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Abstract

Simulations of the flow over a heaving NACA 0012 wing are conducted to
study the separated flow phenomena for a pre-stall and post-stall wing con-
dition. An extensively validated high fidelity large-eddy simulation (LES)
approach is used to examine the unsteady aerodynamic loads and flow struc-
tures at Reynolds number Rec = 2 × 104 based on the chord. We consider
reduced frequencies of k=0.47 and 0.94 for a chord-normalized peak-to-peak
amplitude of A/c=0.5 and angles of attack of 5◦ and 15◦, representing pre-
stall and post-stall conditions respectively. Comparison to experiment shows
good agreement for the phase-averaged lift, drag and moments of the heaving
wing. Characteristic phenomena of dynamic stall are analysed with empha-
sis on the leading edge vortex (LEV) development. A series of instantaneous
spanwise vorticity plots show significant spanwise perturbations in the re-
verse flow region that develops over the suction surface during the start of
the downstroke, giving rise to instabilities in the detached shear layer. The
instabilities give rise to the first occurrence of turbulence near the wing sur-
face at the leading edge.

Keywords: Dynamic stall, Large-eddy simulations, Oscillating wing,
Transition, Instability

1. Introduction1

The unsteady aerodynamics of oscillating wings has received much at-2

tention in recent years. A wide range of studies, including those of [1-6]3

has increased our knowledge of the unsteady flow patterns and transient ef-4
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fects, including flow instabilities and vortex shedding, primarily from a two-5

dimensional perspective. These studies have been largely driven by interest6

in, for example, natural flyers, micro air vehicles (MAV) and other unmanned7

aerial vehicles (UAVs). These vehicles operate mostly at low airspeed and8

low Reynolds number, typically Reynolds number magnitude of O(104−105)9

[7].10

The flow over the wings of these vehicles at this Reynolds number range11

is very complicated and can experience a dynamic stall behaviour, which12

exhibits large hysteresis on the lift and moment when the time varying angle13

of incidence goes beyond its static stall angle, due to the unsteady wing14

motion [8-9]. This makes them very challenging to model numerically. It15

has been found [10] that the leading edge vortex (LEV) plays a critical role16

in the lift enhancement. In static wing aerodynamics, near the stall angle17

the flow is highly unsteady and separated. Measurements [11-17] have shown18

that the unsteady flow has a low coherency in the spanwise direction, even19

for a two-dimensional geometry.20

In order to improve the understanding of oscillating wing aerodynamics, a21

number of studies have been carried out to investigate the complex wing mo-22

tion with simple kinematics such as in pure pitching or heaving motion using23

unsteady Reynolds-averaged Navier-Stokes (RANS) methods [18-21]. Most24

of this research has shown that RANS methods are not sufficient to predict25

such a time-dependent flow structure. For example, when the frequency of a26

periodically-oscillating wing is increased, it induces large shed vortices and27

downstream vorticity [22]. Wang et al.[21] showed that RANS methodologies28

are not suitable to predict such flow details and suggested that advanced ap-29

proaches such as direct numerical simulation (DNS) or large eddy simulation30

(LES) should be used to capture the details of such flows.31

The majority of the DNS and LES computational studies and especially32

with heaving motion tend to focus on three-dimensional wings, near-wake33

structures or spanwise vortical structures at high reduced frequency (k >34

2.0) and low amplitude (A/c 6 0.1). Despite the valuable insight from these35

studies, there is still a gap in the unsteady wing behaviour at much lower36

reduced frequency and higher amplitude [22-24]. This is because the large37

variations of transition points on the suction-surface of an airfoil during the38

pitching or heaving cycle require very large computational resources to cap-39

ture and understand such flow detail. There are open questions about the40

effect of transition on the wing motion, for example, the stability of the41

leading-edge vortex within these conditions and the first occurrence (as well42
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as phase angle) of turbulence on the wing surface. The work of [25] on two43

and three-dimensional pitching and plunging flat plates at Reynolds num-44

bers O(104) and reduced frequency k = 0.2, considering shallow stall and45

a deep stall motion, showed massive leading-edge separation at the sharp46

leading edge of the flat plate. Similar observations were also made by [26] on47

a heaving flat plate.48

Others such as [27-29] also used LES method to study the unsteady flow49

over a pitching wing. The investigations of [27] were made for k = 0.25-1.050

and Rec = 135,000. Pitching was achieved by using a dynamic mesh that51

deformed the cells each time step, allowing the wing boundary to move within52

the domain. The approach was able to predict the trends in the coefficients53

of lift, drag and moments compared with the experimental data. Spanwise54

vorticity components and instantaneous streamlines also compared well with55

experiments. There was little information on the transition of the motion56

since the main focus of their work was the effect of the aerodynamic forces57

on the pitching wing.58

In the current contribution, we use a similar approach to [27] to ex-59

amine the physics behind the dynamic stall of a heaving wing (considering60

low reduced frequency and higher amplitude) at Reynolds number O(104)61

where effect of transition is unclear. The aim is to (i) assess the performance62

of the LES approach for the prediction of the aerodynamic loads through63

comparison with experimental water tunnel data, and (ii) analyse any flow64

instabilities at the leading edge during a heaving cycle and the role of these65

instabilities in separation bubble transition. The intention is also to iden-66

tify the first occurrence of unsteadiness at the wing surface. The Reynolds67

number influence on the LEV is also studied.68

The remainder of this paper is organised as follows: In §2 we present the69

mathematical and numerical details of the LES, while the sensitivity of the70

LES methodology is analysed and explained in detail in §3. In §4 the results71

are validated against experimental water tunnel data and significant features72

of dynamic stall are presented. The section also provides insight into the73

variations in transition during the heaving cycle. §5 provides insight into the74

influence of Reynolds number on the flow structure and aerodynamic loads.75

Summary and concluding remarks are presented in §6.76
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2. Numerical Methodology77

2.1. Governing equations78

For the heaving manoeuvre, the governing equations are the unsteady79

filtered Navier-Stokes equations. Within the assumption of an incompressible80

fluid and by denoting the filtering operation with an overbar, the set of81

equations may be written in the form:82

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

(
ν
∂ui
∂xj
− τ rij

)
, (2)

where τ rij is the non-linear subgrid-scale (SGS) stress tensor which should be83

modelled. Thus, ghanaweb84

τ rij = uiuj − uiuj (3)

τ rij = −2νtSij +
1

3
δijτkk, (4)

where the Kronecker delta δij = 1 for i = j, otherwise δij = 0; νt is the85

SGS eddy viscosity and Sij is the rate-of-strain tensor for the resolved scale86

defined by87

Sij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
. (5)

Both the mixed time-scale (MTS) model of [30] and the wall adapting88

local eddy-viscosity (WALE) model of [31] have been used. The advantages89

of both models are that the eddy viscosity goes naturally to zero in the wall90

region, so neither constant adjustments nor damping functions are needed91

to compute wall bounded flows. Both models have also been credible when92

applied to transitional flow past wings which is one of the key aspects of93

the present application. For example, there have been applications to a94

NACA0015 at α = 11◦, Rec = 1.0 × 106 [21] a NACA0012 at α = 10◦, Rec95

= 13.5× 104[27-28] and a NACA0012 at α = 5◦, Rec = 5× 104 [32].96
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2.2. Applied LES-CFD solver and dynamic mesh97

The LES have been carried carried out using OpenFOAM version 2.3.0.98

A second order implicit scheme was used for the temporal discretization and99

the bounded second order (Gamma) scheme, with a factor Γ = 0.25 [33]100

was used for the convection term. The time step 4tU∞/c = 8.0 × 10−4101

corresponds to 4000 time steps per cycle. The pimpleDyMFoam solver in102

OpenFOAM was used, which is a transient solver for incompressible flow on a103

moving mesh utilising the PIMPLE (merged PISO-SIMPLE) algorithm. The104

PIMPLE algorithm includes both under relaxation and velocity correction105

and is mainly used for transient flows, but without the same Courant number106

constraints of the PISO algorithm. The number of outer iterations was set107

to two and the number of pressure corrections was set to three. In the108

pimpleDyMFoam solver, nodal locations are recalculated with each time step109

according to a prescribed boundary motion and diffusivity γ. Then, once110

the vertex velocity, uv is prescribed, it is interpolated to obtain the local111

boundary velocity, ub. The diffusivity γ then defines how the vertex motion112

is diffused to prevent high mesh deformation close to the boundary according113

to114

5 · (γ 5 uv) = 0. (6)

Once the boundary conditions are calculated from the previous boundary115

motion of a moving wall, the vertex position at time n+ 1 is updated using116

the vertex velocity, uv117

xn+1 = xn + uv∆t. (7)

For static computations involving no mesh deformation, γ is kept con-118

stant, however in dynamic computations involving mesh deformation, γ is119

varied to maintain high mesh quality around the moving geometry. Jasak120

and Tukovic [34] highlighted the importance of the diffusivity on the mesh121

quality at the trailing edge of a moving geometry. They found that the mesh122

quality is superior when a quadratic diffusivity is used as compared to other123

types such as linear and exponential. As a result, the quadratic diffusivity124

defined in equation 8 is used in this work.125

γ =
1

l2
, (8)

where l is the cell centre distance to the nearest selected boundary.126
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(a)

(b)

Figure 1: (a) Illustration of heaving motion, where the phase angle 0◦ ≤ φ ≤ 360◦ (b)
Effective angle of attack definition: αeff (t) = α + tan−1(Upl(t)/U∞) where Upl denotes
the plunge velocity, Urel the relative velocity and α is the geometric angle of attack. Note:
wing vertical position h(t) = A/2 cos 2πft.

2.3. Simulation parameters and grid generation127

The wing section considered in the present study has a NACA 0012 pro-128

file with chord c = 0.0627m and was modified to include a sharp trailing129

edge. The wing section has been the subject of a recent experimental water130

tunnel investigation [35]. Unsteady and phase-averaged computations were131

conducted with reduced frequencies k = 0.47 and 0.94 (where k = π fc/U∞132

and f is frequency, c is the airfoil chord and U∞ is the inflow velocity) and133

peak-to-peak amplitude A/c = 0.5. Two different angles of attack were con-134
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(a)

(b)

Figure 2: (a) Mesh topology (b) Sketch of the domain including applied boundary condi-
tions (not to scale).

sidered, namely α = 5◦ and α = 15◦. The plunging motion follows a cosine135

function (see Figure 1). A sketch of the computational domain created using136

Pointwise version 16 is shown in Figure 2. The set-up matches experimental137

water tunnel conditions in the axial and lateral directions. A C-type grid was138

adopted close to the wing surface. Away from the wing surface, an H-type139

grid was used. Grid points were concentrated around the wing boundary140

layer to capture the transition process. The domain was extruded in the141

spanwise direction by 0.25c and had a uniform spacing of about 30 to 60142

cells, aiming to provide 5 ≤ 4z+ ≤ 10 over the wing surface. This span143

was selected based on a spanwise sensitivity study, as described in section144

3. For the wall normal spacing, the mesh was designed to satisfy a y+ ≤ 1145
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criterion at the wall. An approximate 4x+ ≤ 10 was also achieved on the146

wing surface. In the near wake region (from the wing trailing edge to a dis-147

tance of 4 chords) the spacing was kept uniform and an aspect ratio of 1 was148

maintained to capture the anticipated near wake vortices. To avoid building149

separate grids for each angle of attack and also to maintain the strict LES150

requirements, the blocks surrounding the wing section (denoted in red in151

Figure 2b), together with the wing, were rotated about the quarter chord to152

the desired neutral angle of attack, with the vertices of those blocks adjusted153

accordingly to generate low skewed cells and to maintain a good quality mesh154

in the boundary layer and wake region. Boundary conditions include no-slip155

and symmetry conditions at the wall and the two lateral boundaries respec-156

tively. Periodic conditions were also imposed in the spanwise di1.4rection.157

Heaving computations were started from a previously simulated static con-158

dition (static cases were computed for about 10 chord flow pasts) and then159

run for about 7 cycles. Data was processed from the third cycle onwards.160

3. Sensitivity Studies161

3.1. Grid resolution effects162

Three different grids were used to provide insight into the impact of grid163

spacing on the overall prediction of the aerodynamic loads. The grids, la-164

belled G1,G2 and G3 were generated based on the same geometry definition165

by a systematic
√

2 refinement of the reference structured block-grid. The166

number of points was varied in all three directions simultaneously. The grid167

system used for the analysis is shown in Table 1, where the computational168

domain size is normalised by the wing chord c and U , H, W and Z are the169

upstream length, domain height, wake length and span length respectively.170

NAU is the number of grid points on the wing upper surface, NAL is the171

number of grid points on the wing lower surface and ∆z/c is the spanwise172

spacing. An illustration of the grid generated on the wing is also shown in173

Figure 2a for grid G2. The effect of the grid resolution on the lift and drag174

coefficient is shown in Figure 3 and Table 2. Data in Figure 3 was taken175

after the third cycle because it was found that the hysteresis loop from the176

successive cycles in general closely matched that of the third cycle, as shown177

in the time history plots of the aerodynamic loads in Figure 4. From the grid178

resolution study it was found that grid resolution had little effect during the179

wing’s downward displacement (i.e. the increasing lift side of the hysteresis180

loop in Figure 3).There were, however, some quantitative differences during181
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the wing’s upwards displacement. This is because of the unsteadiness of the182

flow structure within these regions, where the prominent elements in the flow183

are the separated shear layer emanating from the leading edge and the devel-184

opment of the trailing edge vortex (TEV). It is crucial that the mesh is fine185

enough to capture these unsteady flow structures. The results on the coarse186

grid G1 (see Table 2) deviate from the medium grid G2 by about 1% and187

fine grid G3 by about 3%, probably due to the fact that the spanwise spac-188

ing of ∆z/c=30 is not enough to resolve the details. Although G2 and G3189

(with about 1% difference between them) agree well with each other, there190

are still some minor differences, which are of the order of the cycle-to-cycle191

variations.192

Table 1: Grid and domain parameters, Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5

Mesh Size NAU NAL ∆z/c U [c] W [c] H[c] Z[c]
G1 456×176×30 176 176 0.0083 7.0 14.4 4.05 0.25
G2 645×249×43 249 249 0.0058 7.0 14.4 4.05 0.25
G3 912×352×60 352 352 0.0041 7.0 14.4 4.05 0.25

Table 2: Grid sensitivity analysis, Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5

Mesh ∆x+ ∆z+ y1+ CLave CDave

G1 10 10 4 0.691 -0.0458
G2 8 8 1 0.701 -0.0416
G3 6 5 0.64 0.709 -0.0402

NB: CLExp
= 0.758

3.2. Effect of Subgrid model193

Two different subgrid models were used to investigate the effect of the194

subgrid model on the computed aerodynamic loads, namely the MTS model195

with model constants CMTS = 0.03 and CT = 10 and the WALE model196

with model constant Cw = 0.325. Grid G2 was used for this study. Good197

agreement was obtained between the different subgrid models, as seen in198

Figure 4. The difference between the maximum lift coefficients was less than199

0.4% of the two models (CLmax= 2.74 for MTS and CLmax=2.73 for WALE200

model). There were some minor differences in the lift prediction during201
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Figure 3: The effect of grid resolution on the computed aerodynamic loads: Lift (a), Drag
(b), α = 5◦, Rec = 2× 104, k = 0.94 and A/c = 0.5.
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Figure 4: redTime series of lift and drag coefficient for grid G2, α = 5◦, Rec = 2× 104, k
= 0.94 and A/c = 0.5.

the wing’s upwards displacement at αeff = 30◦, where the WALE model202

produced a localised peak in the lift curve that was not seen for the MTS203

model.204

3.3. Spanwise domain size205

In the current computations the spanwise domain size was fixed to s=0.25c,206

similar to values adopted by [34] at comparable Reynolds numbers. In or-207

der to verify whether this size was sufficient, additional computations were208

conducted with a different spanwise size, i.e. s=1.0c. The corresponding209

grid was constructed using the G2 mesh, and the spacing in the spanwise210

direction, ∆z/c, was kept fixed. Hence, the grid sizes were 645×249×43211

and 645×249×172, representing s=0.25c and s=1.0c respectively. The ef-212

fect of span width on the computed aerodynamic load is shown in Figure213

6. The difference between the maximum lift coefficient was about 1.8% of214

the two domain widths and occurred at αeff = 30◦. We have also looked215

into the flow fields (not shown here) and found that the key features of the216

flow (such as the LEV development) are not significantly changed. Similar217

tendencies has also been found by [22,36] who carried out investigations on218

the deep dynamic stall of a plunging wing at comparable Reynolds number219
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Figure 5: The effect of subgrid model on the computed aerodynamic loads: Lift (a), Drag
(b), α = 5◦, Rec = 2× 104, k = 0.94 and A/c = 0.5.
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to determine the relative importance of the spanwise width on the overall220

flow structure. We have also done a careful sensitivity study and found that221

the spanwise width does not show significant changes in the lift and drag222

coefficients (CLave=0.701 and CDave=-0.0416 for s = 0.25c and CLave=0.689223

and CDave=-0.0432 for s = 1.0c). Moreover the forces and flow field agree224

well with the experiments with s = 5c for the two angle of attacks considered225

in the present study. Further extending the span width beyond s = 1.0c is226

not expected to show any significant changes in the aerodynamic loads.227

The results of all the different cases are in good agreement with each228

other, for example the maximum lift in all cases occurred at αeff = 30◦ with229

less than 1.0% difference. For the main set of simulations grid G2, with span230

s=0.25c and the MTS subgrid model, representing a reasonable compromise231

in accuracy and computational cost, was chosen. All computations were run232

on 240 CPUs using the UK national supercomputing services Archer and233

each simulation using grid G2 required approximately 8 wall clock hours for234

one cycle.235

4. Results236

4.1. Aerodynamic loads237

A comparison between LES and experimental water tunnel results for the238

pre-stall and post-stall heaving cases is shown in Figure 7 and 8, illustrating239

the variations of the phase-averaged lift coefficient as a function of the effec-240

tive angle of attack and the time-averaged lift as a function of the heaving241

reduced frequency respectively. A semi-empirical model, Beddoes-Leishman242

dynamic stall model (LB) [37] has also been added in Figure 8 for comparison243

purposes. The phased-averaged experimental data were obtained through av-244

eraging over 55 cycles. As it was not feasible in the present computation to245

average over such a large number of cycles, the computed phase-averaged246

data for all comparison purposes have been averaged over three cycles. The247

LES results shown in Figure 7 agree closely with experiment over the whole248

heaving cycle, in particular at the lower reduced frequency (k=0.47). As the249

reduced frequency increases to k=0.94 there is a slight deviation between250

LES and the water tunnel measurements, especially during the increasing-251

lift part of the cycle. Specifically, the maximum lift is under-predicted by252

10% for the pre-stall angle of attack of α = 5◦, which is associated with the253

first LEV formation and its convection. This is also reflected in the time-254

averaged lift results in Figure 8. Note that the sensitivity studies conducted255
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Figure 6: The effect of spanwise domain size on the computed aerodynamic loads: Lift
(a), Drag (b), α = 5◦, Rec = 2× 104, k = 0.94 and A/c = 0.5.
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in Figures 3-6 did not show any significant differences in the hysteresis loop,256

hence the discrepancies cannot be attributed to the mesh, subgrid model or257

span width. Results from successive cycles did not also show any big dif-258

ferences, so extending the computations to include averaging over 55 cycles,259

as in the experiments, is not expected to provide significant improvement260

in the mean lift values. Potential causes for the discrepancies include sup-261

port interference and inflow disturbance effects in the water tunnel where the262

experiments were performed with a turbulence intensity of less than 0.5%,263

none of which were included in the computations. End-wall effects also play264

a defining role in oscillating wing aerodynamic load predictions as has been265

addressed by [5, 38], who showed that the presence of a side wall can induce266

significant spanwise variations in the leading and trailing edge vortices dur-267

ing the dynamic stall process, thus influencing the aerodynamic loads. In the268

experiments the wing had end plates at the tip and root, however there was a269

gap of 2mm between the tip and the end plate, which accounts for about 3%270

of the chord. As the vortices become more three-dimensional, the gap could271

influence the tip flow and hence the tip vortex and the overall aerodynamic272

load prediction.273

At pre-stall angles of attack the time-averaged lift (see Figure 7) exceeds274

the static value when the reduced frequency k < 0.6, with an increase of275

approximately 5% at k=0.94. For this angle of attack, the Beddoes-Leishman276

dynamic stall model shows a similar trend to both the experimental and277

computational results at low reduced frequency k < 0.5.278

As the angle of attack is increased to post-stall conditions, the dependency279

of the time-averaged lift on the reduced frequency is more evident. There is280

a gradual increase in the time-averaged lift at k < 0.5 followed by a sudden281

increase of the slope for k > 0.5. Compared to the pre-stall angle of attack, at282

k=0.94 the time-averaged lift reaches values of about 120% higher than the283

static value. The trend in lift for the Beddoes-Leishman dynamic stall model284

deviates from both the computations and the measurements considerably,285

even at low reduced frequency.286

4.2. Mean flow features287

A view of the mean flow features is provided in Figures 9 and 10 for the288

pre-stall and post-stall condition respectively, showing the phase-averaged289

spanwise vorticity at three phases in the heaving cycle. At φ = 0◦, the wing290

is at its maximum displacement. An attached flow is observed in all cases291

and is more defined in terms of small-scale structures in the computations292
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compared to the experiment. On the pressure side of the wing, some localised293

vortices can be seen at about 0.3c. The LES also capture the trailing-edge294

separation and the near-wake vortical structures that were shed from the295

previous cycle. Similar tendencies can be observed for the post-stall angle of296

attack of α = 15◦ in Figure 10.297

As the wing continues to move downwards from φ = 0◦ to φ = 90◦, it298

experiences an increase in effective angle of attack. Lift and moments change299

rapidly and the wing starts to undergo dynamic stall, which is characterised300

by the formation of the LEV. The computed and experimental flow struc-301

tures are in close agreement. A reversed-flow region can be observed beneath302

the LEV. The trail of shed vortices from the previous cycle seen in the wake303

is also in qualitative agreement with the experiment. At the post-stall angle304

of attack the LEV increases in intensity and produces an increase in lift. The305

vortex appears to be much stronger in the LES and induces a region of neg-306

ative vorticity over the suction side of the wing compared to the experiment.307

As the wing continues to decelerate at φ = 180◦, it reaches its minimum308

point during the heaving motion. The main LEV has been shed downstream309

at about 0.5c and the trailing edge vortex (TEV) starts to emerge. The310

separation region with reversed flow between the main vortex and the sec-311

ondary one at the leading edge is more prominent compared to φ = 90◦. The312

location and size of the LEV is in better agreement with the experiment for313

the post-stall condition.314

At φ = 270◦, the LEV is now shed into the wake in both cases, however315

the size and location of the LEV differs between the computation and the316

experiment. Similar tendencies can be observed for the post-stall angle of317

attack of α = 15◦ in Figure 10.318

4.3. Instantaneous flow features319

4.3.1. Pre-stall, α = 5◦320

As the effective angle of attack increases, the LEV is initiated. As the321

LEV rolls up and convects downstream an increase in lift occurs, since the322

LEV enlarges the effective camber of the wing. The process of transition of323

the LEV is a significant feature of the dynamic stall process, as it influences324

the aerodynamic loads. The characteristics of the LEV system and its tran-325

sition to turbulence are therefore investigated for α = 5◦, k = 0.94 (Figures326

11-15). Figure 11 shows signals taken using 100 probes placed one cell above327

the suction surface of the wing, evenly distributed in x at the same spanwise328

location. The signals corresponds to the fluctuating vertical velocity, v′, and329
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were staggered by their chordwise (x/c) position relative to the leading edge.330

The v′ signals were taken for one cycle of the heaving motion. High fluctua-331

tions are distinguished as regions of high vorticity and may be characterised332

by flow separation, re-attachment and transition to turbulence. A closer in-333

spection of Figure 11 and the vorticity fields (for 3 cycles) shows that the334

flow is three-dimensional, unsteady, vortical and more random. Therefore it335

is identified as incipient turbulence from the leading edge (at x/c=0.04) up to336

the mid-chord (at x/c=0.5) between φ =65◦− 180◦ (hereafter termed region337

A). The flow re-laminarises as it approaches the trailing edge (from x/c =338

0.5-1.0). This is also confirmed in the power spectral density plot of the fluc-339

tuating vertical velocity signals at various x/c in Figure 12 where the peak340

and overall levels are reduced for x/c = 1 when compared with the other loca-341

tions in region A. Portions of the spectrum around frequency 10-100Hz is not342

inconsistent with the emergence of a small inertia sub-range. The turbulent343

structures in region A occur during the wing’s downwards displacement until344

the wing reaches its minimum point. Figure 14(c-l) shows ten snapshots (in345
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Figure 9: Phased-averaged contour plot of spanwise vorticity, wz for Rec = 2×104, α = 50,
k = 0.94 and A/c = 0.5: LES(left); Expt(middle)[35]; Displacement (right).

region A) of isosurfaces of instantaneous vorticity magnitude showing three-346

dimensional flow structures on the suction side of the heaving wing. Figures347

14a and b have also been included to emphasise that the boundary layer of348

the wing was laminar up until φ=65◦, when the emergence of the first LEV349

denoted L1 was observed. L1 is initially two-dimensional in nature with no350

spanwise variations. The flow is mostly attached, with some separation at351

the trailing edge, as seen in the skin friction plot in Figure 13. L1 then grows352

in size from φ=65◦−86◦, still retaining its coherent structure. At φ=86◦ (see353

also Figure 16) three clockwise vortices can be observed, namely L1 (now at354

x/c = 0.11), a secondary vortex (L2) upstream of L1 at x/c = 0.057, and a355
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Figure 10: Phased-averaged contour plot of spanwise vorticity, wz for Rec = 2 × 104,
α = 150, k = 0.94 and A/c = 0.5: LES(left); Expt(middle)[35]; Displacement (right).

third vortex structure (L3) at x/c = 0.3. Spanwise instabilities at the leading356

edge start to appear at φ=93◦, which is seen more clearly in the surface plot357

in Figure 15g. The corresponding skin friction plot in Figure 13 (φ=93◦)358

shows evidence of separation at the leading edge. L1 starts to breakdown359

from φ=101◦ − 108◦. By φ=144◦, spanwise instability is more visible. Skin360

friction plots show that the unsteady boundary layer separates at around x/c361

= 0.2. A single vortex structure containing small scale turbulent structures362

characterises the flow features in this region. The shedding of L1 continues363

from φ=158◦, reaching about x/c = 0.5 at φ=180◦, which is the minimum364

point of the heaving motion.365

20



4.3.2. Instability mechanism, α = 5◦366

The preceding section identified instabilities around the core of the LEV367

system. From the three-dimensional plots in Figure 14, it is difficult to ob-368

serve the core of the vortices since they are masked by wz (spanwise) vortical369

structures wrapped around the vortices. Instead, in order to understand370

the instability and their underlying mechanisms, contours of wz plotted for371

(x−z) planes through the various vortex structures are evaluated. The plots372

are carried out at φ = 86◦ as shown in Figure 16(left), where point A is a373

clockwise vortex previously denoted as (L2), B is the saddle point region,374

C (previously denoted L1) and is also a clockwise vortex. D and E are the375

recirculating regions respectively where the vortices are anti-clockwise in na-376

ture. Figure 17(right) shows the location of (x − z) planes through all the377

structures A− E.378

In Figure 16(left), B is two-dimensional in nature and the perturbations379

inside the core of C are of non-uniform amplitude across the span, much380

larger over the range 0.004 < z < 0.007 (see also Figure 18). A is also three-381

dimensional in nature (Figure 16 middle). It is interesting to note that the382

amplitude is larger than that of C as seen in Figure 18. The core of the383

recirculation regions, D (Figure 16 right) and E (Figure 16 middle) indicated384

by the blue colours in both plots also exhibit variations but with much lower385

amplitude across the span compared to A and C.386

The origin of the spanwise variations can be explained by referring back387

to the plots in Figure 14. As the wing begins its downstroke manoeuvre, a388

small region of reverse flow (D) develops on the wings suction surface. D389

grows in size from φ=50◦ to φ=86◦, moving upstream toward the leading390

edge and giving rise to instabilities in the detached shear layer which is391

starting to roll up. The shear layer rolls above a laminar separation bubble,392

consisting of several vortices, A, C and E. Notice that D is in phase with A393

and suggests that the original three-dimensionality of A may be a result of394

large scale deformation of the vortex caused by the contact with the reverse395

vortex rather than originating from the growing disturbances within A. The396

“transition by contact”, due to flow reversal observed by [39] is similar to397

the mechanism seen here.398

Within the core of C, wz seems to have broken down into small scale399

structures with wavelength of a similar order of magnitude to that associ-400

ated with elliptic instability. Elliptic instability is associated with vortex401

stretching and the instability is usually a spanwise deformation of the vortex402
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core. Leweke and Williamson [40] suggested values of the order of λ = 3D-4D403

(where λ is the spanwise wavelength and D is the diameter of the region of404

elliptical flow) for the most amplified instability mode. This is also supported405

by [41-43]. From Figure 19, it can also be observed that the development of406

the core of the vortices appear to contain varicose as well as sinuous features.407

Thus a potential mechanism for the breakdown is the presence of elliptic in-408

stability of the vortex cores (A and C), initiated by contact with the reverse409

flow vortex D. Since D is caused by C, the whole process forms a feedback410

loop.
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Figure 11: Instantaneous vertical velocity signals v′; Rec = 2 × 104, α = 5◦, k = 0.94
and A/c = 0.5. The maximum and minimum amplitude of v′ is 0.317m/s and -0.223m/s
respectively.

411

4.3.3. Post-stall, α = 15◦412

At the post-stall angle of attack, the effect of the LEV is stronger as413

shown in Figure 20 (a-l). At φ =50◦ the LEV, L1 has already been initiated.414

L1 was first observed at φ =30◦ (not shown here). L1 continues to grow in415
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Figure 12: Power spectral density of instantaneous vertical velocity values one cell above
the suction surface of the wing at x/c = 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0, sampled at mid-span.
Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5.

size from φ=57◦ − 72◦ where spanwise instabilities at the leading edge first416

start to appear outside the vortex core. Similar to the pre-stall angle of417

attack, at φ=86◦ structures L1, L2 and L3 can also be observed outside the418

vortex core. However, within the core of the vortex, there are differences in419

shape, size and positions of vortices A-E compared to the pre-stall angle of420

attack (in Figure 16), as seen from the plot in Figure 21. The shedding of421

L1 continues until φ=180◦.422

Note that as a result of the increase in strength and size of the LEV from423

α = 5◦ to α = 15◦, the time-averaged lift of the latter increases compared to424

the static value at α = 15◦. The effect on the amplitude seems to be minimal.425

At high frequency the cyclic variation is dominant due to the added mass426

force. This makes most theoretical models such as the Theodorsen model427

still able to predict the amplitude of the lift periodical oscillations even at428

k ≈ 0.94, where strong coherent vortical structures invalidate the theory429

behind the model (irrotational flow hypothesis). On the other hand, the430

LEV produces an increase in time-averaged lift with respect to the static431

value that the Theodorsen theory cannot predict.432
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5. Reynolds number influence433

5.1. Pre-stall, α = 5◦434

The influence of Reynolds number on the LEV system and its transition435

to turbulence on the heaving wing was investigated for Rec = 2 × 104 and436

5× 104. Two separate grids G1 and G2 ( y1+ values similar to Table 2) were437

employed and compared for the higher Reynolds number. The corresponding438

aerodynamic forces are shown in Figure 22. The lift plots agree closely with439

each other over the whole heaving cycle. The maximum lift is also compa-440

rable, however there is a slight downwards shift in drag coefficient when the441

Reynolds number is increased, which could be associated with the difference442

of vortex shedding at large effective angle of attack. The maximum discrep-443

ancy of CD between Rec = 2× 104 and Rec = 5× 104 is approximately 10%444

of the maximum variation of CD during one cycle. Interestingly, the drag445

coefficient at Rec = 5 × 104 is less sensitive to the resolution than at Rec446

= 2 × 104 and we do not expect any significant difference in flow features447

between the two resolutions for Rec = 5 × 104. The Reynolds number ef-448

fect on the instantaneous flow features is shown in Figures 23 to 25 for Rec449

= 5 × 104 − G1. Unlike the Rec = 2 × 104 case, which showed turbulent450
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(a) φ = 50◦ (b) φ = 57◦ (c) φ = 65◦

(d) φ = 72◦ (e) φ = 79◦ (f) φ = 86◦

(g) φ = 93◦ (h) φ = 101◦ (i) φ = 108◦

(j) φ = 144◦ (k) φ = 158◦ (l) φ = 180◦

Figure 14: Isosurfaces of instantaneous vorticity, wz over the range of ±30 for Rec =
2× 104, α = 5◦, k = 0.94 and A/c = 0.5.

structures at the leading edge up until mid chord followed by relaminarisa-451

tion towards the trailing edge (see Figure 11), for Rec = 5 × 104, turbulent452

structures can be observed all the way to the trailing edge (see Figure 23).453

The trailing edge vortex TEV has a higher strength compared to the lower454

Reynolds number case. At Rec = 5 × 104, L1 is first observed at φ = 57◦455

and spanwise instabilities starts to occur at φ = 72◦ (see Figures 23 and 24).456

Instability effects become apparent at the bottom of the downstroke for both457

Rec but much earlier at φ = 101◦ for Rec = 5× 104. At φ = 270◦ in Figure458
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(a) φ = 50◦ (b) φ = 57◦ (c) φ = 65◦

(d) φ = 72◦ (e) φ = 79◦ (f) φ = 86◦

(g) φ = 93◦ (h) φ = 101◦ (i) φ = 108◦

(j) φ = 144◦ (k) φ = 158◦ (l) φ = 180◦

Figure 15: Instantaneous spanwise vorticity, wz over the range of ±30, near the wing
suction surface during transition for Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5.

Figure 16: Left: Contours of wz over the range of ±30 taken across the centres of vor-
tex cores with (x,y)co-ordinates A(0.057c, 0.142c), B(0.072c, 0.149c), C(0.113c, 0.160c),
D(0.065c, 0.136c) and E (0.072c, 0.140c); Right:(x-z) planes through the cores of B&C
(Line1), A&E (Line2) and D (Line 3) at φ = 86◦, Rec = 2 × 104, α = 5◦, k = 0.94 and
A/c = 0.5.

24, the TEV and near wake structures are turbulent for the higher Reynolds459

number. The TEV was found to interact with L1. The complex vortical460

structures may explain the slight shift in the CD plot and also the decrease461
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Figure 17: Contours of wz over the range of ±30, showing the x-z cut plane passing
approximately through vortex cores, Left(Line 1); Middle(Line 2); Right(Line 3) at φ =
86◦, Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5.

in CDmax at the high Reynolds number.462

This finding is very important as it shows that Rec influences not only463

the flow structures but also the aerodynamic loads. This is also supported464

by the findings of [44] who also investigated the influence of both Strouhal465

and Reynolds number on a plunging wing at low Reynolds number.466

6. Conclusions467

An advanced LES approach, to gain insight into the characteristic phe-468

nomena of the dynamic stall process, and more especially the LEV formation469

and transition, has been presented. The results of the sensitivity analysis of470

grid, domain extent and subgrid model were in good agreement with each471

other. The maximum lift in all cases occurred at αeff = 30◦ with less than472

1.0% difference.473

The aerodynamic hysteresis also showed good agreement with experi-474

mental water tunnel measurements over the whole heaving cycle at reduced475
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Figure 18: Contours of wz passing approximately through vortex A to E centres at φ = 86◦,
Rec = 2× 104, α = 5◦, k = 0.94 and A/c = 0.5.

Figure 19: Instantaneous flow configuration (on the wing suction surface) for the varicose
breakdown of the spanwise streak within the core of vortex C, displayed in terms of Q-
criterion isosurface (Q=500) at φ = 86◦, Rec = 2 × 104, α = 5◦, k = 0.94 and A/c =
0.5.

frequencies, k = 0.47 and k = 0.94, with better agreement at the lower476

reduced frequency.477

Analysis of the mean flow features revealed that when the angle of attack478

increases from pre-stall to post-stall, the size of the LEV increases and there479
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(a) φ = 50◦ (b) φ = 57◦ (c) φ = 65◦

(d) φ = 72◦ (e) φ = 79◦ (f) φ = 86◦

(g) φ = 93◦ (h) φ = 101◦ (i) φ = 108◦

(j) φ = 144◦ (k) φ = 158◦ (l) φ = 180◦

Figure 20: Isosurfaces of instantaneous vorticity wz over the range of ±30, for Rec =
2× 104, α = 15◦; k = 0.94 and A/c = 0.5.

is a delay in the laminar to turbulent transition process. The increase in size480

of the LEV also increases the time-averaged lift compared to static lift at481

post-stall angle of attack, however its effect on the amplitude appears to be482

minimal.483

Detailed analysis of the instantaneous flow structures at pre-stall angle484

of attack was also provided, with emphasis on the role of the instability485

mechanism in the separation bubble transition on the wing suction surface.486

Starting from a laminar boundary layer, as the wing was on its downstroke487

29



Figure 21: Contours of wz at φ = 86◦ over the range of ±30, Rec = 2 × 104, α = 15◦, k
= 0.94 and A/c = 0.5.

manoeuvre, the first LEV was observed at around φ = 65◦. The LEV grew488

in size whilst retaining its coherent structure until φ = 85◦. The LEV system489

was found to be two-dimensional in nature outside its core. The vortex struc-490

ture breaks down into smaller scale structures within the core, suggesting the491

presence of an elliptic instability. The reverse vortex was also found to be492

three-dimensional and also in phase with the secondary vortex L2 suggesting493

that the shear layer starting to roll up might already be three-dimensional in494

nature with the recirculation providing a feedback of the three-dimensional495

disturbances from the developing LEV. The three-dimensional unsteady (i.e.496

incipient turbulence) disturbances within the core of the reverse vortex were497

observed to be present down to the wing surface near the leading edge.498

The influence of Reynolds number on the lift and drag coefficient was499

investigated for the pre-stall angle of attack and details of the flow patterns500

and vortical structures examined. The effect on lift coefficient is minimal but501

its influence on the drag coefficient is visible. The maximum drag coefficient502

decreases as Rec increases. At Rec = 5× 104, the TEV is more pronounced503

and there is a delay in the shedding of the TEV. This is consistent with the504

slightly lower drag coefficient.505

This work has focused on the separation bubble at the leading edge on the506

suction surface of a heaving wing. Future work should focus on investigating507

the instabilities at the trailing edge during the heaving cycle in particular in508

combination with a pitching motion as well as external disturbance effect.509

In the present contribution, the capability of large-eddy simulation has510

been successfully demonstrated for separated flows at low Reynolds number.511

30



-1.5

 0

 1.5

 3

-30 -20 -10  0  10  20  30  40  50

C
L

αeff[°]

Re=2 x 10
4
-G2

Re=5 x 10
4
-G2

Re=5 x 10
4
-G1

(a)

-0.3

-0.15

 0

 0.15

 0.3

-30 -20 -10  0  10  20  30  40  50

C
D

αeff[°]

Re=2 x 10
4
-G2

Re=5 x 10
4
-G2

Re=5 x 10
4
-G1

(b)
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