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Abstract

This Master's thesis consists in the structural analysis of a �xed-wing composite unmanned
aerial vehicle. The analysis of the aircraft is done in a few steps. The carbon �ber composite
used for the skin of the plane is studied thanks to a three point bending test and a �nite element
model. Then a �nite element model of the whole aircraft is developed and is veri�ed thanks
to an experimental test. The behavior of the drone performing a resource is studied to ensure
that it resists to the maximum aerodynamic loads. In order to do that, an estimation of the
aerodynamic loads is performed and a panel method software is used to �nd the distribution of
the pressure all over the aircraft. The results show that the skin of the wing is undergoing small
stresses compared to its resistance except at the junction with the winglet.
This paper describes all of the methodology used as well as the material and the tools used and
an interpretation of the results.
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Chapter 1

Introduction

When people hear talking about drones, they immediately imagine a quadricopter or a military
aircraft. The Guardian Eye is totally di�erent, it is a blended wing body composite aircraft
designed for long run missions. It has been originally developed by the company Aircraft Traders
Belgium to survey the Savannah in Africa but its usage can vary. It can be equipped with
di�erent kind of camera like a high-resolution one or an infra-red captor. The payload of the
drone can be adapted to the mission it has to ful�ll which makes the Guardian Eye a very
versatile unmanned aerial vehicle (UAV).

At �rst, the UAV was manufactured by Mr Jean-François Stelet who is a craftsman specialized
in composite materials. Mass production wasn't possible in that way so the society Re�tech has
been selected to manufacture it. The development of the drone has been made by trial and error
until autumn 2015 and no engineering study has been made concerning the loads applied on the
structure in �ight neither on the resistance of the structure.

This company decided to use a T700S carbon �ber composite for the skin of the fuselage
and the wings. The usage of composite materials has exploded in the last decade its great
mechanical proprieties allows to build light and resistant structures. However, working with
composite materials is hard as the proprieties of the material can change drastically because of
impurities or imperfections.
The wings are �lled with a 42kg/m3 polyurethane foam. Using foam instead of stingers is also
an interesting technique which allows to save weight for small aircrafts.
The structure and the material used are crucial factors in the design of an aircraft. The structure
must be able to resist to the highest load that the plane can encounter during the �ight but it
also needs to be as light as possible to ensure great performances.

This thesis addresses di�erent subjects which will lead to the �nal analysis of the structure in
a �ight con�guration on a �nite element model.

• First of all, the behavior of the composite materials has to be studied in order to use the
good proprieties of the material in the �nite element software.

• The second objective is to build a �nite element model of the plane which is representative
of the reality

• The aerodynamics load have to be computed for several interesting �ight con�gurations
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• A simple aerodynamic study has to be done to know the aerodynamic proprieties of the
aircraft

• Eventually, all of the previous parts can be used to create a �nite element model of the
plane in the �ight con�guration selected.

The results found with the �nal �nite element model will allow us to approve the structure
used or suggest some modi�cations to improve it.

The �rst step of the analysis consists in performing a three-point bending test with samples
of the composite material. Then the test is simulated in Samcef which is a software which
implements a �nal element method solver. The correlation of the experimental tests and the
�nite element model allows to conclude that the proprieties of the material provided by the
manufacturer are correct and represent the real behavior of the material.

The second step is the development of a �nite element model of the whole aircraft. The
validity of the model is veri�ed by performing an experimental bending test of the drone. The
displacements from the model and the real tests are compared. The results show that the model
is a bit more sti� than the real aircraft which was an expected result and this allow to validate
the results of the �nite element model.

The last step consists in simulating a real �ight con�guration when the plane undergoes high
aerodynamic loads. The situation selected is a resource which consists in a dive of the plane
followed by a recovery. The aerodynamic loads are computed in PanAir and are imported on
the �nite element model. The results show that the structure is able to resist to those loads and
a possible optimization of the material is proposed as some elements presents some stresses far
from their yield strength.



Chapter 2

Study of the material

Before studying the behavior of the whole drone, it is necessary to know as well as possible
the material that is used.

The study of the material is done in a few steps. First of all, bibliographic researches is
done to �nd the maximum amount of data in order to build the most accurate �nite element
model on Samcef Field. Then the design of a sample is built on Samcef and the simulations of a
three-point bending test are performed to have a great overview of the behavior of the material.
The relevant results from the �nite element model makes us able to prepare the experimental
testing. Eventually, the results are compared and allow us to validate the proprieties of the
material.

2.1 Working with composite

The drone is manufactured by Re�tech which is a society based in Breda (Nederlands). They are
specialized in the manufacture of carbon �ber composite products such as car's ailerons and tube
pro�les. The material they selected for the skin of the drone is a T700S carbon �ber composite
produced by Torayca in France. The T700S is characterized by a high tensile strength while
being really cost e�cient which is a good compromise for the Guardian Eye as it reduces the
cost of manufacturing. It has been used for more then 30 years in a many di�erent areas which
makes the documentation about its mechanical proprieties huge. They chose to use 4 plies of
twilled carbon �ber, every plies are oriented in the same direction. The sheets of the composite
material are prepreg which means that the carbon �bers are already included in the resin matrix
before the molding.

Each ply comes from a sheet of 200 g/m2 which corresponds to a thickness of 0.13mm according
to the website of Torayca. From this data, the density of the material can be computed:

ρ =
SurfacicWeight

Thickness
=

0.2

0.13 ∗ 10−3
= 1.53 ∗ 103kg/m3 (2.1)

As the drone is made of carbon �ber composite, the pretty simple laws of isotropic material
are no longer relevant. The material is anisotropic and other theories must be used.
In the literature, the proprieties of the composite material are usually presented for a unidirec-
tional ply. It means that all of the �bers are directed in the same direction, an example is shown
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at �gure 2.1. Before studying it in details, we can already understand that the unidirectional
material will have some strong mechanical proprieties along the axis parallel to the �bers (X-
axis) as the �ber are used to reinforce the material and some weaker proprieties along the axis
transverse to the �bers (Y or Z-axis). As a single ply is considered for now, all the data can
be separated in two groups, the data along the X-axis and the data along the axis orthogonal
to it. For a single ply, the proprieties along the Y-axis are the same then the proprieties along
the Z-axis. This explains why the manufacturer usually gives the data along two axis. The
proprieties for a more complex laminated composite can be computed afterward by the user.

Figure 2.1: Unidirectional composite example

The proprieties needed can be introduced. The 2D linear elastic law which links the stresses
to the strains for an orthotropic material can be written as:εxx

εyy
εxy

 =


1
Ex

−νyx
Ey

0

−νxy
Ex

1
Ey

0

0 0 1
2µxy


σxx
σyy
σxy

 (2.2)

In this equation, ε is the strain, σ is the stress, Ei is the Young's modulus along a given axis,
νxy and νyx are the major and minor Poisson ratios. The Poisson ratio express the contraction
of a material perpendicularly to an applied tension. Eventually, µxy is the shear modulus. The
matrix which is linking the strains to the stress is the material elasticity tensor and it has to be
de�ne positive.

As expected, the �nite element software needs those values to perform a test.
The data provided by the manufacturer are shown in the table below:

Axis X Y

Young's Modulus 125e3 MPa 13e3 MPa

Plane XY YX

Shear Modulus 4.4e3 MPa /

Poisson ratio 0.28 /

Figure 2.2: Data provided by the manufacturer
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It contains the main parameters but it is still incomplete as some of proprieties are hard to
determine. For example, the Poisson ratios and the shear modulus are not provided in certain
planes. Some researches in the literature have been done (see source [9][10][11]) and they all
seem to agree on the value of the missing proprieties close to a 10 percent margin. Also, an
interesting article has been written by the University of Transilvania ([9]) for the same material
that is used and the paper with all of the tests performed is available. The values provided in
this article will be used to complete our set of data. Note that this set of data is not complete
yet and will be completed in the next section with proprieties such as the tensile strength and
the shear strength.

When inserting such parameters in Samcef, we can notice that all of the parameters are not
necessary. For example, only the value of the major Poisson ratio (νxy) is asked while the value
of νyx isn't. It is actually calculated by the software thanks to a compatibility equation. The
values of both Poisson ratio can be calculated theoretically from the proprieties of the matrix
and the �bers.

Figure 2.3: Schema of a unidirectional composite material undergoing a tensile stress in the �ber
direction

By considering a single ply of a composite material with the �ber directed along the X-axis
(see �gure 2.3), a matrix volume ratio of vm and a �ber volume ratio of vf , a constrain along
the X-axis will results in a small displacement ∆L, we know that the transverse displacement
along the Y-axis will be:

∆lt = ∆lf +∆lm (2.3)

By taking a look at the �bers and the matrix apart, we know from the linear elasticity theory
that:

∆lf = −νf εxxf lf = −νf lf εxxtotal,∆lm = −νmεxxmlm = −νmlmεxxtotal (2.4)

The resultant strain can be computed as:

∆lt = −νxyεxxlt (2.5)

Injecting this result in the equation 3.3, we �nd:

−νxyεxxlt = ∆lt = ∆lf +∆lm = −νf εxxlf − νmεxxlm (2.6)
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⇒ νxy = νf
lf
lt

+ νf
lm
lt

= νfvf + νmvm (2.7)

Now, we can make the same reasoning for a constrain along the Y axis, we have the con�gu-
ration shown at �gure 2.4.

Figure 2.4: Schema of a unidirectional composite material undergoing a tensile stress perpen-
diculary to the direction of the �bers

We know that the strain along the X-axis will be:

εxx =
∆L

L
= −νyxεyy = νyx

σyy
Ey

(2.8)

Again, if we take a look at the strain of the �bers and the matrix apart, we �nd the compat-
ibility equations :

εxxf =
1

Ef
(σxxf − vfσyyf ) =

1

Ef
(σxxf − vfσyy) (2.9)

εxxm =
1

Em
(σxxm − vfσyym) =

1

Em
(σxxm − vmσyy) (2.10)

As the resultant stress along the X-axis must be equal to 0, we have:

σxxf lf + σxxmlm = 0 ⇒ σxxf lf = −σxxmlm (2.11)

Injecting this result in the compatibility equation:

1

Ef
(−vm

vf
σxm − νfσyy) =

1

Em
(σxxm − vmσyy) = −νyx

σyy
Ey

(2.12)

The equality on the right can be used to �nd a relation between σxxm and σyy and then the
equality on the left is used to get rid of every σ and leads to the expression:

νyx = νxy
Ey

Ex
(2.13)
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This relation between νxy and νyx is used by Samcef to �nd the value of νyx. The same
reasoning can be done in 3D and leads to :

νxy
Ex

=
νyx
Ey

, νxz
Ex

= νzx
Ez

and
νyz
Ey

=
νyz
Ey

,

A few remarks can be done, as the Young's modulus is higher along the direction of the
�ber, it means that the material is sti�er along this axis. The Poisson ratio are also interesting,
the major Poisson ratio (νxy) is higher than the minor one as Ex > Ey. In practice, we can
understand it like that: If we apply a deformation along the X-axis, the deformation induced
along the Y or Z-axis will be high as the material is pretty soft perpendicularly to the �ber,
it leads to a big Poisson ratio. In the opposite case when a deformation is applied along the
Y-axis, the deformation induced along the X-axis will be tiny has the Young's modulus in the
�ber direction is really high which makes the material very sti� in this direction and the minor
Poisson ratio is small.

The data used for now are summarized in the table below:

Thickness of the plies 0.13 mm / /

Mass Density 1530 kg/m3 / /

Axis X Y Z

Young's Modulus 125e3 MPa 13e3 MPa 13e3 MPa

Plane XY XZ YZ

Shear Modulus 4.4e3 MPa 4.4e3 MPa 3.2e3 MPa

Poisson ratio 0.28 0.28 0.07

Figure 2.5: Summary of all the proprieties of the composite material

The proprieties for a single ply is now known but the material used by Re�tech is a twilled
carbon �ber composite and four layers are used everywhere on the aircraft. The data for a single
unidirectional ply can be used to model the con�guration used on the aircraft. The composite
material will be considered as a shell element in the Finite element software. This hypothesis
allows to make the development done by Mr Noels in his composite idealization course[5]. It
consists in the following development:

The linear elasticity law in 3D can be written as σij = Cijklεkl or under the matrix form:

σxx
σyy
σzz
σyz
σzx
σxy

 =



Cxxxx Cxxyy Cxxzz 0 0 0
Cyyzz Cyyyy Cyyzz 0 0 0
Czzxx Czzyy Czzzz 0 0 0
0 0 0 2Cyzyz 0 0
0 0 0 0 2Cxzxz 0
0 0 0 0 0 2Cxyxy





εxx
εyy
εzz
εyz
εzx
εxy

 (2.14)

The matrix has this form because if we look at the stress σyz for example, we have:

σyz = Cyzklεkl = Cyzyzεyz + Cyzzyεzy = 2Cyzyzεyz (2.15)
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The reasoning can be done for σzx ans σxy resulting in the equation 2.14. The di�erent Cijkl
are given by:

Cxxxx =
1− νyzνzy
EyEzD

,Cxxyy =
νyx + νzxνyz

EyEzD
,Cxxxx =

νzx + νyxνzy
EyEzD

(2.16)

Cyyxx =
νxy + νzyνxz

ExEzD
,Cyyyy =

1− νxzνzx
ExEzD

,Cxxxx =
νzy − νxyνzx

ExEzD
(2.17)

Czzxx =
νxz − νxyνyz

EyExD
,Czzyy =

νyz − νxzνyx
EyExD

,Czzzz =
1− νyxνxy
EyExD

(2.18)

Cyzyz = Cyzzy = Czyzy = Czyyz = µyz (2.19)

Cxyxy = Cxyyx = Cyxyx = Cyxxy = µxy (2.20)

Cxzxz = Cxzzx = Czxzx = Czxxz = µxz (2.21)

D =
1− νxyνyx − νyzνzy − νxzνzx − 2νxyνyzνzx

ExEyEz
(2.22)

Figure 2.6: Case of an ply with an orientation θ

For a plane stress state and a ply oriented with an angle θ compared to the main X-axis (see
�gure 2.6), in the system of axis O'x'y', we have:

σx′x′

σy′y′

σx′y′

 =


Ex′

1−νx′y′νy′x′

νy′x′Ex′
1−νx′y′νy′x′

0
νy′x′Ey′

1−νx′y′νy′x′

Ey′
1−νx′y′νy′x′

0

0 0 2µx′y′


εx′x′

εy′y′

εx′y′

 (2.23)

This can be expressed under the tensor form: σ′ = C : ε′. As θ is the angle between the
system of axis, we have: σ′ = R σRT and ε′ = R εRT . With R being the matrix of rotation.
The expression needed is of the form σ = C : ε. The solution is:

R σRT = C ′ : RεRT (2.24)

⇒ σij = RkiC
′
klmnRljRmpεpqRnq = RkiRljC

′
klmnRmpRnqεpq = Cijpqεpq (2.25)
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Which is the expression we were looking for. This can be applied to all the Cijkl needed to
�nd the proprieties of the ply in the system of axis Oxy. The ply can be assembled after ward.
The linear elasticity law in a plane stress state can be written under the form:σxx

σyy
σxy

 =
1

h

Axxxx Axxyy 2Axxxy

Ayyxx Ayyyy 2Ayyxy

Axyxx Axyyy 2Axyxy

εxx
εyy
εxy

 (2.26)

Where Ai
abcd =

∑
i tiC

i
ijkl with ti being the the thickness of the ply and h the thickness of the

laminated composite. The method can be resumed like that: The parameters (element of the
matrix C ′

ijkl) of each plies are expressed in the system of axis Oxy then all of the element Ci
ijkl

are weighted in function of their thickness and are added together to �nd the proprieties of the
whole laminated composite.

This method allows to model the superposition of layers of our choice in Samcef. In our
case, it is needed to model four plies of twilled carbon �ber composite and each of the ply has
a thickness of 0.13 mm. The last problem needed to be solved is the modeling of the twilled
layers. In order to model a twilled ply of 0.13 mm, the best method is to create two plies of 0.065
mm perpendicular to each other. The �nal con�guration of our composite material is shown at
�gure 2.7.

Figure 2.7: Con�guration of the laminated composite

In this con�guration, we can notice that the orientation of the plies is symmetrical about the
neutral �ber. This is done is order to remove the tensile/shearing coupling in the composite.

2.2 Failure criteria

In order to know if the material is close to its limit of elasticity, it is not possible to rely on
the von Mises criteria as this is only valid for an isotropic material. The Tsai-Hill criterion has
to be introduced.
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The von Mises criterion is used as a basis and an analogy is made to �nd a criterion for
orthotropic materials. The von Mises criterion tells that the limit of elasticity of an isotropic
material is reached when:

1

2
[(σ11 − σ22)

2 + (σ22 − σ33)
2 + (σ33 − σ11)

2 + 6(σ2
23 + σ2

31 + σ2
12)] = σy (2.27)

Where σy is the yield strength of the material.

By taking this expression, it can be assumed that failure of an orthotropic material will occur
when the same kind inequality is not veri�ed anymore:

a(σLL − σTT )
2 + b(σTT − σZZ)

2 + c(σZZ − σLL)
2 + dσ2

LZ + eσ2
TZ + fσ2

LT < 1 (2.28)

Note that the general form of the equation is the same than the von Mises one except that it
introduces some coe�cients (a, b, c,...) that are used to take the anisotropy of the material into
account. This equation is written in the system of axis L-T-Z attached to the material. L is the
axis parallel to the �ber direction, Z is the axis along the thickness of the ply and T is the axis
orthogonal to L and T, transverse to the �ber direction.

By considering a stress only along the L axis (σTT = σZZ = σLZ = σTZ = σLT = 0), we �nd
that the inequality is not veri�ed any more for a certain value of (a+c). We set this value to
a+ c = 1/σ2

Lu, by doing the same along the other axis (a+ b = 1/σ2
Tu and b+ c = 1/σ2

Zu) and
then considering the case of a plane stresses (L,T), all the constants are found and eventually
gives the inequality:

(
σL
σLy

)2 + (
σT
σTy

)2 − σLσT
σLyσLy

+ (
τLT
τLTy

)2 < 1 (2.29)

This is the Tsai-Hill criterion and this is what is used by Samcef to verify if failure occurs in
an orthotropic materials.

It involves a few more variables: σLy, σTy, σZy, τLTy, τTZy and τLZy which are the ultimate
tensile strength and the ultimate shear strength along the di�erent axis. All of those parameters
are given by the manufacturer and are shown at �gure 2.8 and they are used in the �nite element
software.

Axis X Y Z

Tensile strength [MPa] 2.55e3 69 69

Plane XY XZ YZ

Shear strength [MPa] 98 98 10

Figure 2.8: Tensile strength and shear strength of the composite material studied

2.3 Mode of failure

A typical stress-strain curve of a composite material is shown at �gure 2.9. It can be seen
that the behavior of the material in the zone I is linear, until the stress reaches the limit value
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σy, the behavior becomes non linear and the theory used in this project doesn't explain this
phenomenon. When the stress-strain curve becomes non linear, permanent deformation usually
appear, the material is hardening and a more complex theory has to be used. When the stress
reaches the limit value which is the ultimate strength, the material is necking, the section area is
decreasing, large deformation occurs until the fracture of the material. The shape of the graph
might seem strange has after the ultimate strength, the deformations are increasing while the
stress is diminishing. It is actually explain by the de�nition of the stress. The stress σ used is
the engineer stress and is de�ned as the force divided by the initial section area: σ = F/Si while
the true stress is equal to the force divided by the e�ective area.

Figure 2.9: Example of a stress-strain diagram

As the linear elastic theory only explains the behavior until the yield strength, our analysis
makes sens as long as the Tsai-Hill value is smaller than 1.

The non linear behavior are not studied in the report but the di�erent modes of failure of
the composite can be introduced to understand what can be dangerous for the drone if some
stresses become too high.

-The �bers can simply break
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Figure 2.10: Example of a the broken �bers

-Microcracking can occur in the matrix

Figure 2.11: Example of a microcracking in the matrix

-The interface between the matrix and the �ber can break, this is called debonding and this
is often due to a bad adhesion between the matrix and the �ber. To avoid this, �bers can be
treated before being placed in the matrix.

Figure 2.12: Example of a debonding of a composite
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-The interface between the di�erent layers of the composite can break which is called delami-
nation. This phenomenon can occur for example when a composite sheet is cut. Some precaution
will be taken later when cutting the samples to avoid it.

Figure 2.13: Example of a delamination of a composite

Composite materials can also be contaminated by moisture. The usage in wet conditions can
lead to failure because of moisture which can diminish the mechanical proprieties of the material.
However, as our aircraft is a drone, its usage time should be way shorter then the one of the
airliners and it shouldn't be subject to such a phenomenon.

A last problem which is common with composite materials is their resistance to shock. They
have a tendency to tear apart. Pilots often takes the example of an impact with a bird, if the
skin is made of aluminum, the impact might deform the wing. If the impact occurs with a
composite skin, the wing may tear apart which is much more problematic. As our drone is small
and shouldn't �y faster then 100 km/h, those kind of event are very rare and less dangerous
than for airliners.

2.4 Summary of the proprieties of the material

The data used are shown in the following table. The values in bold were not given by the
manufacturer and were found in the literature.

Thickness of the plies 0.13mm

Mass Density 1300 kg/m3

Axis X Y Z

Young's Modulus 125e3 MPa 13e3 MPa 13e3 MPa

Shear Modulus 4.4e3 MPa 4.4e3 MPa 3.2e3 MPa

Tensile Strength 2.55e3 MPa 69 MPa 69 MPa

Plane XY XZ YZ

Shear Strength 98 MPa 98 MPa 10 MPa

Poisson ratio 0.28 0.28 0.07

Figure 2.14: Summary of the proprieties of the composite material
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A comparison with a well-known material can be done to have a good idea of the order
of magnitude of those values. For example, aluminum alloys has been used for a long time
in aeronautics, its Young's Modulus is about 70 GPa which is twice smaller than the Young's
modulus of the T700S in the direction of the �bers. However, the proprieties of the unidirectional
T700S in the Y and Z axis are weaker, this problem is solved by using laminated composite with
di�erent ply orientations. The tensile strength of the aluminum alloys is usually about 240 MPa
while the tensile strength along the direction of the �ber is about 2.5 GPa, this is 10 times
higher ! Eventually, the density of the composite used is about 1500 kg/m3 while the density of
an aluminum alloy is about 2700kg/m3.

The low density and the high tensile strength makes the carbon �ber composite a very good
choice of material for aeronautics.

2.5 Finite element model of the experimental tests of the samples

Now that all the proprieties are known, the �nite element model can be built to prepare the
experimental tests.

2.5.1 Introduction to Samcef

The �nite element software which is used in this thesis is Samcef. Samcef is a powerful software
which has been originally developed by the University of Liege and which is commercialized by
Samtech. During this whole project, the linear analysis module is used because it provides great
solutions with a minimum of process resources.

An introduction to the method used by the software is needed to be able to analyze the results
in a proper way. It is important to underline that this section is only an introduction, some more
complicated way to solve the problem can be used but a whole paper could be written about
the methods used. This introduction is just done to understand the physical principle and the
assumptions which are used in the method. To simplify the problem, we consider an isotropic
material here but the method can be adapted to orthotropic materials too. The way the �nite
element method is introduced has been inspired by the course of Finite element method of Pr.
Nikishkov from the University of Aizu in Japan[3].

The �rst step in the �nite element method is to discretize the continuum structure. This
is done by meshing the structure, the better mesh we are using, the better the results will be.
Using a very detailed mesh will increase to size of the problem and will require more resources. A
compromise as to be done to �nd a mesh which gives great results and not leading to a problem
too complicated to solve. For this reason, a convergence analysis is usually done. In our case,
the convergence of the mesh is done by looking for the convergence of the potential energy of
the system.

Let's consider one node of the mesh which is associated to a nodal displacement u:

u = (u, v, w) (2.30)
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in the system of axis Oxyz.

The strain can be placed in a vector ε:

ε = (εxx, εyy, εzz, γxy, γyz, γxz) (2.31)

If we make the assumption of small displacement, the strain can be expressed in function of
the displacement such as εij =

δui
δxj

. This can be written under the matrix form: ε = Du

Where D is the matrix of di�erentiation given by:

D =



δ/δx 0 0
0 δ/δy 0
0 0 δ/δz

δ/δy δ/δx 0
0 δ/δz δ/δy

δ/δz 0 δ/δx

 (2.32)

The stress associated to the node can be express with the tensor σ:

σ = (σxx, σyy, σzz, τxy, τyz, τxz) (2.33)

By using the linear elasticity law, we can relate the constrain to the stress such as :

σ = Hε (2.34)

Where H is the elasticity matrix and is given by :

H =



λ+ 2µ λ λ 0 0 0
λ λ+ 2µ λ 0 0 0
λ λ λ+ 2µ 0 0 0
0 0 0 µ 0 0
0 0 0 0 µ 0
0 0 0 0 0 µ

 (2.35)

Where λ and µ are function of the Young's modulus and the Poisson ratio:

λ =
νE

(1 + ν)(1− 2ν)
, µ =

E

2(1 + ν)
(2.36)

The �nite element method have to �nd the strain �eld such as the potential energy of the
system is minimized. The potential energy can be expressed as:

Up =

∫
V

1

2
εTσdV −

∫
V
uTpV dV −

∫
S
uTpSdS (2.37)

Where pV is the vector containing the body forces and pS contains the surface forces.
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By applying this reasoning on an element, we can consider a vector containing the nodal
displacements of all the nodes q.

The displacements of a point inside an element can be expressed as a linear combination of
the displacement of the nodes:

u =
∑

Niui, v
∑

Nivi, w =
∑

Niwi (2.38)

This relation can be expressed under the matrix form u = Nq where N is the shape matrix
made of the shape functions Ni:

N =

N1 0 0 N2 0 0 ...
0 N1 0 0 N2 0 ...
0 0 N1 0 0 N2 ...

 (2.39)

This allows to write the strain as a function of the shape matrix and the displacements:
ε = Bq where B = [B1,B2,B3, ...] is the made of the di�erentiation of the shape function
matrices which is the the di�erentiation matrix multiplied by the shape function matrices :

Bi =



δNi/δx 0 0
0 δNi/δy 0
0 0 δNi/δz

δNi/δy δNi/δx 0
0 δNi/δz δNi/δy

δNi/δz 0 δNi/δx

 (2.40)

By using this expression in the potential energy function, we �nd:

Up =

∫
V

1

2
(Bq)TEBqdV −

∫
V
(Nq)TpV dV −

∫
S
(Nq)TpSdS (2.41)

The minimum of this function is found by �nding the 0 of its derivatives and we end up with:∫
V
BTEBdV q−

∫
V
NTpV dV −

∫
S
NTpSdS = 0 (2.42)

This equation can be expressed as the simple matrix equation:

Kq = f (2.43)

Where K is the sti�ness matrix given by K =
∫
V B

TEBdV and f is the vector which contains

all of the body and surface forces: f =
∫
V N

TpV dV +
∫
S N

TpSdS

This is done for each �nite element, which give us all of the the Ki and fi matrices. We
introduce the three matrices Qd,Fd and Kd such as:

Qd = [q1,q2, ...]Fd = [f1, f2, ...]Qd = diag(K1,K2, ...) (2.44)
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It is possible to �nd a matrix of transformation A such as:

Qd = AQ,Fd = AF (2.45)

By injecting those relations in the potential energy function and after derivation, we end up
with the �nal system which represents our structure:

ATKdAQ−ATFd = 0 (2.46)

⇒ KfinalQ = Ffinal (2.47)

In this system of equation, the boundary conditions can be applied to remove the rigid body
modes and simulate the con�guration of the structure. The vector Q contains all of the nodal
displacements and is the unknown. The software uses an algorithm to invert the matrix Kfinal

and �nd the solution. As the matrix Kfinal has to be inverted, we can understand that it can't
be singular. If a rigid body mode is still present, the matrix K becomes singular and impossible
to invert leading to a failure of the method. For this reason, we have to make sure that all of
the rigid body modes are removed in every model we will use.

2.5.2 Simulation of the experimental test

The test consists in a three-point bending test and the sample must be designed in function
of the available machine. A picture of the con�guration of the machine is shown at �gure 2.15.

Figure 2.15: Con�guration of the three-point bending test

As we can see on the picture, there is a space of about 3 cm available under the sample. Then,
the maximum de�ection of the sample must be lower then 3 cm. Also, the support is 3cm wide,
then the width of the sample is set to 3cm. The �rst length chosen for the sample was 7cm as it
lead to a maximum de�ection of 1.5cm when the value of the Tsai-Hill was 1 on the �nite element
model. However, during the real test, we noticed that the failure occurred way after we reached
the limit of elasticity of the Samcef model. It was noticed that the samples were not broken
when the displacement of the cross head section reached 1.5cm. After this point, we observe
a non linear behavior. We changed the sample in order to reach higher stresses. The distance
between the supports was set to 5cm to increase the stresses caused by the displacements. This
con�guration also allow us to break the samples. Then, the sample to model are 5 by 3 cm.
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To model the sample in Samcef, a rectangular face is created and is considered as a shell
element. The proprieties of a single ply is given to the software and the con�guration (the
thickness and the orientation) of the plies is also encoded. The mesh of the sample is created
and the convergence of the energy of the system is used to check that the mesh is good. The
model is shown at �gure 2.16.

Figure 2.16: Model of the three-point bending test

Another important thing in the �nite element model are the boundary conditions used. Ob-
viously, we must lock the displacement along the Z-axis at the beginning and the end of the
sample to simulate the roller supports. As explained before, we also need to remove the rigid
body modes of the structure, this is made by prescribing the displacement of two points in
contact with the supports along the X and Y axis.

Eventually, we can apply a line force at the middle of the sample to simulate the moving
pin. As we are using a static model, we only apply a few di�erent forces in order to plot the
stress-strain curve. We don't need to test it for a lot of di�erent forces as the behavior of the
material has to be linear for a Tsai-Hill smaller than 1. For each force applied, we also check the
maximum value of the Tsai-Hill criterion and �nally �nd when the limit of elasticity is reached.
The maximum cross head displacement of the sample found is 5.6mm.

Samcef allows to see the de�ection in every con�gurations. The nodal displacement for a force
of 70 N is shown at �gure 2.15. As expected, the deformations are characteristic of a three-point
bending test.



2.5. FINITE ELEMENT MODEL OF THE EXPERIMENTAL TESTS OF THE SAMPLES19 / 76

Figure 2.17: Nodal displacement for a force of 70N

The behavior of the sample is indeed perfectly linear. The model can't be used for a higher
force as the linear laws used by the solver wouldn't represent the real behavior of the material
for a Tsai-Hill greater then 1. From this model, the real samples should undergo a non linear
behavior for a force higher than 70 N and a crosshead displacement of 5.6 mm.

Plotting the evolution of the Tsai-Hill values is also interesting:

Figure 2.18: Evolution of the maximum Tsai-Hill value in function of the applied force

We can see at �gure 2.18 that the relation between the Tsai-Hill value and the force applied
is non linear.
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We can also take a look at the distribution of the stresses. This is shown at �gure 2.19. As
explained before, the highest stress is reached at the middle of the sample where the load is
applied. It can be noticed that the stress is even higher on the side of the sample.

Figure 2.19: Tsai-Hill value for an applied force of 70 N

2.6 Sensitivity analysis

The sensibility of each parameters can be studied in order to know which parameters are
in�uencing the results of the test. If a parameter doesn't in�uence the test, it means that the
test is not adapted to measure it. The value of a series of parameters are changed for a force of
70 N.

The main parameters are changed one by one and the output parameters (the Tsai-Hill value
and the cross head displacement) are checked every time. In the table below, the parameter
which has been changed is written in red.

Ex[MPa] Ey−z[MPa] µxy[MPa] σlimit
x [MPa] σlimit

y.z [MPa] Tsai-Hill value[/] Max. disp.[mm]

125e3 13.3e3 4.4e3 2.55e6 69 0.95 5.6

60e3 13.3e3 4.4e3 2.55e6 69 3.7 11.3

125e3 5e3 4.4e3 2.55e6 69 0.14 5.7

125e3 13.3e3 1e3 2.55e6 69 0.95 5.6

125e3 13.3e3 4.4e3 1e6 69 0.95 5.6

125e3 13.3e3 4.4e3 2.55e6 50 1.81 5.6

Figure 2.20: Sensibility analysis of the parameters
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The value of the Poisson ratio wasn't changed as it has almost no in�uence in this three-point
bending test. We can notice that the Young's modulus plays a huge role in the test. If the value
of Ex is lowered, the material becomes less sti�, bigger deformations occurs and the values of
the Tsai-Hill increase.

Diminishing the Young's modulus Ey and Ez almost doesn't change the nodal displacement.
It can be explain by the fact that the value of Ex is huge compared to Ey and Ez, the plies
with the �bers oriented along the X-axis (system of axis shown at �gure 2.16) try to prevent
the displacement. However, the value of the Tsai-Hill is lower because the plies with the �bers
oriented along the Y-axis are soft in the X-direction and can be deformed more easily without
increasing the value of Tsai-Hill drastically.

The shear modulus almost have no role in the test as our samples are very thin, another test
is proposed at the end of this section to check this propriety.

Eventually, the in�uence of the tensile strength is studied. We can notice that the value of the
tensile strength along the �ber direction has almost no impact on the results while the tensile
strength in the other directions have a big in�uence on the value of the Tsai-Hill. Of course,
as expected, the tensile strength doesn't in�uence the nodal displacement in the model as it
doesn't appear in the linear elasticity law.

This analysis allows us to conclude that all of the parameters can't be checked by this simple
three-point bending tests. Some other tests could be performed to check those parameters. The
shear strength and the shear modulus are usually checked by a tree-point bending test, however,
in our case, as the samples are very thin, this parameter is hard to check. A tensile test could
be performed with some samples with plies oriented at +/-45 degrees directions. Those samples
could be cut out of the composite sheet provided. The problem in this case would be the
manufacturing of the samples as cutting them with an exact angle of 45 degrees is a perilous
task.

Another test could be performed to verify the value of the Poisson ratio. A simple tensile
test could be done, the longitudinal displacement could be measured and another measuring
machine such as a laser beam could be used to measure the transverse displacement. However,
as the material has a huge module of elasticity, the displacements would be tiny and hard to
calculate accurately. The second problem is that the displacements along the thickness would
be impossible to measure as the sample is really thin. The best option would be to use a sample
with unidirectional �ber direction and compute the displacements along the width.

Eventually, a last test which is often used to verify the proprieties of materials susceptible
to micro cracking propagation is the four-point bending tests. The con�guration of this test is
shown at �gure 2.21. The advantage of this test is that the moment between the movable pins is
constant. The maximum stress is higher on larger part of the sample. If a default is present in
the composite material, the sample will break for an applied force smaller. It allows to measure
the limit of the material more realistically. In our case, as we are only studying the linear elastic
behavior of the material, this test was not needed.
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Figure 2.21: Con�guration of a four-point bending test

2.7 Manufacturing of the samples

To perform the experimental tests, Re�tech sent a 40 by 60 cm composite sheet that is used
on the drone. First of all, the thickness of the sheet is veri�ed and we noticed that the sheet
doesn't have to same thickness every where. Indeed, the right side of the sheet is 0.52mm thick
while the thickness of the left side is only 0.39 mm. The demarcation of those zones can be seen
clearly on the composite sheet and it is shown at �gure 2.22. It is not hard to understand that
a part of the composite sheet is made of three layers while the other part is made of four layers.

Figure 2.22: Separation of the three and four layers part of the composite sheet

The samples had to be cut out of the sheet. As the carbon �ber composite is a very hard
material, the tool used to cut the sheet needs to be very hard, harder then the one used to
cut steel. Moreover, cutting composite is a perilous task. We need to be sure that the damage
it causes to the material are minimal. If delamination occurs, even on the side of the sample
(remember from �gure 2.19 that the constrains were higher on the sides), it can alter the pro-
prieties of the material. Also, the cuts must be precise enough so that all the samples have to
same size. Eventually, the cut must be done exactly in the same direction. As it has been said
earlier, the orientation of the �ber in�uences the mechanical proprieties, then we must be sure
that the direction of the �ber is the same in the �nite element model and on the real samples.
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The best tool to cut it would have been the water jet cutter because it would have done a
sharp cut without any delamination or heating problem. Unfortunately, this kind of machine is
not available at the University of Liege and an order had to be made to a company which would
have cost money and a lot of time because of the delays. The second option considered was the
Dremel but it was rejected has the friction between the tool and the material releases a lot of
heat which could have cause damages.

The solution used to cut the samples was an angle grinder with a really hard disk and a high
rotational speed. The disk used is reinforced with diamond and is the one used to cut marble
and tiles.

The equipment required to cut carbon �ber composite is also important, a mask, glaces and
gloves are needed because the emanation and the dust are toxic. The cut is done outside to
prevent any contamination.

The part of the sheet which had three layers was used for the �rst cut as it wasn't needed
to perform the tests. The samples obtained were not satisfying because they weren't perfectly
straight so that all of the samples didn't have the same width.

To prevent this problem, a guide has been added, the machine used is shown at �gure 2.23.
This guide also ensures that the cut is perfectly parallel to the �bers direction. The samples
made are about 10 cm long in order to have a 2.5 cm margin at each roller support. When the
test will be done, the roller will stay at the same place but the sample will move a little bit and
this margin prevents the sample to fall out of the support.

Figure 2.23: Grinder machine used to cut the samples

2.8 Experimental tests

The three-point bending tests are performed on a MTS Criterion C43.504 machine. This
machine allows to perform a lot of di�erent tests such as tensile tests, compression tests or
di�erent kind of �exion tests. The con�guration selected is shown at �gure 2.24.
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Figure 2.24: Machine used to perform the tests

The pin at the middle is going down, and the force detected by the machine is close to 0 until
it touches the sample. The program detects that the pin touches the sample when the force
applied is higher then a minimum value set by the user. In our case, the force to detect the
sample is set to 0.15 N. At the moment the force reaches 0.15 N, the crosshead displacement is
set to 0 mm and the force-de�ection graph is plotted. The descending roller will descend at a
speed of 0.05 mm/s. This speed is chosen low enough to simulate a static loading as our �nite
element model is static. A �rst test had been made with a descending speed of 0.2mm/s and the
results were pretty bad as it was too fast. The samples tended to slip from the support leading
to a non linear and chaotic graph.

The graph found for every sample is shown at �gure 2.25.
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Figure 2.25: Curves representing the crosshead displacement in function of the applied force

The �rst thing to notice is that one of the sample gave some completely di�erent results than
the others. The real cause of this di�erent result is hard to identify but a few reasons can lead
to it. The sample might have been damaged during the manufacturing of the samples leading
to a decrease of its mechanical proprieties. The cut might not be perfectly parallel to the �ber
direction. Another possible reason can be that the resin of the matrix is not well distributed
everywhere, it is shown at �gure 2.26. During the forming process of the composite sheet, the
resin might not have been applied everywhere in the same way, leading to an imperfect materials.

Figure 2.26: Example of a lack of resin on the composite sheet provided
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We can see that the curves have a non-linear behavior at the beginning before becoming linear
in the "elastic zone". This is underlined at the �gure 2.27. As the samples are not perfectly �at,
the contact zones between the samples and the supports are not perfect, then a tiny force has
to be applied to push the sample on the supports and make a line contact between them. This
non-linear zone at the very beginning of the graph can be ignored, this is made by removing the
data under 0.29 N.

Figure 2.27: Non linear behavior for a force smaller then 0.27 N

Initially, the samples had to be broken during the test to validate the data used in the �nite
element model and validate the failure criteria. One sample have been broken and it exploded
everywhere in the lab, then the next samples were not broken for a safety reason. As explained
before, this is not a real problem as the limit of our model corresponds to the end of the linear
behavior.

We can see that a non linear behavior occurs over 80 N. This value is slightly higher than the
one that was found during the �nite element simulations (70 N). Then our criteria used to detect
the end of the linear behavior is assumed to be a bit more restrictive than the real behavior.

The shape of the curve in the non-linear zone has the typical shape of a material which is
undergoing e�ects like plastic deformations or damages. Some bumps can be seen, the hypothesis
to explain it is that the deformations were becoming too high and the samples tended to slip
from their supports. The sudden slip explains those brutal changes of de�ection followed by
a "sti�ening" of the material. The bumps are assumed to result from the imperfection of the
support rather than a mechanical propriety of the material.
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Manufacturer often gives the value of the �exural modulus to give an idea of the resistance to
de�ection of the material. From the force-de�ection graph it is possible to plot a strain-stress
graph. The formula from the simple beam theory are used but we must keep in mind that this
theory is not adapted to composite and it is just used to have an idea of the material proprieties.
The maximum stress and the maximum strain can be computed thanks to the following formula:

σcrosshead =
3FL

2bh2
(2.48)

εcrosshead =
6Dh

L2
(2.49)

Where F is the force applied, L is the distance between the supports, d is the width of the
samples, h is the thickness of the samples and D is the crosshead displacement.

From those equations, the stress-strain graph can be plotted for each samples and the slope
of the linear part of the curve can be computed to �nd the �exural modulus.

Figure 2.28: Stress-strain graph of the samples

The �exural modulus found are about 105 MPa while the value of the provided by the man-
ufacturer was 120MPa. Those values are satisfying, the samples responds as expected.

2.9 Comparison of the results

The force-de�ection graph of the experimental tests and the �nite element model can be
superposed to see if they concur. The graphic found is shown at �gure 2.29
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Figure 2.29: Comparison of the behavior of the experimental tests and the �nite element model
results

We can see that the slope of the linear part of the curves are almost the same, the real samples
are just a little bit sti�er. The error of the �nite element model concerning the displacements
is about 2%. We can conclude that the Young's modulus used in the �nite element model are
correct.

We can also notice that there is a small o�set between the experimental curves and the �nite
element model one because of the short non linear zone of the real samples.

A red cross is placed were the value of the Tsai-Hill criterion was equal to 1 in the �nite
element model. The Tsai-Hill equals 1 a bit before the end of the linear behavior of the real
samples. This means that the yield strength values used mark the end of the linear elastic
behavior of the material and not it's fracture. Then the values of the tensile and shear strength
are validated. We can keep in mind that the non linear behavior of the real samples was reached
a little bit later. It means that the strength values provided by the manufacturer were a bit
pessimistic but it constitutes a great margin of security.

By those experimental tests, the mechanical proprieties of the T700S carbon �ber composite
are validated.



Chapter 3

Finite Element Model of the UAV

Now that the proprieties of the composite material are known, the �nite element model of
the whole drone can be studied. A model of the drone is built on Catia which is a computer
aided design software developed by Dassault. The model is then imported as a Brep �le (model
represented as surfaces stitched to each others) in Samcef. This is developed and a simple
experimental test in �exion is performed to check its validity.

3.1 Geometry

The �rst step in the development of the �nite element model is to have good geometries which
leads to great meshes and which is representative of the reality.

Re�teh developed a 3D model to design the mold used to give the right shape to the composite
sheets. This model is shown at �gure 3.1. Initially this model should have been used in Samcef
as it had a lot of advantages. Developing a new model would have take a lot of time and this
one had exactly the same geometry than the real drone. However, for a few reasons it had to be
changed.

Figure 3.1: Modeling of the drone in Catia
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The �rst problem was due to the way the model had been done. The society used a 3D
scanner to build the model. This method is useful as it is fast and accurate but the resulting
model is made of a lot of tiny faces and edges, especially at the leading edge of the wing and
on the fuselage. This is shown at �gure 3.2. It causes troubles in Samcef during the meshing
of the structure. Samcef is forced to mesh every edges with at least 2 nodes, one at each end.
This makes the mesh chaotic and irregular as some edges were way smaller then the averaged
distance between the other nodes.

Figure 3.2: Complexity of the Catia model

The second problem was that the model was made of surfaces, during the importation in
Samcef, the surfaces were not connected to each other. Connecting them in Samcef was possible
by using boundary conditions but it would have been a long task as the number of faces is
important. This problem is easily solved by importing a solid model from Catia and it prevents
the possible errors that could have been done by setting the boundary conditions manually.

The geometry is changed in Catia in order to have less faces and a smoother mesh. The leading
and trailing edges of the wings are replaced by simpler surfaces and the connection between the
wing and the winglet is also simpli�ed. Those changes don't change the geometry of the drone
but it simplify the complexity of the model a lot. The new geometry can be seen at �gure 3.3

Figure 3.3: Simpli�ed Catia model

The last thing to change is not a real problem but a smarter way to work. As the drone
has a symmetry along the Y-Z-plane, it is possible to only work with a half drone and sim-
ulate the symmetry by using the right boundary conditions at the middle of the fuselage. It
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makes the computation way faster as the mesh will contain two times fewer nodes. Locking the
displacements along the Y-axis will simulate this symmetry. The hypothesis of a symmetrical
con�guration is not valid if the plane is �ying with a sideslip angle for example. In such a case,
the aerodynamic loads are not the same on the right and the left part of the drone. However,
these �ight con�gurations are not studied in this analysis and the hypothesis of a symmetrical
air �ow and a symmetrical distribution of the loads can be used.

Some simpli�cations can be added to the model to make the simulations easier. The �rst
one concerns the ailerons. The ailerons are connected to the wing by a thin membrane. It can
be considered that there is almost no interaction between the wing and the aileron so that the
ailerons can be removed. The pockets on the wing which are containing the servos are covered
by a thin plate of carbon �ber composite. With the hypothesis that it doesn't carry any e�orts,
they can be removed too. This hypothesis is also used to remove the hood of the fuselage.

The model cannot be built in one piece, a few pieces are built alone and they are assembled
later in Samcef. The main parts to model are obvious, there must be the fuselage, the wing, the
support inside the fuselage where the wing is attached and eventually, the bar which connects
the wing's part to the fuselage.

The support is not built by Re�tech so no 3D model of it was available. It has been modeled
manually in Samcef. The support is made of a L-shape shell made of carbon �ber composite
and a cylinder made of aluminum alloy and is inserted in the fuselage as it is shown at �gure
3.4. The model used to represent it is shown at �gure 3.5.

Figure 3.4: Presentation of the support in the UAV

As it can be seen on the picture, the cylinder is actually attached to the composite shell thanks
to two rivets. However, in the �nite element model, rivets are hard to model, then the contact
between them is made linear but we must keep in mind that the real stress will be higher at this
place as the rivets produce a concentration of stresses.

Another part needs to be built, indeed, the wing are �lled with polyurethane foam and it is
not possible to represent the skin and the foam inside it with a single object. Then the model
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used for the skin is duplicated and converted to a solid element which has the properties of the
foam, the interactions between the foam and the skin are simulated later.

The �nal geometry of each elements is shown from �gure 3.5 to �gure 3.8.

Figure 3.5: Model of the support used in Samcef

Figure 3.6: Model of the fuselage used in Samcef
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Figure 3.7: Model of the wing used in Samcef

Figure 3.8: Model of the composite bar used in Samcef

To sum up, the di�erent bodies are the following and they are connected together thanks to
the boundary conditions expressed below:

-The composite shell of the wing: This is a shell element which models the carbon �ber
composite skin.

-The solid model of the wing: This is used to model the foam inside the wing. It is connected
to the skin by gluing the elements of the skin to it.

-The fuselage: Shell elements are used to represent the composite skin.

-The support : The support is �xed to the fuselage by using the "gluing" option.

-The carbon �ber composite bar: It is modeled by a shell element. The bar is �xed to the
wing thanks to the foam, gluing it inside the solid model of the wing simulate it. It is connected
to the support by adding a "contact" constrain between them.
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It is important to notice that there is a fundamental di�erence between gluing elements to-
gether and simulating a contact between them. Gluing means that the elements are attached
together, then the nodes at the interface of the two objects will follow the same displacements.
The contact only means that they are touching each other, there is an interaction between them
only if the �rst element applies a pressure on the second one, if a tension is applied between two
element which are in contact, there will be no interaction between them. The contact constrain
is perfect to simulate the contact between the support and the bar while the glue option would
have lead to the wrong constrains and displacements.

A few more boundary conditions are added to make the model more realistic. A contact
constrain is added between the side of the fuselage and the extremity of the wing (see �gure
3.9). Indeed, in reality the wing and the fuselage are not only connected together by the bar, they
are touching each other and this zone is susceptible to generate high constrains. As the drone
is still in development and was still at the prototype stage when the analysis was performed,
the wing and the fuselage were touching each other directly as it is shown at �gure 3.9. A joint
will be used in the commercialized model to avoid a direct contact between the composite parts.
Rivets were not considered in the model, however, it is needed to model the rivet which is at
the front of the wing. It connects the wing to the fuselage and unable the rotation of the wing
during the �ight. It is modeled by gluing a few nodes of the wing to the fuselage.

Figure 3.9: Direct contact between the wing and the fuselage on the prototype UAV

The �nal model used is shown at �gure 3.10
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Figure 3.10: Complete model of the UAV in Samcef

3.2 Materials

To �nish the model, the proprieties of all the materials needs to be set.

The skin of the wing and the fuselage are made of T700S carbon �ber composite. It has been
studied in the previous chapter the proprieties have been veri�ed by an experimental test. Those
proprieties are available in the �gure 2.12.

The composite bar is made of the same material except that the sheets are thicker (0.33mm
per sheet), the total thickness is 2 mm while the outer diameter is 25 mm. Then, the proprieties
of the material of the bar are the same as the skin, only the thickness of the layers changes.

The support which connects the wing the the fuselage is made of a L-shape piece attached to a
cylinder made of aluminum alloy. The thickness of the composite piece is 2.5 mm and it has the
same proprieties then the composite used before. The cylinder has an inner diameter of 25 mm
and a thickness of 2.5 mm. However, its inner diameter is changed by 1 mm for practical reason.
If it was set to 25 mm, it would have correspond exactly to the diameter of the composite bar,
there would not have been any space to �t them together in the model. Adding a 1 mm margin
allows us to suit the composite bar into the support. The documentation about the aluminum
alloy is easy to �nd and the data used are:
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Thickness of the shell 2 mm

Mass Density 2700 kg/m3

Young's Modulus 70e3 MPa

Yield Strength 241 MPa

Poisson ratio 0.32

Figure 3.11: Proprieties of the aluminum alloy

Eventually, the polyurethane foam has to be studied. Working with foam is pretty annoying
as its proprieties depend of a lot of factors. First of all, its proprieties depends on the expansion
direction of the foam. Indeed, two substances are injected inside the wing which is still in
the mold and a chemical reaction occurs which expends the foam. The process to inject the
foam in the wing is delicate. At �rst, the foam was injected directly in the wing without any
precautions but the pressure it applied on the skin deformed the wing a lot. In order to prevent
the deformations, the wing is placed in a mold which prevents the deformations and the foam is
injected. The way the foam is injected in the wing can change its proprieties, some spot in the
wing might even have no foam.

It is also not rare to �nd a negative value for the Poisson ratio. This is due to the fact that
the foam is a very porous material.

The anisotropic behavior of the foam is shown at table 3.12. This table contains the detailed
data collect by Dr Wit Witkiewicz and Dr Andrzej Zielisky [12] for a 62kg/m3 polyurethane
foam. We can clearly see that the proprieties of the foam depend on the direction of the foam
rise.

Density 62 kg/m3

Compressive strength parallel to foam rise 0.64 MPa

Compressive strength perpendicular to foam rise 0.41 MPa

Compressive modulus parallel to foam rise 19.5 MPa

Compressive modulus perpendicular to foam rise 10 MPa

Tensile strength parallel to foam rise 26.7 MPa

Tensile modulus parallel to foam rise 12.3 MPa

Tensile modulus perpendicular to foam rise 0.34 MPa

Tensile modulus perpendicular to foam rise 0.36 MPa

Shear strength in plane parallel to foam rise 6.4 MPa

Shear strength in plane perpendicular to foam rise 6.2 MPa

Figure 3.12: Proprieties of a polyurethane foam

The Poisson ratio of such kind of foam are usually considered as very small. As we can see
in the previous table, the Young's modulus of the foam is very small and it's role is actually
to prevent the deformation of the airfoil of the wing. Almost all the stresses are carried by the
composite skin and the bar. It will be shown in the �nite element model that the foam is not
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carrying a lot of stresses. We can see our wing as a double T beam were the parallel �anges are
carrying the stresses while the web is simply keeping the �ange away from each other.

The last problem is that the behavior of the foam changes if it is working under compression
or in traction. The behavior in traction is almost linear. However, in compression, it can be
di�erent. A typical stress-strain graph in compression for a foam is shown at �gure 3.13.

Figure 3.13: Example of a stress-strain graph of a foam

The �rst part is linear, until it reaches a plate. After a maximum stress, the material is sti�-
ening suddenly. This is because the foam is full of air. During the beginning of the compression,
the material is very porous. Deformations undergo until all the tiny holes inside the foam are
compressed, from this moment, the material is not porous anymore and the material is sti�en-
ing. This behavior is called the densi�cation as the density of the material changes during the
loading. In our case, as the deformations remains small, the behavior is assumed to be linear
and to be the same in compression and traction.

To sum up, the foam can be considered as an isotropic material with a small Poisson ratio.
The Young's modulus can be extracted from the �gure 3.14[6]. This �gure presents the Young's
Modulus of the foam in function of its density. In our case, the density is 42kg/m3 and the
corresponding Young's modulus is 26 MPa. In comparison, the Young's modulus of the carbon
�ber composite was 125 GPa in one direction and 13.3 GPa in the others, there is a factor 1000
between them. We can understand from this di�erence that the role of the foam is not the carry
the e�ort but simply to avoid the deformation of the skin.
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Figure 3.14: Tensile Young's modulus in function of the density of the foam [6]

3.3 Experimental test

A simple experimental test is performed to check the validity of the model. At �rst, the test
should have consist in clamping the fuselage and applying a vertical force at the end of the wing.
However, clamping the fuselage is a hard task and a simpler test has been chosen.

The drone is supported at each end by roller supports. Some weights are placed in the fuselage
near the center of gravity and the de�ection is measured. A photo of the test is shown at �gure
3.15.
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Figure 3.15: Con�guration of the experimental test

At �rst, the supports were supposed to be placed at the tip of the wing in order to measure
the highest de�ection possible. However, in practice, when the plane is placed on the support,
it cannot stay in a stable position and it tends to fall on its nose. It is due to the position of
the center of gravity. As the wing are swept backward, the plane was supported by two points
located behind the center of gravity. The con�guration is shown at �gure 3.16.

Figure 3.16: Side view of the con�guration leading to a rotation of the drone

Diminishing the distance between the supports allows to align the center of gravity and the
position of the support along the X-axis (see �gure 3.17). Aligning them also ensure that almost
no torsion will occur during the tests and allows us to work in the Y-Z plane.
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Figure 3.17: Side view of the �nal con�guration

The �nal con�guration in the Z-Y plane is the following:

Figure 3.18: Front view of the �nal con�guration selected

The force is applied on the fuselage by adding some masses around the center of gravity. This
force needs to be applied at the same spot all the time. To do it a wooden support is designed
and is shown a �gure 3.19. Its shape allows it to be �xed inside the fuselage, the plate at the
top supports the weights which wouldn't have �lled in the fuselage. With this con�guration, the
di�erent weights are added and always apply a pressure on the same surface at the bottom of
the fuselage.
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Figure 3.19: Design of the wooden support

The roller supports were build with trestles, round pieces of wood are added at the top to
simulate the boundary conditions of the �nite element model as well as possible. The trestles
are attached to each others in order to prevent their displacement. Indeed, applying a force on
the aircraft will deform it and it will tend to push the supports away from each other. The
whole con�guration was shown at �gure 3.15.

The best way to measure the displacement would have been to use a laser as it would have
been very accurate. In our case, a high resolution camera was placed in front of the plane. A
picture is taken for every di�erent forces applied and the pictures are post processed to compute
the displacement. The main problem of this method is that it induces some errors due to the
parallax. To minimize it, the camera is placed at the same height then the plane. The test is
performed twice by resetting the position of the camera to minimize the error. White dots are
marked on the drone to follow the displacement of the same point in each con�guration. The
wooden support is also used as a reference to compute the displacements. The force applied is
increased by adding masses on the wooden support. The pictures are analyzed afterward with
a software such as Photoshop. It allows to �nd the coordinate of a pixel, in our case, the three
points followed are shown at �gure 3.20.

As the force is aligned with the center of gravity along the X-axis, the drone should not rotate
and the displacement of the point 2 and 3 should be the same then the displacement of the
bottom of the fuselage. As all the dimensions of the drone are known it is possible to �nd the
ratio to convert a displacement in pixels into a displacement in mm. Two known lengths are
used and the ratio used is the mean of the two ratios found. The reference lengths are the span
of the drone and the thickness of the fuselage. The �nal ratio found is :

1pixel ⇒ 0.48mm (3.1)
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Figure 3.20: Points followed during the test

The pictures can be analyzed and the displacements found for the �rst test are shown in the
table below. At �rst, all of the displacements are computed from the con�guration when there
is no applied force. The results are shown at �gure 3.21.

Mass added[kg] Resultant force[N] Disp. pt1 [mm] Disp. pt2 [mm] Disp. pt3 [mm]

0 0 0 0 0

3 29.4 17 -2 -4

6 58.9 13 -12 -13

8.5 83.4 7 -21 -22

11 107.9 -7 -35 -34

13 127.5 -15 -40 -41

Figure 3.21: Table of the displacement of the �rst test computed from the 0 kg con�guration

The �rst thing to notice is that the displacement of the nose seems to be not coherent. When
a bit of weight is added, the nose goes up which is not an expected result. Actually, when the
drone laying on the supports, it not in a stable position. A small force has to be applied which
makes to drone rotate a little bit and eventually reaches a stable position. This small rotation
makes the nose go up and explains the positive displacement of the point 1. For this reason, it
is more interesting to look at the slope of the curves found or compute the displacement from
the 3 kg con�guration. The new results of the two tests are shown at �gure 3.22 and 3.23.

This time, the displacements are indeed increasing when weight is added as expected. The
force-displacement graph can be plot as the most interesting thing to compute are the slope of
the force-displacement curves. This graph is shown below at �gure 3.24. On this graph, the
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Mass added[kg] Resultant force[N] Disp. pt1 [mm] Disp. pt2 [mm] Disp. pt3 [mm]

3 29.4 0 0 0

6 58.9 -4 -10 -9

8.5 83.4 -10 -19 -18

11 107.9 -24 -33 -30

13 127.5 -32 -38 -47

Figure 3.22: Table of the displacement of the �rst test computed from the 3 kg con�guration

Mass added[kg] Resultant force[N] Disp. pt1 [mm] Disp. pt2 [mm] Disp. pt3 [mm]

3 29.4 0 0 0

6 58.9 1.46 -4.4 -4.8

11 107.9 7.8 -13.2 -13.2

13 127.5 11.7 -17.1 -17.1

16 156.9 17.5 -24.4 -24.9

Figure 3.23: Table of the displacement of the second test computed from the 3 kg con�guration

displacements of the point of the nose are represented in red while the displacements of the
points of the support are plotted in blue.

Figure 3.24: Force-displacement graph of both tests
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We can notice that the displacements of the points of the support are almost the same and
their curves are almost linear. The displacements of the nose are a bit di�erent. The hypothesis
to explain it is that the plane is doing a small rotation for every added force.

The displacement of the nodes of the support are almost linear which was the expected
behavior. From now, the displacement of the points of the support will be used to calculate the
displacement of the drone as the results were better and more coherent.

3.4 Finite element model results

As the geometry of the drone is already modeled, the right boundary conditions has to be
added to simulate the con�guration of the experimental test. The supports are considered as
perfect roller supports, this is done by locking the displacement along the Z-axis at the location
of the supports on the model. The force is applied by using a vertical surface force on a half disk
attached to the fuselage (see �gure 3.25). The surface force to apply can be simply computed as
: P = m∗g

π∗r2supp
where m is the mass applied on the support, g is the gravity acceleration and rsupp

is the radius of the wooden disk which applies the pressure on the fuselage. At the center of the
drone, the displacement along the Y-axis is prescribed to simulate the symmetry. Eventually,
the displacement along the X-axis is prescribed at one point of the roller support to remove the
rigid body modes. Those boundary conditions are shown at �gure 3.26 and 3.27.

Figure 3.25: Simulation of the force applied on the fuselage
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Figure 3.26: Boundary conditions used to simulate the symmetry of the drone

Figure 3.27: Boundary conditions used to simulate the roller support

As we are working with a simpli�ed �nite element model, only the general behavior of the
drone is required, then the behavior is almost perfectly linear and three con�gurations are use
to plot the force-displacement graph. The real behavior is actually non linear as there is a lot of
interactions between the elements, the joints and the rivets. It wouldn't make sense to compute
the deformations for a lot of di�erent weights in the �nite element method as it wouldn't give a
great picture a the reality.

The force-displacement graph is plotted for a force equal to 0 N, 78 N and 157 N. The results
are shown at table 3.28.

A graphic can also be plotted to compare the di�erence of slope between the experimental and
the simulated curves. As it has been explained before, the slope of the curve is more important
then the de�ection itself. The curves found with the �nite element model has been translated
to be able to compare the slopes easily. The results can be seen at �gure 3.29. The results of
the �nite element model are plotted in red while the real values are shown is blue.
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Resultant force [N] Disp. at the bottom of the fuselage [mm]

0 0

78 11.8

157 23.3

Figure 3.28: Displacements on the �nite element model

Figure 3.29: Comparison of the slope of the force-displacement curves

From this �gure, it can be seen that the real drone is a bit more �exible as the deformations
found are a bit more important. This is explained by the fact that the �nite element model
doesn't take the rivets or joint into account. Moreover as it was shown in the previous chapter,
the proprieties of the �nite element model lead to a composite material a bit more sti� than the
real one.

If we take a look at the displacements on Samcef (See �gure 3.30) we can notice that a small
rotation of the fuselage is occurring as the nose of the fuselage undergoes less displacements than
the bottom of the fuselage near the gravity center. This results seems to con�rm the hypothesis
made before concerning the displacement of the nose of the fuselage.
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Figure 3.30: Displacement found on Samcef for an applied force of 78 N

Figure 3.31: Displacement found on Samcef for an applied force of 157 N

It is also interesting to look at the constrains of the �nite element model. The constrains are
studied in the case of an applied force of 157 N as this is the con�guration which solicits the
drone the most. The �gure 3.32 presents the value of the Tsai-Hill.
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Figure 3.32: Tsai-Hill value for an applied force of 157 N

Something might look strange, indeed, if we take a look at the wing tip (�gure 3.33), it can
be seen that there are really high constrains in the skin while it should be close to 0 as no stress
is expected there.

Figure 3.33: Tsai-Hill value end the wing tip for an applied force of 157 N

It's actually some errors due to the �nite element method. At the interface between the
foam and the skin, the software tries to ensure the continuity of the stress and the kinematic
constrains. This problem is actually impossible to solve and a concentration of stresses is created
by the software to solve it. The high stresses at the end of the wing are actually arti�cial and
this problem is solved by removing the gluing constrains of this surface on the wing and changing
it to a simple contact between the skin and the foam. The same thing is done at the leading
edge by simulating a contact between the foam and the leading edge skin. Those changes do not
change anything on the results except that it removes the arti�cial constrains. The constrains
are now easier to see as they are scaled compared to the highest real stress.

The Tsai-Hill values of the new model are shown below:
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Figure 3.34: Tsai-Hill value for an applied force of 157 N

Now that the model is corrected, it is easier to analyze the stresses. The �rst thing noticeable
is that the constrains on the skin of wing are tiny, this is due to the thickness used for the
skin, even if it's 0.52 mm thick, this is still a very high value for a drone which is supposed to
undergo small forces during the �ight. This thickness is usually used for microlight aviation,
the thickness for big planes is usually between 1 and 2 mm. Some spot are more interesting to
study.

The �rst one is the interaction between the composite bar and the support. The mesh is
very detailed at this spot in order to have a great idea of what is happening. The value of the
Tsai-Hill is shown at �gure 3.35 and 3.36. The Thai-Hill value is still small, it is because the
thickness of the bar is enormous (2.5mm) for the size of the drone.

Figure 3.35: Tsai-Hill value in the composite bar
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Figure 3.36: Tsai-Hill value in the composite bar

The bar is locking the displacement and is pushing on the support as expected. The spot
where the constrains are the highest is at the end of the support.

The second interesting spot to watch is the zone where the support is attached to the fuselage
(See �gure 3.37). There is a little concentration of stresses. As the composite bar is pushing the
support upward, the support also tends to pull the fuselage upward, those constrains result from
this mechanism. However, the stresses on the support should be higher in reality. The support
is not really glued to the fuselage and to the aluminum bar. Rivets are used which lead to a high
concentration of stresses. As we are working with composite, a small imperfection while drilling
the holes of the rivets can cause a signi�cant increase of the stresses at those points when a high
load is applied. For that reason, the experimental test is not going over a maximum force of 157
N, it allows to see deformations while staying far from the limit of the material.

Figure 3.37: Tsai-Hill value at the bottom of the fuselage

The aluminum cylinder can also be studied, as this is an isotropic material, the von Mises
equivalent stress is used and it reaches a maximum value of 54 MPa while the yield strength is
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about 241MPa. The material keeps an elastic behavior as expected.

Figure 3.38: von Mises equivalent stress at the top of the aluminum cylinder

Figure 3.39: von Mises equivalent stress at the bottom of the aluminum cylinder

3.5 Validation of the Finite element model

Thanks to those tests, the �nite element model can be assumed to be representative of the
reality. As expected, the composite bar is undergoing a lot of e�orts as well as the support. Some
precautions needs to be taken while placing the rivets to avoid the propagation of microcracks.
As the deformations of the �nite element model are close to the one found with the experimental
tests, the model is validated.



Chapter 4

Flight simulation

As all the geometry is known and the �nite element model has been validated, the last step
is to study the behavior of the drone during the �ight. To do that, the Software PanAir is used
to compute the pressure which will be applied on the plane to simulate a �ight con�guration.
In order to �nd which �ight con�guration produces the highest loads on the plane, the gust
envelope has to be computed. Some aerodynamic data are needed to compute it so the results
obtained thanks to an experimental test in the wind tunnel are used. From the gust envelope,
the load factors are calculated and the aerodynamic loads can be found. This method will give
us the lift to produce to balance the load factor and will give us the angle of attack α of the
plane. The angle of attack and the speed found with this method are inserted in PanAir to
compute the distribution of the pressure on the drone. Eventually, the pressures and the load
factor are applied on the �nite element model to compute the stresses and the deformation that
the plane is undergoing.

4.1 Introduction to PanAir

PanAir is a software developed by the NASA in the 90's to predict inviscid �ows by using a
high order panel method. As our drone will �y at low speed and has a simple con�guration, the
program should give a great overview of the real aerodynamic forces applied during the �ight.
As the program allows to study the �ows proprieties for an inviscid �uid, the lift should be
close to reality but the viscous component of the drag will be missing, only the induced drag
is computed. The induced drag (Di on the schema) is represented at �gure 4.1. It is created
because there is an angle di�erence (αi) between the free steam direction (V∞) and the e�ective
direction of the air�ow (Veff ) for a 3D wing. The missing component of the drag is not a real
problem as the forces induced by drag are way smaller then the lift's ones.

With the hypothesis made by PanAir, the stall will not be represented which means that we
must care of the results for the high angle of attack.
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Figure 4.1: Schema of the induce drag

The method used by PanAir to solve the problem is explained below. The explanation is
inspired by the documents of the NASA [1][2] written by Mr Larry Erickson and Mr Forrester
Johnson.

It makes the hypothesis that the �ow is inviscid, irrotationnal (
−→
∇ = 0) and steady ( δ

δt = 0).

Considering a potential �ow (
−→
∇φ =

−→
V ) leads to the Lagrange equation:

−→
∇2φ = 0 where φ is

the velocity potential and
−→
V is the velocity of the �ow.

The software solves the Prandtl-Glauert equation which is
−→
∇2φ = (1−M2

∞)φxx+φyy+φzz = 0
whereM∞ is the free steam velocity. This equation is the easiest way to model an incompressible
�ow, the equation results of the general Navier-Stokes equation by neglecting the viscous e�ects,
the heat transfers and considering an irrotationnal steady �ow.

Two solutions of the Prandtl-Glauert equations are used and can be veri�ed by direct substi-
tution:

The �rst one is the point source : φS
P = − 1

R(−→xr,
−→xq)

The second one is the point doublet : φD
P = n̂.

−
−→
R(−→xr,

−→xq))
R3

Where R is the hyperbolic distance given by: R =
√
(xQ − xP )2 + β2 ∗ ((yQ − yP )2 + (zQ − zP )2)

with β = 1 − M2
∞, in the case of incompressible �ow, R is simply the geometric distance

between the two points.

In those expression, xP is the in�uenced point, xQ is the point of in�uence where the source
or the doublet is located.
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In the case of low speeds , the velocity potential of the point P can be expressed as a function
of the in�uencing panel Q such as :

φP =

∫ ∫
S
(σKσ + µKµ)dSQ (4.1)

Where Ksigma = 1
kφ

S
P (

−→x Q) and Kµ = 1
kφ

D
P (

−→x Q)

In our case k = 4π because the free steam velocity is way smaller than the speed of the sound.

From the value of the φQ and its de�nition, we �nd:

−→
∇PφP = −→v P =

∫ ∫
S
(σ
−→
∇PKσ + µ

−→
∇PKµ)dSQ (4.2)

−→
V can be computed for each panel as the sum of the free steam velocity and the in�uence of
the panel j, note that from the previous equation, the vij are expressed as a combination of the
φS
P and φD

P :

−→
V i =

−→
V ∞ +

N∑
j

−→v ij (4.3)

As the panel of the wing are impermeable, a condition of impermeability imposes that the
component of the speed perpendicular to the panel must be null:

−→
V i · ṅi = (

−→
V ∞ +

N∑
i

−→v ij) · ṅi = 0 (4.4)

⇒
N∑
i

−→v ij · ṅi = −
−→
V ∞ ·ni (4.5)

This equation written for all of the panels constitute a problem which can be written under
a matrix of the type: Ax = b where x are is the unknown and contains the parameters of the
doublet and source singularities. After solving this problem, the value of V for each panel can
be computed thanks to equation 4.3. From the value of V, the pressure can be computed.

However, neglecting the viscous e�ect leads to a non-unique solution of the equation, this is
why the wake at the trailing edge has to be explicitly chosen by the user, it consists in the Kutta
condition. The position of the wake is easy to �nd as the UAV studied is a blended winged
body. The wake is just assumed to be �at and it is starting at the trailing edge of the wing.
This task is not possible when working with a fuselage as there is no real trailing edge. In our
case, the part where the engine is located doesn't have a sharp trailing edge. The geometry
chosen for the aerodynamic study is slightly changed to allow the creation of a wake at this
spot. The problematic part is shown at �gure 4.2 and a trailing edge is created. It will change
the aerodynamic forces on the fuselage but as the part of the plane which has been changed
is small compared to the span, it will only have a small consequences on the general results.
However, we can expect an overestimation of the lift as the surface created has a pro�le which
is much more likely to provide lift.



4.1. INTRODUCTION TO PANAIR 55 / 76

Figure 4.2: Part of the drone which has to be changed

The new geometry is shown on the �gure below :

Figure 4.3: Geometry studied in PanAir
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Figure 4.4: Geometry studied in PanAir

4.2 Geometry

As explained before, the geometry had to be changed to create a wake which start at the trailing
edge of the wings. In order to do that, the section just before the location of the engine is selected
and placed instead of the problematic point.

The de�nition of the geometry in PanAir is implicit, it means that the points needs to be given
to the software in a certain order and the order will de�ne the geometry. As we are working on
a blended winged body aircraft, the usual way to do it is to give di�erent slices of the aircraft
along the span. In the same way it has been done for the �nite element model, the symmetry
of the aircraft is used and only half of it is represented. This is allowed in this case as we don't
consider any sideslip e�ect. Then the di�erent airfoils from the middle of the drone to the wing
tip are inserted in PanAir. The points of the airfoils are encoded in a certain order too in order
to de�ne the good normal to the surfaces created. The �rst point is located at the trailing edge,
then we travel through the extrados until we reach the leading edge and travel back through the
interados to �nally reach the last point which coincides with the starting point. A representation
of the process is shown at �gure 4.5 and 4.6.
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Figure 4.5: Order of the points given to PanAir

Figure 4.6: Order of the points given to PanAir

In the code, it is necessary to specify how many points are used for each airfoils (denoted
as nm) and how many slices are used while traveling through the span (denoted as nn). The
total amount of points given to the software is obviously equal to nn ∗ nm, in our case, a great
compromise between a fast resolution and a great convergence of the results is to use 55 slices
(nn=55) and 63 points for each airfoils (nm=63).



4.2. GEOMETRY 58 / 76

It is hard to generate such a mesh automatically with a software. It has been tried on Samcef
and GMSH but the results were not satisfying. For the same reason the initial CAD model had
to be changed in the previous chapter, the meshing software always places a node at each end
of the edges and this lead to a chaotic mesh while the one needed here has to be very regular.

The best solution to this problem is to use a meshing software to generate a mesh with a huge
number of points (the more points are generated, the best the results will be). The generated
points are post-processed in Matlab to generate manually the desired mesh. The mesh of the
fuselage and the wing are generated apart to improve the processing time in Matlab. Samcef is
used to generate the meshes and 250.000 points are generated for the wing and 280.000 for the
fuselage.

The points are generated for the wing and the winglet quiet easily. The points of the fuselage
are chosen by taking care to give the right pro�le at the middle of the fuselage. The generated
mesh is shown at �gure 4.7.

Figure 4.7: Mesh of the drone generated

A last problem remains, by importing the CAD �les in Samcef, the geometry of the objects
remained correct but the system of axis had been changed. The consequence is that the fuselage
and the wing are not aligned anymore, the translation is easy to �x but the fuselage needs to
do a rotation around its Y-axis to correspond to the 0 degree angle of attack of the wing.

The rotation is done by multiplying the coordinates of each node of the fuselage (x =
(x1, x2, x3)

T ) by a rotation matrix:

xnew = Ry(θ) ∗ xold (4.6)
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Where

Ry(θ) =

 cosθ 0 sinθ
0 1 0

−sinθ 0 cosθ

 (4.7)

The �nal set of points are found and displayed at �gure 4.8.

Figure 4.8: Final mesh of the drone for the aerodynamic study

The surfaces created and used by PanAir during the resolution of the equations can be modeled
too and has already been shown at �gure 4.3 and 4.4.

4.3 Test in the wind tunnel

Before computing the maneuver and the gust envelope, some experimental results can already
be introduced. The �rst prototype of the UAV has been tested in 2015 in the wind tunnel of
the University of Liege by Mr Andrianne. The main results that the tests have underline is the
evolution of the lift in function of the angle of attack.

In the domain of the aerodynamic, it is more common to represent the 3D lift coe�cient
instead of the lift its self. The 3D lift coe�cient is de�ne as:

CL =
L

0.5ρV 2S
(4.8)

Where L is the lift, ρ is the density of the air at the altitude of the drone, V is the speed of
the drone, S is the projected surface of the wing.
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The curves found is shown below, note that CD is the drag coe�cient and is de�ne in the
same way than the lift coe�cient: CD = D

0.5ρV 2S
where D is the drag. The percentage in the

legend correspond to the power of the engine.

Figure 4.9: Experimental curves of the lift and the drag coe�cients in function of the angle of
attack

When the tests had been performed, the value of S wasn't known as the plans of the drone
weren't available. Mr Andrianne decided to de�ne S has : S = bl = 1.54m2 where b is the span
of the drone and l is the length of the fuselage. Thanks to the 3D model of the drone the real
surface aera can be computed and is equal to 0.738m2. The real lift coe�cient can be computed
as CLreal = CLold

1.54
0.738 . We can see on the graph of the �gure 4.9 that the lift coe�cient changes

a little bit when the engine is working, two reasons can explain it. The �rst one is that the
propeller is perturbing the �ow. The second one is that the engine can produce a resultant
force with a component along the Z-axis not equal to 0. Indeed, in order to compute the lift
coe�cient, a sensor measures the vertical force produced by the plane. At rest, the sensor only
measures the weight of the plane but when an air speed is set, it can measure the di�erence
of the force and compute the lift. The lift coe�cient is computed from the lift thanks to the
formula of CL. If the sensor is measuring the vertical force, then changing the angle of attack of
the drone changes the orientation of the thrust produced by the engine and a component along
the Z axis is added to the lift. For this reason, the value of CL at 0% is used.

The new curve of the CL can be computed and is shown at �gure 4.10.
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Figure 4.10: True experimental curves of the lift coe�cients in function of the angle of attack

This curve will be used to verify the results found with PanAir. We can notice that the plane
has a negative lift coe�cient for an angle of attack of 0 degree and the lift is null for an angle
of attack of 2.2 degree (denoted α0). The value of CLα can be computed as the mean slope of
the CL-angle of attack curve and is equal to 5.0.

4.4 Maneuver and gust envelope

In order to know the �ight con�guration we will study, the gust envelope has to be computed.
The aerodynamic load highly depends of the speed and the angle of attack of the plane. Both
of those parameters must be known in order to compute an accurate aerodynamic study.

4.4.1 Maneuver envelope

The maneuver envelope depends of a few factor:

• The load factor of the drone. This parameter is used to simulate the e�ect of the inertia of
the drone in a static analysis. This is really interesting for us as it will be used in the �nite
element model. The maximum (nmax) and minimum (nmin) load factor are needed. Those
parameters can be computed by using an analytical formula, however, this method gives
results which doesn't make sense. This is probably due to the fact that we are working
with a UAV. The FAR regulation provides statistical value and those are used here. The
load can be set to nmax = 4 and nmin = −2.;

• The dive speed is also needed. This is also given by the FAR regulation, in the case of
the Guardian Eye, it is set to Vdive = 1.15Vcruise, in our case, the cruise speed is about
90km/h, this leads to a dive speed of 103.5 km/h.
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All of those parameters set the limit of the maneuver envelope which describes the limits
where the plane can �y. This is shown at �gure 4.11

Figure 4.11: Maneuver envelope of the drone

Inside the envelope, the plane can �ight safely.

A few zones are interesting, the left part of the graph is the zone where the lift is not high
enough to balance the load factor applied on the plane, this is the stall limit. The limit of this
zone is delimited by:

n =
L

W
=

0.5ρV 2SCLmax

W
(4.9)

In this equation, most of the parameters have been introduced in the previous section and W
is the weight of the plane.

Note that the CLmax which is the maximum 3D lift coe�cient is known from the tests done
in the wind tunnel and cannot be computed with PanAir as the stall e�ect can't be quanti�ed.
It is �xed to 0.85 for an angle of attack of 15 degree. This angle of attack is high but it has been
veri�ed experimentally that the drone doesn't stall at this speed, hence the value of CLmax is
probably underestimated.

If the plane travels faster, we are located in the right zone and the load factor is the limiting
factor, we must take care that it doesn't cause any structural damages.

We can notice that this maneuver envelope is a bit more restrictive than the real one. Indeed,
the maximum lift coe�cient which has been chosen is the maximum lift coe�cient that has been
measured in the wind tunnel. However, we are not sure if this coe�cient keep growing for a
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higher angle of attack. The load factor would have increase faster if a higher lift coe�cient had
been used.

An experimental test in the wind tunnel could be performed to �nd the real CLmax and the
angle of attack corresponding to the stall of the aircraft. As we saw, the panel method used by
PanAir doesn't allow to compute the stall speed. The analysis done here is limited by this value
of CLmax.

4.4.2 Gust envelope

The gust envelope is another envelope which takes the e�ect of the gust into account. Indeed,
if a wind gust is blowing on the aircraft, the �ow perceived by the aircraft is changed which
results in an increase or a decrease of the e�ective angle of attack. The gust envelope can be
computed and it will be used to calculate the aerodynamic loads. The modi�cation of the angle
of attack is hard to calculate, hence, the FAR regulation de�ne that the load factor of the gust
envelope is delimited by:

n = 1 +
kgVgustVplaneCLαρS

2W
(4.10)

Where k is the gust alleviation factor and µ is the airplane weight ratio, they are given by:

k =
0.88µg

5.3 + µg
(4.11)

µ =
2W

ρMACCLαS
(4.12)

Vgust is the speed of the gust, this is given by statistical values and are shown is the table below:

Vplane = ±VB Vplane = ±Vcruise ±Vdive

Vgust[m/s] 20.11 15.25 7.5

Eventually, CLα is the slope of the 3D lift coe�cient in function of the angle of attack and is
computed thanks to the experimental tests.

The gust envelope of the plane can be computed and is shown below:
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Figure 4.12: Gust envelope of the plane

We notice that the curve for Vgust = 20m/s intersects the stall curve for a speed higher then
the dive speed and this lead to a huge load factor when the plane is diving. However, the load
factor is limited to a maximum value of 6. The plane shouldn't undergo a higher load factor.
If we take the example of the acrobatic aircraft which are undergoing the highest load factor, n
takes a maximum value of 6. For the same reason, the minimum value of the load factor is set
to -3. As for the maneuver envelope, the value of CLmax doesn't allow the stall curve to grow
fast enough to intersect the curves of ng which limits our analysis.

The instant when the drone undergoes the highest loads should be when it reaches the point
1. At this point, the load factor is maximum as well as the speed.

We can compute the values of the aerodynamic loads for the interesting point of the envelope.

4.5 Aerodynamic loads

By knowing the loads factor at each point of the envelope, it is now possible to calculate
the aerodynamics loads. The aerodynamic loads are calculated by resolving the equilibrium
equation of the plane. The �gure 4.13 shows all the forces that are acting on the plane during
a resource.
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Figure 4.13: Schema of all the forces applied on the plane during a resource

The equilibrium equations (of the moment around the center of gravity and the vertical
stability) can be written as:

−xLL− xdD +M = Iθθ̈ (4.13)

L+ Tsin(α− iω)− nW = 0 (4.14)

L = 0.5ρV 2SCLalpha(α− α0) (4.15)

In this equation, Iθ is the �rst moment of inertia of the plane along the Y-axis, iω is the
inclination angle of the propeller which is null as the thrust is directed through the center of
gravity. θ̈ is the maximum pitching acceleration allowed, it is imposed to 1.745 rad/s2. T is the
thrust produced by the propeller.

As we can see on the schema 4.13, the distance xL and xD depend on the angle of attack
and the position of the aerodynamic center (center of application of the lift). However, those
distances are hard to �nd as the geometry of the drone has been inspired by another one, the
airfoil section are not known and the position of the aerodynamic center is unknown. This
problem is solved by the fact that we are working on a blended wing body aircraft. In order to
be stable in �ight, this kind of aircraft needs to have its aerodynamic center almost superposed
with the center of gravity. This con�guration allows to have a moment around the Y-axis almost
equal to 0 all the time and as a consequence, the usage of elevators is not needed. By making
this hypothesis, we can assume that the distance xL and xD are equal to 0.

The schema at �gure 4.13 is a simpli�cation of the equilibrium of a classic plane. All of the
forces applied on the tail are ignored as we are working with a blended wing body. The plane
can be seen as a single wing without fuselage as the whole surface of the drone contributes to
the lift. Eventually, the propeller is aligned with the center of gravity so that the angle iω is
equal to 0.
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This system of equation can be computed for a few points of the envelope. The values found
are displayed below:

ng Lift [N] α [rad]

Point 1 6 337 0.266

Point 2 -3 -172 -0.080

Point 3 -3 -171 -0.17

Point 4 6 336.9229 0.268

Figure 4.14: Aerodynamic loads at the points of the gust envelope

We can see that the drone undergoes the highest load at the point 1. The aircraft is �ying
at a speed of 30.3 m/s, the resulting lift is about 337 N, the load factor is equal to 6 and the
corresponding angle of attack is equal to 0.266 rad=15.22 degrees.

This con�guration is the one chosen to be studied in PanAir and on the �nite element model
as it is the moment when the loads applied on the drone are the highest. As we saw, the lift
will be slightly overestimated for this angle of attack as the stall is not modeled in PanAir.

4.6 PanAir simulation

A summary of the input data given to PanAir are shown below:

Angle of attack 0-5-15 degree

Velocity 0.09 ∗ Vsound

Points per section 55

Number of section 63

The simulations are run for an angle of attack of 0, 5 and 15 degrees. Those angle of attack
are chosen to plot the CL-angle of attack curve and verify that the results given by PanAir are
close to the experimental tests in the wind tunnel.

An important remark has to be made, after a few tests, it has been noticed that the geometry
given to PanAir corresponded to an angle of attack of about 3 degrees. This problem has been
introduced during the importation of the geometry in Samcef. The problem is exactly the same
that occurred with the fuselage which didn't have the same angle of attack than the wing. This
easiest way to solve this problem is to run PanAir for the angle of attack of -3, 2 and 12 degrees
which correspond in reality to the selected con�gurations of 0, 5 and 15 degrees. This problem
could have been solved by applying a rotation to the set of points in Matlab but exporting the
data in PanAir is a complicated task. The easiest solution is the one which have been chosen.
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The results found on PanAir can be compared to the results found with the experimental tests
in the wind tunnel. The CL-angle of attack graph gives a great overview of the correlation of
the model and the real tests. This graph is shown at �gure 4.15. The experimental results are
shown in red while the PanAir results are shown in blue.

Figure 4.15: Comparison of the CL-angle of attack curves between the PanAir simulation (in
blue) and the experimental tests (in red)

We can see that the aerodynamic model is really close to reality for a small angle of attack.
This result is satisfying. However, we didn't expect PanAir to work well for high angle of attack.
For a high angle of attack, the lift is overestimated by PanAir.

Note that the overestimation of the lift for a high angle of attack is probably because in reality,
a part or the whole the wing is starting to stall which is not the case in the PanAir model. As
the airfoil of the wing is di�erent over then span, it is possible that a part of the wing starts to
stall while the other parts are still producing lift.

Eventually, PanAir allows us to extract all of the pressures coe�cients of each surfaces created.
Those pressures coe�cients are useful as they allow us to computed the pressure which will be
applied on the �nite element model to simulate the aerodynamics loads.
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Structural analysis in �ight conditions

In this last part, all of the parameters determined before are applied on the �nite element
model. It allows us to see how the drone reacts when it is performing a resource at the point 1
of the gust envelope.

5.1 In�uence of the inertia

As it has been said before, a dynamic phenomenon is simulated on a static model. The load
factor is used to take the e�ect of inertia into account. In the case of a resource, the load factor
is high (n=6), and the weight of the drone has to be multiplied by n. In the �nite element
model, this is done by multiplying the gravitational acceleration by the load factor. In this part,
the simulation is done for a �ight con�guration which means that the real mass of the drone has
to be used. For now, the mass of the drone on the model was simply equal to the mass of the
structure as the experimental test of the fuselage had been done without payload. In this last
part, the mass of the payload has to be added to reach the real mass of the drone (6 kg). Those
components can be modeled simply by adding some mass inside the fuselage. The best option
would have been to add a mass distributed on the bottom of the fuselage. Unfortunately, this
option is not available in Samcef and a surface force is used on the bottom of the fuselage. The
resultant of this force is equal to nMaddg where n is the load factor, Madd is the mass to add
and g is the gravitational acceleration. We decided to add a load which correspond to 2kg to
reach the 6kg con�guration that has been used to compute the aerodynamic loads.

5.2 Application of the aerodynamic forces

The aerodynamic forces can be applied by applying the pressure computed by PanAir.

PanAir actually doesn't return the pressure itself. It gives us the value of the second order
pressure coe�cient (CP ). The pressure can be computed from the CP thanks to the formula:

CP =
p− p∞
0.5ρ∞V 2

∞
(5.1)

In this equation P is the pressure over panel, p∞ is the pressure in the free steam, ρ∞ is the
density of the �ow in the free steam and V∞ is the velocity of the �uid in the free steam.
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The pressure can't be applied directly from the output �le of PanAir to Samcef. In Catia
such a process is easy to do as it is possible to convert the pressure into a series of resultant
forces and project them on the model. This process is not possible in Samcef. In order to solve
this problem, the surface of the wing and the fuselage are cut into smaller surfaces. In our case,
there are 10 divisions along the span and 5 divisions along the chord, this gives a total of about
100 surfaces. A pressure is then applied on each surfaces. The pressure applied on a surface
is equal to the sum of the pressure found with PanAir averaged by the area of their surface of
application.

The accuracy of the result depends on the number of surfaces used in Samcef. If we consider
an in�nite number of surfaces, the con�guration will be the same as than the one given by
PanAir. In our case, a good compromise is to use a total of 100 surfaces as it is shown at �gure
5.1. Using more surfaces could be done but the time needed to enter each pressure of each
surface is really long.

Figure 5.1: Surfaces used to apply the pressure

5.3 Boundary conditions

The right choice of the boundary conditions is really important. The �ight conditions are hard
to model so in our case, the middle of the plane has been clamped. Those boundary conditions
remove the rigid body modes and allow to study the plane in a con�guration close to the �ight
conditions.

5.4 Results

We can take a look at the nodal displacements. They are shown at the �gure 5.2. We can
see that the wing is de�ected downward due to the load factor. This result is unexpected and
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Figure 5.2: Displacement of the wing in �ight conditions

Figure 5.3: Value of the Tsai-Hill in the composite bar

result probably from the error which has beam introduced when cutting the surface of the wing
in several panels. However, the displacement found are small and the analysis of the plane can
be continued.

The value of the Tsai-Hill can be analyzed too.

The composite bar is undergoing tiny stresses which is characterized by a Tsai-Hill value close
to 0. This is shown at �gure 5.3. However, as the inertial forces and the lift are almost in
equilibrium, we can understand that the bar doesn't need to carry a lot of e�orts.

We also notice that the bottom of the fuselage and the support are characterized by a Tsai-Hill
value really small too which wasn't the case in the bending test performed in the chapter 2. This
con�rms the results found for the composite bar, the bar is not undergoing high stress and doesn't
transmit it to the support.
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Figure 5.4: Value of the Tsai-Hill for the skin

Figure 5.5: Value of the Tsai-Hill at the junction between the wing and the winglet

The �gure 5.4 shows the value of the Tsai-Hill for the skin of the wing. The Tsai-Hill values
are very low almost every where as expected. In deed, the skin is very thick for such a small
drone. However, using a thinner skin could increase the displacements which could change the
aerodynamic proprieties of the plane.

The highest Tsai-Hill value is found in the junction between the wing and the winglet which
seems to be the most critical zone in �ght conditions. We can see on the �gure 5.5 that the
Tsai-Hill value changes brutally. This is mostly due to the fact that the di�erence of pressure
between two faces of the model can change suddenly. Using more surfaces on the model would
probably make the variation of the Tsai-Hill smoother.

An interesting result is that during the experimental bending test of the drone, the composite
bar and the support were characterized by the highest Tsai-Hill values. It is actually due to the
fact that almost all of the forces applied on the drone during the test were applied at the center
of gravity. In �ight condition, the lift is distributed on the whole plane and the bar carries less
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Figure 5.6: Value of the von Mises equivalent stress in the lower skin on the top of the aluminum
cylinder

Figure 5.7: Value of the von Mises equivalent stress in the lower skin of the bottom of the
aluminum cylinder

stresses. In the �ight conditions, this is the junction between the wing and the winglet which
becomes the critical zone.

However, the Tsai-Hill values found are still pretty small (0.06) and the structure can undergo
the aerodynamic loads easily.

The value of the von Mises equivalent stress can be checked for the aluminum cylinder in
order to see the magnitude of the e�orts transmitted from the composite bar to the supporting
cylinder. The results are shown at �gure 5.6 and 5.7 for the lower skin which is undergoing the
highest stresses.

We can notice that the maximum constrain is way smaller than the yield strength of the
material.
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To sum up, the junction between the wing and the winglet is the most critical part. It is
undergoing the highest stresses but this part of the structure might be weaken by the integration
of rudders in the future version of the drone. Moreover, it had been noticed that the winglets
tended to vibrate a lot during �ight. A reinforcement of this part of the drone could be done just
for safety if rudders had to be added. However, the problem of vibration should be solved in the
next version of the drone by reducing the size of the winglets. This size reduction should reduce
the aerodynamic forces on the winglet and should reduce the stress in the junction consequently.
Also, we must keep in mind that the Tsai-Hill value only reaches a maximum value of 0.06 which
means that the material is still far from its limit of elasticity.

The skin of the wing in every test remained far from its limit of elasticity then a diminution
of the thickness of the skin of the wing could be considered in the future. This diminution of
thickness would probably increase the deformations during the �ight. A study could be done
to check that those deformations don't change the aerodynamic proprieties of the aircraft too
much.
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Conclusion

To sum up this whole project, we have been able to see the huge advantages that the composite
materials has. It combines a high tensile modulus with a high strength for a density way smaller
than the common alloys. Those advantages makes the carbon �ber composite one of the best
material to use in aeronautics.

The three-point bending test performed has been very useful to verify the proprieties of
the material provided by the manufacturer. However, this test could not verify the value of
certain parameters such as the shear modulus or the Poisson ratio. Some other tests could be
performed to highlights those proprieties. A tensile test could be performed with samples with
�bers oriented in +/45 degrees.

The bending test of the real drone allowed to validate its �nite element model. It has been
noticed that the �nite element model was a bit sti�er then the real plane which is explained by
the fact that the model doesn't takes the rivets, the joints and the complex interactions between
some elements into account.

The PanAir simulation were performed and compared to the results found in the wind tunnel.
The PanAir simulation makes a small overestimation of the lift for high angle of attack which
can be explained by two factors :
- Small changes in the geometry had to be done in order to attach a wake to the fuselage
- The PanAir simulation gives a lift for an attached �ow while the real wing might have started
to stall.

The �nal analysis of the �ight conditions allowed to underline that the junction between the
winglet and the wing is a critical zone but is still far from the limit usage of the material.
The skin of the wing in general is oversized but reducing its thickness might lead to too large
deformations of the wing.
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Future works

During this thesis, a structural analysis have been done but this work could be pushed further.

The version of the drone studied is the �rst commercial version. Some modi�cations will be
done in the next version such as the integration of the rudders on the winglets. This modi�cations
will induce more loads on the winglet. The reaction of the structure to those new loads could
be studies.

An aeroelastic analysis of the drone seems really interesting to do. Indeed, the interaction
between the inertial, the structural and the aerodynamic forces can lead to dynamic instabilities
such as �utter. Those kind of phenomenon can lead to high-amplitude vibrations which are
dangerous for the structure.

The �rst feedback of the prototype of the Guardian Eye indicated that the winglets tend to
vibrate a lot. As it has been showed in this thesis, the junctions between the wings and the
winglets are already subjected to signi�cant constrains. The e�ect of those vibrations on the
constrains seems interesting to do to con�rm that the drone is safe. A detailed aerodynamic
analysis could also be done to reduce those vibrations. For example, a new geometry has been
proposed by Martin Masereel in his Master Thesis which consists in reducing the size of the
winglets.

The same kind of analysis which has been done in this project could be done on this new
suggested geometry to check if the drone can undergo the new aerodynamic loads.

The society which is developing the drone is also interested in creating a smaller version of
the drone which would be adapted to the wind tunnel of the University of Liège. Developing
such a model can be interesting as it could be used to study the aeroelastic phenomenon.

In the last section of the analysis, it has been explained that the analysis of the aerodynamic
loads was done for a drone traveling without a sideslip angle. The reduced model could be
used in the wind tunnel to study the e�ect of the sideslip angle on the �ow proprieties and the
aerodynamic loads on the winglet.



References

[1] Erickson, Larry L.: Panel Methods - An Introduction. NASA Technical Paper 2995,
December 1990.

[2] Johnson, Forrester: A General Panel Method for the Analysis and Design of Arbitrary

[3] Con�gurations in Incompressible Flows. NASA Contractor Report 3079, May, 1980. 2004
Lecture Notes. University of Aizu, Aizu-Wakamatsu 965-8580, Japan

[4] A5021 User's Manual-PAN AIR Technology Program for Solving Problems o/Potential
Flow about Arbitrary Con�gurations

[5] L. Noels, MECA0028-1 Structures Aéronautiques (Aircraft Structures)

[6] Pre-Insulated Pipe Supports Online Catalog , http://www.pipingtech.com/products insulated-
pipe-supports/technical/poly.htm

[7] Thomas Andrianne. Test report - Drone Vigano. Technical report, University of Liège,
2014.

[8] L. Noels, APRI0004-1 Aerospace design project

[9] Advanced T700/XB3585 UD carbon �bers-reinforced composite, Sorin Vlase, Universitatea
Transilvania Brasov

[10] Fibre-epoxy composites at low temperatures, G. Hartwig and S. Knaak

[11] T700S DATA SHEET, Torayca

[12] Wit Witkiewicz*, Andrzej Zieliski** *Ship Design and Research Centre,Department of
Materials Science, Corrosion and Environment Protection, Gdask, Poland, **Gdask University
of Technology, Department of Materials Science and Engineering, Gdask, Poland,

[13]Project : Study of a UAV structure Authors : Charbon Cyril Delvoie Cedric Plumacker
Florence Salbati Riad University of Liège


