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A complex topologically optimised landing gear fork for a light aircraft
was fabricated using selective laser melting (SLM). It was hypothesised
that the optimised fork would exhibit a unique air flow surface contour
that could enhance aerodynamic performance by promoting lift and
reducing drag compared with conventionally manufactured components.
To test this hypothesis, the aerodynamic behaviour of the nose-wheel
fork was investigated using computational fluid dynamics (CFD). Both
the SLM-produced optimised fork and a conventionally milled
counterpart were analysed to predict lift and drag. The findings provide
insight into the potential of topology optimisation to improve the
aerodynamic efficiency of aircraft structures.
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'n Komplekse topologies optimeerde landingsonderstelvurk vir 'n ligte
vliegtuig is vervaardig met behulp van selektiewe lasersmelting (SLM).
Daar is gehipotetiseer dat die optimeerde vurk 'n unieke lugvloei-
oppervlakkontoer sou vertoon wat aérodinamiese prestasie kan verbeter
deur draagkrag te bevorder en lugweerstand te verminder in vergelyking
met konvensioneel vervaardigde komponente. Om hierdie hipotese te
toets, is die aérodinamiese gedrag van die neuswielvurk ondersoek met
behulp van berekeningsvloeidinamika (CFD). Beide die SLM-vervaardigde
geoptimaliseerde vurk en 'n konvensioneel gefreesde eweknie is
geanaliseer om draagkrag en lugweerstand te voorspel. Die bevindinge
bied insig in die potensiaal van topologie-optimalisering om die
aérodinamiese doeltreffendheid van vliegtuigstrukture te verbeter.
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1. INTRODUCTION

Metal additive manufacturing (AM) has the potential to build fully functional structural components of
aircraft [1]. The goal of applying AM is to reduce production time and the wastage of raw material. Parts
are built layer by layer as powder is deposited and selectively fused into previously solidified layers, thereby
forming three-dimensional (3D) components. Selective laser melting (SLM) was chosen for its ability to
produce highly intricate geometries with superior precision, compared with direct metal deposition (DMD)
and electron beam melting (EBM) [2].

A titanium alloy that is often used to produce aircraft parts through SLM is Ti6Al4V(ELI) [3][4]. This alloy is
applied because of its excellent corrosion resistance, high strength, and low density [5]. Moreover, the
outstanding fatigue resistance of Ti6Al4V(ELI) makes it appealing for the production of mission-critical
parts, such as landing gear, offering clear advantages over conventional metals such as aluminium alloys

[6].

The landing gear is a subsystem of an aircraft that is essential for landing, taxiing, and take-off, and it must
be designed in compliance with the required safety regulations [7]. Designing landing gear without due
consideration of its aerodynamic effect has a negative impact on its performance, since it causes a
significant amount of parasite drag and unwanted weight on the aircraft [8]. The large structural
components of a landing gear, such as the nose-wheel fork, should be designed to generate aerodynamic
low pressure on the upper surface and high pressure on the lower surface. According to Bernoulli’s principle,
this pressure differential is achieved by increasing airflow velocity over the upper surface and reducing it
over the lower surface, thereby promoting lift [9].

The integration of topology optimisation into the design for additive manufacturing (DfAM) results in
complex-shaped components that are difficult, if not impossible, to produce with traditional milling
technology, but that are quite feasible with AM [9]. This optimisation technology offers more than 20% mass
saving without compromising the required strength [10]. It was hypothesised that topology optimisation
could result in aerodynamically sound geometrical shapes. The most widely used topology optimisation
algorithm is the solid isotropic material with penalisation (SIMP), which is preferred over sequential linear
programming (SLP) and sequential quadratic programming (SQP) because of its compatibility with finite
element analysis platforms [11]. In topology optimisation, the objective function is typically to minimise
compliance - for example, redistributing material within a prescribed design domain so as to generate
layouts that maximise the geometric stiffness of the resulting structural components [12]. This results in
organic-shaped components that are characterised by irregular, natural shapes. As a result, the optimised
structures can also conform to aircraft airfoil-shaped structural components that promote lift and reduce
drag [13].

Nonetheless, the new design of a structural part of an aircraft must be certified for its application before
acceptance [7]. Certification by analysis (CbA) could be applied to reduce the physical experimental
testing, which is often expensive and time-consuming [14]. Computational fluid dynamics (CFD) is one of
the methods used to predict the aerodynamic performance of aircraft components [15]. It has been found
to be an effective tool for understanding flow phenomena in various parts of the aviation industry [15].
During CFD simulation of aerodynamic forces and the flow field around a complex-shaped part of an aircraft,
finite volume discretisation with Reynolds-averaged Navier-Stokes (RANS) is commonly applied to model
turbulent airflow [16]. RANS has gained popularity because of its ability to generate accurate results at a
moderate computational cost. Other airflow modelling, such as the large eddy simulation (LES), is ten times
more computationally demanding than RANS [17].

A detailed, experimentally validated CFD simulation of retractable landing gear loads has been published
in a previous study [18]. Imamura et al. [19] analysed the aerodynamics and aero-acoustics of a two-wheel
landing gear. Spalart et al. [18] tested the rudimentary features of the landing gear and predicted their
performance using the CFD technique. However, the effect of topology optimisation on the aerodynamic
performance of landing gear remains unexplored.

In the current study, the aerodynamic performance of the topologically optimised computer-aided design
(CAD) model nose-wheel fork of an advanced high-performance reconnaissance light aircraft (AHRLAC) that
was redesigned for building in Ti6Al4V(ELI) through SLM was investigated. For this, CFD with RANS
turbulence modelling was applied to understand the wall shear stress, the velocity and pressure
distribution, and the lift and drag force experienced by the fork. To demonstrate the benefits of topology
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optimisation, CFD analysis was also carried out on the original nose-wheel fork manufactured from
aluminium alloy 7050 using conventional milling, and the results were compared with those of the topology-
optimised one. The comparison covered the velocity, pressure distribution, shear wall stress, and drag and
lift forces of the optimal and the original nose-wheel fork. It is shown here that topology optimisation
resulted in a significant improvement of the aerodynamic performance of the AHRLAC nose-wheel fork.

2. THEORETICAL FRAMEWORK

Topology optimisation through the SIMP algorithm seeks an optimal design (£2,,,:), which is contained in
the available design domain (2) [20]. The available design domain is partitioned into void and solid
elements by finite element discretisation. In this case, the design variable is represented by the density
vector containing elemental density (p.). Consequently, the local stiffness tensor (E(p.)) is formulated by
incorporating the density vector and the component of stiffness (E,), as shown in Equation 1:

E(pe) = pLEo M

The elemental density in the design variable is applied using Equation 2 [9], where the elastic modulus of
the elements (e) is reduced to element stiffness (K,). Consequently, the SIMP stiffness can be expressed as
in Equation 3.

_ (0 if e€Q/Dmar
Pe = {1 if e € Qmar @)

N p
KSIMP(p) = Zezl[pmin +(1- pmin)pe] K. (3)

where p is the penalising factor that penalises elements with intermediate density to approach 0 (void) or
1 (solid element), and p,,;, represents the lower density value limit to avoid singularities. Finally,
optimisation results in a structural component that has the potential to improve aerodynamic performance,
as illustrated in Figure 1.

Design domain Air stream

\ Low pressure Optimal design

0 High air speed

j\mw air speed

) . High pressure
@) Recirculation (b)

Figure 1: An illustration of the theory that topology optimisation could improve the aerodynamic
performance of structural components of aircraft, (a) design domain and (b) optimal design.

When defining the airflow following Bernoulli’s Equation 4, the optimal design would have better lift than
the design domain owing to the variation of airflow speed between the upper and lower surfaces. Moreover,
reduced drag force will be experienced by the optimal design, since there is no recirculation.

P+ % + pgh = constant 4)

where P, p, V, g and h represent static pressure, fluid density, air velocity, gravitational acceleration and
height, respectively. To predict the aerodynamic performance, the RANS formulation in Equation 5 is solved
in the CFD modelling for a given dynamic viscosity (1) of the flow [21].

opu;, 8 ———. 3P 0%
P +axj(pulu1)_ axl—+ Hoxox,

~ 5 (OU) (5)

where t is time, and u;, and u; are the velocity components in i and j directions, respectively. The u; and
u; represent the fluctuating velocity components, also in i and j directions. Finally, x; and x; stand for the
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coordinates in the i and j directions. The solution of Equation 5 allows the prediction of turbulent modelling
that results in a significant fluctuation of flow properties. These include the velocity and pressure
distribution as well as the shear stress.

3.  MATERIAL AND METHODS

The nose-wheel fork of the AHRLAC was redesigned by using the topology optimisation software Altair
SolidThinking Inspire®[22], and the design was structurally verified by MSC Nastran/Patran® software [23].
The objective was to obtain a balanced strength-to-weight ratio from the original CAD model of the AHRLAC
fork that was produced through a conventional milling process. The detailed design procedure is described
in [24], whereas the production in Ti6Al4V(ELI) through SLM and the mechanical performance of this
topologically optimised nose-wheel fork were published by Monaheng et al. [25]. The original and
topologically optimised CAD models of the AHRLAC nose-wheel fork are shown in Figures 2(a) and (b),
respectively.

Figure 2: CAD model of nose-wheel fork, (a) original fork and (b) topologically optimised fork.

To predict the aerodynamic behaviour of the full-scale nose-wheel fork, the scFlow V2020 CFD software
[26] was used for both the original CAD model and the CAD model of the optimised fork. For this simulation,
a virtual wind tunnel was created, as shown in Figure 3(a). The angle of attack between the torque arm
and shock strut bush was 37.81°, whereas that between the shock strut and wheel bush was 18.36°, to
reproduce the conditions during the aircraft’s take-off; in the model, the incompressible air was set with
an inlet take-off speed of 28 m/s, assuming that the air stream impinging on the surface of the fixed nose-
wheel fork in the wind tunnel was equivalent to the fork of an aircraft moving through the air when the
aircraft become airborne. Moreover, the air and the fork were discretised using polyhedral elements, as
illustrated in Figure 3(b). The Z- and X-axis were along the lift and drag directions, respectively, whereas
the Y-axis was pointing towards the side wall.

Inlet
V=28m/s

Polyhedral
Nose wheel fork

bR
Side wall :

(a) (b)

Outlet

Figure 3: (a) Virtual wind tunnel with nose-wheel fork, and (b) discretisation of incompressible air
and the nose-wheel fork.

For the surface of the fork and the air around it, a mesh size of 1.563 mm was generated to obtain accurate
results. On the other hand, in regions of the air that were far from the fork, a mesh size of 12.5 mm was
generated to reduce computational time. In Table 1, the thermal and material properties of the
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incompressible air and of the original and optimised nose-wheel forks that were used during the simulation
are listed.

Table 1: Thermal and material properties of the incompressible air and the original and optimised
nose-wheel forks

N heel Density  Specific Thermal Thermal Viscosity
foorske-w €€l Materials (kg/m?) heat conductivity expansion (1/K)  (pa.s)
J/(kgK) W/ (mK)
Incompressible 1.206 - 0.0256 0.003411 18.3e-6
air
Original AA7050 2700 860 157
Optimised  Ti6Al4V(ELI) 4420 537 7.6

A steady-state analysis incorporating gravitational effects was carried out, as the density of the original
nose-wheel fork differed from that of the optimised design. Since this study aimed to investigate the
influence of topology optimisation on aerodynamic performance, a steady-state simulation was deemed
most appropriate. To validate this condition, airflow velocity and temperature during take-off were kept
constant. The constant temperature also ensured that thermal effects were excluded from the results.

Moreover, it was assumed that both forks exhibited the same surface roughness. The simulations were
conducted using a turbulence fluid flow model (RANS with sensitivity of shear stress transport (SST) k-w),
as RANS is widely recognised for predicting aerodynamic performance in engineering applications [27].
Finally, the fork was virtually sectioned in the ZX and XY planes to help the interpretation of the CFD
results, which were driven by the design geometry and the material properties of the original and the
optimised nose-wheel forks.

4. RESULTS AND DISCUSSION

The aerodynamic performance of the original and the optimised nose-wheel forks is presented in this
section. The characteristics that were examined were velocity, pressure distribution, wall shear stress, and
drag and lift forces. By presenting these results, a performance comparison between the original and
optimised forks can be discussed, highlighting the effects of design shape and material properties on their
aerodynamic behaviour.

4.1. Velocity distribution

In Figure 3(a)-(b) and (c)-(d), the velocity vectors of the air stream passing along the ZX plane and the XY
plane, respectively, of the original and topologically optimised nose-wheel forks are shown. In the original
and the optimised nose-wheel forks, the velocity vectors demonstrated different air streams on the surface
of the fork. This was attributed to the various surface contours of the two forks. The resistance of airflow
on the original fork is indicated by the direction of the velocity vectors, which oppose the airflow stream.
This contributes to the drag force on the original nose-wheel fork, which translates to higher fuel
consumption by the aircraft [28]. An airflow recirculation from the surface of the original nose-wheel fork
was also observed. Moreover, a maximum and minimum airflow velocity were found on the lower and upper
surfaces, respectively, of the original fork. Unlike the original fork, the optimised one had a void in the
front area, allowing a smooth air flow, and no recirculation was identified in the region shown in Figure 4.
The upper and lower surfaces experienced minimal and maximum air flow speed at levels higher than those
recorded on the original nose-wheel fork.
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Figure 4: The velocity vectors of the air stream passing along the ZX ((a) and (b)) and XY planes ((c)

and (d)) of the nose-wheel fork. Images (a) and (c) show the original fork, whereas (b) and (d) are of
the topologically optimised fork.

4.2. Pressure distribution

The pressure distribution on the surfaces of the original and optimised nose-wheel forks is shown in Figure
5. This illustrates the pressure difference resulting from the topologically optimised geometry of the fork.

Upper surface

Maximum
Pressure area

Lower surface

Pressure [Pa] Pressura [Pa]

T T | [ [T — | e A e ]
-1421.94 7 .42 -1421. 94 -409. 76 602.42

Maximum
Pressure area

Fressure [Pa) Pressure [Pa)

T | | e S T [ | | [ ..
(c) (d)

Figure 5: The relative pressure distribution on the surfaces of the nose-wheel fork; (a) and (b) show
the original fork, whereas (c) and (d) show the optimised fork.
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In both the original and the optimised nose-wheel forks, there is a pressure difference between the upper
and lower surfaces. Higher pressure was observed on the lower surface of the nose-wheel fork, while lower
pressure was detected on the upper surface. The pressure difference of 38.07% and 56.67% between the
upper and lower surfaces of the original and optimised forks, respectively, suggested that the topology-
optimised fork would promote lift better than the original fork. This higher percentage pressure difference
of the optimised nose-wheel fork was attributed to the high speed of airflow observed on the upper surface.
It followed Bernoulli’s equation, which specifies that increasing speed results in a decrease in pressure and
vice versa [29]. Moreover, the pressure is at a maximum on the lower surface where the angle of attack is
higher. This behaviour was observed for both the original and the optimised nose-wheel forks, and it is a
well-known phenomenon in flight aerodynamic studies [30].

Figures 6(a) and (c) show the detailed views of the respective pressure distribution in the mid-section
(plane ZX) of the original and the optimised nose-wheel forks. In addition, Figures 6(b) and (d) are graphical
representations of the magnitudes of the pressure distribution on the maximum area shown in Figures 6(a)
and (c). The graphs in Figures 6(b) and (d) clearly illustrate that the pressure is low at the edge of the front
mid-section surface of the nose-wheel fork, then increases to a maximum before starting to drop. It is also
noted that the pressure is more evenly distributed on the surface of the optimised fork than on the original
fork, as shown in Figure 6(d), leading to the adherence of airflow on the surface. This was not the case on
the original fork because the pressure rapidly varied across its surface, allowing airflow recirculation. A
notable difference in pressure distribution was observed at the front of the fork, where the pressure
peaked. On the blunt front surface of the original fork, the pressure rose sharply from 340 Pa to a maximum
of 480 Pa. In contrast, at the corresponding location on the optimised fork, the pressure increased more
gradually from -100 Pa to a maximum of 485 Pa (see Figures 6(b) and (e)). These phenomena were attributed
to the blunt and profiled geometry of the original and the optimised nose-wheel forks, respectively.
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Figure 6: Detailed pressure distribution on the mid-section of the nose-wheel fork in plane ZX; (a)
and (c) represent the pressure contour, whereas (b) and (d) show the graphs of the pressure
recorded from the front surface of the original and optimised nose-wheel forks, respectively.
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4.3. Wall shear stress

The surface streamline and wall shear stress (surface friction) generated on the original and the optimised
nose-wheel forks are shown in Figure 7.

Side rib

Wall shear stress [Pa] Wall shear stress[Pa]
L e R e T T =T
0.00 14.11 28.22 000 14.11 28 22
(b) (c)
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— T |

Wall shear stress [Pa]
T |
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(d) (e) {f)

Figure 7: lllustration of the air streamlines and wall shear stresses (friction) in (a)-(c) for the original
nose-wheel fork, and in (d)-(f) for the optimised fork.

The geometric differences between the original and optimised nose-wheel forks resulted in distinct surface
streamlines around the fork, as shown in Figures 7(a) and (d). This is illustrated by the external side surface
of the original fork experiencing double vortex streamlines between the side ribs, while the absence of a
side rib on the optimised fork resulted in a single vortex air stream on the corresponding surface.
Consequently, the original fork generated higher drag than the optimised fork because of the airflow
separation caused by the formation of a double vortex. These different streamlines around the shape of
the nose-wheel fork led to different shear stress and friction on the wall. In both the original and the
optimised nose-wheel forks, very low wall shear stress was recorded, as shown in Figure 7.

4.4, Lift and drag forces

The drag, side, and lift forces experienced by the original and the optimised nose-wheel forks are given in
Table 2. It should be noted that the total force in Table 2 comprises both pressure and shear stress
components.

Table 2: Types of forces acting on the original and optimal nose-wheel fork

Fork condition | Parameters | Drag force (N) | Side force (N) | Lift force (N)
Original fork Pressure 8.72 -2.52e-1 4.92

Shear stress | 0.48 1.03e-3 -4.10e-2

Total 9.20 -2.51e-1 4.88
Optimised fork | Pressure 8.46 -5.78e-3 2.77

Shear stress | 0.59 -5.99e-5 -0.05

Total 8.97 -5.84e-3 2.71

The magnitudes of the total drag forces are comparable between the original and the optimised nose-wheel
forks. However, a significant difference in total lift forces was recorded when comparing the original and
optimised forks. This was attributed to the 20% reduction in weight [24] and the organic shape of the nose-
wheel fork that resulted from topology optimisation. In Figure 8, the drag and lift forces are graphically
presented.
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Figure 8: Graphical representation of the total drag and the lift forces of the original and
topologically optimised nose-wheel fork.

The drag force of the optimised fork was 3% less than that of the original fork, whereas the lift forces on
the optimal fork were found to be 44% more than those on the original fork. This implies that the
topologically optimised nose-wheel fork would require less force to achieve similar lift to the original one.
This behaviour is attributed to the lower weight and pressure difference across the surface of the optimised
nose-wheel fork.

Topology optimisation of the AHRLAC nose-wheel fork was reached by inducing voids in the design domain
following a mathematical algorithm with an objective to reach a balanced strength-to-weight ratio [31].
These voids provided airflow channels that increased the velocity and reduced the pressure on the upper
surface of the optimised nose-wheel fork, while retaining higher pressure on the lower surface of the nose-
wheel fork. This pressure difference promoted better lift on the topologically optimised nose-wheel fork
than on the original one. Consequently, the optimised fork increased lift forces by 44% compared with the
original nose-wheel fork. Moreover, the optimised geometry diminished the airflow recirculation around
the surface of the fork, thus limiting the possibilities of airflow separation, which is known to increase drag
[32]. To sum up: the resulting geometry from topology optimisation would improve the fuel efficiency of
an aircraft by improving the lifting forces, reducing drag, and weight.

5.  CONCLUSIONS

From the CFD studies of the original and the topologically optimised nose-wheel forks of the light aircraft,
the following conclusions could be drawn:

e The airflow on the surface of the original nose-wheel fork generated recirculation owing to the
absence of flow channels. This was not the case for the topologically optimised fork, since it
provided smooth airflow through its voids.

e The topologically optimised nose-wheel fork had a higher pressure difference of 56.67% between
the upper and lower surfaces, whereas the original fork had a lower pressure difference of 38.07%.
Therefore, the topologically optimised nose-wheel fork improved the pressure difference by 18.6
% over the original fork. It could thus be concluded that the topologically optimised nose fork
would promote lift better than the original fork. This would be enhanced by a 20% weight reduction
obtained through topology optimisation.

e The different surface contours of the original and the optimised forks resulted in different
streamlines and wall shear stress on the surfaces. The topologically optimised fork promoted lift
by 44% and reduced drag by 3% compared with the original fork. Therefore, topology optimisation
applied to structural aircraft components would not only improve the strength-to-weight ratio but
would also have the potential to enhance the aerodynamic performance by reducing drag and
improving lift.

e Future research should focus on validating the aerodynamic performance of the topologically
optimised SLM Ti6Al4V(ELI) components using physical experimentation. This would demonstrate
the accuracy of applying CFD to predict aircraft structural components, since the effect of surface
roughness and thermal effects would also be incorporated.
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