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Abstract 

The peak loads experienced by aircraft of all scales will typically be during gusts, turbulence 

or extreme manoeuvres. Understanding the aerodynamic response to these transient 

disturbances is therefore crucial, particularly when Leading-Edge Vortices (LEVs) occur. This 

fundamental study investigates the aerodynamic response to a wide range of transient plunging 

motions. The peak loads exhibited a strong dependence to motion amplitude yet remained 

relatively insensitive to motion duration. Within the parameter range tested (motion duration 

of T < 20τ, or equivalent reduced frequency k < 1, and plunge amplitude of αpl,peak ≤ 30⁰), the 

peak lift did not exceed that of the quasi-static thin airfoil theory prediction, permitting its use 

as a safe limit for structural design. The normalized peak lift change displayed weak collapse 

with the timescale of the motion and instead showed better correlation with the non-

dimensional plunge rate. The peak pitching moment scales well with plunge rate according to 

the theoretical prediction due to the added-mass component for plunge-up motions, but quickly 

diverges for plunge-down motions. At post-stall angles of attack, large-scale vortex shedding 

was observed and caused decaying oscillations in the loads long after the transient motion ends. 

For both a NACA 0012 and flat plate airfoil, the first vortex shedding cycle after the transient 

motion occurs around the subharmonic of the static shedding frequency. Subsequent shedding 

cycles then increase in frequency and asymptotically approach the static shedding frequency 

in around 15 to 20 convective times. This is the first study to experimentally quantify this 

behaviour and is an aspect currently missing in existing reduced-order models, which could be 

significant for the prediction of successive transient disturbances. Finally, Reynolds number 

insensitivity was demonstrated for transient disturbances between 20,000 and 150,000, even 

for post-stall angles of attack where large-scale vortex shedding can occur. 
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I. Introduction 

Leading-Edge Vortices (LEVs) have been well documented in a wide range of engineering 

applications where extreme unsteady conditions occur, such as biological flows, Micro-Air 

Vehicles (MAVs), rotor blades in forward flight, wind turbine blades and fixed-wing aircraft 

in gusts and manoeuvres. LEVs can produce enhanced aerodynamic loads beyond steady-state 

conditions and introduce significant non-linearities into the load response with respect to airfoil 

kinematics, geometry and flow conditions (McCroskey 1982, Gursul & Cleaver 2018, Eldredge 

& Jones 2019). A plethora of research has been conducted on periodically oscillating airfoils, 

primarily related to the study of dynamic stall on helicopter rotor blades and flapping wings. 

Considerable progress has been made understanding the mechanisms that govern LEV 

behaviour in periodic unsteadiness (McCroskey 1982, Corke et al. 2015, Mulleners & Raffel 

2012, Gursul & Cleaver 2018), however this is primarily applicable to naturally periodic 

scenarios such as flapping flight or rotor blade environments. For non-periodic scenarios such 

as manoeuvres and discrete gusts, transient airfoil unsteadiness provides a closer representation 

(Ol et al. 2009). These scenarios however have a significantly wider parameter space and there 

is comparatively less understanding in such diverse unsteady conditions (Eldredge & Jones 

2019). Knowledge of the LEV response to transient disturbances is therefore critical to 

informing predictive models, which can facilitate the development of technologies to either 

exploit or mitigate the effect of the LEV. 

Accurate and inexpensive prediction of the force response to large disturbances is crucial 

for flight control and structural wing design, particularly where LEVs form. Observations of 

accurate lift prediction have been made using attached flow solutions for impulsively started 

flow (Manar & Jones 2019), high-amplitude transient plunging motions (Perrotta & Jones 

2018), periodic plunging (Chiereghin et al. 2019) and large transverse gusts (Perrotta & Jones 

2017, Corkery et al. 2018, Biler et al. 2019), where LEV influence is dominant. In contrast, 

the pitching moment response has received significantly less attention and requires further 

investigation. 

Whilst the focus of many studies has been placed on primary LEV formation and loads 

during the motion, the recovery process to steady-state conditions has been largely overlooked. 

Depending on final conditions, recovery can typically take up to six convective times (Ol et al. 

2009, Ol & Babinsky 2016, Biler et al. 2019) or display significant oscillations long after 
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motion end (Mulleners et al. 2017, Manar & Jones 2019). For flapping flight applications the 

critical aspect is the primary LEV behaviour, after which the next wing stroke begins; however 

for discrete gust encounters and manoeuvres, lift and pitching moment recovery cannot be 

ignored with respect to control and stability, particularly in the event of successive transient 

scenarios (Mulleners et al. 2017). Post-motion oscillations in aerodynamic loads have been 

documented to be caused by additional LEVs that form after the primary LEV has been shed 

(Rosti et al. 2016, Mulleners et al. 2017, Son et al. 2018, Leknys et al. 2018, Manar & Jones 

2019). This phenomenon is termed here as large-scale vortex shedding and exhibits a decay in 

oscillation amplitude with time (Mulleners et al. 2017). The load time-histories of documented 

cases (Rosti et al. 2016, Mulleners et al. 2017, Son et al. 2018, Leknys et al. 2018, Manar & 

Jones 2019) display striking commonalities, despite the different motion kinematics and airfoil 

geometries, indicating a fundamental governing principle; an aspect yet to be explored.  

 

In general it has been noted that in a certain range, Re = O(102) - O(104), Reynolds number 

has a minor effect on the loads response (Ol & Babinsky 2016, Eldredge & Jones 2019). 

Nevertheless, notable studies have linked Reynolds number with increased viscous interaction 

between the LEV and boundary layer, LEV growth rate and LEV shedding time (Jones & 

Babinsky 2011, Widmann & Tropea 2017). Reynolds number insensitivity is yet to be 

demonstrated in the transitional Reynolds number range, O(104) - O(106), perhaps owing to the 

experimental challenges of testing at higher Reynolds numbers and consequently higher 

motion accelerations. 

 

This fundamental study will therefore examine the aerodynamic response to a wide range 

of transient plunging motions. Gursul and Cleaver (2018) state that unsteady effects are more 

easily discernible on plunging airfoils as the geometric angle of attack remains constant. An 

experimental campaign of motion duration and amplitude, geometric angle of attack, airfoil 

geometry and Reynolds number change is conducted to provide a broad overview of the 

aerodynamic response and LEV behaviour. The results section begins by assessing the impact 

of angle of attack on the static loads (Section A) and dynamic loads for a representative motion 

case (Section B) of Reynolds number 20,000. A qualitative description of the flow fields is 

given in Section C to elucidate the various features in the loads response. Section D assesses 

the impact of motion amplitude and duration on the peak loads and how they scale with 

different motion parameters, directly relevant for wing structural design. The post-motion loads 

recovery is then investigated and quantified (Section E) for large-scale vortex shedding events, 
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a critical aspect for stability and control of MAVs and fixed wing aircraft after transient 

disturbances. The scalability of the results is addressed through a substantial increase in 

Reynolds number from 20,000 to 150,000 in Section F.  

 

II. Methods and Techniques 

 Figure 1 presents the motion induced angle of attack, αpl, due to the transient plunging 

motion considered in this study, similar to Ol et al. (2009). The airfoil is plunged normal to the 

free-stream, where the velocity of the plunging motion induces the change in angle of attack, 

αpl. Hence the area underneath the profile represents the displacement of the airfoil. For positive 

motion, Figure 1a, the change in αpl is positive (hence the airfoil is translated downwards) and 

αpl is increased linearly from zero up to a maximum, αpl,peak, for a brief hold duration before 

linearly decreasing back to zero. Figure 1b describes the inverse of this, termed negative 

motion, where the airfoil is translated upwards. Unlike for pitching motion, no smoothing was 

applied to the corners of the ramp-hold-return function as αpl describes the velocity of the 

plunging airfoil rather than the position, avoiding any large spikes in acceleration forces 

(Babinsky & Stevens 2016). The motion duration, T, can be varied independently of the 

amplitude, αpl,peak, with the duration of hold at αpl,peak remaining constant at 0.05c/Uꝏ (Ol et al. 

2009). Higher plunge amplitudes, αpl,peak, and motion durations, T, will produce a larger 

plunging distance. Motion end is defined as τ = 0, where τ is the convective time (τ = tUꝏ/c). 

After the motion end the airfoil is held static for 50 convective times to allow for transient 

unsteadiness to decay. 

 

 

Figure 1: Profile of motion induced angle of attack, αpl, for a) positive and b) negative motion. 



5 
 

A. Experimental Setup 

 A Reynolds number range Re = 20,000 to 150,000 is considered in this study. The Reynolds 

number 20,000 cases were conducted in a water tunnel, whereas the Re = 100,000 to 150,000 

cases were conducted in a wind tunnel. These used different actuation methods, sensor 

measurements and post-processing procedures. Figure 2a shows a front view of the water 

tunnel set-up. This facility can provide a free-stream velocity ranging from 0 to 0.5 m/s to a 

working section of 381 x 508 x 1530 mm3 with a free-stream turbulence intensity less than 

0.5% (Heathcote 2006). The experimental rig is situated on top of the water tunnel which 

positions the wing vertically in the test section. To enforce quasi-2D conditions a pair of splitter 

plates were used at the wing root and tip, extending one chord length upstream and ten chord 

lengths downstream, which prevent the formation of tip vortices. To cover the hole required 

for wing motion in the root stationary plate, a third moving splitter plate is fixed to the wing 

root and sits 0.02c under the stationary root plate in order to minimize any free-surface effects 

and extends 0.15c upstream from the leading-edge, 0.15c downstream of the trailing-edge and 

±0.8c in the cross stream direction. For the wing-tip splitter plate there is a clearance of 0.02c. 

Two airfoil profiles were considered for this study, a NACA 0012 and flat plate profile. Both 

were made with a chord length of 62.7 mm and a span of 313.5 mm. The NACA 0012 wing 

was manufactured from PA 2200 polyamide using selective laser sintering, sanded smooth and 

painted matt-black to reduce reflectivity. To provide a high spanwise stiffness, a 25 mm by 5 

mm carbon fibre spar was inserted through the wing at x/c = 0.25. The flat plate wing was 

manufactured from T800 carbon fibre with a thickness of 2.5 mm (0.04c). A 45⁰ bevel was 

machined on the lower surface at the leading-edge and trailing-edge to create a fixed point of 

flow separation over the upper surface. The angle of attack is set through a rotation stage at the 

top of the wing assembly with an accuracy of ±0.2⁰. This assembly is connected to a moving 

carriage through the torque sensor. The moving carriage is constrained to the plunging axis via 

two 13 mm diameter shafts running through four air bushings, providing frictionless motion 

whilst absorbing the bending and torque loads.  Plunging motion is supplied by a Zaber 

LSQ150B-T3 translation stage powered by a stepper motor with an X-MCB1 controller. This 

can produce motion that follows the motion profiles in Figure 1 with an accuracy of 

±0.03αpl,peak and ±0.1c/Uꝏ for the amplitude and motion duration respectively.  
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Figure 2: Experimental test rigs (front view) - a) water tunnel, b) wind tunnel.  
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 Figure 2b presents the front view of the wind tunnel set-up. This was designed to mirror the 

configuration of the water tunnel set-up in Figure 2a. The wing mounts vertically to the moving 

carriage and consists of a NACA 0012 airfoil of chord length 230 mm and span 1150 mm. This 

has a carbon fibre monocoque design with a detachable panel on the lower surface for access 

to the interior. A root splitter plate connects separately to the moving carriage and creates a 

moving ceiling with a gap of 0.04c. The same gap is maintained at the tip splitter plate, 

enforcing quasi-2D conditions. Motion is constrained to the plunging axis through two 40 mm 

diameter shafts running through four air bushings and linear motion is provided by a bespoke 

MOOG, equal-sided hydraulic actuator connected by a pin-rod linkage arm. The actuator is 

driven by a MOOG G761 servo-valve and supplied with a variable displacement hydraulic 

pump. Proportional and integral control was implemented on a National Instruments Compact 

RIO using position feedback from a linear variable differential transformer on the actuator. 

This was capable of motion accuracies of ±0.08αpl,peak and ±0.4c/Uꝏ for the amplitude and 

motion duration respectively. 

 

 

B. Load Measurements 

 For the water tunnel experiments, a Futek S-beam tension/compression load cell 

(FSH00103) is used to measure force in the plunging axis only, i.e., the lift component. This 

load cell acts as a link between the motion stage and the moving carriage, see Figure 2a. The 

constraints imposed by the air bearing assembly remove the large bending and torque moments, 

enabling a relatively sensitive force sensor to be used for dynamic measurements. For pitching 

moment measurements, a Futek reaction torque sensor (FSH03990) is situated between the 

wing and moving carriage and is aligned with the wing quarter-chord axis. A StrainSense 

4807A accelerometer is mounted to the moving carriage in order to measure motion 

acceleration. This is used to remove the inertial forces from the lift and pitching moment signals 

by subtracting the product of the moving mass and instantaneous acceleration from the raw 

signal. To better isolate the aerodynamic component, the signals were put through 3rd order 

Butterworth band-stop filters to remove the dominant structural frequencies of the wing (8.1 

Hz) and moving carriage (32 Hz, 40 Hz). A moving average filter was then applied at 50 Hz to 

remove the remaining high frequency noise. The transient lift and pitching moment 

measurements are presented as an ensemble-average of 30 repeats at a sample frequency of 

2,000 samples per motion duration. For static loads the measurements were acquired at 1 kHz 

for 40 seconds. The uncertainty in lift coefficient was estimated to be ±0.05 for the static cases 
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and ±0.15 for the dynamic cases. The uncertainty in pitching moment coefficient was estimated 

to be ±0.005 for the static cases and ±0.015 for the dynamic cases (Bull 2020).  

  

 In the wind tunnel experiments, force, moment and unsteady surface pressure measurements 

were obtained through 32 ±2.5 kPa Honeywell TruStability HSC PCB mounted pressure 

transducers with an I2C digital interface. These were logged at a rate of 1250 Hz during the 

motion duration and 1000 Hz for τ > 0. Ideally the transducers should be as close as possible 

to the unsteady pressure source, however in practice this was not possible due to geometric 

constraints imposed by the internal volume of the wing. Flexible tubing connected the pressure 

source to the transducers, which were arranged such that the tubing length was no greater than 

0.23 m. This tubing length was deemed acceptable by measuring the frequency response to a 

periodic pressure source. Significant tubing effects were found to occur at frequencies far 

greater than the bandwidth of a typical signal in this experiment. The error associated with tube 

effects was estimated to be < 2% (Bull 2020). The transducers were aligned such that the 

internal diaphragm plane was parallel to the plunging axis to mitigate any acceleration effects. 

With this orientation there was no measurable effect. Lift and pitching moment are presented 

as an ensemble-average of 30 repeats. The uncertainty in static lift and pitching moment was 

estimated to be ±0.04 and ±0.01 respectively. Dynamic uncertainties in lift and pitching 

moment were estimated to be ±0.05 and ±0.015 respectively (Bull 2020). 

 

C. Particle Image Velocimetry Measurements 

 Two-dimensional Particle Image Velocimetry (PIV) measurements were taken at the mid-

span plane in both wind and water tunnel experiments, focussing on the upper surface of the 

airfoil, as shown in Figure 2. For the water tunnel experiments, the water was seeded with 

hollow glass spheres of 8 to 12 μm that were illuminated with a New Wave Solo Nd:YAG 50 

mJ laser. The PIV measurements were conducted with a 4 MPixel CCD camera. All image 

pairs were processed with INSIGHT 4G using an interrogation window of 32 by 32 pixels with 

a grid overlap of 0.25, yielding a resolution of 0.01c. In the wind tunnel, the air was seeded 

with oil droplets of approximately 1 μm in diameter that were illuminated with a Quantel 

Evegreen Nd:YAG 200 mJ laser. Images were acquired with an 8 MPixel CCD camera, 

yielding a resolution of 0.006c using the same processing parameters. All PIV measurements 

are presented as the ensemble-average of 100 phase locked image pairs. The uncertainty of the 

ensemble-averaged velocity measurements was estimated to be less than 2% of the free-stream 

velocity. The PIV uncertainty was calculated using the tool kit available in Insight 4G™ and 
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is a representative 95% confidence level of the phase-averaged images. The uncertainty of each 

velocity vector is based on the ratio between the primary and secondary correlation peaks (TSI 

2014) and the average error was calculated based on the method of Moffat (1988). 

 

III.  Results 

A. Static Loads 

For validation of the load measurement systems, the static lift and pitching moment 

coefficients are compared with relevant examples from literature (Wang et al. 2014, Ohtake et 

al. 2007, Chen & Choa 2008, Gerontakos & Lee 2006, Sheldahl & Klimas 1981), see Figure 

3. The static loads from the water tunnel rig for Re = 20,000 have previously been discussed in 

Bull et al. (2020). In summary, the non-linearity observed is due to laminar separation and the 

formation a laminar separation bubble.  At low α0 (< 5⁰) the lift at Re = 100,00, 150,000 and 

200,000 (Figure 3a) shows a more linear variation than Re = 20,000. Little variation between 

Re = 100,000, 150,000 and 200,000 in the present study is seen and shows good agreement 

with literature of similar Reynolds number up to stall. The post-stall regime shows considerable 

variation as this region is highly sensitive to the experimental set-up, but the present study lies 

within this spread. The pitching moment in Figure 3b is in overall agreement with the literature. 

In the transitional Reynolds number regime, the pitching moment curve does not show the 

distinct undulations seen at Re = 20,000, and instead shows a more monotonic variation, 

disrupted by a distinct drop at the stall angle around α0 = 10⁰. Interestingly the curves for the 

present study at Re = 100,000, 150,000, 200,000 show notable agreement across most of the 

range. Here we define pre-stall angles as α0 < 9⁰ and post-stall angles as α0 > 10⁰, with stall 

occurring between 9⁰ and 10⁰. 

 

B. Dynamic Loads 

The time-histories of relative lift, ΔCl, and relative pitching moment, ΔCm, for a positive 

transient motion, with amplitude αpl,peak = +25⁰ and duration T = 2.22, are shown in Figure 4a 

and 4b respectively. These motion parameters will be used throughout as a representative case. 

The x-axis is convective time, τ = Uꝏt/c, which represents chord lengths travelled. The Δ term 

signifies measurements relative to the static component. The vertical dotted lines indicate the 

start and end of the motion, with the end always defined as τ = 0. The case presented here is 

for the NACA 0012 airfoil across a range of geometric angles of attack, α0, at Re = 20,000. 
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This is a representative case, the main features are generally consistent across the range of T, 

but become more pronounced with increasing αpl,peak, as will be shown later. 

 

 

Figure 3: a) Static lift coefficient, b) static pitching moment coefficient, with comparisons to 

literature. 

Consider first the variation of ΔCl during positive motion in Figure 4a. At the onset of 

motion all α0 exhibit a steep gradient reaching a maximum around mid-motion, where a short 

plateau in the lift response is observed. A peak lift increase is observed from 𝛼0 = 0 to 9⁰, which 

then decreases monotonically from 𝛼0 = 15 to 35⁰. Interestingly the lift responses for α0 = 9 and 
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15⁰ are very similar despite the drastically different pre-motion flow field conditions, as will 

be shown in Section C. The lift response then begins to decrease in magnitude for α0 > 20⁰.  

Figure 4: Load time-histories for positive motion, Re = 20,000, T = 2.22, αpl,peak = +25⁰ at α0 = 0, 9, 

15, 20, 25, 30, 35⁰: a) lift change, b) pitching moment change. 
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Similar observations on flat plate airfoils have been made by Perrotta & Jones (2018) for 

transient plunge motions. More significant differences are observed after the lift peak during 

airfoil deceleration, τ = -1 to 0, even becoming negative for α0 = 30, 35⁰. 

In the post-motion stage, τ > 0, the response of ΔCl shows distinct differences with α0. For 

α0 = 0 and 9⁰ the lift exhibits a recovery to steady-state conditions by τ ≈ 6. For most of the 

post-stall cases however, α0 = 15, 20, 25 and 30⁰, the lift response displays significant 

undulations taking up to τ ≈ 12 to approach steady-state conditions. At α0 = 15⁰ the lift response 

exhibits a single increase to a maximum at τ ≈ 4 followed by a gradual decrease approaching 

steady-state at τ ≈ 10. At α0 = 20 and 25⁰ the post-motion lift response shows multiple maxima 

which is indicative of large-scale vortex shedding and will be discussed further in Section C. 

The first post-motion peak is larger than for α0 = 15⁰ and occurs approximately c/Uꝏ earlier. 

The subsequent peak occurs at τ ≈ 6, approximately 3.5c/Uꝏ later. As a first comparison, the 

convective time between the two-post motion peaks is in line with relevant transient literature 

(Lorber & Carta 1988, Mulleners et al. 2017, Leknys et al. 2018) which show a similar time 

delay of 3.5 to 4.5 c/Uꝏ between lift peaks; this will be explored in more detail in Section E. 

For α0 = 30⁰ the magnitude of the post-motion lift peaks is significantly reduced, however the 

convective time between them are similar to α0 = 20, 25⁰. With a further increase to α0 = 35⁰, 

large-scale vortex shedding was not detected in the lift or pitching moment signals. 

Figure 4b presents the relative pitching moment response for the same cases as Figure 4a. 

The peak nose-down pitching moment during motion shows a strong dependence on α0, 

increasing monotonically from α0 = 0 to 35⁰. Like the lift response, significant differences are 

also seen in the deceleration portion of the motion. At α0 = 0⁰ the pitching moment displays an 

equal and opposite nose-up peak. An increase in α0 causes an initial suppression of the nose-

up peak, and it is eliminated for α0 = 15 and 20⁰. The nose-up peak then gradually returns with 

further increase in α0. Figure 4b also highlights the large-scale post-motion vortex shedding 

behaviour for α0 = 15, 20, 25 and 30⁰. The post-motion nose-down peak locations 

approximately coincide with the corresponding ΔCl peaks in Figure 4a but with a slight delay. 

 

Figure 5a and Figure 5b present ΔCl and ΔCm for the equivalent negative motion case, T = 

2.22 and αpl,peak = -25⁰. Considering first the lift response during the motion in Figure 5a, similar 

but inverse behaviour is observed across the range of α0. A steep drop in relative lift results in  

a minimum around mid-motion. The relative lift then sharply increases before exhibiting a 

more gradual increase to motion cessation at τ = 0. From τ = 0, the pre-stall angles of attack, α0  
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Figure 5: Load time-histories for negative motion, Re = 20,000, T = 2.22, αpl,peak = -25⁰ at α0 = 0, 9, 

15, 20, 25, 30, 35⁰: a) lift change, b) pitching moment change. 

 

= 0 and 9⁰, again show a gradual decay to steady-state by τ ≈ 6, whereas all post-stall angles of 

attack considered display distinct vortex shedding behaviour. This vortex shedding results in 

positive relative lift and similar observations are made to the positive motion cases. At α0 = 15⁰ 

a single post-motion lift peak is present, albeit more delayed at τ ≈ 4.5. As α0 is increased the 
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first post-motion peak occurs earlier along with the emergence of more vortex shedding cycles 

that show a magnitude decay with τ. These shedding cycles will be analysed in more detail 

later. In contrast to the positive motion cases, strong vortex shedding is exhibited even for α0 = 

30 and 35⁰. 

 

The pitching moment response for the negative motion case is shown in Figure 5b. Less 

variation over the α0 range is seen here compared with the positive motion case. In the initial 

stages of the motion ΔCm is in reasonable agreement across all α0 curves, whereas during the 

deceleration portion of the motion there are growing differences with increasing α0. In the post-

motion stage (τ > 0) for α0 > 20⁰, the nose-down ΔCm peaks do not correlate as strongly with 

the peaks in ΔCl and instead display two distinct nose-down peaks in quick succession between 

τ ≈ 2 to 4. 

 

C. Flow Field Measurements 

To elucidate the flow structures underlying the features in Figure 4 and Figure 5, flow field 

measurements are presented for positive cases with T = 2.22, αpl,peak = +25⁰ and α0 = 9, 15⁰ and 

20⁰, as well as a negative case for T = 2.22 , αpl,peak = -25⁰ and α0 = 15⁰. Flow fields are presented 

as the vorticity field with streamlines superposed. The corresponding time-histories of relative 

lift and pitching moment coefficient are presented at the top of each figure including peak 

identification and the motion start/end. An estimation of the added-mass component is also 

shown using the well-established Theodorsen model for a thin airfoil (Theodorsen 1935). This 

uses the product of the plunging acceleration, taken from the rig accelerometer signal, and the 

mass of a fluid column with a diameter of one chord length.  

Figure 6 presents the stall case of α0 = 9⁰, where no post-motion large-scale vortex shedding 

could be seen in the loads response. During the initial acceleration at τ = -2.22 the lift and 

pitching moment increase is dominated by the added-mass component, shown in Figure 6a and 

Figure 6b. As the effective angle of attack increases between τ = -1.7 and -1.4, the upper surface 

shear layer begins to roll-up into small coherent structures. At this point a maximum nose-

down pitching moment is observed, labelled as M1 in Figure 6b. By τ = -1.1 a coherent LEV 

has formed corresponding to the maximum ΔCl, denoted as L1 on Figure 6a. The relative lift 

time-history indicates that the circulatory lift is the most dominant component of ΔCl at L1, 

with the added-mass making a relatively smaller contribution. After L1 has been reached the 

lift drops rapidly due to both the sign change in added-mass and the decreasing αpl induced by 
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Figure 6: α0 = 9⁰ for T = 2.22, αpl,peak = +25⁰, Re = 20,000 a) lift change, b) pitching moment change, 

with added-mass estimate, c) ensemble-averaged normalized spanwise vorticity with streamlines. 
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the motion. At τ = -0.3 the circulatory force is directly counteracted by the large negative added-

mass component resulting in a small positive ΔCl. This lift is sustained for a short period after 

τ = 0, presumably due to the influence of the LEV still convecting over the airfoil. Between τ 

= 1 and 5 the lift exhibits a slight negative value, which coincides with the partially separated 

shear layer left behind by the LEV. The impact of the LEV is also apparent in the pitching 

moment measurements. The added-mass prediction shows an approximately constant value of 

ΔCm ≈ -0.4 during the acceleration phase; followed by an approximately constant value of ΔCm 

≈ 0.4 during the deceleration phase. During the acceleration phase from τ = -2.2 to -1.1, the 

measured ΔCm demonstrates similar trends to the added-mass. However, during the 

deceleration phase from τ = -1.1 to 0, there is a significant difference, with the experiment 

consistently exhibiting a lower pitching moment. This is due to the nose-down moment 

generated by the LEV. Once the motion ends at τ = 0, ΔCm demonstrates a distinct nose-down 

spike. These artefacts correlate with the inception of the LEV at τ ≈ -1.7, its growth from τ ≈ -

1.7 to -0.5, and subsequent detachment and convection from τ > -0.5. As the LEV convects 

over the trailing-edge it triggers the formation of a TEV which coincides with the distinct nose-

down ΔCm peak between τ = 0.0 and 1.0. The LEV/TEV pair then shed into the free-stream as 

a “mushroom” shape dipole, similar to Panda & Zaman (1994), visible at τ = 1.0.   

Figure 7 presents a case with the same T and αpl,peak but with α0 increased to 15⁰, where a 

single post-motion peak was observed in the loads response. Before the motion starts at τ = -

2.2 the flow is in a fully separated state. At motion inception the lift and pitching moment 

response is dominated by the added-mass component. Once again L1 occurs at τ = -1.1 when 

there is a strong LEV at the leading-edge which appears at a greater distance from the upper 

surface and further downstream than for α0 = 9⁰. As the motion progresses the gap between the 

vortex and the upper surface increases considerably. At τ = 0 the LEV has reached the trailing-

edge and promotes the roll-up of the trailing-edge shear layer into a new TEV. By τ = 1.0 the 

LEV has been completely shed and the TEV is fully formed. The lift and nose-down pitching 

moment begin to steadily increase from τ = 1.0 and 2.5 respectively, resulting in a maximum 

ΔCl at τ = 4.0 (L2) and ΔCm at τ = 4.2 (M2). The flow field indicates that this is due to a 

secondary, less coherent LEV that forms over the entire airfoil upper surface. The inception of 

this vortex can be traced back to τ = 0.0 where the feeding shear layer interacts with the counter-

clockwise vorticity kicked up by the primary LEV. The shear layer propagation is momentarily 

retarded by this flow which results in the accumulation of clockwise vorticity, similar to 

Mulleners and Raffel (2012) for pitching airfoils. The streamline reattachment in the leading- 



17 
 

 

Figure 7: α0 = 15⁰ for T = 2.22, αpl,peak = +25⁰, Re = 20,000: a) lift change, b) pitching moment change, 

with added-mass estimate, c) ensemble-averaged normalized spanwise vorticity with streamlines. 
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edge region gradually spreads across the upper surface, marking the inception and growth of 

the secondary LEV. It is suggested that streamline reattachment is also promoted by the 

induced downwash from the coherent TEV at τ = 1.0. The secondary LEV is then shed around 

τ ≈ 5 inducing a much weaker tertiary TEV which appears to have no further distinguishable 

effect on the upstream leading-edge shear layer.  

Figure 8 shows a case with the same parameters as Figure 6 and Figure 7 but with α0 

increased to 20⁰, the lowest α0 case to display more than one post-motion peak. Once again, at 

τ = -1.1 the LEV is lifted further from the upper surface, suggesting that LEV vertical position 

is a function of α0. This bears similarities to the findings of Smith et al. (2020), who 

demonstrated the same dependence for a flat plate wing in a transverse gust. Despite the 

increased distance of the LEV from the airfoil surface, L1 is similar to α0 = 9, 15⁰. As the LEV 

passes the trailing-edge a nose-down pitching moment peak occurs at τ ≈ 0.5, see Figure 8b, 

coinciding with the formation of the secondary TEV. The mechanism of the secondary LEV is 

similar to α0 = 15⁰, however its propagation occurs at a greater rate. By τ = 3.0 the secondary 

LEV has fully formed, corresponding to the peak in both lift (L2) and nose-down pitching 

moment (M2). The vorticity distribution shows more coherency, producing a larger peak in lift 

and nose-down pitching moment. A tertiary TEV is then formed as the secondary LEV passes 

over the trailing-edge, which in turn influences the leading-edge shear layer, promoting further 

roll-up. A weaker third peak in relative lift (L3) and nose-down pitching moment (M3) can be 

seen at τ ≈ 6, corresponding to the formation of a weaker tertiary LEV.  

Figure 9 presents the negative motion equivalent to Figure 7 to elucidate the mechanism 

for the post-motion peaks. During the acceleration phase the leading-edge shear layer is pushed 

back onto the airfoil surface resulting in flow reattachment. The reattachment point propagates 

downstream towards the trailing-edge from τ = -1.7 to -0.5. At motion cessation the flow is 

fully attached across most of the upper surface and the lift begins to increase almost linearly. 

During this time the clockwise, positive vorticity on the upper surface begins to roll-up into 

small structures, as seen at τ = 1.0. At τ = 2.0 these are shed into the wake and the upper surface 

vorticity begins to accumulate just aft of the leading-edge. From τ = 2.0 to 4.0 this region of  
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Figure 8: α0 = 20⁰ for T = 2.22, αpl,peak = +25⁰, Re = 20,000: a) lift change, b) pitching moment change, 

with added-mass estimate, c) ensemble-averaged normalized spanwise vorticity with streamlines. 
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Figure 9: α0 = 15⁰ for T = 2.22, αpl,peak = -25⁰, Re = 20,000: a) lift change, b) pitching moment change, 

with added-mass estimate, c) ensemble-averaged normalized spanwise vorticity with streamlines. 
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vorticity propagates downstream and begins to lift off, forming a distinct vortex over the upper 

surface. This bears strong resemblance to τ = 4.0 for the positive case in Figure 7 and produces 

a similar magnitude peak in both lift (L2) and nose-down pitching moment (M2). A TEV is 

induced as the LEV passes the trailing-edge between τ = 5.0 and 6.0 but, like the positive case, 

this has no further impact on the loads. From this example it is evident that vortex shedding for 

negative motion is related to flow reattachment during upwards translation into the separated 

wake, followed by dynamic separation. The flow field development is reminiscent of a typical 

dynamic stall event; attached flow beyond its static stall angle, shear layer roll-up and the 

emergence of a coherent vortical structure (McCroskey 1982). Unlike the positive motion case, 

the vortex shedding cycles are not dependent on the LEV formed during the motion, but on the 

degree of flow reattachment; this helps explain why strong vortex shedding is still observed for 

negative motion at α0 = 30 and 35⁰ in Figure 5. The first post-motion peak seen in Figure 5 

begins to decrease beyond α0 = 25⁰ suggesting the flow is only partially reattaching prior to 

vortex formation; behaviour that will strongly depend on αpl,peak and T. 

 

D. Motion Duration and Amplitude Effects 

To explore the effect of motion duration, T, and amplitude, αpl,peak, a large test campaign 

was conducted and the peak loads were extracted. The test matrix consists of motion duration, 

T, from 1.67 to 20, amplitude, αpl,peak, from -30 to 30⁰ and α0 from 0 to 20⁰. Values with large 

T and αpl,peak combinations could not be tested due to the constraint in displacement amplitude, 

i.e., proximity of the water tunnel walls. 

 

Figure 10 presents the peak relative lift, ΔCl,peak, and pitching moment ΔCm,peak for 

L1/M1, L2/M2 and L3/M3 plotted against αpl,peak for each T across the α0 range. Consider first 

the distribution of ΔCl,peak, for L1 at each α0. The peak lift shows a monotonic variation with 

αpl,peak at every α0 for both positive and negative motions. The same amplitude dependence has 

been found in studies of plunging motion (Perrotta & Jones 2018) and transverse gusts (Biler 

et al. 2019, Smith et al. 2020). Interestingly the quasi-static 2παpl,peak line provides a reasonable 

prediction of peak magnitudes, echoing the findings of Chiereghin et al. (2019) for periodic 

sinusoidal plunging. However if k and αpl,peak are increased beyond the range tested, this 

relationship is expected to breakdown as the added-mass component will begin to dominate 

the lift response. Motion duration T is observed to have little effect on L1. The circulatory 

component of lift is dominant at L1 (see Figure 6a) and is therefore primarily dependent on the  
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Figure 10: Peak values of lift and pitching moment change with αpl,peak (Re = 20,000). 
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plunge angle, αpl,peak, rather than the motion period, as demonstrated for periodically plunging 

airfoils by Chiereghin et al. (2019). In terms of pitching moment, Figure 10 displays larger 

effects of geometric angle of attack and motion duration, T, on the M1 peak. For α0 = 0⁰, 

ΔCm,peak monotonically decreases with αpl,peak. As α0 is increased to 9⁰ the negative motion peaks 

follow a similar monotonic trend, whilst the positive motion nose-down peaks are greater, 

particularly for high T cases. The cause of this inversion with respect to T is currently unknown 

but could be linked to the phasing between LEV chordwise position and the added-mass 

component (Chiereghin et al. 2019). An example of this is presented in Figure 6, and the 

associated description, where the interplay between the two force components is observed for 

a low T motion. In contrast to the lift at L1, the pitching moment does not collapse as well with 

T. The results for L2/M2 are plotted for post-stall angles of attack and are indicated by a dashed 

line, see Figure 10. Note that a second peak was not observed for α0 = 0 and 9⁰; i.e. attached 

flow at initial conditions. For both lift and pitching moment the curves show insensitivity to T, 

particularly at the higher amplitudes. Interestingly L2 and M2 both show distinctly different 

trends for positive and negative motions. This reflects the different flow field mechanisms 

responsible for L2/M2. For positive motion a monotonic increase can be seen with a lower 

gradient than L1/M1. On the other hand, L2/M2 for the negative motion cases quickly saturate 

to a near constant value. The point of lift and moment saturation changes with α0; αpl,peak ≈ -5 

to -10⁰ for α0 = 15⁰ and αpl,peak ≈ -10 to -15⁰ for α0 = 20⁰ depending on T. This suggests that, in 

a quasi-static sense, if the total effective angle of attack is sufficiently low to fully reattach the 

flow, no additional increase in L2/M2 can be achieved with increasing amplitude. For L3/M3, 

the same trends as L2/M2 are observed at α0 = 20⁰ across all motion durations and amplitudes. 

 

One of the most striking features of Figure 10 is the similarity in L1 across all α0, despite 

the drastically changing flow fields from pre- to post-stall conditions. Figure 11a compares L1 

for α0= 0, 5, 9, 15 and 20⁰ where a remarkable collapse can be seen, particularly for the positive 

motion cases. Interestingly the negative cases show a slight gradient change as α0 is increased 

and is likely due to the sensitivity of flow reattachment (see Figure 9). The theoretical lift 

prediction is also shown as a dashed line in Figure 11a which is defined as 2παpl,peak; this 

provides a reasonable prediction of maximum possible lift during motion, in line with the 

findings of Chiereghin et al. (2019) for periodic sinusoidal plunging.  
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In Figure 11b and 11c, we present normalized lift change, which is the ratio of 

maximum lift change, ΔCl,peak, to the maximum change in induced angle of attack, αpl,peak. Here 

we consider ΔCl,peak/αpl,peak as a function of two parameters. The first one is the motion duration,  

 

Figure 11: a) L1 variation with αpl,peak for all α0, b) lift change with k for all α0, c) gradient of lift 

change with K for all α0 (Re = 20,000). 
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T, which is expressed as the reduced frequency, k = πfc/Uꝏ, where f = 0.5/T is the equivalent 

frequency. The second parameter is the non-dimensional plunge rate, K, which is defined as 

 

𝐾 =

𝑑𝛼𝑝𝑙
𝑑𝑡

𝑐

2𝑈∞
 

(1) 

If the plunge rate is approximated as 

 

𝑑𝛼𝑝𝑙

𝑑𝑡
≈
𝛼𝑝𝑙,𝑝𝑒𝑎𝑘
𝑇
2⁄

 (2) 

we obtain 

 

𝐾 =
𝛼𝑝𝑙,𝑝𝑒𝑎𝑘
𝑈∞𝑇

𝑐⁄
= 2

𝑘

𝜋
𝛼𝑝𝑙,𝑝𝑒𝑎𝑘 (3) 

 

Whereas the reduced frequency, k, has information of motion duration, T, the non-dimensional 

plunge rate is proportional to the ratio of the motion amplitude to duration. 

 

In Figure 11b, the dotted line represents Theodorsen’s prediction (1935).  Normalized 

peak lift values for transient motion show large scatter with k. Instead the normalized lift scales 

better with the non-dimensional plunge rate, K, see Figure 11c. A linear fit is presented for 

positive and negative values of K, indicating positive and negative motion. Despite the spread 

in the data, they serve to indicate the slight increase in normalized lift gradient for positive 

motion cases. A more pronounced effect of α0 is seen in the negative motion cases, where post-

stall α0 exhibits a lower normalized lift gradient, presumably due to the initial separated flow 

state over the upper surface as the airfoil is translated upwards.  

 

          Figure 12 presents ΔCm,peak alongside a theoretical prediction for attached flows. 

Theodorsen’s theory shows that the pitching moment about the quarter-chord is due to the 

added-mass component only, and is given by 

𝐶𝑚,𝑝𝑒𝑎𝑘 =
𝜋

4
𝑘𝛼𝑝𝑙,𝑝𝑒𝑎𝑘 (4) 

 

for periodic sinusoidal plunging motion. This can be expressed as a function of non-

dimensional plunge rate, K, by 
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𝐶𝑚,𝑝𝑒𝑎𝑘 =
𝜋2

8
𝐾 (5) 

 

which is plotted as a dashed line in Figure 12. When ΔCm,peak is coloured by α0, it is apparent 

that lower α0 agrees with the theoretical prediction, more so at low to moderate plunge rates. 

For positive motion the experimental data quickly diverges at higher α0 due to flow separation 

and LEV formation. For negative motion, the effects of flow separation can be seen at lower K 

values, but this eventually converges to the theoretical prediction as K is increased and added-

mass effects dominate. This is further highlighted in Figure 12b, where ΔCm,peak is coloured by 

T. The cases of shorter motion duration more closely follow the theoretical prediction, as the 

added-mass contribution increases. 

 

 

Figure 12: a) M1 variation with K for all α0 – coloured by α0, b) M1 variation with K for all α0 – 

coloured by T (Re = 20,000). 
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E. Large-Scale Vortex Shedding Characteristics 

The timing of vortex shedding peaks L2 and L3 are presented in Figure 13a for α0 = 

20⁰. The timings of L3 closely follow the trend of L2, reflecting the independence of the large-

scale vortex shedding behaviour to initial transient disturbance. Figure 13a displays a near 

constant gap between L2 and L3 at around 3 to 3.5c/Uꝏ, representing a fundamental frequency 

of large-scale vortex shedding. This is plotted in Figure 13b as the modified Strouhal number 

 

Figure 13: a) Timing information of L2 and L3 peaks at α0 = 20⁰, b) modified Strouhal number based 

on projected chord, f c sin(α0)/Uꝏ, from τL3 - τL2 (Re = 20,000). 

 

based on frontal chord length, Stc,mod = f c sin(α0)/Uꝏ. The results show shedding to occur at 

Stc,mod ≈ 0.11 for the majority of the test cases. The static shedding frequency was measured to 

be Stc,mod = 0.2, in line with reported literature (Rojratsirkul et al. 2011). A shedding frequency 

of Stc,mod ≈ 0.11 is therefore near the sub-harmonic of the static shedding frequency. This is due 

to the subharmonic resonance of the wake. For periodic plunging oscillations of the 

NACA0012 airfoil at a post-stall angle of attack (Cleaver et al. 2011), it is well known that the 

wake can exhibit the vortex lock-in phenomenon near the natural vortex shedding frequency, 

its subharmonic and first harmonic, giving rise to increased time-averaged lift force and 

increased spanwise correlation of the flow. When the airfoil is plunged in transient motion with 

a triangular pulse of plunge velocity, many frequencies are excited. With an assumption of 

linearity, we consider the Fourier transform of the triangular pulse, which is a sinc2 function 

that continuously decreases from a maximum at zero frequency to the first zero crossing around 
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Stc,mod ≈ 0.97 in this case. Hence the excitation amplitude is decreasing with increasing 

frequency up to Stc,mod ≈ 0.97. Therefore, the subharmonic of the natural shedding frequency is 

the largest, and higher harmonics have smaller excitation. This may explain why we see the 

subharmonic in this case.  

 

It has been shown that for α0 > 20⁰ additional vortex shedding peaks can occur, which 

are particularly pronounced for the negative motion cases, see Figure 5. If the first post-motion 

shedding cycle occurs at the sub-harmonic frequency, then logically the frequency must change 

with time to asymptote to the static shedding frequency. To investigate this behaviour the 

shedding characteristics of a NACA 0012 and flat plate airfoil are considered. Figure 14 

compares the lift and pitching moment for a negative motion at α0 = 30⁰. A transition from 

large-scale vortex shedding to steady-state, periodic vortex shedding is clearly observed. 

Larger peak magnitudes exist for the flat plate airfoil, likely due to the sharp leading-edge 

which facilitates separation and greater vorticity production (Rival et al. 2014).  

Figure 14: Comparison of NACA 0012 and flat plate airfoil at α0 = 30⁰, T = 2.22 and αpl,peak = -25⁰: a) 

lift change and b) pitching moment change (Re = 20,000). 

 

Bluff body shedding frequencies of the NACA 0012 and flat plate airfoil are presented 

as a function of α0 in Figure 15a. These are in agreement with values reported in literature 

(Rojratsirkul et al. 2011), the average of which is shown as the dashed line at Stc,mod = 0.17. 

The progression of the vortex shedding frequency, which is calculated from two successive 

ΔCl peaks, as a function of time for the NACA 0012 airfoil is presented in Figure 15b. At α0 = 

20 and 25⁰ the first shedding cycle frequency is similar for both positive and negative motions  
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Figure 15: Modified Strouhal number based on projected chord, f c sin(α0)/Uꝏ: a) static bluff body 

shedding frequency, b,c) based on time between successive post-motion lift peak timings at T = 2.22 

and αpl,peak = ±25⁰ for the NACA 0012 and flat plate airfoil respectively (Re = 20,000). 
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and sits between Stc,mod ≈ 0.11 to 0.12 and a slightly higher shedding frequency of Stc,mod ≈ 0.13  

is observed at α0 = 30 and 35⁰ for the negative motion cases. For positive motion at α0 = 30⁰ the 

shedding frequency sits closer to the static shedding frequency, possibly due to the 

considerably lower peak magnitudes (Figure 4), which could suggest a dependence between 

shedding frequency and vortex strength. As time progresses, the shedding frequency increases 

and takes around 15 convective times to reach approximately 90% of the final value. The flat 

plate airfoil exhibits a more linear increase, see Figure 15c, and appears to converge slightly 

below the static shedding frequency in a similar time frame. The asymptotic behaviour suggests 

that this phenomenon is driven by wake influence, i.e. the vorticity that has been shed in the 

previous shedding cycle. Although the subharmonic instability is observed initially, once the 

transient energy is washed downstream, the natural shedding frequency is recovered. 

 

The differences in peak loads are examined in Figure 16 across a range of α0. In general, 

the peaks show similar trends. For positive motion, L1 (Figure 16a) displays a maximum 

between α0 = 9 and 15⁰ for the NACA 0012 airfoil yet exhibits a continual decrease with α0 for 

the flat plate. Post-motion peaks (L2/L3) are seen at lower α0 for the flat plate, due to flow 

separation at the sharp leading-edge, and the maxima in L2 occurs at a lower α0; this is also 

reflected in the pitching moment, see Figure 16b. During negative motion the responses 

between the two airfoils are very similar. The most striking difference can be seen in the 

pitching moment peak M1, where the flat plate airfoil shows a consistently stronger nose-up 

peak. 

 

F. Reynolds Number Effects 

In order to explore the effect of a substantial change in Reynolds number, equivalent 

motions were conducted in the water and wind tunnel set-ups shown in Figure 2. Due to the 

extreme requirements in the wind tunnel environment however, namely the velocity limit of 

the hydraulic actuator, a maximum amplitude of αpl,peak = ±8⁰ could be achieved. To initiate 

strong post-motion vortex formation, negative motion cases at α0 = 15⁰ were conducted, as 

indicated by Figure 10. The comparison of Re = 20,000 (dashed lines) and 150,000 (solid lines) 

are presented in Figure 17 for αpl,peak = -8⁰ and T = 5.00. For α0 = 0 and 10⁰, the lift (Figure 17a) 

and pitching moment (Figure 17b) responses are in good agreement. For α0 = 15⁰, the post-

motion increase in lift and pitching moment due to vortex-formation is similar, with Re = 

150,000 exhibiting a slightly higher, delayed peak. This is highlighted in the pitching moment 
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in Figure 17b. At α0 = 20⁰ however, Re = 150,000 displays a comparatively lower lift peak and 

does not exhibit the additional vortex shedding peak at τ ≈ 5 observed for Re = 20,000.  

 

Figure 16: Lift and pitching moment change of the NACA 0012 and flat plate airfoil for L1/L2/L3 

and M1/M2/M3 with α0 for T = 2.22 and αpl,peak = ±25⁰: a,b) positive motion - c,d) negative motion (Re 

= 20,000). 

    Flow field measurements were conducted for the α0 = 15⁰ case and are presented in Figure 

18. The motion starts with the same fully separated flow state, see Figure 18c, and at mid-

motion the flow begins to reattach from the leading-edge due to the reduced total effective 

angle of attack. At τ = 0.00 the flow is fully reattached for Re = 150,000, whereas a significant 

band of separated flow is still present over the upper surface for Re = 20,000. As time 

progresses the flow in both cases begins to separate and roll-up. For Re = 20,000 the small 
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Figure 17: Comparison of Re = 20,000 and 150,000 for α0 = 0, 10, 15, 20⁰, T = 5.00 and αpl,peak = -8⁰: 

a) lift change and b) pitching moment change. 

 

recirculating region near the leading-edge spreads over the chord at τ = 2.00 and by τ = 3.23 

the maximum lift and nose-down pitching moment is achieved, caused by an elongated vortical 

structure as indicated by the vorticity plot. For Re = 150,000 the flow detachment process 

begins from a fully attached flow state which takes comparatively longer to progress, resulting 

in a later peak lift at τ = 3.65 and a somewhat tighter roll-up as indicated by the vorticity field. 

By τ = 6.00 the LEV in both cases has been shed into the wake. 

When α0 is increased to 20⁰ (Figure 19) the motion is insufficient to reattach the flow for 

both Re = 20,000 and 150,000, see τ = 0.00 in Figure 19c. Peak lift is observed at τ = 1.67 and 

1.03 for Re = 20,000 and 150,000 respectively. The LEV at peak lift for Re = 150,000 appears 

comparatively weaker to Re = 20,000, which could be the reason for the absence of an 

additional shedding cycle.  
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Figure 18: Comparison of Re = 20,000 and 150,000 for α0 = 15⁰, T = 5.00 and αpl,peak = -8⁰: a) 

lift change, b) pitching moment change and c) flow fields of normalized velocity magnitude 

with streamlines. 
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Figure 19: Comparison of Re = 20,000 and 150,000 for α0 = 20⁰, T = 5.00 and αpl,peak = -8⁰: a) 

lift change, b) pitching moment change and c) flow fields of normalized velocity magnitude 

with streamlines. 
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To further demonstrate the small effect of Reynolds number, the peak loads were extracted 

for a range of Re and αpl,peak at α0 = 15⁰ and T = 5.00, see Figure 20. These results are superposed 

on the results of Figure 10 for α0 = 15⁰. For the first peak, L1/M1, all three Reynolds numbers 

collapse reasonably well across the amplitude range. A slight spread between the Reynolds 

numbers exists, but this is close to the bounds of uncertainty of the experiments. Similar 

conclusions are drawn from the trends of L2 and M2, where all Reynolds numbers display the 

same fundamental behaviour. Reasonable agreement, i.e within the bounds of experimental 

uncertainty, is observed with the Re = 20,000 data set (transparent symbols) for L1/L2 and 

M1/M2. 

 

Figure 20: Comparison of Re = 20,000, 100,000 and 150,000 for α0 = 15⁰ at T = 5.00 with 

αpl,peak. 

 

IV.  Conclusions 

An extensive test campaign has been conducted for airfoils undergoing transient plunging 

motion to highlight salient LEV behaviour and elucidate parametric trends in peak loads. The 
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study covered a range of geometric angles of attack, motion amplitude/duration, airfoil 

geometry and Reynolds number change. The key findings are as follows: 

• The peak loads exhibited a strong dependence on motion amplitude yet remained 

relatively insensitive to motion duration. Interestingly the peak lift never exceeded the 

quasi-steady limit predicted by the thin airfoil theory, which indicates this can be used 

as a safe limit for structural design. The peak lift coefficient normalized by plunge angle 

amplitude displayed no meaningful collapse with motion duration (reduced frequency) 

and instead showed better collapse with the non-dimensional plunge rate. Peak pitching 

moment also demonstrated good collapse with non-dimensional plunge rate, predicted 

for attached flows, for negative plunge velocities. Deviation from the theoretical 

prediction for positive plunge velocities was due to flow separation and LEV effects. 

• The lift and pitching moment responses remained relatively unchanged between Re = 

20,000 and 150,000. For negative motion, minor differences in LEV coherency and 

timing were attributed to the propensity of the shear layer to reattach during motion at 

a higher Reynolds number. Peak lift and pitching moment values showed reasonable 

agreement for Re = 20,000, 100,000 and 150,000 across a range of small motion 

amplitudes.  

• For post-stall angles of attack significant undulations in the post-motion load time-

histories were observed for both positive and negative motions. Flow field 

measurements revealed this to be caused by large-scale vortex shedding, in which 

leading-edge and trailing-edge vortices are alternately shed. The frequency of the first 

post-motion large-scale vortex shedding cycle was found to approximately correspond 

to the subharmonic of the static shedding frequency for all motion durations and 

amplitudes tested. It was shown that subsequent shedding cycles increase in frequency 

from the sub-harmonic to the static shedding frequency in around 15 convective times. 

This was found to occur on both the NACA 0012 and flat plate airfoils. 
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