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Abstract

Rear wings are aerodynamic devices that highly influence the performance of a vehicle. This
work deals with an aero-structural optimisation problem of such devices, where the multiphysics
involved was considered by means of fluid-structure interaction (FSI) towards effective and safe
designs, for minimum drag and mass. The objective is to fold the implementation of a process for
optimal automotive aerodynamic devices design. Two study cases were considered: a traditional rear
wing design used in both automotive and motorsport applications; and a proposed design, where the
surface connection between the endplates and vertical supports is used to create additional downforce.
A multidisciplinary design analysis and optimisation (MDAO) framework was defined through a
computer-aided engineering (CAE) software (ANSYS® Workbench 14.5). Optimal designs results were
achieved from multidisciplinary parametric and optimisation analyses. The present work showed that
the process employed is very well suited for the preliminary design phase of aerodynamic devices in
producing efficient products in a relative short time frame. Mesh and turbulence modelling strategy
proved to be important regarding the accuracy of the numerical solutions and for problems with small

deformations, a FSI one-way coupling technique has significant computational advantages.
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1. Introduction

In the late 1960s, several teams in motorsport
started to use rear wings in their race cars and it was
at this point that aerodynamics began to play a key
role in high-performance cars design [3]. Combined
with engines innovations, speeds increased signif-
icantly and the wings structural integrity became
an important consideration. The 1980s marked the
beginning of composite materials use in the auto-
motive industry and until today, aerodynamicists
and engineers focus in achieving the best possible
aerodynamic efficiency (maximum downforce, min-
imum drag) for the lightest vehicles. Due to their
high strength-to-weight ratio, the use of these ma-
terials has increased significantly in the automotive
industry, as well as in other branches of engineering
[l.

Rear wings have an essential function in the ex-
ploitation of downforce and when designing them,
the prevailing three-dimensional flow caused by the
presence of the vehicle’s body and its different com-
ponents should be known. The fine tuning of de-
signing a rear wing is therefore unique to each ve-
hicle. The biggest downside is that proper com-
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putational or experimental tools are required and
because of that, in this work, wings were designed
considering free-flow conditions only. Besides this,
in order to achieve effective and safe designs, it is
crucial to consider the multiphysics involved, espe-
cially if aero-elastic phenomena are expected. Usu-
ally aerodynamic devices experience small deforma-
tions and the fluid-structure interaction (FSI) can
be treated as an aero-structural problem [4]. To ef-
ficiently couple the aerodynamic and structural dis-
ciplines and achieve optimised solutions, a multidis-
ciplinary design analysis and optimisation (MDAO)
framework was defined for specific design variables
and objective functions.

The main objective of this work was to fold the
implementation of a process for optimal automotive
aerodynamic devices design, through two different
rear wings configurations: a traditional one, com-
monly used in high-performance cars, and a pro-
posed design, where the surface connection between
the endplates and vertical supports is used to create
additional downforce. The design will be comprised
of two main steps: verify and choose appropriate
settings for the disciplinary modules (methodology)



and define the MDAOQO process for the FSI system, to
obtain minimum drag, structural deformation and
mass. Figure [1| describes the overall scheme of the
MDAO system established for the aero-structural
optimisation problem of this work.
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Figure 1: MDAO framework established for the aero-
structural optimisation problem.

2. Theoretical Background

FSI is a combination of fluid and structural dy-
namics, both described by the relations of contin-
uum mechanics and solved with numerical mod-
els. Therefore the aerodynamic and thin struc-
tures fundamental theory, as well as the MDAO
purpose along with different optimisation methods
are briefly covered in this section.

2.1. Aerodynamic Theory

The solution of the fluid flow is based on the
Reynolds-averaged Navier Stokes equations (RANS)

given by [12]:
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where the solution variables (¢), fluid density (p),
components of the fluid velocity (u;), external forces
(fi), fluid pressure (p) and fluid kinematic viscosity
(v) are split into mean and fluctuation values: ¢ =
¢+ ¢'. In this equation, wju/ is the Reynolds stress
tensor which is calculated with turbulence models.

Turbulent flows are significantly affected by the
presence of walls. The no-slip condition at the wall
must be satisfied and a boundary layer is gener-
ated. Numerous experiments have shown that the
near-wall region can be subdivided into three re-
gions [12]: the viscous sublayer, buffer layer and log-
law region. In the fluid flow direction, z-axis, the

dimensionless wall distance is defined as y™ = T
where u, is the friction velocity and y is the height
of the first cell. The success of RANS models is es-
sentially established by the efficiency and accuracy
in the computation of wall-bounded flows, which
can be evaluated by the y* values [5].

The k-e¢ and k-w two-equation models or the -
Rey; four-equation model are some of the most used
in automotive aerodynamics for CFD simulations

The k-e models are used in combination with wall
functions and the each wall adjacent cells should be
located within the log-low region (30 < y* < 500).
The k-w turbulence model is considered to be more
suitable for complex boundary layer flows and it
uses the near-wall formulation (y* < 5) [6]. One
of the major drawbacks of the two-equation turbu-
lence models is that they model the flow as fully tur-
bulent. To accurately predict the onset of transition
and describe both laminar and turbulent regimes,
the ~-Reg; transition model solves two additional
transport equations based on experimental correla-
tions (also advised to have y* < 5) [6].

2.2. Structures Theory

The calculations for the structure side are based
on the impulse conservation [I], solved by a finite
element approach described as

M-i+C-u+K-@=F, (3)

where M is the global mass matriz, C the global
damping matriz, K the global stiffness matriz, F is
the vector of external forces and i, @ and @ are the
nodal acceleration, velocity and displacements vec-
tors, respectively. For static analysis this equation
becomes simply K - 4 = F.

This work deals not only with isotropic lin-
ear elastic materials, governed by the generalised
Hooke’s law, but also with fiber-reinforced lami-
nated anisothropic materials, such as carbon fibres.
In the analysis of layered composite structures, shell
elements are widely used to keep the computational
effort reasonable. In-plane stresses and transverse
shear stresses can be predicted with good accuracy
using shells based on the First-Order Shear Defor-
mation theory (FSDT) [7].

2.3. Fluid-Structure Interaction

The solution strategies for FSI numerical simula-
tions are mainly divided into two distinctive meth-
ods: the monolithic method and the partitioned
method [1]. In the monolithic method (also called
fully coupled), fluid and structure dynamics sides
are formulated as one combined problem, where
equations are solved together. It requires a fully
integrated FSI solver which is computationally ex-
pensive.
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Figure 2: Solution strategies for FSI problems.

Nowadays, a common way to deal with FSI appli-
cations is to use partitioned methods. By allowing
to reuse existing efficient CFD and computational
structural mechanics (CSM) software separately,
where interaction effects are treated as boundary
conditions at the fluid-solid interface, software mod-
ularity is preserved and FSI problems can be solved
faster when compared to the monolithic method
[4,[11]. Furthermore, the partitioned method can be
categorised into two different types of coupling algo-
rithms: weakly coupled (or staggered) and strongly
coupled (or iterative staggered). Weak coupling can
be further divided between one-way coupling, where
only the fluid pressure acting at the structure is
transferred to the structural solver, or two-way cou-
pling, where the displacements of the structure are
also transferred to the fluid solver. An overview of
the different solving procedures for FSI problems
can be seen in Fig. [2|

This work will deal only with weak coupling
strategies, and for those interested in the differences
between strong and weak coupling methods can find
information in [I1].

2.4. Multidisciplinary Design Analysis and Optimi-
sation

Besides achieving an optimal design of products
that involve more than one field of expertise, the
aim of MDAO is to accomplish the optimisation
process efficiently (in the shortest time possible).
There are different MDAO strategies that can be
more appropriate according to the design problem.
Considerable research has already been performed
on the advantages and disadvantages of particular
MDAO strategies, both in the automotive [9] and
aerospace applications [I0]. The purpose of this
project is not to fully delve into this, however, issues
concerning MDAO will appear during the course of
this work.

2.5. Numerical Optimisation Techniques

Optimisation problems are solved using algorithms
that consist of an iterative search process. There
are various methods that can be used and its suit-
ability depends on the nature of the problem. These

methods could range from direct methods (gradient
based local solvers and non-gradient global based
methods), to indirect methods (using response sur-
face techniques). Gradient based methods are con-
sidered to be fast and require relatively small num-
ber of design point evaluations to reach local opti-
mum [9].

3. Methodology

In order to accomplish the objectives proposed
for this work, taking into account the computa-
tional resources available and the synergy of the
different complex disciplines involved, a Computer-
Aided Endineering (CAE) software was used, the
ANSYS® Workbench 14.5.

In this section, description of ANSYS® numeri-
cal models utilised to perform the rear wings multi-
disciplinary analyses are presented. The focus was
to define the specific modelling techniques and set-
tings to be adopted regarding both reliability and
quality of the numerical solutions of this work.

3.1. CAD Model: ANSYS® DesignModeler

To bypass geometries importation with further
Computer-Aided Design (CAD) corrections, the
ANSYS® DesignModeler software was used to cre-
ate all the geometries of this work (example in Fig.
. It also had parametric capabilities, important
in defining the design variables of interest for the
MDAO process.

Figure 3: Wing geometry used in CFD and CSM studies.

3.2. CFD Model: ANSYS® Fluent

The quality of CFD numerical solutions strongly
depends on user-defined elements such as the mesh
generation and turbulence modelling. Concern-
ing the reliability of the CFD solutions presented
in this work, investigations were conducted for
two-dimensional NACA 4415 airfoil and validated
against data from [2]. The closeness of the com-
parison between Fluent results and the experimen-
tal data gave an acceptable level of confidence in
the accuracy of further three-dimensional numeri-
cal simulations.

Double-precision, steady-state and pressure-based
algorithm were the solver settings defined for the
CFD simulations presented in this work, as ad-
vised by [5] to compute the flow around both au-



(a) Two-dimensional stud- (b) Three-dimensional stud-
ies (blockage ratio of 1.2%). ies (blockage ratio of 1%).

Figure 4: Virtual wind tunnel geometries for the aerody-
namic studies of this section.

Table 2: Turbulence modelling influence (comparison to ex-
perimental data).

Model yT AC; % ACq % ACH, %
v-Reg: 0.1/1.8 —-040 —-1.52 —-2.53
k-w SST 0.2/1.9 —9.88 +71.89 —14.69

Realizable k-e 19.1/312.8 —11.89 +45.79 —39.56

tomobiles and wings. With respect to the solution
methods, the pressure-velocity coupling scheme se-
lected was the semi-implicit method for pressure-
linked equations (SIMPLE). Spatial discretisation
schemes were defined to least squares cell based for
the gradient, standard for the pressure and sec-
ond order upwind for the momentum and turbulent
kinematic energy and dissipation rate. The solution
control was made by monitoring the convergence of
residuals statistics and lift, drag and moment coef-
ficients values (Cj, Cq and C,, respectively).

Virtual wind tunnel dimensions are important to
disregard blockage effects (advised by [3] to have
blockage ratio values lower than 5%). Following
recommendations of [5], the boundary conditions
for the virtual wind tunnel geometry (Fig.
were defined as: wvelocity inlet (left side), pressure
outlet (right side), symmetry (for the upper and
lower sides) and wall with no-slip condition for the
airfoil walls.

An hybrid mesh strategy has been employed in
the CFD analyses of this work. Both generation of
the structured prismatic layers and airfoil number
of divisions (mesh density), as well as the turbulence

modelling strategy (presented in Table [2)) were the
focus of the two-dimensional analyses.

Overall, the v-Reg; transition model proved to be
a much more trustworthy choice when compared to
the two-equation turbulence models realizable k-e
and k-w SST. By ensuring that the prismatic lay-
ers were within the structured mesh zone, notable
improvements in the accuracy of the numerical so-
lutions were observed.

The -Reg: model in Table [2] (test case XXIV?)
was applied and considered as the role model to
further 50 m/s flow velocity three-dimensional CFD
analyses (designated as test case 'T’), where the wing
geometry considered was the one of Fig. |3| and the
aerodynamic performance was assessed for down-
force (—L), drag (D) and wing efficiency (—L/D)
values. Same strategy for the virtual wind tunnel
dimensions from two-dimensional analyses was used
(Fig. .

The influence of the mesh density in the solution
accuracy was investigated and the coarser meshes

produced reasonable results when compared to the
fine meshes, as seen in Table

From the parametric studies performed in Section
[4] the ~-Rep; model proved to be extremely depen-
dent on the inlet flow conditions when solving low-
Reynolds numbers simulations. Fluent struggled
in obtaining reliable results with non-converged so-
lutions. In order to overcome this and improve
the overall mesh quality, further three-dimensional
studies were conducted. By disregarding prismatic
layers generation, the realizable k-e model in com-
bination with non-equilibrium wall functions was
evaluated and good results were obtained with sta-
ble and fast converging solutions compared to the
v-Reg; model. This specific turbulence model is
widely used in academic and industrial automotive
applications [4} [5].

Based on these analyses, succeeding rear wings
aerodynamic parametric studies are presented for
50 m/s flow velocity with both model application
of test cases 'TV Opt.” (v-Reg:) and "VI Opt.” (re-
alizable k-¢). Optimisation analyses are presented
only for the VI Opt.” test case model application
and final values for the test case 'II".

Table 1: Three-dimensional fluid flow studies with Fluent for different turbulence modelling and meshing strategies. [NE is
the total number of elements; At is the duration of the analysis, for 1000, 1000, 500 and 500 iterations respectively;
A is the relative percentage variation calculated in relation to the first 'I (v-Reg:)’ test case.]

Test case (Model) NE At —-L(N) A% D(N) A% —-L/D A%
1 (1-Regr) 6699 559 8h 9388 591 1589
IV Opt. (y-Regy) 1805605 3h 913.5 —-2.70 58.2 —147 15.69 —-1.25
IT (realizable k-€) 2887477 45min 929.1 -1.03 61.9 +4.77 15.00 —5.55
VI Opt. (realizable k-¢) 1445577 20min 953.9 +1.61 64.4 +8.95 14.82 —6.74




Table 3: Three-dimensional wing mesh sensitivity investigations with ACP and Mechanical for SHELL181 and SHELL281

elements with one-way FSI coupling technique.

[CSM Imported Loads transfer relative errors (AD % and AL %) are

calculated in relation to the CFD results (D: 59.0 N and L: —940.1 N); maximum deformation values Upmaqq relative
variations A % are calculated in relation to the 'Mesh I’ test case results.]

SHELL181 SHELL281

Test No. of Imported Loads U,naz A % Imported Loads  U,paz A%

Case Elements | AD % AL % (mm) AD% AL% (mm)
Mesh VII 481808 —-3.93 4+0.01 1.42 +1.29 —3.72 +0.01 1.45 +0.27
Mesh 1 288 962 —0.39 +0.11  1.40 — —2.55 +0.02 1.44 —
Mesh 11 145926 —3.36 4+0.01 1.37 —2.08 —3.36 +0.01 1.44 —0.54
Mesh III 73474 —2.99 —-0.02 1.33 —4.94 —2.99 —-0.02 1.41 —2.59
Mesh IV 36504 —1.44 +0.04 1.27 —9.37 —1.01 4+0.09 1.38 —4.42
Mesh V 18738 —2.09 —-0.21 1.19 —14.96 | +1.52 —-0.23 1.34 —7.33
Mesh VI 9866 +24.14 —-0.67 1.11 —20.36 | +24.16 —0.66 1.27 —11.83

CSM Model: ANSYS® Composite PrepPost
and Mechanical

3.3.

In this section, a one-way FSI coupling technique
was used to transfer the aerodynamic loads to the
CSM model and compute the structural deforma-
tions for finite element method evaluation. The
aerodynamic loads, mesh generation technique and
geometry considered were the same of test case 'T’.
Increase in structural stiffness was obtained by us-
ing two spars, one located at 20% ¢ and the other
one at 70% c from the leading edge (Fig. |3).

The materials considered in the structural para-
metric studies are based in the ones used in au-
tomotive wings, such as isotropic materials (alu-
minium alloy and ABS Plastic) and orthotropic car-
bon fibre-reinforced thermoplastics (CFRTP).

When importing loads from Fluent, Mechanical
nodal values are calculated by linear interpolation
from the surrounding CFD nodes (thus the mapping
process is not conservative) [4]. Therefore the mesh
density was investigated in order to understand
how important it is necessary to have a match-
ing mesh for FSI applications and its influence in
the imported load transfer and solution conver-
gence. Both linear shell elements (SHELL181) and
quadratic shell elements (SHELL281) were consid-
ered. Results are presented in Table

The use of SHELL281 elements demonstrated re-
liable (safer, as it over-predicted SHELL181), faster
convergence results for a slight processing time in-
crease. No relevant differences were found in the
Mechanical computed aerodynamic forces and the
coarser the mesh, the smaller the maximum defor-
mation values. As such, the succeeding rear wings
structural parametric studies and composite stack-
ing sequence optimisations use the coincident mesh
approach (test case 'Mesh T’), following recommen-
dations from [1} 4], using SHELL281 type elements,
where the computed CFD aerodynamic loads were
considered for a 90 m/s flow velocity.

3.4. FSI Model: ANSYS® System Coupling

There are two different approaches to solve FSI
problems in ANSYS® Workbench: a straightfor-
ward technique for one-way coupling (used in the
previous CSM analyses) and for a fully coupled it-
erative solution at each time step, using the Sys-
tem Coupling to perform both one-way and two-
way analyses. A simple non-qualitative problem
was conducted in order to understand and evalu-
ate the computational efficiency in resources when
using each of these techniques to establish the FSI
procedure for the following structural parametric
and optimisation studies.

Such non-qualitative sub-study was done for a
simple flat plate geometry exposed to wind flow,
where the mesh strategy was the same of the pre-
vious structural analyses of Subsection [3.3] Based
on the results presented in Table |4 the use of the
System Coupling to solve FSI problems proved to
be extremely computationally expensive.

Considering that the rear wings deformations will
be small, the FSI technique used for the struc-
tural parametric and optimisation analyses was the
straightforward one-way coupling technique.

Table 4: Approximate values of the processing time when
performing FSI analyses using different FSI coupling tech-
niques for the plate exposed to wind flow test case.

FSI technique
One-way FSI 8 min
One-way FSI with System Coupling 40 min
Two-way FSI with System Coupling 1 h 30 min

Processing time

3.5. Optimisation Model: ANSYS® Direct Optimi-
sation

In order to achieve optimal solutions for both aero-
dynamic and structural disciplines in a relative
short time frame, the MDAO strategy employed fol-
lows a sequential optimisation method, where each



sub-system has its own local optimiser.

For the rear wings aerodynamic optimisation, the
Non-Linear Programming by Quadratic Lagrangian
(NLPQL) optimiser was used. It is a gradient based
single objective optimiser (others output parame-
ters can be defined as constraints) based on quasi-
Newton methods and suited for problems with con-
tinuous design variables.

The Mixed-Integer Sequential Quadratic Pro-
gramming (MISQP) optimiser was used to optimise
the rear wings structures mass, which is a mathe-
matical optimisation algorithm that solves Mized-
Integer Non-Linear Programming (MINLP) for dis-
crete or integer design variables.

4. Results

4.1. Design Variables and Functions of Interest
Regarding the aerodynamic discipline, the wing
performance is dictated by the outer geometric pa-
rameters. Therefore the aerodynamic design vari-
ables of interest were the ones of Table[Bl The func-
tions of interest defined were drag, downforce and
wing efficiency.

The most important structural factor is the
strength allied to lightness of the material chosen
for the wing. CFRTP materials are extremely ad-
vantageous in these situations. Hence, not only
different materials performance was assessed (men-
tioned in Subsection , as the number and ori-
entation of plies were also the design variables for
the structural discipline. The functions of interest
were mass, maximum deformation values and fail-
ure performance.

4.2. CAD Parametric Design

Figure 5: Three-dimensional virtual wind tunnel for the rear
wings CFD analyses (blockage ratio of 1.72% for the tradi-
tional and 2.59% for the proposed design).

As mentioned in the previous Section (I} in this
work, two different design strategies of rear wings
were developed, as seen in Fig. [6] according to the
values summarised in Table[5] These are comprised
of three different components: the wing(s), end-
plates and vertical supports. Baseline aerodynamic
performance is given in bold in Table [0}

The wings profile was chosen after research of the
most suited for automotive applications, in order to
minimise the number of design variables and reduce

(a) Traditional (TRW).

(b) Proposed (PRW).
Figure 6: Baseline parametrised rear wings geometries.

Table 5: Baseline design variables (parameters) values as-
signed for the rear wings. [LE and TE is the leading edge
and trailing edge designation.]

Design variable Value

Wings angle of attack 1 deg

Main wings: 0.30 m
Lower wings: 0.25 m
Horizontal: 0.0 m

Vertical: —0.2 m

Wings profile chord

Lower wings position

Main wings half-span 0.9 m
Vertical supports position 0.36 m
5% ¢ (from main wing
Endpl 1 h
ndplates lengt LE and TE)

Endplates upper distance 5% ¢ (of main wing)
Endplates lower distance 65% ¢ (of main wing)

the computational time to achieve improved de-
signs. A small sub-study (using test case 'I’ model
application of Section [3) was done for two of the
most efficient automotive wing profiles, according to
[8], the Benzing BE 122-125 and Eppler 664. From
the results presented in Fig. [7] the Benzing BE 122-
125 profile was selected to be used in the rear wing
designs, much like [§]. It showed better efficiency
at lower drag values, for a much greater downforce
generation.

Aerodynamic Efficiency vs. Angle of Attack

4 3™N2 4.8 1 2 3 4 5 6 7 8 g 1w 1 T BEIZINREGIGIES
—e—BE122-125; Re 1.027E06

Eppler 664; Re: 6.161E05

Lift aver Drag Ratio
L

Eppler 664; Re: 1.027E06

Angle of Attack (deg)

Figure 7: Effect of the angle of attack in the airfoil efficiency.

Both vertical supports and endplates were de-
signed as rectangular plates. In particular, the end-
plates increases the effective aspect ratio of the wing
to achieve efficiency improvements, which was veri-
fied by numerical analyses (using test case '’ model
application, 4+9.05% —L/D). In this work, the ver-
tical supports were rigid and mass disregarded.

For the virtual wind tunnel geometry dimensions,
the same approach of Section [3]was used, illustrated
in Fig. [5| for the proposed design.



4.3. Aerodynamic Parametric Studies

Prior to investigate the effect of the different de-
sign variables common to both rear wings, the pro-
posed design lower wings position was investigated.
When moving them to a forward position relative
to the main wing, a decrease in efficiency was pre-
dicted by both transition and turbulence models
considered. This was expected due to the differ-
ent flow approach characteristics experienced by the
wings. The same explanation could be applied to
the backward position, yet, the realizable k-e model
showed positive effects in the design aerodynamic
efficiency. Detailed inspections were conducted us-
ing the CFD-Post to visualise the flow behaviour of
both cases (Fig. [5).

(a) v-Reg; transition model.

(b) k-e turbulence model.

Figure 8: Effect of backward position of lower wings (—0.20
m) visualised by surface streamlines.

The k-e model when compared to the y-Reg;, pre-
dicted a less complex flow behaviour, with much
less intense three-dimensional effects. Menter [6]
outlined that such behaviours could occur to model
complex flows with k-e¢ models and in these situ-

ations, transition models are much more reliable.
For this reason, the proposed rear wing lower wings
horizontal position was fixed for the baseline value
of Table For the vertical wings spacing, as ex-
pected, increasing this distance produced less in-
tense wings flow interference, which increased the
proposed design overall efficiency.

The effect of the two parameters that define the
aspect ratio of the wings (profile chord and span)
were first investigated. The effect of the main wings
chord is presented in Table [f] Overall, increasing
the aspect ratio of the wings produced a positive
effect in the overall efficiency of the designs, which
was in agreement with the literature published by
[3]. By reducing the profile chord, greater perfor-
mance was achieved through greater drag minimi-
sation, whether by increasing the wingspan through
greater downforce.

As for the two-dimensional analysis presented in
Fig. whether it be increasing the angle of at-
tack of the main wings (Table @ or lower wings, an
increase in downforce was generated with the down-
side of reducing the overall efficiency. In particular
for the proposed design, increasing the angle of at-
tack of the lower wings had critical negative effects
on the flow behaviour of the main wing.

For the traditional design, when a vertical sup-
port is connected to the wing, it interferes with its
boundary layer. The larger the distance between
the vertical supports, the larger the wing surface
unaffected by the no-slip condition, reducing the
drag and promoting a higher pressure difference
between the upper and lower wing sides, generat-
ing more downforce and improving the overall ef-

Table 6: Rear wings profile chord (PC), angle of attack (AoA) and vertical supports position (PL) effect.

Traditional rear wing

Proposed rear wing

PC —L(N) D(N) —L/D(N) —L(N) D(N) —L/D(N)
(m)| ~-Regt R.k-¢ ~-Regt R.k-¢ ~-Regr R. k-€¢|v-Regr R. k-¢ v-Rep; R. k-¢ ~-Regr R. k-¢
0.25| —13.6% —14.0% —21.4% —21.0% +9.8% +9.0%|—7.3% —6.1% —16.3%—14.9%+10.8%+10.4%
0.30| 931.7 1028.8 74.2 747 12.56 13.78 |1289.6 1332.1 110.3 1179 11.69 11.30
0.35| +14.7% +13.0% +21.1% +21.4% —5.2% —7.0%|+7.6% +6.9% +17.7%+16.2% —8.5% —8.0%
AoA —L(N) D(N) —L/D(N) —L(N) D(N) —L/D(N)
(deg)| v-Regr R.k-¢ ~-Regr R.k-¢ ~-Regy R. k-€¢ |y-Regr R. k-¢ y-Regr R. k-¢ y-Regr R. k-
1 931.7 1028.8 74.2 747 12.56 13.78 |1289.6 1332.1 110.3 1179 11.69 11.30

5 | +25.4% +27.6% +49.3% +44.4% —16.0%—11.6%+21.9%+22.1%+26.0%+27.1% —3.2% —3.9%
10 | +28.5% +49.3%+146.3%+110.0%—47.8% —28.9%+41.2%+42.4%+64.6%+65.7%—14.2%—14.0%

PL “L(N) D (N) “L/D(N) “L(N) D(N) “L/D(N)

(m)| ~v-Regt R.k-¢ ~-Regt R.k-¢ ~-Reg: R. k-¢|y-Reg R. k-€¢ v-Reg; R. k-€ ~-Regr R. k-¢
0.18 |—0.6724% —0.6% +1.1% +1.6% —-1.8% —2.2% |[+11.0%+11.3%+8.88% +7.9% +2.0% +3.2%
0.36| 931.7 1028.8 74.2 747 1256 13.78 |{1289.6 1332.1 110.3 1179 11.69 11.30
0.54| +1.6% +0.9% —2.3% —3.2% +4.0% +4.3%|-9.7% —8.7% —12.2%—13.0% 2.8% +4.9%




Table 7: Traditional rear wing aerodynamic optimisation results. (Note the highlighted best candidate design).

Design point MW AoA MWPC PL —-L(N) A% D(N) A% —-L/D A%
Baseline 1 0.3 0.36  1028.8 — 4.7 — 13.78 —
1st. design point 5.5 0.27 0.62 1236.6 — 93.1 — 13.29 —
Candidate point 1 5.406 0.272 0.616 1247.0 +0.84 926 —0.51 13.47 +1.37
Candidate point 2 5.497 0.270 0.619 1241.7 +0.41 92.8 —0.28 13.38 +0.70
Candidate point 3 5.499 0.270 0.619 1238.2 +0.13 92.8 —0.28 13.34 +40.41

Table 8: Proposed rear wing aerodynamic optimisation results. (Note the highlighted best candidate design).

Design point MW AocA MWPC PL —-L(N) A% D(N) A% —-L/D A%
Baseline 1 0.3 0.36 1332.1 — 117.9 — 11.30 —
1st. design point 2.5 0.27 0.6 1234.2 — 94.83 — 13.01 —
Candidate point 1 2.717 0.25 0.55 12358 +0.13 929 —-1.99 1330 +2.17
Candidate point 2 3 0.258 0.596 12374 +40.26 93.5 —1.38 13.23 +1.67
Candidate point 3  2.999 0.260 0.604 1239.1 +40.40 93.5 —1.37 13.25 +1.79
ficiency, as seen in Table [f] Regarding the pro- tions. The optimisation progression was towards

posed wing vertical supports positioning, both in-
crease (less affected flow interference region) and
reduction (more lifting surface area) in the distance
between them showed considerable improvements in
efficiency.

4.4. Aerodynamic Optimisation

Following the parametric studies, the optimisation
design variables chosen were those that most posi-
tively influenced the aerodynamic performance of
the wings: the main wings (MW) profile chord
(PC), main wings angle of attack (AoA) and verti-
cal supports position (PL). To make a correct com-
parison between both designs, the objective func-
tion (drag minimisation) and constraint function
(downforce > 1200 N) were defined similarly. Also,
the baseline parameters values were changed seek-
ing better efficiency, to fulfil the constraint defined,
and to reduce the computational effort. These con-
figurations were defined as the 1st. design point.
The decisions for the ’best candidates’ (candidate
points) was made with objective function and wing
efficiency values evaluation. The traditional and
proposed design optimisation problems results are
presented in Tables [7] and [] respectively.

The traditional rear wing optimisation process
took around two days of computational time to
achieve convergence, as a result of 46 function eval-
uations to conclude 3 optimisation iterations. The
NLPQL progresses towards an increase of the pro-
file chord with decreasing the wing angle of attack.
In relation to the vertical supports position, a slight
decrease in the distance between them.

With respect to the proposed rear wing optimi-
sation process, it took three days of computational
time to achieve convergence, as a result of 106 func-
tion evaluations to perform 10 optimisation itera-

an increase in the vertical supports distance, with
decrease of the main wing chord and increase of the
main wing angle of attack.

4.5. Structural Parametric Studies

For the structural analyses, candidate points 1 ge-
ometries were considered, for a flow velocity of 90
m/s, as mentioned in Subsection where the
aerodynamic loads are more significant and struc-
tural behaviour would be compromised. At this flow
velocity, the optimal traditional rear wing produced
4060.6 N of downforce and 301.0 N of drag, and the
optimal proposed design produced 4012.3 N and
300.5 N, both with "VI Opt.” test case (realizable
k-€) model application.

Table 9: Effect of material for the TRW design.

Material Mass U4, Tsai-Hill FC
Aluminium alloy 17.971 0.85

ABS plastic 6.747 25.90 —
RC200T woven 7.065 2.34 0.492
HMC 300G UD 9.718 1.16 0.301

First, the traditional rear wing structural be-
haviour was investigated for different commonly
used materials in the design of rear wings. Re-
sults are given in Table [0] where the thickness of
the isotropic materials was set to 4.8 mm and for
the composite materials, 16 plies at 0 deg for the
HMC 300G unidirectional prepreg and RC200T wo-
ven prepreg. It is clear the advantages of CFRTP
prepregs regarding the weight-to-strength ratio. In
all structural analyses performed, U,;,q4; is the value
of maximum deformation in mm, FC is the failure
criterion designation, and mass is given in kg. The
material chosen to be used in the designs was the



Table 10: Traditional rear wing structural optimisation results for minimisation of mass, using sets of [(45,90),]s for the

stacking sequence of Wing Skin/Wing Spars/Endplates.

Design point n  Mass (kg) A% Upar (mm) A% Tsai-Hill FC A %
1st. design point  3/3/3 5.299 — 2.50 — 0.61 —
Candidate point 1 2/2/2 3.533 —33.33 3.93 +56.93 0.87 +44.05
Candidate point 2 2/2/1 3.201 —39.58 18.39 +634.63 0.88 +44.99
Candidate point 3 2/3/1 3.298 =37.77 18.39 +634.39 0.85 +40.50

Table 11: Proposed Rear Wing structural optimisation results for minimisation of mass, using sets of [(30,90),]s for the
stacking sequence of MW Skin/LW Skin/MW Spars/LW Spars/Endplates.

Design Point n Weight (kg) A%  Umae (mm) A% Tsai-HIlFC A%
1st. design point  4/4/4/4/4 9.585 — 27.69 — 0.82 —
Candidate point 1 3/3/2/2/1 5.871 —38.75 38.49 +38.98 0.84 +2.69
Candidate point 2 3/4/2/2/1 5960  —37.82  38.02  +37.30  0.84 +2.61
Candidate point 3 3/3/3/2/1 6313  —34.13  37.12 13403  0.69  —14.91

RC200T woven [0/90] prepreg which have the lower
density and smaller cured ply thickness. The struc-
tural parametric studies were carried by evaluating
not only the number of plies (multiples of 4), but
also the plies orientations for balanced symmetric
laminates.

From the effect of the number of plies (sets of
[90,,]) with respect to the structures mass without
laminate failure prediction (Tsai-Hill and Maximum
Stress criteria), this was achieved with 8 plies for
the traditional design (although 12 plies have been
considered as the baseline number of plies) and for
the proposed one, 16 plies. Sequential cross-ply
orientations of [(90/90),]s, [(30/90),]s, [(45/90),]s
and [(60/90),]s were also evaluated. For the tradi-
tional design, more significant increase in stiffness
(=21.07% Uppas) was achieved using a [(45/90)5]s
laminate set, and for the proposed design, increase
in failure performance with a [(30/90)4]s set. These
were the laminates defined as the baseline for the
structural optimisation problems.

With respect to the structural behaviour, both
designs experienced mainly bending (similar to a
three-point bending problem) as seen in Fig. @
The traditional design critical failure performance
region was for the connection between the wing and
supports, and for the proposed design, at the con-
nection between the front spars (of lower wings) and
supports.

(a) TRW (10:1 scale). (b) PRW (5:1 scale).

Figure 9: Structural response of rear wings (1st. design point

in Tables and .

4.6. Structural Optimisation

The goal optimisation was to find the thinnest
stacking sequence (minimum wing mass) without
laminate failure, where the constraint functions
were defined as U,,q. < 0.4 mm and Tsai-Hill fail-
ure criterion value < 0.9. The number of plies for
the main wings, spars, and endplates were the de-
sign variables of interest. Results are given in Ta-
bles [10] and [I1] for the traditional and proposed de-
signs, respectively.

4.7. Final Results

When comparing the mesh density used in the
parametric and optimisation studies (coarse), with
the final analyses (fine), also the overall efficiency
was improved. However, for the traditional rear
wing, aerodynamic performance (—L/D) reduced
substantially when using the fine mesh (—10.97%)
and the constraint function of downforce > 1200V

Table 12: Rear wing designs performance comparison final results.

~L(N)A%D(N)A% —L/D A% W (kg) A% Upaz (mm) A% T-HFCA %

TRW (50 m/s) 1154.5 96.3 11.99

1209.4 +4.76 88.9 —7.65 13.60 +-13.44

309.3 12.22

( )
PRW (50 m/s)
TRW (90 m/s) 3778.9
( )

PRW (90 m/s) 3957.5 +4.73 286.5 —7.38 13.81 +13.07 6.31 +78.75

097 —
+624.82 0.97 —0.01

3.53 4.38

31.72




was not satisfied.

Comparing the final results for the optimal rear
wing designs (Table , with the fine mesh strat-
egy, the proposed design proved to be aerodynam-
ically much more efficient, by +13%. This was re-
lated to a successfully reduction of the predictable
unfavourable flow interaction between the main
wing and lower wings. Furthermore, as this de-
sign approach has more design variables, a larger
space for changes remains, increasing its possible
range of operation conditions and further improve-
ments when compared to the traditional design.
The downsides of such proposed design are asso-
ciated with its structural performance. The supe-
rior surface area (4+35.65%) and the considerable
greater main wing deformation (7.25 times higher),
resulted in a 1.79 times heavier rear wing design.

5. Conclusions

From the studies performed in this work, the
MDAO process for optimal preliminary design was
developed for rear wings but it can be also applied
to any other automotive aerodynamic device. The
use of CAE tools proved to be an efficient system
to assure multidisciplinary synergy.

Mesh and turbulence modelling strategies are ex-
tremely important regarding the accuracy and reli-
ability of the numerical solutions. If no complex
three-dimensional flow behaviours are expected,
the realizable k-e turbulence model (with non-
equilibrium wall functions) with relative coarse
meshes proved to be a good trade-off regarding com-
putational effort and solution accuracy.

If small deformations are expected, a FSI one-
way coupling technique to solve the aero-structural
problems has significant computational advantages
in obtaining structural efficiency.

Parametric studies of the design variables lever-
age the optimisation computational time to obtain
optimal designs by focusing on the most important
or impacting variables.
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