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Abstract 

A computational fluid dynamics (CFD) study has been conducted 

to investigate the development of the vortical flow structure on a 

thin, rectangular wing undergoing a pitch-ramp–hold manoeuvre 

in a steady on-coming flow. The motion represents a simplifica-
tion of the flapping-wing motion of insects and serves as a ca-

nonical test case to provide insight into the unsteady aerodynam-

ics of flapping-wing flight, as well as CFD-modelling heuristics. 

A freestream Reynolds number based on wing chord of 103 was 

considered, and the wing, which had an aspect ratio of four, was 

rotated about its leading edge from an angle of attack of zero to 

45°. The study explored the effects of the pitch-ramping rate and 

the smoothness of the transitions between the piecewise compo-
nents of the pitch-ramp–hold manoeuvre.  

The pitching motion generates a highly unsteady, three-dimen-

sional flow structure in the wing wake. Varying the motion pa-

rameters has a distinct effect on the aerodynamic loading, with 

increased pitching rate and reduced smoothing of the pitch-ramp–

hold manoeuvre leading to higher aerodynamic loads. However, 

above a critical level, a reduction of the smoothing results in little 

increase in the instantaneous aerodynamic loading. The maxi-

mum lift and drag coefficients were found to correlate with the 

pitch-ramping rate, with motion at the highest rate simulated 

yielding the highest aerodynamic loading.  

Introduction  

Flapping-wing flight is attracting growing interest due to its 

potential application in ‘micro’ air vehicles (MAVs). To under-

stand the fundamental mechanisms of flapping-wing aerodynam-
ics at low-to-moderate Reynolds numbers, various canonical cas-

es have been proposed [6]. They comprise of a sinusoidal 

increase in the pitch angle of a wing (simplified to a flat plate) 

with time. However, to avoid function spikes due to discontinui-

ties in the pitching rate, a smoothing function used by Eldredge et 

al. [2] and Garmann et al. [3] was adopted:  
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where θ  is the pitch angle (angle of attack), 0θ  is the maximum 

pitch angle in the manoeuvre, and a is a parameter that controls 
the ‘smoothness’ of the transitions. Time, t, is non-dimensional-

ised by the convective timescale:  

 c/tU=τ , (2) 

where U is the freestream velocity and c is the chord length. The 

time that would be taken for a linear pitch-ramping manoeuvre 
(without smoothing) is 12 τττ −=∆ , where 1τ  and 2τ are the 
times at which the motion would start and stop, respectively.  

The motion described by Equation (1) for a case in which the 
pitch-ramping manoeuvre occurs in the time taken for the flow to 

travel one chord length ( 1=∆τ , with 501 .=τ  and 512 .=τ ) is 

shown in Figure 1 for two values of the smoothing parameter, 

5=a  and 11. The variation of the smoothing parameter affects 
both the pitch-angle history and the pitching rate (θ ′ ).  

In this study, flow conditions at a Reynolds number (Re) of 103 
were investigated (where ν/UcRe =  and ν  is the kinematic 

viscosity of the fluid). A parameterisation study was conducted to 
determine the sensitivity of the aerodynamic forces and three-di-
mensional flow structure to the pitching rate and the details of the 

motion (its smoothing). The motion described by Equation (1) 
was used, and pitch-ramping timescales of τ∆  = [1, 2, 3] were 

tested for a fixed value of the smoothing parameter ( 5=a ) to 
assess the effect of pitching rate. To evaluate the influence of the 
smoothing parameter, values of a = [0.5, 1, 3, 5, 11] were consid-

ered for a fixed value of the pitch-ramping rate ( 2=∆τ ).  

Computational Setup  

Numerical Procedure 

Due to the moderate Reynolds number considered, the Navier–
Stokes equations were solved directly using the ANSYS Fluent 

pressure-based incompressible solver [1]. Second-order spatial 
and temporal discretisation with upwind differencing was used 
for all simulations and pressure–velocity coupling was achieved 

with the SIMPLEC scheme.  

The grid comprised a prismatic inflation layer that extended from 

the wing surface to beyond the steady-state, laminar boundary 
layer (at 0=θ ). Beyond that, the unstructured tetrahedral mesh 

extended to the farfield boundary. A grid with a higher density 
was used immediately aft of the wing to resolve the wake. The 
computational domain was spherical and extended forty chord 

lengths in all directions. A domain of this size has been found to 
be sufficient to capture the flow structure in prior computational 

studies of similar problems [5]. Prior findings [6, 3] also indicate 

Figure 1. Smoothed pitch-ramping motion described by Equation (1) with 

, , , and  or 11.  



that changes in Reynolds number in the range of 103 to 4×104 
minimally affect the temporal evolution of similar flowfields.  

Wing Geometry and Pitching Motion 

The wing under consideration has a chord of c and a span of 4c, 
yielding an aspect ratio of 4. Its thickness is equal to 5% of the 

chord. The leading and trailing edges of the wing are rounded to 
conform to the benchmark cases [6]. The meshing procedure is 

also simplified by rounding the sides of the wing.  

The pitching motion occurs about the leading edge of the wing, 
and the pitch angle ramps from 0=θ  to 45°, as shown in 
Figure 1. In the Fluent simulation, the wing motion is prescribed 
via a user-defined function and applied as a mesh motion. 

Initially a simulation with the wing at 0=θ  was run, and this 
formed the starting point for each transient simulation.  

Effect of Spatial and Temporal Resolution 

A temporal-sensitivity study was performed to verify the numeri-
cal accuracy of the CFD technique, with time steps varying from 

=∆t  2.5×10−5 s to 2×10−4 s (with a doubling in each successive 
simulation) for the fastest pitching manoeuvre [defined by Equa-

tion (1) with 1=∆τ  and 11=a ]. The results show that the tem-
poral resolution predominantly affects the peaks and troughs of 
the aerodynamic loads. This is illustrated in Figure 3(a), which 

shows the lift coefficient, LC  [where ( )2½ U/LCL ρ= , L  is the 

lift force, and ρ  is the density of the fluid]. Refining the time-

step from =∆t 5×10−5 s to 2.5×10−5 s resulted in only slight 

changes in the computed force histories (< 1% in the lift and drag 

forces); thus a time step of 5×10−5 s was chosen for all simula-

tions presented herein.  

A spatial-sensitivity study was also performed to ensure that the 

CFD results were independent of mesh size. The fastest pitching 

manoeuvre was again chosen; and three grid resolutions were 

compared: a coarse grid of ~6 million elements, a medium-den-

sity grid of ~10 million elements, and a fine grid of ~24 million 

elements. Figure 3(b) shows the lift and drag coefficients com-

puted using the different grids [where the drag coefficient is giv-

en by )(½
2

U/DCD ρ=  and D is the drag force]. These results 

indicate that there is a negligible difference in the lift and drag 

forces on the wing computed using the different grids. Similarly, 

only minor differences were observed in the vortical wake struc-

ture. The finest grid was chosen for the remainder of the study to 

ensure that small-scale wake structures were resolved.  

Results 

Effect of Motion Parameters on Flow Structure 

The second invariant of the velocity-gradient tensor, Q is used to 

aid in vortical-flow visualisation. The Q criterion is defined by  

 ( )22½ ijij SΩQ −= , (3) 

where ijΩ  is a measure of the strength of the local vorticity and 

ijS  is a measure of the irrotational stretching [4]. The construc-

tion of iso-surfaces of constant Q (> 0) enables the visualisation 

of rotational flow structures.  

Pitch-Ramping Rate 

To establish the effect of the pitch-ramping rate, the flows gener-

ated by wing motions with 1=∆τ  and 3=∆τ  at a fixed value 

of the smoothing parameter, a = 5, were examined. The resulting 

Figure 3. (a) Lift-coefficient histories from simulations with different 

time steps; and (b) lift- and drag-coefficient histories from simulations 

with different grid resolutions. In each case, the motion of the wing is 

described by Equation (1) with  and . 
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Figure 2. Instantaneous iso-surfaces of , coloured by 

streamwise vorticity. The wing motion is described by Equation (1) with 

 and  (left panel) and  (right panel), and snapshots of 

various moments in the wing motion are displayed.  
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flow structures are shown at various instants of time during the 

development of the flowfield in Figure 2. For the times at which 

the flow is shown, the vortical structure remains symmetric about 

the wing’s centreline. For both 1=∆τ  and 3=∆τ , a leading-

edge vortex (LEV) is formed and remains attached to the wing, 

whereas a ‘starting’ trailing-edge vortex (TEV) of opposite sign 

detaches from the wing surface. The TEV remains bound to the 

wing and forms a contra-rotating trailing vortex pair (as evident 

from the equal and opposite magnitudes of the streamwise-

vorticity contours). Owing to the longer convective time over 

which the wing undergoes the pitching manoeuvre for the case 

with 3=∆τ , the LEV separates from the wing near the 

centreline, forming a vortex loop; while a regular series of TEVs, 

subsequent to the primary starting TEV, are shed.  

Motion-Smoothing Parameter 

Figure 4 shows the temporal evolution of the flowfield obtained 

from simulations with 2=∆τ  and values of smoothing parame-

ter, a = 1, 5, and 11 (left-to-right). A contra-rotating TEV pair is 

evident in all cases up to 18≈τ . At later times, the wake is char-

acterised by asymmetrical shedding of large-scale vortex loops 

and a loss of symmetry about the wing centreline, highlighting 

the need for a fully three-dimensional solution.  

Early in the pitching manoeuvre (4.4 < τ < 13.2) the flowfields 

generated with different amounts of motion smoothing show dis-

tinct differences. The three vortex loops apparent in the cases 

with a = 5 and 11 are not present in the flowfield computed with 

the greatest amount of smoothing (a = 1).  

Effect of Motion Parameters on Aerodynamic Loading 

Figure 5 shows the evolution of the lift and drag forces computed 

for wing motions with 1=∆τ  and differing amounts of smooth-

ing (different values of a). The case with least smoothing 

(a = 11) shows behaviour unlike the cases with smoother transi-

tions in the pitch-ramp–hold manoeuvre. In particular, local max-

ima and minima in LC  are encountered prior to and after the 

peak in lift, as seen in Figure 5(a). Similar features are seen in the 

drag force, as shown in Figure 5(b), though the initial deviation is 

significantly smaller than that seen in the lift force.  

Figure 6 shows the effect of the smoothing parameter for cases 

with 2=∆τ . The peaks at 6≈τ  and 13 correspond to the shed-

ding of two leading-edge vortices. The frequency at which they 

are shed is not be a strong function of a, although the first peak in 

both lift and drag is strongly coupled with a. The peak at 13≈τ  

is unaffected by the value of a. The maximum aerodynamic loads 

associated with the pitch-ramping of the wing are plotted in 

Figure 7 to establish the relationship between the smoothing 

parameter (a) and the peak lift and drag coefficients ( max,LC  and 

max,DC , respectively). The data indicates that for the range of 

τ∆  tested, values of a in excess of 5 result in only small changes 
to the maximum loading.  

The case with the fastest pitch-ramping rate ( 1=∆τ ) consist-

Figure 4. Iso-surfaces of , coloured by streamwise vorticity and 

showing the temporal evolution of the flow for  and values of  

a = 1, 5, and 11 (left-to-right). Note that  and .  

 

 = 

 = 

 = 

Streamwise vorticity 

 = 

 = 

a = 1 a = 5 a = 11 

Figure 5. Effect of motion-smoothing parameter, a, on (a) lift and (b) 

drag coefficient for wing motion with  and  . 
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ently generates larger loadings than do the slower motions; and 
the loading increases with the smoothing parameter (a). A drop 

in aerodynamic loading is seen with an increase in τ∆ , indicat-

ing that faster, more abrupt motions (decreases in τ∆  and in-

creases in a, respectively) cause higher lift and drag.  

To investigate whether the pitch angle or pitching rate has a larg-

er effect on the aerodynamic loads, Figure 8 presents the lift co-

efficient versus the pitch angle for wing motions with 2=∆τ  

and various amounts of smoothing. The maximum lift is seen to 

occur at pitch angles of 30° and 40°, as the motion begins to 

decelerate (Fig. 1), rather than at the maximum pitch angle.  

Conclusion 

A pitch-ramp–hold manoeuvre with a flat, rectangular wing in a 

steady on-coming flow has been investigated by direct numerical 

simulation, and the aerodynamic loading coefficients and tem-

poral evolution of the flow structure have been examined. Flow 
visualisation using the Q-criterion revealed a complex, highly 

vortical flow characterised by a leading-edge vortex that remains 

attached during pitch-ramping and a bound trailing-edge ‘start-

ing’ vortex that detaches and is convected downstream. The mo-

tion parameters investigated were shown to strongly affect both 

loading parameters (lift and drag), as well as the flowfield.  

The canonical problem studied here provides designers of flap-

ping-wing ‘micro’ aircraft valuable insight into the relationship 

between their wing kinematics and their aerodynamics. The mo-

tion studied is similar to the pitch reversals at the extremes of 

each wing stroke executed by insects. The pitch-ramping rate of 

the wings has been shown to strongly influence the lift generated, 

with more rapid ramping yielding higher aerodynamic forces. 

Abrupt motion transitions have also been shown to produce high-

er lift and drag than smoother ones, up to a point at which the de-

pendence of the peak lift on the degree of motion smoothing de-

clines. The aircraft designer is presented with guidance on the 

rate of pitch reversal and the degree of motion smoothing. Such 

factors, along with structural and power considerations, will gov-

ern the wing kinematics of practical flapping-wing mechanisms.  
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Figure 6. Effect of smoothing parameter, a, on (a) lift and (b) drag 

coefficient for wing motion with   and . 
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Figure 7.  Effect of motion-smoothing parameter, a, on CL,max and CD,max

for wing motions with  = 1, 2, and 3. 

Figure 8. Aerodynamic loading as a function of pitch angle for wing 

motions with  and various values of the smoothing parameter, a. 

 


