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ABSTRACT

This work examines the effect of acceleration on the formation of a laminar separation bubble (LSB). The experi-
ments were performed in a water towing tank with an SD7003 airfoil model accelerated from rest to a constant chord
Reynolds number. Quantitative flow field measurements were performed using two-component time-resolved Parti-
cle Image Velocimetry (PIV) over a range of accelerations. A detailed analysis of the spatio-temporal flow development
is conducted focusing on the LSB formation and dynamics. The results provide insight into the mechanism of LSB for-
mation. The associated transient flow development is shown to persist over several convective time units after steady
state free-stream velocity is reached, with no significant effect of acceleration on the overall transient duration. How-

ever, the acceleration rate has a substantial effect on flow development during the acceleration phase.

1. Introduction

Rapid advancements of applications operating at aerodynamically low Reynolds numbers (Re. <
500, 000), like high-altitude, long-endurance unmanned aerial vehicles and micro air vehicles, con-
tinues to pose new research challenges. A defining feature for a lifting surface operating at a
low Reynolds number is laminar boundary layer separation on the suction side, which leads
to a notable degradation in aerodynamic performance and unsteady loading (Lissaman, 1983;
Carmichael, 1981), as well as noise emissions (Arcondoulis et al., 2010). After flow separation,
a relatively rapid transition to turbulence takes place in the separated shear layer, which often
leads to flow reattachment in the mean sense and the formation of a closed, recirculating flow
region referred to as a laminar separation bubble (LSB). The transition process is often initiated
by the amplification of Tollmien-Schlichting waves upstream of separation, followed by a much
stronger growth rate of flow disturbances, primarily driven by a Kelvin-Helmholtz instability in
the separated shear layer (Marxen et al., 2013; Michelis et al., 2018). The latter results in shear-
layer roll-up and subsequent vortex shedding (Watmutff, 1999; Hain et al., 2009). Downstream of
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the reattachment point, a three-dimensional breakup of the vortices occurs (Marxen et al., 2013;
Hain et al., 2009). The associated flow development and parametric effects of the angle of attack,
Reynolds number, and free-stream turbulence intensity have been considered in a number of pre-
vious investigations (Burgmann & Schroder, 2008; Ol et al., 2005; Hain et al., 2009). However, the
overwhelming majority of prior studies were conducted under quasi-steady incoming flow condi-
tions. In contrast, the transient flow effects on the LSB have received less attention, despite being
encountered in most practical applications.

Recently, there has been increasing interest in the investigation of unsteady flow conditions and
their influence on the LSB. The influence of periodic gusts was investigated by numerical simula-
tions (Ohno et al., 2023), and the unsteady LSB on a pitching wing was experimentally character-
ized (Grille Guerra et al., 2023; Nati et al., 2015). The effect of free-stream acceleration and decel-
eration between non-zero limiting velocity values was investigated by Ellsworth & Mueller (1991)
and Toppings & Yarusevych (2023). The results show that the LSB response to changes in Reynolds
number (Re) depends on the rate of acceleration and deceleration. Ellsworth & Mueller (1991) re-
vealed substantial differences for high rates of acceleration and deceleration from the behaviour ex-
pected from similar quasi-steady changes. Similar observations have been reported in other stud-
ies that considered separating flows on lifting surfaces under unsteady conditions (e.g. Mancini et
al., 2015). In contrast to this, Toppings & Yarusevych (2023) showed that the response of an LSB to
relatively low rates of acceleration and deceleration follows the expected trends of a quasi-steady
change of the inflow conditions. The present work experimentally investigates the initial spatio-
temporal formation process of an LSB over an airfoil accelerating from rest to a constant Re. This
corresponds to a launch with relatively high acceleration rates, such as a catapult launch of UAVs
(Austin, 2010).

2. Experimental setup

All experiments were performed in a water towing tank at the University of the Bundeswehr Mu-
nich. The test section is 8 m long, with a cross-section of 0.9 x 0.9 m?. The water height during the
experiments was 0.75m. An SD7003 airfoil model with a chord length ¢ = 250 mm and a span of
750 mm was employed. The model was positioned vertically and equipped with a brush seal to
seal the gap at the floor. To prevent distortions from the water surface and mitigate end effects,
a glass end plate was installed, see Fig. 1a. The model was mounted at an angle of attack o = 6°
and was accelerated from rest to a constant chord Reynolds number Re.. Four accelerations a were
considered. The corresponding non-dimensional acceleration parameter is defined by

a-c

Ac = P
final

1)

where Ugina is the final, steady state velocity. The considered values and the corresponding towing
velocity profiles are shown in Fig. 2.
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Figure 1. Experimental setup (a) wing model and PIV arrangement (b) Fields of View (FOV) and coordinate system
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Figure 2. Velocity profiles

Quantitative flow field measurements were performed using two-component time-resolved Par-
ticle Image Velocimetry (PIV) in a setup illustrated in Fig. 1a. The water in the tank was seeded
with 10 pm hollow glass spheres with a specific gravity of 1.1. The flow was illuminated by a
Photonics DM150-532 DH Nd:YAG double-pulse laser. The laser sheet was formed using optics
confined within a submerged enclosure connected to the carriage of the towing tank. Particle im-
ages were acquired by three cameras (LaVision Imager sCMOS) at 55Hz in double-frame mode.
Each camera was equipped with a Zeiss 100 mm fixed focal-length lens set to a numerical aperture
of f4 = 4. The camera sensors were cropped to 2560 x 967 px* each. The combined field of view
(cFOV) at measurement position #1 and #2 (Fig. 1b) from all three cameras was 18 x 145 mm?, with
a magnification factor of 0.31. The vector fields were computed with LaVision DaVis 10 software
using multi-pass cross-correlation with image deformation. A final interrogation window size of
24 x 24 px* with an overlap of 75 % was used, resulting in a vector pitch of 0.13 mm for cFOV #1 and
#2. Table 1 presents essential PIV parameters. All the results are presented in the wall-attached
coordinates (Fig. 1b).

A magnet band sensor (MBS) was used to measure the position of the carriage. The MBS data were
recorded at 100 kHz simultaneously with the Q-switch signal from the laser, allowing to establish
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Table 1. PIV parameters

Parameters

Light source Photonics DM150-532 DH Nd:YAG
Light sheet thickness 2mm

Laser pulse separation 1.1ms

Seeding LaVision 10 pm hollow glass spheres
Seeding specific gravity 1.1

Cameras 3x LaVision Imager sCMOS
Sensor size 2560 x 967 px*

Combined field of view 18 x 145 mm?

Lens focal length 100 mm

Aperture fu 4

Magnification factor 0.31

Sampling frequency 55Hz

Free-stream particle image displacement 17 px

Final interrogation window size 24 x 24 px”

the temporal relation between the measured airfoil motion and velocity fields.

Ten independent test runs, each yielding 400 velocity fields, were conducted per case (Fig. 2). The
distance travelled over which velocity measurements were conducted for each run was 3.25m or
13 - c¢. PIV measurements were performed for cFOV #1 and the runs were repeated to facilitate
measurements in cFOV #2 (Fig. 1b). PIV measurements were also performed to characterize the
perturbations in the tank induced by the model motion. The time separation between each run was
set to at least 300 s to minimize any adverse influence of residual perturbations from the previous
run. Based on a reference velocity of u,.f = 240 mm/s (= Re, = 60.000), this ensured that the mean
residual flow velocity u,, and turbulence intensity level in the towing tank dropped below 1.2 %
and 0.05 %, respectively.

3. Results

The formation of the LSB for Case C (velocity profile see Fig. 2) is depicted in Figure 3, which
illustrates the overall flow development on the suction side of the airfoil using spanwise vorticity
contours. The sequences of consecutive time frames are grouped into three time intervals, cor-
responding to the three phases of flow development. The first frame corresponds to ¢t = 1.09s
from the onset of airfoil motion. At this time the acceleration phase is about to finish, followed by
the second frame wherein the model moves at a constant speed. During the first phase a laminar
boundary layer forms over the wing. Due to the acceleration the boundary layer is stable. How-
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Figure 3. Transient flow development for Case C illustrated by spanwise vorticity contours.

ever the growth of the boundary layer thickness with time can be observed. During the second
phase, the boundary layer thickness is quite stationary, however, notable perturbations appear
in the boundary layer and are amplified, resulting in a simultaneous formation of an oscillatory
vorticity pattern in a region located primarily within the second field of view. The onset of distur-
bances moves upstream with time. Finally, during the third phase, a distinct shear layer roll-up can
be identified, and its location moves continuously towards the leading edge, eventually settling on
a quasi-steady LSB dynamics.

Figure 4 offers another perspective on the spatio-temporal flow development. It presents contours
of local boundary layer displacement thickness ¢* computed based on the integration of the wall-
tangential velocity component over the vertical extent of the field of view, with the local instan-
taneous edge velocity taken as the reference. The results are plotted versus the relative distance
travelled by the wing d/c, with the distance at which the final velocity is reached marked by the
black dotted line. It can be seen that acceleration from rest results in significant changes in the flow,
which take several convective time units to reach quasi-steady state after the final wing velocity
is reached. In particular, a continuous growth of 6" with respect to d/c can be seen at all =/c loca-
tions, saturating at approximately d/c = 8. Although the distance travelled during the acceleration
phase for Case A and Case D differs by a factor of 8 (2.5¢ vs. 0.3c), no significant difference can
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Figure 4. Spatio-temporal evolution of displacement thickness for all cases in cFOV#1. With — indicating the

separation point, - - - the reattachment point and

end of acceleration.

be seen in the time it takes for the displacement thickness to reach quasi-steady values. Based on
a moving window average over 30 frames, an estimate of separation and reattachment locations
is provided by the solid and dashed lines, respectively. They show an upstream movement of an
LSB, which moves into cFOV#1 at d/c = 2.4, corresponding to frame five of phase two in Fig. 3.
Furthermore, the length of the LSB remains relatively constant during the upstream movement, as
the distance between the solid and dashed line does not change appreciably beyond d/c = 4. The
associated periodic shedding of shear-layer structures is reflected in periodic fluctuations in the
computed ¢ in Fig. 4.
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Figure 5. Variation of displacement thickness computed at three chord positions corresponding to (a) separation
location, (b) location of maximum ¢*, and (c) reattachment locations in the quasi-steady LSB.
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Figure 6. Process of initial vortex formation for Case C illustrated by the non-dimensional wall-normal velocity
component. Solid black line contours correspond to Ay = —70.

The effect of flow acceleration is explored in Fig. 5, which presents ¢* computed at three = /c loca-
tions for all the accelerations investigated. The chosen z/c locations correspond to the separation
point, the point of maximum bubble height, and the reattachment point of the LSB in final quasi-
steady state. While notable differences are observed at the earlier stages of flow development, the
results indicate that significant changes take place in the flow field after the acceleration phase, and
the overall transient takes approximately eight convective times for all accelerations investigated.
This agrees with the transient duration for an LSB due to changes in controlled perturbations
(Yarusevych et al. (2009)), suggesting that the transient dynamics is associated with the develop-
ment of LSB. At the earlier stages of flow development, Cases C and D show a continuous growth
in 0" with subsequent saturation to a steady state value. In contrast, an intermediate plateau is
reached in 0" for Cases A and B during the second half of the acceleration phase, and continu-
ous growth in displacement thickness is reestablished when the final wing velocity is reached. A
detailed analysis of the results revealed that the observed differences in the flow development dur-
ing the initial phase of acceleration are related to the differences in the onset and development of
shear-layer perturbations.

To evaluate the initial LSB formation in detail, Fig. 6 illustrates the onset of vortex formation over
the airfoil by a sequence of consecutive time frames, spaced by 5/55s, with the first frame cor-
responding to ¢t = 2.24s from the onset of airfoil motion. The results reveal the appearance of
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periodic undulations in the shear-layer that develop into distinct periodic shedding of vortices at
later times, similar to the Kelvin-Helmholtz instability driven vortex shedding in a quasi-steady
LSB (e.g. Watmuff, 1999). However, low amplitude perturbations that can be inferred from the
waviness of the shear-layer in the first flow field of the sequence appear to grow both in space and
time. The distinct convective amplification can be seen by tracing the same structures in subse-
quent images, some of which are connected by dashed lines in Fig. 6. Also, a notable increase in
fluctuation amplitude can be observed at a given z/c location, for example at z/c = 0.6. This may
indicate that the initial stage of transition is governed by a combination of convective and global
instability mechanisms. Progressively, the convective instability mechanism appears to take over,
and a typical spatial amplification is observed in the last frames of the sequence.
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Figure 7. Integrated wall-normal velocity contours. Simultaneous appearance of detectable perturbations of
comparable amplitude — and progressive upstream movement of the roll-up location - - -.

Figure 7 provides a more quantitative perspective on the spatio-temporal development of the vor-
tex formation process. The integrated wall-normal velocity from surface up to y/c = 0.03 is plotted
over d/c, with vortex shedding signified by alternating positive and negative convective ridges.
The results show a nearly simultaneous appearance of detectable perturbations of comparable
amplitude, marked by the solid black line. This is followed by a progressive upstream movement
of the roll-up location, marked by the dashed line. Initially, the upstream movement of the roll-up
locations takes place at a relatively high rate (0.26¢s™!), which reduces gradually as a quasi-steady
shedding is established at d/c ~ 8. The estimated drift velocity of the vortices is Ugyif, = 0.62 - Uppal,
which agrees well with Uy, = 0.65 - Uy, reported for a quasi-steady LSB by Pauley et al. (1990).
In order to characterize the vortex shedding frequency during LSB formation, a wavelet analysis
is performed based on a complex Morlet wavelet (Studer et al., 2006). The results are show in
Fig. 8, along with a reference spectrogram obtained in a quasi-steady LSB. The spectrogram shows
a dominant peak at 5.7 Hz, corresponding to a chord-based Strouhal number of 5.7. The results
show that, despite significant transient changes in vortex shedding reflected in the variation of the
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Figure 8. Normalized wavelet coefficient (I') contours from wall-normal velocity fluctuation. Extracted normalized
fluctuation signal shown on the bottom with corresponding Fourier analysis on the left.

magnitude of the wavelet coefficients, the shedding frequency remains relatively constant. Note
that the observed temporal fluctuations in the shedding frequency are representative of those seen
in a quasi-steady LSB, similar to the findings of Kurelek et al. (2019). The estimated shedding
frequency is in general agreement with the parametric correlation provided in Boutilier & Yaru-
sevych (2012), but is lower than that measured by Burgmann & Schroder (2008) for the same airfoil
profile at matching operating conditions. The latter can be attributed to a notably higher level of
background perturbations in the experiments of Burgmann & Schroder (2008), which also results
in a smaller LSB.

4. Conclusions

The present study examined the transient flow development on an airfoil accelerated to a constant
velocity from rest. The transient process consists of three distinct phases. During the first phase,
laminar boundary layer develops on the suction side, and the effect of acceleration is largely con-
fined to this phase. This is followed by nearly simultaneous formation of cat’s-eye structures over a
region of the flow field in phase two. The observed growth of the associated velocity perturbations
occurs both in time and space, ascribed to the presence of absolute and convective instabilities.
The shear layer roll-up location progressively moves upstream in phase three, as the LSB settles on
quasi-steady shedding. The wavelet analysis reveals that the shedding frequency remains nearly
constant from the onset of shedding to quasi-steady LSB.
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