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potentially better flow stability and controllability.

Highlights

- Steady-state numerical study is conducted on NACA 634021 baseline and tubercled
wings

- Two yaw angles of 10° and 30° are used together with pitch angles from 0° to 25°

- Results show 10° yaw angle has minimal impact on the lift and drag characteristics,
while 30° yaw angle reduces both lift and drag levels significantly

- Larger yaw angle leads to more skewed flows, as well as reduced flow separations
and recirculating regions

- Larger yaw angle also suppresses bi-periodic flow behaviour in tubercled wings, sug-
gesting better flow stability and controllability
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1 Introduction

Modifications to conventional lifting surfaces have often been seen as a simple but robust
approach to improve their flow control and aerodynamic performances, particularly in
terms of their lift, drag or aeroacoustics behaviour. This is especially the case for passive
flow control modifications where recent investigations have reaffirmed their promising
outcomes when it comes down to stall-delay [1-4], lift enhancements [5, 6], drag [7, 8]
and aeroacoustics signature reductions [9-11]. At the same time, bio-inspired solutions
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based on sinusoidal tubercles along the leading-edges of lifting surfaces have also gained
much popularity. Extensive studies involving the use of regularly distributed leading-
edge tubercles or protuberances on aerial/marine vehicle lifting surfaces [12-22], fins
or rudders [23, 24], propeller blades [25-27], compressor and turbine blades [28-30],
among others, have been conducted since the seminal work [31] on the hydrodynamic
design and functions of humpback whale flippers. For a more extensive coverage and
review of earlier work carried out on this topic, readers are referred to [32] for further
details. The general consensus among various researchers is that leading-edge tubercles
exert favourable flow influences by producing coherent streamwise vortices that could
mitigate severe flow separations, which in turn leads to stall delay or even prevention.
On the other hand, the presence of dynamic stall and flow hysteresis under some condi-
tions means that there remain limits to how wide the operating range of leading-edge
tubercles could be extended, and that fine-tuning the tubercle wavelength and amplitude
is a key consideration during the design process.

Despite the extensive amount of work conducted on tubercled wings designed to
improve aerodynamic or hydrodynamic performance of lifting surfaces, most studies
focused on non-swept wings encountering free streams perpendicularly. As for the small
number of studies that made use of swept wings, a non-perpendicular free stream direc-
tion is incident rather than a dedicated effort specifically made to understand the impact
of aircraft under side-slip conditions. Furthermore, these earlier tubercled swept-wing
based studies made use of primarily tapered wings, which made isolating and under-
standing side-slip effects on tubercled wings more complicated. To address this, the
present study focuses on the elucidation of aerodynamic performances and flow struc-
tures of a constant mean-chord tubercled wing under different combined pitch and yaw
configurations, where comparisons against a baseline non-tubercled wing under simi-
lar conditions will be carried out. Steady-state numerical simulations were conducted,
where lift and drag coefficients, as well as the flow behaviour and structures, under dif-
ferent conditions were extracted and presented later. Section 2 will describe the numeri-
cal setup, procedures and validations used, while Section 3 will see the presentation
of and detailed discussions on the simulation results. Conclusions will then be provided
in Section 4 to summarize the key findings from the present study.

2 Numerical setup and procedures

2.1 Tubercled and non-tubercled wing design

Figure 1a and b shows the key design characteristics of the tubercled wing studied
here, where a NACA 634021 aerofoil profile is used and modified to generate a wavy
leading-edge to emulate the implementation of regular tubercles. The mean chord and
wing-span of both the baseline non-tubercled and tubercled wings are ¢ = 75 mm and
s = 600 mm respectively, which gives a wing aspect ratio of s/c = 8. The tubercle wave
amplitude and wavelength used are A/c = 0.12 and 4/c = 0.5, where they are close to
the geometries of the tubercles found in humpback whale flippers and had been studied
under non-yawed conditions by [14] previously. Note that the tubercled wing described
above has the same wave amplitude, wavelength and chord as one of the tubercled wings
experimentally investigated by [14], as the present study seeks to extend the earlier
one through numerical means. On the other hand, the present wing-span is twice that
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Fig. 1 a Side-view and b top-view of the tubercled wing generated by the present study. ¢ shows the details
of the computational domain and where the baseline and tubercled wings are located inside

used by [14] due to the need to confine any potential end-effects to the wing-tip regions
to reduce any distortions to the simulation outcomes, on top of the use of appropriate
boundary conditions.

Procedures adopted by [14] were also used to generate the tubercled wing for the sake
of consistency, where the chords of wavy tubercled profile along the leading-edge are
determined by using

. 2nwz
x g = A sin , 0<z<s,
s

where # and z are the number of waves and location along the leading-edge. As such,
there is a total of 16 tubercles along the present wing-span. To create different 2D aero-
foil profiles along the wing-span that would be lofted together to produce the final 3D
tubercled wing, a few conditions were set in place. Firstly, the curvature radius at the
leading-edge is maintained throughout. Secondly, the maximum profile thickness loca-
tion, geometry and continuity of the profile beyond the maximum thickness point are
maintained as well. To accomplish that, a non-linear profile shearing transformation was
used, where the abscissa of the modified cross section, x1, and its derivative, dx; /dx, are

given as

0.3c

T
X x ~+ 0.5x1F {1 + cos (—x”, 0<x<0.3c
1 fr—
X, x > 0.3c.

5 . X
dx1 ) 1— —mxrEsin (—), 0<x<0.3c
dx 3 0.3¢

x 1, x > 0.3c.

Applying the above procedures will subsequently produce the tubercle peaks and
troughs as shown in Fig. 1a and b.

2.2 Computational domain and meshing

Numerical simulations conducted in the present study are based on steady-state Reyn-
olds-Averaged Navier-Stokes (RANS) equations approach in ANSYS Fluent™, where
the Navier-Stokes equations, conservation of mass and energy equations are consid-
ered. Shear Stress Transport (SST) k — w turbulence model was used over the standard
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k — w turbulence model, as the transport of the turbulence shear stresses can be bet-
ter accounted for. While it is known that the SST k — w turbulence model tends to over
predict lift beyond the stall point due to over-estimation of boundary layer turbulence,
momentum exchange and more resistant against adverse pressure gradients, results
shown later will demonstrate that it does not pose significant issues here.

Figure 1c shows the cuboid computational domain used, which measures 25¢ x 20c¢
x 8¢ in the x, y and z directions. Its size is deliberately set to be relatively large so as to
avoid any potential detrimental interference from the boundaries. However, to ensure
that the near-wall boundary layer and flow behaviour were captured satisfactorily by
the simulations, a body of influence (see inset in Fig. 1c) described by a smaller cuboid
region measuring 4¢ x 1.5¢ x 8¢ was used, so that a significantly higher cell density could
be achieved around the test wings. Figure 2 shows the mesh configuration in general, the
mesh refinements adopted around the wing surface and its trailing edge, and the surface
mesh on the wing surface to improve accuracy and maintain the y* value to be as close
to 1 as much as possible. As a result, the height of the first inflation layer has been set to
0.005 mm. Inlet velocity was set to 36 m/s, which led to a chord-based Reynolds num-
ber of Re = 1.8 x 10°, and the free stream turbulence intensity level was maintained at
a nominal 0.1% of the test velocity. As the test velocity falls within the subsonic regime,
the air density was kept at 1.225 kg/m? for all simulations. Additionally, incoming flow
was set to the requisite pitch- and/or yaw-angles with the tubercled wing remaining
fixed horizontally in the XZ-plane, rather than the tubercled wing geometrically pitched
and/or yawed within the domain with the incoming flow remaining horizontal. Periodic
boundary conditions were imposed on the sides of the domain to emulate an infinite
wing, such that wing tip effects would be absent from the simulation outcomes for a
better assessment of how tubercled wings are affected by non-zero yaw-angles. Finally,
as mentioned earlier, to prevent any foreseen end-effects creeping into the simulation
outcomes which could distort the true flow behaviour of a tubercled wing under pitch-
ing and/or yawing conditions, the doubling of the wing-span as compared to [14] should
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Fig. 2 a Cross-section of the mesh along the XY-plane, b close-up view of the mesh around the wing, ¢
detail view of the mesh around the wing surface and trailing-edge and d surface mesh along the wing
surface
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Fig. 3 Fluctuations in the a lift coefficient and b drag coefficient for the tubercled wing at « = 25° and
B =10°

Table 1 Details of the three mesh configurations used for mesh dependency check

Main property Sub-category Coarse Medium Fine
Local sizing Face size mesh target (mm) 0.7 0.6 0.5

Edge size target (mm) 0.1 0.1 0.1

Body of influence size target (mm) 15 12 10
Inflation layer Number of layers 20 20 20

Transition ratio 04 0.4 04

First cell height (mm) 0.005 0.005 0.005
General Minimum cell length (mm) 0.7 0.1 0.1

Maximum cell length (mm) 448 51.2 51.2

Total cell count (baseline wing) 8,930,024 11,226,219 13,977,051

Total cell count (modified wing) 9,076,370 11,411,663 14,246,725

confine the end-effects close to the wing-tips and leave flow behaviour closer to the mid-
span undisturbed. Inspections of flow regions at the wing-tips at various pitch-angles of
a = 6°,18° and 25° combined with a large yaw-angle of 8 = 30° showed that is indeed
the case.

2.3 Mesh dependency check and experimental validation

Three different mesh configurations based on the arrangements shown in Fig. 2 were
used for mesh dependency check, where the cell number increases by approximately
25% from coarse, medium to fine configurations. Convergence criterion used for the
residual monitoring was relaxed at a slightly higher 107> instead of the more typical
107, so as to ease better simulation convergences at higher pitch-angles where signifi-
cant flow separations tend to occur. Nevertheless, minor force oscillations that trans-
lated into fluctuations in the lift and drag coefficients for one of the test wings as shown
in Fig. 3 can be seen in the numerical outcomes. However, they remained small and
careful time-averaging procedures could be used to determine reasonable mean lift and
drag coefficients, which are not expected to produce a significant impact upon the con-
clusions of the present study. Table 1 shows the details of these three different meshes
and their refinements. Steady-state RANS simulations based on SST k — w turbulence
model were subsequently conducted based on the three meshes at « = 8°, 8 = 0°. This

configuration was selected as the angle-of-attack is sufficiently large to introduce flow
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Table 2 Grid sensitivity analysis results for baseline and modified wings fora = 8°and 8 = 0°

Wing type Cell count C Cp Relative C; Relative Cp CGlc, (%) CGlc, (%)
Baseline Coarse 0.777 0.0303 1 1 0.2 0.8
Medium 0.767 0.0302 0.987 0.996
Fine 0.768 0.03 0.988 0.990
Modified Coarse 04372 0.0803 1 1 1.41 0.56
Medium 0.4067 0.0829 0.930 1.032
Fine 04164 0.0821 0.952 1.022

separation behaviour for both the baseline and modified wings and hence, will be useful
as a good mesh dependency check test case.

Table 2 shows the lift and drag coefficients of the baseline wing at o = 8° captured
by the three different mesh types, as well as their deviations when the mesh density
increases. It can be observed that using medium and fine meshes leads to relatively
small changes to the lift and drag coefficients as the mesh density increases. Take for
instance, the medium mesh produces deviations of 1.29% and 0.33% in the lift and drag
coefficients over the coarse mesh. On the other hand, using the fine mesh produces cor-
responding deviations of 0.13% and 0.66% over the medium mesh. While there is an
increase in the drag coefficient deviation, it remains well under 1% which is deemed to
be satisfactory considering the nature of numerical simulations. What is more notewor-
thy is that the lift coefficient deviation has reduced to a significantly smaller 0.13% when
the fine mesh is used over the medium mesh. As stall-delaying characteristics of tuber-
cled wings are key towards their aerodynamic efficacy, emphasis is placed on as accu-
rate as estimation of lift over drag. Reinforcing this notion are the low grid-convergence
index (GCI) values [33] estimated for the lift and drag coefficients predicted by the fine
mesh, which are about 0.2% and 0.8% respectively. Hence, fine mesh was used for the
rest of the simulations for the baseline and tubercled wings under different pitch and
yaw conditions.

To further validate the present numerical scheme, turbulence model and mesh con-
figuration, additional simulations were carried out for the baseline wing using the fine
mesh configuration under additional pitch-only conditions and compared with earlier
studies by Johari et al. [34] and Dropkin et al. [35] in Fig. 4. It can be discerned that
the present numerical procedures produce pre-stall lift and drag characteristics that are
closer to those captured by [35]. On the other hand, predicted stall occurs at a slightly
larger pitch angle of @ = 19° as compared to [35], though post-stall lift coefficient levels
are about the same. Compared to [34] however, the present stall-angle is smaller. Post-
stall drag levels predicted here are also smaller than those captured by [34,35] however,
though the general trend remains similar. This could be due to under-prediction of the
extents of flow separations at post-stall angles, which in turn will be sensitive towards
the turbulence model used. Nevertheless, Fig. 4 does demonstrate reasonable agree-
ments between the present simulation outcomes and the past experimental results.
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Fig. 4 Comparison of a lift and b drag curves between earlier experimental and present studies for the
baseline wing under pitch-only conditions
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Fig. 5 Comparison of baseline wing a lift and b drag curves at zero yaw, 10° and 30° yaw configurations

3 Results and discussions

3.1 Baseline non-tubercled wing

Before going into the detailed results for the tubercled wing, it will be helpful to first
establish the aerodynamic behaviour and flow structures resulting from the baseline
wing subjected to yawed and non-yawed (i.e. pitched only) configurations. Figure 5
shows the lift and drag curves for the baseline wing under non-yawed, as well as 8 = 10°
and 30° yawed conditions, as the pitch angle varies from o = 0° to 25°. Results show that
a small yaw angle of 8 = 10° leads to minor reductions in the lift coefficients across all
pitch angles as compared to the non-yawed configuration. Additionally, the stall angle
has also decreased slightly to « = 18°. As for the drag curve, slight drag reductions can
be observed in post-stall conditions for § = 10° yaw angle as compared to the non-
yawed configuration, except immediately after stall has occurred. It is clear from these
observations that small yaw angles do not affect the lift and drag behaviour significantly.
In contrast though, the figure also shows that increasing the yaw angle to 8 = 30° leads
to remarkable reductions in both lift and drag coefficients across all pitch angles. Equally
importantly, this indicates that the flow behaviour and flow structures at g = 30° are
expected to be quite different from those at § = 10°.
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Fig. 6 Streamlines showing a flow separation behaviour and b surface streamline distributions over the
baseline non-tubercled wing pitched at o = 6°,18° and 25°

To investigate further on how the flow structures differ when different yaw angles are
used for the baseline wing, Figs. 6, 7, and 8 show the mean streamline distributions asso-
ciated with the free-stream and along the wing surfaces when it is under non-yawed and
yawed conditions respectively. Note that three distinct pitch angles of « = 6°, 18° to 25°
are considered here, as they are associated with pre-stall, just prior to stall and post-
stall conditions. With reference to Fig. 6a when the baseline wing is under non-yawed
conditions, the wing starts off with relatively small flow separations close to its trailing-
edge at @ = 6°, before the extent of the flow separations become more significant as the
pitch angle increases. This can also be discerned in Fig. 6b where the surface streamlines
show the reverse flow region becomes progressively larger with the flow separation line
moving upstream as the pitch angle increases. Pressure coefficient distributions along
the suction surface quantify their changes as the pitch angles increases as well, where
they shed light upon the lift distributions. As expected for a baseline wing without any
tubercles, suction pressure coefficient increases from about C, = —1.5 at @ = 6° to in
excess of C, = —2.5 at @ = 18° when it is close to the stall point. Additionally, flow sepa-
rations occur at about x/c = 0.8 downstream of the leading-edge when pitch angle is at
a = 6°, as opposed to a much shorter approximately x/c = 0.25 distance downstream of
the leading-edge when pitch angle is at @ = 18°. As the pitch angle continues to increase
beyond the stall angle to « = 25° however, the suction pressure coefficient reduces dras-

tically across the entire wing, indicating the onset of massive flow separations.
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Fig. 7 Streamlines showing flow separation behaviour over the baseline non-tubercled wing under
combined pitch and yaw conditions ata g = 10°and b 8 = 30°, as pitch angle varies from o = 6°,18° to 25°
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Fig. 8 Surface streamline distributions a flow separation behaviour and b surface streamline distributions

under combined pitch and yaw conditions ata 8 = 10°and b 8 = 30°, as pitch angle varies from « = 6°,18°

to 25°
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Fig. 9 Comparison of tubercled wing a lift and b drag curves at zero yaw, 10° and 30° yaw configurations

When the baseline wing is subjected to yawed conditions however, Fig. 7a shows
immediate changes to the flow streamlines, particularly how they are skewed accord-
ing to the yaw direction. Spanwise flows begin to manifest along the wingspan and
increase correspondingly when the yaw angle goes up. This is evident in the far more
highly skewed streamlines in Fig. 7b. To assess whether the introduction of non-zero
yaw angles affects the flow separation extents, Fig. 8 shows the surface streamlines for
the cases shown in Fig. 7. Comparing to Fig. 6b, one can discern that imposing non-zero
yaw angles here do not lead to significant changes to the streamwise locations where
flow separations occur. In fact, close inspection of Fig. 8a(i)-(ii) and b(i)-(ii) shows that
the streamwise locations are practically similar. Interestingly though, the use of a sig-
nificant 8 = 30° yaw angle produces a more consistent flow separation streamwise loca-
tion along the wingspan, as compared to the non-yawed and § = 10° cases. The latter
two cases produce flow separation lines that undulate along the wing spans, likely due to
unstable flow behaviour just prior to abrupt stall. As for the 8 = 10° case, Fig. 5a reveals
that it incurs a less abrupt stall at around the same pitch angle and hence is indicative of
a comparatively more stable flow behaviour prior to stall. Additionally, it is interesting
to note in Fig. 8 the different streamline directions when the flows remain attached to
or separated from the wing surface. As for the impact upon suction pressure coefficient
distributions and flow separation lines caused by the introduction of non-zero yawed
conditions, the use of § = 10° yaw angle does not lead to significant deviations as com-
pared to the non-yawed condition. In contrast, increasing the yaw angle to 8 = 30° pro-
duces deterioration to the suction pressure levels, though flow separation points along
the wing remain comparable to the smaller yaw angle. In fact, the flow separation line is
more uniform for a pitch angle of « = 18°at § = 30° rather than at 8 = 10°, as shown in
Fig. 8b(ii).

3.2 Tubercled wing

Moving on to the tubercled wing, Fig. 9 shows the lift and drag curves for the tubercled
wing under non-yawed, as well as = 10° and 30° yawed conditions, as the pitch angle
varies from o = 0° to 25°. In terms of lift generation at zero yaw, the behaviour resem-
bles those reported for tubercled wings in earlier studies, whereby the lift coefficient
is typically lower than that for the baseline wing up till the latter’s stall angle. Before
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Fig. 10 Streamlines showing a flow separation behaviour and b surface streamline distributions over the
tubercled wing pitched at o = 6°,18° and 25°

the stall point however, the tubercled wing continues to maintain or even under slight
increments in the lift coefficient instead of incurring abrupt lift reductions. Similar to
the baseline wing, an imposition of a small yaw angle of 8 = 10° does not have signifi-
cant effects upon the lift behaviour but increasing it to 8 = 30° sees the lift coefficient
to decrease across all pitch angles studied here. As for the drag coefficient, regardless
of yaw angle, there are no significant drag increments at the baseline wing’s stall angle,
similar to what had been reported in earlier studies. However, while the use of g8 = 10°
confers practically no changes to the drag curve at zero yaw, increasing the yaw angle to
B = 30° leads to a significant decrease in the drag coefficient for all pitch angles used.
Broadly speaking, the impact of non-zero yaw angles on baseline and tubercled wings
are relatively similar.

Next, Fig. 10 shows the flow and surface streamlines associated with it under non-
yawed, pitch-only conditions at the same three pitch angles as before. At a pitch angle
of @ = 6° as shown in Fig. 10a(i), the presence of the leading-edge tubercles produces
very stable and regular pairs of streamwise vortices along each and every trough loca-
tion close to the trailing-edge that continue to convect further far downstream of the
wing. This can also be discerned in Fig. 10b(i), where the counter-rotating nature of the
streamwise vortices can clearly be observed aft of every trough. Alternating low- and
high-pressure regions can also be seen at the troughs and peaks respectively and indicate
that velocity and pressure gradients play important roles in the formation of streamwise
vortices. As the pitch angle increases to @ = 18° and 25° as shown in Fig. 10a(i)-(ii), the
formation of the streamwise vortices can be seen to initiate right at the troughs along the
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Fig. 11 Streamlines showing flow separation behaviour over the tubercled wing under combined pitch and
yaw conditionsata 8 = 10°and b B = 30°, as pitch angle varies from o = 6°,18°to 25°

leading-edge. What is more interesting is the observation that not all troughs will pro-
duce streamwise vortices but rather, the latter forms along roughly every other trough
location though not always all the time. This can be better appreciated in Fig. 10b(ii)-
(iii) where streamwise vortices could emanate from two adjacent troughs and interact
mutually at near- or post-stall conditions. Such “alternating” flow behaviour in tubercled
wings has been reported by [35-39] earlier and is known as a bi-periodic flow phenom-
enon and it typically occurs at stall and post-stall conditions, where it is postulated to
result from flow interactions between adjacent troughs. Such a bi-periodic flow phe-
nomenon would also see some form of flow compartmentalization along the tubercled
wing surface, as well as a lower number of streamwise vortices along the tubercled wing
surface further downstream. Subsequently, these could have an adverse impact upon the
lift and drag characteristics, particularly close to the stall point as seen here. Nonethe-
less, successful capturing of the bi-periodic behaviour that has been reported by earlier
steady-state and transient numerical studies by the present numerical simulations pro-
vides further confidence to the numerical procedures adopted here.

With the tubercled wing flow characteristics under non-yawed conditions established,
Fig. 11 shows its corresponding streamline results associated with yaw angles of 8 = 10°
and 30°. Figure 11a(i)-(ii) shows that while the imposition of a small yaw angle of 8 = 10°
does not significantly affect the underlying flow behaviour at pre-stall and just prior to
stall conditions (i.e., « = 6° and 18°), the outcome is surprisingly at post-stall condition
(i.e., o = 25°) as seen in Fig. 11a(iii). In particular, bi-periodic formations of streamwise
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vortices along the tubercled leading-edge as observed in Fig. 10a(iii) under pitch-only
condition at @ = 25° are now not present when a small yaw angle of 8 = 10° is imposed.
Closer inspection of Fig. 11a(iii) will reveal that every trough leads to the formation of a
pair of streamwise vortices, reminiscent of the flow behaviour seen in Fig. 11a(i) under
pre-stall condition. When a larger yaw angle of 8 = 30° is used as shown in Fig. 11b(i)
for o = 6° pitch angle, it is interesting to observe that the recirculating regions aft of
every trough seen in Figs. 10a(i) and 11a(i) are weaker, indicating that moderate non-
zero yaw angles are able to suppress flow separations that occur close to the tubercled
wing trailing-edges. Even more interesting would be the elimination of the bi-periodic
flow behaviour observed in Fig. 10a(ii) previously at this 8 = 30° yaw angle when the
pitch angle is @ = 18°. In this case, while flow separates from the leading-edge tubercles
to form streamwise vortices aft of every trough, the recirculating regions along the lead-
ing-edge tubercles are more diminished and do not extend as much towards the trail-
ing-edge as compared to the non-yawed and § = 10° cases. Additionally, the now more
instances of and non-bi-periodic streamwise vortices can be seen to be more skewed at
this larger 8 = 30° yaw angle. This behaviour extends to when the pitch angle is o = 25°
as shown in Fig. 11b(iii), where multiple skewed streamwise vortices with more limited
recirculating regions can also be observed.

The effects of imposing non-zero yaw angles upon the present tubercled wings can
be further appreciated from the surface pressure and streamline results presented in
Fig. 12. In agreement with the observations made in Fig. 11, the use of g = 10° yaw angle
skews the recirculating regions and streamwise vortices slightly, while using a larger
B =30° yaw angle distorts the recirculating regions asymmetrically. This is especially
the case for o = 6° pitch angle, where the recirculating regions close to the trailing-edge
can be seen to practically disappear. At higher pitch angles of « = 18° and o = 25°, the
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asymmetric recirculating regions along the leading-edge tubercles give rise to lopsided
counter-rotating vortices that are likely to produce unequal pressures on either side of
each leading-edge tubercle. Last but not least, the low surface pressures along the lead-
ing-edge tubercles also diminish in their magnitudes, which would explain why lift gen-
eration can be seen to be adversely affected in the lift curve presented in Fig. 9a when
non-zero yaw angles are imposed. Note that Fig. 9b also shows that drag levels are sig-
nificantly lower when the larger 8 = 30° yaw angle is used and this could be explained by
lower pressure drag levels when the flow separations are more suppressed and recircu-
lating regions more distorted.

To inspect further, a closer look at how the use of non-zero yaw angles affects the sec-
tional lift and drag distributions along the tubercle peaks, troughs and their mid-planes
will now be had. Similar to the previous section, the impact of the two different yaw
angles at three distinct pitch angles of « = 6°,18° and 25° will be investigated. Figure 13a
shows the result for pitch angle @ = 6° only, where the zero yaw-angle scenario leads
to repeating sinusoidal-like high and low sectional lift and drag coefficient distributions
along the peak and trough locations respectively. In this case, minimum and maximum
lift coefficients are approximately 0.48 and 0.53 respectively, while minimum and maxi-
mum drag coefficients are about —0.07 to 0.1 respectively. This is within expectations
as Fig. 10a(i)-(ii) has that while the troughs produce lower pressure coefficients at the
leading-edge, subsequent flow separations and recirculating regions produced along the
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trough locations close to the trailing-edge mean that the sectional lift coefficient along
the troughs will remain lower than that along the peak locations. When a yaw angle of
B = 10° is imposed upon the same tubercled wing however, as shown in Fig. 13b, two
interesting changes can be observed immediately. Firstly, the magnitudes of the maxi-
mum and minimum sectional lift coefficients (i.e., about 0.48 and 0.56 respectively now)
increase with larger discrepancies between them and secondly, maximum and minimum
sectional lift locations are now skewed due to the yaw angle. The same is also true for
the drag coefficient distribution where it is now skewed due to the yaw angle, though
the minimum and maximum levels remain relatively similar to the non-yawed case.
Increasing the yaw angle to 8 = 30° only serves to accentuate the discrepancy between
the maximum and minimum sectional lift coefficients as shown in Fig. 13c, with a range
of about 0.33 to 0.52. In contrast, the opposite is true for the drag coefficient, where the
minimum and maximum drag coefficients are approximately —0.05 and 0.04.

As for larger pitch angles of @« = 18° shown in Fig. 14, the sectional lift and drag coef-
ficients show more irregular variations along the wingspan up to 8 = 10° yaw angle. Col-
lating with results shown in Figs. 10 and 12 earlier, these non-sinusoidal variations are
due to the skewed counter-rotating vortices aft of the leading-edge tubercles. In fact,
they appear to be manifestations of the bi-periodic structures observed previously, where
multiple peaks and troughs of different amplitudes and wavelengths are combined. On
the other hand, increasing the yaw angle to 8 = 30° returns its variation back to a more
sinusoidal-like distribution, as shown in Fig. 14c. It should be noted that the minimum
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and maximum lift coefficients do not differ much, typically between 0.4 to 0.8 across all
yaw angles. While this is true for the drag coefficients for § = 0° and 10° at around 0.15
to 0.31, those for 8 = 30° show a narrower range of between 0.12 to 0.23. As for the larg-
est pitch angle of « = 25° shown in Fig. 15, only the zero-yaw case demonstrates a less
regular sectional lift and drag coefficient variations, with those at § = 10° and 30° yaw
angles showing more sinusoidal-like distributions. Collating with Fig. 11, the irregular
sectional lift and drag coefficients are again due to the bi-periodic flow behaviour where
adjacent recirculating regions along the leading-edge tubercles pair up. The minimum
and maximum lift coefficients are around 0.55 and 1.0, while those for the drag coef-
ficients are about 0.3 to 0.5. More intriguingly, using non-zero yaw angles here suppress
the said bi-periodic flow behaviour where larger yaw angles become more effective in
doing so. It is worthwhile to mention that the bi-periodic flow behaviour occurs natu-
rally and is difficult to predict due to its non-linearity. Nevertheless, the minimum and
maximum lift coefficients are approximately 0.65 and 1, while the corresponding values
for the drag coefficients are around 0.33 to 0.45, for 8 = 10° test case. As the yaw angle
increases to 8 = 30°, the maximum lift coefficient reduces to about 0.9 with little change
to the minimum lift coefficient, while the drag coefficient ranges between 0.21 to 0.33.
From the sectional lift and drag coefficient results, it can be seen that their distri-
butions and range support earlier lift/drag curves, whereby both lift and drag tend to
decrease as the yaw angle increases to S = 30°. On the other hand however, earlier
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results also indicate that non-zero yaw angles suppress or reduce the extent of bi-peri-
odic behaviour. Hence, the present findings suggest a rather interesting notion that using
a significant non-zero yaw angle flow configuration could prove to be beneficial in terms
of more predictable and potentially more stable flow behaviour, so long the reduction in
lift performance is acceptable. In practical terms, this could mean that tubercled wings
are less sensitive towards adverse cross-wind effects and remain functional even when
the cross-wind angle is substantial. Having said that, future experimental studies are
planned to validate the present findings, particularly through the use of surface oil flow
visualizations [40] and particle image velocimetry measurements [41, 42].

4 Conclusions

Results from a steady-state numerical study conducted on a tubercled wing immersed
in free-stream with non-zero yaw angles of § = 10° and 30° show that, firstly, it does
not incur abrupt reductions in lift performance at the stall angle associated with the
baseline wing, thus similar to the situation under zero-yaw configurations. Secondly,
the imposition of an increasingly larger yaw angle on the free-stream leads to increas-
ing suppression of the flow separations and recirculating regions along the leading-edge
tubercles, thus producing less advantageous pressure coefficient levels. Thirdly, increas-
ingly larger free-stream yaw angle reduces the occurrences of bi-periodic flow behaviour
for the streamwise vortices and is seen as improving the flow stability and controllabil-
ity of tubercled wing aerodynamic characteristics. Impacts of different yaw angles upon
the overall lift and drag performances, flow behaviour and vortex structures, as well as
sectional lift variations have been also clarified, with their mutual relationships better
understood.
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