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Single-component molecular tagging velocimetry of the 

boundary layer on a NACA-0012 airfoil plunging across 

uniform-shear flow  

Mitchell B. Albrecht,* Ahmed M. Naguib,† and Manoochehr M. Koochesfahani‡  

Michigan State University, East Lansing, Michigan, 48824 

 Molecular tagging velocimetry is used to measure the streamwise velocity component of the flow over the 

suction side of a NACA-0012 airfoil plunging across a uniform-shear approach flow in a water tunnel. The flow 

over the plunging airfoil is compared to that of the stationary airfoil at the same effective angles of attack, 

under the same flow conditions. The boundary layer on the airfoil is investigated in the context of previous lift 

coefficient measurements under the same flow conditions. The flow over the plunging airfoil at small effective 

angles of attack is found to be similar to its stationary counterpart, consistent with their similar lift coefficients. 

However, at positive angles of attack, near stall, the flow over the plunging airfoil exhibits greatly different 

separation and reattachment characteristics compared to the stationary airfoil. Specifically, a separation 

bubble forms on the plunging airfoil at a lower effective angle of attack, with the corresponding separation and 

reattachment locations closer to the leading edge. The flow phenomena in the positive, near-stall angle of attack 

range correspond to the higher lift coefficient on the plunging airfoil versus the stationary airfoil. 

I. Nomenclature 

𝐴𝑅   = aspect ratio 

𝑏   = airfoil span 

𝐶𝐿   = lift coefficient 

𝑐   = airfoil chord 

𝑑𝑢∞/𝑑𝑌 = shear rate 

𝑓   = image acquisition frequency 

𝐾   = non-dimensional shear rate of flow; (𝑑𝑢∞/𝑑𝑌) × (𝑐/𝑢0) 
𝑅𝑒𝑐  = chord Reynolds number; 𝑢0𝑐/𝜈 

𝑡   = time 

𝑢   = streamwise velocity 

𝑢′   = streamwise velocity in the Galilean reference frame 

𝑢∞   = freestream velocity 

𝑢0   = approach freestream velocity at 𝑦-coordinate of the airfoil ¼-chord 

𝑢1   = uniform high-speed flow region velocity 

𝑢2   = uniform low-speed flow region velocity 

𝑢𝑒𝑓𝑓  = effective freestream velocity relative to airfoil ¼-chord; √𝑢0
2 + 𝑉𝑎

2 = 𝑢0√1 + 𝑉𝑟
2 

𝑢𝑟𝑚𝑠
′   = fluctuating streamwise velocity RMS in the Galilean reference frame 

𝑢𝑟𝑚𝑠  = fluctuating streamwise velocity RMS 

𝑢̇0
+   = flow unsteadiness parameter in the Galilean reference frame; 𝐾 × 𝑉𝑟  

𝑉𝑎   = airfoil plunge velocity 

𝑉𝑟    = velocity ratio; |𝑉𝑎|/𝑢0 

𝑣   = cross-stream velocity 

𝑥   = streamwise coordinate relative to airfoil ¼-chord 

𝑥′   = streamwise coordinate relative to airfoil ¼-chord in the Galilean reference frame 

𝑥∗   = chord-wise coordinate relative to airfoil leading edge 

𝑌   = cross-stream coordinate relative to tunnel centerline 

𝑦   = cross-stream coordinate at the airfoil ¼-chord in the laboratory reference frame 
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𝑦′   = cross-stream coordinate at the airfoil ¼-chord in the Galilean reference frame 

𝑦∗   = chord-normal coordinate 

𝛼   = geometric angle of attack 

𝛼𝑒𝑓𝑓   = effective angle of attack; 𝛼 + 𝛼𝑖  

𝛼𝑖   = angle of attack induced by plunging motion; tan−1(|𝑉𝑎|/𝑢0) = tan−1(𝑉𝑟) 
Δ𝑡   = time delay 

δ   = shear layer width 

𝜈   = kinematic viscosity 

II. Introduction 

A large body of work has investigated the effects of 

unsteadiness on airfoils resulting from gusts, wakes, 

plunging, and pitching, based on uniform or periodic 

approach stream conditions. However, a non-uniform (shear) 

freestream approach condition may be more appropriate in 

many applications. Air currents in urban environments [1, 2], 

atmospheric boundary layers [3], and aircraft carrier air 

wakes [4, 5] are just a few examples of such applications that 

are experienced regularly by aerodynamic bodies over a large 

range of scales from micro air vehicles (MAVs) to jet aircraft. 

The fundamental aerodynamics of an airfoil in the presence 

of a viscous shear approach stream is only just being 

discovered. Recent work shows a negative mean 𝐶𝐿 to occur 

at zero angle of attack (AoA) on a steady, symmetric airfoil 

in positive shear [6], opposite of inviscid theory [7]. The 

magnitude of this negative mean 𝐶𝐿 increases with increasing 

shear rate [6]. Compared to uniform flow, the harmonically-

pitching airfoil in shear exhibits significantly different wake 

and lift behavior [8]. Previous work on a NACA-0012 airfoil 

plunging unidirectionally across a steady positive-uniform-

shear approach stream exhibits change in stall characteristics 

relative to the stationary airfoil [9, 10]. In comparison to the 

stationary airfoil, the plunging airfoil maximum 𝐶𝐿 increases, 

and the stall angle decreases, as shown in Fig. 1, when 

analyzed in a Galilean transformation (GT) reference frame. 

The current work is an extension of the work in Refs. [9] and 

[10], undertaken to explore the flow behavior underlying the 

similarities and the differences in lift behavior between the 

stationary and moving airfoils. Finding a connection between 

these two cases has the practical ramification of alleviating 

the need to perform research on a moving model, in favor of 

a stationary model. The 𝐶𝐿 measurements in Fig. 1 show that, 

in a GT frame of reference, the moving airfoil exhibits the 

same 𝐶𝐿 characteristics as the stationary airfoil for small and 

negative AoAs. This implies that the flow is quasi-steady 

(QS) for this AoA range, hence the load acting on the moving airfoil can be deduced from the stationary airfoil. As 

described below, the fundamental nature of the unsteadiness in this case is the changing approach stream velocity as 

the airfoil traverses across the shear zone. Such unsteadiness is not present for an airfoil traversing steadily across 

uniform approach flow, where the stationary airfoil aerodynamics can be completely determined from those of the 

stationary airfoil.  

This work addresses the above objective by conducting boundary-layer-resolved measurements of the streamwise 

component of the velocity field on the suction surface of a NACA-0012 airfoil plunging across a positive-uniform-

shear flow. That is, as sketched in Fig. 2, the freestream velocity changes linearly with a uniform gradient 𝑑𝑢∞/𝑑𝑌, 

such that the airfoil traveling at velocity 𝑉𝑎 in the negative-𝑌 direction with a geometric AoA 𝛼 experiences a 

decreasing approach stream velocity. A velocity scale 𝑢0 is used to characterize the local approach stream velocity at 

Fig. 1 Comparison of the mean 𝑪𝑳 on the 

stationary and the plunging airfoil in uniform-

shear flow along the tunnel centerline [9]. 

Fig. 2 Schematic of the translating airfoil in 

positive uniform-shear flow. 
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the cross-stream coordinate of the airfoil ¼-chord point (see Fig. 2). The motion of the airfoil creates an induced AoA 

𝛼𝑖, which, in the GT reference frame, results in an effective AoA 𝛼𝑒𝑓𝑓  and local effective approach velocity 𝑢𝑒𝑓𝑓 (see 

Fig. 3). The unsteadiness of the flow relative to the airfoil may be characterized by the non-dimensional rate of change 

of 𝑢𝑜: 

 

𝑢̇0
+ = (

𝑑𝑢0
𝑑𝑡

) × (
𝑐

𝑢0
2) = (

𝑑𝑢∞
𝑑𝑌

× 𝑉𝑎) × (
𝑐

𝑢0
2) = 𝐾 × 𝑉𝑟 (1) 

 

where, 𝑉𝑟  is the ratio of the airfoil velocity to 𝑢0, and 𝐾 is the 

non-dimensional shear rate. Based on Eq. (1), one would 

expect the flow to be quasi-steady in the limit 𝑢̇0
+ → 0, or 

𝑉𝑟 → 0 and 𝐾 → 0. The latter condition implies “quasi-

uniformity” of the flow. For a cylinder traversing steadily 

across an infinitely wide uniform-shear flow, if the inviscid 

flow around the cylinder is quasi-steady, it is also quasi-

uniform, and vice versa [11]. 

The flow measurements in the present work focus on 

capturing the boundary layer characteristics, including 

separation and reattachment points, for the stationary and the 

plunging airfoil at the chord Reynolds number 𝑅𝑒𝑐 =
1.3 × 104. Measurements are conducted in a water tunnel to 

take advantage of an existing single-component molecular tagging velocimetry (1c-MTV) system. This method allows 

for high-spatial-resolution measurements near the airfoil surface, enabling resolution of the boundary layer. The work 

in Ref. [10] demonstrated the same qualitative lift-coefficient behavior as shown in Fig. 1 but at the higher Reynolds 

number 𝑅𝑒𝑐 = 7.5 × 104. This suggests that the nature of the underlying flow physics at the Reynolds number of the 

present investigation are similar to those at Reynolds numbers that are at least five-fold higher. 

III. Experimental Setup and Methods 

A. Water Tunnel 

 Experiments are performed in 

the 10,000 L closed-return, free-

surface water tunnel (Engineering 

Laboratory Design, ELD) at the 

Turbulent Mixing and Unsteady 

Aerodynamics Laboratory at 

Michigan State University. The 

tunnel has a 61 cm × 61 cm × 244 

cm acrylic test section with two 

quartz windows on one side to 

allow UV laser light to enter the 

test section (see Fig. 4). The 

NACA-0012 airfoil model (𝑐 = 12 

cm, 𝑏 = 61 cm, 𝐴𝑅 = 5.1) is 

suspended in the test section by a 

three-degree-of-freedom servo 

motion system capable of pitch, 

plunge, and surge motions. The 

present work uses a Parker rotary 

servo motor (model number 

MPP1154A9D-KPSN) mounted 

to the carriage of a Parker linear servo motor (model number T4DB0436NPAMA4) to perform airfoil pitch and plunge 

motions only. The pitch motor has an angular position resolution of 0.003°, while the linear motor has a linear position 

resolution of 1 µm. On the upstream and downstream sides of the airfoil shaft, and spanning the test section width, 

are two suspended polycarbonate skimmer plates in contact with the water surface. These plates provide a well-defined 

boundary condition and mitigate free surface disturbances from the airfoil motion. The skimmer plates are separated 

Fig. 4 Water tunnel test section highlighting the motion system, optical 

setup, and shear generation method. 

Fig. 3 Diagram defining the effective flow velocity 

and effective angle of attack of the plunging airfoil 

in the GT frame. 
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from each other by 4.4 cm to allow the airfoil shaft to travel in the cross-stream direction. The airfoil shaft diameter 

is 3.8 cm, thus leaving approximately 3 mm clearance between it and each skimmer plate edge. The airfoil maintains 

clearance gaps between its upper tip and the skimmer plates, and its lower tip and the test section floor, of less than 

0.75 mm (0.63% 𝑐) each. In the absence of shear generation, at a freestream of 10 cm/s, the flow velocity is steady 

and uniform across the tunnel width, with a temporal and spatial RMS of less than 2.5% and 5%, respectively. 

 

B. Shear Generation 

 A shaped honeycomb is used 

to generate the uniform-shear 

freestream velocity profile in the 

water tunnel, based on the 

technique developed in Ref. [12] 

and refined in Ref. [13]. The 

honeycomb device is installed at 

the entrance of the test section 

with the high-speed side of the 

flow towards the positive-𝑌 

direction, as depicted in Fig. 2. 

The device is shaped to generate a 

three-segment velocity profile, 

consisting of a linear mean-

velocity profile in between 

regions of high- and low-speed 

uniform flows, as depicted in Fig. 

5 (left). The honeycomb device 

generates a mean-velocity profile 

with the non-dimensional shear 

layer width 𝛿/𝑐 = 1.7, wherein the non-dimensional shear rate is 𝐾 = 0.5. The corresponding temporal RMS profile, 

shown in Fig. 5 (right), is approximately uniform, staying within 1.5 – 2%, except at the velocity undershoot region 

near the low-speed edge of the shear layer, where the profile rises to about 3.2%. At the water tunnel centerline, where 

the measurements are referenced, the local approach freestream velocity is 10cm/s, corresponding to 𝐾 = 0.5. 

 

C. Airfoil Dynamics 

 For moving airfoil measurements, the 

airfoil starts from rest at 1.5𝑐 (18 cm) 

above the water tunnel centerline. To 

ensure that the airfoil reaches as close to 

steady-state as possible before entering the 

shear layer, the airfoil is accelerated and 

pitched from rest and initial 𝛼 to the final 

𝑉𝑎 and 𝛼, over 0.42𝑐 (5 cm) of travel. The 

pitching motion profile is tailored to 

maintain constant 𝛼𝑒𝑓𝑓  during the initial 

acceleration phase of the airfoil in the 

uniform high-speed flow region. Figure 6 

provides an example of the lift coefficient 

versus cross-stream position for 𝑅𝑒𝑐 =
1.8 × 104 and 𝑉𝑟 = 0.09, using the same 

force measurement methods in Ref. [9]. 

This demonstrates the ability of the tailored 

motion profile to reach steady-state before 

entering the equivalent position of the start 

of the shear layer at 𝑌/𝑐 = 1. Similar 

measurements were performed for 𝑉𝑟 =
0.05 in 𝑅𝑒𝑐 = 1.3 × 104 uniform flow, 

Fig. 5 Measured three-segment shear flow generated by the honeycomb 

shear device, with a linear mean-velocity profile in the central segment 

(left), and the fluctuating velocity RMS profile (right). 

Fig. 6 Lift coefficient on the moving airfoil in uniform flow for 

𝑹𝒆𝒄 = 𝟏. 𝟖 × 𝟏𝟎𝟒, and 𝑽𝒓 = 𝟎. 𝟎𝟗, versus water tunnel cross-

stream position. The 𝑹𝒆𝒄 is the same as that of the high-speed 

uniform region of the shear flow, and a high plunge speed is 

chosen, to demonstrate the steady-state behavior of the airfoil with 

the tailored motion profile to maintain 𝜶𝒆𝒇𝒇 during the initial 

motion phase. 
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which also showed steady-state behavior after the initial airfoil acceleration phase. In the shear zone, 𝑉𝑟  (and therefore 

𝛼𝑒𝑓𝑓) increases with time due to the decrease in 𝑢0 as the airfoil traverses across the central flow segment. Thus, the 

final 𝑉𝑎 and 𝛼 values reached by the airfoil before entering the shear zone are selected to produce the desired 𝑉𝑟  and 

𝛼𝑒𝑓𝑓  at the cross-stream location where measurements are performed (𝑌/𝑐 = 0) in the shear flow (𝑉𝑟 = 0.05 for this 

work). Once at the steady test speed and the final 𝛼, the airfoil continues across the shear layer at constant |𝑉𝑎| = 0.5 

cm/s and 𝛼 before coming to rest in the low-speed uniform region 3𝑐 (36 cm) from the starting position. The airfoil 

then returns to the starting position and 𝛼 to repeat the process. 

 

D. 1c-MTV 

 Molecular tagging velocimetry (MTV) is a diagnostic technique in which a flowing medium is premixed with 

molecules that can be turned into long-lifetime tracers upon excitation by photons of a particular wavelength [14, 15]. 

For this work, a COMPexPro 205C XeCl 308 nm excimer laser generates pulsed beams to “tag” the regions of interest 

containing a phosphorescent supramolecule tracer [14]. The beam is formed into a sheet and directed into the water 

tunnel test section by a series of optical components, including a beam blocker that separates the sheet into many 

individual lines for 1c-MTV. The tagged regions along each line are interrogated at two different times, separated by 

Δ𝑡, within the lifetime of the tracer. Images are acquired using a PCO Pixelfly camera with a Nikon 58 mm f/1.2 lens, 

yielding a resolution of 1 pixel = 69 𝜇m (approximately 0.06% 𝑐). The Lagrangian displacement in the direction 

normal to the tag line is measured at every pixel along the line using the spatial correlation techniques outlined in Ref.  

[16]. An advantage of using 1c-MTV is its high spatial resolution in measuring flow phenomena near boundaries. 

Figure 7 provides a sample set of 1c-MTV images over the NACA-0012 airfoil at 𝛼 = 6° in shear flow at the two 

separate times relative to the laser pulse. The airfoil boundary layer and near-wake can be seen in the deformation of 

the lines in the “delayed” image relative to the “undelayed” image.  

 

 
 

 Images are acquired in two fields of view (FOV) along the airfoil chord to obtain line spacing with a chord-wise 

resolution of around 2.5% 𝑐 or less. At the airfoil speed used in the current study, each plunge cycle takes a long time 

to complete. Thus, only 50 strokes are recorded for the plunging airfoil cases, except for the case of 𝛼𝑒𝑓𝑓 = 8∘ which 

uses 100 strokes to try to account for the higher flow unsteadiness encountered at this AoA. A single delayed image 

is recorded in each stroke when the airfoil is at the center of the tunnel (𝑌/𝑐 = 0), triggered by the linear positioner 

encoder, which has a resolution of 1 𝜇m (<0.001% 𝑐). In contrast, for the stationary airfoil measurements, 1536 

continuous delayed images are sampled at the rate of 𝑓 = 6.27 Hz (𝑓𝑐/𝑢0 = 7.5). The delayed images in either case 

are individually correlated with the average undelayed image of the stationary airfoil (512 images) at the AoA that is 

the same as 𝛼 (for the stationary airfoil), and 𝛼𝑒𝑓𝑓  (for the moving airfoil). The camera exposure time for all 

measurements is in the range of 500 – 600 μs (held fixed between the undelayed and delayed images), and the delay 

time is in the range of 5 – 6 ms. The corresponding pixel displacement of the freestream flow is approximately 9 pixels 

(0.5% 𝑐). The sub-pixel displacement uncertainty in the mean based on a 95% confidence interval is estimated to be 

±0.1 pixel for the plunging airfoil measurements, and ±0.04 pixel for the stationary airfoil measurements. These 

correspond to mean-streamwise-velocity uncertainties of less than ±0.14 cm/s, and ±0.06 cm/s, respectively. The 

uncertainty in the moving airfoil being at the same position in each image is limited only by the pixel resolution, since 

the encoder resolution, airfoil motion through image capture latency, and mechanical vibration combined are less than 

the sub-pixel displacement error. Between the undelayed and the delayed images, the moving airfoil translates 25 𝜇m 

Fig. 7 Instantaneous images of the 1c-MTV beam lines for a stationary airfoil at 𝜶 = 6°: (a) 3 𝝁s after the 

laser pulse (“undelayed”), and (b) 𝚫𝒕 = 5 ms later (“delayed”). Both images are 1392 pixel × 631 pixel 

(𝟎. 𝟖𝒄 × 𝟎. 𝟑𝟔𝒄), and the flow is from left to right. Tagged regions are given by the green lines produced by 

phosphorescence emission. 

Airfoil surface 
Surface 

reflections (a) (b) Trailing edge 
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(0.02% 𝑐), or 0.36 pixel. This motion is inherent to the experiment, and for the purposes of the correlation, the 

Lagrangian displacement remains computed in the direction normal to the undelayed tag line without adjusting the 

delayed lines. 

 The resulting streamwise velocity measurement for the plunging airfoil is in the laboratory frame of reference. To 

compare it to its stationary airfoil counterpart, the measurement is transformed to the GT frame by subtracting the 

airfoil velocity 𝑉𝑎, then rotated to obtain the streamwise velocity in the GT frame; i.e. the component aligned with the 

direction of 𝑢𝑒𝑓𝑓. The latter is accomplished using axis-rotation transformation of the velocity vector components 

from the laboratory coordinate system (𝑥, 𝑦) to the GT (𝑥′, 𝑦′) coordinate system (see Fig. 3). Specifically, the 

streamwise velocity component for the moving airfoil in the GT frame should be calculated using: 

 

𝑢′ = 𝑢 𝑐𝑜𝑠(𝛼𝑖) + (𝑣 − 𝑉𝑎) 𝑠𝑖𝑛(𝛼𝑖) (2) 
 

However, since 𝑣 is not measurable using 1c-MTV, it is neglected in the transformation such that: 

 

𝑢′ ≅ 𝑢 𝑐𝑜𝑠(𝛼𝑖) − 𝑉𝑎 𝑠𝑖𝑛(𝛼𝑖) (3) 
 

Neglecting the contribution of 𝑣 relative to 𝑢 in calculating 𝑢′ leads to an error of the order: 

 
𝑣 sin(𝛼𝑖)

𝑢 cos(𝛼𝑖)
= (

𝑣

𝑢
) tan(𝛼𝑖) =

𝑣

𝑢
𝑉𝑟 (4) 

 

The freestream velocity component is generally the dominant component (except near the LE, and possibly near the 

separation and reattachment locations). Thus, the ratio 𝑣/𝑢 is expected to be small for most of the measurement 

domain. However, if this ratio is assumed to be unity to provide a conservative error estimate, the inaccuracy in the 

transformation is then of the order of the velocity ratio 𝑉𝑟 , which is 5% in the present work.  

IV. Results and Discussion 

 The results in Fig. 8 show a comparison of the mean-streamwise-velocity contours for the stationary and the 

moving airfoil at four different AoA. The contours are plotted using chord-wise and chord-normal (𝑥∗, 𝑦∗) axes, and 

regions of reversed flow are given in purple to help identify the boundary layer separation zone. Overall, the flow is 

similar around the stationary and the plunging airfoil at the lower AoA (0° and 4°) (compare Fig. 8a and 8c, to 8b and 

8d, respectively). We note that the difference marked in the separation location at zero AoA (approximately 0.23𝑐, 

given by red arrows) between the moving and stationary airfoil is not reliable for such thin separation regions, where 

insufficient spatial resolution, small uncertainty in the airfoil surface location and near-wall velocity measurement 

inaccuracy can lead to significant streamwise uncertainty in locating the separation point [17]. On the other hand, 

reattachment does not occur on the airfoil surface and the separation bubble is seen to remain open at 𝛼𝑒𝑓𝑓 = 0° and 

4°, for both the stationary and the plunging airfoils. At 𝛼𝑒𝑓𝑓 = 4∘, differences between the stationary and the moving 

airfoil are difficult to distinguish beyond the uncertainty associated with the low sample size for the plunging airfoil 

case.  

 Figures 9a-d show the fluctuating-streamwise-velocity RMS contours at 𝛼𝑒𝑓𝑓 = 0° and 4°. At zero AoA, barely 

any flow unsteadiness is observed for both the stationary and the plunging airfoil. At 𝛼 = 4°, a pronounced increase 

in unsteadiness is seen, but the unsteadiness remains focused in a thin region above the airfoil surface corresponding 

to separated flow. Farther downstream, in the near wake, the unsteadiness spreads over a larger cross-stream domain. 

This is seen more clearly for the stationary airfoil (Fig. 9c), which has a measurement domain that extends farther 

downstream than the moving airfoil. Overall, the features of the 𝑢𝑟𝑚𝑠 results are similar for the stationary and the 

moving airfoil at 𝛼𝑒𝑓𝑓 = 0° and 4°. As discussed in connection with Fig. 1, the 𝐶𝐿 on the plunging airfoil at low 𝛼𝑒𝑓𝑓  

in shear is nearly identical to that of the stationary airfoil. In this low 𝛼𝑒𝑓𝑓  range, the similar lift coefficients on the 

stationary and the plunging airfoil are consistent with the similar characteristics of the mean and the RMS streamwise 

velocity fields. 

 Figures 8e-h show the mean velocity results at the larger AoA. The results between the stationary and the moving 

airfoil are strikingly different. For 𝛼𝑒𝑓𝑓 = 6∘, Fig. 8e shows a flow with open separation for the stationary airfoil. In 

stark contrast, Fig. 8f shows a flow characterized by separation and reattachment points closer to the LE for the 

plunging airfoil, creating a closed separation bubble on the airfoil. For 𝛼𝑒𝑓𝑓 = 8∘, in Fig 8g and 8h, both the stationary 

and the plunging airfoil show evidence of separation bubbles; however, the separation point on the plunging airfoil is 
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closer to the LE. The reattachment point of the plunging airfoil is unclear, as an unusual thin region of reversed flow 

is measured near the airfoil surface, extending from what would appear to be the end of the separation bubble, all the 

way to the TE. Inspection of the instantaneous streamwise velocity fields shows the flow to be highly unsteady in this 

region with alternating forward and reversed flow. Given this, it is suspected that more samples are needed for the 

measurements to converge in this case.  

 Differences between the stationary and the plunging airfoil at the higher AoA of 6° and 8° are also seen in the 

𝑢𝑟𝑚𝑠 results in Figs. 9e-h. A general trend seen for both low and high AoA in Fig. 9 is that the location at which the 

thin zone of high RMS spreads relatively abruptly in the cross-stream direction moves upstream with increasing AoA, 

consistent with the upstream movement of the separation point. However, at 6° and 8°, this spread takes place farther 

upstream for the moving airfoil compared to the stationary airfoil, in accordance with the farther upstream location of 

the separation point on the moving airfoil compared to the stationary airfoil. This suggests that the airfoil movement 

causes the separating shear layer to transition earlier at the higher AoA. This conclusion is also supported by the 

occurrence of the maximum 𝑢𝑟𝑚𝑠 for the moving airfoil at a chord-wise location that is upstream of that of the 

Fig. 8 Contour plots of the mean-streamwise-velocity around the stationary (left) and plunging (right) 

airfoils. Purple color indicates negative (reversed) flow to help identify the boundary layer separation zone. 

Red and blue arrows indicate approximate separation and reattachment points, respectively. 

(a) 

(c) 

(b) 

(d) 

(e) 

(g) 

(f) 

(h) 
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stationary airfoil. Another difference seen in the 𝑢𝑟𝑚𝑠 features is seen in the pre-transition thin region of high RMS, 

where this region is located closer to the airfoil surface for the plunging, in comparison to the stationary airfoil. The 

differences between the mean and the RMS streamwise velocity data for the stationary and the plunging airfoil at 

higher AoA are consistent with the corresponding difference in the 𝐶𝐿 behavior in Fig. 1 at the same AoA. 

V. Conclusion 

The results presented herein show that the fundamental fluid dynamics of the plunging airfoil in uniform-shear 

flow, in a Galilean reference frame, is different from that of the stationary airfoil at near-stall, positive effective angles 

of attack (𝛼𝑒𝑓𝑓). At small 𝛼𝑒𝑓𝑓 , the streamwise velocity of the flow over the stationary and the plunging airfoils are 

similar, consistent with their matching lift coefficients from Ref. [9]. As the airfoil approaches positive-𝛼𝑒𝑓𝑓  stall, a 

Fig. 9 Contour plots of the fluctuating-streamwise-velocity RMS around the stationary (left) and plunging 

(right) airfoils. 

(a) 

(c) 

(b) 

(d) 

(e) 

(g) 

(f) 

(h) 
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laminar separation bubble forms at a lower 𝛼𝑒𝑓𝑓  for the plunging airfoil compared to the stationary airfoil. This 

condition is also characterized by separation locations on the plunging airfoil closer to the LE compared to the 

stationary counterpart. The current flow measurements in this 𝛼𝑒𝑓𝑓  range support the lift coefficient measurements of 

Ref. [9], as the higher lift coefficient on the plunging airfoil corresponds to this separation bubble behavior. One 

limitation of the current study is the small sample size of the moving airfoil data, which constrains our ability to 

provide sufficiently converged mean- and fluctuating-velocity data when the flow is highly unsteady. This issue, which 

is encountered on the aft half of the airfoil at high 𝛼𝑒𝑓𝑓 , makes it difficult to unambiguously identify the reattachment 

location near, or at, stall conditions for the moving airfoil. Work is currently underway to devise methods to increase 

the sample size, which is limited by the long duration of the moving-airfoil experiments. 
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