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Abstract

A computational fluid dynamics (CFD) investigation was carried out on a three-dimensional

NACA6409 wing in ground (WIG) effect at a Reynolds number of 320,000. Using a multi-objective-

SHERPA algorithm, a root angle of 4 deg angle of attack, a tip angle of 6 deg, a forward sweep, and
a tip chord of 20% of the root chord produced an optimum aerodynamic efficiency across all ground
clearances. Optimization showed a gain in aerodynamic efficiency of 41% at h/c = 0.05 ground
clearance and a 31% gain at h/c = 0.2 compared to a rectangular planform wing. Next, fish bone
active camber (FishBAC) morphing was applied to the optimized wing varying the morphing start
locations along the chord at both the tip and root. A later start location produced the highest
aerodynamic efficiency but increased manufacturing complexity. Extendable span morphing was also
tested and was found that increasing the span from 1c to 1.5c increased the aerodynamic efficiency
of the optimized wing by 27.4% at h/c = 0.1. Varying the span from 0.8c to 1.2c in ground effect had

a small effect on the drag for small ground clearances; for large ground clearances, the total drag
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decreased as the span increased. Smaller gains were seen when the span morphing was applied to
the rectangular wing. The FishBAC morphing was applied in the spanwise direction to morph the
wingtip, sealing the flow beneath the wing. Also, the proportion of the morphing wingtip caused the

trailing edge to be closer to the ground further enhancing ground effect.

1 Introduction

The aerodynamic performance of a wing can be enhanced by flying in proximity to the ground known
as ground effect; the analysis of wings in ground in effect is typically split into two areas known as
chord-dominated and span-dominated ground effect [1]. The chord-dominated performance gains
are associated with a two-dimensional airfoil profile, and the span is associated with a three-
dimensional wing. First, looking at the chordwise enhancement, which is mainly associated with lift
gains, is due to the fixed trailing edge condition imposed by the Kutta condition causing all effects
from the ground to be seen upstream of the trailing beneath the airfoil [2,3]. When a wing is brought
into ground effect, the pressure on the lower surface of the wing increases, resulting in an increase
in lift. Second, when a wing is brought into ground effect, a spanwise enhancement can be seen,

where the wingtip vortices are pushed outboard of the wing, reducing the induced drag [4-9].

For some airfoil profiles in ground effect, the lift can be reduced as a wing is brought into ground

effect and in some cases of airfoil geometry and angle of attack (AoA) [10,11]. This occurs when the

airfoil's lower surface is closer to the ground than the distance between the trailing edge and the
ground. Awing is typically considered to be in freestream when the ratio between the ground
clearance and chord is 1, and below h/c = 0.4 the ground effect becomes more prominent [1,12]. By
reducing the ground clearance, the lift increases at a greater rate as the wing becomes closer to the
ground. This poses a problem for wings in ground effect where the variation in lift will cause large
stability issues problems due to variations in the pitching moment [10,13], making wing in ground

effect vehicles extremely sensitive to flying in ground effect.

Wings in ground effect are typically used in ia-te marine applications, eraft; allowing craft them to fly

above the water surface to increase their speed and reduce the drag caused by the highly dense

water compared to air, thereby reducing fuel consumption. In the 1960s, wing in ground effect crafts
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were heavily researched [1], however, due to instability issues making the craft difficult to fly in
ground effect, the craft did not gain popularity. A major problem with the early craft was the size of
the craft and the large amounts of fuel required to achieve the intended flight speed. Modern day
wing in ground effect vehicles are typically much smaller being designed as small passenger craft. A

typical example of this is the Airfish, which can carry up to eight people [14].

There are many different methods of morphing wings; these may include twist, sweep, chord length,
camber thickness, span bending, span twisting, camber, and span extension morphing [15,16]. Due
to the large number of morphing techniques, the type of morphing needs to be selected based on the
feasibility of implementing the design, cost, weight gain, and space required to house the
mechanisms [15,17]. Span-extending morphing allows the aspect ratio of a craft to be adjusted; a
higher span typically increases aerodynamic efficiency [18,19], however, reduces roll rates and can
make maneuverability difficult such as taxing around airports. A higher span also allows the craft to
fly at a lower speed [20]; therefore, extending the span allows for a wide range of operating

conditions.

The low aspect ratio of wings in ground effect often has a large negative effect on aerodynamic
performance, and studies have investigated the use of wingtips to seal the lower surface [6,9,13,21].
However, it is difficult to fly close to the ground safely especially flying over water without a wingtip
touching the ground. Tillable wingtips are an alternative to end wing end plates which effectively
hinge the wingtip geometry downwards to seal the lower surface which offers significant performance

gains by controlling the wingtip vortex [9].

Camber morphing airfoils allow the variation of lift of a wing and typically replace the control surfaces
on an aircraft. This has the advantage of eliminating the gap between the wing and control surface
itself, which increases efficiency [22] and allows smaller trailing edge deflection for the same amount
of roll when compared to a traditional flap control surface [23]. A study by Woods and Friswell [24]
introduced fish bone active camber (FishBAC) demonstrated by the schematic (Fig. 1), which
morphs the camber of the airfoil by defining the curve and the morphing mechanisms. The FishBAC
morphing was bio-inspired to allow large deflections of a camber morphing airfoil. Figure 1 shows a

schematic of this structure consisting of a spine which was deflected at the trailing edge by a servo
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and a belt. The airfoil surface was an-EMG skin membrane with the shape of the surface defined by

stringers JAQ2

Fig. 1 FishBAC concept [ZF_fMeas&add—tHs—Fefereﬁeefpretbweeﬁed—#emﬂﬂy-etherapeﬁ}
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To the best of the authors' knowledge, there is very little work combining the two areas of morphing
wings and wings in ground effect. In previous work [2], morphing wings were applied to a two-
dimensional NACA6409 airfoil. The work presented in this study extends this to three dimensions.
Due to the large number of variables of the wing including the tip chord, angle, sweep, and root
angle of attack, an optimization study was first carried out and compared to a baseline rectangular

wing before applying camber, span extension, and wingtip morphing techniques.

2 Methodology

This study used computational fluid dynamics (CFD) to investigate the optimization of a three-
dimensional wing in ground effect and the morphing of the three-dimensional wing in ground effect.
Reynolds-averaged Navier—Stokes modeling was used in this study with the k~~-Omega SST
turbulence model at a Reynolds number of 320,000 based on the chord length. The simulations in

this study were run until the residuals had reached a magnitude of 10" and that the lift and drag had
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converged. The converged simulations yielded a y+ of approximately 1 as recommended in the user

manual for the CFD software [25] for the particular turbulence model used.

First, in this study, an optimization study was carried out using the built-in Design Manager in the
star ccm+ software to perform a multidisciplinary design optimization. The optimization study was
carried out due to the large number of variables of a three-dimensional wing including twist, sweep,
and taper of the wing as well as root and tip angles of attack. Starting with a rectangular wing with a
NACAG6409 profile and aspect ratio of 2, a parametric model was created in star ccm+ to vary the
parameters listed in Table 1. Five different ground clearances were tested at hie = 0.05,0.1, 0.2,
0.4, and 1, which are nondimensionalized with the airfoil chord. The twist of the wing was carried out
by independently varying the root (¢r) and the tip (¢¢) angle of attack. The sweep of the wing was
varied by adjusting the value of t/c, the dihedral by adjusting dfc and the tip chord by adjusting tc as

shown in Fig. 2. The range of parameters tested can be seen in Table 1.

Fig. 2 Input parameters for parametrization
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Table 1 Input parameters for parametrization

Parameter Notation Range Increment
Root angle [ [2.0, 8.0] deg 1.0 deg

Tip angle 0, [0.0, 8.0] deg 1.0 deg

Tip chord tc [20, 100] %c 20% root chord

Tip height dfe [0, 40] %c 20% root chord

Tip position tfe [0, 80] %c 20% root chord

The overall objective for the optimizations was to improve the aerodynamic efficiency which was
achieved by setting the lift goal to maximum and drag to minimum. A total of 200 design iterations

were performed using the multi-objective-SHERPA algorithm within Design Manager.

Next, static morphing of the optimized wing was carried out by using the FishBAC morphing method.
In this study, static morphing is performed by running steady-state simulations with the geometry
swapped out with the different morphed configurations. This provides an initial analysis without the
extra complexity of modeling in time and extra computational expense in order to provide an initial
understanding of a morphed three-dimensional wing in ground effect. Three separate studies were

carried out including FishBAC, extendable span, and wingtip morphing.

The NACA6409 is a cambered airfoil, where the geometry of the airfoil can be split into a camber
line (Eq. (2)) with varying thickness (Eq. (1)) applied around this line to define the airfoil surface [24].
The thickness is applied using two separate equations, one for the leading edge up to the point of
maximum airfoil thickness (¥r in Fig. 3) and one for the distance between #r and the trailing edge
with (*s) the airfoil maximum thickness. To morph the airfoil, a third equation was defined at a
morphing start location (#s) along the chord defined by (Eq. (2)). In three dimensions, the start
location and displacement were varied independently at the wing root and tip. In these equations, ¢
is the airfoil chord, 2+ is the trailing edge deflection, mis the maximum airfoil thickness, and ®r is the

location of the maximum airfoil thickness from the leading edge

Yy = 5t (0.2969/ ¢ — 0.126(z/c) — 0.351(z/c)® + 0.2843(z/c)® — 0.1015(x/4)*) (1)
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3 Mesh Independence and Validation

Computational fluid dynamics was carried out in this study to obtain data and to ensure that the
mesh and physics within the CFD were set up correctly. Validation was carried out using a mesh
independence study and comparing the simulations with existing data. First, a mesh independence
study was carried out to ensure that the cell size was adequate to capture the flow details and not
influence the data. The mesh size was varied by varying the mesh base size which scales the mesh
and refinement areas. A fixed boundary layer height of 0.02% chord was used to ensure that the ¥+
remained fixed at 1 as recommended in the CFD user manual [25] for the turbulence model. The
NACAG409 rectangular wing with an aspect ratio of 2 was used for the mesh independence at a

ground clearance of hfe=0.1and an angle of attack of 4 deg. The discretization error due to grid
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convergence was determined using the ASME V&V 20 Committee [26]. Three mesh refinements

were carried out using fine, medium, and coarse meshes as shown in Table 2.

Table 2 Mesh size lift and drag values for a NACA6409

Mesh refinement Cell count C Cq
Fine 74,121,642 0.708 0.0489
Medium 20,017,574 0.712 0.0492
Coarse 6,178,815 0.724 0.0500

The values of lift and drag coefficients at zero grid spacing are determined using the Richardson
extrapolation by applying the two finest grids in Eq. (3), where f defines the coefficients of the fine
medium and coarse meshes. The subscripts f, m, and ¢ denote the fine, medium, and coarse
meshes, respectively. The order of convergence is defined by P = (n(fe = £m)/ (F = £5))/ ln("), where r

is the refinement ratio with r = 2 as traditionally used [26]

_ fr+(-ff_f¢)
Pr= "o ®3)

The theoretical zero grid spacing lift value for C;= 0.706 and drag C, = 0.0487. The grid
convergence index (GCl) defined in Eq. (5), with a safety factor of £5 = 1.25 for comparison over
three grids [26], and the relative error defined as € = (Fs = )/ 1y using the fine and medium meshes,
and € = (fm = fc)/m for the medium and coarse meshes. For the lift, this yielded a GCI = 0.3701%
for the fine and medium meshes and a GCI = 1.063% for the medium and coarse meshes. For the
drag, a GCI = 0.4562% for the fine and medium meshes and a GCI = 1.0823% for the medium and

coarse meshes

Fie|

Gor = 4, o)

The solution is then checked with Eq. (5) to ensure that it falls within the asymptotic range of

convergence. A convergence value of 0.9944 for the lift and 1.0573 for the drag, which is close to 1,

shows that it was within the convergence range/AQ3|
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The error between the theoretical zero grid spacing and the mesh refinements is shown in Table 3
for the lift and drag coefficients. It was found that the coarse mesh has a 2.56% error for the drag
and a 2.42% error for the lift, showing that the mesh is size-dependent. The medium mesh has a
0.85% error for the lift and 0.97% for the drag, and the fine mesh has a 0.3% error for the lift and
0.36% for the drag. The fine mesh was selected and used as it has a lower error and gives values

closer to the theoretical zero grid spacing.

Table 3 Mesh refinement error

Mesh refinement C,error% Cqerror%
Fine 0.30 0.36
Medium 0.85 0.97
Coarse 242 2.56

To validate the results, a comparison was made between the mesh and published experimental data
[6] for the NACAG409 at hfe=0.1 ground clearance shown in Fig. 4. The experimental data used a
Reynolds number of 345,000, and comparisons were made against the aspect ratio of 2 wing as
used in this study. The lift and drag for both the fine mesh and experimental data are shown in Fig.
4. The lift showed a minimum difference of 4% and a maximum difference of 5% when comparing the
experimental literature data with the CFD carried out in this study. The drag showed a difference of
4.1% at 8 deg angle of attack and a 5.8% difference at 0 deg angle of attack when comparing the
drag between the experimental and CFD. Both the lift and drag showed very similar trends when
comparing the experimental to the CFD data. The experimental drag was slightly higher than the
CFD due to the slightly higher separation on the upper surface which corresponded to the slightly
higher lift for the CFD and the fact that the drag was of smaller magnitude compared to the lift;

therefore, the error for the drag in the CFD was greater compared to the lift.
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Fig. 4 Lift and drag of fine mesh compared to experimental data at #/¢ = 0.1
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Although there were differences between the CFD and experimental data, these differences can be
explained by the CFD errors and the uncertainties within the experiment. One difference between
the experimental and CFD was that the CFD used a tangential velocity vector to simulate a moving
ground, whereas the experiment had a stationary ground. T his is the main reason why the difference
between the experiment and CFD is greater at lower ground clearances. This was highlighted by

Yang et al. [27] who compared stationary and moving grounds.

4 Results and Discussion

4.1 Three-Dimensional Wing Optimization.
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An optimization study was carried out varyingusing the parameters in Fable-22Fig. 2 for each

ground clearance, resulting in a total of five optimization studies. The studies carried out
produced a Pareto front for each ground clearance, seen in Fig. 5, showing all the optimum designs
with equal performance. A design can then be selected from these fronts based on the requirements
of the aircraft design; however, having run five design sets, a crossover in designs can be sought to
ensure optimum performance across the ground clearance variation. Although the effects of sweep,
tip chord, twist, and dihedral have been investigated [28], this study extends that research by
investigating multiple ground clearances and by adjusting all of these parameters simultaneously to

find the best possible solutions on a Pareto front.
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Fig. 5 Pareto front for each ground clearance NACA6409 wing
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It was observed that the optimal designs on the Pareto front had a wingtip chord of 0.2¢ with the tip
profile trailing location of 0.8c ahead of the root trailing edge where c is the root chord length. A
smaller wingtip chord effectively increases the aspect ratio of the wing. The aspect ratio (AR = */4)
was plotted for decreasing the wingtip chord in Fig. 6. Wings in ground effect typically have low
aspect ratios to prevent rolling restrictions of the craft. With the higher aspect ratio wing, the
aerodynamic efficiency can be improved, and increasing the aspect ratio by a small amount on a low
aspect ratio wing as seen in this study dramatically increases the aerodynamic performance, as also

seen by Jung et al. [6] and Fink and Lastinger [29].
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Fig. 6 Effect of wingtip chord on aerodynamic efficiency and aspect ratio at 4 deg root, 6 deg tip
AoA, and /e = 0.1
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The lower surface pressure of the wing was analyzed (Fig. 7) by varying the tip chord for a root
angle of 4 deg and a tip of 6 deg angle of attack in 10% ground effect. This study focuses on
the wing's lower surface pressures which are directly affected by the ground effect, while the upper
surface was found to have much smaller variations from ground effect. In general, an increase in
pressure on the lower surface increased pressure on the upper surface, and a decrease in pressure
on the lower surface resulted in a decrease in pressure on the upper surface. Although both the
upper and lower surface pressures would vary, the upper surface would vary by a much smaller

amount compared to the lower surface making the lower surface pressure effects dominant. Initially,
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the lower surface high-pressure region (Fig. 7) extended along the span as the wingtip chord was
reduced from 100% to 60%, which resulted in an increase in lift seen in the lift plot Fig. 8. Reducing
the tip chord from 60% to 20% caused the high-pressure region to be pushed further toward the
wingtip, but reduced the magnitude of the pressure coefficient across the entire lower surface, thus
reducing the overall lift. Reducing the tip chord further from 20% to 13% of the root chord showed
that the high-pressure region on the lower surface became smaller, which explains the sharp
reduction in lift seen in Fig. 8 between 20% and 13% tip chord. As the lift decreased, the drag
decreased at a higher rate, which caused the aerodynamic efficiency to increase as the wingtip
chord decreased, as shown in Fig. 6. Below 20%, the lift decreased at a similar rate to the drag,
causing the aerodynamic efficiency to increase by a minimal amount. The lift decreased as the tip
chord was reduced due to the chord reducing along the span. The ground clearance was defined as
the ratio of height to wing chord, and as the chord decreased along the span, this ratio increased

along the span, and increasing the h/c ratio was seen to reduce the lift.
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Fig. 7 Wing sweep lower surface pressure for tip chords of 100%, 60%, 20%, and 13% in ground
effect (/¢ = 0.1) and 4-deg root AoA and 6-deg tip AocA
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Fig. 8 Wingtip chord sweep for root at 4 deg root, 6 deg tip AoA, and hie=0.1
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For the 20% tip chord, the wing had a forward sweep with the leading edge perpendicular to the root
chord. This resulted in a distance of 80% where the wingtip was moved forward. This was seen to
be due to the sweep of the wing affecting the wingtip vortex. Analyzing the wingtip vortex streamlines
showed that the streamlines left the trailing edge normal to the trailing edge near the root,
downstream the streamlines were curved outwards in the direction of the wingtip (Fig. 9 lower). The
forward sweep showed the streamlines flowing downstream along the trailing edge (Fig. 9 upper).
This showed that the rear swept wing was feeding the wingtip vortex, which reduced the overall

aerodynamic performance of the wing.
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Fig. 9 Streamlines of forward (top) and rear (lower) sweep wing
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The angle of the root was found to have a significant effect on the performance of the wing.
Analyzing the different designs showed that a root angle of attack between 2 deg and 4 deg had the
highest performance. Higher root angles produced higher overall lift but reduced the aerodynamic
efficiency of the wing. This was due to the higher root angle causing a higher pressure on the lower
surface at the wing root. The flow vector in the plan view of the wing (Fig. 9) can be split into
streamwise and spanwise directions with the streamline being the resultant vector. With the pressure
of the wingtip fixed by the wingtip vortex, the higher pressure at the root resulted in a greater

spanwise flow which fed the wingtip vortex and caused an increase in aerodynamic drag. The tip
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angle was found to have little effect on the wing performance over the range of angles tested. This
showed that the spanwise flow vector had a greater influence on the performance of the wing than

the increased induced drag.

Analysis of all the designs on the Pareto front has shown that different ground clearances produced
different optimal designs and that there is no single design that is optimal across the range of ground
clearances. Therefore, a compromise is made to select the best-performing wing across the range of
ground clearances. It was found that in freestream the optimized wing was completely different from
the wings in ground effect; therefore, the best performing wing in ground effect was selected
comparing the wings up to h/c = 0.2 clearance as this study focused on ground effect. Figure 10
shows the geometry of the selected optimized wing which has a tip position of 0.8¢ upstream of the
root trailing edge and a chord of 0.2¢. The root angle of attack was 4 deg, and the tip angle was 6

deg with no dihedral.

Fig. 10 Optimized wing (left) with front view of wing (top right) and side (bottom right) view

_
-

e

Flow Direction

The optimized wing was compared to the base rectangular wing, with the angle of attack of the
rectangular wing set to the root angle of the optimized wing as shown in Table 4. It can be seen that
there is a significant increase in lift and a reduction in drag when compared to the baseline
rectangular wing. Above hfc = 0.4 in freestream, the performance of the wing was shown to be much

higher for a rearward sweep with a lower wingtip angle of attack.

Table 4 Performance gain of the optimized wing compared to the rectangular wing
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hje Root AoA (deg) Lift increase (%) Drag decrease (%) Aerodynamic efficiency increase (%)

005 4 18.2 28.2 41
01 4 12.4 26.9 36
02 4 8.5 24.6 31

The wingtip vortex was compared between the rectangular and the optimized wing in ground effect.
The rectangular wing showed a large distinctive wingtip vortex as shown in Fig. 11. This wingtip
vortex moved downstream and was pushed outboard by 17% chord distance, and the vorticity of the
vortex decreased downstream. The wingtip vortex induced a spanwise flow [30] which caused a
turbulent boundary layer to form on the ground. The main wingtip vortex of the rectangular wing
caused a separation bubble at the wingtip, which separated downstream and caused a secondary

smaller counter-rotating vortex.
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Fig. 11 Vorticity magnitude for rectangular wing ground effect (hf"—' =0.1) at 0%, 10%, 20%, and 80%
chord downstream
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The same locations are then compared in Fig. 12 for the optimized wing. It can be seen that the
vortex has a much smaller diameter, and the vorticity magnitude of the wingtip vortex is much higher
than that of the rectangular wing in Fig. 11. As with the rectangular wing, the tip vortex of the
optimized wing increases in diameter and the vorticity increases downstream, but the vorticity
remains higher and the diameter smaller than that of the rectangular wing as the vortex travels

downstream.
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Fig. 12 Vorticity magnitude for the optimized wing ground effect (hz“"‘“ = 0.1) at 0%, 10%, 20%, and
80% chord downstream
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¢ |t was seen from an optimization study of a wing in ground effect that there is no optimum wing
across all ground clearances; however, a wing with a root angle of attack of 4 deg, a tip angle of
attack of 6 deg, a tip chord of 20% of the root, and a forward sweep performed gave the best
compromise between all cases and showed much higher performance compared to a
rectangular wing.

e Tapered wings have an effectively higher aspect ratio due to the decreasing chord length along

the span which increases the aerodynamic efficiency.
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¢ Reducing tip resulted in less of the lower surface being affected by the wingtip chord due to the
effective higher aspect ratio. The reduction in the tip chord from 100% to 60% resulted in a gain
in lift.

¢ Reducing the chord along the span effectively increases the ratio hie along the span which
reduces lift seen from 60% to 13%.

¢ The root angle of attack had a significant effect on performance with the tip angle having

minimal effect due to the forward sweep and small tip chord.
4.2 Static Trailing Edge Morphing.

Trailing edge morphing was applied to the optimized wing (shown in Fig. 10) in ground effect with a
clearance of /¢ = 0.1 by running a steady-state simulation for each morphed deflection and defined
start locations shown in Table 5 with the schematic (Fig. 13) defining the root and tip start locations.
Table 5 shows the corresponding start location of the morphing for each configuration applied to the
optimized wing. The start location is referenced from the leading edge to the point where the
morphing begins. Configurations 4 and 5 investigated variable morphed camber along the span of
the wing, and this was done by investigating two morphing start locations at 0.8¢c and 0.9¢ at the root
for configurations 4 and 5, respectively. The start location for the tip was located at the trailing edge
of the tip which set the morphing at the wingtip to zero. This resulted in a gradual twist in the trailing

edge camber which varied along the span.

IST: 2024-09-17: 10:13:43 | This track pdf was produced from the online proofing tool and is intended to be used as a Page 22 of
PM reference. | 48



Title: Effect of Trailing Edge and Span Morphing on ...

Fig. 13 Wing planform schematic of morphing start locations used in Table 5
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Table 5 Nondimensional morphing chord start location at root and tip
Morphing start location configuration Tip start location
Configuration 1 0.9¢ 0.10c
Configuration 2 0.9¢ 0.18¢c
Configuration 3 0.8¢c 0.16¢
Configuration 4 0.8¢ N/A
Configuration 5 0.9¢c N/A

Different morphing configurations were tested on the same wing; therefore, at zero trailing edge
deflection, all the configurations showed identical lift, drag, and aerodynamic efficiency. The lift seen
in Fig. 14 (left) showed configuration 2 had the highest lift along with the highest drag seen in Fig. 14
(middle). Although configuration 2 had the highest drag, the rate of increase in drag was lower than
the rate of increase in lift compared to the other configurations tested, resulting in the lowest
aerodynamic efficiency (Fig. 14 (right)). Configuration 2 had the most aggressive morphing in terms

of the curvature of the trailing edge deflection due to the later start location of the morphing along the
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chord for both the root and tip profiles. Configuration 4 showed the lowest lift and was a C; of 0.151
lower than configuration 2, and the drag was also lower by a Cy4 of 0.01. As the trailing edge was

morphed, configuration 4 showed a much lower rate of gain in lift and drag compared to the other
configurations tested. This resulted in a much smaller difference in lift and drag between the zero
and maximum deflection compared to the other configurations. This shows that starting the morphing

location at a later distance along the chord results in the highest lift and aerodynamic efficiency.

Fig. 14 Lift (left), drag (middle), and aerodynamic efficiency (right) FishBAC morphing in ground
effect
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Looking at the pressure on the lower surface, it can be seen that for the morphed wing (Fig. 15
middle and right) the pressure on the lower surface has increased compared to zero morphing (Fig. 1

5 left) corresponding to the lift seen in (Fig. 14).
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Fig. 15 Lower surface pressure in ground effect (/¢ = 0.1) for the optimized wing with zero
deflection (left), 2.5% configuration 2 (middle), and 2.5% deflection configuration 4 (right)
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Moreover, it was seen in Fig. 15 that at the root the trailing edge pressure was the same for the
different configurations tested and the zero morphing which was also seen at the midspan. This was
due to the Kutta condition defining the pressure at the trailing edge causing all variations in pressure
to occur upstream of the trailing edge. Comparing configuration 4 (earlier morphing start location) to
configuration 2 (later morphing start location) shows a higher pressure magnitude on the lower
surface for the later morphing. As the trailing edge pressure is fixed, there is a greater rate of change
in pressure from the trailing edge to the point of maximum pressure on the lower surface for
configuration 2. This is consistent with two-dimensional work [2] where later morphing start locations

caused greater amounts of lift.

Analyzing the pressure on the wing in the spanwise direction (Fig. 15) shows that the high pressure
at the root reduces toward the wingtip, with a steeper reduction in pressure nearer the wingtip. The
lower pressure on the upper surface of the wing causes the wingtip vortex to form, which induces a

spanwise flow on the lower surface of the wing. With the wingtip vortex core fixing the pressure at
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the wingtip, the higher pressure for the later starting location caused a greater spanwise flow which

fed the wingtip vortex resulting in increased drag.

Analyzing the static morphing by varying the ground clearance for configuration 2 showed that as the
wing was deflected, the lift (Fig. 16 (left)), drag (Fig. 16 (middle)), and efficiency (Fig. 16 (right))
followed the same trend as #/¢ = 0.1 ground clearance. As the deflection was increased from zero to
maximum, the lift increased by a significantly larger amount when in ground effect compared to hjfe=
0.4 ground clearance, as shown in Fig. 16 (left). It was also seen that the drag increased a greater
amount at #/¢ = 0.4 ground clearance when the airfoil was morphed Fig. 16 (middle). Figure 16
(right) shows that varying the ground clearance had a significantly larger effect on the aerodynamic
efficiency compared to morphing the trailing edge. This was due to the fact that reducing the ground
clearance which increased the lift and reduced the induced drag, whereas increasing the trailing
edge deflection increased both the lift and drag. As the aerodynamic efficiency is defined by the ratio
of lift to drag, the increase in lift and the decrease in drag had a much larger effect on the
aerodynamic efficiency. Varying the ground clearance from hfc = 0.4 to h/c = 0.05 resulted in a 14%
reduction in aerodynamic efficiency compared to morphing the trailing edge from 0% to 2.5%, which

reduced aerodynamic efficiency by 2% at #/¢ = 0.4 and approximately 4% at k/¢ = 0.5:

Fig. 16 Configuration 2 lift (left), drag (middle), and aerodynamic efficiency (right)
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The location along the chord at which the morphing began had a large effect on the wing

performance, with a later start location resulting in higher lift and drag and lower aerodynamic
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efficiency.

e Alater start location caused greater volume beneath the wing, which increased the pressure on
the lower surface.

e The Kutta condition fixed the trailing edge pressure which caused the lower surface pressure to

increase as the camber was morphed.
4.3 Extending Span Morphing.

It was found that reducing the tip chord effectively increased the aspect ratio of the wing which
improved the wing performance. This was further investigated by taking the optimized wing and
morphing the wing in the spanwise direction to increase the wingspan. Wings in ground effect
vehicles tend to have low aspect ratio wings, as rolling of the craft in ground effect can cause a
wingtip to touch the surface and cause the craft to crash. However, there are instances where the
craft is not rolling, such as cursing, which is the focus of the span-extending morphing in this study to

improve the wing performance.

As seen in the previous sections (4.1-4.3)/AQS| reducing the ground clearance increased the lift

(Fig. 17 top left) and reduced the drag (Fig. 17 top right), which improved the overall aerodynamic
efficiency (Fig. 17 bottom right) as the wing was brought into ground effect, and this was seen for all
span lengths. For the optimized wing, the variation in lift was much greater between the different
ground heights. For /¢ = 0.2 and 0.4, between a span of 1 and 1.5, there is no difference in lift (Fig.
17 top left) when comparing the rectangular and optimized wings; however, the total drag (Fig. 17 top
right) shows a significant difference which improved the overall aerodynamic efficiency. This shows
that the drag was affected at much larger ground clearances compared to the lift when analyzing the
rectangular and optimized wing. At lower ground clearances below hje=0.2, there was a significant
difference in lift and drag reduction, which means that both the lift increase and drag reduction
contribute to the increase in aerodynamic efficiency. It was found that as the ground clearance of the
optimized wing decreased, the drag decreased at a greater rate, but the lift increased at a greater
rate below /¢ =0.2. By comparing the rectangular and optimized wings in this section, it was seen
that by varying the aspect ratio, the optimized wing still showed superior performance to the

rectangular wing.
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Fig. 17 Span morphing lift (top left), drag (top right), and aerodynamic efficiency (bottom right) for
rectangular and optimized NACA6409 wing, and drag components (bottom left) for the optimized

wing
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There are two types of drag known as skin friction drag and pressure drag, and their sum gives the

total drag. Morphing the span of the wing increases the total surface area, and as both the pressure

and skin friction drag are proportional to the surface area, a breakdown of these drags has been

shown in Fig. 17 (bottom right). It can clearly be seen that the pressure drag is more dominant than

the skin friction drag, and that the pressure drag was significantly affected by the variation in ground

clearance and span opposed. The pressure drag was seen to vary much more when the ground

clearance was varied for a larger span.
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Increasing the half-span length of the wing from 80% to 150% of the chord length showed a
reduction in total drag. At 40% ground clearance, the pressure drag initially increased as the half
span increased to 100% of the chord and then decreased as the span was increased from 100% to
150%. The initial increase was due to the increase in lift causing a larger wingtip vortex which
increased the induced drag. Increasing the span beyond 100% does not increase the vortex any
further; therefore, increasing the span reduces the effect of the wingtip vortex on the wing surface
pressure. When analyzing the surface pressure coefficient, the pressure on the upper surface had
minimal change with the span morphing. However, the lower surface shows significant pressure
variations. The pressure on the lower surface is reduced due to the span-induced flow feeding the
wingtip vortex. This distance where the flow was affected remained a constant length between 130%
and 150%, showing that wings with a higher aspect ratio are less affected by the wingtip vortex. The
root of the wing at 150% span shows significantly larger pressure values which extends over a

greater proportion of the lower surface. This explains the large increase in lift with increasing span.

The vorticity of the wingtip vortex was also analyzed, and it was found that increasing the span had
minimal impact on the wingtip vortex. Both the vorticity and the vortex diameter remained constant as
the span increased which showed why the aerodynamic efficiency increased with the larger aspect
ratio wing due to the reduced amount of induced drag. Although this can be seen in Fig. 18 at a
location of 30% chord behind the wing, the wingtip vortex was analyzed at different plane locations

and showed the same behavior.
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Fig. 18 NACA6409 at 4 deg AoAin 10% ground effect at 80% (top), 100%, 130%, and 150% (lower)
span showing vorticity at 30% of the root chord from leading edge
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e | ow aspect ratio wings allow the craft to roll without a wingtip touching the ground; however,
high aspect ratio wings increase aerodynamic performance.

e For cruising, the span was increased by 150%, resulting in an increase in lift and aerodynamic
efficiency and a reduction in drag.

¢ Increasing the span reduced the impact of the wingtip vortex on the wing, resulting in a higher

overall pressure on the lower surface.

4.4 Extending Span and Camber Combination.
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In this study, extending the span of a wing in ground effect has been shown to increase the
aerodynamic performance for cruise conditions while allowing a smaller span for the craft to roll
without a wing touching the ground. Camber morphing was also applied to the wing which has the
potential to further improve performance, as camber morphing requires smaller deflections for the
same amount of roll rate compared to traditional control surfaces [31]. Camber morphing is also a
continuous surface that improves aerodynamic efficiency as traditional control surfaces typically
have a gap between the flap and the wing, which reduces aerodynamic efficiency. This section looks

at the combination of both the span and camber morphing to create the optimized wing.

A morphed deflection of 2% trailing edge with a start location of 0.9¢ at the root and 0.1c at the tip
was carried out for ground clearance between hfe =0.05 and 0.4. Comparisons were made between
a nonmorphed and morphed 150% span wing. Comparing the lift (Fig. 19 left) shows for both cases
and previously seen that reducing the ground clearance increased the lift and reduced the drag of
the wing. It was also seen that the lift was higher for the camber morphed wing which is

consistent with the smaller span seen in Sec. 4.2. It was also seen that the efficiency (Fig. 19

rightieft) decreased as the trailing edge deflection increased as a result of the large drag gains from
the camber morphing. As seen in the smaller span case in Sec. 4.2, the rate of increase in lift and
drag increases as the wing becomes closer to the ground due to the increase in ground effect
enhancement. Overall, it is seen by morphing the optimized wing trailing edge by 2% of the root
chord that the lift is increased by 20% in small ground clearances and by 25% at higher ground

clearances. The drag (Fig. 19 left) increased by 26% at small ground clearances and by 35% at

larger ground clearances. The reason for the large reductions in drag at higher ground clearances

was due to the smaller blockage effect beneath the wing.
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Fig. 19 Optimized 150% span wing with and without camber morphing lift and drag (left) and
aerodynamic efficiency (right)
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e Camber morphing shows the same characteristics with the extended span compared to a
smaller span.
e Lift and drag increased as the trailing edge deflection increased due to the decreasing gap

between the trailing edge and ground resulting in lower aerodynamic efficiency.
4.5 Wingtip Morphing.

In this study, it was clear that the wingtip vortex had a large impact on the wing performance
especially on the wing lower surface pressure. The effect of the wingtip vortex was seen to be
reduced by increasing the wing aspect ratio using extendable wings; however, the wingtip can be
morphed downwards to seal the lower surface during cruise and then morphed upwards to allow the
craft to roll without touching the ground surface. A similar study was carried out by Wei and Zhigang
[9] who investigated effectively hinged wingtips, and this study extends this research by applying the
FishBAC morphing previously seen applied in the chord direction and applying it to the span

direction.

When applying the FishBAC morphing in the span direction, the morphing start locations were

tested at both 40% and 80% from the root along the span. Keeping the root at a fixed ground
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clearance of #/¢ = 01 the wingtip was morphed downwards. This had a large impact on the
performance of the wing causing the lift and aerodynamic efficiency to increase as shown in Fig. 20

and showing similar trends to the hinged wingtip of Wei and Zhigang [9].

Fig. 20 Lift (left), drag (middle), and aerodynamic efficiency (right) of FishBAC morphing wingtip in
ground effect
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The gain in performance can be best described by looking at the pressure contours (Fig. 21) of the
wing on a plane at a location 20% of the chord downstream of the leading edge. Looking first at the
unmorphed wing, it was seen the lower surface pressure began to reduce approximately midspan
showing that the flow is highly three-dimensional. Morphing the wingtip to a clearance of 2% chord
shows that the high pressure now extends almost the full span. This is due to the restrictive gap
between the wingtip and ground when morphed, effectively sealing the lower. It can also be seen
that the wingtip vortex was pulled downwards when the tip was morphed, and also that the wingtip

vortex had a lower core pressure when in ground effect.
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Fig. 21 Pressure coefficient of the wing at 20% downstream from the leading edge for zero morphing
(upper) and maximum deflection starting at 40% (lower)
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In the lift, drag, and aerodynamic efficiency plots, it was seen that there was a large variation
between the 40% and 80% morphing start locations. Comparing the pressure on a plane behind the
wing at 20% chord from the leading edge showed Fig. 22 a higher pressure for a greater distance
along the span beneath the wing. This was due to the earlier start location resulting in the wing
becoming lower to the ground as the wingtip was morphed effectively reducing the ground clearance
and further enhancing the ground effect. The earlier the start position, the higher the lift and

aerodynamic efficiency, and the lower the drag. This was due to the camber morphing where a later
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start position had higher performance, and this was due to the camber morphing having a fixed
trailing edge pressure from the Kutta condition unlike the wingtip when considering the flow in the

spanwise direction.

Fig. 22 Pressure coefficient on plane 20%c from the leading edge for 80% (upper) and 40% (lower)
span start locations at maximum deflection
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e Using the FishBAC method of morphing in the spanwise direction, the wingtip was morphed
downwards, increasing lift and aerodynamic efficiency and reducing drag compared to a
nonmorphed wingtip.

¢ Morphing the wingtip allows the craft to cruise at a much higher aerodynamic efficiency, while
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still allowing the wingtip to rise to allow the craft to roll.

¢ Morphing the wingtip pulls the wingtip vortex downwards and seals the wing lower surface
which increases the pressure beneath the wing.

¢ Morphing the wingtip results in a minimal pressure drop at the wingtip in the span direction

compared to a nonmorphing wing where the tip vortex affects the pressure from the midspan.

5 Conclusion

An optimization study was carried out first on a three-dimensional NACAG409 wing with an aspect
ratio of 2, focusing on the application of span and trailing edge morphing in ground effect flight.
Optimization was carried out on the rectangular wing, by varying the tip and root angle of attack, tip
chord, and tip position. The root and tip angle of attack were varied independently to vary the twist of
the wing. The optimization was carried out in star ccm+ Design Manager using steady-state
simulation for each design and a Reynolds-averaged Navier—Stokes solver with the k~Omega

turbulence model.

With an emphasis on improving aerodynamic efficiency, the optimization study focused on
maximizing lift and reducing drag. From the analysis of the output designs, a wingtip chord of 20%
was identified as having the best aerodynamic performance. This was due to the smaller tip chord
effectively increasing the aspect ratio of the wing. A forward sweep showed the best aerodynamic
performance due to a rearward sweep feeding the wingtip vortex which increased drag. The root
angle of attack increased the pressure on the lower surface which increased the spanwise flow
feeding the wingtip vortex and thus increasing drag. Therefore, a low angle of attack at the root
produced the highest aerodynamic efficiency. In contrast to this, the wingtip angle of attack for a 20%
chord had little effect on the aerodynamic efficiency. From the Pareto, two designs were selected as
optimum designs both with a 20% tip chord and a wingtip trailing edge of 80% of the root chord
upstream of the root trailing edge. The design with a 2-deg root and 8-deg wingtip was identified as
a high-efficiency design and the 4-deg root and 6-deg tip as a lower efficiency but with high lift. Both
these designs showed an increase in efficiency of up to 41% in extreme ground effect and up to 31%
at 20% ground clearance when compared to the original rectangular wing. This increase was due to

a reduction in drag and an increase in lift compared to the rectangular wing.
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Trailing edge morphing was then applied to the optimized wing in ground effect. Five different start
locations were tested, and these combinations varied both the root and tip start locations. It was
seen that the lowest lift during morphing was achieved by starting the morphing at 80% on the root
chord and no morphing at the tip, resulting in a twisted morphing trailing edge. The highest lift was
obtained by starting the morphing at 90% on the root chord and 18% from the leading edge on the tip
chord, with all percentages with respect to the root chord. The later morphing resulted in the highest
lift due to the pressure being fixed at the trailing edge throughout the morphing, so the later morphing
causes the pressure to increase rapidly and therefore an overall higher pressure on the lower
surface. It was found that the highest lift configuration of the morphing start location also had the
highest drag, resulting in the lowest aerodynamic efficiency. Therefore, configuration 2 with a start
location of 0.9¢ at the root and 0.18c¢ at the tip had the lowest efficiency, and configuration 4 with a
start location of 0.8c root had the highest efficiency. The increase in drag was caused by the higher
pressure beneath the wing for the higher lift configuration feeding the wingtip vortex which increases

the drag. Also, the drag increased due to the higher blockage beneath the wing.

Span morphing, which increases the aspect ratio of the wing, was also investigated. Increasing the
span from 1c to 1.5¢ increased the lift by 15.1% and the aerodynamic efficiency by 27.4% in at /¢ =
0.1 ground effect. This is due to the wingtip vortex remaining constant in size and strength as the
span increases and therefore has less of an influence on the wing at higher aspect ratios. Increasing
the ground clearance reduced the gains in lift and aerodynamic efficiency from the span morphing,
and reducing the ground clearance increased the gains in lift and aerodynamic efficiency. Wings in
ground effect vehicles typically have low aspect ratios to allow the craft to roll without a tip touching
the surface; therefore, span morphing would ideally be suited to cruising or to the higher lift wing of
the craft when turning by rolling the craft. The camber morphing was also applied to the 150% span,
where it was seen that the aerodynamic characteristics were very similar for both 100% and 150%

spans.

The wingtip was morphed using the FishBAC method applied in the span direction where significant
gains in performance could be achieved. Morphing the wingtip increased the lift and aerodynamic

efficiency compared to a nonmorphed wingtip and reduced drag. Two different morphing start
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locations were carried out at 40% and 80% from the root chord. It was found that the earlier start
location produced the highest performance gains, as it brought the trailing edge closest to the
ground, causing further enhancements in ground effect. This increased lift and aerodynamic
efficiency as well as reduced the drag. This was in contrast to the camber morphing where a later
start location caused higher performance; however, the wingtip was not maintained by the Kutta

condition like the trailing edge.

This paper has focused on finding an optimal wing for a WIG craft. Although this paper focuses on
applying span and trailing edge morphing to the optimized wing, further research could be applied to
modify the shape of the wing to ensure that the wing remains on the Pareto front for all ground

clearances.
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Nomenclature

A=
wing area
AR =
aspect ratio
B=
IST: 2024-09-17: 10:13:43 | This track pdf was produced from the online proofing tool and is intended to be used as a Page 38 of

PM reference. | 48



Title: Effect of Trailing Edge and Span Morphing on ...

dc=

TKE =

wingspan

root chord length

drag coefficient

lift coefficient

drag

wingtip height (dihedral)

ground effect

ground clearance to chord ratio

lift

aerodynamic efficiency

sweep distance

trailing edge

turbulent kinetic energy

velocity

distance along airfoil

morphing start location

.
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trailing edge defiection to chord ratio

Yf=

airfoil thickness
6, =

root angle of attack
35 =

tip angle of attack
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