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Abstract. The spinnaker is the most powerful and one of the most used sails both in racing and cruising - yet its complex aerodynamics
governed by flow separation is still not fully understood. While the flow around a spinnaker is unsteady and highly tridimensional,
locally the governing fluid mechanics may be represented by the quasi-steady bidimensional flow around a cambered circular arc with
a sharp leading edge. The spinnaker is typically trimmed such that the stagnation point is at the leading edge with the sail streamline
separating on the suction side and reattaching within the first 10% of the chord length, forming a leading-edge separation bubble
(LESB). This flow feature sets the beginning of the boundary layer, whose separation further downstream is paramount for the global
aerodynamic forces on the sail. This study investigates the effect of the LESB on the boundary layer regime and downstream flow
separation through particle image velocimetry on a circular arc. The existence of the combination of a critical Reynolds number and a
critical angle of attack to trigger turbulent separation is demonstrated. A turbulent LESB followed by a laminar boundary layer is
observed in sub-critical regime. Conversely, in a post-critical condition, a turbulent LESB ensued by a turbulent boundary layer is
detected, the latter continuing all the way to trailing-edge separation. This behaviour ultimately yields a sharp lift increase and drag
reduction. These findings reveal the critical effect of the leading-edge vortical structures on the global flow field and forces experienced
by cambered wings with leading-edge separation, including high performance spinnakers. It is envisaged that these results will
contribute to improve the design and performance of downwind yacht sails.

1.

NOMENCLATURE

𝐴𝑅
𝑐
𝐶𝐷
𝐶𝐿
𝐷
𝑓
𝐿
𝑅𝑒
𝑠
𝑡
𝑢
𝑢′
𝑈∞
𝑣′
𝑥
𝑥𝑠
𝑦
𝑦𝑐

Aspect ratio (s/c)
Chord length (m)
Drag coefficient
Lift coefficient
Drag (N)
Chordwise maximum draft location (m)
Lift (N)
Reynolds number
Span (m)
Thickness (m)
Streamwise flow velocity (m.s-1)
Streamwise flow velocity fluctuation (m.s-1)
Freestream flow velocity (m.s-1)
Streamnormal velocity fluctuation (m.s-1)
Streamwise coordinate (m)
Streamwise position of the separation point (m)
Streamnormal coordinate (m)
Sail camber (m)

𝛼
𝛤
𝜅
𝜌

Angle of attack (°)
Circulation (m2.s-1)
Nondimensional turbulent kinetic energy
Fluid density (kg.m-3)

LESB
PIV
RANS
TKE

Leading-edge separation bubble
Particle image velocimetry
Reynolds-averaged Navier-Stokes
Turbulent kinetic energy
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2.

INTRODUCTION

Modern symmetric spinnakers appeared in the 1960s and
further developed in the 1970s, before asymmetric
spinnakers were introduced in the 1980s in the 18ft fleet
in Sydney, and then popularised on offshore racing yachts
in the 1990s. These new sails were promptly adopted in
many prominent sailing events, from offshore races to the
America’s Cup [1, 2, 3]. Indeed, the 1995 edition of the
America’s Cup gave greater importance to downwind legs
[1], thus prompting further developments. Because of the
complexity of the flow around downwind sails, the
necessity to undertake experimental tests was perceived
[4], ultimately resulting in dedicated experimental
facilities, namely twisted flow wind tunnels [5]. On the
other hand, the 1990s also coincide with a fast increase in
accessible computational power, allowing advanced
numerical methods [6]. As downwind sails feature a high
camber and the flow is largely separated, the use of
Reynolds-averaged Navier-Stokes (RANS) simulations is
necessary [7], with the first instance of RANS models
occurring in 1996 for spinnakers [8]. This is in contrast
with upwind sails, exhibiting lower camber and largely
attached flow. As a result, these have been successfully
analysed using inviscid codes since the 1960s [9, 10],
methods that have been extensively utilized in America’s
Cup sails development [11].
The flow around spinnakers is unsteady and highly
tridimensional, owing to the complex 3D geometry of the
sail. However, locally, the governing fluid mechanics may
be represented by the quasi-steady bidimensional flow
around a highly cambered, thin circular arc with a sharp
leading edge [12, 13, 14].
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Spinnakers are typically trimmed such that the stagnation
point is at the leading edge with the sail streamline
separating on the suction side and reattaching within the
first 10% of the chord length, forming a leading-edge
separation bubble (LESB), also referred to in the literature
as a leading-edge bubble. This flow feature sets the
beginning of the boundary layer, whose separation further
downstream is paramount for the global aerodynamic
forces on the sail.
This study investigates the effect of the LESB on the
boundary layer regime and downstream flow separation
through particle image velocimetry (PIV) on a circular arc.
First, the literature inherent to low and high camber
circular arcs is reviewed. Then, the experimental setup is
presented, and subsequently validated to ensure flow
bidimensionality and measurement accuracy. The results
eventually present novel findings on the effect of the
leading-edge separation bubble on the aerodynamics of
modern asymmetric spinnakers, including the flow fields
and global forces.
3.

BACKGROUND ON CIRCULAR ARCS

3.1. Low camber (𝒚𝒄 ≤ 𝟎. 𝟐𝒄) circular arcs
Early instances of experiments on circular arcs can be
traced back to Wallis [15]. Later, tests on bent plates were
undertaken by Maekawa & Atsumi [16], that refined the
idea of a critical Reynolds number (𝑅𝑒) originally
introduced by Tani [17], and eventually resulting in the
definition of the O-K criterion [18]. A circular arc with a
camber-to-chord ratio (𝑦𝑐 /𝑐) of 7.5% was tested by
DeLaurier & Harris [19] for an atypical application,
namely paper model airplanes. The work of Buehring [20]
on windmills, later expanded by Bruining [21] tackled a
circular arc with 𝑦𝑐 /𝑐 = 10%, while Pandey et al. [22]
undertook wind tunnel testing of various circular arcs up
to 𝑦𝑐 /𝑐 = 14%.
Additional investigations into low camber circular arcs
were performed by Tse [23], who tested 5%, 7.5% and
10% camber-to-chord ratios, subsequently complemented
by Cyr [24], with the addition of an 18% thin cambered
aerofoil with a sharp leading edge. A larger 𝑦𝑐 /𝑐 = 20%
was considered in Sunada et al. [25] as part of a parameter
study, including camber-to-chord ratios of 5%, 10% and
20%. The results highlighted the drastic changes in
behaviours with greater camber, such as increased lift and
delayed stall, supported by the later findings of Okamoto
& Azuma [26] on 3D circular arcs.
The geometries previously discussed had a thickness-tochord ratio (𝑡/𝑐) circa 5%, i.e. similar to the experiments
of Velychko [27], Flay et al. [12] and Bot [13], with a
value close to 4%. These remain relatively high when
compared to membranes or sails, and thus a smaller value
should be targeted to achieve as thin a wing as possible
while structurally suitable for experimental campaigns.

Furthermore, Sunada et al. [25] eventually concluded that
a thin aerofoil with a sharp leading edge is paramount for
performance, based on the comparison of force
coefficients, and noted that performance is strongly
affected by leading edge vortices. This implies that
promoting the appearance of the leading-edge separation
bubble with a thin and sharp leading edge improves
performance. Moreover, Okamoto & Azuma [26] revealed
that sharpening the leading edge does provide benefits
analogous to those of a higher camber profile. Finally, the
work of Brault [28] also supports these findings,
demonstrating the benefits of a sharp leading edge over a
chamfered one.
Consequently, it appears that only very few historical
studies tackled 𝑦𝑐 /𝑐 in excess of 20%, with further
limitations in terms of both thickness and leading edge
shape. While the original study of a 20% camber sail by
Milgram [29] is worth mentioning, it is the recent
literature on modern asymmetric downwind yacht sails
that proves most relevant. Indeed, highly cambered
(22% < 𝑦𝑐 /𝑐 < 25%), thin circular arcs with a sharp
leading edge were adopted as a 2D simplification of the
more complex 3D shape of downwind sails. A greater
focus on flow visualisation and flow features are also core
elements of the newer literature, thereby extending
beyond comparative force measurements.
3.2. High camber (𝒚𝒄 > 𝟎. 𝟐𝒄) circular arc for
downwind sails application
The pressure distribution of membranes, equivalent to
circular arc sails with high camber-to-chord ratios ranging
from 19.3% to 25.7% was the focus of Cyr & Newman
[30], thereby representing one of the earliest studies into
higher camber. Although the exact Reynolds number or
angle of attack (𝛼) are not specified, the pressure
distribution of a similar high camber arc was tested by
Flay et al. [12], yielding a comparable qualitative
behaviour.
Since 2006, highly cambered circular arcs have been
extensively studied [12, 13, 14, 31, 32, 33, 34, 35]. Sharp
transitions in lift forces were identified and related to
variations in flow patterns, as summarized by Bot [13, 36]
while additional correlation between forces and flow
fields were provided by Souppez et al. [14, 37].
From the published experimental results of Bot [13],
depicted in Figure 1, it is possible to observe an offset in
the lift coefficients (Figure 1a) up to 𝛼 = 14°. At this point,
the lower Reynolds number arc suddenly produces more
lift, and its trend merges with that of the arc at a Reynolds
number of 218,000, which is known to have undergone
transition [36]. At the exact same angle of attack, an abrupt
reduction in drag can be noticed (Figure 1b). Furthermore,
this coincides with a sudden downstream shift in the
location of the trailing edge separation point (Figure 1c),
in line with that of the arc experiencing turbulent flow.

endeavours to assess the role of the leading-edge flow on
boundary layer regime and turbulent separation, as well as
the correlation between flow fields and global forces.
4.

EXPERIMENTAL SETUP

4.1. Geometry
The geometry of the highly cambered, thin circular arc
with a sharp leading edge under study is the same as that
of Bot [13], with 𝑦𝑐 /𝑐 = 22.32%, over chord lengths of
100 mm, 150 mm and 200 mm for the three arcs
manufactured. The requirement for multiple chord lengths
arose from the necessity to achieve a wider range of
Reynolds number within the given flow speeds that could
be achieved in the experimental facilities.
Carbon fibre prepreg was employed to achieve the
required strength and stiffness at the lowest possible
thickness, namely 1.8 mm. This is primarily motivated by
the will to achieve as thin as possible a wing, as per yacht
sails, but also prevent any upstream pressure increase and
associated alteration in effective angle of attack that can
arise from a thicker section. The relevant specifications
are presented in Table 1, and a representative geometry is
depicted in Figure 2.
Table 1. Geometric definition of the circular arcs employed.
Circular Arc
Chord, 𝑐 (mm)
Span, 𝑠 (mm)
Camber, 𝑦𝑐 (mm)
Camber-to-chord ratio,
𝑦𝑐 /𝑐
Chordwise draft location
to chord ratio, 𝑓/𝑐
Leading edge and trailing
edge angles (°)
Thickness, 𝑡 (mm)

Figure 1. Lift (a) and drag (b) coefficients [13] and location
of the trailing-edge separation point [34] (c) at a Reynolds
numbers of 68,200 and 218,000.
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Figure 2. Experimental geometry, adapted from [13].

4.2. Towing tank testing
These observations would indicate that the abrupt change
in behaviour is the result of laminar-to-turbulent
transition, occurring due to a critical angle of attack being
reached at this particular value of the Reynolds number.
This implies that a combination of a critical Reynolds
number and a critical angle of attack are required to trigger
transition, thus suggesting that, even following a leadingedge separation bubble, there can be a laminar boundary
layer leading to laminar separation. Hence, this paper

Part of the force measurements were undertaken in a
towing tank, having a length of 60 m, breadth of 3.7 m,
depth of 1.8 m and top speed of 4.6 m.s-1 [39]. The circular
arc was fitted between end plates to achieve a 2D section.
The lift and drag were recorded at 1000 Hz for six seconds
once the desired speed was reached. Forces created by the
test rig including end plates were subtracted, and resulting
forces from the circular arc section were converted into
force coefficients for lift and drag.

Considering the fluid’s density 𝜌, the surface area given
as the product of the span 𝑠 and chord 𝑐, and the free
stream velocity 𝑈∞ , the lift 𝐿 and drag 𝐷 yield the
associated coefficients 𝐶𝐿 and 𝐶𝐷 , using Eq. 1 and Eq. 2
respectively:
𝐶𝐿 =

𝐿
,
1
2
𝜌𝑐𝑠𝑈∞
2

(1)

𝐶𝐷 =

𝐷
.
1
2
𝜌𝑐𝑠𝑈∞
2

(2)

5.

VALIDATION AND EQUIVALENCE
EXPERIMENTAL SETUP

OF

5.1. Flow Bidimensionality
Firstly, the effectiveness of the end plates was ascertained,
a vital process considering the low aspect ratio (𝐴𝑅) of the
200 mm chord test geometry (𝐴𝑅 = 𝑠/𝑐 = 1.85). Lift and
drag where recorded in the towing tank, for angles of
attack ranging from 10° to 25° in one degree increment at
𝑅𝑒 = 53,530. The results were evaluated against the wind
tunnel tests of Velychko [27], with an identical cross
section, but an aspect ratio of 10. The comparison is shown
in Figure 3.

4.3. Water tunnel testing
The water tunnel at the University of Edinburgh provided
flow visualisation, as well as the ability to conduct
additional force measurements. The 12 m long water
tunnel features a breadth of 0.4 m, a depth of 0.9 m [39]
with a water level at 0.34 m in this instance, and an ideal
operating speed range between 0.15 m.s-1 (below which
high turbulence intensity can interfere with the
measurements) and 0.4 m.s-1 (after which wave
interference begins). Force measurements were realised
by employing a six-axis force/torque sensor, allowing for
forces to be recorded up to ±35 N for the lift, and ±25 N
for the drag, with a resolution of 1/160 N [40]. Moments
could be quantified up to ±250 N.mm around all three
axis; this proved a limiting factor on the 200 mm chord
length geometry at higher flow speeds, thus further
justifying the need for varying arc sizes. The data was
sampled at 1000 Hz for 45 seconds. This is substantially
longer than the record time in the towing tank, owing to
both the limited run length and therefore run time in the
towing tank, but also the higher expected streamwise
turbulence intensity in the water tunnel, measured using
laser doppler velocimetry as 3.63%.
4.4. Particle image velocimetry
A 200 mJ Nd:YAG pulsed laser at a wave length of
532 nm was employed to illuminate silver coated hollow
glass spheres, with a nominal 14 µm diameter and specific
gravity of 1.7, and images having a 2056 px by 2060 px
resolution. The laser sheet, of thickness lesser than 2 mm,
was directed parallel to the onset flow, illuminating the
upper surface of the arc at midspan. The work of Bot et al.
[36] having previously characterised the flow field around
both the pressure and suction side of the same geometry,
it is expected only the flow around the suction side will be
of interest for the speeds and angles of attack investigated,
hence no flow visualisation of the underside of the arc was
undertaken. Indeed, it is the LESB, boundary layer and
trailing-edge separation on the suction side that are of
primary relevance in the present research.
Each particle image velocimetry flow visualisation
featured a minimum of 100 pairs of images sampled at
7.5 Hz. A multi-pass (decreasing size) cross-correlation
was adopted, with two initial passes having a 96 px by
96 px interrogation window and 50% overlap, before a
final 32 px by 32 px pass with a 75% overlap.

Figure 3. Lift (a) and drag (b) coefficients comparison
between wind tunnel [27] (𝑨𝑹 = 10) and towing tank
(𝑨𝑹 = 1.8) on identical circular arcs (𝒚𝒄 /𝒄 = 22.32%), both
fitted end plates, at 𝑹𝒆 = 53,530.

Due to the difference in achievable flow velocities
between the towing tank and water tunnel, different chord
lengths had to be used to achieve the same Reynolds
number range, as well as widen it. In order to guarantee
the reliability of testing different chord length geometries,
a repeatability experiment at 𝑅𝑒 = 68,200 was conducted,
with arcs of 100 mm and 150 mm chord length
respectively. The lift and drag coefficients are presented
in Figure 4.

Figure 4. Lift (a) and drag (b) coefficients for arcs of 100 mm
and 150 mm chord length respectively, at 𝑹𝒆 = 68,200.

Figure 5. Lift (a) and drag (b) coefficients recorded in the
towing tank, at 𝑹𝒆 = 68,200.

5.2. Towing tank force measurements

6.

Towing tank tests were performed at Reynolds numbers
comparable to that of the literature, namely 53,530 [27],
68,200 [32, 34], 150,000 (arbitrarily chosen to provide
intermediate data) and 218,000 [32, 34]. The angles of
attack ranged from 5° to 25°. The results are depicted in
Figure 5.

6.1. Ideal angle of attack and associated critical
Reynolds number

For increasing Reynolds number, a shallower critical
angle of attack is needed for transition to occur and thus
induce a sharp lift increment. It also appears that a
Reynolds-number-independent pre-critical trend exists. In
the case of 𝑅𝑒 = 218,000, the increase in lift coefficient
occurs at zero degrees angle of attack, an effect known as
the lift crisis [36]. Moreover, in the post-critical range, a
common trend is also present. These observations are in
favour of the hypothesis that the abrupt change in lift and
drag coefficient is due to laminar-to-turbulent transition.

RESULTS

The ideal angle of attack, defined as the angle of incidence
when the stagnation point is on the leading edge, was
previously suggested at a value of either 8° [34] or 9° [31],
likely under the misconceived assumption that the idea
angle of attack can be identified by a local maximum in
the lift, and without supporting flow visualisation
evidence of a leading-edge separation bubble until 𝛼 = 12°
[35], though the ideal angle of attack may depend on 𝑅𝑒
[13]. The present study employed particle image
velocimetry to locate the stagnation point on the arc,
starting at the lowest suggested value of 𝛼 = 8°, and
increasing until the ideal angle of attack was reached, and
then exceeded. Thus, the flow field and its relation to the
lift coefficient’s trend at the idea angle of attack can be
characterised. Knowledge of the ideal angle of attack is
important in the case of a soft membrane, as it constitutes
the minimum angle of attack required for inflation. In the
case of downwind yacht sails, a lower angle of incidence
would not inflate the sail, thus rendering it unusable. As
illustrated in Figure 6, the ideal angle of attack was
ascertained to be 11°.

Figure 6. Location of the stagnation point near the leading
edge for different angles of attack at 𝑹𝒆 = 68,200.

The circular arc was then tested at increasing flow speeds
to determine the critical Reynolds number at 𝛼 = 11°, for
𝑦𝑐 /𝑐 = 22.32% at 𝑅𝑒 = 68,200. Results for lift and drag
coefficients, presented in Figure 7, clearly show the
change in behaviour at 𝑅𝑒 = 144,000 (+/- 2,000). This
particular Reynolds number, i.e. the critical Reynolds
number at the ideal angle of attack (for 𝑦𝑐 /𝑐 = 22.32% at
𝑅𝑒 = 68,200), therefore represents the minimum required
value during model scale testing of downwind sails to
ensure a turbulent flow, representative of full-scale
behaviour, is replicated.

Figure 7. Lift and drag coefficient for increasing Reynolds
number at the ideal angle of attack.

6.2. Separation point
The behaviour of the force coefficients, namely an
increase in lift with an associated drop in drag, is
consistent with the laminar-to-turbulent transition. This is
further strengthened by the downstream shift in the
separation point observed in the time-averaged PIV flow
fields. Indeed, separation occurs further upstream prior to
the critical angle of attack, and reaches a similar location
as that of a higher Reynolds number, where the flow is
turbulent, when surpassing the critical angle of attack. The
location of the separation point over a range of pre and
post-critical incidences can be found in Figure 8, yielding
a similar behaviour as found in the literature [34].

Figure 8. Streamwise location of the separation point at
𝑹𝒆 = 68,200 and comparison with Martin [34].

6.3. Turbulent kinetic energy at 𝑹𝒆 = 68,200
To further describe the flow field and the role of the
leading-edge flow on trailing-edge separation as well as
boundary layer regime, the nondimensional turbulent
kinetic energy (TKE), 𝜅, given by Eq. 3, was calculated.
𝜅=

′ )2 + ̅̅̅̅̅̅̅
̅̅̅̅̅̅̅
(𝑢
(𝑣 ′ )2
2
2𝑈∞

(3)

This is a function of the streamwise and streamnormal
velocity fluctuations 𝑢′ and 𝑣 ′ , and free stream velocity
𝑈∞ . TKE is commonly employed to characterise turbulent
flow on flat plates [41], thick airfoils [42, 43, 44], low
camber membranes [45, 46], as well as high camber wings
[47, 48, 49]. The literature further reveals comparable
magnitudes of κ on cambered profiles (e.g. 0 < 𝜅 < 0.2
[43]). Visual representations, plotted in relation to the
separation point, can be found in Figure 9, with the
threshold to plot TKE defined as 0.01 [43, 45].
A clear distinction can be made between the sub-critical
range, namely angles of attack of 12°, 13° and 14°, where
moderate values of 𝜅 are exhibited, at a clear distance
downstream of separation and away from the surface of
the arc. Conversely, in super-critical territory, above
𝛼 = 15°, higher values of 𝜅 are found, and detected
upstream of the separation point. It is therefore possible to
conclude that laminar separation occurs in one case,
whereas the separation is turbulent in the other, explaining
the increase in lift, reduction in drag, and delayed
separation previously noticed. Note that past the critical
angle of attack, the fluctuations appear to weaken and
move away from the surface as the incidence increases, as
observed on membrane airfoils [45].

𝜅

By capturing the overall flow field around the entirety of
the arc, resolution is sacrificed, therefore not allowing to
characterise the flow regime within the boundary layer, or
at the leading edge, the latter being of particular interest
on such geometries [39]. Thus, further investigation
focussed on the LESB resulting from the leading-edge
separation occurring past the ideal angle of attack was
conducted.

𝜅

6.4. Leading-edge separation bubble at 𝑹𝒆 = 68,200

𝜅

𝜅

𝜅

Fig 10a

A similar methodology was applied at the leading edge to
quantify the TKE in both pre and post-critical regimes, at
𝛼 = 13° and 𝛼 = 16° respectively, for a Reynolds number
of 68,200. Prior to reaching the critical angle of attack, a
turbulent LESB is evident in Figure 10a. Remarkably, it is
followed not by a turbulent boundary layer as might be
expected, but by a laminar one, ascertained due to the
absence of turbulent kinetic energy. On the other hand, at
α = 16°, i.e. once the critical angle of attack has been
exceeded, higher values of 𝜅 have been quantified,
extending past the LESB into a turbulent boundary layer,
as depicted in Figure 10b. In both cases, there is no
significant difference in LESB size, or contribution to the
overall lift, as later shown in section 6.5.

𝜅

𝜅

Fig 10b

𝜅

Fig 11

Figure 9. Nondimensional turbulent kinetic energy 𝜿 (plotted
for 𝜿 > 0.01) and location of the separation point (♦) at
𝑹𝒆 = 68,200 over a range of pre (a-c) and post (d-f) critical
angles of attack.

Figure 10. Nondimensional turbulent kinetic energy 𝜿
(plotted for 𝜿 > 0.01) at the leading edge pre (𝜶 = 13°) and
post (𝜶 = 16°) critical angle of attack at 𝑹𝒆 = 68,200.

The nondimensional turbulent kinetic energy therefore
appears to be constrained to the leading-edge separation
bubble in sub-critical regime, and is followed by a laminar
boundary layer. Conversely, the TKE carries on past the
leading-edge separation bubble into the boundary layer
when the critical angle of attack is exceeded.

𝜅

overall lift of the circular arc are made, namely circa 2%.
Conversely, for the larger LESB at 𝑅𝑒 = 53,530 and
𝛼 = 25°, the contribution to overall lift rose to 7.5%.

𝜅

In Section 6.3, the overall flow field across the whole
geometry presented in Figure 9 highlighted the turbulent
separation in post-critical regime, with turbulent kinetic
energy visible ahead of the separation point. However, at
that scale, the flow within the boundary layer was not
captured. The focus on the leading edge in Figure 10
revealed that a turbulent boundary layer was indeed
present past the LESB at 𝛼 = 16°. Additional PIV
downstream of the leading edge but upstream of the point
where turbulent kinetic energy was detected in Figure 9e
yielded the results for 𝜅 presented in Figure 11.

Figure 11. Nondimensional turbulent kinetic energy 𝜿 (for
𝜿 > 0.01) at 𝜶 = 16° and 𝑹𝒆 = 68,200.

This evidence of a turbulent boundary layer between the
two previously observed regions suggests that the
turbulent boundary layer that follows the LESB in postcritical condition is carried along the surface of the arc all
the way to the downstream trailing-edge separation.
6.5. Leading-edge separation bubble at 𝑹𝒆 = 53,530
The size of a leading-edge separation bubble increases
with the angle of incidence and reduced flow speed. A
case at these extremes of the presented set of experiments
was therefore selected, while being in the turbulent
regime. Figure 12 presents the LESB at 𝛼 = 25° and
𝑅𝑒 = 53,530. In this condition, levels of 𝜅 consistent with
previous measurements are exhibited in Figure 12a, while
a primary recirculation bubble is also present in
Figure 12b. However, contrarily to the work undertaken
on flat plates [50] or some work on circular arcs [51] no
secondary bubble could be observed at the available PIV
resolution. Nevertheless, it could be speculated that the
upstream inflection in the mean streamwise velocity
contour (𝑢/𝑈∞ = 0) [50] in Figure 12b may be the result of
such a secondary bubble.
From the three cases focussed on the leading edge, as
presented in Figures 10a, 10b and 12, the circulation 𝛤 can
be quantified as the integral of vorticity over the leadingedge separation bubble area. As the LESB does not move
with respect to the arc, its circulation is part of the bounded
circulation of the arc and its lift contribution can be
computed with the Kutta-Joukowski lift formula:
𝐿 = 𝜌𝑈∞ 𝛤

(4)

Whether in pre or post-critical regime, for a similar size
leading-edge separation bubble, as shown for 𝑅𝑒 = 68,200
at 𝛼 = 13° and 𝛼 = 16°, comparable contributions to the

Figure 12. Leading-edge separation bubble at 𝜶 = 25° and
𝑹𝒆 = 53,530, depicting (a) nondimensional turbulent kinetic
energy 𝜿 (for 𝜿 > 0.01), and (b) velocity field with streamwise
(red) and backwards (blue) flow.

It can therefore be concluded that the LESB provides a
non-negligible contribution to the overall lift, and a larger
LESB induces a greater contribution to lift. This is not to
say that the lift is enhanced by the presence of the LESB
[52], but rather that part of the lift is provided by the
LESB. Furthermore, these findings reveal the critical
effect of the LESB on the boundary layer regime and
overall flow fields, ultimately affecting the global forces.
7.

DISCUSSION

Based on the presented experimental data and literature
[13, 27], Figure 13 proposes a schematic description of the
lift trend with the angle of attack and the Reynolds
number. This is presented without values for the lift
coefficient as the onus is on its behaviour, with the actual
values, which may be impacted by various factors such as
blockage, not deemed relevant for this representation.
Two main trends can be distinguished, namely a laminar
and turbulent one, with an abrupt transition occurring
when the critical angle of attack is reached. The general
behaviour of the turbulent trend for the tested arc length
and leading edge shape, increasing the angle of attack
from zero, can be characterised as follows:

o

There is a first angle of attack range (0° < α < 8°)
where the lift increases almost linearly with a slope
higher than 2π/radians.

Reynolds number of full scale spinnakers being of the
order of 5 × 105 to 5 × 107 [39], the present findings are
relevant to model scale testing.

o

Trailing-edge separation becomes significant as the
separation point moves upstream, resulting in a
reduced lift trend with incidence (8° < α < 11°).

o

Ideal angle of attack (α = 11°) is reached, where the
upstream stagnation point is at the leading edge.

o

Subsequently, the leading-edge separation bubble
grows in size with the angle of attack
(11° < α < ~23°), associated with an increase in lift.

o

Deep stall is eventually reached (α ≳ 23°), with the
flow separating at the leading edge and no longer
reattaching to the surface of the arc, with a noticeable
drop in lift being generated [13].

Most remarkably, the nondimensional turbulent kinetic
energy evidences the fact that, in pre-critical regime,
where the downstream separation is laminar, the LESB is
turbulent, but followed by a laminar boundary layer all the
way to the training edge separation, before transition
occurs in the wake. Conversely, in post-critical regime, the
turbulent LESB is followed by a turbulent boundary layer,
which is carried all the way to separation. Lastly, it was
shown that, for a given leading-edge separation bubble
size, the flow regime immediately downstream of the
LESB does not make a significant difference to the lift
contribution at the leading edge. However, a larger LESB
proved to contribute to the overall lift by a greater
proportion. Furthermore, it is the overall flow regime,
whether laminar or turbulent, initiated at the inception of
the boundary layer, that influences the global forces.
8.

CONCLUSIONS

By employing a combination of force measurements and
PIV flow visualisation, this study provides new insights
on the flow around a circular arcs, particularly on the
crucial effect of the leading-edge flow on the trailing-edge
separation. More precisely, this was applied to a highly
cambered (𝑦𝑐 /𝑐 = 22.32%), thin circular arc, with a sharp
leading edge.

Figure 13. Idealized model for the lift generated by a highly
cambered thin circular arc with sharp leading edge,
including data edited from Velychko [27] and Bot [13].

With the acquired knowledge of the ideal angle of attack
(11° for 𝑦𝑐 /𝑐 = 22.32% at 𝑅𝑒 = 68,200) and corresponding
critical Reynolds (144,000 +/-2,000), it is possible to
recommend experimental model testing conditions so that
the full-scale flow, clearly turbulent, can be replicated in
a wind tunnel for instance. Indeed, as highlighted by
Souppez et al. [37], evidence of laminar separation
bubbles, identified thanks to a characteristic plateau in the
pressure distribution, can be found in the literature,
revealing inappropriate test conditions. Furthermore, the
interesting case of Bot et al. [53] provides a striking
example of a rigid model scale test undertaken at too low
a Reynolds number in certain conditions. Indeed, pressure
distribution at the shallowest incidence reveals the
presence of a laminar separation bubble, suggesting the
critical angle of attack has not yet been reached. However,
at all subsequent and greater incidences, such flow feature
is absent, and thus the critical angle of attack to trigger
transition must have been reached. Given the typical

Evidence of a combination of critical Reynolds number
and critical angle of attack necessary to trigger laminar-toturbulent transition has been provided, with the sudden
change in flow regime accounting for the sharp increase in
lift and drop in drag. Additionally, the ideal angle of
attack, where the stagnation point is located on the sharp
leading edge has been identified, confirming previous
observation of the formation of a leading-edge separation
bubble once this incidence is exceeded.
Most importantly, the present research study shed a new
light on the effect of the leading-edge separation bubble
on the flow within the downstream boundary layer.
Indeed, below the critical angle of attack, while a turbulent
leading-edge separation bubble was present, the boundary
layer remained laminar all the way to the trailing edge
separation, with transition occurring in the detached wake.
On the other hand, once the critical angle of attack is
surpassed, the turbulent leading-edge separation bubble is
followed by a turbulent boundary layer along the surface
of the arc until turbulent separation occurs.
It is envisaged that these results will contribute to improve
the design and performance of high-performance
downwind yacht sails, and may further contribute to wider
industrial applications, including micro aerial vehicles.
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