introducing torsion and shear,
results in a more realistic design for the panel and with that, a more fair comparison with the
sandwich structure.

Manufacturing

Related to the production process of the grid stiffened panels, automation is possibly one of the
most important aspects to further develop. This would lead to the ability to upscale the structures to
be tested or faster production of small test specimens.

The fibre volume content of the stiffeners has also been found to have a relatively low value and
methods to improve this with the present techniques would result in higher quality products. In the
same line of thought, further improving the manufacturing techniques with respect to tolerances is
recommended.

Finally, along the length of the blade, the height of the stiffeners will change in value, which requires
manufacturing techniques to obtain these ply drops in the stiffeners. Using the transverse stiffener
to facilitate for these ply drops could be an option, where the fibres are directed from the transverse
stiffener into the longitudinal stiffener and with that, increasing the amount of roving and the
stiffener height.

Testing

With respect to testing it is recommended to continue the study on subcomponent level tests and
develop new tests for wind turbine trailing panels, potentially with more realistic loading conditions.
Grid stiffened structures could then be tested, prior to immediately manufacturing large structures
or full blade sections.

The test set-up used in this study could be further improved by adjusting the boundary conditions,
where full contact between the frame and the unloaded edges of the panel is present. More tests
should also be performed to improve the similarity of the boundary conditions of the numerical
model and the experimental test.

Other recommendations for the wind turbine trailing panels

Different aspects, which were stated in the literature study, but not addressed in this research
project are still interesting topics to consider for future studies. Grid stiffened structures could
possibly be beneficial with respect to the conventional wind turbine blade structure after obtaining
answers on the following questions:

e What is the influence of grid stiffened structures on maintenance and repair?

e How are the load introductions designed for grid stiffened structures?

e How are the top and bottom trailing panels adhered at the trailing edge and does it have any
advantages or disadvantages with respect to the present sandwich structure?

e How does a grid stiffened structure perform under fatigue loading obtained from the
periodic rotations of the blade?
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Appendix A

MATERIAL PROPERTIES USED FOR DESIGN

This appendix shows the different material properties, which are used in the calculations during the
project. The required properties from the epoxy resin are shown in table A.1. The material properties
of the biaxial glass fibre fabric are given in table A.2 [33]. It should be noted that the fabric is a lay-up
of [+45] and [-45] degree plies, resulting in an asymmetric ply. The values given in the table are also
based on a fibre volume fraction of 50%. The properties of the core material used for the sandwich
panel are described in table A.3. The unidirectional roving used in the grid of the orthogrid stiffened
structures are outlined in table A.4. As well as for the biaxial glass fibre, the values given for the
unidirectional roving are also based on a fibre volume fraction of 50%.

Table A.1: Properties of the epoxy resin

EPIKOTE Resin MGS RIMR 135
EPIKURE Curing Agent MGS RIMH 137

Elastic modulus [MPa]
Density epoxy [kg/m’] Presin

Table A.2: Properties of biaxial glass-fibre impregnated with EPIKOTE RIMR 135 [33]

Biax 12 Type E Glass Fibre
Elastic modulus [MPa]

26000
Poisson [-] 0.15
0.08
Shear modulus [MPa]
3535
Tension strength [MPa] 424.5
Compression strength [MPa]
Shear strength [MPa] 250
Tension strength [MPa]
Compression strength [MPa] 315
Shear strength [MPa]
Tension strength [MPa] 85
Compression strength [MPa]
Shear strength [MPa] Ti3 435
Layer thickness [mm]
Density epoxy [kg/m?] Presin 1150
Density glass fibre [kg/m’]
Assumed fibre volume fraction [%] FVFpiax 50

Density GFRP [kg/m?]
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Table A.3: Properties of the sandwich core material

Airex C7075

Elastic modulus [MPa]
Poisson [-]

Shear modulus [MPa]
Thickness (availability) [mm] 3 till 68, stepsize = 1
Density [kg/m®]

Table A.4: Properties of unidirectional glass-fibre roving impregnated with EPIKOTE RIMR 135 [33]

UD roving Type E Glass Fibre
Elastic modulus [MPa]

Poisson [-]

Shear modulus [MPa]

Tension strength [MPa]

Compression strength [MPa]

Shear strength [MPa]

Tension strength [MPa]

Compression strength [MPa]

Shear strength [MPa]

Tension strength [MPa]

Compression strength [MPa]

Shear strength [MPa] Ti3
Layer thickness [mm)]

Density epoxy [kg/m?] Presin 1150
Density glass fibre [kg/m’]

Assumed fibre volume fraction [%] FVFup
Density GFRP [kg/m?]

50
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Appendix B

CALCULATION OF FIRST PLY FAILURE BY TSAI-WU AND
TSAI-HILL FAILURE CRITERIA

The theory described in this appendix can be found in different composite handbooks [14, 25]. By
using the classical laminate theory the global strains of the panel can be obtained from the ABD
matrix equation:

[ Nxst ] 1Ay, Aip Aie Bin Biz Bie] [&%)
Ny,st [A21 Az; Aze Bz Ba Bze] 539
Ny st _|As1 Asz Ass Be1 Bez Bes «| Yoy (B.1)
My s¢ Bi1 Bz Big D11 D1z Dis Ky '
My, o l By1 Byz Bye Dyi Dyp Dag l Ky

| My st | lBGl Be; Bgs De1 Dey D66J [ Ky

By using the inverse relation and applying a load of 1 kN/mm in x-direction, the corresponding strains
and curvatures can be found. Knowing the strains and curvatures, the strain in each ply trough the

thickness can be obtained by:
Ex €x0
ny nyO

Knowing the strain in each ply, the stress in each ply can be determined based on the angle of the
fibres in each layer. The relation between the stress and strain within each ply is described as:

Ox Qi1 Q12 Q][
[Uy] = [le Q22 Qze] [gy ] (B.3)
Yxy

Txy Q16 Q26 WQes

Kx
+z| Ky ] (B.2)

Kaxy

Where:
Q11 = m* Qxx + n* x ny + 2m®n? * Qxy + 4m®n? * Qss

Q22 = n* x Qux + m* x Qyy + 2m®n® * Quy + 4m®n? « Qss
Q12 = mZnZ * Qxx + m2n2 * ny + (m4 + Tl4) * Qxy - 4m2n2 * st
Qo6 = M*N? * Quy + M*n? x Qyy, — 2m*n® * Qyy + (M? — n?)? x Qg

In which m = cos(B) and n =sin(0) and:

Q =
B
Q =
V1= vy ¥ Uy
Vyy * Ey Vyy * Ex

Qxy = =

1— vy *vyy 1= Uy *x vy

Qss = ny
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To substitute the stress from each ply in the failure criteria, the stress found in the xy-axis system
should be transformed to the direction of the fibres. These depend on the angle 8 and the local axis
system is described as the 12-axis system. The transformation is given by:

A e

The local stresses in the fibre directions obtained from the above, can now be substituted along with
the material strength values in the Tsai-Hill or Tsai-Wu failure criterion. The expression for Tsai-Hill
failure theory is given by:

012 0103 022 T%z
X2 xz Tyatsz
Where the X and Y strength values depend on the sign of their corresponding stresses. For instance,

the compressive strength of the ply in 1 direction should be substituted if o, is negative.
The Tsai-Wu failure criterion is given as follows:

=1 (B.5)

o} o2 1

1 1
Xixc Tytye  |xtxeyrye %2t (F - F) %1

1 1 T4,
+<W YC)O'2+S—2= 1 (3-6)

Where the superscripts t and c refer to tension and compression respectively.
Multiplying the stresses with a reserve factor in equations (B.5) and (B.6) and solving for it, results in
the failure load for first ply failure.
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Appendix C

DATA-POINTS FOR NUMERICAL CONVERGENCE STUDY
ON THE SANDWICH PANEL

The numerical convergence graphs shown in subsection 3.1.3 are based on the values given in the
tables below. Table C.1 refers to the values related to the numerical model with element type 75.
Table C.2 gives the values from the graph found by modelling the sandwich panel with element types
7 and 75. Table C.3 outlines the obtained values obtained from the numerical analysis, using element
types 21 and 22. For each of the tables, the first column indicates the exact number of elements of
the model. The element size is between brackets and is an approximate size of the element. The
second column shows the applied load to the panel, resulting from the point loads give to each node
on one side of the loaded edges. From the Marc Mentat buckling analysis, multiple eigenvalues are
found, from which the lowest is presented in the third column. Multiplying the applied load with the
lowest eigenvalue results in the expected buckling load. The mode predicted by the Marc Mentat
model is also given in the most right column.

Table C.1: Buckling analysis element type 75, including transverse shear effects

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

8 (200 mm)

40 (100 mm) -246840 2 half waves
170 (50 mm)

680 (25 mm) -234990 2 half waves
4300 (10 mm)

17300 (5 mm) -233613 2 half waves
47808 (3 mm)

108250 (2 mm) -233304 2 half waves

Table C.2: Buckling analysis, using type 7 and type 75 elements

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

24 (200 mm)

120 (100 mm) -120000 -227520 3 half waves

510 (50 mm)

2040 (25 mm) -212562 3 half waves
17200 (10 mm)

103800 (5 mm) -505000 -210155 3 half waves
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Table C.3: Buckling analysis, using type 21 and type 22 elements

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

6 (320 mm)

18 (240 mm) -130000 -221910 2 half waves
45 (160 mm)

180 (80 mm) -330000 -210771 3 half waves
756 (40 mm)

3225 (20 mm) -1280000 -201600 3 half waves
7524 (15 mm)

17200 (10 mm) -405000 -208251 3 half waves
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DERIVATION OF GLOBAL BUCKLING OF A GRID
STIFFENED PANEL

The subsequent steps to derive the global buckling load of a grid stiffened panel are outlined in this
appendix. The method is described by Xu et al. [6] and the full derivation is repeated here. It should
be noted that using the method below, the exact same results as are given in the paper are not
obtained, but verification with different finite element models during this thesis project resulted in
comparable results between the analytical and numerical solution.

The first step is to set up a unit cell of the grid stiffened panel, by introducing a vector S describing
the appearance of each stiffener, from which the complete panel geometry can be found. The vector
S describes the appearance of the 6 different stiffeners as shown in figure D.1. If there are no
diagonal stiffeners, the first and second entry of the vector S are zero. It should also be noted that
the boundary stiffeners 5 and 6 are normally counted as half the thickness of the cross stiffeners 3
and 4. When one unit cell is then placed next to the other unit cell, the stiffeners 5 and 6 are not
counted twice for the whole panel. For this reason, one stiffener is chosen as a reference value of 1
in the unit cell vector S and the others are described as percentages of this reference stiffener by
taking the complete panel into account. For the diagonal stiffeners, an angle theta could also be
applied, where an angle of 60 degrees and removing the transverse stiffeners results in equilateral
triangular skin pockets. This particular structure is also called an isogrid, which is not further analysed
during this project.

S = (D.1)

.. Unit cell
kY

Figure D.1: Unit cell of a grid stiffened structure
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To determine the global buckling load, the equivalent stiffness of the panel is described by a
superposition of the separate stiffener and skin stiffness contribution, given by equation D.2.

[N] _ [Ask + Agt sk + Bst] [80] (D.2)
M Bsk + Bst sk + Dst

To determine the stiffener contribution, the portion of the skin at which the stiffener is connected is
taken into account. The situation is shown in figure D.2, where the stiffener and the skin section

marked with a dark colour will be analysed. If a pure bending moment is assumed, the integral of the
normal stress over the area is equal to zero:

—ho+tsk —ho+tsp+hgt
ff g dA = f tstEgikizdz + f tsEgekyzdz = 0 (D.3)
—ho —ho+tsk

Evaluating the integrals results in:

_ Esktszk + Est (hgt + 2tskhst)

(D.4)

o 2(Esktsk + Esthst)
L
A
hgt
A > X
Z \J ho
T—' X tSkI
\d
Figure D.2: Cross-section of a random stiffener and its adjacent skin
The stiffener modulus is obtained from classical laminate theory:
1 Afy s
E;s=—1A - D.5
st ter ( 11,st Apast (D.5)

Since the stiffness of the skin could change in direction, the neutral surface gives a different value in
different directions. An average neutral surface is therefore introduced, given as follows:

hoaw = ) viho(6) (0.6)
Where:

volume of particular stif fener within the unit cell

v; =
' total volume of stif feners in the unit cell

(D.7)
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Derivation of global buckling of a grid stiffened panel

The skin modulus present in equation (D.4) is dependent on 8 as mentioned before and is derived

from:
g} c2 s2  2sc 1[Qu1 @iz 0 [c? s? —sc &
On|=| s2 —ZSC Q12 Q2 O 52 c? sc * | €n (D.8)
Oin —sc 0 Qesll2sc —2sc c¢?—s?1 Ym

From the fact that the shear and transverse strain are assumed to be zero in case of uniaxial tension,
the above equation results in:

o, Qi1 Qiz 0 77¢
Egq =—=1[c? s? 2sc] [Qu Q2 O ] [52 ] (D.9)
& 0 0  Qeell2sc

Resulting in:
Eg = Q11 cos* 6 + 2Q;, cos? 0sin? 6 + Q,, sin* 6 + 4Q44 cos? A sin? 6 (D.10)
By using the following relation:
sin?@ = 1 — cos? (D.11)
Equation (D.10) can be written as:

Ege = (Q11 — 2Q12 + Q22 — 4Qs6) c0s* 0 + 2(Q12 — Qa2 + 2Q66)c05* 6 + Q,  (D.12)

In which:

A11 sk A12 sk A22 sk 66 sk
Q12 = Q22 = Qee =

tsk tsk tsk sk

Qi1 = (D.13)
The stiffener contribution to the equivalent stiffness matrix can now be found by setting up the force
and moment equations given by equation (D.2). This is done by evaluating the following conditions:

1. Reaction moment under pure bending
2. Reaction moment under pure tension or compression
3. Reaction force to the stiffener

The reaction moment M, from the stiffeners is found by integrating the stress over the cross-
sectional area of the stiffener:

Rse+tsk—ho
M, = ﬂ. O ZzdA = ff Egiz2dxdz = f Egtopiz?dz (D.14)
tsk—ho
Evaluation of the integral results in:

hst+tsk—ho

= = Egetsery[(hse + tsg — ho)® — (tsr — ho)?] (D.15)

M. = 1
b tsk—ho 3

3

Esttst’clz3
Rewriting the equation to:

1
= S Esetsiiq [hgt + 3hZte + 3hsetd — 3hZhg + 3hghG — 6hsttskh0] (D.16)

M
b™3

121



Appendix D

The above can be rewritten by adding zero in the form of:

%Esttstklhgt - %Esttstklhgt (D.17)
Resulting in:
My = 1_12Esttstth§t
+ %Esttst}cl [3h§ttsk 4 3hg 2, — 3h2hg + 3hy,hl (D.18)

3 3
- 6hsttskh0 - Zhst]

Substituting the following relations:

I = tochde _ (D.19)
z,st — 12 and Ast - hsttst :
Results in:
1
Mb = EstIz,stKl + EstAstKl [hsttsk + tszk - hstho + hg - 2tskho - Zhgt] (D'ZO)
Which can be simplified to:
hse ’ (D.21)
My = EstIz,stKl + EgtAgt 7 + b — hO K ’

The curvature of the neutral surface in | direction is dependent on 6 and can be found by:

K| = Ky C0S% 0 + Ky, sin 0 cos 6 + Kk, sin? 6 (D.22)

The reaction moment under pure tension or compression should be analysed now. As a result from
the shift of the neutral axis from the skin/stiffener interaction, the resulting bending moment caused
by pure tension or compression is given by:

hse+tsk—ho
M, = ff OszdA = f Egtyelzdz (D.23)
tsk—ho

Evaluating the integral results in:

1 hst+tsk—ho
My = 5 Ectoelz” = 7 Esttseel [(hst + tae = ho)® = (b =ho)?]  (D-24)
tsk—ho
1 2 0 D.2
Mp = EEsttst(hst + 2hsttsk - Zhstho)gl (D.25)

The strain in 8 direction can be obtained by following the same transformation as for the curvature
and is given by:

e = €5 cos? 6 +yy), sinf cos 6 + &) sin? 6 (D.26)
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Derivation of global buckling of a grid stiffened panel

Finally, the reaction force of the stiffener should be determined. Applying the following rule to the
force resultant of the stiffener:

g =& +zK (D.27)

The integral over the cross-sectional area of the stiffener for the reaction force is given by:

hst+tsk—ho
F = ff ogdA = f Eiitggdz
ts—h
hst+tsg—ho ‘ hs(;‘l'tsk_ho (D28)
= f ESftStglOdZ + f ESttStZKle
tsk—ho tsk—ho
hst+tsg—h
Rt +ts—h 1 stTtsk™o
F = Esttsteloz| eHskho —EgtszK, (D.29)
tsk—ho 2 tsk—ho
0 1 2 2 D
F = Egtghge + EEsttst[(hst + tge — ho)® — (tsx — ho) 1Ky (D.30)
Giving the final relation by working out the squared terms:
1
F= Esl,“tsthslf"‘:l0 + EEsttst(hgt + 2hsttsk - 2hsthO)Kl (D'31)

The force and moment resultants are now known. The total reaction moment is given by the
combination of the two evaluated reaction moments described by equations (D.21) and (D.25) as:

M= M,+M, (D.32)

Using equations (D.21), (D.25), (D.31) and (D.32), the forces and moments in each stiffener of the
unit cell can be described as follows:

Fy = 51F(0) = s1Es;A180(0) + 51E5: Az (6) (D.33)
Fy, = 5,F(—0) = 5,E: A1) (—0) + s,Eg Ak, (—6) (D.34)
F3 = 53F(0) = s3EA160(0) + s3E5: A5k (0) (D.35)
F, = s,F (%) S (g) + 5B Agky (g) (D.36)
Fs = ssF(0) = sgEg A1 (0) + s5Eg: Ay 1k (0) (D.37)
Fy = s,F (%) = soEg Ay €0 (g) + sgEst Ak, (%) (D.38)
M, = s;M(0) = 51E5; A2 (0) + 51Es:Ask(6) (D.39)
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M, = 5;M(—6) = s,E5 Ay€0 (—6) + s,E5 A3k (—6)

M3 = s3M(0) = s3E5 A€l (0) + s3E5 A3k, (0)

o (2) = st () + s (3

Ms = ssM(0) = s5Eg A€l (0) + ssEs Azk;(0)

Mg = suM (g) = 56EstAz€] (g) + S6EseAsi (g)

Where:
S1,52,53,54,Ss and Sq: parameters of unit cell vector S
Ap = tg * hg

_ tst(hgt + 2hslftsk - 2hstho)
5 =
2

2

_ hst
A3 - Iz,st + Ast 7 + tsk - hO

(D.40)

(D.41)

(D.42)

(D.43)

(D.44)

(D.45)

(D.46)

(D.47)

(D.48)

Equations (D.33) up to and including (D.44) are now used to connect forces, moment and strains via

the well known ABD matrix:

N st [A11 Ay, Ag Bir Bp 316] &

Ny st Ayy Azp Aze Bai By By 539

Nyy,st _ Ag1 Aez Aes Bs1 Bs2 Bes N yfy
My st Biy Biz Big D11 D1z Dis Ky

My, 5 Bz1 Baz Bze Da1 Daz Das| |k,
| My st | Be1 Bsz Bss Ds1 Dsz Des [ Ky

Where each A, B and D term is described by:

EgA1(s1¢3 + 553 + s34 25s5)

11 — b
0

Eq A (51652 + 55,¢5%)  Eq A{(51C%s + s5,¢%5)
Ajp =451 = =

by Qo
A1g = A6 =10

_ EgqAq(515° +5,5% + 54 + 256)
22 =

Qo

(D.49)

(D.50)

(D.51)

(D.52)

(D.53)
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Derivation of global buckling of a grid stiffened panel

EgA1(s1cs? + s,cs2)

Ags = - (D.54)
0
Es;Ay(s1c3 + s5¢3 + 55+ 2s
Bl1 — st 2( 1 bzo 3 5) (D55)
EqAy(s1c5% + 5505%)  Eg A, (81625 + 5,c25)
Bi; =By = by = o (D.56)
Big =By =0 (D.57)
Es Ay (5153 + 5,83 + 5, + 25
Bzz — st 2( 1 azo 4 6) (D58)
Eg Ay (s1c5% + s,c82)
o = = - (D.59)
E; As(s1c3 + 5,3 + 55+ 25
0
EA3(s1c5% + 5505%)  EgA3(s1€%s + 5,c25)
Dy, =Dy = by = @ (D.61)
Dig =Dy =0 (D.62)
EqA3(sys® + 5,83 +5,+ 2s
p,, = st 3(51 2 4 6) (D.63)
Qo
EgtAs(s1cs? + sycs?)
Deg = (D.64)

bo

The contribution from the stiffener to the equivalent stiffness matrix is now known. The contribution
of the skin to the equivalent stiffness will be determined by finding its neutral surface first. This is
done by smearing the stiffeners to obtain a plate of uniform thickness with its neutral surface at the
midplane of the stiffener. Figure D.3 shows the situation of the skin and the smeared stiffener. Note
that the neutral surface is now taken as a distance from half the skin thickness instead of the bottom
of the skin. Again, assuming a pure bending deformation, the following integral can be evaluated to
find the neutral surface:

—hzo+d+tszﬂ —hzo+t57"
-U oydA = _[ Esmseaokyzdz + j Espagkyzdz = 0 (D.65)
t t
—hgo+d—=S25L ~hzo—3¢
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tsmst

Vx

dg

Figure D.3: Cross-section of smeared stiffener and unit cell skin

Evaluation of the integral results in:

1 tsmst 2 tsmst 2
_Esmstaoky (_hZO + d + 2 ) - (_hZO + d - 2 )

2

2 2 (D.66)
1 tsk tsk
+ EEska()Ky _hZO + 7 - _hZO - 7 =0
The above can be simplified to:
EsmstaOKy(dtsmst - hzotsmst) - Eskaoky (hzotsk) =0 (D-67)
EsmstAsmstKy(d - hzO) - EskAskKyhzo =0 (D.68)
Solving for the neutral surface location results in:
b = d
20 = i+ EseAgr (D.69)
smstAsmst
Where d is the distance between the midplanes of the skin and smeared stiffeners:
tsk hst
> T (D.70)

The area of the skin and smeared stiffener is shown in the view of figure D.3. The smeared stiffener
modulus is found by using equation (D.12) and using the A values from the ABD matrix obtained
earlier in equation (D.49). The skin modulus is thereby also found by using equation (D.12).

Since the position of the neutral surface will also change here with respect to angle 6, the average
neutral surface position is calculated by:

hzoav = Z Cihzo(6;) (D.71)
Where i is connected to each stiffener from the unit cell vector S given in equation (D.1) and ¢; is
given by:

ci = Esk (gi)Ask(ei) + Esmst(gi)Asmst(gi)
' Z(Esk (Oi)Ask (Qi) + Esmst (ei)Asmst (ei))

(D.72)
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Derivation of global buckling of a grid stiffened panel

It should be noted that the area of the skin and stiffener is also dependent on the angle, because
length ap and width by could be different.

In the analysis of equation (D.72), only the angles of the stiffener orientations are evaluated. This
means that for an orthogrid type of structure, only the 0 and 90 degree are evaluated to find the
averaged neutral axis of the skin and the smeared stiffeners.

Using the neutral surface position, the ABD matrix of the skin can be found by classical laminate
theory, where the relation between forces, moments, strains and curvatures are given by:

Ny n z, [Ox

Ny, :Z f [ay] dz (D.73)
ny k=1"%k-1|Tg Kk

M, n z [Ox

M, :Z f lay] zdz (D.74)
Myy|  k=17%-1 L Ts

Substituting the stress-strain relation results in:

N, n Qxx Qxy

Qxs 59?
Ny = Z ny ny st 839
Ney] k=1 ([Qsx Qsy  Oss], |y0] "7
[

Qxx Qxy Qxs Ky (b.75)
+ ny ny st‘ [Ky] zdz
Qsx Osy Oss X Ks 17211
M, n Quxx Qxy Qxs Sy? Zy
M, [ = Z Qyx  Qyy (234 lsg f zdz
Mxy k=1 | Usx st Qss k )/SO Ze=1 (D.76)
Qxx Qxy st Ky 2z '
+ ny ny st“ [Ky]f szZ
st st st Kk Ks 1" Zk—1

In which the values of z depends on the location with respect to the weighted average neutral

surface found before in (D.72).
When the equivalent stiffness matrix is known, an energy method will be used to obtain the buckling
load of the structure. The total potential energy is the sum of the bending strain energy and the work

done:

N=U+W (D.77)

Where the bending strain energy is given by:

U—lﬂ. b 92w 2+2D 62w62W+4D 0w 62W+D 22w\’
"2 11\ 9x2 12 9x2 dy? 16 9x2 gxdy = 22\ dy?

) (D.78)
£ ap YWy pes (LY }d d
26 9y2 dxdy 66\ axay xey
And the work done is given by:
w= =2 [ (2) m (2) 2y () ()t .79
2 *\ox Y\ay Y \ox/\ay xey '
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Minimizing the potential energy by setting its derivative equal to zero and using a Ritz approximation,
results in the solution of the buckling load. In order to satisfy simply supported boundary conditions,
the following out-of-plane displacement function is chosen:

w(x,y) = Z Z Cinn sm mnx) sin (m;y) (D.80)

m=1n=

The derivatives of w found in the equations of the bending strain energy and the work done are given

as follows:
M N
g—:: = Z Z Conn (?) cos (?) sin (?) (D.81)
m=

2 () an (s ()
o’ __ i ic () i (Z25) sin (P2 (0.83)
0x? L L ™\ a a b
P NS G (2 i ()i (2 o34
oy2 = " L L™\ a b

oY Y () (Do) om

Before differentiating the total potential energy with respect to the coefficients C,,, the six integrals
in the bending strain energy and the three integrals in the work done can be evaluated.
The first integral of the bending strain energy is given by:

2o () o

_ _ (D.86)
) mmx nwy\ . (ﬂ) _ (m_y)
Jf {Dn( ZCmn sm(—a )sm( 5 )sm » sin 5 dxdy
m=1n=
Using the following integration rule:
a
o ommxy | (imXx a
fsm( )sm (—) dx = — (D.87)
a a 2
0

Evaluation results in:
1 M N . b
- 2 (M (4 <_)
7 P Z Z Cm”( a ) (2) 2 (D.88)
The second integral of the bending strain energy is given by:
w (')2
M N 5 . .
mix nm inx T
= Jf {Du Z Z C2, n T) sin (T) sin ( by) sin (7) sin (]TJ/)} dxdy

(D.89)

m=1n=1
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And evaluation results in:

033 () O 2

m=1n=

The third integral of the bending strain energy is given by:

ff A
1Gaxza xay |

M N (D.91)
= ff {—ZD16 Z z nbn) sin (lzx) sin (ﬂlzy) cos (?) cos ("bﬂ)} dxdy
Using the trigonometric identities:
sin(a) cos(f) = %(sin(a — B) +sin(a + B)) (D.92)
cos(a + f) = cos(a) cos(f) — sin(a) sin(f) (D.93)
cos(a — ) = cos(a) cos(B) + sin(a) sin(B) (D.94)

The integration is simplified and results in:

~2Dse Z Z G _) [4:b ((m2 — izgj(n2 —j2)>] (D.95)

m=1n=

Only if:

m=+i=odd AND n=tj=odd
Else the result is zero.
The fourth integral of the bending strain energy is given by:

- m (o )}dxdy
] e 3 3t () s (i (s (7)o ()

m=1n=1

(D.96)

Evaluating the integral results in:

Dy Z Z ¢z, (%) )(2) (0.97)

m=1n=

The fifth integral of the bending strain energy is given by:

L ey }
e85

m=1n=1

(D.98)
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Performing the same evaluation steps as for Dy, results in:

~2D2s z Z [47Tab ((m2 - izgj(n2 —jz))] (0-59)

m=1n=

Only if:

m+ti=o0dd AND nzj=odd
Else the result is zero.
The sixth integral of the bending strain energy is given by:

lﬂ- {4066 <%>2} dxdy
. xay | | (D.)100
= ff {ZD66 Z Z n?n) cos (m;rx) cos (nbﬂ) cos (?) cos (]ﬂTy)} dxdy

Evaluation of this integral results in:

2Dgq Z Z Com (— mn nbn) (;) (2) (D.101)

m=1n=

Now, the integrals of the work done can be performed. The first integral is given by:

] (29 o

1 3w m mmx niy imx JTy (b.102)
__ 1 2 (T M in (2 (l)(i)
= sz{NxZZCmn(a) cos( " )sm( p )cos 7 sin b dxdy
m=1n=1
Evaluation results in:
1 M N 5 b
_Z 2 (T (a <_>
> Nx ZlZCmn( . ) (2) - (D.103)
m=1n=
The second integral of the work done is given by:
——ff{ }dxdy
(D.104)

M N . .
N, Z Z Cin (%) sin (m;rx) cos (nbﬂ) sin (%) cos (jﬂTy)} dxdy

m=1n=1

-3

Evaluation results in:

3560 o1

m=1n=

The third and last integral is given by:

- —ﬂ 5o
SIS >m@%W%m@%¢%%@

m=1n=1

(D.106)
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Using the same trigonometric identities as for D¢, the integration is simplified and results in:

z z [f—?b ((mz _ izgj(nz _jz))] (D.107)

m=1n=

Only if:
m+i=o0dd AND n+j=odd
Else the result is zero.

Combining all the equations and taking the derivative of the total potential energy with respect to its
coefficients C,, results in:

aiin_ Dy (P a) (%Z(g)+ Dlzcmn( )2 (n?j)z (%Z(Z)
42D, G (2 2 (g) (g) + 4D6Conn (— P G b ) (g) (g)
it YO0 -wem(S B

B Z Z 4D16Cyj (mT) (?) [47:19 ((m2 — izgj(nz _jZ))] (D.108)

mﬁl nﬁl
mmy nm\3 (4ab ij
- Z Z D261 (7) (7) [nz ((m2 — i2)(n? —j2)>]
mﬁl n;l
mrmy nmy [4ab ij
Bl Z Z 2Ny Cij (T) (7) [ w2 ((m2 —i2)(n? _]-2))]
m=1n=1
=0
Simplified to:
on m*mth m?n?m* nmta m?n’nm
aC _ tmn| g3 Pu + 2ab Dy, B3 Dy, b Dge
m?n?b n®n?a
_mih, _nima, ]
4a 4b
M N
16m2m? 16n2m? D.109
- CL_] ZZ< 2 D16+ 2 D26 ( ’ )
a b
i=1j=1
Fong) ()|
xy (m2 _ iZ)(nZ _jz) -
Or by multiplying each term with:
4q3
bt (D.110)
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The equation can be given as follows:

ol . 2m®n?a? n*a* 4m®n?a? m?a?
aC = Cpn M D11 + ¥ Dy, + X Dy, ¥ Dge — TNx

i Ny]
L 64m a 64n%a3 (D.111)

— Cjj Di6 + D6 )

] 2h3

i= ]=1
a’ N >( mnij ) _ 0

7r4b xy (mz _ iz)(nz _jZ) -

From which the term with the summation signs, only give a non-zero contribution when:
m=+i=odd AND n+j=odd

The above results in a generalized eigenvalue problem, when Ds¢, Dys and/or N,, are non-zero. When
those three terms are zero, the problem can be solved relatively easy in an analytical way.
The above equations form a matrix, where there are two independent sets of equations:

m+n = odd
m+n = even
From the complete matrix, the odd set of homogeneous equations are obtained by deleting all odd

rows and columns. The even set of equations are obtained by deleting all even rows and columns
from the complete matrix. As an example, the following matrix will give more insight:

e o e o e o0 e o0 e

X 0 0 0Y 0 0 0 07 [C11] [07m+n=even

0 x 0y oY 00 of [G2] o] m+n=odd
ooxoyoooogwo even

0Y 0 X 0 0 0vY of |G o odd

Y 0Y 0 X 0 Y 0 Y|[x|Cx|l=]0 even (b.112)
0Y o 00X 0vY of |ca|l (o odd

000 0vVY 0 X 0 0 |c,,] [0 even
000 Y 0VY 0 X of |c,|] [0 odd

000 o0v o o0 o xl|c] lo even

Where e = even, o = odd, X = values from the first term in equation (D.111) and Y = values obtained
from the second term of equation (D.111).
In order to solve the generalized eigenvalue problem, the following relation is always obtained:

[[E] = Ny ey [H1] {Coun} = (0}
Where:
[E]: matrix with all terms obtained from the equivalent D — terms

[H]: matrix containing all values related to the applied forces Ny, Ny, and N,,,
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{Cun}: Will be equal to the eigenvector after evaluation
Ny y xy: €lgenvalue
A non-trivial solution (C,,20) for the above can be found by evaluating:
det [[E] — Nyyry [H]] =0

The lowest eigenvalue N,,,, in absolute terms is considered to be the buckling load. The
corresponding eigenvector determines the buckling mode and is equal to the vector of the C,,, terms.
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DERIVATION OF THE EXACT SOLUTION OF STIFFENER
CRIPPLING

The stiffener is modelled by assuming three simply supported edges and one edge free. Using the
principle of minimum potential energy, the potential energy should first be obtained by the strain
energy and the work done.

n=uv+w (E.1)

Since all the fibres in the stiffener are unidirectional, bending stiffness terms D;sand D, are assumed
to be zero and the strain energy is therefore given by:

1 a2w\* 0°w d%w a2w\°
v=; )] {pa(5) + g+ ou (5
92w \°
+4D66 m dXdy

The work done is obtained by loading along the stiffener direction and is given by:

W= —%ff {Nx,sc (3—:)2} dxdy (E.3)

To satisfy the boundary conditions, equation (E.4) is used as an approximating function [13], which
was obtained from comparison with experimental work. Applying this function, the stiffener is
allowed to buckle in multiple half waves along the stiffener length and only one half wave along the
height.

(E.2)

M
3 ~ mmx .. 10b? ; 10b ,
W_ZCmsm(—a )<20b Yty - ytty (E.4)

m=1

The derivatives found in the integrals of the strain energy and the work done are given by:

M
dw mm mmx 10h2 10b
. o o 4 3_ """ .4 5 E.5
I ZlCm(a)cos( " )<20b y+ 3 Y 3 Y +y> (E.5)
m:
dPw _ o mme o mmny (o 1002 0 106 L e
= 2, o) s (5) (208t + S0 = oy ey o
m=
2w~ mm mmx 40b
%0 = Z Cm (T) cos (T) (20194 + 10b2y2 —Ty?’ + 5y4) (E-7)
Y m=1
aZW M . mmnx 2 2 3
757" Z C sin (=) (20b%y - 40by? + 20y°) (E.8)
m=1
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Derivation of the exact solution of stiffener crippling

Substituting the above derivatives leads to four integrals for the strain energy equation and one
integral for the work done. The first integral to evaluate for the strain energy is given by:

1 92w\’
E,[f D11 W dXdy
1 < 4
_1 o (Mm\® X (m ) 8. 2
_fo{Dlllem(a) sm(—a )sm z 400b°%y
m=

(E.9)
400p® ,  400b° 5+460b4 o 200p° 7+160b2 o
3 7 3 7 9 7 9 7 9 7
20b
——y + y! ) dxdy
Using the following integration rule:
a
jsin (mnx) sin (E) dx = a (E.10)
a a ) )
0
Evaluation results in:
1D icz (mn) ( )<400+400 400+460 200+160 20
2 1 a/ \2/\3 " 15 18 63 72 81 30
m=1 . (E.11)
bll
+11)
Where:
<400+400 400+460 200+160 20+ 1) 143.701 (E.12)
3 '15 18 ' 63 72 81 30 11/ " '
The second integral of the strain energy is given by:
92w 02w
.U 12572 6 dxdy
Mty 2 mmx imrx
= ff {Du Z C3 (7) sin (T) sin (7> <400b6y2
m=1 (E.13)

1400b* 4 600h3 5 660b? ¢ 320b
3

- _ 7
)’3)""33’ 3}’

— 800b5y3 +

+ ZOyS)} dxdy

Evaluation results in:

M

5 ZCZ (mn)z(a)(400 800+1400 600+660 320+20)b9 (£.14)
2y, m\qg /) \2J\3 4 " 15 18 21 24 9 '

m=1

Where:

(400 800+1400 600+660 320+20) 13651 (£.15)
3 4 15 18 21 24 9/ 77 '

135



Appendix E

The third integral of the strain energy is given by:

2 e ) o

M
1 mmx imx
_ - 2 o . 4,2
= fo {Dzz ElCmsm( " )sm( " )(4001) y (E.16)
m=

—1600b3y3 + 2400bh%y* — 1600by°> + 400y6)}dxdy

Evaluation results in:

M
1 5 Z o2 (a) (400 1600 s 2400 1600 s 400) 47 (£.17)
222 3 4 5 6 7 '

Where:

(400 1600 2400 1600 400

~ 3. E.18
3 4+5 6+7> 3.810 (E.18)

The fourth integral for the strain energy is given by:

_ f f {2066 i c (%)2 cos (?) cos (%) (400b8

= (E.19)

1600b° 800h3

y? +300b*y* — 5

+ 400b%y? —

y

2500h2 400b
L yo — Ty7 + 25y8 |t dxdy

Evaluation results in:

- i o (mn)z @ (400 , 400 1600 300 800 2500 400

66 m\~ 5 - - -

L Va2 3 12 5 18 63 24 g
25) 9
9

Where:

(400+400 1600+300 800+2500 400+25) 141349 (£.21)
3 12 5 18 ' 63 24 ' 9) % '
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Derivation of the exact solution of stiffener crippling

The integral of the work done is given by:

——ff{ }dxdy
1 < mm 2 mmx imx 400bh°
= __ 2 (22 o 84,2 4
= sz{Nx'“zlcm(a) cos( " )cos(a)<400by + 3 Y (E.22)
m=

400p5 _ 460b* _ 2000  160b? 20b
g YVt Y vt 9y—3y+y dxdy

Evaluating the integral results in:

1N CZ (400 N 400 400 4 460 200 N 160 20
— 5 Vx,sc m ~an
27 L 1 3 15 18 63 72 81 30 (£.23)
_ b11
+11)

Where:

(400 + 400 400 4 460 200 N 160 20 N 1 ) 143.701 (E.24)
3 15 18 63 72 81 30 11/ ' '

Substituting the evaluated integrals in the potential energy equation:

M
= %Dn Z cz (%)4 (%) (143.701)h11
m=1
M
+ Dy, Z cz (%)2 (%) (13.651)b°
m=1
M
+ %Dzz Z c2, (%) (3.810)b7 (E.25)
m=1
M
+ 2Dy Z cz, (%)2 (%) (441.349)b°
m=1
M
- %Nm Zl c3 (?)2 ~(143.701) b1t

Differentiating the total potential energy and setting it equal to zero, results in:

ol mir? 2n?
T D,Cy, 53 (143.701)b*! + D,,C,, (13.651)b°
m
a 2m?m?
+ DypCrm, (E) (3810)b” + DggCp ——— (441.349))° (E.26)

m2m? u
~ N5 Cn—5— (143.701)p1 = 0
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Rearranging and dividing by b'" terms results in:

2

mir? m?m? a
D11Cm 55~ | (143.701) + D13 C~—5- (13.651) + Do (W) (3.810)

ab?
(E.27)
2,2 m2m2

2m
+ DggCpy —7 (441.349) = Ny 5cCm —a (143.701)
Solving for N, results in:
m?m? 0.190 0.0265a? 12.285
Nese = D (TG )+ 0z (=) + 0 e ) + 0 () (629

Substituting the design variables used to describe an orthogrid structure:

a=dxg (E.29)

Results in the final equation for the stiffener crippling load:

N =D <m2n2> D <0.190> D (0.0265dx5t2> D (12.285) (£.31)
x,sC 11 dxstz 12 hstz 22 m2n2h5t4 66 hstz .

138



Appendix F

DERIVATION OF INTRACELLULAR BUCKLING LOAD
UNDER CLAMPED CONDITIONS

The method of minimum potential energy in combination with a Ritz approximation is used to obtain
the buckling load of the skin between the stiffeners of a grid stiffened panel. The potential energy is
given by the sum of the strain energy and the work done, as shown in equation (F.1).

n=uv+w (F.1)

Where the strain energy U is given by equation (F.2).
1 92w\’ 9%w 0w 22w\’
v=g ) () + gy PG
92w\’
4Dge | =—=— ] (dxd
T D66 <6xc')y) } xay
And the work done W by equation (F.3).

W= —%ff {Nx,iC,CC (g—v:)z}dxdy (F.3)

Clamped condition at the edges are described by zero displacement and zero slope at the edges of
the panel, which can be written as follows:

(F.2)

w(x,y) =0 atx =0,a
w(x,y) =0 aty=20,b

ow
— =0 atx=0,a
0x

W _ 0 aty=0b
dy wy="5

The displacement function which satisfies these boundary conditions is given by equation (F.4).

w(x,y) = i i Cinn (1 — cos er;nx) (1 — cos anny) (F.4)

m=1n=1

To substitute this displacement function in equations (F.2) and (F.3), the relevant derivatives are
given by equations (F.5) till (F.8).

ow S 2mm | 2mmnx 2nmy
a=ZZCmn —sin— (1—cos > ) (F.5)

m=1n=1
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2 Mo N 2
d°w Z Z c (2mn> 2mmx 1 2nmy (F6)
== mn |—— ] cos ( — Cos ) .
dx ] a a b
2 Mo N 2
0°w Z z c (2nn) (1 2mmx 2nmy (F.7)
—— = mn \ —— — cos )cos .
dy L L b a b
M N
0w 2mm\ (2nm\ = 2mmx _ 2nmy
oxdy Z ZCmn( a )( b )sm a T (F.8)
M

The strain energy is described by four integrals, from which the first is evaluated as follows:

-U (F) dxdy
ff Dy, Z Z Chn (Zmn) cos 2mix cos 2inx (1 (F.9)

m=1n=
2nmy 2]7Ty 2nmy 2]7Ty)
5 cos A + cos 5 cos A dxdy

Performing the integration with respect to x and y results in equation (F.10).
1 62W 2
2mm\* b 2nmy
D11 Z Z mn( ) (y  2nm sin b (10

— COoS

b "2y b
_2jmy
2in > +2)

Evaluating the integral along x from 0 to a and along y from 0 to be results in:
0w 1 5 2mm\* rab ab
ff dx? dxdy— D”ZZC’""< a ) (2 * 4) (F.11)
The second integral for the strain energy is given by:
2w a%w
ff 12 a 2 a 2 dXdy

[0 3 3 (2 (5 (et

m=1n=

2mnx 2mx 2nmy (F.12)
— Cos cos cos
a a b
2mmx 2nmy 2jmy
— Cos cos cos
a
2mmx 2imx 2nmy 2jmy
+ cos cos cos cos dxdy
a a b b
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Derivation of intracellular buckling load under clamped conditions

Performing the integration with respect to x and y results in:

9%w 9%w
—[f 126 26 zdxdy

M N
2mm\% ;2nm\* ; ab 2mmx _ 2nmy
— 2 . .
=D Z z Cm"( a ) ( b ) (4mnn2 e (F13)
m=1n=1
ab _ 2nmy ab | 2mnx N ab)
4nm st b 4mmn st a 4

Evaluating along the edges results in:

ﬂ 29 V;ZZ > dxdy = Dy, i Z Can (Zr;m> (27;7r> (af) (F.14)

m=1n=

The third integral is given by:

1 a2w\*
—ff D,, —2 dxdy
2nm 2nm 2jm
.UDZZZZC%m( ) (cos byco ]by

m=1n=1
2mnx  2nmy  2jmy (F.15)
— cos cos cos

a b b
2mmx 2nmy 2jmy
— CoSs cos cos

a
2mmx 2imx 2nmy 2jmy
+ cos cos cos cos )d dy
a a b b

Integrating with respect to x and y results in equation (F.16).

1 92w\’
—ff D,, —2 dxdy
2nm\* /b a b  2mnx
ff D22 Z Z CTZ""( ) <2x B 2mn§sm a (7:16)

m=1n=1

b  2mnx ab)dd
2m712Srl a xay

Evaluating the integral along the edges of the panel:

o () antr =30 Y Y5 (30%) e

m=1n=

The last and fourth integral for the strain energy is given by:
92w\’
2Dge | m—— | dxd
ﬂ- 66 <axay> xay

_ﬂ' 2D izlv:c <2mn) (Znn)z _ 2mmx | 2imx | 2nmy | 2j1ryd d
= 66 ) sin——sin——sin——=sin—-—dxdy

m=1n=1

(F.18)
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Evaluating the integral results in:

f f 2D ( o 6W> dxdy = 2D Z Z 2. (Zm") (ZZ") 4b (F.19)

m=1n=

The work done is integrated as follows:

1 aw 2
_Eff Nx,ic,cc _ dxdy
) 2mm\? . 2mmx | 2inx
:__ﬂ- ’”C“ZEC’"“( a ) (sm a g

m=1n=1

. 2mmx | 2inx 2nwty | Z2mmx | 2inx 2nmy (F.20)
—sin sin cos — sin sin cos
a a b a a b
. 2mmx | 2imx 2nmy 2jmy
+ sin sin cos cos dxdy
a a b b

Evaluation of the integral results in:

1 aw 2
__ff inccc _ dxdy
) 2mm\? /a ab _ 2nmy
=__ff x,ic,cc ZCmn( ) ( y_ﬁs b (F-Zl)

m=1n=

ab  2nmy ab
—) dxdy

inm b +4

Integration along the edges of the plate:

1 own 2 1 L 2mm\? rab  ab
5 ) Meteee (57 Jexty = —gheicee 3. Y cin(77) (45)  F22

m=1n=1

The total potential energy is now given by:

dny S () (3“)

M N
BN M)
2 x,lc,cc mn a 2 4
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Derivation of intracellular buckling load under clamped conditions

Differentiating and setting the result equal to zero gives the following relation:

ol 12m*mh 8m?2n2m* 12n*n*a
ac = D11Cnn B — + D1,Cmn BT — + Dy G T
16m?n?m* 3m?n?bh (F.24)
+ D6GCmn T - Nx,ic,cchn T =0
Solving equation (F.24) for the applied load N, results in:
3m2m?b
Nx,ic,cc -
12m*n*h 8m?n?m* 12n*na
4D 4m?*n?nt
66 ab

or:

Am?m? 8n?m? An*m?a? 16n°n?
Nxicee =D\ =7 ) ¥ Diz| 5577 | ¥ D2 | 755 ) T Des | 352 (F.26)
It can easily be seen that the buckling load is minimized for n = 1:
am?m? 8m? 4m?q? 16m?
Nyicoe = Dia|\ =3 | ¥ D1z | 533 | + D22\ 27 ) T Des | 352 (F.27)

Intracellular buckling of the unit cells under clamped conditions can be stated by substituting the
following design variables for length a and width b:

a=dxg (F.28)

b =dys (F.29)

Resulting in:

v —p <4m2n2>+D < 8n® >+D <47T2dxst2>+D <16"2> (F.30)
xiece = P11 dxst2 12 3dyst2 - mzd}’st4 e 3dyst2 .
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Appendix G

DATA-POINTS FOR NUMERICAL CONVERGENCE STUDY
ON THE ORTHOGRID PANELS

The values of the data-points, which are graphically presented in subsection 3.2.3 are given in this
appendix. There are a total of 12 tables presented, two for each of the example designs. Each table
shows the number of elements in the first column and the approximate element size between
brackets. The second column shows the applied load to the panel, before the buckling analysis is
performed. The applied load changes with number of elements, because each node is given a unit
compressive load. In the third column, the lowest found eigenvalue related to the mode of failure is
given. The fourth column shows the predicted failure load, which is the multiplication of the applied
load and the eigenvalue. The mode of buckling is shown in the fifth column, where “combined”
relates to a combination of stiffener crippling and intracellular buckling.

Table G.1 and table G.2 show the data of the convergence graphs of the first example panel,
predicting intracellular buckling.

Table G.3 and table G.4 show the data of the convergence graphs of the second example panel,
predicting intracellular buckling.

Table G.5 and table G.6 show the data of the convergence graphs of the first example panel,
predicting stiffener crippling.

Table G.7 and table G.8 show the data of the convergence graphs of the second example panel,
predicting stiffener crippling.

Table G.9 and table G.10 show the data of the convergence graphs of the first example panel,
predicting global buckling.

Table G.11 and table G.12 show the data of the convergence graphs of the second example panel,
predicting global buckling.

Table G.1: Numerical convergence of intracellular buckling on orthogrid panel, example panel 1

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

260 (50 mm)

860 (25 mm) -156240 Combined

6120 (10 mm)
27500 (5 mm) Combined
75808 (3 mm)
171744 (2 mm) Combined

Table G.2: Numerical convergence of global buckling on orthogrid panel, example panel 1

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

260 (50 mm)

860 (25 mm) -244020 Global buckling

6120 (10 mm)
27500 (5 mm)
75808 (3 mm)
171744 (2 mm)
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Data-points for numerical convergence study on the orthogrid panels

Table G.3: Numerical convergence of intracellular buckling on orthogrid panel, example panel 2

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

2131 (17 mm)
3526 (15 mm) - - -
4921 (11 mm)
7772 (10 mm) - - -
11314 (9 mm)

14104 (8 mm) -183 1091 -199653 Combined
18396 (7 mm)

27549 (6 mm) -304 497.9 -151361 Combined
38172 (5 mm)

65000 (4 mm) -726 190.9 -138593 Combined
130737 (3 mm)

WY I AT O -1764 68.27 -120428 Combined
278400 (2 mm)

Table G.4: Numerical convergence of global buckling on orthogrid panel, example panel 2

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

2131 (17 mm)
3526 (15 mm) 2637 -163494 Global buckling
4921 (11 mm)
7772 (10 mm) 1168 -161184 Global buckling
11314 (9 mm)
14104 (8 mm) 874.2 -159979 Global buckling
18396 (7 mm)
27549 (6 mm) 523.9 -159266 Global buckling
38172 (5 mm)
65000 (4 mm) - - -
130737 (3 mm)

177326 (2.5 mm) [P - -
278400 (2 mm)

Table G.5: Numerical convergence of stiffener crippling on orthogrid panel, example panel 3

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

82 (80 mm)

212 (50 mm) -116748 Stiffener crippling
616 (30 mm)

1386 (20 mm) Stiffener crippling
2222 (15 mm)
5544 (10 mm) Stiffener crippling
24500 (5 mm)
67936 (3 mm) Stiffener crippling
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Table G.6: Numerical convergence of global buckling on orthogrid panel, example panel 3

# of elements
(element size)

82 (80 mm)
212 (50 mm)
616 (30 mm)
1386 (20 mm)
2222 (15 mm)
5544 (10 mm)
24500 (5 mm)
67936 (3 mm)

Applied load [N]

Lowest
eigenvalue

Buckling load [N]

-133668

Buckling mode

Global buckling

# of elements
(element size)

1046 (20 mm)
2764 (15 mm)
7284 (10 mm)
41314 (5 mm)
109712 (3 mm)
251976 (2 mm)

Applied load [N]

Lowest Buckling load [N]

eigenvalue

-328338
-197743

-191671

Buckling mode

Stiffener crippling
Stiffener crippling

Stiffener crippling

# of elements
(element size)

1046 (20 mm)
2764 (15 mm)
7284 (10 mm)
41314 (5 mm)
109712 (3 mm)
251976 (2 mm)

Applied load [N]

Lowest
eigenvalue

Buckling load [N]

-389818

-352064

Buckling mode

Global buckling

Global buckling

Table G.9: Numerical convergence of local failure on orthogrid panel, example 5

# of elements
(element size)
196 (50 mm)

512 (30 mm)

Applied load [N]

1504 (20 mm)
2180 (15 mm)
4928 (10 mm)
23058 (5 mm)
64070 (3 mm)

Lowest
eigenvalue

Buckling load [N]

Buckling mode

Combined

Combined
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Data-points for numerical convergence study on the orthogrid panels

Table G.10: Numerical convergence of global buckling on orthogrid panel, example 5

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

196 (50 mm)

512 (30 mm) Global buckling

1504 (20 mm)
2180 (15 mm) Global buckling
4928 (10 mm)
23058 (5 mm) Global buckling
64070 (3 mm)

Table G.11: Numerical convergence of local failure on orthogrid panel, example 6

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

1046 (20 mm)

2764 (15 mm)

5154 (10 mm)

31374 (5 mm) -174438 Combined
85202 (3 mm)

Table G.12: Numerical convergence of global buckling on orthogrid panel, example 6

# of elements Appliedload[N] Lowest Buckling load [N] Buckling mode
(element size) eigenvalue

1046 (20 mm)

2764 (15 mm) Global buckling
5154 (10 mm)
31374 (5 mm) Global buckling
85202 (3 mm)
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DATA-POINTS OF THE NUMERICAL ANALYSIS
PERFORMED FOR THE PARAMETRIC STUDY

The values of the data-points shown in this appendix are related to the parametric study performed
in subsection 3.2.4. All numerical results presented here are modelled with an approximate element
size of 2 mm. In each of the tables, the first column shows the value of the design variable which is
changed. The second and third column present the applied load and the found eigenvalue from the
buckling analysis of Marc Mentat respectively. The multiplication of the two is the resulting critical
load and is given in the fourth column. The last column indicates the mode of failure related to the
found critical buckling load.

The numerical analysis on the influence of the skin thickness on the local and global modes of failure
are given in table H.1 and table H.2 respectively.

The numerical analysis on the influence of the stiffener thickness on the local and global modes of
failure are given in table H.3 and table H.4 respectively.

The numerical analysis on the influence of the stiffener height on the local and global modes of
failure are given in table H.5 and table H.6 respectively.

The numerical analysis on the influence of the number of longitudinal stiffeners on the local and
global modes of failure are given in table H.7 and table H.8 respectively.

The numerical analysis on the influence of the number of transverse stiffeners on the local and global
modes of failure are given in table H.9 and table H.10 respectively.

Table H.1: Numerically predicted local failure load by varying the skin thickness

Skin thickness Applied load [N] Lowest Buckling load [N] Buckling mode
[+/-45]-plies eigenvalue

-2684 98.48 -264320 IC buckling
-2684 351.0 -942084 Combined
-2684 443.7 -1190891 Combined

-2684 511.9 -1373940 Combined

OO NOUPL,WNER

-2684 564.5 -1515118 Combined

[
(=]

Table H.2: Numerically predicted global buckling load by the varying skin thickness

Skin thickness Applied load [N] Lowest Buckling load [N] Buckling mode
[+/-45]-plies eigenvalue

-265313 Global buckling

-320738 Global buckling

-356704 Global buckling
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Data-points of the numerical analysis performed for the parametric study

-391059 Global buckling

-442592 Global buckling

Table H.3: Numerically predicted local failure load by varying the stiffener thickness
Stiffener Applied load [N] Lowest Buckling load [N] Buckling mode
thickness eigenvalue
[0]-plies

-2684 76.5 -205326 Stiffener crippling
-2684 351.0 -942084 Combined
-2684 561.2 -1506261 IC buckling

-2684 690.9 -1854376 IC buckling

-2684 822.9 -2208664 IC buckling

Table H.4: Numerically predicted global buckling load by the varying stiffener thickness

Stiffener Applied load [N] Lowest Buckling load [N] Buckling mode
thickness eigenvalue

[0]-plies

P

4 -2684
6

8 -2684
o)

68.08 -182727

Global buckling

119.5 -320738

Global buckling

12 -2684 164.9 -442592 Global buckling
14
16 -2684 206.7 -554783 Global buckling
18
20 -2684 246.2 -660801 Global buckling

Table H.5: Numerically predicted local failure load by varying the stiffener height

Stiffener height Applied load [N] Lowest Buckling load [N] Buckling mode
[mm] eigenvalue

2

4 - - -

6

8 - - -
10
12 - - -
14
16 - - :
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-2684 351.0 -942084 Combined
-3172 303.2 -961750 Combined
-3660 272.7 -998082 Combined
-4148 252.7 -1048200 Combined

-4636 239.1 -1108468 Combined

Combined

-5124

229.5 -1175958

Table H.6: Numerically predicted global buckling load by the varying stiffener height

Stiffener height Applied load [N] Lowest Buckling load [N] Buckling mode
[mm] eigenvalue

P

4 10.74
6

8 24.89
10

12 49.33
14

16 81.48 -178930
18

20 119.5 -320738 Global buckling
22
24 162.1 -514181 Global buckling
26
28 208.0 -761280 Global buckling
30

32 256.2 -1062718
34

36

38

40

-7862

Global buckling

-30365

Global buckling

-84256 Global buckling

Global buckling

Global buckling

Table H.7: Numerically predicted local failure load by varying the number of longitudinal stiffeners

Longitudinal Applied load [N] Lowest Buckling load [N] Buckling mode
stiffeners eigenvalue

2

4 57.93
6

8 243.2
10

12 426.3
14

16 591.7 -1568597 Combined

Combined

-159308

Combined

-658099

Combined

-1139500

18
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Data-points of the numerical analysis performed for the parametric study

-2040544 Combined

-2428433 Combined

-2796728 Combined

Table H.8: Numerically predicted global buckling load by varying the number of longitudinal
stiffeners

Longitudinal Applied load [N] Lowest Buckling load [N] Buckling mode
stiffeners eigenvalue

2

4

6

8 -285754 Global buckling
10

12 -350698 Global buckling
14

16 -398976 Global buckling
18

20 -437844 Global buckling
22

24 -471101 Global buckling
26

28 -500834 Global buckling
30

Table H.9: Numerically predicted local failure load by varying the number of transverse stiffeners

Transverse Applied load [N] Lowest Buckling load [N] Buckling mode

stiffeners eigenvalue

3

) 184.1
7

9 254.0
11

13 319.1
15

17 383.8 -1030119 Combined
19

21 4445 -1193038 Combined
23

25 495.8 -1330727 Combined

-494124 Combined

-681736 Combined

-856464 Combined

27
29 541.9 -1454460 Combined

31
33 - : :
35

37 - - -
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Table H.10: Numerically predicted global buckling failure load by varying the number of transverse
stiffeners

Transverse Applied load [N] Lowest Buckling load [N] Buckling mode

stiffeners eigenvalue
3

5 72.34
7

9 97.75
11

13 113.5
15

17 124.8
19

21 133.9 -359388
23

25 141.8 -380591 Global buckling
27
29 148.8 -399379 Global buckling
31
33 155.2 -416557 Global buckling
35
37 161.1 -432392 Global buckling
39
41 166.8 -447691 Global buckling

-194161 Global buckling

-262361 Global buckling

-304634

Global buckling

-334963

Global buckling

Global buckling
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RESULTS FOR THE THEORETICAL LOW-WEIGHT
ORTHOGRID DESIGNS

The determined failure loads by the analytical and numerical models for the preliminary designs
related to the theoretical low-weight designs are outlined in table I.1 and table 1.2 respectively. The
locations of the assumed critical location for first ply failure is indicated between brackets in the
most right column of table I.1.The critical locations are indicated in figure 4.3.

Table I.1: Analytical solutions for preliminary orthogrid designs (theoretical)

Loadcase Global Stiffener Intracellular Intracellular First ply failure
[kN] buckling [N] crippling [N] buckling (ss) buckling (cc) [N], [critical
[N] [N] location]

113411 165892 68043 198371 244290 [6]
228010 324381 227114 662651 324219 [6]
336624 499162 254782 839538 315967 [6]
448226 646432 488392 1427408 505560 [6]
579201 806814 369623 1060578 603198 [6]
678031 1005482 456579 1316102 696259 [6]
791732 1154810 440495 1498582 458731 [6]

907799 1316913 533846 1773935 503770 [6]

Table 1.2: Numerical solution of the preliminary orthogrid designs (theoretical)

Loadcase Numerical solution x;  Failure mode Numerical solution x, Failure mode
[kN] [N], (applied load [N], (applied load

*eigenvalue) *eigenvalue)

50

120826 (24800*4.872) 153388 (24800*6.185) Combined

Global buckling

Combined

229223 (2629*87.19)

Global buckling 251569 (2629*95.69)

316746 (3133*101.1) Combined 327085 (3133*104.4) Global buckling

Combined

433199 (3055*141.8)

Global buckling 520878 (3055*170.5)

Combined

559409 (3374*165.8)

Global buckling 693694 (3374*205.6)

646724 (3615*%178.9)  Global buckling 852779 (3615*235.9) Combined
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637838 (3984*160.1)  Combined 721901 (3984*181.2) Global buckling

767917 (3904*196.7)  Combined 832723 (3904*213.3) Global buckling

The analytical and numerical determined critical loads for the improved designs are shown in table
I.3 and table 1.4 respectively.

Table 1.3: Analytical solutions for improved low-weight orthogrid designs (theoretical)

Loadcase Global Stiffener Intracellular Intracellular First ply failure
[kN] buckling [N] crippling [N] buckling (ss) buckling (cc) [N], [critical

[N] [N] location]

50

100138 108828 151899 443614 333154 [6]

211751 183814 130933 363815 401442 [6]

305080 295083 261398 728457 562317 [6]

467600 455313 452385 1269153 527463 [6]
547483 515153 685675 1905234 631670 [6]
635003 630626 798708 2219770 708560 [6]
779790 743394 518395 1440594 774911 [6]
835971 959711 701957 1950384 876209 [6]

Table 1.4: Numerical solutions for improved low-weight orthogrid designs (theoretical)

Loadcase Numerical solution x; Failure mode Numerical solution x, Failure mode
[kN] [N], (applied load [N], (applied load
*eigenvalue) *eigenvalue)

50
103445 (2115*48.91)  Global buckling 130982 (2115*61.93)  Combined

205477 (2892*71.05) Combined 213111 (2892*73.69)  Global buckling

305561 (3133*97.53)  Global buckling 352776 (3133*112.6)  Combined

416185 (3290*126.5) Combined 451717 (3290*137.3)  Global buckling

516757 (3248*159.1) Combined 532347 (3248*163.9)  Global buckling
609809 (3645*%167.3)  Global buckling 625847 (3645*171.7)  Combined

744150 (3824*194.6)  Global buckling 752946 (3824*196.9)  Combined

803520 (3968*202.5)  Global buckling 966604 (3968*243.6) @ Combined
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RESULTS FOR THE PRACTICAL LOW-WEIGHT
ORTHOGRID DESIGNS

The determined failure loads by the analytical and numerical models for the preliminary designs
related to the more practical designs are outlined in table J.1 and table J.2 respectively. The locations
of the assumed critical location for first ply failure is indicated between brackets in the most right
column of table J.1.The critical locations are indicated in figure 4.3.

Table J.1: Analytical solutions for preliminary orthogrid designs (practical)

Loadcase Global Stiffener Intracellular Intracellular First ply failure
[kN] buckling [N] crippling [N] buckling (ss) buckling (cc) [N], [critical

[N] [N] location]

114405 440444 73839 205772 428927 [6]

229057 393321 153297 430067 650852 [6]

342975 500929 257812 723285

801470 [6]

491549 675549 290718 815593

791818 [6]

583657 897571 356206 992666 1152831 [6]

689290 1009547 440553 1224274 757621 [6]

786841 1128538 524915 1458541 1043915 [6]

909994 1291987 570229 1599760 750550 [6]

Table J.2: Numerical solution of the preliminary orthogrid designs (practical)

Loadcase Numerical solution x; Failure mode Numerical solution x, Failure mode
[kN] [N], (applied load [N], (applied load
*eigenvalue) *eigenvalue)

50
116183 (2490*46.66)  Global buckling 123753 (2490*49.70)  IC buckling

194274 (3012*64.50) Combined 204665 (3012*%67.95)  Global buckling

318988 (2892*110.3)  Global buckling 402566 (2892*139.2)  Combined

445859 (3486*127.9) Global buckling 455969 (3486*130.8) Combined

342985 (3735*%*91.83) Combined 560250 (3735*%150.0)  Global buckling

647279 (3514*184.2)  Global buckling 885879 (3514*252.1)  Combined
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635664 (3936*161.5) Combined 662035 (3936*168.2)  Global buckling

820580 (3735*219.7)  Global buckling 1011811 (3735*270.9) Combined

The analytical and numerical determined critical loads for the improved practical designs are shown
in table J.3 and table J.4 respectively.

Table J.3: Analytical solutions for improved low-weight orthogrid designs (practical)

Loadcase Global Stiffener Intracellular Intracellular First ply failure
[kN] buckling [N] crippling [N] buckling (ss) buckling (cc) [N], [critical

[N] [N] location]

50

107291 443305 74993 210388 436057 [6]

220212 429353 145289 403970 612113 [6]

321638 471873 206220 581114 696498 [6]

456636 531038 263076 730991 693174 [6]
564927 733322 299649 858386 615419 [6]
652704 777006 462332 1311387 759892 [6]
783225 801629 590410 1680484 759605 [6]
879860 734336 1012202 2814373 995892 [6]

Table J.4: Numerical solutions for improved low-weight orthogrid designs (practical)

Loadcase Numerical solution x; Failure mode Numerical solution x, Failure mode
[kN] [N], (applied load [N], (applied load
*eigenvalue) *eigenvalue)

50
102215 (2490*41.05) Global buckling 114266 (2490*45.89)  Combined

206274 (2761*74.71)  Global buckling 233028 (2761*84.40)  Combined

308512 (2916*105.8)  Global buckling 335923 (2916*115.2)  Combined

414834 (3486*119.0) Combined 433658 (3486*124.4)  Global buckling

505214 (3458*146.1) Combined 519737 (3458*150.3)  Global buckling
609328 (3514*173.4) Global buckling 731966 (3514*208.3) Combined

727952 (3735*%194.9) Global buckling 733928 (3735*196.5)  Combined

800389 (4016*199.3) Combined 816051 (4016*203.2)  Global buckling
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QUALITY ANALYSIS MEASUREMENTS OF SAMPLE
ORTHOGRID PANEL 1 AND PANEL 2

The measurements performed on the plug, the mould and the two sample orthogrid panels are
outlined in this appendix. The measurements on the plug were performed on the points indicated in
figure K.1. The numbers indicate the locations in the xy-plane of the panel and act as a reference for
the measurement indicated in table K.1 and table K.2.

In the tables, the z locations refer to skin (z = 0), stiffener at the bottom (z = 1), middle (z = 2) and top
(z=3).

For all the measurements, the average and standard deviations are calculated and written down in
the tables as well.

Figure K.1: Measurement locations on the sample orthogrid plug
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Table K.1: Stiffener measurements plug

Location t:(z=1) [mm] t:(z=2) [mm] t:(z =3) [mm]

5.19 5.19 5.26 19.61
5.30 5.31 5.27 19.56
5.29 5.31 5.34 19.74

5.20 5.20 5.23 19.70

1
P
3
4
5
6
7
8
9

[y
(=]

5.26 5.32 5.25 19.37

(Y
[y

5.20 5.21 5.20 19.56
Average
SENCEICICSVENGIN 0.0429 0.0573 0.0505 0.1364

Table K.2: Cell measurements plug

Location  Stiffener spacing (dx - ti; ) [mm] Stiffener spacing (dys; - t;: ) [mm]

141.77 141.76 141.73 141.75 67.04 67.09 67.06 67.06

141.72 141.67 141.70 141.70 67.01 67.06 67.09 67.05
4
Total 141.72 67.05
average
Standard
deviation

Length and width of the plug (inside measure) [mm]

400.0 400.0 400.0 400.0
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The measurements on the mould were performed on the points indicated in figure K.2. The numbers
indicate the locations in the xy-plane of the panel and act as a reference for the measurement
indicated in table K.3 and table K.4.

In the tables the z locations refer to skin (z = 0), stiffener at the bottom (z = 1), middle (z = 2) and top
(z = 3). For the mould, only the (z = 1) location could be measured, since the flexibility of the mould
did not allow accurate measurements on the other locations.

The numbers indicated in figure K.2 can also be compared to the same numbers indicated for the
plug or the product in figure K.3.

Averages and standard deviations as a result of the measurements are also presented in the tables.

Figure K.2: Measurement locations on the sample orthogrid mould
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Table K.3: Stiffener measurements mould

Location ti:(z=1) [mm] ‘ hg [mm]

1
p
3
4
5
6
7
8
9

Average
Standard deviation

Table K.4: Cell measurements mould

Location  Stiffener spacing (dx; - t;; ) [mm] Stiffener spacing
(xy) (dyst - tst ) [mm]

141.66 141.73 141.71 141.70 67.23 67.13 67.27 67.21

141.75 141.69 141.89 141.78 67.34 67.27 67.21 67.27
4
Total 141.76 67.21
average
Standard
deviation

Length and width of the mould (inside measure) [mm]

401.0 400.5 400.2 400.6

The measurement locations of the first sample orthogrid panel are indicated in figure K.3. The blue
line indicates the position of the resin runner during the vacuum infusion, which is placed all around
the panel. The arrow indicates the inlet position and the directions of the resin flow.

The numbers indicate the locations in the xy-plane of the panel and act as a reference for the
measurement indicated in table K.5 and table K.6.

In the table the z locations refer to skin (z = 0), stiffener at the bottom (z = 1), middle (z = 2) and top
(z=3).
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Figure K.3: Measurement locations on the sample orthogrid panel

Table K.5: Cell measurements sample orthogrid panel 1

Location t.(z = 0) [mm] Stiffener spacing Stiffener spacing Voids
(dx - ts ) [mm] (dyst - ts ) [mm]

Average
Standard
deviation
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Table K.6: Stiffener measurements sample orthogrid panel 1

Location te(z=1)[mm] t (z=2)[mm] t.:(z=3)[mMm] hy[mm]

4.44

4.43

4.80

4.42 4.16 4.83 19.09 z=2

OO NOULEA, WNER

[y
(=]

4.10 4.16 4.81 18.74 z=2

[N
[N

12 4.38
Average

Standard 0.2101
deviation

4.45 4.75 18.95 z=2,3

0.1939 0.0565 0.1208

The same measurement locations for the second sample orthogrid panel are used. The related
measurements are outlined in table K.7 and table K.8.

Table K.7: Cell measurements sample orthogrid panel 2

Location ty (z = 0) [mm] Stiffener spacing Stiffener spacing Voids
(dx; - ts ) [mm] (dyst - tst ) [mm]

Average
Standard 0.0415 0.0606 0.0512
deviation

Table K.8: Stiffener measurements sample orthogrid panel 2

Location ti(z=1)[mm] t (z=2)[mm] ty (z=3)[mm] h;[mm] Voids
4.32 4.42 4.72 19.37 z2=2
431 4.30 4.77 19.49 None
4.30 4.26 4.73 19.43 None

3.78 3.85 4.66 19.01 z=2

OO NOUIEAL,WNER

[
(=]

3.86 3.90 4.79 19.54 None

[y
[y

4.08 3.97 4.68 19.15 None
Average
Standard 0.2201

deviation

0.1635 0.0454 0.2158
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All the measurements performed on the sample orthogrid panels are compared by their found values
and plotting their normal distributions, obtained from the measurements.

The comparison of the skin thickness is shown in table K.9, where it is shown that the thickness is
found to be lower than initially designed.

Table K.9: Comparison of skin thickness

Design value Panel 1 Panel 2
Total thickness [mm]

The measurements on the stiffener height are presented as normal distributions in figure K.3. From
the graphs, it can be seen that the manufactured plug already has a lower stiffener height than the
design value of 20 mm.

The mould also introduces a small change of the average stiffener height. However, the mould
measurements tend to be inaccurate, because of the flexibility of the silicon. The silicon can be easily
indented, which also explains the larger variation of the normal distribution.

Sample orthogrid panel 1 shows another decrease of the stiffener height, which could be explained
by the applied vacuum during the infusion. The pressure applied, compresses the mould and
therefore reduces the stiffener height.

This reduction of the stiffener height is less apparent for the second sample orthogrid panel. The
difference of 0.33 mm on the average between both panels, could possibly be addressed to
tolerances in manufacturing. However, more panels should be manufactured and measured in order
to validate this statement.

— Plug

— Mould
Panel 1

-|— Panel 2 |

— Design value: 20.0 mm

Normal distribution

185 19.0 19.5 20.0 20.5 21.0
Stiffener height [mm]

Figure K.4: Normal distributions of stiffener height measurements

The thickness of the stiffener is measured on different locations along the height of the stiffener. The
normal distributions of the performed measurements are shown in figure K.5, figure K.6 and figure
K.7. The locations along the height are indicated by z=1, z =2 and z = 3, which can be related to the
bottom, middle and top of the stiffener respectively. For the design value, the thickness was
unintentionally set at 5.40 mm, where a thickness of 5.04 mm was initially designed.

After milling the plug and pouring the mould, the stiffener thickness was reduced by approximately
0.5 mm with low variations on the measurements. The measurements on the mould could only be
performed at the z = 1 locations, since measuring inside the channels would result in inaccurate
measurements.
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After the vacuum infusion process, the stiffener thickness was reduced significantly on locations z=1
and z = 2, which is explained by the deformation of the silicon mould at the top of the silicon mould
channels. At location z = 3, the silicon is relatively stable due to the thick layer of silicon on the
bottom, which prevents the mould from compressing the stiffener. Less variation in the
measurements are also found at the top of the grid.

— Plug
— Mould
Panel 1
_5 I — Panel 2 ]
5 — Design value: 5.4 mm
o
S
g1
©
‘©
et
[
o
=z
3.5 4.0 45 5.0 5.5 6.0 6.5
Stiffener thickness at z=1 [mm]
Figure K.5: Normal distributions of stiffener thickness at z=1
— Plug
Panel 1

— Panel 2
.5 - .| — Design value: 5.4 mm|
4:_; H
o]
=R
o]
T
©
£ |
o
P

35 4.0 4.5 5.0 5.5 6.0 6.5
Stiffener thickness at z=2 [mm]

Figure K.6: Normal distributions of stiffener thickness at z=2
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— Plug
Panel 1

— Panel 2

— Design value: 5.4 mml||

Normal distribution

35 4.0 45 5.0 5.5 6.0 6.5
Stiffener thickness at z=3 [mm]

Figure K.7: Normal distributions of stiffener thickness at z=3

The results of the measurements on the stiffener spacing are drawn in figure K.8 and K.9. The figures
show the normal distributions of the spacing along the x-axis and along the y-axis respectively.

The plug and silicon mould show an increase of the spacing between the stiffeners, which is a result
of the milling machines tolerances. This increase is also in agreement with the lower thickness of the
stiffeners.

Orthogrid sample panels 1 and 2 also show another increase of the stiffener spacing, which could be
a result of the applied pressure from the vacuum. The increase of the stiffener spacing is however
approximately 0.4 mm in both x and y direction. From this same value in both directions, it could be
considered that not the full silicon block deforms under the applied pressure, because the block has a
length to width ratio of 2.

The change could also be addressed to expansion of the silicon mould caused by an increase of
temperature. However, the temperature rise as a result of the exothermal reaction could be
considered small, because the used hardener for the epoxy maintains the temperature at
approximately 30 degrees Celsius for at least three hours according to the data sheet.

— Plug

— Mould
Panel 1
-|— Panel 2 |
— Design value: 141.6 mm

Normal distribution

141.4 141.6 141.8 142.0 142.2 142.4 142.6 142.8
Stiffener spacing dx [mm]

Figure K.8: Normal distributions of stiffener spacing dx

165



Appendix K

Normal distribution

— Plug

— Mould
Panel 1

— Panel 2 ]

— Design value: 66.9 mm

66.8

67.0 67.2 67.4 67.6 67.8 68.0 68.2
Stiffener spacing dy [mm]

Figure K.9: Normal distributions of stiffener spacing dy
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QUALITY ANALYSIS MEASUREMENTS OF THE SANDWICH
PANEL

Figure L.1 shows the measurements locations on the sandwich panel. The blue line indicates the
position of the resin runner, which is placed on one side of the panel. The arrow indicates the inlet
position and the initial direction of the resin flow during the vacuum infusion process. The numbers
indicate the locations in the xy-plane of the panel and act as a reference for the measurements
outlined in table L.1 and table L.2.

The foam core measurements in table L.2 are obtained by measuring the dry foam core, before the
vacuum infusion was performed.

Figure L.1: Measurement locations on the sandwich panel
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Table L.1: Sandwich panel measurements

Location (t:+t.) [mm] Design thickness [mm]

14.42

14.42

14.50

OO NOULEA, WNER

14.55 None
10 14.50 None
Average
NENEETC RS 0.045398
Table L.2: Foam core measurements
Location t. [mm] Design thickness [mm]

12.20

12.18

12.24

12.09

1
2
3
4
)
6
7
8
9

10 12.08
Average
Standard deviation 0.0516236

The total thickness was measured on several locations of the panel, from which the normal
distribution is plotted in figure L.2. The initial design predicted a thickness of 14.7 mm, where the
average from the measurements is found 0.227 mm thinner on 14.473 mm.

— Total thicknesé
— Design value: 14.7 mm

Normal distribution

14.2 14.3 14.4 145 14.6 14.7 14.8 14.9 15.0
Total thickness sandwich panel [mm]

Figure L.2: Normal distributions of sandwich panel total thickness
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The foam core thickness was measured prior to manufacturing and the normal distribution about the
average of 12.155 is drawn in figure L.3. This value is higher than the design value of 12 mm, but
could be addressed to manufacturing tolerances of the foam core material.

— Thickness foam |
— Design value: 12.0 mm

[

o

d

>

2

= .

0

©
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—

[®]

p=d

11.9 12.0 12.1 12.2 12.3 12.4 12.5

Thickness foam core sandwich panel [mm]

Figure L.3: Normal distributions of foam core thickness

The thickness of the face sheets are determined by subtracting the foam core thickness from the
total average thickness. This results in a value of 2.318 mm of both face sheets. Since one face sheet
is a stacking of 2 layers of biaxial glass-fibre, 1 ply is giving a thickness of 0.580 mm. This is different
from the thickness used for design, where 1 ply was considered 0.675 mm.

169



Appendix M

QUALITY ANALYSIS MEASUREMENTS OF THE
ORTHOGRID PANEL

This appendix shows all the performed measurements on the plug, the mould and the final orthogrid
panel. The plug was 3D printed and the measurement locations are indicated in figure M.1. Each
location indicates an area of a 3D printed part. The values obtained from the measurements are
outlined in table M.1 and table M.2.

At each indicated location 3 measurements are performed, indicated by m1, m2 and m3 in the table
M.1. For the cell measurements in table M.2, 5 different measurements are performed on each

location, indicated by m1, m2, m3, m4 and m5.
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Figure M.1: Measurement locations on the plug of the orthogrid panel

Table M.1: Stiffener measurements 3D printed plug

Location te(z=1)[mm] | ty(z=2) [mm] te(z = 3) [mm] hy [mm]
ml m2 m3 ml m2 m3 ml m2 m3 ml m2 (115
average average average average

1
1 average

2
2 average
3
3 average
4
4 average
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Quality analysis measurements of the orthogrid panel

5
5 average . 2.32 2.67 16.93
6
6 average . 2.15
7
7 average . 2.16
8
8 average . 2.11 2.21

Average . 2.19 2.32

Standard
deviation

2.23

2.31

Table M.2: Cell measurements 3D printed plug

Location  Stiffener spacing (dx.; - t.; ) [mm] Stiffener spacing (dys; - ti; ) [mm]

m1l m2 m3 m4 mb5 m1l m2 m3 m4 m5
Average Average

1
1 average 24.68
2
2 average 24.27
3
3 average 24.70
4
4 average 24.87 17.10
5
5 average 24.20 16.45
6
6 average 24.64 16.94
7
7 average 24.57 16.83
8
8 average 24.39 16.89

16.93

16.60

16.88

Average 24.54 16.83
Standard
deviation
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The measurement locations of the silicon mould are indicated in figure M.2. The numbers indicate
the locations in the xy-plane of the panel and act as a reference for the measurements indicated in
table M.3 and table M.4.

In the tables the z locations refer to skin (z = 0), stiffener at the bottom (z = 1), middle (z = 2) and top
(z = 3). For the silicon mould, measurements are only performed at (z = 1), because the flexibility of
the silicon does not allow accurate measurements in the channels of the mould.

The numbers indicated in the figure can be related to the same numbers in figure M.1 and figure
M.3.

Figure M.2: Measurement locations on the mould of the orthogrid panel

Table M.3: Stiffener measurements orthogrid mould

Location te(z=1) [mm] hg [mm]
ml m2 m3 ml m2

average average

1

1 average 2.28
p

2 average 2.01
3

3 average 2.36
4

4 average 2.26 17.07
)

5 average 2.14 17.14

17.15

17.24

17.07

6
6 average 2.02 17.25
7

7 average 2.24 17.12
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Quality analysis measurements of the orthogrid panel

8
8 average

Average
Standard
deviation

Table M.4: Cell measurements orthogrid mould

Location Stiffener spacing (dx - t; ) [mm] Stiffener spacing (dys; - ts ) [mm]

m1l m2 m3 m4 m5 m1l m2 m3 m4
Average Average

1

1 average 24.73
p

2 average 25.34
3

3 average 24.62
4

4 average 25.09 17.18
5

5 average 25.12 17.41
6

6 average 25.07 17.26
7

7 average 24.91 17.23
8

8 average 24.86 16.96

17.05

17.30

16.72

Average 24.97 17.14
Standard
deviation

The measurement locations for the orthogrid panel are indicated in figure M.3. The yellow arrow
shows the inlet position at the left side of the panel. The yellow line indicates the resin runner, which
was positioned all around the panel during the vacuum infusion.

The numbers indicate the locations in the xy-plane of the panel and act as a reference for the
measurement indicated in table M.5, table M.6 and table M.7.

In the tables, the z locations refer to skin (z = 0), stiffener at the bottom (z = 1), middle (z = 2) and top
(z = 3). The skin thickness will be calculated by subtracting the total thickness and the stiffener
height, since the cells were too small to make proper skin thickness measurements.

Multiple measurements are performed at each location, indicated by m1, m2, m3, m4 and m5 in the
tables.
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Figure M.3: Measurement locations on the orthogrid panel

Table M.5: Stiffener measurements orthogrid panel

Location t:(z=1) [mm] t.:(z =2) [mm] t.:(z=3) [mm] h [mm]

ml m2 11E] ml m2 m3 ml m2 m3 ml m2 (115
average average average average

1
1 average 2.21
p
2 average 2.11
3

2.45 2.20 17.07

2.65

2.49 16.87

3 average 2.16 2.34 2.24 17.12
j:average 2.31 2.19 2.14 16.86
: average 2.18 2.36 2.61 16.75
2 average 2.40 2.25 2.30 16.70
; average 2.18 2.34 2.27 16.95
: average 2.35 2.24 2.19 16.97
Average 2.24 2.35 2.31 16.91

Standard

deviation
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Quality analysis measurements of the orthogrid panel

Table M.6: Total thickness measurements orthogrid panel

Location ( to +hee ) [mm]

m1l m2

average
1
1 average 17.68
p
2 average 17.50
3
3 average 17.75
4
4 average 17.30
)
5 average 17.20
6
6 average 17.23
7
7 average 17.40
8
8 average 17.47

Average 17.44
Standard
deviation

Table M.7: Cell measurements orthogrid panel

Location Stiffener spacing (dx; - t;; ) [mm] Stiffener spacing (dys; - t;: ) [mm]

m1l m2 m3 m4 mb5 m1l m2 m3 m4 m5
Average Average

1
1 average 24.74
2
2 average 24.45
3
3 average 24.76
4
4 average 24.88 17.22
5
5 average 24.32 16.61
6
6 average 24.73 17.01
7
7 average 24.77 17.04
8
8 average 24.61 16.96

17.00

16.72

17.01

Average 24.66 16.95
Standard
deviation
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The performed measurements are outlined and graphically presented by plotting the normal
distribution related to the averages and standard deviations.

The total thickness of the panel is measured at 24 locations of the panel. The average of the
measurements was found to be 17.44 mm, where the designed value was given by 17.675 mm as is
shown in table M.8. The explanation could be found after measuring the average stiffener height.

Table M.8: Comparison of total thickness orthogrid panel

Theoretical value [mm] Orthogrid panel [mm]
Total thickness [mm]

The stiffener spacing of the orthogrid panel has been measured for the plug, the silicon mould and
the orthogrid panel and are compared in figure M.4 and figure M.5. For both directions of stiffener
spacing, a total of 40 measurements were performed.

— Plug

— Mould
Orthogid panel

— Design value: 24.89 mm||

Normal distribution

—

24.0 245 25.0 255 26.0
Stiffener spacing dx [mm]

Figure M.4: Normal distributions of stiffener spacing dx of the orthogrid panel

— Plug

— Mould
Orthogrid panel

— Design value: 17.04 mm||

Normal distribution

16.5 17.0 175 18.0
Stiffener spacing dy [mm]

Figure M.5: Normal distributions of stiffener spacing dy of the orthogrid panel
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Quality analysis measurements of the orthogrid panel

The stiffener spacing for the plug was smaller than the initial design, which is a result of the increase
in stiffener thickness of the 3D printed grid. The mould has a higher average stiffener spacing, where
the final orthogrid panel is comparable with the plug. The relatively large standard deviation will
have an impact on the standard deviation of the stiffener thickness as well, which was already
designed very thin.

The measurements on the stiffener height are graphically presented as normal distributions in figure
M.6. The plug and mould were measured with an average between 17.1 mm and 17.2 mm. After the
vacuum infusion process, the average height of the orthogrid panel was measured on 16.91 mm,
which is a 0.09 mm difference with the design value.

|— Plug

— Mould
Orthogrid panel
Design value: 17.0 mm

Normal distribution

16.4 16.6 16.8 17.0 17.2 17.4 17.6 17.8 18.0
Stiffener height [mm]

Figure M.6: Normal distributions of the stiffener height of the orthogrid panel

Due to the small cells, accurate measurements of the skin thickness were hard to perform. The skin
thickness is therefore calculated by subtracting the average stiffener height from the average total
thickness. This results in a skin thickness of 0.53 mm, which is lower than the design value of 0.675
mm. This value is much lower than expected, which could be a result of the larger scatter in the
results of the total thickness measurements. Therefore, measurements on the skin thickness were
performed after cutting pieces from the orthogrid panel after the test. From a total of 8
measurements, an average skin thickness of 0.676 mm was found with a standard deviation of
0.0173 mm. This is in good agreement with the expected thickness of the skin.

— Plug
— Mould
Orthogrid panel
— Design value: 2.11 mm

Normal distribution

N\

1.9 2.0 2.1 2.2 23 2.4 2.5 2.6 2.7
Stiffener thickness Z1 [mm]

Figure M.7: Stiffener thickness Z1 normal distributions large orthogrid panel
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The thickness of the grid was measured on three height locations; bottom, middle an top, of which
the normal distributions of the measurements are shown in figure M.7, figure M.8 and figure M.9
respectively. An unexpected result is that the stiffener thickness is not decreased during the vacuum
infusion process. The standard deviation seems to be relatively large and since not the exact same
locations were measured for the plug, mould and panel, the comparison is harder to make. The
orthogrid panel, indicated by the yellow lines does show a constant average thickness along the
height.

The silicon mould measurements were not performed on (z = 2) and (z = 3), because the specific area
was hard to reach with a calliper and would therefore results in inaccurate measurements.

— Plug
Orthogrid panel
— Design value: 2.11 mm
S | o |
5
=l
=g
0
©
©
£ |
(@]
=
2.2 2.4 2.6 2.8
Stiffener thickness Z2 [mm]
Figure M.8: Stiffener thickness Z2 normal distributions large orthogrid panel
— Plug
Orthogrid panel
— Design value: 2.11 mm
S | |
5
=)
-
g1
©
©
£ |
o
2
2.2 2.4 2.6 2.8
Stiffener thickness Z3 [mm]

Figure M.9: Stiffener thickness Z3 normal distributions large orthogrid panel
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EXPLANATION OF NON-LINEAR NUMERICAL MODELS

This appendix gives information on the different boundary conditions and model choices made with
respect to the numerical models presented in chapter 7. The aim is to give a more clear
understanding by showing prints screens of the applied load, boundary conditions and other
constraints. This should help in reproducing the results for future researchers. The information is
based on an example orthogrid panel, but the same set-up could be introduced on other
configurations.

Materials of the numerical model

The test panels which were manufactured and tested during this study, had been slightly modified by
adding tab material and slightly increasing the length and width. These changes have been taken into
account in the numerical model, which is shown in figure N.1.

Stiffener layup
Skin layup
Skin layup + tab material

Tab material

Figure N.1: Numerical model of an example orthogrid panel, showing the element set-up and the
related material lay-ups

Boundary conditions

The boundary conditions of the numerical model were not changed with respect to the initial models
used in chapter 3 and chapter 4. A print screen of the applied boundary conditions is shown in figure
N2.

Links

In chapter 3 and 4, no links were introduced to the model. However, the links introduce more
realistic behaviour with respect to the experiment and were therefore introduced to the non-linear
models in chapter 7. At the edge where only a fixed displacement in x and y is present, the panel is
allowed to rotate around the y axis. The links will introduce a uniform displacement in x at this edge
of the panel, which is also occurring in the compression test. A print screen of the situation is given in
figure N.3.
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Fixed displacement in x, y and z
Fixed displacement in z

Fixed displacement in z

Fixed displacement in y and z

Figure N.2: Boundary conditions on the numerical models used in this study

Applied load (eigenvalue analysis)

For the eigenvalue analysis, a unit-load is introduced at every node on one side of the panel, which is
shows in figure N.4.

Applied load (non-linear analysis)

For the non-linear analysis, the full applied load is introduced at the node which is connected to all
the nodes at the edge via the links. The situation is shown in figure N.5.
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Explanation of non-linear numerical models

Figure N.3: Nodal ties appended to create a uniform displacement at the related edge

Figure N.4: Applied unit loads when performing the eigenvalue analysis

linear analysis

Figure N.5: Applied full load, introduced with the non
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