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Abstract. The procedure of structural design for aircraft parts is widely known and discussed in the academy and
in the industry, although it has been improved along the time. It is based on a detailed process of aerodynamics
loads study coupled or not with specifications required by regulatory agencies. Further, several interactions of
analysis are done to define the critical stress state of the structure submitted to load conditions, because it is a com-
plex structure that needs to be often improved and updated (considering the requirement of assembly/disassembly
simplicity). There are several components in an aircraft attached to each other by the use of fasteners, rivets or nuts
made of different materials (aluminum, steel, Inconel among others). In fact, it is not to easy to obtain stress state
of the aeronautical structure for real loading conditions. Further, it is also difficult to calculate the load acting on
each one of the joints. Several studies were already performed in order to obtain the correct understanding of how
actual loads is distributed through the joints. The present work aims to compare results in aircraft joints (focusing
in spar and skin regions), considering three levels of fidelity to understand the differences in the structural response
using different type of modeling approach. Finite Element Analysis modelings made using Nastran software were
performed. Preliminary results show good response agreement even for high and intermediate detail levels. Low
detail level present promisor response as a tool for predesign.
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1 Introduction

One of the best known methods for a structural analyst is the Finite Element Method. Through this method, it
is possible to divide the structure into a finite number of elements that best represents the structure’s geometry and
simulate all its loading conditions, considering interpolation functions for response fields (stress, strain, displace-
ment). The choice of method alone is not sufficient for the design of the structure. It is also necessary to define
what level of detail a given structure needs in order to obtain satisfactory results.

Several authors have already studied the best way to obtain the loading in a joint, considering it homogeneous
or hybrid (when it involves metallic parts joined to composite materials). Rutman et al. [1] , for example, suggest
the use of 1d elements with Euler formulation connected by spring elements that are able to check the structure’s
st iffiness in the axial and shear directions, as it can be seen in the figure E}

Askri et al. [2] uses a high-fidelity joint model to build a low fidelity one, using spring models between
surfaces using a multi-fidelity approach [3]. In another study presented by Martins et al. [4]], it is possible to
see the implications of to not be careful while modeling joints, since the load distribution can be erroneously
determined. At another point, Bedair and Eastaugh [5]] studies the importance of taking into account the secondary
moment that happens in overlapping joints.

On the opposite hand of the detailed models that require a high computational cost, in addition to a significant
time demand for construction, there are models with a low level of detail. The figure below illustrates the level
of detail a joint can have, all using the Finite Element Method. In this paper, 3 levels of fidelity are compared in
prototype wing. The different fidelity levels are shown in figure[2]

Considering the importance to the safety of joints used in the aeronautical industry, one cannot fail to em-
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Figure 1. Rutman 1d fastener model. ref. [T

phasize the fact that the competitiveness of the industry is directly linked to the efficiency of its engineering team.
Thus, simulating all loading conditions assertively, without spending a lot of time is vital.

(a) High fidelity model

(b) Intermediate model

(c) Low fidelity (simplified) model

Figure 2. Different levels of finite element fidelity models.

2 Methodology

The prototype model of the work will be the main box of a wing . Three types of riveting configurations will
be studied, which are:
e Single Joint
e Double Joint
e Staggered Joint
Those types of joints are shown in figure[3] The correct understanding of the load distribution in joints used in
aeronautical components is of paramount importance for their design, as discussed by Chaves and Fernandez [6]]. In
addition, having means to correctly obtain the margin of safety for each of these joints accurately becomes crucial,
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since any complication during a field operation, it is necessary to use these safety margin values for evaluation,
and correct modification, if necessary.

3000 mm

View A
Skin
b -
900 mm - ——
. Fastener
450 mm
i Spary_|
1
(A) P
Upper Skin
View A
~ Lower Skin single joint Double jolnt Staggered joint
(8) (@

Figure 3. Wing model and Type of Joints.

The mathematical model to be used is only a didactic wing built for study purposes, comprising of upper
skin, lower skin, front and rear spars and ribs. FigureE](B) shows the mathematical model with its dimensions and
the exploded view.

Riveted joints are going to be simulated considering some typical conditions of connections in an airplane
using the three simplifications mentioned above and to compare the results, in order to identify the level of reliabil-
ity of the use of very low fidelity models using analytical methods to obtain the flow of loading. Table [I| presents
the material properties (ref. for aluminum and ref. [8] for fasteners), thickness for the sheets and diameter of
fasteners.

Table 1. Mesh sensibility analysis

Model properties [mm]

Component  Thickness /Diameter [mm] Material
Skin 3.00 AL 7475-T761
Spar 4.50 AL 7475-T761
Ribs 3.75 AL 7475-T761

Fasteners 3.97 Titanium

Figure@shows these models where (A) refers to model with low fidelity, (B) model with mid fidelity and (C)
the model with high fidelity.

For the model with low fidelity approach, isoparametric (CQUAD4 OR CTRIA 3) elements with 4 integration
points are going to be used to simulate the wing skin, ribs and spar web while bar elements considering Euler
formulation (ref. [9]) are going to be used to simulate spar cap. For the mid fidelity the whole model are built
with those same isoparametric elements but the connections, in which it used the combination with bar and spring
elements according to described in ref. [I]] and showed in figure [T}

The High fidelity model is built with solid element CPENTA (with 5 grid points) and CHEXA (with 8 grid
points) all of them considering reduced integration points, which means 2x2x2 points.
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Figure 4. Mathematical Models.

2.1 Initial and boundary Conditions

To build the finite element model, it was used the Stender Method [[10] to simplify a load distribution along
the wingspan and the forces and moment where applied through a rigid element connected in the wing. The load
distribution was made such as the total load equals 2000 daN. The aerodynamic moment (considered being at 25%
of the chord) was calculated using [11]:

My = %pVQSwECm (1)

where:

M 4 is the aerodynamic moment,

p is the air density,

V is the reference speed,

S 1s the plain view wing area,

¢ is the mean aerodynamic chord and
(', is the moment coefficient.

Using eq. and with the value of -0.2 to C,,, (NACA 006 [11]]) it was found a value of 223.747 daN.mm. The
distribution of load (Stender) was used to the acrodynamic moment.

A total of 7 models were built, three of them regarding to mid fidelity model, three for high fidelity model and
one for low fidelity model and the level of fidelity follows from figure 2] Both the low and mid-fidelity models are
linear elastic. Thus, it is possible to represent the whole wing with these approaches. On the other hand, the high
fidelity model involves the calculation of the non-linear bearing stresses and can’t be solved for the whole wing at
once.

A

6 Degrees of freedom restricted

(A) (B)

Figure 5. Boundary Conditions.
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2.2 Fasteners loads for low fidelity model

Regarding low fidelity model, only one model are going to be used in order to obtain the fasteners forces for
each one of the three configuration. The membrane shear force provided for the QUAD4 and TRIA3 element is
used to obtain those forces.

For each one of the attachments it was took account its coordinate system and it was verified if those fastener
is inside of the element and the load of that element was assigned for the fastener, if there are more than one
fastener inside the element the load is divided by two and so on. In order to guarantee the node are inside the
element a vector product using the node analyzed and the nodes of the element were performed as it can be seen

on[6(B).

Vector product between:
AB e BP

5 = BCe CP
B 0 CD e DP
If all these product have the same signal
@ @ them the node is inside the element

Node that represents

geographical position of the

fasteners

(A) (8)
Figure 6. Low fidelity model analysis.

3 Results

3.1 Mesh sensibility analysis

In order to check the mesh sensibility, two kinds of refinement were considered as it can be seen in table
2} where the refinement 1 refers to the model used in this study and refinement 2 is a model with the elements
with half of size of the first one. As it can be seen, there is no significant modification in the results if the size of
elements used is less and this behavior can be expected no matter the refinement used.

For the low fidelity model the average size of elements regarding to refinement 1 is 30mm and for mid fidelity
model the average size of the elements is 15mm. All the models were built following the best practice discussed
in ref. [12].

Table 2. Mesh sensibility analysis

Total Displacement [mm]

Model Refinement 1 Refinement 2
Low Fidelity 45.20 45.60
Mid Fidelity 40.30 40.96

3.2 Low fidelity vs mid-fidelity comparison

Figure [/| shows the result comparison along the span of the low and mid fidelity models. It can be seen that,
although the results are not equal, they follow a same pattern of each of the joints configurations. The results of
the low fidelity tends to be conservative on all configurations.

The last figure shows a display of normalized margin of safety for the single joint model. Suppose that the
maximum load found in all fasteners for the low and mid fidelity models and take it as the joint allowable.
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Figure 7. Loads comparison - Through the span wise.

3.3 High fidelity model comparison

The next step is to compare the load distribution prediction of each fidelity model approach. To model the
high fidelity model, just a portion of the wing was modelled (from y = —480mm to y = —410mm and from
z = 70mm to x = 100mm). The model is attached to the low fidelity model using a sub-modelling approach
(13].

From figure 8] it can be shown that for single, double or staggered joints the low-fidelity is the most con-
servative in a overall point of views. It means that, if the joint is design to withstand the critical load, it is most
likely to be safe. Although the low fidelity model presents a conservative value, the load distribution between the
fasteners is not always similar considering the fidelity, it occurs only to single joint. For double and staggered the
load distribution do not follow a pattern as it is observed in single joint.

The high fidelity model was built using enforced displacements. Since low fidelity models tends to be more
rigid than high fidelity ones [4], using the conventional sub-modelling approach can lead to an underestimation of
the load distribution. A way around of this effect could be the usage of nodal forces instead of nodal displacements.
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Figure 8. Loads comparison - High fidelity.
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4 Conclusions

According to presented in figure[7]the load distribution through the spanwise is very similar even considering
different types of attachment configuration as well as fidelity model, being evident that the low fidelity model can
represent the structure with confidence and provide a conservative result. The margin of safety comparison has
also shown that it is possible to dimensioning a wing attachment region considering a low fidelity model and uses
those data to optimize the region far from the root that it is less loaded.

The high-fidelity model (figure[8) comes to corroborate the insight that the low fidelity model is stiffer, which
gives fasteners more loaded and consequently more conservatives results during the dimensioning process.

Another interesting issue to be observed is that in the high fidelity model for single and staggered joints there
were a significant decrease in the load distribution regarding the other models, those fact can be explained because
of these configuration gives some degrees of freedom for the joint allowing some kind of rotation which let the
load stored by means of strain energy, besides the contact area of these configuration is bigger which let the load
flow through contact force.

It is also highly important to understand the usability of low-fidelity model, which provide good results
without spent to much time modeling while considering a static analysis but provide a poor data with very low
confident to perform a fatigue or crack propagation analysis in which the accuracy of the analysis is proportionally
linked to the level of fidelity of the model.
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