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Abstract

The camber morphing of an aerofoil in ground effect was investigated using the FishBAC method and Detached
Eddy Simulations with the k-omega SST turbulence model at a Reynolds number of 320,000. The aerofoil was
periodically morphed at a start location of 25% chord from the leading edge with a trailing edge deflection range
of 0.1% to 3% and morphing frequencies between a Strouhal number of 0.45 to 4 at a constant ground clearance
of 10%. Periodically morphing the aerofoil using a sinusoidal function showed that lift and drag increased on
the downstroke and decreased on the upstroke in the cycle, resulting in periodic values of lift and drag through-
out the cycle. The amplitude of lift and drag increased as the morphing frequency and/or trailing edge deflection
increased. It was found that the wake characteristics varied as a function of trailing edge deflection and morphing
frequency. For small trailing edge deflections below 0.4% and frequencies below a 2.2 Strouhal number, Kelvin
Helmholtz shedding was observed, and above this the wake became chaotic. Large trailing edge deflections showed
Von-Karman shedding, where the interaction between the lower counter-clockwise vortex and the ground plane
resulted in a jet-like flow that caused forward thrust. For the maximum deflection and morphing frequency tested
in this study, reversed Von-Karman shedding was observed, which caused forward thrust from the interaction of
the two-shedding counter-rotating vortices. Von-Karman or reversed Von-Karman shedding shows positive thrust
generation, however, chaotic shedding should be avoided due to large drag gains. Varying the Reynolds number
caused the Strouhal number to change as they depend on the same variables. It was found that the Strouhal number
variation had a large effect on the wake, however, the Reynolds number had a minimal effect.

Nomenclature

AoA = angle-of-attack

¢ = chord length

Cd = drag coefficient

CI = lift coefficient

Cp = pressure coefficient

D = drag

f = frequency

GE = ground effect

h = height above ground

h/c = ground clearance to chord ratio
L = lift

I/d = aerodynamic efficiency
Sr = Strouhal number

t = time
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TE = trailing edge

TKE = turbulent kinetic energy

u = velocity

Wte = trailing edge deflection to chord ratio
x = distance along aerofoil

Xs = morphing start location along the chord
Yc = aerofoil chord

Yt = aerofoil thickness

w = vorticity

1.0 Introduction

Flying a wing in ground effect causes enhanced performance that increases lift and reduces drag, which
was first noticed by pilots landing aircraft who noticed a sudden increase in lift as they landed. Analysis
of wings in ground effect is split into chord-dominated, where the ground-effect enhancement is analysed
in two dimensions, and span-dominated, where the wing-in-ground effect is analysed in three dimensions
[1]. Chord dominated considers the gains in lift from the fixed trailing edge pressure defined by the Kutta
condition, which increases the pressure under the wing upstream of the trailing edge. Span dominated
considers the wing tip vortices which do not fully develop due to the proximity of the ground, reducing
the induced drag, and also pushes the vortices outboard, effectively increasing the span.

Many studies have investigated periodic morphing in freestream such as Ref. [2], who periodically
morphed the upper surface of a NACA4415 aerofoil. It was found that due to the Kelvin Helmholtz insta-
bility; momentum was transferred to the near-wall flow which almost eliminated the recirculation zone
on the aerofoil suction surface. Periodic morphing was also applied to the trailing edge in a freestream
study by Ref. [3], which increased the lift and reduced the drag of a NACA0012 with 0.1% trailing edge
deflection. In a study by Ref. [4] with larger deflections, the stall angle was found to be increased by the
use of periodic trailing edge morphing from momentum transfer. Thrust generation can be achieved with
a pitching aerofoil, which has been extensively researched in freestream [5-9], but only a few studies
have been conducted in ground effect. One of the first analytical studies [10] of an unsteady aerofoil in
ground effect was conducted by Ref. [11], where a soft flat plate was studied, inspired by the propulsion
of birds and fishes. The ground effect was found to increase the lift and propulsion efficiency compared
to freestream.

A study by Ref. [10] investigated the wake dynamics behind an oscillating aerofoil and found that the
introduction of a ground plane enhanced thrust generation. Far from the ground boundary, the pitching
wing produced a reversed Von-Karman shedding wake, also known as a thrust generation wake, but in
ground effect, the shedding vortices formed pairs seen at high Strouhal numbers and low trailing edge
deflections. The pair of counter-rotating vortices naturally rotated to a more upright position so that the
resulting jet-like flow aligned with the ground plane and hence caused greater forward thrust. It was said
that this would allow the craft to fly faster with minimal loss in efficiency. Other studies, including Refs
[12] and [13], have also shown vortex shedding and increased propulsive efficiency in ground effect.
Overall, periodic morphing can achieve both reduced separation on the suction surface and propulsion.

Fish Bone Active Camber (FishBAC) morphing was introduced by Ref. [14] who defined a morphing
structure for an aerofoil that when morphed, the morphing displacement can be defined. The morphing
method was bioinspired allowing for large physical deflections of the trailing edge. A physical model
was created by Ref. [15] and a schematic of this is shown in Fig. 1 using a servo and belt system to bend
a spine with stringers used to keep the shape of the flexible EMC skin.

There have been many studies investigating morphing wings in freestream, as well as studies inves-
tigating pitching and plunging aerofoils in ground effect. However, it has been noted to the best of the
authors’ knowledge that there has been little work been carried out on morphing aerofoils or wings
in ground effect; this study aims to fill this knowledge gap by building on previous work [16], and
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Figure 1. Fish Bone Active Camber (FishBAC) concept [16].
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Figure 2. Aerofoil domain size and boundary conditions.

demonstrate the flow mechanisms behind morphing wings in ground effect. This paper is arranged into
sections which outline the methodology, discussion of periodic morphing and conclusions of the study.

2.0 Methodology

This study focuses on the application of periodically morphing wings to a UAV craft, therefore, a
Reynolds number of 320,000 was chosen as this is a typical value for UAVs during flight [17]. The
Reynolds number was also above the critical value of 100,000, therefore, the flow characteristics are
less sensitive to changes in Reynolds number [18]. The NACA6409 aerofoil profile is used in this study
due to is popularity for ground effect investigations [19-23] due to its camber providing high aerody-
namic performance. Also, the profile is of substantial thickness for strength and to house morphing
systems, especially for use on a UAV. A wing in ground effect craft typically has a low angle-of-attack
wing due to prone and earlier stall from variations in ground clearance, therefore, an angle-of-attack of
4 degrees was used in this study [16]. The analysis was performed using computational fluid dynamics
(CFD) with Star CCM+ commercial CFD software. Star CCM+ is a multidisciplinary multiphysics
software platform created in Java by CD Adapco before being sold to Siemens [24]. The aerofoil was
investigated using the Detached Eddy Simulation with the k-omega SST turbulence model [25] and the
revised k-omega [26] within Star-CCM+-. For the aerofoil a domain size was shown in Fig. 2 along with
the boundary conditions, the moving ground was defined by applying a tangential velocity vector to the
ground wall with the same velocity as the freestream.

The computational domain used the trimmer meshing method shown in Fig. 3 with control volumes
to refine the mesh in certain areas. During simulation, the aerofoil was morphed, which deformed the
mesh. In this study, the mesh vertices were moved by a defined amount using the built-in morpher
within Star CCM+-. The mesh quality was analysed throughout the morphing process and remained of
high enough quality. Therefore, re-meshing was not required within the trailing edge displacement range
tested in this study. The mesh used 10 prism layers to capture the boundary layer with the first cell height
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Figure 3. Mesh around NACA6409 aerofoil.
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Figure 4. Schematic of FishBAC morphing method applied to NACA6409.

set to ensure that a y+ value of 1 was achieved as recommended in the user manual for the k-omega SST
turbulence model [27]. The prism layer reduction method built into Star CCM+ was used at the trailing
edge of the aerofoil.

The aerofoil was morphed periodically over time using the FishBAC morphing method described in
the introduction. The FishBAC method works by adding a defined displacement to the aerofoil camber
line. Therefore, in CFD simulations such as this study, the mesh vertices can be defined to move the
displacement defined by the FishBAC equation to morph the aerofoil. The displacement of the trailing
edge per time step (v) was defined by Equation (2), which consists of the FishBAC equation and the
sinusoidal time-dependent term. The FishBAC term defines the morphing profile of the camber line
with a morphing start location of x, at any position along the chord with a maximum trailing edge
deflection of w,, shown by the schematic in Fig. 4. The maximum displacement w,, values in this study
ranged from 0.1c to 3c.

The sinusoidal term in Equation (2) is the time-dependent term which periodically varies the trailing
edge deflection. The motion of deflection was carried out using a sinusoidal function where f defines the
morphing frequency carried out over time ¢. The morphing frequency presented in this study is presented
in terms of the non-dimensional frequency (Equation (1)) and range between a Strouhal number of 0.45
and 4.

fc

u

Sr (1)

The start location of morphing was set to x,=0.25¢, as initial studies showed the upper surface
separation occurred quite early along the upper surface.

_ Welr —x)°
EUEESE

Morphing was performed from a fully converged DES solution that had run for 0.1 s to ensure a
steady settled flow. After 0.1 s the morphing was turned on and the simulation was run up to 0.4 s, the
lift and drag values were time-averaged between 0.2 and 0.4 s to ensure that the flow had settled after the
morphing had started. This resulted in the lift and drag being time-averaged over 25 cycles for a Strouhal
number of 0.45 and 225 cycles for a Strouhal number of 4, where the Strouhal number corresponds to
the morphing frequency. Using the formulation of Ref. [28], the resultant variance was determined to

sin 27 ft) 2
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Table 1. DES mesh cell count with corresponding lift and drag

values

Mesh Refinement Cell Count Cl Cd
Fine 19,627,910 1.06 0.0167
Medium 5,168,628 1.062 0.0166
Coarse 1,197,355 1.089 0.0132

Table 2. Mesh size error

Mesh refinement Cl error% Cd error Y%
Fine 0.02 0.02
Medium 0.21 0.72
Coarse 2.66 27.07

be 2.6x107° for the lift and 2.2 x 1077 for the drag and no significant changes in variance were seen for
an increased sample size of 24 at a Strouhal number of 3.5.

3.0 Mesh independence and validation

A mesh independence study was first carried out to ensure that the grid spacing was sufficient to capture
the flow details whilst not being overly refined, which would increase the computational cost. This mesh
independence study was carried out using the outlined ASME V & V 20 Committee [29] method to
determine the discretisation error. Three mesh refinements were carried out (fine, medium and coarse)
as shown in Table 1 for a NACA6409 aerofoil at 4 degrees angle-of-attack.

Using the two finest grids, the Richardson extrapolation can be used to determine the value of lift and
drag for zero-grid spacing. This was done using Equation (3), where p, is the zero-grid spacing, with the
lift and drag coeflicients are denoted by f and the subscript denotes fine, medium, and coarse meshes. The
value p is the order of convergence which is determined by p =In [(ﬁ —fn)/ (f - f/)] / In (r), where r
is the refinement ratio equal to 2 [29].

pe=Ff+(—f) /("= 1) 3)

The zero-grid spacing value for the lift was determined to be Cl = 1.0598 and for the drag, the zero
spacing was determined to be Cd =0.0167. Further checks are required to determine if the zero-grid
spacing formed an asymptote from the three-grid spacings. This was carried out using the grid conver-
gence index (GCI) defined by Equation (4). The factor of safety () was set to 1.25 for comparisons over
three grids [29]. The relative error (&) was determined using pairs of mesh refinements, ¢ = (ff — fm) /fr
for the fine mesh and (f,, — f.) /f,. for the coarse. This yielded a value of CGI = 0.02% for the lift with
the fine mesh and 0.263% for the coarse mesh. For the drag, a value of GCI = 0.0298% was determined
for the fine mesh and GCI = 0.263% for the coarse mesh.

Fi lel
(=1

Having determined the GCI, the solution was then checked to see it fell within the asymptotic range of
convergence where the solution is approximately equal to 1 when checking the values using Equation (5).
A value of 0.998 was obtained for lift and 0.999 for drag. The values are close to 1, which satisfies
Equation (5) and thus shows the convergence for the zero-grid spacing.

_ GCI fm
~ (”GCl,,)

GCI =
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Figure 5. NACAOQ012 pitching aerofoil lift freestream.

After checking the zero-grid spacing convergence, the values of the lift and drag shown in Table 1
were compared with the zero-grid spacing values of lift and drag shown in Table 2. It was seen that the
fine mesh had converged to a very high level, while the medium mesh showed a slightly higher error.
The coarse mesh was discarded due to the large error, especially for the drag. The medium mesh was
carried forward as it was accepted that the error was of acceptable level and further refinement would
significantly increase the computational cost.

After performing a mesh independence study for the NACA6409 aerofoil, a validation study was
then performed to validate the mesh design and physics setup. A common validation case for morph-
ing and pitching aerofoils is a study by Ref. [30] using a NACAQ0O012 profile pitched about its quarter
chord. The pitch angle of the aerofoil throughout its pitch cycle was defined over time t using the
equation o, = «,, + A« sin (wt) where the initial starting angle of attack o,, = 10° and the amplitude

A« = 15°. The reduced frequency k = where the pitching
frequency was defined as w =27, and f the frequency in Hz. A comparison was made against the
reduced frequency of k =0.1. The CFD with the medium mesh was applied to the pitching aerofoil
using the NACAO0012 aerofoil and the lift shown in Fig. 5. Comparing the CFD of this study to the
experimental data showed a strong correlation with the CFD showing a maximum lift at 22 degrees
compared to the experiment where the maximum lift was seen at 25 degrees angle-of-attack. This was
due to the flow stalling earlier in the CFD; and this was also observed by Ref. [3]. After the stall, the
flow reattached almost instantly, causing the lift to form a second peak before the lift decreased on the
down stroke. Both the experiment and CFD showed a hysteresis loop with lower lift values on the down-
ward stroke. As the pitching motion slowed down towards -5 degrees, due to the sinusoidal motion,
the flow had time to recover and attach to the upper surface, resulting in a slightly higher lift on the
upstroke. As this study did not focus on highly separated flows, the small discrepancy in stall angles
of 22 degrees and 25 degrees was not considered significant. Due to the close comparison between
both the experimental data [30] and the CFD carried out by Ref. [3], the CFD was validated in this
study.
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Figure 6. Lift and drag of morphing at 0.9 Strouhal number and 0.125% trailing edge deflection.

4.0 Results and discussion

4.1 Periodic morphing analysis

Periodic morphing was applied to the NACA6409 aerofoil using the FishBAC morphing method with
a ground clearance of 10% of the chord with the camber morphing starting at 25% of the chord from
the leading edge using DES simulations. The simulations were initially carried out up to 0.1 s until a
converged solution was reached then the morphing began at 0.1 s up to 0.4 s. The lift and drag were then
time-averaged between 0.2 and 0.4 s (as shown by Cl and Cd in Fig. 6) and due to the sinusoidal motion,
both the lift and drag had a fluctuation around the time-averaged lift and drag. It was observed that the
aerofoil characteristics were similar throughout the range of morphing frequencies and trailing edge
deflections tested and that the only factor that changed was the wake dynamics. Therefore, an overview
of the morphing aerofoil is presented here in this section before analysing the wake characteristics.

As the aerofoil was periodically morphed, the lift and drag values would fluctuate in time. This yields
the mean lift (C)) and drag (C,) values as well as the fluctuating values of lift (¢;) and drag (c;) about
the mean shown in Fig. 6 for a morphing frequency of 0.9 Strouhal number and trailing edge deflection
of 0.1% chord. Figure 6 also shows the initial period of no morphing to obtain a steady solution from 0
to 0.1 s, the period from 0.1 to 0.4 s where morphing was applied and the period between 0.2 and 0.4 s
where the lift and drag were time-averaged.

For the range of morphing frequencies and trailing edge deflections tested, the time-averaged lift
(Fig. 7) and time-averaged drag (Fig. 8) contour plots were analysed. Both plots show a delta of how
much the lift and drag varied compared to the non-morphing aerofoil under the same conditions and
profile. It was seen that by increasing both the trailing edge deflection and the morphing frequency the
lift increased, and the drag reduced. The lift and drag varried at different rates as the moprhing frequecy
and trailing edge deflection was varied. Large moprhing deflections and frequencies showed a rapid
decrease in drag and linear increase in lift. This resulted in a peak aerodynamic efficiency to occur
at a trailing edge deflection of 2% and a morphing frequency of 2.69 Strouhal number. At either low
morphing frequencies, low trailing edge deflections or both low frequencies and trailing edge deflections,
lift was found to have reduced compared to the baseline non-morphing aerofoil. For the drag however,
there was a decrease in drag at the same conditions where lift decreased, large reductions in drag were
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Figure 7. Periodic morphing lift for 4degree AoA, xs =25%, 10% ground clearance.
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Figure 8. Periodic morphing drag for 4degree AoA, xs =25%, 10% ground clearance.
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Figure 9. Thrust coefficient of periodic morphing aerofoil at 4 degrees AoA and 10% ground clearance.

seen when both the morphing frequency and trailing edge deflection were increased together which
resulted in thrust generation as shown by the negative drag value in Fig. 8.

As can be seen in Fig. 8 there were large negative drag values which are indicative of thrust generation
wakes. The thrust coefficient (C;) was analysed for the range of morphing frequencies and trailing edge
deflections using Equation (6). The thrust was represented by F; in Newtons, the air density by p, the
pitching frequency f and the chord c.

Fr
 pfet

The amount of thrust produced was analysed and the thrust coefficient is shown in Fig. 9 for the
range of morphing frequencies and trailing edge deflections tested in this study. It was observed that at
low trailing edge deflections and morphing frequencies that negative thrust was produced, however, at
low trailing edge deflections and morphing frequencies momentum transfer occurs which improve the
aerodynamic efficiency.

The pressure was shown in Fig. 10 for a complete morphing cycle with a morphing frequency of 2.69
Strouhal number and a trailing edge deflection of 2% of the chord. It was seen that as the aerofoil was
morphed downwards, the camber increased, and the pressure increased on the aerofoil’s lower surface
with the largest pressure being at maximum deflection. From the quarter chord location on the upper
surface to the trailing edge, it was seen that there was a slight increase in suction on the lower surface.
This showed that most of the lift gains were from the lower surface in-ground effect. The pressure on
the lower surface increased due to the increase of aerofoil camber and also the trailing edge becoming
closer to the ground which further increases the ground effect enhancement, causing gains in lower
surface pressure. Morphing the aerofoil upwards caused the trailing edge to be further away from the
ground, which reduced the ground effect enhancement and thus reduced the lower surface pressure
along with a reduction in the aerofoil camber. The reduced aerofoil camber at large deflections caused
the pressure magnitude to flip between the lower and upper surface similar to that of an inverted wing
in ground effect. It was seen at -1% deflection on the upwards cycle that at approximately 65% location
along the chord the lower surface pressure became negative, and the upper surface pressure became

Cr (6
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Figure 10. Pressure coefficient for one complete cycle at 2.69 Strouhal number morphing frequency
and 2% trailing edge deflection.

positive. At -2% trailing edge deflection, the suction on the lower surface began at 0.3c, showing that
the amount of suction along the chord increased as the aerofoil was morphed upwards. The magnitude
of suction on the lower surface and positive pressure on the upper surface resulted in an overall negative
lift for maximum upward deflection at -2% trailing edge deflection. Similar observations were made
for the pressure coefficient around the aerofoil for the range of morphing frequencies and trailing edge
deflections tested. At low morphing frequencies and trailing edge deflections, it was observed that the
variations in pressure throughout the cycle were smaller and therefore no suction occurred on the upper
surface and no negative lift throughout the morphing cycle. At higher morphing deflections or morphing
frequencies, it was observed that the suction on the upward cycle and the pressure on the downward cycle
for the lower surface increased compared to lower morphing deflections and frequencies.

Looking at the lift and drag over one complete cycle showed a hysteresis loop throughout the range
of morphing frequencies and trailing edge deflections tested, where both lift and drag were different
between the up and down strokes of the cycle. At low trailing edge deflections, it was observed that
there was minimal variation in lift and drag between the up and down strokes. Figure 11 shows the lift
and drag for a morphing frequency of Sr=2.69 and 4 and a trailing edge displacement of, w,, = 2% and
3%. It was seen that the biggest hysteresis loop was from Fig. 11 increasing the morphing frequency
as shown in where the frequency was increased from 2.69 to 4. The difference in lift and drag on the
up and down stroke was much less for varying the trailing edge deflection compared to varying the
morphing frequency (shown in Fig. 11) by varying the trailing edge deflection from 2% to 3%. The
hysteresis loop was also seen by Ref. [4] who periodically morphed an aerofoil in freestream to delay
stall. It was observed that the direction of the hysteresis loop was clockwise and was the result of different
levels of separation between the up and downstroke of the cycle. During the down stroke, the flow at the
trailing edge is pulled downwards and comes to an abrupt stop as the trailing edge deflection downwards
deflection stops due to the solid aerofoil surface. On the upward stroke, however, the flow is pushed
upwards and as the aerofoil comes to a stop, the upward momentum of the flow causes the flow to carry
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Figure 11. Hysteresis loop lift and drag of the periodic morphing wing.

on upwards. The greater the morphing frequency and trailing edge deflection, the greater the momentum
induced into the flow. The flow also struggles to reattach on the upwards deflection, therefore, causing
a hysteresis loop that is dependent on the trailing edge deflection and morphing frequency.

4.2 Wake analysis

In literature, Ref. [31], it was mentioned that the wake has a large impact on the performance of the
aerofoil and determines the overall performance. In this section, the wake is analysed to identify key
patterns and how these patterns correspond to the changes in lift and drag that were seen in Figs. 7
and 8.

In Fig. 12, at low trailing edge deflections and morphing frequencies, a Kelvin Helmholtz instability
was seen to occur. This type of shedding was caused by the two shear layers leaving the trailing edge
being forced to slide over each other and due to the periodic morphing, the amount of shear between
these two layers varied. This caused an instability where the wake was observed to have a wave-like flow
behind the aerofoil, as shown in Fig. 12, which was also seen by Ref. [31] who investigated periodic
morphing aerofoils in freestream. For a trailing edge deflection of 0.125% and a morphing frequency of
0.9 Strouhal number, it was found that there was a small increase in aerodynamic efficiency of 5.4%. This
was due to the Kelvin Helmholtz instability, which caused a transfer of momentum from the freestream
to the shear layer, reducing the separation on the upper surface. This reduced the drag but as aerofoils
always produce maximum lift with some separation, the reduced separation from the periodic morphing
caused a reduction in lift.

Increasing the camber of the aerofoil caused the pressure gradient along the upper surface to decrease
and with high deflections, this becomes an adverse pressure gradient and the flow separates. As the aero-
foil was about to separate, the Kelvin Helmholtz instability no longer occurred, this caused an unsteady
chaotic wake which was shown in Fig. 13 by looking at the wake vorticity. It was found that at a mor-
phing frequency of 2.69 Strouhal number and 0.6% trailing edge deflection that the chaotic wake was
observed.
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Figure 12. Non-dimensionalised Velocity (with freestream) in x direction for Strouhal number of 3.58
and 1% trailing edge deflection.
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Figure 13. Periodic morphing at a Strouhal number of 2.69 and deflection of 0.6% chord.

Further increases in the trailing edge deflection as morphing frequency caused Von-Karman shedding
to occur, as shown in Fig. 15. This showed that the chaotic wake was a transitional phenomenon between
the Kelvin Helmholtz instability and the Von-Karman shedding. Unlike the Kelvin Helmholtz where
drag was reduced through reduced amounts of upper surface separation, the Von-Karman shedding
produced thrust which reduced the overall drag.

In this study, Von-Karman shedding was observed to produce thrust, this shedding is usually associ-
ated with increased drag in freestream, however, the proximity of the ground has additional effects. The
interaction between the two counter-rotating vortices for Von-Karman shedding has an upstream resul-
tant vector that increases the drag in both the freestream and ground effect, increasing drag. However,
in the ground effect, there is an additional resultant force vector caused by the interaction between the
shedding vortices and the ground. If this resultant vector between the vortices and ground is bigger
than the resultant upstream vector, then Von-Karman shedding produces forward thrust when in ground
effect. The ground plane was simulated with a tangential velocity vector that interacted with the Von-
Karman shedding caused by periodic morphing. The direction of rotation of the shedding vortex closest
to the ground showed a jet-like flow formed between the moving ground plane and the rotating vortex
analogous to a car wheel pushing the aerofoil in the forward direction. A schematic of the Von-Karman
Shedding vortex is shown in Fig. 14.

This was visualised by looking at the velocity of the Von-Karman shedding of the 3.58 Strouhal
number morphing frequency and 1% trailing edge deflection shown in Fig. 15. As the shedding vortex
travels downstream, it was seen that the velocity near the ground was much higher than in the freestream.
The vortex shedding showed two counter-rotating vortices with a distance of approximately 0.1 chord
length between the centre of the two rotating vortices.
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Figure 14. Schematic of interaction between Von-Karman vortex shedding and ground.
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Figure 15. Non-dimensionalised Velocity (with freestream) in x direction for Strouhal number of 3.58
and 1% trailing edge deflection.

For the highest morphing frequency tested in this study with the highest trailing edge deflection, it was
seen that reversed Von-Karman shedding occurred. This can be referred to as a thrust generation wake
due to the interaction between the two counter-rotating vortices causing a velocity vector in the down-
stream direction. It was seen that the drag became negative due to the thrust generated. As demonstrated
by the schematic in Fig. 16 there was still interaction between the vortices and the ground. Due to the
rotation direction of the vortices, the interaction between the vortex closest to the ground and the moving
ground plane caused a resultant upstream jet-like flow, which created an upstream thrust that increased
drag. For the reversed Von-Karman case it was found that the interaction between the two counter-
rotating vortices was stronger than the interaction between the vortex and ground which caused overall
forward thrust. Unlike the Von-Karman shedding, the reversed Von-Karman had a stronger resultant jet
from the interaction of the vortices compared to the interaction of the vortices and ground. Looking at
the vorticity it was seen (Fig. 17) for a Strouhal number of 3.58 and 1% trailing edge deflection, the wake
showed clear Von-Karman shedding with equal spacing of approximately 0.1c from centre to centre of
the counter-rotating vortices.

It was observed that at higher morphing frequencies and trailing edge deflections, the spacing of these
two vortices became much closer as shown in Fig. 18, due to the vortex closer to the ground moving
at a slower rate downstream from opposing the motion of the ground. The vortex furthest from the
ground was less affected by the opposite direction of the ground motion and therefore initially travelled
downstream faster, causing the vortex pair to become more upright. Once the vortices are close together,
they travel downstream at the same speed. Similar observations were made by Ref. [10] for a pitching
aerofoil in ground effect.
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Figure 16. Schematic of interaction between reversed Von-Karman vortex shedding and ground.
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Figure 17. Vorticity plot of periodic morphing Strouhal number 3.58 and deflection of 1%.

The Von-Karman and Reversed Von-Karman wakes observed in this study are similar to those in
the freestream, which have also been observed in literature by Refs [6] and [32], where the interaction
between pairs of counter-rotating vortices caused a jet-like flow. A schematic is shown in Fig. 19, where
the resultant thrust vector is represented by the arrows, it is also important to note that these are not
aligned with the flow, so the resultant forces will have a thrust and lift component. The jet-like flow was
observed in a study by Ref. [10] where this was visualised using particle image velocimetry.
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Figure 18. Vorticity plot of periodic morphing Strouhal number 4 and deflection of 3% (left) and
schematic (right).
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Figure 19. Von-Karman shedding (top) and reversed von-Karman shedding (lower).

Figure 20 summarises the different wakes obersed in this study. At low morphing frequencies and
small trailing edge deflections, the Kelvin-Helmholtz instability was observed. As the trailing edge
deflection increased there was a small transition where the wake began to separate and shed, however,
due to the flow being on the verge of separating, reattachment occurred before separating again, result-
ing in a chaotic flow. Further increasing the trailing edge morphing caused Von-Karman shedding and
even further increases caused reversed Von-Karman shedding.

It was seen in this section that different wake characteristics occur for different morphing frequencies
and trailing edge deflections. From the observation of the wake for the range of morphing frequen-
cies and trailing edge deflections, the type of shedding behind the aerofoil was plotted in Fig. 21. This
is an important plot as it shows the region of morphing frequencies and trailing edge deflections to be
avoided.

The fluctuations of lift (Fig. 22) and drag (Fig. 23) both showed very similar trends. Lift and drag
would naturally fluctuate throughout the morphing cycle due to increasing and decreasing camber. For
small trailing edge deflections and morphing frequencies, it was seen that the fluctuation in lift and drag
was approximately the same value as the baseline lift and drag. This results in zero or small values of
negative lift and drag at maximum upward deflection of the aerofoil and almost double the lift and drag
at maximum downward deflection. For large trailing edge deflections and morphing frequencies, it was
found that both the lift and drag fluctuations were an order of magnitude of approximately 10 times
higher than the mean lift and drag resulting in significant negative and positive lift and drag variations
throughout the morphing cycle.

The main interest in this study was the mean lift and drag, however, it was discussed and shown in
Figs. 22 and 23 that both the lift and drag had large fluctuations as the wing was periodically morphed.
Some conclusions can be drawn from these fluctuations based on the observations made from the wake
analysis. The variation in camber during a morphing cycle will vary the lift and drag, however, the
magnitude of the fluctuations is much greater than would be expected from the camber variation alone.
It was observed that the largest variations in lift and drag are for the thrust-generating regimes, also
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Figure 20. Wake characteristics as a result of periodic morphing at different frequencies and
deflections.
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Figure 21. Wake characteristic map for periodic morphing in 10% ground effect.

increasing the morphing frequency and tip deflection caused the fluctuations to increase dramatically as
the regimes entered the Von-Karman and Reversed Von-Karman wakes.

At lower morphing frequencies and trailing edge deflections, the variations in lift and drag can
be attributed to variations in camber and small flow separations on the upper surface of the aerofoil.
Increasing the morphing frequency results in a faster shedding frequency, which is attributed to larger
fluctuations in drag. This is because the thrust generated is not a constant force, but has a peak force at
maximum deflection positions.
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Figure 22. Periodic morphing lift fluctuation for 4degree AoA, xs =25%, 10% ground clearance.
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Figure 23. Periodic morphing drag fluctuation for 4degree AoA, xs =25%, 10% ground clearance.

It was observed that the thrust vector from the shedding vortices is not directly aligned parallel with
the ground seen in Fig. 19. Therefore, there will be a horizontal and vertical component from the result-
ing wake shedding, the horizontal being associated with the thrust generation as previously discussed.
The vertical component causes the lift component to fluctuate, increasing the morphing frequency and
the trailing edge deflection causes the vortex pairs to have a stronger resultant force. It is also observed
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Figure 24. Varying Reynolds number with variable Strouhal number.

that there is a stronger interaction between the vortices in the vertical direction, causing the vortex
pairs to move upwards. Finally, by looking at the pressure plot (Fig. 10), there are large increases in
pressure under the wing throughout the morphing cycle, increasing both the lift and drag fluctuations.
Therefore, from the wake analysis, and looking at the wing pressures, several factors are causing the
large fluctuations in lift and drag seen in Figs. 22 and 23.

4.3 Reynolds number effects

A Reynolds number of 320,000 has been used throughout this study so far, as this is in the range used for
UAVs and the intended future application of applying this technology to a ground effect UAV. However,
depending on the application, the Reynolds number can vary significantly depending on the flying speed
and aerofoil size. Initial analysis has been carried out to vary the Reynolds number, however, this has
proved to be a complex area of research. This is due to the fact that varying either the airspeed or chord
length to vary the Reynolds number seen in Equation (7) will also vary the Strouhal number at the same
time, as this is also dependent on the freestream velocity and chord length, as seen in Equation (1). It
was found in this study that the flow is highly dependent on the Strouhal number, so the variation of the
Reynolds number poses the problem of varying the morphing frequency to keep the Strouhal number
constant or allowing the Strouhal number to vary with the variation of the Reynolds number.

L
R o PuL

@)

Two cases were tested, one where the morphing frequency was fixed, resulting in a variation in the
Strouhal number, and the other where the morphing frequency was adjusted to keep it constant. First, the
morphing frequency f was fixed at 800 Hz which corresponded to Strouhal numbers of 6, 4.28, 3.08 and
1.64 respectively when the Reynolds number was varied. Four Reynolds numbers (191,500, 268,000,
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Figure 25. Varying Reynolds number with constant Strouhal number.
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373,400 and 70,000) were tested for the morphing aerofoil at 10% ground clearance and 2% trailing edge
deflection. Figure 24 shows the vorticity of the periodically morphing aerofoil for different Reynolds
and Strouhal numbers. For Re = 191,500 and Sr = 6, there is a pair of strong counter-rotating vortices,
which are almost upright and show reversed Von-Karman shedding. At Re =268,000 and Sr = 4.28, the
counter-rotating vortex pair became slightly weaker, and the vortex pair was no longer upright with the
vortex pair leaning upstream. The vortex pair continued to decrease/reduce in strength and the angle
between the vortex pair and the ground decreased even further, reducing the forward thrust. At higher
Reynolds numbers, it was seen that the flow became chaotic behind the aerofoil for the case Re = 70,000
and Sr = 1.64, however, there was slightly more vorticity for the chaotic wake.

Secondly, the Strouhal number was fixed at 3.58 and the morphing frequencies of 478, 669 and
907Hz were tested for the Reynolds numbers 191,500, 268,000 and 373,400, respectively. Unlike the
fixed frequency case, the 70,000 Reynolds number was not tested for the fixed Strouhal number case as
the morphing frequency required to maintain a constant Strouhal number was outside of the validation
range. For a constant Strouhal number of 3.58, as the Reynolds number is increased (Fig. 25), it can be
seen when increasing the Reynolds number that there is little variation in the wake behind the aerofoil
compared to when the Strouhal number was not fixed. This is an important finding as it can be concluded
that the Strouhal number is the factor causing the variation in wake characteristics and not the Reynolds
number. The main difference between the three Reynolds numbers shown in Fig. 25 is that the upright
angle of the vortex pair reduces slightly and there is a slight increase in vorticity as the Reynolds number
increases.

5.0 Conclusion

In this study the periodic morphing of a NACA6409 aerofoil in ground effect with 10% clearance was
investigated using the FishBAC morphing method. Detached Eddy Simulation with a k-omega SST
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turbulence model was used with a Reynolds number of 320,000 as this study aimed to apply the tech-
nology to UAV craft. It was found in this study that morphing at different trailing edge deflections and
frequencies produced different wake-shedding patterns. Morphing frequencies were analysed between
a Strouhal number of (0.45 to 4.02) and trailing edge deflections between 0.05% and 3% of the chord
length. It was found that as the aerofoil was periodically morphed, the pressure increased on the lower
surface and decreased on the upper surface for the downstroke, while on the upstroke the lower sur-
face pressure decreased and the upper surface increased. As the morphing frequency and trailing edge
deflection increased, the amount of pressure change between the upper and lower surfaces increased.
This resulted in the negative lift being produced for mid to high morphing frequencies and trailing edge
deflections on the upward stroke.

At lower morphing frequencies and trailing edge deflections, Kelvin Helmholtz shedding occurs.
In some cases, the Kelvin Helmholtz increased the aerodynamic efficiency due to momentum trans-
fer from the freestream to the boundary layer causing a reduction in drag, but also reduced the lift.
Increasing the morphing frequency and trailing edge deflection caused the Kelvin Helmholtz to turn
into a chaotic shedding structure which decreased the aerodynamic efficiency. Increasing the morphing
further caused Von-Karman shedding, and at the highest trailing edge deflection and morphing fre-
quencies, Von-Karman shedding was reversed. From the literature, it was found in freestream that the
interaction between the counter-rotating vortices of reversed Von-Karman shedding caused a jet-like
flow which was also seen in this study. The direction of this flow was upstream for the Von-Karman,
effectively increasing the drag, and a downstream direction for the reversed Von-Karman, known as
a thrust-generating wake. In this study investigating wings in ground effect, the direction of the rota-
tion of the Von-Karman vortices also caused a jet-like flow in the upstream direction, comparable to
freestream. However, in the ground effect, the interaction of the vortex closest to the ground and the
moving ground plane caused the aerofoil to be pushed forward for Von-Karman shedding. In the ground
effect, the reversed Von-Karman showed a negative interaction (increase in drag) between the vortex and
the ground, however, the direction of the jet flow from the interaction of the two vortices was downstream
causing forward thrust. It was found that there are high levels of thrust from a periodically morphing
wing at high trailing edge deflections and morphing frequencies, therefore there is potential to reduce
or downsize the requirements of aircraft propulsion systems, which would require further investigation.

Finally, the Reynolds number was varied in this study, it was found that varying the Reynolds number
had a knock-on effect on varying the Strouhal number, as both of these non-dimensional numbers depend
on the freestream velocity and chord length. As the Strouhal number was dependent on the morphing
frequency f, the Reynolds number could be varied independently of the Strouhal number while simul-
taneously adjusting the morphing frequency f accordingly. The Reynolds number was also varied with
a fixed morphing frequency f. A comparison of the two showed that the Reynolds number had a mini-
mal effect on the wake shedding, whereas the Strouhal number had a large effect on the wake shedding.
Further investigation is needed to vary the Reynolds number for different cases or morphing frequency
and trailing edge displacements, and to investigate their effect on lift, drag and thrust generation.

Competing interests. To the best of the authors’ knowledge, there are no competing interests regarding the work presented.

Acknowledgements. This work was supported by the Engineering and Physical Sciences Research Council.
The authors acknowledge the use of the IRIDIS High Performance Computing Facility, and associated support services at the
University of Southampton, in the completion of this work.

References

[1] Rozhdestvensky, K.V. Wing-in-ground effect vehicles, Progr. Aerosp. Sci., 2006, 42, (3), pp 211-283.
https://doi.org/10.1016/j.paerosci.2006.10.001

[2] Jones, G., Santer, M. and Papadakis, G. Control of low Reynolds number flow around an airfoil using periodic surface
morphing: A numerical study, J. Fluids Struct., 2018, 76, pp 95-115. https://doi.org/10.1016/j.jfluidstructs.2017.09.009

[3] Abdessemed, C., Bouferrouk, A. and Yao, Y. Aerodynamic and aeroacoustic analysis of a harmonically morphing airfoil
using dynamic meshing, Acoustics, 2021, 3, (1), pp 177-199. https://doi.org/10.3390/acoustics3010013

https://doi.org/10.1017/aer.2024.80 Published online by Cambridge University Press


https://doi.org/10.1016/j.paerosci.2006.10.001
https://doi.org/10.1016/j.jfluidstructs.2017.09.009
https://doi.org/10.3390/acoustics3010013
https://doi.org/10.1017/aer.2024.80

2944 Clements and Djidjeli

[4]
[5]

[6

—_

[7]

[8

—

[9

—

(10]
(11]
[12]
[13]

[14]
[15]

[16]

[17]
(18]

[19]
[20]

[21]

(22]
[23]
[24]
[25]
[26]

[27]
(28]

[29]
[30]

[31]

[32]

Kan, Z., Li, D., Xiang, J. and Cheng, C. Delaying stall of morphing wing by periodic trailing-edge deflection, Chin. J.
Aeronaut., 2020, 33, (2), pp 493-500. https://doi.org/10.1016/j.cja.2019.09.028

Andersen, A., Bohr, T., Schnipper, T. and Walther, J.H. Wake structure and thrust generation of a flapping foil in two-
dimensional flow, J. Fluid Mech., 2017, 812, p R4. https://doi.org/10.1017/jfm.2016.808

Ashraf, 1., Agrawal, A., Khan, M.H., Sooraj, P., Srivastava, A. and Sharma, A. Thrust generation and wake structure for
flow across a pitching airfoil at low Reynolds number, Sadhana — Acad. Proc. Eng. Sci., 2015, 40, (8), pp 2367-2379.
https://doi.org/10.1007/s12046-015-0449-4

Lai, J.C.S. and Platzer, M.F. Jet characteristics of a plunging airfoil, AJAA J., 1999, 37, (12), pp 1529-1537.
https://doi.org/10.2514/2.641

Thakor, M., Kumar, G., Das, D. and De, A. Investigation of asymmetrically pitching airfoil at high reduced frequency, Phys
Fluids (1994), 2020, 32, (5), pp 1-32. https://doi.org/10.1063/5.0006659

Triantafyllou, M.S., Triantafyllou, G.S. and Gopalkrishnan, R. Wake mechanics for thrust generation in oscillating foils,
Phys. Fluids A, 1991, 3, (12), pp 2835-2837. https://doi.org/10.1063/1.858173

Quinn, D.B., Moored, K.W., Dewey, P.A. and Smits, A.J. Unsteady propulsion near a solid boundary, J. Fluid Mech., 2014,
742, pp 152-170. https://doi.org/10.1017/jfm.2013.659

Tanida, Y. Ground effect in flight (Birds, fishes and high-speed vehicle), JSME Int. J. Ser. B, 2001, 44, (4), pp 481-486.
https://doi.org/10.1299/jsmeb.44.481

Mivehchi, A., Zhong, Q., Kurt, M., Quinn, D.B. and Moored, K.W. Scaling laws for the propulsive performance of a purely
pitching foil in ground effect, J. Fluid Mech., 2021, 919, pp 1-13. https://doi.org/10.1017/jfm.2021.361

Perkins, M., Elles, D., Badlissi, G., Mivehchi, A., Dahl, J. and Licht, S. Rolling and pitching oscillating foil propulsion in
ground effect, Bioinspir. Biomim., 2017, 13, (1), p 016003. https://doi.org/10.1088/1748-3190/aa8a12

Woods, B.K.S. and Friswell, M.1. Preliminary Investigation of a Fishbone Active Camber Concept, pp 1-9, 2012.
Beaverstock, C.S., Woods, B.K.S., Fincham, J.H.S.M. and Friswell, M.I. Performance comparison between optimised
camber and span for a morphing wing, Aerospace, 2015, 2, (3), pp 524-554. https://doi.org/10.3390/aerospace2030524
Clements, D. and Djidjeli, K. Aerodynamic performance of morphing and periodic trailing-edge morphing airfoils in ground
effect, J. Aerosp. Eng., 2023, 36, (3), p 4023012. https://doi.org/10.1061/JAEEEZ.ASENG-4707

Lissaman, P.B.S. Low-Reynolds-number airfoils, Ann. Rev. Fluid Mech., 1983, 15, pp 223-239.

Winslow, J., Otsuka, H., Govindarajan, B. and Chopra, I. Basic understanding of airfoil characteristics at low Reynolds
numbers (104-105), J. Aircr., 2018, 55, (3), pp 1050-1061. https://doi.org/10.2514/1.C034415

Jamei, S., Maimun, A., Mansor, S., Azwadi, N. and Priyanto, A. Numerical investigation on aerodynamic characteristics of
a compound wing-in-ground effect, March 2015. https://doi.org/10.2514/1.C031627

Jung, K.H., Chunn, H.H., Kim, H.J., Chun, H.H. and Kim, H.J. Experimental investigation of wing-in-ground effect with a
NACAG6409 section, J. Mar. Sci. Technol., 2008, 13, (4), pp 317-327. https://doi.org/10.1007/s00773-008-0015-4
Mohamed, M. and Amin, I. Effect of wing geometrical parameters on the aerodynamic performance of wing in ground
marine craft, In Proceedings of 3rd International Conference on Maritime Technology and Engineering, MARTECH 2016,
2016, 1(July), pp 347-352. https://doi.org/10.1201/b21890-48

Rad, M. and Kazemi, F.J. Effect of camber and thickness on the aerodynamic properties of an airfoil in ground proximity,
Int. J. Eng., 2001, 14, (3), pp 273-280.

Wei, Y. and Zhigang, Y. Aerodynamic investigation on tiltable endplate for WIG craft, Aircr. Eng. Aerosp. Technol., 2012,
84, (1), pp 4-12. https://doi.org/10.1108/00022661211194933

Siemens. Siemens to Acquire Simulation Software Supplier CD-adapco, 2016. https://www.plm.automation.siemens.com/
global/en/our-story/newsroom/siemens-press-release/43811

Menter, F.R. Two-equation eddy-viscosity turbulence models for engineering applications, AIAA J., 1994, 32, (8), pp 1598—
1605. https://doi.org/10.2514/3.12149

Wilcox, D.C. Formulation of the k-w turbulence model revisited, AIAA J., 2008, 46, (11), pp 2823-2838.
https://doi.org/10.2514/1.36541

User Manual Star CCM+ 14.04.013: Vol. 14.04.013 (p. Transient Term), 2019.

Parameswaran, R., Box, G.E.P., Hunter, W.G. and Hunter, J.S. Statistics for experimenters: An introduction to design, data
analysis, and model building, J. Market. Res,, 1979, 16, (2), p 291. https://doi.org/10.2307/3150696

Coleman, H. and Members, C. ASME V&V 20-2009 Standard for Verification and Validation in Computational Fluid
Dynamics and Heat Transfer (V& V20 Committee Chair and principal author). ASME, 2009.

Lee, T. and Gerontakos, P. Investigation of flow over an oscillating airfoil, J. Fluid Mech., 2004, 512, pp 313-341.
https://doi.org/10.1017/S0022112004009851

Jodin, G., Motta, V., Scheller, J., Duhayon, E., Ddll, C., Rouchon, J.F. and Braza, M. Dynamics of a hybrid morphing
wing with active open loop vibrating trailing edge by time-resolved PIV and force measures, J. Fluids Struct., 2017, 74, pp
263-290. https://doi.org/10.1016/j.jfluidstructs.2017.06.015

Buchholz, J.H.J. and Smits, A.J. The wake structure and thrust performance of a rigid low-aspect-ratio pitching panel, J.
Fluid Mech., 2008, 603, pp 331-365. https://doi.org/10.1017/S0022112008000906

Cite this article: Clements D. and Djidjeli K. (2024). Periodic morphing of a NACA6409 aerofoil in ground effect, its wake
mechanisms and thrust generation. The Aeronautical Journal, 128, 2924-2944. https://doi.org/10.1017/aer.2024.80

https://doi.org/10.1017/aer.2024.80 Published online by Cambridge University Press


https://doi.org/10.1016/j.cja.2019.09.028
https://doi.org/10.1017/jfm.2016.808
https://doi.org/10.1007/s12046-015-0449-4
https://doi.org/10.2514/2.641
https://doi.org/10.1063/5.0006659
https://doi.org/10.1063/1.858173
https://doi.org/10.1017/jfm.2013.659
https://doi.org/10.1299/jsmeb.44.481
https://doi.org/10.1017/jfm.2021.361
https://doi.org/10.1088/1748-3190/aa8a12
https://doi.org/10.3390/aerospace2030524
https://doi.org/10.1061/JAEEEZ.ASENG-4707
https://doi.org/10.2514/1.C034415
https://doi.org/10.2514/1.C031627
https://doi.org/10.1007/s00773-008-0015-4
https://doi.org/10.1201/b21890-48
https://doi.org/10.1108/00022661211194933
https://www.plm.automation.siemens.com/global/en/our-story/newsroom/siemens-press-release/43811
https://www.plm.automation.siemens.com/global/en/our-story/newsroom/siemens-press-release/43811
https://doi.org/10.2514/3.12149
https://doi.org/10.2514/1.36541
https://doi.org/10.2307/3150696
https://doi.org/10.1017/S0022112004009851
https://doi.org/10.1016/j.jfluidstructs.2017.06.015
https://doi.org/10.1017/S0022112008000906
https://doi.org/10.1017/aer.2024.80
https://doi.org/10.1017/aer.2024.80

	Nomenclature
	Introduction
	Methodology
	Mesh independence and validation
	Results and discussion
	Periodic morphing analysis
	Wake analysis
	Reynolds number effects

	Conclusion

