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Abstract: This work describes the technological and scientific efforts on designing, manufacturing
and testing validation for high performance-low cost composite structures for Light Sport Aircrafts
(LSA). A Mexican initiative to conceive, manufacture and assembly a Light Sport Aircraft has been
developed by using Computational Fluid Dynamics (CFD), Finite Element Analysis (FEA) and
Liquid Composite Manufacturing (LCM). These consolidated techniques are used to characterize
novel approaches to manufacturing and assembly carbon-fiber based structural components. As
large structures are manufactured via Vacuum Assisted Resin Infusion (VARI), impregnation
strategies are studied to minimize inner flaws and also to improve the manufacturing time and
surface quality of each component. The first case of study, to validate this methodology, involves
non-structural components such as the cowling. Control surfaces (ailerons, rudder, elevator and
flaps) have been manufactured, each of them having common issues but also unique challenges. As
an example, a second case of study, the aileron main beam is analyzed. Furthermore, test portfolio
will be developed with the goal to perform 1-to-1 scale mechanical tests for validation in compliance
with ASTM standards.

Keywords: light sport aircraft; composites structures; vacuum assisted resin infusion; building-
block approach

1. Introduction

In the frame to develop small aircraft technology in Mexico, the company Horizontec in a joint
venture with CENTA propose the design, manufacturing and test-in-fly of Light Sport Aircrafts
(LSA). Halcon 1 airplane (Falcon 1) was developed using aeronautic wood and glass fiber reinforced
plastics (GFRP). Nowadays, it is a full certified aircraft, under mandatory circular for Mexican light
and experimental aircrafts [1].

The Halcon 2 project (Falcon 2) aims at designing and manufacturing a LSA made out of carbon
fiber reinforced plastics (CFRP). The goal is the certification of the aircraft in accordance with the
mandatory circular for Mexican light and experimental aircrafts [1] and the ASTM Standard F2245
[2].

Like any aircraft structure, the Halcon 2 project is designed and manufactured under the
“Building-Block Approach,” known as the Pyramid of Tests [3,4]. This design methodology deals
with several questions on the comprehension of new structural concepts that are not still fairly
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answered. As an example, the major causes of in-service damage of composite structures are
manufacturing process miscues and low velocity impacts [5,6]. These flaws can promote visible
induced damage (BVID), which is the prime source of components debonding, delamination, ply
fracture and fiber cracking in composite structures. These failure mechanisms are much more
complex than those of conventional metallic materials, leading to new problems for maintenance
tasks and repair procedures. Even when numerous analytical, experimental and numerical efforts
have been done with the aim to forecast stress, strain and failure mechanics for composite structures,
the majority of these studies have been carried out at laboratory scale, where analytic accuracy is still
reasonable although budget and infrastructure restrictions [7-10].

The pyramid of tests deals with five levels of mechanical tests [1]. In the first step, simple
coupons are tested in order to obtain basic properties for new and/or modified materials. The second
level is conceived to design structural basic elements such as plates, shells, beams and stiffeners. The
third level is defined by structural details such as plates with drop-offs, stiffened panels or wing-
boxes. The fourth level is dedicated to analyze complete components like a wing, elevator or fuselage.
Finally, the fifth level considers testing of the whole aircraft.

The higher the level is accomplished, the bigger the operational and financial risks are taken.
Normally, the analysis of singularity details on composite structures, such as ply drop-offs,
bolted/fastened/glued joints or edge effects, takes place at the third and fourth levels. At those stages,
if a concept or material problem is detected, it is difficult and costly to change the complete design
[4].

In the case of the Halcon 2, the key challenge is to manufacture all main components of the
aircraft by Vacuum Assisted Resin Infusion (VARI). Other efforts for manufacturing aircraft
components in “single step” have become reliable in recent years [11-14]. Meredith et al. [10] have
studied the performance versus cost analysis of carbon fiber reinforced plastics (CRFP), for a specific
requirement such as specific energy absorption (SEA). By comparing autoclave versus conventional
oven cures, they were found to have identical SEA, providing a cost benefit for massive production.
Another example was reported by Verma et al. [11] by analyzing the challenges in a cocured wing
test box by vacuum enhanced resin infusion technology (VERITy). They focused on four major
technological challenges: 1) selection of materials and optimization of process parameters; 2) design
and development of tools; 3) layup of dry layers and assembly preforms; and 4) design of infusion
strategy. They concluded the importance of following the Building-Block Approach to get a proper
infusion, as well as to improve the numerical tools to evaluate the flow front and to describe the
uncertainties associated with complex components. Finally, on the same order of ideas, Komarov et
al. [12] evaluated shape distortion during all stages of the vacuum infusion production of composite
aerospace structures. They cited that high quality numerical tools (FEA and CFD) for molding
products is important for achieving the required accuracy of manufactured products.

Within this framework, the Building-Block Approach is applied to the H2 aircraft as follows. For
Level 1, coupon level, a series of test for each material used on the LSA must be done. An extensive
materials characterization was performed for obtaining the elastic constants for the composite
materials. For Level 2, elements level, performance of sandwich structures is required, since most key
elements of the fuselage and wings will use this configuration. These properties have been used in
the FEA as input, for taking decisions on the configuration of the different Halcon 2 components and
to describe the baseline structural performance. For levels 3 and 4—components and subsystems
level —the design of mold and components relies on CFD approaches to calculating the flow front
behavior and the resin infusion strategy [13]. Here, surface controls (ailerons, rudder, elevator and
flaps) have been manufactured, as well as non-structural components (cowling). Efforts are now
devoted to the manufacturing and assembly of the wing and fuselage. Moreover, at Level 5, aircraft
level, test frames are now being developed with the goal to perform 1-to-1 scale mechanical tests on
the assembled aircraft.

In the present paper, two case studies: 1) cowling and 2) aileron main beam are described to
show the engineering processes and the technological challenges encountered in manufacturing high
performance-low cost composite structures for Light Sport Aircrafts.
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2. Materials and Methods

The main goal of this work is to describe the use of computational and engineering tools for
confronting the challenges of manufacturing low cost composite components for a light sport aircraft.
It is well known that any aeronautical development must comply with a series of specific stages in
order to get an airworthiness certification. These stages are prescribed by the so-called Building-Block
Approach [3,4]. After product design, manufacturing processes must be implemented and also
validated through experimental tests. Here, two different case studies are shown about the design
and verification of the manufacturing processes which is being developed by Horizontec Company.
Firstly, it is shown how Computational Fluid Dynamics simulations can be performed to simulate
the impregnation process of an aircraft component. The development of simple but consistent CFD
models to simulate the VARI process are discussed in the next sections. Also, experimental
observations were carried out in order to calculate relevant input parameters for the CFD simulations
to increase the reliability of the results. Once the manufacturing process is developed and the
component is fabricated, the performance must be validated through mechanical testing. For
composite materials, this verification stage is more complex than for traditional materials. Although
in the preliminary design and detailed engineering stages, the configuration of materials for each
component is determined by computer simulations; the effect of the manufacturing process on the
mechanical performance must be studied by means of mechanical tests of each component. The
second case study presented in this work shows how it is possible to compare the results from a
simple mechanical testing with a computational simulation and use the results of such comparison
to verify if the manufacturing process has any effect on the mechanical performance of a structural
element of the Light Sport Aircraft.

2.1. Materials

Materials employed for the manufacturing of H2 aircraft are listed in Tables 1-3. For the cowling,
AS4 Spreadtow carbon fibers by Hexcel® (Seguin, TX, USA) are used. For the aileron main beam, IM7
carbon fibers (unidirectional (UD) and biaxial fabric) by Hexcel® and PVC foam core by 3D Core®
(Herford, Germany) are used. In both cases, EPOLAM 2019 epoxy resin by Axson® (San Luis Potosi,
Mexico) is employed.

Table 1. Reinforcement materials employed in H2 cowling and aileron main beam.

Material ! Density Tensile Modulus  Tensile Strength Filament Diameter Carbon
(kg/m3) (GPa) (MPa) (micron) Content (%)
AS4 1.79 231 4400 7.1 94
M7 1.78 276 5600 5.2 95

1 All values from material’s data sheet [15,16].

Table 2. Epoxy resin used in H2 components.

Property Value !
Density cured (kg/m?3) 1.12
Mixing ratio by weight 100/35
T; (°C) 110
Curing (h @ °C) 16 @ 25 °C
Viscosity mixed at 25 °C (mPa-s) 250
Pot life (500 g) at 25 °C (min) 95

1 All values from material’s data sheet [17].

Table 3. PVC foam core for H2 components.

Property Value !
Density (kg/m?3) 60
Thickness (mm) 3-15

Maximum operational temperature (°C) 70
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Young’'s Modulus (MPa) 70
Compression Strength (MPa) 4.5
Application for vacuum infusion Very good

1 All values from material’s data sheet [18].

2.2. Manufacturing of CFRP and Sandwich Coupons

CFRP and sandwich plates are manufactured by Vacuum Assisted Resin Infusion (VARI)
(Horizontec-CENTA, Queretaro, Mexico) (Figure 1a). For characterizing AS4 and IM7 CFRP, UD and
[+45]4 coupons are employed. For characterizing CFRP-PVC sandwiches, the [02/PVC/0z] layout is
used.

The vacuum pressure is fixed at 0.25 bar for 2 h, till gelation of the resin is evident. The
polymerization reaction takes place for 16 h at 25 °C. For the CFRP, post-curing of 2 h at 60 °C, then
2 h at 80 °C and finally 4 h at 100 °C, following the recommended recipe by Axson® (Figure 1b) [17].
Sandwich structures were post-cured for 2 h at 60 °C [17].

(b)

Figure 1. Vacuum Assisted Resin Infusion for (a) Carbon fiber reinforced plastic (CFRP) coupons and
(b) example of CFRP-PVC foam core sandwich.

2.3. Mechanical Characterization of CFRP and Sandwich Coupons

For the CFRP, mechanical characterization was carried out following ASTM D3039 and ASTM
D3518 standards [19,20]. Nominal dimensions for the carbon-epoxy coupons were 250 x 25 x 1 mm
with a testing zone restricted to 150 mm. All specimens were instrumented with strain gauges at the
surface. For tabs, 60 grain gridding paper was used. For the tensile tests, MTS Insight 100kN
Universal Testing Machine (CENTA, Queretaro, Mexico) was employed. The crosshead rate was set
to Imm/min until coupon failure is reached (Figure 2a).

For the CFRP-PVC sandwich, flexural tests according to ASTM C393 standard [21] were
performed. Nominal dimensions for the sandwich were 200 x 75 mm. The average thickness for the
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sandwich samples was 3.5 mm. The span length was fixed in 150 mm. For the flexural tests, an Instron
8872 Servohydraulic Testing Machine (CENTA, Queretaro, Mexico) was employed. The crosshead
rate was set to 6mm/min until the coupon failure is reached (Figure 2b).

(b)

Figure 2. Mechanical characterization for (a) CFRP coupons, (b) CFRP-PVC foam sandwich coupons.

2.4. CFD Modeling for the Impregnation Process of the Aircraft Upper Cowling

The quality of any composite component manufactured by VARI process depends strongly on
the impregnation stage. During this stage, the resin flows through the preforms of carbon fiber and
the pores must be fully filled by the resin in order to avoid defects in the final product. In this case
study, we present the implementation of CFD simulations to compute the global behavior of the resin
flow, estimate the filling time of the component and verify if the resin inlet and outlet gates are
appropriate to carry out the VARI process. For this purpose, the analysis of the resin flow through
the upper cowling of a light sport aircraft is developed. In recent years, CFD models to predict the
resin flow through different technical fabrics have been studied in order to use them as a
manufacturing process design tool, for instance [22-24]. There are multiscale models that can take
into account different effects during the resin impregnation stage, however, as an engineering tool,
the CFD models must be as simple as possible in order to be used for testing different configurations
of the VARI process and selecting the impregnation strategy for manufacturing the component.

The CFD model for the resin flow through the cowling fibers preform is based on the solution
of the porous media equations in ANSYS Fluent. The Volume-of-Fluid (VOF) technique was
implemented in order to solve the equations for a two-phase flow (air-resin) including the interface
and to track the advance of the resin front as a function of time [25]. An unstructured tetrahedral
mesh was built to discretize the conservation equations. The time step was adjusted throughout the
simulation in order to obtain a Courant number less than 1 during the entire simulation. The
boundary conditions implemented in the model were based on the vacuum pressure that the
company has fixed for its VARI processes. The geometry of the aircraft upper cowling is shown in
Figure 3a. Three different configurations for the inlet and outlet gates were simulated, C-1, C-2 and
C-3. The inlet gate for each case is plotted in red color in Figure 3a, the resin outlet was simulated in
the lateral edges of the cowling. The laminate code for manufacturing the upper cowling is shown in
Figure 3b.
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Figure 3. (a) Geometry of the aircraft upper cowling; (b) Laminate code.

The critical part for simulations of these kinds of flows is the calculation of the porosity and
permeability of the preform laminate configuration. As was commented, since in the CFD model the
preforms are solved as a porous medium, the porosity and permeability tensor must be incorporated
into the numerical model. The porosity of the medium can be found through fiber volume fraction
experiments for individual layer specimens of each kind of fiber that comprises the laminate. Once
the porosity of each ply is calculated, the effective porosity of the laminate is computed as an average
of the porosity of the individual layers weighted by their thickness.

The permeability tensor is very difficult to compute; almost all the simulations reported in the
literature are solved using the permeability found through theoretical models or experimental
observations. The theoretical models to compute the permeability using the geometrical
characteristics of the fiber have been developed to provide this information to numerical simulations;
however, the permeability depends in many parameters that involves the geometrical features but
also the fluid that moves through the porous medium. As a result, the models reported do not predict
accurately the permeability of a laminate. In this work, experimental observations were carried out
to estimate the permeability of each individual ply of the laminate. Once the individual permeability
was calculated, the effect permeability of the preform was computed by averaging the individual
values. The experiments used to calculate the effective permeability of the porous medium are based
on a vacuum assisted resin transfer (VARTM) setup as shown in Figure 4 [26]. The rigid part of the
mold is made from a rectangular 1.2 x 1.5 x 0.01 m? glass plate on which preforms up to 0.2 x 1 m? in
area were laid up. Given the high degree of repeatability that can be achieved, a linear channel flow
experiment driven by a constant pressure gradient was chosen for the measurement of permeability
[23]. Moreover, the preform width was chosen to be about 16 times the inlet hose diameter. In this
manner, good practices for permeability measurement are observed [27].
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Figure 4. Experimental set up for manufacturing the laminates.

The mold and preform preparation proceeded as follows. First, the glass plate was treated with
mold cleaning (acetone) and release agents (demolding wax). Next, carbon fiber fabrics were cut to
0.1 x 0.9 m? and laid up on the glass. An infuplex layer (high permeability layer, HPL) was placed on
top of the carbon fiber fabrics in order to promote a uniform resin flow along the laminate.
Afterwards, a point injection source and a linear sink were placed on the glass plate in such a manner
that the resin would flow along the longest preform dimension. After the vacuum bag was placed
and sealed, the linear sink and the injection source were connected to the vacuum pump and resin
reservoir, respectively. Finally, a digital video camera was mounted above the glass plate to monitor
the flow front progression with time. The vacuum pump maintained a pressure of 3.07 kPa
throughout the resin transfer process. The results obtained are shown in the following section.

2.5. Experimental Test and FEM Simulation for Aileron Main Beam

For structural elements of the aircraft components, it is mandatory to verify the manufacturing
process and then the quality of each element. Following the ASTM standards applicable for this kind
of aircraft, a road map of the experimental tests for the elements of the structural components was
developed [2]. The first structural component manufactured was the aileron and as it is well known,
the critical element of this component is the main beam. The beam was designed with a rectangular
cross-section using two different fiber fabrics and a foam core. In Figure 5, the materials configuration
and the cross-section of the beam are shown. The layout configuration for the aileron beam consists
in a central PVC foam core, three unidirectional layers in each beam flange (top and bottom) and two
[#45] fabrics around them.
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Figure 5. Materials configuration sketch and computational model for the aileron main beam.

The performance of the aileron main beam was evaluated in cantilever conditions and the results
were compared with the ones predicted by a Finite Element Method (FEM) simulation (CENTA,
Queretaro, Mexico). The experimental test consisted of a fixed cantilever beam and an applied
localized load, P, which was increased until the beam failed. The FEM simulation was implemented
using ANSYS ACP utilizing the mechanical properties obtained from the level 1 tests. A total mesh
of 8640 elements was constructed for the fiber-core assembly. Shell type elements were used for fiber
layers and Solid type elements for the PVC foam core.

3. Results

3.1. Mechanical Testing for Materials Characterization

Mechanical characterization for both CFRP and CFRP-PVC sandwiches will provide the elastic
properties to evaluate the performance of structural components for the H2 aircraft. The elastic
properties of the CFRP and CFRP-PVC foam core sandwich are given in Tables 4-7.

For all CFRP coupons, the coordinate systems referred is the following: x: direction of the tensile
load, y: transverse direction of the tensile load and z: through-the-thickness direction of the laminate.
Young’s Modulus was calculated by using the chord modulus equation in the linear portion of the
stress-strain curve, between 1000 pe and 3000 pie [19]. Shear Modulus was calculated using the chord
modulus equation in the linear portion of the stress-strain curve, below 4000 pe [20].

Table 4. Mechanical properties of AS4 Spreadtow-EPOLAM 2019 CFRP used in H2 cowling.

Elastic Property Mean Value!
Young’s Modulus, Ex (GPa) 63.9
Poisson ratio, vxy 0.033
Ultimate tensile strength, oxmax (MPa) 1233.3
Shear Modulus, G (GPa) 44
Maximum in-plane shear stress, Txy max (MPa) 42.4

1 All values from experimental data following ASTM D3039 [19] and ASTM D3518 [20].

Table 5. Mechanical properties of IM7/EPOLAM 2019 CFRP used in aileron main beam.

Elastic Property Mean Value!
Longitudinal Young’s Modulus, Ex (GPa) 128
Transverse Young’s Modulus, Eyy (GPa) 7.3
Poisson ratio, vy 0.3
Ultimate tensile strength, oxmax (MPa) 1500

Shear Modulus, Gy (GPa) 5.1
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Maximum in-plane shear stress, Txy max (MPa) 50
1 All values from experimental data following ASTM D3039 [19] and ASTM D3518 [20].

Table 6. Mechanical properties of IM7 Biax/EPOLAM 2019 CFRP used in aileron main beam.

Elastic Property Mean Value!
Young’'s Modulus, Exx (GPa) 87
Poisson ratio, vxy 0.025
Ultimate tensile strength, oxmax (MPa) 1100
Shear Modulus, G (GPa) 3.5
Maximum in-plane shear stress, Txy max (MPa) 100

1 All values from experimental data following ASTM D3039 [19] and ASTM D3518 [20].

For the sandwich coupons, the coordinate systems referred is the following: x: direction of the
sandwich span, y: direction of the sandwich width and z: through-the-thickness direction of the
sandwich. Core shear ultimate strength and facing stress were calculated by using the proper
equations of the ASTM C393 standard [21].

Table 7. Mechanical properties of AS4 Spreadtow-EPOLAM 2019-PVC sandwich.

Elastic Property Mean Value!
Core Shear Ultimate Strength, Fsu: (MPa) 0.8
Facing Stress, o (MPa) 480
Maximum force prior to failure, Pmax (N) 420

T All values from experimental data following ASTM C393 [21].

Figure 6 shows the IM7/EPOLAM 2019 CERP stress-strain curves from tensile test following
ASTM D3039 standard. As expected, on one side, stress-strain curves for UD coupons show a linear
elastic behavior at the beginning of the plots, below 6000 pe, where mechanical properties are
calculated (Figure 6a). Nonetheless, above 10,000 pe, the material exhibits a notable elastoplastic
behavior, prior to failure. On the other side, stress-strain curves for [+45]2 coupons, above 3000 g,
exhibit a more evident elastoplastic behavior (Figure 6b).

1600

T 4 ’ 60 .
1a00k  ——M7=2018(0}, T — IM7-2019 [+45],¢
50F :
1000+ e e ] 401
& s
° =
600. tiesesssstnridsenan
20
200F S PP | 10f
% 5000 10000 15000 20000 25000 % 2000 8000 12000
fe€[mm/mm)| 7y [mm/mm)]
(a) (b)
Figure 6. Tensile stress-strain curves for IM7-2019 composite (a) unidirectional (UD) [0]+ and (b)
[+45]2s.

On one hand, the failure mode for UD and biaxial coupons is on sudden fracture type LGV
(Lateral, Gage, Various, Figure 7a). The fracture was explosive, where most of the CFRP fragments
fell down inside the protection chamber. On the other hand, failure mode for [+45] coupons is warp-
weft sliding, type SGT (Splitting, Gage, Top, Figure 7b). Both failure modes are according to typical
codes of ASTM D3039. The failure mode for the CFRP sandwich with PVC core was in the
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compressed facing type FGT (Facing failure, Gage, Top facing, Figure 7c), with barely visible core
crushing.

o R T SR v B T S T Y

(c)

Figure 7. Failure modes for AS4-2019 composite (a) [0]+ and (b) [+45]2s and (¢) CFRP-PVC sandwich.

3.2. Cowling Impregnation Process

Before the CFD implementation, the permeability characterization was performed for the
laminate configuration selected for manufacturing the upper cowling of the aircraft. Using the
experimental setup described in Section 2.1, analysis of resin flow through each type of fiber was
carried out. An image processing algorithm was used to compute the advance of the front as a
function of time. Knowing the pressure gradient and the viscosity of the resin, the permeability of
the fiber was calculated through the integration of the Darcy’s Law [28]. The same procedure is being
implemented for all the components of the Light Sport Aircraft, so that the experiments to
characterize the resin flow through the fiber selected to manufacture each component of the aircraft
were performed through this kind of observations. In Figure 8, one can see the resin front advance as
function of time for the +45 biaxial fiber. At the beginning of the impregnation process, a radial flow
is developed through the carbon fiber plies according to the point source configuration in the injection
gate. However, the lateral boundary constraints force the radial flow to evolve into a linear flow in
about 90 seconds. From that point and until the fiber laminate is totally impregnated by resin, the
flow advance is linear and a Darcy Law in one direction can be applied to compute the permeability.

(b)
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(c) (d)

Figure 8. Sequence of representative images of flow fronts in the laminate manufacturing under
vacuum assisted resin transfer (VARTM) process: (a) t =10s; (b) t=100s; (c) £ =1080 s and (d) t = 2055
s.

Once the permeability of each ply of the laminate was determined, the average effective
permeability and porosity were calculated for being included as an input parameter of the CFD
model. The effective permeability resulting from the experiments for the cowling laminate was ke =
3.8641 = 10-12. The details with respect to the permeability calculation from the experiments for each
ply of the laminate can be found in Reference [26]. Fiber volume fraction tests were performed for
each ply of the laminate in order to compute the porosity. The effective porosity of the laminate was
calculated as the average porosity weighted with the thickness of each ply, resulting equal to ¢ =
0.479. The filling process simulation were carried out for the three configurations C-1, C-2 and C-3,
presented in Figure 3. In order to analyze quantitatively the filling process of the component, the
integral of the resin volume fraction as function of time was computed during the simulations and is
plotted in Figure 9 for the three configurations. The curves of the resin volume fraction can give
relevant information about the evolution of the impregnation process. As can be observed, with the
C-1 configuration the cowling fills faster than with the others. The filling process with C-2
configuration lasts much more time that the C-1 and C-2 and after 1750 s in the simulation, the
cowling was not completely filled of resin. On the other hand, the resin volume fraction as a function
of time behaves in a very similar way to the beginning of the process for C-1 and C-3 configurations,
however, in the final part of the process, the resin impregnation of the preform slows down in C-3
with regarding C-1. From this information, the C-1 configuration can be considered the best choice
in order to minimize the filling time. For this configuration, the resin flows and fills around 40% of
the component very quickly until the flow considerably slows down due to the pressure balance
inside the porous medium.

e ©
(2] ~
T T

i

Filling fraction [%)
o

03 . C §
{ —e—(C-2
0.2} . c_3 4

0 250 500 750 []1000 1250 1500 1750
tls

Figure 9. Filling fraction as function of time for the different inlet gate configurations gate.
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In Figure 10, the filling process of the upper cowling is shown, through the contour map of the
resin volume fraction for C-1 configuration. As it can be appreciated, the resin flows very fast at the
beginning of the process and the velocity of the resin front decreases as the preform is filled. The
results of the simulation shows that using this configuration, the component fills uniformly and
symmetrically with respect to its longitudinal axis. The total filling time for the component was about
1180 s. In Figure 10d, the VARI process implemented in the laboratory for the cowling using the C-1
configuration is shown, it is important to highlight that the component successfully manufactured
with good surface quality results.

Figure 10. Results from the computational simulation of the resin impregnation process for the upper

cowling using C-1 configuration: (a) t=21s; (b) t =250 s; (c) t =500 s and (d) resin infusion of cowling.

3.3. Verification of the Manufacturing Process of the Aileron Main Beam

For level 4 structural testing, mechanical tests of an aileron main beam were carried out. Master
mold of aileron main beam was fabricated with MDF by CNC machining. After that a composite
mold using twill carbon fiber and EPOLAM 2019 was fabricated. Manufacturing process of the
aileron main beam follows the same VARI procedure described in section 2.2. Layout of the beam is
the same as described in Section 2.5. Post-curing for 2 h at 60 °C was the same as the sandwich
coupons [17].

The manufacturing processes of the aileron main beam of the light sport aircraft were verified
by comparison between the mechanical performances exhibited in testing and the results obtained
from the FEM simulation. In Figure 11a, the experimental set up for the cantilever beam test of the
aileron main beam is shown. The beam was fixed at one end and loaded at the opposite end. Load
was applied manually by using sand bags. The beam was instrumented with two strain gauges at the
fixed end in the upper and bottom surface respectively. Load was applied till the beam failure was
reached.
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(b) R (©

Figure 11. Mechanical test of the aileron main beam: (a) experimental set up; (b) front view and (c)

top view of the beam failure.

The maximum deflection of the beam exhibited at the free edge in the experiment was 34 mm.
The beam failed with a load of 35 kg. As can be observed in Figures 11b and ¢, the beam failed close
to the fixed constraint. The results from the computational simulation showed a similar qualitative
behavior respect the experimental test. The simulation was performed imposing a load of 343.35 N
(35 kg) showing a maximum deformation of 35.02 mm (Figure 12a). With this deformation, the
maximum value of the principal stress o1 is placed at the same position as the failure occurred during
the mechanical testing (see Figure 12b). In Figure 13, the maximum strain failure criterion is plotted,
asitis displayed, the maximum value of the failure criterion is 0.8437, indicating that the beam is able
to support this load. However, the mechanical test showed the failure of the beam at these load
conditions. The lack in the performance of the beam can be attributed to the intrinsic errors during
the manufacturing process. As reported in literature [29], stiffened structure commonly fails at
components interface. For woven composites, warp-weft sliding, fabric distortion and fiber
decohesion are expected. In the case of sandwich structures, core crushing and compressed facing
are also expected mainly for compression-tension stress state. For the aileron main beam, deflection
due to the aerodynamic forces is expected, therefore, attention on fiber crushing and core crushing
on the compression face shall be avoided.
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Figure 12. Finite Element Method (FEM) simulation results of the aileron beam in cantilever: (a) Total
deformation; (b) Maximum principal stresses o1.
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Figure 13. Maximum strain failure criterion for the composite beam with a load of 343.35 N.

In order to visualize in detail the internal structure of the beam and capture the manufacturing
miscues, a computerized tomography analysis (CT-Scan) was carried out. In Figure 14b, the results
from the three-dimensional reconstruction of the beam using the CT-Scan equipment are shown. A
lateral and top slices at the middle planes of the beam structure are presented in Figure 14a. It can be
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seen the hexagonal PVC foam core on the left and the top and bottom fiber layers on the right side.
The presence of pores is easily identified in the fibers and the hexagonal PVC foam core, the lack of
resin in those zones can promote the premature failure of the beam with respect to the results
obtained from the FEM simulation. In Figure 14c, a top slice at one of the UD fiber layer is shown, the
pores and the fracture path in this fiber layer can be observed.

Porous zones in the foam core and fiber

Lateral

(b) (c)

Figure 14. CT-Scan inspection of the beam after the mechanical test, (a) lateral and top slices inside
the beam structure; (b) Three dimensional reconstruction of the beam specimen and (c) top slice of
the laminate at the fiber layers of the beam flange.

4. Discussion and Conclusions

The manufacturing process development and validation for components of a light sport aircraft
were presented. The VARI process was chosen to fabricate the composite components of the
Horizontec aircraft to reduce the manufacturing cost versus an autoclave or RTM procedure
[10,30,31]. The cost analysis of the VARI process was carried out by Horizontec when the project
requirements were stablished. In order to show how the engineering and computational tools are
utilized during the development of these manufacturing processes, two cases of study were
presented. Firstly, the impregnation stage was analyzed for the upper cowling using CFD
simulations. For this purpose, the permeability of the fibers was characterized to be used as input
parameters of the simulation. CFD model was performed and the transient behavior of the resin flow
during the filling process was computed. It is important to highlight that the CFD model was
developed as simple as possible in order to reduce the computational time. It is expected to compute
the global features of the flow and use these kind of CFD models as a fast engineering tool to design
the impregnation strategy for each component of the aircraft. Here, three different inlet-outlet
configurations to perform the impregnation process for the upper cowling were analyzed. From the
simulations results, the filling time for each configuration was computed through the calculation of
the resin volume fraction as a function of time. Then, the inlet-outlet configuration was selected in
order to reduce the filling process. It is important to mention that with this model, it could be possible
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to propose a pressure or flow rate control methods to optimize the impregnation process. As a second
case study, the mechanical testing and computational simulation for the aileron main beam was
presented. Once the component is fabricated and in order to validate the manufacturing process, the
component was tested and its mechanical performance was compared with results obtained from
FEM simulation under the same load conditions. In order to develop robust simulations and model
as well as possible the mechanical behavior of the aileron main beam before implementing the FEM
simulation, the composite materials were characterized through coupons mechanical testing to feed
the FEM simulation with the measured material properties. It was shown that for the case of the
aileron beam manufactured by VARI process and in cantilever beam scenario, the beam has a
performance of 85% with respect to the simulation results. Since all the mechanical properties for the
corresponding materials were included into the FEM model and from the porosity zones identified
from the CT-Scan analysis, it can be concluded that the 15% difference in performance is due to
manufacturing errors.

For manufacturing LSA, the Building-Block Approach describes an excellent path for validating
aircraft components. In both cases, cowling and aileron main beam, elastic properties of carbon fiber
based structures were determined and fulfill the materials requirements according to LSA standards.
The implementation of sandwich structures for both cases solves economic and engineering
constraints. However, components must meet 1-to-1 scale mechanical tests to assure the certification
type of Halcon 2 aircraft.
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