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prototype car which travels in a low-speed range to analyse its structural response. A
new set of economical materials is proposed and analysed with the concern on self-
fabrication process. The Flax fibre composite is introduced as a part of the proposed
material set due to its environmental and economic advantages. The study herein is
purely a numerical simulation work as a first approach to design a sustainable SEM
prototype car. The fully assembled SEM prototype car was analysed with the proposed
materials with ANSYS Workbench in the coupling of the fluid (ANSYS Fluent) and
structural solver (ANSYS Mechanical) in a one-way FSI. Even with a thin shell design,
the proposed material only experiences minimum deformations. The simulations also
reveal that the maximum von-Mises stress experienced, after considered the safety
factor, is still several order lower than the yield strength. This study has confirmed that
the car design has fulfilled its structural requirements to operate at the design speed.
Keywords:

One-way FSI analysis; Flax-fibre

composite; Structural analysis Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

In Shell Eco-Marathon (SEM), lightweight is one of the crucial design criteria for the competing
cars to improve their fuel efficiency and performance. The task of reducing the weight of vehicle
structures can be accomplished through material selections. As an effort to promote sustainability,
eco-materials are advocated in the material selection via sustainable assessment method since the
automotive industry is facing an uptick in the waste and recycling of end-of-life vehicles [1]. The
common materials used in past SEM competitions include Glass Fibre-Reinforced Polymer (GFRP),
Carbon Fibre-Reinforced Polymer (CFRP) and polycarbonate [2-6]. These materials are generally
expensive due to their good material properties. Aligned with the Sustainable Development Goals
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(SDG) set by the United Nations, an economical and sustainable material set is selected and used in
this study to provide an alternate option for SEM without compromising safety.

A vehicle which is designed to be light weight generally consists of weak structures. Studying the
impact of airflow over the exterior body of the light-weight vehicle is crucial as the weak structures
might deform under the effect of aerodynamic forces. As such, incorporating fluid-structure
interaction (FSI) analysis is important in evaluating the structural integrity of the fully assembled
vehicles in moving motion.

1.1 SEM Car Material Research

To have a comprehensive start on the materials of the prototype car, the designs of past SEM
teams from different regions were gathered and analysed. Most of the teams conducted researches
privately and their findings were not published, thus, the literature is limited. Pertaining to the
materials used in the past SEM prototype cars [2-6], the most common material used for shell, chassis
and window is Glass Fibre-Reinforced Polymer (GFRP), Carbon Fibre-Reinforced Polymer (CFRP) and
polycarbonate, respectively. Polycarbonate is also one of the suggested materials by Shell Global
Company [7].

The material selection for the prototype car is based on the following factors in consideration:
weight (density), strength (ability to withstand the stresses without yielding), cost, and ease of
fabrication. In the new set of materials, the proposed materials are bio-fibre composite, aluminium
alloy and acrylic for shell, chassis, and window, respectively. The use of bio-fibre in composites for
engineering applications has gained popularity due to the increasing environmental concern and
advocative use of sustainable materials. Bio-fibre is cost-effective, low-dense, biodegradable, non-
abrasive, and readily available, as well as its specific mechanical properties are comparable to that of
glass fibre. The use of Flax fibre as a reinforcement in composite has gained popularity as it is one of
the sustainable materials and the most widely used bio-fibre. It is a cellulose polymer, but its
structure is more crystalline, making it stronger and stiffer [8]. Recent study on Flax fibre composite
[9] also showed the potential of this environmental-friendly alternative.

Aluminium is presently the most popular space frame material. It is approximately one third of
the weight of iron, steel, copper, or brass. By using appropriate alloying and treatment, aluminium
alloys are available in a variety of strengths. Aluminium outperforms other materials in terms of
strength to weight ratio. This advantage assists in the founding of the modern aerospace industry
and aluminium is used widely in various forms of transportations.

Acrylic is a type of plastic that is often compared to polycarbonate as it is similar in appearance.
Acrylic plastic is less expensive than glass and polycarbonate. It has a higher light transmittance in all
thickness and a glass resistance of seventeen times the impact. Moreover, it has a heat bent, as well
as it can be polished smoothly and recyclable. It is also easy-to-cut yet durable against scratches and
dents. Although polycarbonate is thirty times stronger than acrylic, it costs about 35% more than
acrylic on average.

1.2 Fluid-Structure Interaction (FSI)

Fluid-structure interaction can be defined as the dynamic interaction between the fluid flow over
a geometry and a structural response of that geometry. In general, the FSI problems are too complex
to be solved analytically, so these problems must be analysed numerically. Ha et al., [10] remarked
that the numerical approaches used in FSI can be categorised into two groups which are monolithic
approach and partitioned approach.

116



CFD Letters
Volume 12, Issue 12 (2020) 115-136

ANSYS Inc [11] reported that some cases only require one-way coupling or known as direct
coupling. For example, pressure loadings result in a deflection of geometry, which changes the flow
field around the geometry, but in practice, the change is small enough to be negligible. Thus, in this
case, there is no need for two-way FSI. This method usually involves just the unidirectional fields
interaction and is solved directly in a single solution. Similarly, Andersson and Ahl [12] remarked that
in many engineering applications, in which very small deformations on the structure were induced
by forces from moving fluid, the structural response can be established independently after the
characteristics of the fluid motion have been determined. In the extensive review on the literature
studies, there are many studies of modelling and simulating the interaction between the fluids and
solids in many different applied fields, such as blood flow within arterial walls [13, 14], flow around
the sails of a sailing boat [15], wind turbine [16], or deformation of the aircraft wing [17].

The relations between aerodynamic loads and structural behaviour for automobiles are still
under investigations. The structure of the vehicle does not necessarily have to carry heavy pressure
loads but still can be susceptible to a risk of fluttering because of the transient aerodynamic effects.
According to Kesti and Olsson [18], a car which has a weak structure might deform when subjected
to a high surrounding airspeed flow. It is pertinent to consider the deformation, as well as to analyse
the effect of both aerodynamic forces and structural stresses. There are various methods available
for FSI simulation. The selection of a particular method generally depends on the availability of the
fluid and solid solver code, computation time, as well as the importance of the solid deformation
process to the physics involved [19].

Numerous FSI studies have been performed on various parts of vehicles on road, for instance, car
spoilers [20, 21], convertible car roof [22], or even the whole car in braking motion [23]. Kesti and
Olsson [18] demonstrated fluid-structure interaction analysis with partitioned approach in both one-
way and two-way coupling to analyse the underbody panels. They stressed that the deforming mesh
was the most crucial aspect to make a robust analysis. Tao et al., [24] conducted the fluid-structure
interaction on the wind-induced vibrations of the windshield of van-body model bus at some
different speeds. They demonstrated that the windshield structure deformation increased with the
wind speed and had a maximum value when equilibrium was reached. They presented that the
influence of aerodynamic drag coefficients of the model was different with and without the
consideration of FSI, which showed that there was an error on the aerodynamic drag coefficient when
the influence of the FSI was ignored.

However, there seems to be limited FSI studies in the prototype cars or vehicles with common
materials due to the confidentiality of the past SEM teams. To the authors’ best knowledge, FSI study
on bio-degradable composite materials such as Flax fibre on aerodynamically shaped thin shell
structure has never been reported in the literature. Therefore, this study provides the assessment of
a new set of sustainable and economical materials with the one-way FSl analysis on a fully assembled
SEM prototype car to ensure structural integrity of the car with Flax fibre composites.

2. Methodology
2.1 Numerical FSI

This study was performed numerically using a one-way static run partitioned approach. In this
coupling method, ANSYS Fluent was used on the fluid side, and ANSYS Mechanical was used on the
structure side. The fluid flow was calculated first until the desired convergence and thereafter, the
resulted flow calculation was interpolated to the structural model at the interface. After that, the
structural model calculation was iterated until convergence was achieved.
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2.1.1 Partitioned approach

A partitioned approach was used to carry out the research in this study. Two distinct solvers were
used to solve the equations governing the flow and the displacement of the structure separately
based on numerical solver and mesh discretisation. In this approach, sub-programmes were solved
individually, in which the structural solution did not change concurrently when the fluid solution was
computed. The software modularity was preserved as an existing flow. The structural solver was
coupled, while the fluid and structure interfacial conditions were explicit. The aim of this approach
was to combine the fluid-flow and structural algorithm to decrease the computational time. A mesh
was connected by using a conforming mesh method [25]. Figure 1 below shows the step of a
partitioned approach.

STty S¥(ty+1)

Ss(tn—i)

S¥(t)

Fig. 1. Partitioned approach for FSI (Sfand S° denote fluid and structural solution
respectively) [25]

Regardless of whether one-way or two-way coupling methods, the information for the solution
was shared between the fluid-structure interfaces. Only the fluid pressure acting at the structure was
transferred to the structure solver for one-way coupling analysis, while displacement of the structure
was transferred to the fluid solver simultaneously for two-way coupling analysis. For this study, both
one-way and two-way FSI have been performed. The results obtained from one-way coupling and
two-way coupling show that there are no stark differences (the differences are less than an order) in
the results for both total deformation and equivalent von Mises stress as shown in Table 1. However,
the time needed for the two-way FSl is about 10 days, roughly fifteen times more than that of one-
way FSI, which takes about 17 hours. Hence, considering that both structural constraints are well
below the safety threshold and the large computational costs for two-way FSI, only one-way coupling
is discussed for the rest of the paper.

Table 1
Result comparison between one-way and two-way coupling
Distance (m) Total Deformation Equivalent von Mises stress
Max value (m) Region Max value (Pa) Region
One-way 6.619 x 10 Window 32357 Shell
Two-way 7.245 x 10 Window 54470 Shell
2.2 FSI Modelling

The fluid problem is described in an arbitrary Lagrangian-Eulerian (ALE) framework since the
fluid’s domain is changing with the interface movement, while the purely Lagrangian approach is
employed for the structure’s domain. Generally, in the FSI system, three sets of variables are aimed
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to be solved which are the fluid velocity u(x,t), the fluid mesh velocity w(x,t) and the structure
displacement n(X,t) [26].

In the fluid model, the fluid is assumed to be incompressible and Newtonian. Hence, it is
described by the incompressible Navier-Stokes equation in the ALE framework,

ou _ __w 2
ax+(u w).Vu = pf+ vVeu (1)

V.u=0, (2)

u="2" 3)

where u = boundary, w = mesh velocity, p = pressure, pr = fluid density, and v = kinematic viscosity.
In structure domain, Lagrangian approach is adopted and written as:

92 .
Ps 52— div(S) = psf, (4)

with the Neumann boundary condition at the interface
Sng = -[-pl + prv(Vu + (Vu)")Ing, (5)
where f =body load, ps = structure density, ns = normal vector from the structure domain, ny = normal

vector of fluid subdomain pointing outward on the interface, S = second Piola-Kirchhoff stress tensor
which is given by

__ B [ (on an"\|,_E_(om onT
S= 2(1+9)(1-29) [tr (ax + X )] + 2(1+9) (ax + X ) (6)

To integrate in time, the first order Backward Differentiation scheme is considered

Syt— &t . -
s = div(S(17"71/?)) = psf" (7)
5 n _ nn_ 77n—1 (8)
n At
n-1/2 _ Un_H]n—l
77 = T (9)

It should be noted that the temporal terms are referred to pseudo-time as the simulations are of
steady flows. To enforce the continuity of the normal stresses at the interface,

S(ﬂn_l/z)ns — _[_pn—ll + pfv(Vu"_l + (Vun—1)T)]nf. (10)
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2.2.1 Governing equations

On the solution of the fluid side, the Navier-Stokes equation, written in Einstein summation
convention is given by

ou (BN _ob 0 (0w 0w 2o s
P ot +p< ox;j ) o axi+ nax]'<3xj+ 0x; 3 dxp 6” ’ (11)

Low Reynolds Number k-w Turbulence model was used in this study as it is widely used for
simulating complex flow phenomena in many engineering applications due to its simplicity and
effectiveness [27]. Using Reynolds averaging, the Reynolds-Averaged-Navier-Stokes equation is given

by

0w 0w, u; op 0 (om | 9w, 2 0wy ( 2 —)
i i) 9% 0 (Fh T 20U g ) (2 12
p ot + p( ax]- 0x; + naxj axj + O0x; 3 Oxg 6” P Ox; th uj ! ( )

where Tuj’ is the Reynolds stress tensor which is calculated with the turbulence model. These
equations are solved using a finite volume approach.

On the solution of the structure side, it is based on the impulse conservation and is solved
numerically using a finite element approach [28]. The equation is given by

M.i+C.u+K.u=F, (13)

where 1, i and i denote the vibration amplitude of the point, the 15t order partial derivative and 2™

order partial derivative with respect to the time, t respectively. M, C, K and F are mass, damping
coefficient, spring (stiffness) constant, and vector of the externally applied forces, respectively. To
integrate in time, Newmark time integration method is used to solve Eq. (13) at discrete time steps.
The Newmark method uses finite-difference expansions for the time interval.

Note that the fluids pressure acting on the structure is transferred to the structure solver in a
one-way explicit coupling in this study. In FEA, the global stiffness matrix depends on the geometry
and material selection. Theoretically, two different materials with the same geometry under a load
exhibit the same stresses. The model with the lower Young’s Modulus might exhibit different local
deformations.

2.3 SEM Car Model

Some simplifications were applied on the fully assembled SEM prototype car to remove extremely
narrow spaces which are capable to degrade the mesh quality tremendously. For instance, the spaces
between the rims and the wheels were removed, and the wheels were modified to fill up the small
spaces between the ground and the wheels. Other small details in the real car construction, such as
screws, small gaps between parts connections were also removed. Figure 2 shows a simplified version
from the actual design of the fully assembled SEM prototype car.
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Shell

Wheel

A | Chassis

Fig. 2. Prototype car in simplified version

2.3.1 Fluids modelling

The prototype car model was imported to ANSYS 19.1 WORKBENCH as a STEP file. The domains
or control volumes as shown in Figure 3 were modelled using Design Modeler. The flow domains
were divided into smaller refined domains to ensure a complete picture of the fluid flow in the entire
domain. The geometry had one symmetry plane (YZ plane) and was therefore likely to have a
symmetrical flow field. A half model (one symmetry plane) was applied in the domains.

Refined domain
(Underbody)

Refined domain (Wheel
wake box)

Fig. 3. CFD control volume

The mesh generation step is shown in Table 2 and the solver set up for CFD is shown in Table 3.
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Table 2
Meshing control set up (CFD)
Type Details

Geometry: Prototype car faces
Element size: 0.02682m

Method: Tetrahedrons

Max element size: 0.6705m
Min size limit: 0.02682m
Geometry: Flow domain

Body of influence: Outer box
Element size: 0.1609m
Geometry: Flow domain

Body of influence: Underbody
Element size: 0.02682m

Element sizing

Patch independent

Body of influence

Geometry: Flow domain
Body of influence: Wake box
Element size: 0.1019m

Table 3
Solver set up (CFD)
Boundary Conditions

Velocity Magnitude (ms-1) 60
N Turbulent Intensity (%) 0.2
Velocity-inlet . . .
elocity-inte Turbulent Viscosity Ratio 10
Z-component of flow direction -1
Relative Gauge Pressure (Pas) 0
Pressure-outlet Backflow Turbulent Intensity (%) 5

Backflow Turbulent Viscosity Ratio 10
Solution Methods

Model SST k-omega

Options Low-Re Corrections
Scheme Coupled

Gradient Least Squares Cell Based
Pressure 2" order

Momentum 2" order upwind

Turbulent kinetic energy
Specific Dissipation Rate
Initialize solution

2" order upwind
2" order upwind
Hybrid initialization

2.3.2 Structural modelling

Figure 4 presents the fully assembled SEM prototype car geometry that was used in ANSYS
Mechanical. The mechanical properties data of the selected materials were incorporated into the
ANSYS Engineering Data tool. A symmetry plane, which was YZ plane, was created on the model using
a symmetry tool to generate half of the original geometry. The material sets were then assigned to
each specific car’'s component. As the wheels were not in the concern of analysis, the wheels
materials were set the same as the chassis support. The FEA model was meshed with the following
setup as shown in Table 4.
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Fig. 4. Prototype car geometry in structural model

Table 4
Meshing control set up (FEA)
Global Mehing Control
Element Order Linear
Local Meshing Control
Geometry: Wheels
Element Size: 0.02m
Geometry: Shell, Windscreen,
Element Sizing Windows
Element Size: 0.002m
Geometry: Chassis
Element Size: 0.01m

On the definitions of boundary conditions, the bases of the wheels’ surfaces were set as fixed
support. The faces in the y-z symmetry plane were selected as frictionless support. Figure 5 presents
the structural boundary conditions. The mapping pressure data of the prototype car surface from the
CFD solver were imported into the Structure solver. In the mapping settings, triangulation and
distance based average methods were applied.

Fixed support

Frictionless support

Fig. 5. Structural boundary conditions
2.3.3 Mesh quality and grid independence test (GIT)
The accuracy of the FSI coupled simulations depends on the spatial and temporal discretisation
of the constituent fluids and structural models. In this study, a mesh dependency study was

performed to verify that the fluid model and structure model provided a mesh independent solution,
respectively. On the fluid side, the steady-state CFD analysis was carried out on the Ahmed body
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model with six different grid densities but similar settings in the use of Low-Reynolds-Number SST k-
® model [29]. The fluid mesh dependency study result is shown in Figure 6 and Table 5.

The final mesh chosen was the mesh elements around 3.5 million, (highlighted in yellow); to be
more specific, it was 3713677 cells with 5295232 number of nodes. It is proven to have the best
solving time to data accuracy ratio as it has the lowest percentage error in drag coefficient value at
6.608% when it is compared to experimental result, and the difference with the next mesh (4.5
million cells) is only 0.6335%. Finite volume methods are very sensitive to grid quality [30]. The
generated mesh has a good quality with a maximum skewness of 0.88619, an average skewness
around 0.14053 and an average aspect ratio of 2.0015 of which is within the recommended range
[31, 32]. Figure 7 presents the Fluent unstructured mesh that was used in this study.

Fluent GIT
0.38
0.37
0.36
5
5 0.35
=
& 034
O
50
g 0.33
A
0.32
—_— o
0.31
0.30
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5
Number of Elements (million)
Fig. 6. Fluent GIT graph result
Table 5
Fluent GIT result
. Relative . Relative error with
Mesh size Co error (%) Experiment [27] experiment (%)
0.65m 0.3660 3.5683 24.068
0.8m 0.3534 9.3139 19.793
2.0m 0.3233 1.7564 0.295 9.586
2.5m 0.3177 1.0191 ’ 7.695
3.5m 0.3145 0.6335 6.608
4.5m 0.3165 - 7.288

On the structure side, the steady-state one-way coupling analysis was carried out on the
prototype car model with seven different structure grid densities. The mesh of the structural model
was generated with its boundaries similar to those of the fluid mesh in order to minimise the errors
caused during the load data exchange between the two solvers. The mesh dependency study is as
shown in the Figure 8 and Table 6.

124



CFD Letters Penerbit

Volume 12, Issue 12 (2020) 115-136 Akademia Baru

Fig. 7. CFD mesh set up
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Fig. 8. Structure GIT graph result
Table 6
Structure GIT result
Mesh Max deflection Relative  Max von-Mises Relative  Max equivalent Relative
size (x 10%) m error stress (x 10%) Pa error strain (x 10%) m/m error
4dm 4751 17.59 2.739 5.965 2.483 15.54
5m 5.765 3.439 2.912 11.75 2.940 1.187
8m 5.970 8.793 2.606 3.667 2.905 0.117
10m 6.546 0.714 2.705 19.39 2.902 3.554
12m 6.593 0.391 3.356 3.721 2.802 1.463
13m 6.619 0.589 3.236 1.135 2.762 1.914
14m 6.658 - 3.199 - 2.816 -

The final structure mesh chosen was the mesh elements around 13 million, (highlighted in
yellow); to be more specific, it was 13386927 cells with 3411160 number of nodes. It is proven to
have the best solving time to data accuracy ratio as it has the lowest percentage error in relative to
the next mesh (14 million cells). The generated mesh has a good quality with a maximum skewness
of 0.85177, an average skewness around 0.26436 and an average aspect ratio of 1.9574. Figure 9
presents the Structural unstructured mesh that was used in this study.
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2.4 Prototype Car Material

Chassis

Windscreen

Fig. 9. Structural mesh set up

-

The proposed materials for the prototype car used in this study are shown in Table 7, in
comparison to the common materials used in SEM competition. The material set was proposed based
on the consideration on weight (density), strength (ability to withstand the stresses without yielding),
economy, and fabrication ease. Flax fibre composite is one of the preferred materials because of the
propensity in environmental impact concern with respect to the SEM competition. Aluminium alloy
and acrylic material were preferred due to the economical concern in fabrication process, plus
mechanical strength of both materials was deemed to be sufficient for this study. Table 8 shows the
mechanical properties of selected materials.

Table 7

SEM prototype car materials

Car components

Proposed materials

Common materials

Shell
Chassis

Flax fibre composite
Aluminium alloy

GFRP
CFRP

Windscreen and window Acrylic Polycarbonate
Table 8
SEM prototype car materials [33-35]
Density, p Modulus of Poisson Yield Strength, Ultimate Tensile
(kgm™3) Elasticity, E (GPa)  Ratio, v Sy (MPa) Strength, Su(MPa)
Flax Fibre Composite 1494 17.5 0.355 372.8 469.7
Aluminium Alloy 2770 71 0.33 280 310
Acrylic 1180 2.69 0.395 62.4 67.1
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3. Results
3.1 Computational Fluid Dynamics Solution

Table 9 presents the reference values and drag results of the fully assembled SEM prototype car.
Note that the car is travelling at 25km/hr. The drag coefficient, viscous drag, pressure drag, and total
drag values were not treated as constant values as these were calculated as the average of the
oscillating drag parameters. The results involve transient behaviour in the CFD simulation. The drag
of the prototype car is dominated by the pressure drag, contributing to 66% of the drag while the
rest is due to viscous drag. The high-pressure drag is due to complex car components, such as wheels
and chassis which cause the body shell to be less streamlined and hence heavily distort the incoming
smooth flow.

Table 9

Reference values and drag results
Parameters Values

Co 0.2473
Surface Area 8.005 m?
Frontal Area 0.3928 m?
Viscous Drag 0.9696N
Pressure Drag 1.899N
Total Drag 2.869N

A more comprehensive visualisation on the flow fields around the fully assembled SEM prototype
car is shown in Figure 10.
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Fig. 10. Flow contours around fully assembled SEM prototype car, (a) velocity flow field at symmetry plane,
(b) flow streamline

Figure 10(a) displays the velocity flow field at the symmetry plane. It should be noted that the car
is moving towards to right of the diagram and only the rear wheel profile appears in the symmetry
plane. With a teardrop like shape for the upper section of the car excluding the rear end, the flow
over the car is akin to that of an aerofoil. The stagnation point is visible at the vertical cut-off car nose
and the flow is accelerated over the top of the car and gradually slowed down by the adverse pressure
gradient. Flow separation is observed at the aft of the car as well as the aft of the rear wheel as
indicated by the contours of blue areas. According to the Figure 10(b), there are some swirling
streamlines with low velocities (also known as vortex line) along the downstream of the front wheel
and chassis support, which are formed due to the complex shapes of the chassis support. Near to the
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aft of the car, it is observed that the streamlines follow the shape of the car which converge at the
rear end of the car before they leave the car and continue downstream.

Figure 11 shows the pressure flow field around prototype car at the symmetrical plane. It can be
observed that the gauge pressure values indicated in the legend show that the maximum pressure
experienced by the prototype car is around 31.30 Pa. This happens around the vertical cut-off nose
design which obstructed the incoming flow to the stagnation region as observed in Figure 10. It is
also noted that the favourable pressure gradient and adverse pressure gradient regions are also
consistent with the variation of velocities observed in Figure 10.
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Fig. 11. Pressure flow field distribution
3.2 Mapping Data Transfer

Figure 12(a) shows the surface pressure distribution of prototype car in CFD solver and Figure
12(b) presents the overall equivalent pressure distribution in Structure solver. Comparing both the
surface pressure distributions, both solvers have a larger pressure region that occurs at the leading
edge of the prototype car. Tension loads, represented by negative pressure values, are outward
pressures, while compressive loads, represented by positive values, are inward pressures
experienced by the surfaces [36]. There are slight differences in the pressure distribution values
between two solvers because the structural nodal values are mapped by linear interpolation from
the CFD nodal results. Figure 13 depicts the surface pressure distribution according to the prototype
car components.
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Shell
Chassis

-

(b)
Fig. 12. Pressure flow field distribution, (a) in CFD solver, (b) in
Structure solver

3.3 Finite Element Solution

The assessment of the car structure is an integral part of the design phase to ensure that the
prototype car is capable to perform with the exerted pressure loads while travelling at 25km/hr
without undesirable result. The total deformation, equivalent von Mises stress and equivalent strain
are considered as the important factors in this study to assess vehicle failure.

Figure 14 presents the results of the total deformation experienced by the prototype car due to
the applied pressure loads from the steady flow field. As it can be seen in the figure, the maximum
deformation is about 6.619e-6m on the window region. The window is subjected to the compression
loading and thus, the deformation is due to the lower mechanical properties of the acrylic material
in comparison with flax fibre composite and aluminium alloy. Besides that, the area of the prototype
car shows that the curvature area is greatly subjected to the significant deflection in comparison with
other areas. Saghafi [37] remarked that the curved panels respond to loads with a higher maximum
deflection than the flat panels. However, the deformation is small enough to be considered negligible
and safe for the driver who travels with a car’s speed of 25km/h.

Moreover, since the deformations are of order of micrometre while the car is of order of metres,
there is no necessity to run a cost demanding two-way FSI as the changes in fluid flow are minimal
and do not affect the final structural results.
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Window

M 511812 Min

Fig. 13. Respective car’s surface pressure distribution, (a) shell,
(b) windscreen and window, (c) chassis in Structure solver
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Masimum Over Time

(b)
Fig. 14. Total deformation of prototype car at (a) overview, (b) view
from symmetry plane

According to Figure 15(a), the maximum stress recorded is 32357 Pa which can be seen at the
edge of the shell extruded hole around the chassis support as shown in Figure 15(b). Apart from the
highly stressed region, the second highly stressed region occurs at the chassis junction intersection
up to 30kPa as shown in Figure 15(c). Irregularities or discontinuities, such as hole and intersection
can cause a disruption to stress flow and stress concentrations in a localised region [38]. Other than
the two parts which experience a relatively higher stress, most of the other regions experience
stresses below 21576 Pa. On the other hand, the stresses experienced by acrylic parts, i.e., the
window and windscreen, are well below 17982 Pa.
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Unit: Pa
Maximum Over Time
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Fig. 15. Equivalent von-Mises stress of prototype car at (a) overview, (b) shell hole
around chassis support, (c) chassis junction
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Based on Figure 16, the maximum equivalent elastic strain is 2.7619e-6 m/m which is relatively
small, and it occurs at the windscreen of the vehicle. The second highest equivalent elastic strain
occurs at the centre surface of the window as shown in the Figure 16(a) with a magnitude around
2.1483e-6 m/m. As shown in Figure 13(b), the windscreen is subjected to high compressive loads at
the nose area, and the loads decrease in strength downstream until there are tension loads at the aft
of the windscreen. The window is also subjected to tension loads. Generally, acrylic material has a
high compressive strength than tensile strength. Therefore, more elongation is captured at regions
experiencing tension loads for acrylic parts.

Equivalent Elastic Strain

Type: Equivalent Elastic Strain
Unit: m/m

Maximum Over Time

(a)

2.7619e-6 Max 2.1483e-6 1.5347e-6 9.2111e-7 3.0753e-7
2.4551e-6 1.8415e-6 1.2279%e-6 6.1432e-7 7.3274e-10Min

| l — |

Equivalent Elastic Strain
Type: Equivalent Elastic Strain
Unit: m/m

Maximum Over Time

(b)

Fig. 16. Equivalent elastic strain of prototype car at (a) overview, (b) view from symmetry plane

3.4 Car Safety Level Validation
A validation study on the car safety level was carried out by adopting theoretical analysis. In the

process of generating structural results in the solver, the main mechanical properties used are the
Young modulus (E) and Poisson ratio (v) of each simulated structure [39]. Note that the stresses and
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strains are computed from the resulted displacements. Equivalent von Mises stress, g, is the stress
used to assess whether a material experiences plastic deformation. The stresses experienced by the
prototype car must be less than the yield strength, S,, of the construction material for the vehicle to
perform efficiently under normal driving conditions without compromising its structural integrity. An
adequate safety factor, N = 2.5 was included in the design calculations to raise the safety margin
above its intended load [4]. The safety factor for the design purpose is shown as follows.

O <2 (14)

Note that from the analysis, the maximum stress (32357 Pa) happens at the shell with the
proposed flax composite materials, which has yield strength of 372.8e6 Pa. The term at the right side
of the inequality of Eq. (14) for flax composite accounts for 149.12e6 Pa, which is still more than 4000
times higher than the maximum stress obtained from the analysis. Hence, it can be implied that the
proposed material is safe for the vehicle to travel at the speed of 25 km/hr.

On equivalent plastic strain, it grows when the material is actively yielding. Note that the
equivalent von Mises stress results are lower than the materials yield strength. This indicates that
there is no equivalent plastic strain in the analysis with very small equivalent elastic strain. According
to Dol [4], one of the conditions to ensure a safe design is that the maximum elastic deformation
should be less or equal to 15mm. As the maximum equivalent elastic strains are 2.7619e-6 m/m and
2.8173e-6 m/m for proposed material sets, the design is declared safe for travelling at 25km/hr.

4. Conclusion

This study is largely aimed at gaining better overview and understanding of the fluid-structure
interaction of the fully assembled SEM prototype car travelling in low speed using several materials
including the Flax fibre composite. From both the deformation and the von Mises stress analyses, it
is concluded that the proposed material set is safe to be used in SEM car designs. Moreover, it is a
sensible alternative material option for the SEM design travelling at low speeds since the proposed
material is cheaper and more eco-friendly than the common materials.
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