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Abstract

Unsteady aerodynamics in ground effect plays an important role in a wide range of engineering systems. For a
stationary aerofoil, decreasing ground clearance leads to an initial increase in the normal force, followed by a
reduction due to viscous effects. In this work, we specifically focus on the effect of ground proximity on dynamic
stall. An experimental investigation of a heaving NACA0012 aerofoil operating in ground effect is conducted
using stereoscopic particle image velocimetry and unsteady surface pressure measurements. Force hysteresis
over an oscillation cycle is examined, and correlated with the measured velocity fields, providing insight into
the interaction between the flow structures and the ground plane.
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1. Introduction

Ground-effect unsteady aerodynamics is prevalent in many real-world applications. For example, the
inverted front wing in Formula One racing plays a critical role in increasing vehicle downforce, en-
abling higher cornering speeds [1]. Wing-in-ground (WIG) vehicles exploit the aerodynamics benefit
of increased lift and efficiency [2]. Similarly, many animals, including fish and birds, utilise ground
effect to improve their propulsion efficiency [3, [4].

Ground effect studies can generally be classified into two categories based on aerofoil configuration.
In the first category, the aerofoil is positioned above the ground in an upright position, generating a
lift force that points away from the ground plane. This configuration is relevant to aircraft takeoff and
landing, as well as WIG craft. In the second category, the aerofoil is placed in an inverted position,
generating a downforce, with the front wing on a race car as a major application [5] [1]. Note that a
symmetrical aerofoil at zero angle of attack also creates a suction between the aerofoil and ground
plate [6], and is therefore included in this category. In both scenarios, ground effect is characterised
by the ground clearance 4, (also known as ride height), which is the minimum distance between the
aerofoil surface and the ground.

For a stationary aerofoil in ground effect, three main mechanisms affect its lift generation. The first
is the straightening of streamlines near the ground, which reduces the effective angle of attack in
both upright and inverted configurations [7], thereby reducing the generated lift and downforce. As
the ground clearance decreases further, a second and more prominent mechanism prevails, which
is non-circulatory in nature. For an inverted aerofoil, a diffuser forms between the aerofoil surface
and the ground, and the resulting Venturi effect reduces pressure on the suction side of the aerofoil,
enhancing downforce. For an upright aerofoil, on the other hand, the aerofoil surface and ground form
a ‘nozzle’, which constraints the flow and locally increase the pressure on the pressure side of the
aerofoil, leading to an increased lift [8]. Lastly, once the ground clearance falls below approximately
10% of wing chord, the normal force magnitude reduces again in both configurations and the benefit



Experimental study of ground effect on a heaving NACA0012 aerofoil

of ground effect diminishes. For an inverted aerofoil, the reduction in downforce has been attributed to
flow separation on the suction side [9, [10], or from the merging of the wake and the ground boundary
layer [6]. For an upright aerofoil, separation of the ground boundary layer in addition to loss of suction
on the aerofoil has been identified as the cause of lift reduction [11]. This regime has been termed
‘extreme ground effect’ by Moryossef and Levy [12], who suggested it occurs at ground clearances
below approximately 0.5c¢.

In parallel with the research on ground effect, unsteady aerodynamics, particularly aerofoils expe-
riencing periodic oscillations, has received considerable attention [13, [14]. In such scenarios, flow
unsteadiness is characterised by the reduced frequency, defined as k = nfc/U., where f is the oscil-
lation frequency, c is the chord length of the aerofoil, and U.. is the freestream velocity. The analytical
solution of an aerofoil oscillating with a small amplitude based on potential flow theory was first de-
veloped by Theodorsen [15], and later extended by Garrick [16] to account for drag and propulsive
effects. In real fluids, however, the effect of viscosity leading to flow separation at parts of the cycle,
causes significant deviation from inviscid predictions. Dynamic stall features a lift overshoot and a
delay in the onset of massive flow separation with respect to static stall. Over a full oscillation cycle,
the flow exhibits consecutive emergence and spreading of flow reversal on the aerofoil suction side,
the formation and convection of a large-scale leading-edge vortex, massive flow separation, and flow
reattachment [13} (14}, [17].

The flow of a heaving aerofoil in ground effect is classified into three regimes based on the reduced
frequency [10]: At low frequencies, the aerofoil can be treated as quasi-stationary and the ground ef-
fect governs the flow. The contribution of incidence effects becomes apparent at medium frequencies
and can be explained by defining an effective angle of attack. The maximum downforce is obtained
at high effective angles of attack. As the frequency is increased even further, the only apparent effect
is that of added mass.

In this work, we focus on the regimes of low to medium reduced frequencies, with the aim of isolating
the dynamic stall mechanisms in ground effect, particularly the interaction between dynamic stall flow
structures and the ground.

2. Methods

2.1 Flow facility and heaving wing model

The experiments are conducted in the 4’x3’ low-speed, closed-circuit wind tunnel at the University of
Sydney. Figure[ia) provides an overview of the experimental setup. A wing model with a NACA0012
profile is mounted vertically in the test section with its neutral position on the tunnel centreline. The
full-span wing model has a chord length of ¢ = 0.3 m. The aerofoil sections are 3D printed using
polylactic acid (PLA) filaments and then bolted on a full-span aluminium spar. The outer surface
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Figure 1 — (a) Experimental arrangement in the wind tunnel test section. (b) A magnified view of the
heaving mechanism.
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of the aerofoil sections is polished and spray painted matte black to reduce laser reflection. The
quarter-chord point at the two ends of the aluminium spar are fixed to the carriages outside the wind
tunnel, and the angle of attack of the model is set discretely using three different mounting fixtures
(nominally 0°, 10° and —10°). The heaving mechanisms on the top and bottom sides of the tunnel are
the same: the carriage is mounted on a pair of linear guide rails, and connected through a conrod to
a flywheel driven by a NEMA 34 stepper motor, as shown in Figure[f[b). The heaving amplitude H is
determined by the radial position of the point on the flywheel to which the conrod is connected, and
it is set to 45 mm (0.15¢) for all cases in the present work. The position of the wing is monitored by a
Haltech HT-011203 linear position sensor mounted to the carriage. Control of the electronic system
is enabled by an Arduino UNO R4. The accuracy of the aerofoil kinematic profile is validated using
high-speed imaging, as detailed in the Appendix.

A ground plate is mounted at a fixed distance from the centreline, with its rounded leading edge
located at 0.18 m upstream of the aerofoil leading edge. The boundary layer thickness on the ground
plate at the leading edge of the aerofoil is estimated to be 2 mm. This configuration is selected,
balancing the complexity of the experimental setup and ability to replicate the flow with a moving
ground in the body-fixed reference frame. The ground clearance is varied by mounting the ground
plate in different wall-normal locations, while the neutral position of the aerofoil remains the same.
Different ground clearance cases are referred to by 5y /c, the normalised distance between the ground
and the quarter-chord point when the aerofoil is at its neutral position. Another common method to
characterise the ground clearance in the literature is to use the minimum gap between the aerofoil
surface and the ground, denoted by #,,/c here. For the upright aerofoil, this occurs at the trailing
edge, and for the neutral and inverted aerofoil, it falls near the thickest point of the aerofoil. The
ground clearances of both definitions are summarised in Table [{]

case a=0° a=-10° a=10°
Xm/C 0.3 0.1 1

hw/c (ath/H=—1) | = 0.13 0.08 0.04 |~ 0.12 0.07 0.03 | = 0.08
hw/c (at h/H =0) oo 028 023 0.19 | 027 022 0.18 | = 0.23
ho/c o 034 029 025| 034 029 025| 0.34

Table 1 — Ground clearance of all cases, represented by 5y /c, quarter-chord height of the aerofoil at
neutral position, and A, /c, minimum gap between the aerofoil surface and the ground. x,,/c is the
chord-wise location where the distance between the aerofoil surface and the ground is the smallest.

As shown in Figure [2] x represents the streamwise direction, and y represents the wall-normal direc-
tion, pointing away from the ground plate. The corresponding phase-averaged velocity components
are U and V. The origin is placed at the nose of the aerofoil at &« = 0° and neutral position (no heav-
ing amplitude). All experiments are performed at a nominal freestream velocity of U.. ~ 19 ms~'.The
Reynolds number based on chord length is Re = U..c/v = 3.9 x 10°, where v is the kinematic viscosity
of air, and the reduced frequencies tested are k = 0.05,0.10 and 0.15. The resulting maximum an-
gles of attack due to the heaving motion of the aerofoil are 0.9°, 1.7° and 2.6° for the three reduced
frequencies, respectively, and they are reached when the aerofoil passes through the neutral position.

J—— 1 FOV

Ground plate

Figure 2 — Side view schematic of an aerofoil heaving near the ground plate, with coordinate system
definition. The field-of-view captured by the PIV measurements is shown in green.
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2.2 Surface pressure measurements

A total of 61 surface pressure taps are distributed around the mid-span of the wing model. The neigh-
bouring pressure taps are placed 2.5 mm apart in the spanwise direction to avoid disturbances from
upstream (see Figure [f). The surface pressure tap inserts are connected to a MPS4264 Scanivalve
(64 channels, 4" H,O range) using vinyl tubes of about 1 m in length, with an inner diameter of 0.8
mm. The sampling frequency is 500 hz, and a minimum of 40 cycles per case are acquired and
included in the phase averaging process. The time lag of the unsteady pressure signal is corrected
using the rigid wall model described by Kutin and Svete [18].

2.3 Velocity field measurements

Stereoscopic PIV setup is selected to correct the perspective error [19]. A 532 nm double-pulsed
laser beam is generated from an Nd:YAG laser (Litron Bernoulli 145-15 PIV), which is split into two
with a beam splitter. The beams are then expanded into two light sheets, and sent into the test
section from both front and back windows, enabling simultaneous measurement of both sides of the
wing. DEHS particles with a diameter of <1 um are used as tracers. Two LaVision Imager CX-5
cameras (2448 x 2048 pixels, pixel size 2.740 um) equipped with 16 mm lenses (C Series, Edmund
Optics) are mounted under the tunnel test section, approximately 1 m from the laser sheet which is at
the mid-span of the wing. The cameras subtend an angle of 19°, and with fi = 4.0, no scheimpflug is
required to achieve good focus across the image. The resulting field of view (FOV) is approximately
0.34 x 0.28 m? (equivalently 1.1 x 0.9¢2), as illustrated in Figure

Synchronisation of the hardware is achieved by a Programmable Timing Unit (PTU). A PicoScope
system (model: 6824E) generates a trigger signal based on the potential meter readings, which is
sent to the PTU to realise phase-lock image acquisition. In each cycle, 20 equal-spaced phases
are selected, and a total of 50 image pairs with Az = 80us (equivalent to a displacement of 10 pixels
in the freestream) are acquired at each phase. Image acquisition and subsequent processing are
both performed in DaVis 10. After background removal, the particle images are first processed with
interrogation windows of 96 x 96 pixels with 50% overlap, followed by two passes of 32 x 32 pixels
windows with 50% overlap. Median-filter-based universal outlier detection is applied to the resulting
velocity field, and then the spurious vectors are replaced by interpolating neighbouring values.

3. Results

3.1 Aerodynamic coefficients and surface pressure distribution

3.1.1 Stationary aerofoil

We first report the time-averaged lift coefficient, C;, of the aerofoil remaining stationary at 2 =0, as

shown in Figure 8] The measurements in the present work have a good agreement with the data in
[20]. As the ground clearance ho/c reduces from < to 0.25 (equivalent to 4,,/c = 0.19, see Table[l), the

i @ hy/c=oc 4
[ J ho/C:0.34
0.51 @ ho/c=0.29
ho/c = 0.25
O 0
-0.5
-1t -~
-10 0 10
a [°]

Figure 3 — Lift coefficient of a stationary aerofoil at the neutral position. Note that the angles of
attack are determined from the PIV images, which deviate from the nominal value by approximately
1°. The solid black line is the experimental data of a NACA 0012 aerofoil at a similar Reynolds
number, Re = 5 x 10° [20].
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Figure 4 — Pressure coefficient C, distribution of the stationary aerofoil at (a) a = 0°, (b) o = —10°,
and (c) o = 10°. Solid lines represent the upper surface (away from the ground), and dashed lines
represent the lower surface (close to the ground). Shaded area is bounded by the 10- and 90-
percentile of the data.

inverted aerofoil exhibits a stronger downforce, whereas the upright aerofoil shows an increase in the
lift. The pressure distribution on the upper and lower sides of the aerofoil at &« = 0° remains nearly
identical (Figure [3g), as expected for a symmetrical geometry. For both inverted (Figure [4p) and
upright (Figure ) aerofoil cases, pressure coefficient C, reveals a strong suction peak of C, = —4.5
near the leading edge, followed by a laminar separation bubble. As the ground clearance decreases,
the main difference in the lift contribution between the upright and inverted aerofoils is from the lower
surface (dashed lines). The inverted aerofoil experience a stronger suction on the lower side due
to the Venturi effect, whereas the upright aerofoil sees an increase in the positive pressure. These
observations are in line with the consensus of the literature [11, 8, [12].

3.1.2 Heaving aerofoil

The phase-averaged aerodynamic force and moment coefficients of the aerofoil heaving at a reduced
frequency of k = 0.1 are shown in Figure 5| The theoretical solutions [15, [16] are also included in the
figure for comparison. The theoretical solutions do not account for the effect of viscosity or the ground
plate, but they compare well with the i /c = - data, especially for the a = 0° case.

For the lift coefficients in Figure [5(a), the theoretical solution agrees with the measurements of the
hy/c = e cases. At a = 0° (Figure [Bp-i), for case hg/c = - where the ground plate is absent, the C;
trajectory is approximately centred about C; = 0, and remains symmetrical on the h >0 and 2 < 0
sides, as dictated by the symmetry of the wing kinematics and boundary conditions. In the upstroke,
the relative motion of the aerofoil results in a negative effective angle of attack, the magnitude of
which reaches its maximum (1.7°) when the aerofoil passes through its neutral position. This leads
to a slightly negative C; on the upstroke branch, with the most negative C; (minimum value) achieved
near h = 0. In the presence of a ground plate, as hy/c reduces, C; becomes more negative at 1 < 0,
indicating enhanced downforce generation due to ground effect. The lift coefficient exhibits a more
complex behaviour for the inverted aerofoil, as shown in Figure [5(a-ii). For hy/c = oo, the C; trajectory
centres about C; = —0.8 which is close to the static lift, but remains symmetrical otherwise. As hg/c
reduces to 0.34 and 0.29, a higher downforce (more negative C;) is observed when the aerofoil is
close to the ground, and the downforce is stronger in the downstroke compared to the upstroke,
creating an inverted loop in the C; trajectory. At hy/c = 0.25, the smallest ground clearance tested, the
highest downforce appears at #/H = —0.5 in the downstroke, and it oscillates as the aerofoil further
approaches the ground plate. On the other hand, as the aerofoil departs from the ground in the
upstroke, another local minimum C; is achieved at h1/H = —0.8, followed by lesser ones at 1/H = —0.1,
0.09 and 0.6, creating a pattern with multiple undulations in a cycle. We speculate that this unusual
behaviour may be caused by the structural vibration (aeroelasticity) when the ground clearance is
very low, or the choking and subsequent restarting of the flow (the minimum gap between the aerofoil
and the ground is only 0.03¢ at the aerofoil’s lowest position). Further measurements are required to
confirm this. For upright aerofoil with a = 10°, the two smaller ground clearances were not tested due
to geometric infeasibility. As shown in Figure [Bfa-iii), the only ground effect case was with 1y/c = 0.34.
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Figure 5 — Phase-averaged (a) lift coefficient, (b) drag coefficient, and (c) quarter-chord moment
coefficient at k = 0.1. Left, middle, and right columns correspond to a = 0°, —10°, and 10°,
respectively. The thin dark red line represents inviscid theory [15, [16] calculation of the hy/c = o
case, with the corresponding static values superimposed. Solid lines represent upstroke, and
dashed lines represent downstroke. Shaded area is bounded by the 10- and 90- percentile of the
data at each phase from all cycles. Note that plot (b-i) has a different vertical axis range compared
to (b-ii) and (b-iii), showing a magnified view of the drag coefficient at o = 0°.

Compared to the hy/c = o~ case, a higher lift is generated in the downstroke, contributing to enhanced
hysteresis.

The drag coefficient C, calculated from surface pressure integral is shown in Figure [5(b). Note that
the drag coefficients reported here underestimates the profile drag, because the frictional force con-
tribution is not measured. First, the hy/c = « case with a = 0° compares favourably with the inviscid
theoretical solution [16]. Without the added static drag, the inviscid theory predicts a positive aver-
aged propulsive force (negative drag), but the magnitude is much smaller than the static pressure
drag, so overall the heaving aerofoil exhibits drag rather than propulsive force. For the o« = —10° and
10° cases, the inviscid theory does not capture the behaviour at iy/c = «. The variation of C,; within a
cycle is much greater than the prediction, and it follows a counterclockwise (o« = —10°) and clockwise
(o = 10°) trajectory, instead of the figure 8 pattern as predicted. In both cases, C, is the highest when
the effective angle is closest to 0, which corresponds to the downstroke for &« = —10° and upstroke
for « = 10°. This observation signifies that at such reduced frequencies and Reynolds numbers, the
measured pressure drag variation is strongly influenced by viscous effects, which cannot be captured
by the inviscid theory. In the presence of the ground, the drag coefficient increases in all three angles
(especially in the lower portion of the cycle). The a = 10° case shows the highest additional drag
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Figure 6 — Pressure coefficient C, distribution of the heaving aerofoil at k = 0.1. (a) o = 0°,
ho/c=0.29, (b) & = —10°, hy/c =0.29, and (c) a = 10°, hy/c = 0.34. Data from selected locations in
the downstrokes and upstrokes are separated into top and bottom rows for clarity. Solid lines
represent the upper surface (farther away from the ground), and dashed lines represent the lower
surface (close to the ground). Shaded area is bounded by the 10- and 90- percentile of the data at
each phase from all cycles. Vertical dashes line marks the location where the distance between the
aerofoil lower surface and the ground plane is the smallest.

near ground, due to the flow separation on the aerofoil. However, compared to the ground-free case,
the drag has a slight reduction (more negative drag) at #/H > —0.5 in the downstroke until the onset
of flow separation.

Finally, in terms of quarter-chord moment coefficient C,, , in Figure c), without a ground, the heav-
ing motion does not have much influence on G, ,. The ground plate leads to a negative (nose-down)
Cn,,, at @ =—10° and 10°, but a positive (nose-up) Cy, , at a = 0°. This will be further discussed in
connection with the pressure distribution in Figure 6] later in this section.

The pressure coefficient C,, of the heaving aerofoil at a number of phases near the ground are sum-
marised in Figure [6] For all three cases included here for comparison, the ground clearance is
selected such that the minimum clearance at 1/H = —1 is approximately 0.08 (see Table[1). Similar
to the stationary results in Figure |4}, the main difference in the pressure distribution with decreasing
ground clearance is on the lower side (dashed lines). For a = 0° in Figure [6(a), the suction increases
in a broad region near x/c = 0.3, which is the throat of the Venturi nozzle formed between the aerofoil
surface and the ground. For oo = —10° in Figure [6{b), maximum suction appears at x/c = 0.1, also
corresponding to the location of the narrowest region of fluid passage. Comparing Figure [6(a) and
(b), although the nozzle throat has similar sizes, the local velocity entering the nozzle is much faster
in the latter due to the flow acceleration over the strong suction peak (C, ~ —4 compared to C, ~ —1
in Figure [6R), resulting in a more prominent enhancement of the downforce in the oo = —10° case.
The difference in the nozzle throat location between these two cases also explains the change of
signin Cy, , (Figure ). For a = 0°, ground proximity leads to a stronger suction (negative) pressure
around x/c = 0.3 on the lower side, and this additional downforce applied aft the quarter-chord point
results in a positive G, ,. For @ = —10° on the other hand, the increase of suction pressure occurs
near x/c = 0.1, which is before the quarter-chord point, and it generates a negative Cu,),- These
observations highlights that in the design of inverted aerofoils operating near ground, location of the
Venturi nozzle throat can influence the moment coefficient. If the design goal is to avoid introducing
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Figure 7 — Pressure coefficient C, of the & = —10° cases in a heaving cycle. (a) k = 0.1, x/c = 0.005;

(b) k =0.05, x/c =0.005; (c) k =0.05 and 0.1, x/c = 0.1. The lighter shaded lines represent data at a

lower reduced frequency of k = 0.05. Dashed lines represent downstrokes and solid lines represent
upstrokes.

additional pitching motion of the aerofoil near the ground, then it is desirable to select an aerofoil
angle such that the Venturi nozzle throat is close to the quarter-chord point.

Next, we examine the cyclic variation of the pressure at two monitor points. The first monitor point is
at x/c = 0.005 on the lower side of the aerofoil, which captures the suction peak. The peak strength
varies within the cycle, and the magnitude also decreases approximately proportionally, with k re-
duces from 0.1 to 0.05 (Figure 7 and b). This indicates that the suction peak is primarily dependent
on the effective angle of attack due to aerofoil motion, with some minor influence of the ground espe-
cially in the lower half of the cycle. The second monitor point (Figure[7c) is selected at x/c = 0.1 on the
lower side, which is approximately the closest point on the aerofoil surface to the ground plane. The
pressure at this point is primarily associated with Venturi effect, which is determined by the ground
clearance with little hysteresis when the nozzle throat is larger than 0.23¢. When the nozzle throat
reduces below 0.23¢, the suction enhancement increases at a higher rate in the downstroke, forming
a hysteresis loop. In other words, the aerofoil generates a stronger suction at the nozzle throat in
the ‘cleaner’ flow in the downstroke, but this enhancement diminishes when the aerofoil enters the
upstroke. The dependence on k is small in most part of the cycle. These observations compare
favourably with the static results of [8], where compared to the leading-edge suction peak, the nega-
tive pressure associated with the Venturi effect strengthens more significantly with reducing ground
clearance.

Finally, for e = 10° in Figure [6{c), the positive pressure on the lower side of the aerofoil (which is facing
the ground plane) increases with decreasing distance from the ground, similar to the observations
in static ground effect [8]. On the upper (suction) side, the suction peak diminishes as the aerofoil
approaches the ground in the downstroke, indicating a leading-edge separation on the upper side.
The static ground effect study of [11] reported a loss of lift at small ground clearances due to both
trailing-edge separation of the aerofoil, and reduced positive pressure on the lower side of the aerofoil
due to ground boundary layer separation.

3.2 \Velocity fields
Selected phased-averaged streamwise velocity contours of the three aerofoil angles are summarised

in Figures

For the oo = —10° case, without a ground plate, as shown in Figure [(a), the aerofoil's wake remains
narrow, and the suction increases as the aerofoil accelerates upwards. For case hy/c =0.34 in Figure
[(b), boundary layer on the ground plate thickens between h/H = —1.00 and h/H = —0.57 1 (when the
aerofoil is moving away from the ground from its lowest heaving position), but no flow separation is
observed. When the ground clearance is reduced to hy/c = 0.29, there is strong interaction between
the ground boundary layer and the aerofoil wake. The aerofoil wake deflects downwards and merges
with the ground boundary layer, as evidenced by the low-speed regions in the second and third
panels of Figure []c). In these two cases, the pressure distribution (and thus C;) behaves similarly in
the upstroke. However, as the aerofoil approaches the ground, there is a shift from aerofoil suction
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peak (close to the leading edge) to the Venturi effect (peak at x/c ~ 0.1) as the main contributor of
the downforce. At hy/c = 0.25 (Figure [8d), the smallest ground clearance tested, a large region of
reversed flow appears downstream of aerofoil at #/H = —1 (second panel), possibly as a result of
the flow being choked at the very narrow nozzle throat (0.03¢). The separated flow recovers and
the suction peak near the leading edge reestablishes in the subsequent phases, while the ground
boundary layer still remains thickened, as a result of the adverse pressure gradient.

The velocity fields of the a = 0° aerofoil at /c = > and 0.25 are shown in Figure [} In both ground-
free and ground-present cases, the wake remains narrow, indicating attached flow. At the aerofoil’s
lowest position #/H = —1, the wake thickens slightly in the ground effect case, but there is little
evidence of its merge with the ground boundary layer.

For the upright aerofoil, the most distinct feature is the flow separation on the upper side and loss
of the suction peak, as shown in Figure [T0(b). This observation supports the pressure (Figure [6k)
and force (Figure [5a-iii and b-iii) results. In comparison, the flow is attached and the aerofoil wake
remains narrow throughout in the ground-free case. In the hy/c = 0.34 case, flow separation initiates
at h/H = —0.82 |, slowing down the increase of C; with reducing ground distance (see Figure [5a-iii).
The separated flow persists for more than a quarter of a cycle, until a narrow wake re-establishes
at h/H = 0.59 1, and the suction peak similar to that in the hy/c = « case reappears. The beginning
and end of the separated flow correspond well with the heaving positions where C; exceeds the
ground-free values (Figure [Bp-iii).

4. Conclusions

In this study, we experimentally investigate the surface pressure distribution and velocity fields of
a heaving aerofoil in ground effect. Special attention is given to separating flows, which were less
covered in previous works.

For the inverted aerofoil, ground proximity leads to increased downforce and drag forces, and the
deviation from the ground-free case appears when the aerofoil approaches the ground in the down-
stroke, and recovers when the aerofoil heaves away from the ground in the upstroke. The wall-normal
location of the onset of ground effect is lower than that of the recovery (i.e. the aerodynamic effect
due to ground lags the heaving position variation), which is mainly contributed by the variation of
the suction peak strength. The suction pressure at the throat of the Venturi nozzle formed between
the aerofoil and the ground contributes to the enhanced downforce near ground, especially in the
downstroke. Interaction between the aerofoil wake and the ground boundary layer, as well as flow
separation, are observed in the hy/c = 0.29 and hy/c = 0.25 cases. The flow separation is consid-
ered to be initiated by the choking of the flow at the narrow gap formed between the aerofoil and the
ground. For the upright aerofoil, the ground plane increases the positive pressure on the lower side
of the aerofoil, especially in the downstroke. On the upper side, the ground initially strengthens the
suction peak, but triggers a leading edge separation in the lower half of the downstroke, leading to a
reduction in the total lift.

In summary, this work characterises the aerodynamic forces and flow field of an aerofoil heaving in
extreme ground effect, with a focus on flow separation. Effects of the reduced frequency and ground
clearance on the lift/downforce enhancement mechanisms are discussed. Numerical simulations at
matched flow conditions, as well as PIV measurements of the velocity field between the aerofoil and
the ground will provide more detailed information on the flow behaviour in the gap region.
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Appendix: Positioning accuracy of the heaving mechanism

The motion of the heaving aerofoil is characterised by high-speed imaging (Phantom MIRO LAB110,
1280 x 800 pixels resolution, sampled at 200 Hz) in the xy-plane, with some example images shown in
Figure[T1]a). The position of the aerofoil trailing edge is extracted through an image cross-correlation
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Figure 11 — (a) Sample images of the wing at various phases; (b) heaving position and (c) angle of
attack of the first three cycles. Blue, red, and yellow colours correspond to k¥ = 0.05, 0.1, and 0.15.
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Figure 12 — (a) Averaged trailing edge location in each PIV acquisition phase (symbols), compared
to the heaving position measured by high-speed imaging (solid line). (b) Difference between the
phase-locked PIV images and corresponding heaving position measured by high-speed imaging.

Error bars in both plots represent the minimum and maximum values acquired in each phase.

algorithm, and the angle of the aerofoil is found by detecting the chord line printed on the cross-
section of the aerofoil. Figure[TT]b) and (c) compares the heaving position and angles of the aerofoil
at three reduced frequencies. In all cases, the first oscillation cycle after the start of the motion exhibit
larges deviation from the prescribed motion profile (sinusoidal heaving position and zero pitch angle),
but the motion stabilises in subsequent cycles with good repeatability. In the two lower frequency
cases, k = 0.05 and 0.1, the heaving position remains close to the sinusoidal profile, and the pitch
angle deviation is less than 1°. In the k = 0.15 case, however, the trailing edge position overshoots by
approximately 15% of the heaving amplitude at the maximum and minimum locations, and the pitch
angle deviation is approximately +2.5°. This more substantial deviation from the prescribed motion
profile is due to the insufficient fitting tolerance of the heaving mechanism.

The trigger accuracy and jittering in the phase-locked PIV images is further examined by extracting
the trailing edge locations, and the results are presented in Figure The difference between the
phase-locked PIV images and corresponding heaving position measured by high-speed imaging, Ah,
represents the timing accuracy of the trigger signal, and it is smaller than 0.15H for most cases. The
scatter of the trailing edge position within each phase, as characterised by the error bars, remains
within +£0.03H for most cases, evidencing a very low level of jittering. There is also no systematic
difference between the hy/c = o and hy/c = 0.25 cases, indicating that the model does not deflect
significantly in the presence of the ground plate.

In summary, the current heaving mechanism is capable of achieving accurate sinusoidal motion pro-
file with good repeatability after the first cycle from starting position. The phase-lock triggering has
high repeatability between cycles. Therefore, in the paper, we focus more on the k£ = 0.05 and 0.1
cases, and treat the k = 0.15 cases with caution, due to the deviation of their motion profile from the
input.
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