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Abstract: The broad implication of the present study is to elucidate the
significance of the dynamic heaving mation in the aerodynamic performance of a
double-element wing, which is currently considered a promising aspect of research
for the improvement of the aerodynamic correlation between CFD, wind tunnel
and track testing in race car applications. The relationship between the varying
aerodynamic forces, the vortex shedding, and the unsteady pressure field around a
heaving double-element wing is investigated numerically for a range of mean ride
heights, frequencies and amplitudes. The analysis of the results shows that at high
frequencies the interaction of the shear vorticity between the two elements of the
wing results in the generation of cohering leading edge and trailing edge vortices
on the flap, which are associated to the rapid variation of thrust and the
enhancement of downforce. Importantly, both the occurrence and magnitude of
these vortices are dependent upon the frequency, amplitude, and mean ride height.
The addition of the flap significantly alters the frequency of the shed vortices in
the wake, while the generation of downforce lasts longer in ground proximity. The
comparison with the results of a static wing provides evidence that this dynamic
motion of a race car wing can be beneficial in terms of performance, or detrimental
in terms of aerodynamic correlation.
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1 Introduction

Most of the studies on heaving motion of wings are focused on the optimum propulsive performance
[1] inspired by the physical movement of fish or birds and they mostly refer to low Reynolds numbers,
hence the flow physics differ significantly from racing car applications. There are few studies found in the
literature regarding heaving wings in ground effect. Moryossef and Levy [2] were the first who numerically
investigated the flow field of an oscillating airfoil in proximity to the ground. Thereafter, similar studies
have been conducted based on numerical simulations and experimental measurements mostly at high
Reynolds number with turbulent flows [3]. However, these studies were limited to single-element heaving
wings where mostly the frequency-dependent features such as the incidence effect, added mass effect and
ground effect were investigated at various frequencies. Badoe et al. found [4] that the influence of Reynolds
number to the lift coefficient of a heaving airfoil is minimal, while the effect on the drag coefficient can be
more evident. The sinusoidal motion of a heaving wing can improve its aerodynamic performance in the
force reduction region at certain frequencies and is capable of postponing the stall at lower ride heights [5].
Furthermore, at low frequencies, the flow is quasi-stationary and is mostly controlled by the ground effect,
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while effective incidence effects [6] prevail at medium frequencies. Since lift is a function of the angle
attack, the lift will be maximum with the wing at the mean ride height and minimum at maximum (h;,.)
and minimum (hy;, ) ride heights respectively. Additionally, at high frequencies, the added mass effect is
dominant [6], regardless of the mean ride height. However, in most race care applications, the heaving
motion usually occurs at low frequencies for instance when the nose dives during braking and the front
wing pitches down, or at high frequencies due to the presence of friction effects on tyres or the highly
turbulent incoming flow [7].

During the oscillation of a heaving wing, there are three primary vortex shedding patterns that may
occur, based on which the wake is classified into drag, thrust, or neutral producing wake. The value of the
critical reduced frequency for thrust generation depends on the heaving amplitude and ground proximity of
the wing [8]. In the case of a drag-producing wake, the upper row of vortices consists of clockwise rotating
vortices, while in the case of a thrust-producing wake the top row of vortices has an anticlockwise rotation
[9]. To this extent, Wang and Xie [10] stated that the rotational orientation of the vortex mushroom itself
is indicative of thrust or drag producing wake, since when the mushroom cap is tilted towards the
streamwise direction the wake generates thrust, whereas the wake induces drag when the mushroom cap is
pointing to the upstream direction. Regarding the application to race cars, it is of great interest to study the
case of heaving multi-element wings in ground effect. Therefore, the focus of the present study is on the
investigation of the instantaneous force distribution of a heaving double-element front wing in ground effect,
which might provide a more insightful understanding than previous approaches with single airfoils. First,
the effect of frequency on the aerodynamics of the heaving wing in freestream and ground effect is
addressed, setting the basis for the amplitude sensitivity analysis of the wing under heaving motion.

2 Mathematical model and numerical method
2.1 Wing geometry

The wing geometry used comprised of two 2D elements in a single flap configuration. The detailed
airfoil coordinates were taken from [11] with the flap set at the low angle position. The main element chord
length was 139 mm and the flap chord length 103.1 mm, with a total wing chord length (c) of 238.17 mm,
based on which all the length scales were normalized. Due to the lack of literature data for heaving double-
element wings, the validation of the model was done using only the main element as a single heaving airfoil,
hence all length scales were normalized by 139 mm in these cases. After an experimental optimization with
regard to downforce [12], it was found that the optimum overlap (J,) and gap (5,) were 0.024c and
0.032c respectively. The origin of the coordinate system is located on the leading edge of the main element
with the ride height (h) defined as the vertical distance between the lowest point of the suction surface of
the main element and the ground, and the main element and flap incidences (a,,a:) setat 3.6 °and 15.5 °
respectively, resulting in a total reference incidence (a;) of 11.5 ° for the whole wing. The incidence of the
single airfoil was set at 5 °.
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Figure 1: Sketch of the wing geometry and definition of its characteristic parameters
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2.2 Computational grid

The grid used in this study was a high-quality hexahedral mesh with minimal cell skewness, generated
using Trimmed Mesher. The computational domain (Fig. 2) extended 4c upstream, 12¢ downstream and
4c above the wing, while the distance to the ground varied based on the ride height studied at each case.
For the freestream cases, the bottom boundary was 4c from the wing. The outlet of the domain was set in
a distance which ensured that at least 10 —-15 cycles of oscillation were captured in the wake even at the
lowest frequency. To simulate the heaving motion, the overset mesh method [13] was used (Fig. 2). The
computational domain was discretized with two separate mesh regions that arbitrarily overlap each other,
hence a separate overlapping rectangular block (overset region) was created inside the background domain
and contained only the wing geometry. This block extended 0.25c upstream, 1.5¢ downstream, 0.5C
above and 0.05c below the wing to prevent any collision between the prism layers of the ground and the
cells of the overset region at the lowest ride height. The cells within the overlapping background and overset
region had a similar size to prevent any interpolation errors. An overset mesh interface was created between
the overlapping regions to couple the overset with the background region, thus allowing a solution with a
low level of iteration errors and a rate of convergence similar to that of a single mesh of the same resolution.
As the ride height varied during oscillation, the relative grid topology and structure remained immutable
both in the background and overset domains.
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Figure 2: Computational domain used both for static and heaving cases

A total number of 510 and 360 grid points were used across the main element and flap respectively,
and 26 prism layers with a growth ratio of 1.2 and a total thickness of 10 mm that were generated inside the
boundary layer (Fig. 3a). Special attention was given to the gap between the leading edge of the flap and
the trailing edge of the main element, allowing at least 5-8 cells between the gap to ensure continuity in the
cell size as the wing oscillates (Fig. 3b). Similarly, 20 prism layers with an aspect ratio of 1.2 were generated
on the ground plane, with a total thickness of 2.5 mm. These mesh settings resulted in a first cell height of
0.035 mm, which was sufficient to achieve a wall y* <1, both on the wing and ground surfaces. After a
mesh independence study resulted, 521,210 cells were used on the background domain and 162,768 cells
on the overset mesh domain, resulting in a total number of 683,978 elements for the whole domain.

Figure 3: (a) Mesh within the overset region (b) near-wall grld i-h-tﬁe gap'betwéen thé two elements
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2.3 Heaving motion

The dynamic heaving motion of the wing was implemented by means of vertically translating the
overset region, using sinusoidal user-defined functions with amplitude (a) and frequency (f). At the start
of each period, the wing was located at the mean ride height (hy) and it oscillated with an amplitude of
a/c=0.08 based on the chord length of the main element for the single airfoil case and the total chord
length for the double-element wing case, respectively. The expression for the ride height at each time step
is given by:

mozho—%smeﬁﬁ) 1)

The heaving motion of the overset region that involved the wing as a rigid body was defined using the
expression for vertical velocity (v), given by the derivative of the vertical displacement in Eq. 1 as:

v:%?:—aﬂfameﬂﬂ) 2

The heaving frequency can be nondimensionalized with respect to a characteristic length scale and
velocity as:

xfc
k=—"—. 3
0. 3
Equation 3 represents the reduced frequency, which is the ratio between the time a particle takes to
traverse the chord of the wing ¢ /U, in one period of oscillation 1/ f [5], thus it shows the interference
effect between the bound and shed vortices [3]. Additionally, the non-dimensional ride height (h) and non-
dimensional time (z) of the heaving motion are given respectively:
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All the following results in the frequency and amplitude sensitivity analyses of the heaving motion
will be presented as a function of the dimensionless parameters k , h and 7.

2.4 Numerical method

The flow field within the domain was computed using a 2D incompressible solver to solve the
Reynolds Averaged Navier-Stokes (RANS) equations for the stationary wing case, and the Unsteady
Reynolds Averaged Navier-Stokes (URANS) for the heaving wing case. The governing equations were
solved using the finite volume method, where a 2"-order upwind discretization was used for convection
terms and a 2"-order central difference scheme for diffusion terms. The upstream boundary was modelled
as a velocity inlet with U =41 m/s in the x direction, while the downstream boundary was modelled using
the pressure outlet boundary condition, with a gauge pressure of 0 Pa. The symmetry plane condition was
imposed at the top boundary of the computational domain to model a zero-shear slip wall, while the wing
and ground surfaces were modelled as solid walls with a no-slip condition enforced. Finally, a translational
velocity of 41 m/s in the streamwise direction was set to the bottom boundary to simulate the moving ground.

The single airfoil simulations for the validation of the heaving case were performed at Re =3.9x10°
based on the reference chord length of 139 mm and the freestream velocity. Similarly, all simulations for
the frequency and amplitude sensitivity analyses were conducted at a Re =6.68x10° based on the total
chord length of 238.17 mm of the double-element wing. In all cases, the wall boundary layer was resolved
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up to the viscous sub-layer. The turbulence specification within the flow was initialized using a turbulence
intensity of 0.3% and turbulent viscosity ratio of 68 at the inlet boundary. The high turbulence levels of the
freestream flow at the inlet ensured that the flow was turbulent across the entire wing surface [3], hence
reproducing realistic race conditions [5]. At high frequencies, turbulence modelling is not crucial since the
flow is dominated by inviscid phenomena [14], hence the turbulence was modelled using the Spalart-
Allmaras model since it was able to properly capture the unsteady wake at various Reynolds humbers.

For the transient simulations of the heaving wing, a 2"-order implicit time integration scheme with 30
internal iterations per time step was used, where the optimal nondimensional time step varied from
10° -10 depending on frequency. As the frequency decreased, the time step reduced respectively to
ensure that unsteady phenomena are captured properly [3], while maintaining an acceptable Courant
number (CFL <1) in all cells. Moreover, the time step selected ensured that the overset mesh did not move
within the overlapping zone more than half the smallest cell size in this zone within a time step [13].
Additionally, at low frequencies where a quasi-stationary solution was obtained, the total simulation time
(Ts) was set to capture at least 20 particles traversing the chord section of the wing based on the freestream
velocity (Ts =20c/U.,) . For the initialization of the unsteady simulations, at least five complete cycles of
heaving motion were performed until the flow field was stabilized and a quasi-periodic solution was
obtained during the oscillation.

3 Model validation
3.1 Variation of lift coefficient with frequency

Due to the lack of data in the literature on multi-element heaving wings in ground effect, the validation
of the heaving motion was conducted in correlation to the numerical results presented by Molina et al. [5]
and Liang et al. [15] for a single heaving airfoil. The comparison was based on the variation of C, with the
non-dimensional ride height h within a range of low (k =0.11), medium (k =0.68) and high (k =1.09)
frequencies both in freestream and ath, / ¢ =0.25 (Fig. 4). Our results compared with those of the two
reference studies were in a quantitative agreement, and especially at low frequency where the deviation
from the results of Molina et al. [5] lied within 0.6%. The deviation from the results of Liang et al. [15] at
low frequency was slightly higher, especially in ground effect, the deviation reached up to 11.8% since the
hysteresis between the upstroke and downstroke was noticeably overpredicted in our results.

At medium frequency, the present results were more consistent with both the reference studies with a
maximum deviation of 2.2% with Molina et al. [5] during the downstroke and a greater difference of 3.6%
with Liang et al. [15] during the upstroke in freestream. In ground effect, the difference between the three
studies was less than 1.6%. As the frequency increased further the variation of C, in our study was in good
agreement with Molina et al. [5] with a maximum deviation of 3.8% in ground effect, whereas in freestream
the difference was greater during the downstroke and the deviation at the minimum ride height was around
5.1%. It must be pointed out that the deviation from Liang et al. [15] was also because the effect of viscosity
was excluded in their simulations, which was more evident at higher frequencies when the viscosity effect
is dominant.
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Figure 4: Comparison between the variation of lift coefficient with the non-dimensional ride height (a) in
freestream, (b) in ground effect (h, /¢ =0.25) for various reduced frequencies

3.2 Vortex shedding

The qualitative validation of the vortex shedding patterns downstream of the heaving airfoil was
focused on the investigation of the effect of reduced frequency and ground clearance on the structure of the
wake, compared to the results in Molina et al. [5]. The validation was conducted during the downstroke,
with the airfoil at the mean position of h =0 and the non-dimensional time 7 =1. Fig. 5 shows the contours
of instantaneous non-dimensional vorticity magnitude in the wake at a range of low (k =0.55), medium
(k=2.18) and high (k =4.37) frequencies in freestream between the two studies.

At low frequency (Fig. 5¢) the shape of the wake of the present study four-chord lengths downstream
of the airfoil matches well with the reference, capturing properly the shear layer and the downward slope
of the wake at x/c=3.5. At medium frequency Fig. 5b shows a sinusoidal formation of the vortex patterns
in the wake, and the remarkable increase of the wake thickness (t, ), as well as the location of the vortex
cores at x/c=1.85 and x/c=3.3 respectively. At higher frequency (Fig. 5a), an alternating vortex
shedding pattern was observed with two rows of vortices rotating anticlockwise on the upper row and
clockwise on the lower row. The current study was in qualitative agreement with the literature as it
accurately captured the location of the cores of the vortices within four chord lengths downstream of the
airfoil. Furthermore, the magnitude of these vortices was overpredicted in the present study, and the
thickness of the wake at x/c =4 was found to be 13.1% larger, which also confirms the larger deviation
found at higher frequencies on the hysteresis analysis.
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Figure 5: Comparison between the contours of instantaneous non-dimensional vorticity in freestream at
r=1and h=0 for (a) k=4.37, (b) k=2.18, (c) k =0.55, adapted from [5]

Next, the heaving motion of the airfoil was validated in ground proximity h, /¢ =0.25 and at high
frequency k =4.37. Fig. 6 shows that the present study captured the formation of the vortex shedding in
the wake, as well as the positive vorticity induced by the trailing edge at x/ ¢ =1.15 during the downstroke.
The estimation of the locations of the vortex coresat x/c=1.45, x/c=2.23 and x/c=2.72 respectively,
was in agreement with the prediction of Molina et al. [5]. However, the distance (a’) between the first
consecutive clockwise and anticlockwise vortices was found to be 6.9% smaller and the space (b’) between
the next two counter-rotating vortices 4.39% bigger respectively, whilst the thickness of the wake at
x/c =4 was estimated larger by 11.7%. Additionally, the present study yielded reasonable results on the
interaction of the wake with the ground, such as predicting the shear of negative vorticity that built upon
the ground at x/c=0.5, the evolution of the two shear layers underneath the vortex cores at x/c=2 and
x/c=2.72, and the positive ground vorticity at x/c=2.8. The notable discrepancies in the magnitude
and diffusion of the vortex cores at high frequency, were possibly caused by the higher order of the
discretization scheme for the diffusive terms and the different colour bar interpolation method used for the
post processing of the images. Overall, the prediction of the cores’ streamwise position and the reproduction
of the wake structure for the whole range of frequencies were promising for the purpose of the validation.

wc/U,

6 45 -3 15 0 15 3 45 6

Present Study

.2
" q/’
2 |

$
= Molina J. etal. (2011)

0 05 10 |;s 20 25 30
Xic
Figure 6: Comparison between the present study and [5] of contours of instantaneous non-dimensional

vorticity in ground effect at hy /¢ =0.25 for k=4.37, 7=1 and h=0, adapted from [5]
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4 Results and analysis

Depending on the particular behaviour of the stationary wing in a range of ride heights, three main
force regions were identified, in accordance with Zerihan and Zhang [12]. The mean ride heights used for
the analysis of the heaving motion were selected within these three force regions, and are indicated in red
onthe C_ curve (Fig. 7). Region 1 was within the Force Enhancement region where the rate of increase of
C. remains low, while Region 2 was also within the Force Enhancement region, but near the C, plateau
and the point of the maximum rate of increase of C_ at h, /c=0.105. Similarly, Region 3 was between
the Enhancement Slow-Down and Force Reduction regions, covering the peak of C_ and the onset of the
decrease in the rate of increase of C,, whereas Region 0 denotes freestream. It is to be noted that the
boundaries of each region were defined in reference to an amplitude of a/c=0.08.
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Figure 7: Variation of C_ with ride height for the stationary wing and definition of the heaving regions

The evaluation of the implications of varying frequency and amplitude on the aerodynamic
performance of the heaving wing was based on hysteresis plots of C. and Cy . The clockwise rotation of
a hysteresis curve indicates that the wing loses energy to the surrounding air; thus, the motion is more stable,
whilst the anticlockwise rotation implies that energy is transferred from the air to the wing, hence inducing
instability [5]. Fig. 8 and Fig. 9 summarise the hysteresis curves of C, and Cy respectively for a range of
low (k <0.37), medium (0.37 <k <1.83) and high (k >4.57) frequencies in freestream, as well as at
three different mean ride heights. To accentuate the deviation from the stationary wing, the variation of the
static C. and C, with ride height is also presented with a dashed line in all plots.

4.1 Variation of lift coefficient with reduced frequency

At low frequencies and out of ground effect (Fig. 8al, b1) where the incidence effect is dominant, the
variation of C, was symmetrical about the static C, ; hence downforce was greater during the upstroke and
maximum at the mean position where the effective incidence is also maximum. At the quasi-stationary state,
the hysteresis decreased and tended towards the static C, where downforce increases with ground
proximity due to the ground effect. At lower ride heights (Fig. 8c1) the ground effect was dominant, hence
maximum downforce occurred at the lowest position. As the frequency increased (Fig. 8a2, b2) the loops
became asymmetrical due to the growing boundary layer separation with the ground proximity (Fig. 8c2).
Since the added mass effect was enhanced the hysteresis between the upstroke and downstroke increased
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respectively, resulting in a higher C_. On the contrary, at even higher frequencies (Fig. 8a3, b3, c3) the
vertical velocity of the wing increased, resulting in larger C_ amplitudes and more instant lift generation.
At the Force Reduction region (Fig. 8d3), the static C, reduced with ground proximity due to the induced
flow separation, however, the higher frequencies delayed the wing stall retaining downforce at a high level
and the deviation from the static C,. became more evident due to the added mass effect being dominant.

Near the ground and at higher frequencies (Fig. 8d2), the hysteresis grew larger due to the ground
effect inducing more downforce during the upstroke than the downstroke; indicative of energy transfer from
the wing to the air, and thus a stable state of the wing. However, at the lowest mean ride height and lowest
frequencies the direction of the hysteresis curves was reversed (Fig. 8d1), indicative of energy transfer from
the air to the wing, thus an unstable state of the wing. The hysteresis curves near the peak of C, at the
lowest position of the wing became smoother and wider, implying that in intense ground effect and low
frequencies, downforce was acting on the wing for a longer time, which was in agreement with Molina et
al. [5]. At higher frequencies, both in freestream and in ground effect the instant C_ escalated to unrealistic
values, almost fourteen times greater than that of the static case (Fig. 8d3). The error was likely owing to
the assumption that the flow was incompressible even at a very high frequency, as well as to the 2D
approach that restricted the expansion of the flow only to the streamwise direction.

4.2 Variation of drag coefficient with reduced frequency

Although at h =0 downforce was greater during the upstroke in some frequencies, the induced drag
was much less or even negative (i.e. thrust), and vice versa during the downstroke. This reversed
aerodynamic behaviour was in direct contrast to that of the stationary wing, of which more drag is induced
with increased downforce. At low frequencies and out of ground effect (Fig. 9al, bl) the drag increased
with the frequency during the downstroke, while at k =0.37 the induced drag was either zero or negative
for a short time during the upstroke. At lower mean ride heights though, drag increased even during the
upstroke due to the intense flow separation induced by the ground effect, while at the lowest ride heights
there was no evidence of thrust acting on the wing (Fig. 9c1, d1). The variation of Cy at low frequencies
remained symmetric about the static C, even at the lowest ground clearance. At medium frequencies, the
hysteresis increased further around the static C, and near the ground, the curves became asymmetric due
to the increased shear vorticity on the ground. Although the magnitude of the generated thrust near the
ground was much greater than in freestream, the shape of the hysteresis curves was identical as the ride
height decreased, and the direction of rotation remained anticlockwise within the whole range of
frequencies and mean ride heights.

An important observation in accordance with [5] is that when the heaving wing produced drag or thrust
at a given frequency in freestream; the equivalent generated amount in ground proximity was noticeably
enhanced. At low frequencies, the presence of the ground induced more drag due to the intense flow
separation, whereas at medium (Fig. 9¢c2, d2) and high (Fig. 9¢3, d3) frequencies, where the viscous effects
are of less importance the hysteresis curves became wider during the upstroke, indicative of maintaining
the thrust generation for longer in ground proximity. At all frequencies, the amplitude of the hysteresis
curves increased with ground proximity, while the hysteresis between the upstroke and downstroke
escalated as frequency increased. For k >5.94 at h=0.5 in freestream (Fig. 9a3), a point of intersection
between the upstroke and downstroke curves was observed and linked to the generation of a cohering
leading edge vortex (LEV) on the flap that induced an instantaneous increase of thrust, followed by an
increase in drag until the end of the downstroke. However, in ground proximity, this crossover between the
two curves was only observed at k =7.48 and with smaller magnitude, as the LEV became weaker due to
the interaction with the ground.
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Figure 9: Variation of drag coefficient with non-dimensional ride height for various reduced frequencies
(@) in freestream, (b) at h, /¢ =0.325, (¢) h, /¢=0.158 and (d) h, /¢ =0.065
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4.3 Average lift and drag coefficients

To interpret the overall behaviour of the heaving wing, the average C, and C, of a complete
oscillating cycle were analysed using 2D contour plots based on the modified Akima cubic Hermite
interpolation. It must be noted that the inverted ratio was used for the ride height, assuming that in
freestream hy — oo, hence the ¢/ hy, =0 represents the freestream case. Although, for frequencies, k > 4.57
the hysteresis analysis showed that for half of the heaving cycle there was a large production of lift; over
the complete cycle the mean vertical force acting on the wing was directed towards the ground (downforce)
and was much higher than the static load at the same ride height. At the lower ground clearances and at
high frequencies, the C, was almost three times greater than the stationary wing and three times higher
than that of the single heaving airfoil, while at low frequencies it approached the static behaviour. Although
the C, of the single heaving airfoil increases with ground proximity at all frequencies [5], the C, of the
double-element wing (Fig. 10a) was reduced at lower ride heights c/h, >13.8 but only for a small range
of low frequencies k <2 where the viscous effects are dominant. Interestingly at ride heights c/h, <12.5.
the C, peaked at k =5.94 after which it started reducing with increasing frequency, in contrast to the
single airfoil where the C, increases constantly with frequency at all ride heights.

Similarly to the single heaving airfoil the Cp (Fig. 10b) was constantly decreasing until a critical
reduced frequency (k.) where drag became zero and thrust was produced. The value of k. varied from
k. = 2.15 in freestream to k., =3.45 at the lowest ride height and is the governing factor for the selection
of the optimum ground clearance and heaving frequency to enhance the aerodynamic performance of the
wing. The modified Akima cubic Hermite interpolation was found to be more suitable than the Kriging
interpolation used in [5] as it captured slightly better the trend of the maximum average thrust moving to
lower mean ride heights at the right boundary of the plot, which would be more evident at frequencies
k1 7.48 that are not covered in this study. Overall, it can be concluded that the presence of the ground
can be advantageous at high frequencies, whereas at low frequencies is detrimental, considering that drag
increases significantly and downforce is reduced.
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Figure 10: Contours of average (a) downforce and (b) drag generated within a cycle of oscillation, in
reference to the mean ride height h, and reduced frequency k

4.4 Effect of frequency on wake

The investigation of the effects of frequency and ground proximity on the structure of the vortex
shedding patterns in the wake was based on the instantaneous non-dimensional vorticity (wc/U.,) .
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Following Fig.s depict the wing at the mean position of h=0 and r=1 during the downstroke, at medium
(k=1.83) and high (k =7.48) frequency. At k =1.83 four shear layers were formed in the wake, with
positive vorticity on the suction surfaces and negative vorticity on the pressure surfaces of the flap and main
element respectively. The two inner layers of opposite vorticity dissipated earlier due to the higher rate of
energy loss, induced by the friction between the inner and outer layers. Both in freestream and weak ground
effect, the shear layers adopted a characteristic sinusoidal shape similar to that observed in the single
heaving airfoil. At h=0 in freestream (Fig. 11a), the shear layer on the pressure side of the flap was almost
separated from the surface, while the shear layer on the suction surface of the main element was enhanced
by the greater momentum due to the added flap compared to the single wing case. In weak ground effect
(Fig. 11b), the shear layer of positive vorticity at the trailing edge of the main element was enhanced by the
presence of the ground, where a shear of negative vorticity started to build up.

At lower ride height (Fig. 11c), the shear layer on the suction surface of the main element grew thicker
and broke earlier in the wake than in freestream. The distance (1) between the shed vortices decreased by
11.7% compared to freestream, as the anticlockwise rotating vortex was entrained downstream by the
clockwise rotating vortex over the moving ground at x /¢ =3. The magnitude of the shed vortices was also
noticeably enhanced due to the interaction with the shear layer on the ground, while the anticlockwise
rotating vortex at x/c =3 lifted the shear layer off the ground. At the lowest ground clearance (Fig. 11d)
the sinusoidal pattern of the wake transformed into a chaotic pattern. The presence of the ground in such
small distance, restricted the vertical spread of the shed vortices and enhanced their streamwise expansion,
hence the maximum thickness of the wake t, at x/c =3 decreased by 24.3% compared to freestream.
Interestingly, the clockwise rotating vortices at x/c=15, x/c=1.8 and x/c=3.1 induced positive
vorticity on the ground that was sheared in the opposite direction to that of the moving ground indicating a
strong reverse flow locally.
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Figure 11: Instantaneous non-dimensional vorticity atk =1.83, 7 =1, h=0 at different ride heights

At higher frequency (Fig. 12) the oscillation of the wing became highly energetic inducing an aperiodic
jet-like vorticity profile in the wake. Clearly, the crossflow expansion of the wake was substantially greater,
as the higher momentum of the heaving wing forced the shear layers to detach earlier to form individual
shed vortices. In freestream (Fig. 12a) the vortex shedding patterns formed a thrust producing wake since
wake resembled mushrooms of shed vortices were tilted towards the streamwise direction
(e.g. at x/c=2.25), indicative of thrust generation [10]. As the ride height decreased further (Fig. 12b, c),
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the arrangement of vortices in the wake consisted of a series of positive vortices rotating above their
negative counterparts, adequate evidence of thrust production. As it was shown on the hysteresis analysis
of Cp (Fig. 9a3), for frequencies k >5.94 a cohering LEV was generated at the leading edge of the flap at
the onset of downstroke and was strongly associated to the rapid generation of thrust. With the wing at the
mean position during the downstroke, two of these LEV vortices were present on the pressure surface of
the flap, until they burst by the upward movement of the trailing edge during the upstroke.

Due to the higher frequency, the shed vortices were formed in proximity to the trailing edge of the flap,
and the interaction with the wing became more apparent enhancing the instant production of drag or thrust.
The presence of the moving ground in a small distance (Fig. 12c) entrained the shed vortices downstream
with higher velocity and deflected the wake downwards at x /¢ =2.75, compressing it to a thinner film of
shed vortices. The thickness of the shear vorticity on the ground was noticeably enlarged by 97.3%
compared to thatat h, / ¢ =0.325, whileat x/c=1.05 the vorticity layer was lifted off the ground allowing
a thin film of positive shear vorticity to grow beneath it. At the lowest mean ride height (Fig. 12d) the
complexity of the vortex shedding structure increased dramatically, as the intense interaction with the
ground caused a significant upward spread of the wake shortly after x/c=1.5, followed by a severe
turbulent breakdown. The maximum amplitude of the wake at x/c¢=3.25 was surprisingly increased by
72.3% compared to freestream, as the shed vortices were spread up to 1c distance above the ground.

x/c we/Uy, x/c
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Figure 12: Instantaneous non-dimensional vorticity at k =7.48, 7 =1 and h=0 at different ride heights

4.5 Vortex shedding evolution

The generation of drag or thrust is strongly depended to the arrangement of the vortex patterns in the
wake and the way that the shed vortices interact with the wing. Fig. 13 illustrates step by step the vortex
shedding evolution process within a complete heaving cycle for k =7.48 and h, / ¢ =0.158. The direction
of the arrows represents the downstroke () and upstroke (1) states respectively. At the onset of
downstroke at h=1 (Fig. 13g), the downward momentum of the wing forced the positive vorticity from
the suction surface of the main element into the gap between the two elements, causing the negative trailing
edge vortex of the main element (TEVy,) to break in the wake. It is believed that this reversed crossflow of
entrained positive vorticity in the gap was the driving force behind the steep increase of thrust at h=1 as
shown on the hysteresis analysis. At h=0.5 (Fig. 13h), the vertical displacement of the leading edge of
the flap enhanced the generation of a cohering clockwise rotating LEV that was eventually rolled up with
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the positive vorticity filament that was convected from the suction surface of the main element.

At h=0{ (Fig. 13a) the generated LEV on the pressure surface of the flap was surrounded by a ring
of positive vorticity filament. At the trailing edge of the flap, the filament of positive vorticity on the suction
side rolled up into a positive trailing edge vortex (TEV{"), which later detached at h =—1. Interestingly, for
a quarter of the heaving cycle, two cohering LEVs existed on the pressure surface of the flap since the LEV
from the previous downstroke was still present near the trailing edge. With the reverse of moving direction
at h=1 (Fig. 13c), the positive vortex filament detached from the suction surface of the main element,
allowing the LEV to be convected further downstream. One and a half cycles were required for the LEV to
traverse across the flap (Fig. 13d) where it eventually burstat h=-0.5T by the sharp discontinuity of the
trailing edge and merged with the weaker TEV;™ to form a larger clockwise rotating vortex. The upward
movement of the wing stretched vertically this clockwise rotating vortex (Fig. 13f) forcing it to detach from
the trailing edge of the flap at h=1 (Fig. 13g). At h=01{ (Fig. 13a) the TEV; of the flap paired up with
the incoming TEVy, of the main element and eventually, they merged into a greater negative vortex TEV
(Fig. 13f) At h=-1 (Fig. 13c) the shear layer of negative vorticity on the ground was slightly compressed
under the main element. On the contrary, during the upstroke, this shear layer was noticeably lifted off the
ground and interacted both with the TEV;" and the TEV,; causing the downward deflection of the wake at
x/c=2.75.
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Figure 13: Instantaneous non-dimensional vorticity at k =7.48 and h, / ¢ =0.158 within a heaving cycle

The substantial amount of reversed flow forced into the gap between the two elements during the
downstroke increased the skin friction coefficient (C;) both on the leading edge of the flap and the trailing
edge of the main element. The C; spikes at the trailing edge of the flap at h=0 (Fig. 14a) and h=-1
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(Fig. 14b) were related to the shear of vorticity that led to the generation of the TEV;" and TEV{
respectively. At the leading edge of the main element the layer of shear vorticity was much thinner, hence
C; was constantly higher. At h=-1 (Fig. 14b) the flow was compressed towards the suction surface of
the main element, hence C; was amplified until x/ ¢ =0.32. The clockwise vorticity that rolled up at the
leading edge of the flap to form the characteristic LEV was manifested through the C; spikeat x/c=0.56.
At mid-upstroke (Fig. 14c) the maximum upward momentum of the wing enhanced the acceleration of the
flow around the leading edge of the main element, causing a peak of C on the pressure surface. Similarly,
the upward movement of the wing induced more flow into the gap between the two elements and along the
suction surface of the flap resulting in a wider peak of C; at x/c=0.65. The presence of the entrained
LEV on the pressure surface of the flap at x/c=2.75 enhanced the shear of the flow resulting in small
fluctuations of C; . The gradual increase of C; towards the trailing edge of the flap was caused by the
breakdown of the previous LEV due to the upward movement of the trailing edge. At the onset of
downstroke (Fig. 14d) the generation of the LEV was triggered by a notable amount of reversed flow near
the leading edge of the flap, linked to the C; spike at x/c=2.75. At h=1 the contact between the LEV
and the pressure surface of the flap became more intense, hence the substantial peak of C; at x/c=0.77.
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Figure 14: Skin friction coefficient at k =7.48 and h, / ¢ =0.158 within a cycle of oscillation

4.6 Variation of the pressure field

The driving force behind the huge variations in downforce within the heaving cycle was the remarkable
change of the pressure field around the wing. Based on Newton’s 3™ law, as the heaving wing displaced
the air around it, the air applied an equal and opposite reaction on the wing in the form of a pressure force.
At h=-1 (Fig. 15c), the pressure difference (AC,) between the pressure and suction surfaces was
maximum, since the wing was displacing the highest amount of air beneath it and the venturi effect
enhanced the acceleration of the flow inducing an adverse pressure gradient. Similarly, at the end of
upstroke at h=1 (Fig. 15g) the wing was displacing air upwards, hence pressure reduced further on the
pressure surfaces of the wing inducing lift. However, the AC, at h =1 was noticeably smaller due to the
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weaker ground effect, and this difference in magnitude of downforce and lift resulted in a net average
downforce within the complete heaving cycle. As already discussed, the dramatic increase of suction
pressure at h=-1 was connected to the use of an incompressible solver to satisfy the conservation of mass,
and the 2D approach that restricted the movement of the air in the third dimension.

During the upstroke at h=07 (Fig. 15e), the wing reached its maximum vertical speed, hence the
resultant flow velocity (U, ) of the vertical velocity (v...) and the streamwise velocity (U,) near the
maximum curvature of the leading edge of the main flap was higher than any other position. However, at
mid-downstroke (Fig. 15a) there was no evidence of such suction peak due to the absence of the ground
and the smoother curvature of the leading edge on the pressure surface. In contrast to the single heaving
airfoil, the addition of the flap prevented the air from escaping behind the main element at h=-1, thus a
larger amount of air was compressed towards the ground expanding noticeably the low-pressure region in
the streamwise direction under the main element. During the upstroke (Fig. 15d), the low-pressure region
was shifted upstream due to the increased flow velocity near the leading edge of the main element, while
as the wing decelerated at h=0.5"T (Fig. 15f) and the ground effect became weaker the suction peak was
restricted only on the leading edge. Both the TEV;, of the main element and the TEV;™ of the flap near the
suction surfaces of the wing aided to maintain the low pressure under the flap during the upstroke.
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Figure 15: Pressure distribution around the wing at k =7.48 and h, / ¢ =0.158 within a cycle of oscillation

Although the flow was assumed incompressible, the heaving motion of the wing induced additional
energy into the flow resulting in pressure coefficient (Cp) values greater than unity. The magnitude of the
suction peaks varied according to the magnitude and proximity of the shed vortices to the wing. At h=04
(Fig. 16a) the suction pressure on the main element decreased, but near the leading edge the pressure was
still recovering, while the suction peak on the pressure surface occurred due to the maximum local
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acceleration of the flow there. On the flap, the pressure was higher on the suction surface with a notable
peak at x/c=0.63 induced by the incoming positive vorticity from the suction surface of the main element.
The noticeable suction spike at the trailing edge was induced by the low pressure in the TEV;" core, while
the suction peaks at x/c=0.6 and x/c=0.83 on the pressure surface were linked to the newly generated
LEV and the LEV from the previous downstroke respectively. At h=-1 (Fig. 16b) the pressure recovery
occurred near the trailing edge of the flap. On the pressure surfaces pressure was approximately 14 times
greater than at h=04, resulting in the maximum pressure difference (AC,_ ) within the whole heaving
cycle. However, the interaction with the low pressure within the LEVs at x/c=0.65 and x/c=0.9 was
still apparent, indicative of the great magnitude of these vortices. The steep pressure drop at the trailing
edge of the main element and flap was linked to the generation of the TEV;; and TEV;™ respectively.

At the mid-upstroke (Fig. 16¢) the suction spike at the leading edge of the main element indicated the
huge magnitude of the flow acceleration at this point. The AC, at h=0T was substantially greater during
the upstroke than the downstroke, due to the proximity of the suction surface to the ground and the higher
curvature of the leading edge. Only one LEV was present on the pressure surface of the flap and was linked
to the suction peak at x/c¢=0.71, while the acceleration of the flow in the gap between the two elements
resulted in the suction spike at the leading edge of the flap. The wider pressure peak at x/c=0.74 was
provoked by the shear vorticity that was compressed by the TEV,, towards the suction surface of the flap
as the wing moved upwards. At the onset of downstroke (Fig. 16d) the reverse in direction caused the
reversal of the pressure distribution on the pressure and suction surfaces. The maximum increase in pressure
was found at x/c=0.635 on the suction surface of the flap, while the suction peak at x/c=0.763 was
associated with the LEV above the flap. It is of great interest that at h =1 the highest AC, was found on
the flap instead of the main element, and it is believed that both the onset of downstroke and the considerable
amount of positive vorticity compressed under the flap, resulted in this remarkable increase in pressure.
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Figure 16: Surface pressure coefficient at k =7.48 and h, / ¢ =0.158 within a cycle of oscillation

4.7 Effect of varying amplitude on wake
The second part of the present study focused on the investigation of the implications of varying
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amplitude in the aerodynamic behaviour of the heaving wing. Fig. 17 illustrates the wing at h, /¢ =0.158
and 7 =1 during the downstroke at medium (k =1.83) and high (k =7.48) frequency, for a range of small
(a/c=0.04), medium (a/c=0.08) and high (a/c=0.12) amplitudes. At medium frequency (Fig. 17a)
the wake followed a sinusoidal trend with thicker shear layers near the wing and individual separated shed
vortices downstream. At large amplitude (Fig. 17al) the vertical spread of the wake increased and the
magnitude of the shed vortices was significantly enhanced by the higher vertical velocity of the wing,
inducing the shear vorticity on the ground and the upward deflection of the wake. At medium amplitude
(Fig. 17a2) the shed vortices became weaker and the shear layers were extended in the streamwise direction,
reducing the wake thickness, whereas the wake axis was deflected slightly downwards. At the smallest
amplitude (Fig. 17a3), the wake thickness decreased further and the wake axis was almost identical to the
streamwise direction. The shed vortices were noticeably weaker, and the interaction with the moving
ground became less intense. Moreover, the shear layer on the suction surface of the main element was
expanded in the streamwise direction allowing the shear layer on the pressure surface to be extended and
delay the break of the shed vortices into the wake.

As the frequency increased (Fig. 17b), the wake consisted of cohering shed vortices with anti-
clockwise rotation at the upper and clockwise rotation at the lower levels. At large amplitudes (Fig. 17b1)
the higher vertical velocity enhanced substantially the magnitude of the LEV and TEV;" on the flap,
inducing the generation of downforce and thrust. The greater momentum of the wing lifted the shear
vorticity off the ground at x/c=1.25 and provoked a complex vortex shedding interaction. At medium
amplitudes (Fig. 17b2), the lower vertical velocity of the wing reduced the magnitude of the shed vortices,
and the direction of the wake was considerably deflected downwards as it was entrained by the moving
ground. Most importantly, it was observed that for amplitudes smaller than a/c <0.05 (Fig. 17b3) there
was no evidence of the characteristic LEV and TEVf+ on the flap, as the shorter vertical movement of the
wing did not provide sufficient time for the positive vorticity on the suction surface of the main element to
roll-up and form the LEV. The absence of the LEV and TEV;" had a substantial impact on the arrangement
of the shed vortices in the wake, resulting in a remarkable upshift of the wake axis towards the chord axis
of the wing, as well as in a significant reduction in the magnitude of the shed vortices.
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Figure 17: Contours of instantaneous non-dimensional vorticity at (a) k =1.83and (b) k =7.48at 7 =1,
h=0 and h, /c=0.158 for three different amplitudes.
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5 Conclusions

Overall an adequate qualitative and quantitative agreement between the literature and the present
numerical approach was found for a range of low and high frequencies both in freestream and in ground
proximity, demonstrating the accuracy of the present methodology for unsteady heaving wing simulations.
The hysteresis analysis of C_ demonstrated that in proximity to the ground, the heaving motion of the
double-element wing can become unstable at low frequencies, k <0.73 since the direction of the hysteresis
curves is reversed. Importantly, the hysteresis analysis of C, provided evidence for the link between the
rapid generation of thrust and the occurrence of a characteristic LEV on the flap at the onset of downstroke
for frequencies, k >5.94. The average C, of the heaving double-element wing within a complete cycle of
oscillation can be up to two times greater compared to that of a stationary wing and three times of that of a
single heaving airfoil, as frequency increases and ground clearance decreases. Both for ride heights
ho /¢>0.08 and in freestream the C, peaks at k=5.94 and reduces as frequency increases further. The
average C,, is consistent with that of the single airfoil, as it constantly reduces, until a critical reduced
frequency k. where drag becomes zero and thrust is produced. The value of k. increases both with
frequency and reduced ground clearance, and is the determinant factor for the ideal selection of the mean
ride height and heaving frequency that would result in the optimum aerodynamic performance of the wing.

The addition of the flap results in a streamwise extension of the low-pressure region under the main
element, which aids to maintain the generation of downforce for longer compared to a single heaving airfoil.
However, the fundamental difference of the double-element heaving wing is found at frequencies, k >5.94
where instead of the formation of a positive TEV on the main element during the downstroke, the
occurrence of a cohering LEV and TEV;" on the flap is obtained. The low-pressure cores of the LEVs on
the pressure surface of the flap can locally reduce the pressure difference with the suction surface, inducing
instantaneous lift during the downstroke. The magnitude of these vortices is enhanced both by increasing
the frequency or amplitude of the heaving motion. On this basis, the absence of the LEV and TEV{" on the
flap for k <5.94 leads to a characteristic sinusoidal pattern with four shear layers in the wake, whereas for
amplitudes, a/c <0.05 an arrangement of substantially weaker shed vortices and a considerable upward
deflection of the wake is observed. Analysis of the instantaneous flow field in freestream revealed that at
high frequencies, k >5.94 the angle of the jet-like wake axis is near to the total angle of attack of the wing,
concluding that the addition of more elements can deflect the unsteady wake further upwards under a
heaving motion. On the contrary, in ground proximity, the wake deflection is found in a noticeably lower
angle than the total incidence of the wing, however, by reducing the heaving amplitude (0.12>a/c >0.05)
the deflection becomes more evident especially at high frequencies, k >5.94.

This study elucidates the broad implications of varying frequency and amplitude in the actual forces
and wake structure of a double-element wing under heaving motion, which establishes a link with the
aerodynamic correlation between CFD, wind tunnel and track testing in race car applications.
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