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ABSTRACT
A detailed analysis of the spatio-temporal flow develop-

ment of a laminar separation bubble (LSB) during decelera-
tion of an airfoil model in a water towing tank from a constant
chord Reynolds number to rest is conducted. Time-resolved
Particle Image Velocimetry (PIV) was employed to perform
quantitative flow field measurements over a range of deceler-
ations. The focus was on the time dependent typology of the
LSB and the dynamics of Kelvin-Helmholtz vortices. The re-
sults provide insight into the mechanism of LSB decay. The
deceleration of the airfoil model results in a gradual shift of
the separation point and the vortex roll-up location towards
the leading edge which is in contrast to the trends expected for
a quasi-steady decrease of the Reynolds number. For lower
magnitudes of deceleration in the range considered here, the
vortex shedding frequency decreases. However, at higher dec-
larations, no distinctive vortex shedding can be observed. The
effect of deceleration on the pressure gradient indicates that the
deviation of the results from quasi-steady trends are attributed
to significant inertial effects for the cases examined.

INTRODUCTION
Flights at aerodynamically low Reynolds numbers (Re

≤ 500,000), as typically for unmanned aerial vehicles flying
in earth atmosphere or for future applications in challenging
atmospheric conditions such as those encountered on Mars
(Carreño Ruiz et al., 2023), presents new challenges related to
unsteady aerodynamics. These arise, for example, due to the
high manoeuvrability of the flight vehicles or gusts. A forma-
tion of a laminar separation bubble (LSB) on the suction side
of a lifting surface is common when airfoils are operated at low
Re (Lissaman, 1983). An LSB forms when the laminar bound-
ary layer separates from the surface due to an adverse pressure
gradient, followed by a rapid transition in the separated shear
layer, which leads to mean flow reattachment. A simplified
model that has been shown to describe well the initial stages
of the transition process within the separated shear layer is
the amplification of minute disturbances driven by a Kelvin-
Helmholtz (KH) instability. The KH instability is often pre-

ceeded by Tollmien-Schlichting (TS) waves inside the laminar
boundary layer upstream of the separation point (Marxen et al.,
2013; Michelis et al., 2018). This transient process eventually
leads to a roll-up of the shear layer, resulting in a continuous
vortex formation and shedding (Watmuff, 1999; Hain et al.,
2009). Numerous experiments and simulations analyzed this
process (e.g. Istvan & Yarusevych, 2018; Ol et al., 2005) and
investigated the influence of several key parameters (e.g. angle
of attack, Reynolds number and free-stream turbulence inten-
sity) on the LSB (Hain et al., 2009; Burgmann et al., 2008;
Kawai et al., 2023). However, the investigations of unsteady
inflow conditions are relatively rare, although these conditions
typically occur in practical applications.

Experiments conducted by Gad-El-Hak et al. (1984) de-
scribe the influence of deceleration on the stability of a laminar
boundary layer formed over an flat plated which is decelerated
in a water towing tank. The results reveal an increasing insta-
bility of the boundary layer during deceleration. A theoreti-
cal analysis of a decelerated flat plate by Ishizawa & Kosugi
(1994) suggests that the adverse pressure gradient arising due
to flow deceleration, laminar boundary layer separation can
take place. The separation point shifts upstream during the de-
celeration phase and terminates when the flat plate comes to
rest. Lately, an increasing interest in transient inflow condi-
tions, not limited to a canonical laminar flat plate boundary
layer, can be noticed. For example, Polet et al. (2015) inves-
tigated flow over a decelerating airfoil in combination with a
pitching motion to increase the understanding of perching. The
influence of transient inflow conditions (change in free-stream
velocity) on the spatio-temporal evolution of an LSB was in-
vestigated by Ellsworth & Mueller (1991) and Toppings &
Yarusevych (2023) at relatively high and low rates of accelera-
tion, respectively. At higher rates of acceleration and deceler-
ation the behaviour of the LSB differs substantially from what
would be expected due to a corresponding quasi-steady change
in the Reynolds number (Ellsworth & Mueller, 1991), whereas
Toppings & Yarusevych (2023) concluded that at lower rates
of acceleration and deceleration the response of the LSB is
largely quasi-steady. Both studies conducted the experiments
in a wind tunnel with an accelerated/decelerated flow past a
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fixed airfoil model. As stated by Gad-El-Hak (1987), results
of those experiments may differ from those conducted with an
accelerated/decelerated body in a resting fluid (experiments in
a water towing tank) on account of a non-inertial frame of ref-
erence (Fox & McDonald, 1985; Gledhill et al., 2016).

The present work experimentally investigates the spatio-
temporal development of an LSB over an airfoil decelerated
from a constant velocity to rest in a water towing tank, as a
model of a vehicle landing.

EXPERIMENTAL SETUP
All the experiments were performed in a water towing

tank at the University of the Bundeswehr Munich. The test
section is 8 m long, with a cross-section of 0.9× 0.9m2. The
water height during the experiments was 0.75 m. An SD7003
airfoil model with a chord length of c = 250mm 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 ef-
fects, a glass end plate was installed, see Fig. 1a.

Figure 1. Experimental setup: (a) overview (b) wing model
and PIV arrangement (c) combined Field of View (cFOV) and
coordinate system definition.

The model was mounted at an angle of attack of α = 6◦

and was decelerated from a constant chord Reynolds num-
ber Rec = 60,000 to rest. Four decelerations d were consid-
ered. The corresponding non-dimensional deceleration param-
eter DC is defined by

DC =
d · c
U2

init
(1)

where Uinit is the initial, steady state velocity. The considered
values are listed in Table 1. The resulting velocity profiles
for the four investigated decelerations are shown in Fig. 2.

Quantitative flow field measurements were performed us-

Table 1. Case parameters

Case d (m/s2) DC Re
A −0.05 −0.22 60,000
B −0.10 −0.43 60,000
C −0.20 −0.87 60,000
D −0.50 −2.17 60,000

Figure 2. Velocity profiles.

ing two-component time-resolved Particle Image Velocime-
try (PIV) in a setup illustrated in Fig. 1. The water in the
tank was seeded with 10 µm hollow glass spheres (LaVision),
with a specific gravity of 1.1. The flow was illuminated by a
Photonics DM150-532 DH Nd:YAG double-pulse laser. The
laser light sheet was formed with a combination of spheri-
cal and cylindrical lenses and was coupled in at the front end
of the water towing tank (Fig. 1a). Particle images were ac-
quired by two cameras (LaVision Imager sCMOS) at 55 Hz in
double-frame mode. Each camera was equipped with a Zeiss
100 mm fixed focal-length lens using a numerical aperture of
4. The camera sensors were cropped to 2560× 967px2 each.
The combined field of view (cFOV) at measurement position
(Fig. 1b) from both cameras was 19×89mm2, with a magni-
fication factor of 0.34. The vector fields were computed with
LaVision DaVis 10 software using multi-pass cross-correlation
with image deformation. The final interrogation window size
was 32×32px2 with an overlap of 75 %. This results in a vec-
tor pitch of 0.16 mm. Table 2 presents essential PIV parame-
ters. All results are presented in the wall-aligned coordinates
(Fig. 1c).

A magnet band sensor (MBS) was used to measure the po-
sition of the model. The MBS data were recorded at 100 kHz
simultaneously with the Q-switch signal from the laser, allow-
ing to establish the temporal relation between the measured
airfoil motion and velocity fields. Ten independent test runs,
each yielding 550 measured velocity fields, were conducted
per case. The distance travelled over which velocity mea-
surements were conducted for each run was 1.50 m (or 6·c).
Preliminary PIV measurements of the water movement subse-
quent to a measurement run were conducted. The time sep-
aration between each run was set to at least 300 s to reduce
any adverse influence of residual perturbations from the pre-
vious run. At the selected time, based on a reference velocity
of vref = 240mm/s (=̂Rec = 60,000), the relative mean water
movement velocity vm and turbulence intensity level Tu240 in
the towing tank dropped below 1.2 % and 0.05 %, respectively.

2



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

Figure 3. Temporal evolution of streamwise velocity contours for Case A (left) and Case D (right). Vortices for Case D are identified
by λ2-criterion contours , and the same structures are connected by .

Table 2. PIV parameters

Parameters
Light source Photonics DM150-532

DH Nd:YAG
Light sheet thickness ≈ 2 mm
Laser pulse separation 1.2 ms
Seeding LaVision 10 µm hollow

glass spheres
Seeding specific gravity 1.1
Cameras 2× LaVision Imager

sCMOS
Sensor size (cropped) 2560×967px2

Combined field of view 19×89mm2

Lens focal length 100 mm
Aperture f# 4
Magnification factor 0.34
Sampling frequency 55 Hz
Free-stream particle
image displacement

≈ 17 px

Final interrogation
window size

32×32px2

Results
The response of an LSB flow field to flow deceleration

is depicted in Fig. 3 for Case A and D (Table 1). The figure
illustrates the temporal evolution of streamwise velocity con-
tours by a sequence of nine consecutive time frames spaced by
∆t∗ = 0.125. The non-dimensional time

t∗ = t · d
Uinit

(2)

is introduced to account for different deceleration rates. For
all the cases, the deceleration starts at t∗ = 0, where Rec =
60,000, and the airfoil model comes to rest at t∗ = 1. The re-

sults show that deceleration results in the upstream movement
of both the separation point and the shear-layer roll-up loca-
tion. At t∗ = 0 the separation point is located at x/c≈ 0.16 and
shifts out of the cFOV between 0.250 < t∗ < 0.375 for Case
A and between 0.375 < t∗ < 0.500 for Case D. The roll-up lo-
cation is defined as the location of the first detectable vortex
identified by a continuous contour of the λ2-criterion with a
threshold set to λ2 = −20. The results show that the shear-
layer roll-up location starts to move upstream with the onset
of deceleration (t∗ = 0) from x/c ≈ 0.31 and shifts out of the
cFOV at 0.875 < t∗ < 1. The shear-layer roll-up location for
Case D can be traced from x/c ≈ 0.31 at t∗ = 0 to x/c ≈ 0.11
when the airfoil model comes to rest. The observed upstream
shift of the vortex roll-up location during deceleration agrees
well with the results of Ellsworth & Mueller (1991). The over-
all length of the recirculation region inside the LSB decreases
over time for both cases, while its height and the magnitude of
the reverse flow velocity increase over time. This implies that
the time-scale for the separation point movement and the roll-
up location movement in upstream direction differ. For Case
A, a continuous vortex formation and shedding with a subse-
quent gradual drift of the vortices downstream can be observed
up to t∗ ≈ 0.625. However, beyond this time shedding be-
comes difficult to identify and likely ceases, potentially when
the shear parameter becomes too low for Kelvin-Helmholtz in-
stability. As the transient time of Case D is shorter by a factor
of 10 compared to Case A (see Fig. 2), the deceleration occurs
over four to five vortex shedding cycles. Initially, the vortices
drift downstream, followed by a stagnation at t∗ ≈ 0.375 and
finally begin to advect towards the leading edge.

Figure 4 presents a comparison of ensemble average
streamwise velocity fields over 10 deceleration runs for Cases
A and D presented for several Reynolds numbers with cor-
responding mean LSBs obtained at corresponding steady state
conditions. The results for the deceleration cases are smoothed
over a 15-frame temporal window for Case A and three frames
for Case D. It can be seen that both deceleration cases show
notably different changes in flow development with Reynolds
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Figure 4. Ensemble averaged flow fields for Case A (left) and Case D (right) and mean flow fields at steady state conditions (middle).
The displacement thickness , dividing streamline , separation point and vortex roll-up location/transition point are shown
for steady state conditions.

number compared to the steady state. Specifically, during the
decrease of Re due to deceleration, there is a gradual move-
ment of the separation point and LSB towards the leading edge
for Cases A and D. This agrees with the findings of Ellsworth
& Mueller (1991) for the decelerating free stream over a sta-
tionary airfoil. The observation is also similar to the analyt-
ically predicted shift of the separation point in a laminar flat
plate boundary layer in response to the changes in adverse
pressure gradient (APG) during incoming flow deceleration
(Ishizawa & Kosugi, 1994). In contrast, LSBs corresponding
to steady incoming flow show a delay of separation with de-
creasing Reynolds number. This is accompanied by a down-
stream shift in the location of the maximum bubble height with
the overall lengthening of the LSB, leading to eventual bubble
bursting and stall. For Case A and D, a continuous drift of
the maximum bubble height towards the leading edge is ob-
served. The observed flow development in response to de-
celeration contrasts that reported by Toppings & Yarusevych
(2023), who observed essentially a quasi-steady response to
substantially lower decelerations. It can thus be deduced that
inertial effects are substantial for all the deceleration rates con-
sidered in the present investigation, which is discussed later in
more detail.

Figure 5a and 5b illustrate the change of separation and
vortex roll-up location for all the deceleration cases examined
and steady state conditions over Re. Both figures emphasize
that the upstream shift of the separation point and roll-up lo-
cation during all the investigated deceleration cases is in con-
trast to the downstream shift of the corresponding values under
steady state conditions. The location of the separation point
with respect to Re (see Fig. 5a) is comparable between Cases
A to D. However, the actual shift rate towards the leading edge
in the temporal domain is lowest for Case A and constantly
increases to Case D. A similar upstream shift is seen for the
roll-up location (see Fig. 5b), albeit with higher variability. As
the shift rates for the separation location are lower than those
seen for the vortex roll-up location, the length of the LSB re-
duces during the deceleration phase, which can also be noted
in the instantaneous snapshots in Fig. 3.

An analysis of the shedding process within the LSB indi-
cates a strong dependency on the deceleration parameter. For
Case A, persistent vortex shedding with a continuous decrease

Figure 5. Separation point (a) and vortex roll-up loca-
tion/transition point (b) for Cases A to D and steady state con-
ditions. Empty markers indicate extrapolated values.

of the vortex shedding frequency was observed throughout the
deceleration phase. The progressive decrease of the vortex
shedding frequency qualitatively matches with the expectation
at steady state flow conditions (Burgmann & Schröder, 2008).
In order to characterize the vortex shedding frequency during
the deceleration process, a wavelet analysis is performed based
on a complex Morlet wavelet (Studer et al., 2006), and the re-
sults are illustrated in Fig. 6a for Case A. As the shear-layer
roll-up location constantly shifts upstream, a wavelet analy-
sis of the wall-normal velocity fluctuations was conducted at
five x/c locations. Figure 6b illustrates the gradual decrease
of the vortex shedding frequency during deceleration based
on ensemble averaged, maximum wavelet coefficient over ten
runs. The frequency reduces from fs ≈ 6.0Hz, with a corre-
sponding chord-based Strouhal number of Stc ≈ 6.8 at t∗ = 0,
to fs ≈ 2.0Hz and Stc ≈ 11.4 at t∗ = 0.8. The decrease in
the shedding frequency during deceleration agrees within the
experimental variability with that seen at decreasing Re un-
der steady state conditions (identified by markers). Note that

4



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

Figure 6. (a) Normalized wavelet coefficient (Γ) contours
from wall-normal velocity fluctuations extracted at five x/c lo-
cations. (b) Vortex shedding frequency during deceleration for
Case A (shaded area indicates 2 ·σ ) based on ensemble aver-
aged, maximum wavelet coefficient for Case A. Black filled
markers indicate vortex shedding frequency at steady state Re.

it is not possible to determine the vortex shedding frequency
for higher deceleration rates (Cases B to D) since the duration
of deceleration phase is too short, resulting in an insufficient
number of vortex shedding cycles for a reliable analysis.

Figure 7 illustrates the peak reverse flow velocity umin
in wall parallel direction during the deceleration phase for all
the deceleration cases examined. To analyze umin, 20 % of
the lowest (negative) values of wall parallel velocity vectors
based on the ensemble averaged velocity fields for each case
were considered. The peak reverse flow velocity for t∗ < 0
(steady state conditions) fluctuates on average around the value
of −0.25 ·Uinit for Cases A to D. This reverse flow velocity is
lower by a factor of 2.5 compared to the mean minimal re-
verse flow velocity of the steady state LSB for Re = 60,000
(see Fig. 4). However, this is expected since only 20 % of the
lowest (negative) values are considered in this analysis. When
deceleration starts, values of umin start to decrease. Both Case
A and B saturate at t∗ ≈ 0.25 when umin ≈ 0.4 ·Uinit, followed
by an increase past t∗ ≈ 0.8. Case C saturates at t∗ ≈ 0.7 when
umin ≈ 0.75 ·Uinit, followed by an increase past t∗ ≈ 0.9. A
consistent decrease of umin is observed for Case D, reaching
the minimum umin ≈ 1.0 ·Uinit at t∗ = 1 when the airfoil model
comes to rest.

Figure 7. Ensemble averaged peak reverse flow velocity.

The difference of umin between the Cases A and B and the
Cases C and D indicates that there is an significant influence
of the deceleration on this value. As the plots of Case A and B
are similar, this indicates that a new equilibrium in the flow is
established, whereby the magnitude of deceleration has a mi-
nor effect. For Case C and particularly Case D the magnitude
of deceleration has a more pronounced effect on the transient
flow development.

As suggested by Toppings & Yarusevych (2023), a modi-
fied version of the unsteady Bernoulli equation can be applied
under certain assumptions to estimate the influence of accel-
eration and deceleration on the wall-parallel component of the
pressure gradient. However, when the airfoil model is deceler-
ated the coordinate-system fixed to the airfoil model is a non-
inertial frame of reference. Thus an additional term for the
translational deceleration du∞/dt of the airfoil model has to be
considered (Fox & McDonald, 1985; Gledhill et al., 2016),
where u∞ corresponds to the instantaneous towing velocity.
Equation 3 is based on the suggestions of Toppings & Yaru-
sevych (2023), extended for du∞/dt:

∂ p
∂x

=−ρ

(
∂ue

∂ t
+ue

∂ue

∂x
+

du∞

dt

)
(3)

where ue is the local maximum edge velocity along x/c outside
of the boundary layer. To calculate the actual temporal decel-
eration at the boundary layer edge, ∂ue/∂ t has to be corrected
by adding du∞/dt. Figure 8 illustrates spatially averaged con-
vective (ue · ∂ue/∂x) and temporal (∂ue/∂ t) decelerations at
the boundary layer edge within 0.1 < x/c < 0.15 as well as
du∞/dt and the sum of (∂ue/∂ t + du∞/dt). The results are
presented until t∗ = 0.5, at which time the transition location
enters the spatial range considered for the estimation of the
presented parameters (see Fig. 3 and Fig. 5b), and the assump-
tions for Eq. 3 no longer apply. The results show the expected
progressive increase in the temporal edge velocity deceleration
rate∂ue/∂ t, accompanying the increase in the model deceler-
ation rate du∞/dt from Case A to D. At the same time, with
increased model deceleration rates, the effect of non-inertial
correction becomes progressively significant, as seen in the in-
creased magnitude of (∂ue/∂ t +du∞/dt). On the other hand,
the convective acceleration term is comparable across the four
deceleration cases, and as expected decreases in magnitude
at the onset of deceleration due to the decrease of the local
edge velocity. Consequently, for all the cases, the corrected
temporal acceleration becomes significant during the deceler-
ation process, and the significance of the associated influence
on the global pressure gradient increases with increasing iner-
tial effects from Case A to Case D. The associated progressive
strengthening of the adverse pressure gradient (Eq.3) results
in pronounced changes in the flow development compared to
steady-state cases. Further, the results point to the importance
of the correction for the model deceleration.
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Figure 8. Comparison of acceleration terms for Cases A to
D.

CONCLUSION
An experimental analysis of the flow on the suction side

of an SD7003 airfoil model decelerated from a constant chord
Reynolds number of 60,000 to rest was performed. PIV mea-
surements were conducted to evaluate the effect of the airfoil
model deceleration on the flow development. The results show
that the separation point and the transition location shift to-
wards the leading edge during deceleration which is in contrast
to a quasi-steady change in Re. A wavelet analysis showed that
the vortex shedding frequency gradually decreases during the
deceleration phase before vortex shedding ceases at lower ve-
locities. Analysing different contributions to the global pres-
sure gradient reveals the significant influence of deceleration
rates for all the cases the cases examined, and the importance
of inertial corrections in towing tank experiments.
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