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Investigation of Three-Dimensional Shock Control Bumps
for Transonic Buffet Alleviation

Alessandro D’Aguanno,∗ Ferry Schrijer,† and Bas van Oudheusden‡

Delft University of Technology, 2629 HS Delft, The Netherlands

https://doi.org/10.2514/1.J062633

This experimental study investigates the use of shock control bumps (SCBs) for controlling transonic buffet. Three-

dimensional SCBs have been applied on the suction side of an OAT15A supercritical airfoil with the experiments

conducted in the transonic–supersonic wind tunnel of Delft University of Technology at fully developed buffet

conditions (Ma � 0.7, α � 3.5 deg and Re � 2.6 × 106). The effectiveness of the SCBs for different spanwise

array spacings (ranging from 20 to 30%c) was verified using two optical techniques: schlieren visualization and

particle image velocimetry. Both techniques confirmed the potential of controlling buffet using such devices, resulting

in a reduction of the flow unsteadiness in terms of both shock oscillation and pulsation of the separated area. A

dedicated particle image velocimetry investigation in a spanwise–chordwise measurement plane was conducted in

order to characterize the effect of the spatial distribution of the bumps, focusing on the interaction of the shock-wave

structures along the span. The configuration with a spacing of ΔySCB � 25%c was demonstrated to be the most

efficient in reducing the transonic buffet oscillations andwas able to reduce the reverse flow region size as compared to

the clean configuration.

I. Introduction

T HE operation of a civil aircraft is limited by the occurrence of

shock-wave oscillations on the suction side of a wing, which are

referred to as transonic buffet and occur for flow conditions that

comprise a specific range of angle of attack as well as a Mach and

Reynolds number combination. These oscillations are undesirable

because they could eventually result in failure of the wing due to

fatigue, as well as incurring the oscillation of aerodynamic perfor-

mance properties. Therefore, for safety reasons, the flight envelope of

an aircraft is limited so as not to encounter transonic buffet. The first

studies on transonic buffet were performed by Hilton and Fowler [1]

in 1947; despite this, themechanism behind this phenomenon has not

been completely understood yet. In 1990, Lee [2] was the first author

to describe transonic buffet as a feedback mechanism, in which the

shock-wave (SW) oscillation is sustained by the occurrence of

downstream-traveling waves (DTWs) that move from the shock foot

to the trailing-edge area and upstream-traveling waves (UTWs;

which are induced in reaction to the DTWs) that, by moving in the

direction of the shock wave, allow the SW to move downstream or

upstream, according to the buffet phase. Thismodel has subsequently

been updated by different researchers, such as Jacquin et al. [3], who

considered the UTWs capable of reaching the SW along both the

suction and pressure sides. Recently, a dedicated study undertaken by

Hartmann et al. [4] has clarified that the UTWs are acoustic waves

that propagatewith a velocity of 80m/s relative to the airfoil, whereas

D’Aguanno et al. [5] has suggested that the strength of the UTWs is

modulated throughout the buffet cycle. A crucial contribution to the

understanding of transonic two-dimensional (2-D) buffet has been

given by Crouch et al. [6], in which transonic buffet was described as

the result of a modal instability, obtaining values for the buffet onset

that are in perfect agreement with the experimental data. Similar
results were obtained from the stability analysis of Sartor et al. [7].
Because of the relevance of transonic buffet to safe aircraft oper-

ation in the high-subsonic regime, it is of paramount importance to be
able to control or, whenever possible, suppress the phenomenon. In
the last 20 years, there have been many attempts to control transonic
buffet, as summarized in the relatively complete review paper of
Giannelis et al. [8]. Two different strategies of control systems can be
distinguished: an active or a passive control system. The first system
is very attractive for its precision and efficiency, but it is generally
very complex to realize and implement. An example of an active
control system was given in studies from ONERA [9,10], where the
movement of trailing-edge deflectors was actuated according to the
instantaneous static pressure in order to stabilize the shock oscilla-
tion. More recently, Ren et al. [11] achieved a closed-loop control of
trailing-edge static deflectors (TEDs) by using an adaptive control
strategy based on a neural network.
However, inmany applications, the reliability of the control system

may have preference, for which passive control systems are more
attractive. The different systems are designed in such a way that the
unsteadiness is either reduced or moved to higher angles of attack
and/or to higher Mach numbers (moving the buffet onset boundary).
These control systems are generally designed with the goal of dam-
aging the feedback mechanism, accordingly placing the control
systems in the shock oscillation area or at the trailing edge. An
example of the latter is the use of trailing-edge static deflectors,
which were used by Lee [12] and Despre et al. [13], who both
considered trailing-edge flaps with a static downward deflection to
control transonic buffet. A particular type of TED is the use of a flap
with a vertical/upward deflection at the trailing edge (upper trailing-
edge flap) [14,15], which has been demonstrated as effective in
reducing transonic buffet unsteadiness by damaging the communi-
cation between DTWs and the trailing edge.
Another possibility is the use of a vortex generator [10] that

energizes the boundary layer, promoting attached flow, and therefore
inhibiting the shock induced separation. An advanced form of vortex
generator is the fluidic vortex generator, which could be successfully
used to control transonic buffet in the form of an air jet, as in thework
of Brion et al. [16].
A common system used for the control of both transonic and

supersonic shock interactions is achieved by using a shock control
bump (SCB), which is a type of device that has been extensively
described in the review of Bruce and Colliss [17]. SCBs have been
used for different applications, such as for the control of transonic
flows on wings and airfoils [18]; for the control of shock-wave/
boundary-layer interaction, as in the studies of Holden and Babinsky
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[19] and Bruce and Babinsky [20]; and as a flow control device in
supersonic engine intakes [21]. On transonic airfoils, a SCB is
generally placed on the suction side, and it consists of a ramp and a
tail section oriented in the direction of the flow. Ogawa et al. [18] and
Colliss et al. [22] have shown that three-dimensional (3-D) shock
control bumps are more efficient than 2-D SCBs (which were ex-
tensively described by Zhang et al. [23]), particularly in off-design
conditions, thanks to the streamwise vortices developing from the tail
of a bump. The two possible working principles of 3-D SCBs are
associated with the formation of a λ-shock structure instead of the
traditional quasi-normal shock wave and the formation of a localized
region of attached flow downstream of the shock-wave location,
thanks to the vortex development.
Regarding the design of SCBs, the study of Colliss et al. [24] also

proved that a joint experimental and numerical approach can be used
to achieve a relatively inexpensive parametric study of the effects of
the geometry of 3-D SCBs on the flow physics. Among the different
shapes of SCBs, one of the most common is the narrow wedge SCB
(described by Colliss et al. [22] and Mayer et al. [25]), which is
characterized by a flat ramp, crest, and tail, as well as by angular side
flanks. Three-dimensional SCBs on airfoils have been also employed
for drag reduction applications, as in the work of Deng and Qin [26],
where 3-D SCBs were integrated with vane-type vortex generators to
suppress flow separation. A similar application was also pursued in
the study of Jones et al. [27] on swept wings.
Because of its properties, a SCB can also be used as a “smart”

vortex generator and applied to transonic buffet control, as shown by
Eastwood and Jarrett [28] or Tian et al [29], where two different types
of SCBs proved to be effective in controlling transonic buffet. The
study of Mayer et al. [30] also proved the effectiveness of SCBs for
controlling transonic buffet on swept wings (for which the physics is
quite different from 2-D buffet on straight wings, as shown in the
work of Paladini et al. [31]). For 2-D SCBs, Birkemeyer et al. [32]
proposed that these devices could postpone the transonic buffet onset
on wings when placed in between the shock-wave location and the
trailing edge, although bringing to an increase in drag.
Despite these reported successful implementations, the usefulness

of 3-D SCBs for controlling transonic buffet on an airfoil is not
univocal [33] and depends on the SCB size and position, as shown
by the numerical study of Geoghegan et al. [34]. Hence, to achieve an
efficient control system, the location of SCBs on the airfoil should be
selected carefully. For steady applications, the quasi-normal shock
wave should be located in correspondence of the crest of the bump; in
this way, no reexpansion or second shock wave would occur, as
described by Bruce and Babinsky [20]. For transonic buffet, Geo-
ghegan et al. [34] showed that SCBs are effective when their crest is
placed within �5%c of the mean shock-wave position (with SCBs
located slightly downstream of the average shock-wave position,
which also brings an increase in lift). Thus, the range of streamwise
locations for which the SCBs are useful is larger than in steady
applications.
Another relevant aspect associated with 3-D SCBs is the curvature

of the leading-edge oblique shock wave around the bump: a phe-
nomenon that was described by Ogawa et al. [18]. When a spanwise
array of bumps is used, overlapping shock structures appear, with the
effectiveness of this interaction highly dependent on the relative
spacing between the bumps; thus, the spacing parameter should also
be optimized.
With the present study, the authors aim to document and further

clarify the influence andeffectivenessof 3-DSCBson transonic buffet:
to reach this goal, an experimental study was carried out, employing
two complementary optical diagnostic techniques. Schlieren visual-
izations were used to provide a qualitative description of the shock
dynamics, whereas a more detailed quantification of the velocity field
was achieved with particle image velocimetry (PIV). Particular atten-
tion was also given to characterize the effect of the bump spacing, for
which a detailed PIV study on a plane parallel to the suction side of the
airfoilwas performed, for different spacingsbetween the bumps.To the
best of the authors’ knowledge, no detailed study on the bump spacing
has been previously reported, except for the study of König et al. [35]
for a swept wing (where the optimal spacingwasmainly influenced by

the value of the sweep angle) and in the study of Eastwood and Jarrett
[28] for lift and drag improvement applications.

II. Experimental Investigation

A. Facility and Models

The experiments were carried out in the TST-27, which is a
transonic–supersonic blowdown wind tunnel of the Delft Univer-
sity of Technology with a test section that 25 cm high and 28 cm
wide. The wind tunnel was operated for transonic conditions at a
total pressure of p0 � 2 bars and a total temperature of T0 � 288 K
(the main flow conditions are summarized in Table 1).
Two models have been used in the experiments, which were both

based on the OAT15A airfoil, which is a supercritical airfoil widely
used for transonic buffet research [3]. Bothmodels have a chord c of
10 cm, but they differ in span as summarized in Table 2. The first has
a width of 28 cm and spans the entire test section, being clamped on
both sides of the wind tunnel (Fig. 1, left), and it is referred to as the
“horizontal” airfoil. The second model, referred to as the “vertical”
airfoil, has a span of 20 cm and, in operational conditions, is ori-
ented in the wind tunnel vertically, with the suction side parallel to
the sidewall of the tunnel. This model, which is attached to one of
the sidewalls of the wind tunnel by means of pylons (as shown in
Fig. 1, right), has previously been investigated in the study reported
by D’Aguanno et al. [5]. To eliminate any additional tip vortex
effects, two side plates (fences) were mounted in correspondence
with the two extremities of the airfoil (see Fig. 1, right). For both
models, a 2%cwide transition trip was applied at 7% of the chord in
order to ensure a fully turbulent boundary layer, similar to many
other experimental studies of this airfoil [3,36]. All the tests have

been performed forMa � 0.7, α � 3.5 deg, and Rec � 2.6 × 106:
conditions for which the buffet was demonstrated to be fully devel-
oped by D’Aguanno et al. [36].

B. Shock Control Bump Geometry

The SCBs used in this study have been producedwith a 3-D printer
in polylactic acid material with an accuracy of 20 μm. The use of
SCBs in shock-wave/boundary-layer interactions in the literature is
widespread; nevertheless, there is not much information regarding
their geometrical design and location. Designing a new geometry of
SCBs is out of the scope of this study; therefore, the SCB design was
based on the SCB geometries present in other studies in the literature
[22,25].
The geometry and dimensions of the realized SCB are shown in

Fig. 2, with an overall length of 28 mm and a maximum height of
0.9mm. Following the design scaling suggested in the literature [17],
the height of the bumps (including the double-sided adhesive tape
with which the bumps are attached to the airfoil, which has a thick-
ness of 0.13 mm) has been selected as equal to the local height of

Table 1 Flow conditions

Parameter Symbol Value Unit

Freestream Mach number Ma∞ 0.7 ——

Freestream velocity U∞ 225 m/s

Total temperature T0 288 K

Total pressure p0 2 bar

Table 2 Model parameters

Parameter Symbol Value Unit

Chord c 10 cm

Span (horizontal model) b1 28 cm

Span (vertical model) b2 20 cm

Angle of attack α 3.5 deg

Reynolds number based on chord Rec 2.6 × 106 ——
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the boundary layer, which was evaluated for an equivalent flat plate.
The crest of the bump has been centered at the average shock
location for the most developed buffet condition (Ma � 0.7 and
α � 3.5 deg), which corresponds to approximately 45% of the
chord. It is expected that for this buffet condition, the oscillating
shock wave will acquire the familiar λ structure, stabilizing the
shock oscillation.
The spanwise spacing between the bumps is a crucial parameter

because it determines if the interaction among the different shock-
wave structures in correspondence with the bumps will be detrimen-
tal or beneficial. Because there is no evidence in the literature of a
systematic study of this parameter, a range of spacings ΔySCB has
been tested, namely, 20, 22.5, 25, 27.5, and 30%c (selected in the
range of values reported in other publications [18,25]).
Figure 1 (left) shows the oil flow visualization on the OAT15A

airfoil model with bumps after a run at Ma � 0.7 and α � 3.5 deg
for a spacing between the bumps of 25 mm�ΔySCB � 25%c�.

C. Experimental Setup

In this study, high-speed schlieren and particle image velocimetry

have been used as optical diagnostic techniques. High-speed schlie-

ren was used to visualize the shock dynamics for different bump

spacings for the horizontal model (airfoil clamped on the sidewalls of

the wind tunnel). For this purpose, a high-speed camera (Photron

Fastcam SA1.1) was used with an exposure time of 10 μs and an
acquisition frequency of 5 kHz, which are sufficient to resolve the

shock oscillation motion, which occurs at a characteristic frequency

of 160 Hz [36]. The schlieren had the conventional z configuration
with a pinhole diameter of 2 mm and included a continuous 24 W

lamp. A quantitative analysis of the velocity field was subsequently

performed with PIVusing two different experimental configurations.
In the first configuration, high-speed PIV was carried out for

the horizontal airfoil using three high-speed cameras (three Photron
Fastcam SA1.1). All these measurements were performed in the

chordwise-vertical plane at midspan (y∕c � 0), in correspondence

with the central bump. An acquisition frequency of 15 kHz was

selected in order to temporally resolve the shock position and the

separated area dynamics. To achieve this acquisition frequency,

the sensor of each camera (operating in double-pulse mode with

a time separation of dt � 3 μs) was cropped to a resolution of

576 × 320 pixels. Despite this, a good spatial resolution was still

achieved by simultaneously using three cameras in planar mode.
Each camera was fitted with a 180 mm lens with an f stop of four.

To insert the three cameras and lenses into a relatively narrow area, a

mirror was used, as shown in the sketch of the setup in Fig. 3 (left). As

a result, the first field of view (FOV) was extended from 28 to 61%c
(thus including the entire range of the shock-wave oscillation), FOV2

was from 59 to 81%c, and FOV3 was from 79 to 101%c. The vertical

extents (along z) of the FOVs were of roughly 17%c for FOV1 and

12%c for the other two FOVs.A sketch of the different FOVs is given

in Fig. 3 (right).
To appreciate the spanwise distribution of the shockwave, a further

PIV experiment (second PIV configuration) was completed in a

spanwise–chordwise-oriented plane using the vertical model con-

figuration, which allowed direct access from the sidewindow toward

Fig. 1 SCBs (spacing 25%c)mounted on the horizontal OAT15A airfoil, with oil flow visualization (Ma � 0.7; α � 3.5 deg) on the left and the vertical
airfoil mounted in the wind tunnel with the relative FOV (right).

Fig. 2 Geometry of a shock control bump with dimensions in milli-
meters.

Fig. 3 First PIV configuration: PIV setup (left) and sketch of airfoil with FOVs used (right).
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the suction side of the airfoil (Fig. 4, left). One high-speed camera
(again, a Photron Fastcam SA1.1) in the planar configuration was
used, with a selected frequency of acquisition of 4.65 kHz (camera
sensor cropped to 1024 × 640 pixels), and fitted with a 105 mm lens
with and f stop of eight. These settings resulted in a FOVextending
from 15%c to the trailing edge along the streamwise direction and
from−26 to 26%c in the spanwise directionwith respect to themodel
centerline. Similar to the first PIV configuration, the camera was
operated in double-pulsemodewithdt � 3 μs.As illustrated inFig. 4
(right), the plane of measurement was located at a vertical distance
of z − zw�xthick� � 5%c�5 mm� from the thickest point of the
airfoil �zw�xthick��.
For both PIV configurations, a dual-cavity high-speed laser

(neodymium-doped yttrium aluminum garnet, Nd:YAG) and addi-
tional optics were used to create a laser sheet of 1.5 mm in thickness.
The laser sheet illuminated the seeding particles, which in this study
were diethyl-hexyl-sebacate (DEHS) droplets, which follow the flow
accurately (with the exception of the immediate shock-wave region)
in view of the relatively low relaxation time (τDEHS � 2 μs). The
synchronization between the cameras and the laser was achieved
through a synchronization box (LaVision high-speed controller, part
number 1108075).

D. Processing Parameters

The schlieren images were acquired with Photron FASTCAM
Viewer (version 3) camera software and then processed inMATLAB,
whereas the image acquisition for the PIV measurements was per-
formed with LaVision’s Davis software (version 8.4.0). The same
software was used for image preprocessing and processing (compu-
tation of velocity fields by means of a cross-correlation procedure),
whereas further processing was carried out inMATLAB. For the PIV
image processing, first, a Butterworth filter was applied to reduce the
laser reflections on the airfoil and on the SCBs (using a filter length of
seven images [37]); subsequently, the cross correlation was com-
puted with a multipass approach. For the measurements with the
horizontal airfoil, one pass with a window size of 64 × 64 pixels
(2.5 × 2.5 mm) and three passes with a final window size of 48 ×
48 pixels (1.9 × 1.9 mm) were adopted: in both cases, with an over-
lap of 75% of thewindow size. On the other hand, for the second PIV
configuration, one pass with a window size of 48 × 48 pixels
(4.0 × 4.0 mm) and three passes with a final window size of 32 ×
32 pixels (2.7 × 2.7 mm) were selected, again with an overlap of
75%. Correspondingly, the resulting spacing between the vectors
was 0.47%c�0.47 mm� for the first PIV configuration and 0.67%c
�0.67 mm� for the images on the vertical airfoil. The main PIV
processing settings are also summarized in Table 3.

E. Uncertainty Analysis

An uncertainty analysis is carried out to verify whether the
differences in performance of the SCBs observed in the measure-
ments can be considered (statistically) significant. The most impor-
tant experimental uncertainty sources are briefly discussed in the

following, and the corresponding values are reported in Table 3; for
a more detailed derivation, the reader is referred to the work of
D’Aguanno et al. [36].
A primary source of uncertainty in PIV is associated with the

accuracy of the correlation procedure,withwhich thevelocity vectors
are obtained from the raw image data (cross-correlation uncertainty;
see the work of Humble [38]). The values in Table 3 show that the
corresponding uncertainty on the instantaneous velocity amounts to
2–4%of the freestream velocity, with the uncertainty being higher for
the PIV data obtained for the vertical model because, in this case, a
lower magnificationM is present than for the horizontal model.
The inertia of the tracer particles introduces a particle slip effect

due to the finite response time of the particles [39]. This effect is
particularly important near shock-wave structures, reaching theoreti-
cal values of uncertainty of 60 m∕s for the clean configuration and
40 m∕s for the SCB configurations. The reduction of this uncertainty
for the SCB configuration is associated with the presence of two
jumps in velocity across each of the SW structures instead of the
single more intense jump observed for the clean configuration.
Notwithstanding the high values of uncertainty across the shock
waves, the particle slip effect is negligible in the remaining FOV.
Regarding the schlieren measurements, the major source of uncer-

tainty is associated with the tracking of the shock-wave position, for
which half of the apparent width of the normal shock wave can be
used as an indicator (less than 3 mm).

III. Shock Dynamics

In Fig. 5, instantaneous schlieren images are shown for both the
clean airfoil (right) and the SCB configuration with a spanwise
spacing of 25%c (left). In the latter, two oblique black lines appear
in the image; going from left to right, the first is associated with a
Mach line caused by the transition trip that is located at 7% of the
chord, whereas the second is an oblique shock wave created at the

Fig. 4 Second PIV configuration: top view of PIV setup (left) and sketch of the airfoil with the plane of measurement in green and the indicative λ-shock
structure in blue (right).

Table 3 PIV parameters and uncertainties

Parameter
First PIV

configuration
Second PIV
configuration

Model orientation Horizontal Vertical
Acquisition frequency, kHz 15 4.65
Pulse separation, μs 3 3

Number of images 15,500 4,365
Final resolution, pixels 1;600 × 320 1;024 × 640

Final window size, pixels 48 × 48 32 × 32

Window overlap, % 75 75
Vector spacing 0.47%c�0.47 mm� 0.67%c�0.67 mm�
Magnification 0.45 0.24
Cross-correlation uncertainty,
m∕s

<4 <10

Particle slip uncertainty, m∕s <40 (SCBs)-60
(clean)

<40 (SCBs)-60
(clean)
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leading edge of the bumps, followed by a quasi-normal shock wave

(forming a λ-shock structure). Inside the λ shock wave, additional

“thinner” oblique lines, associated with 3-D structures integrated

along the span of the model, are observable. In correspondence

with the interactions of the quasi-normal shockwavewith theMach

line and the oblique SW, two slip lines are observed. Downstream

of the shock wave, the presence of a separated area can also be

qualitatively visualized, thanks to the horizontal orientation of

the schlieren knife edge. A quantitative estimation of the separated

area is, however, not possible in view of the spanwise integration of

the density gradients. For the clean airfoil (Fig. 5, right), the lambda

shock wave is substituted by a single shock-wave structure. Both

schlieren images correspond to the phase in the buffet cycle in

which the shock wave travels upstream, which is when a wide

separated area develops, extending from the shock foot down-

stream (as exhaustively described in the literature [3,36]). As a

result, the shock wave appears slightly inclined for the clean

configuration. In this paper, the buffet phases will not be used for

phase-averaging purposes; however, for more details, the inter-

ested reader is referred to Ref. [36].

For comparison, in Fig. 6, instantaneous PIV images in the

chordwise-vertical plane are shown for both the clean (right) and

the SCB configurationswithΔySCB � 25%c (left). These images are

capturing approximately the same phase as the schlieren images of

Fig. 5, so when the shock wave is moving upstream. For the clean

configuration, a single moving oblique shock wave is observed at

35%c; whereas for the controlled configuration (as already com-

mented on for the schlieren images), there is both a steady oblique

shock wave in correspondence with the leading edge of the bumps

and a secondary unsteady shock wave close to x ≈ 45%c. The
velocity fields confirm the qualitative schlieren information of the

presence of awide separated area in this buffet stage (with the reverse

flow area indicated by the black contour line in Fig. 6) developing

from the shock foot. It is worth clarifying that these PIV data have

been acquired in the symmetry plane of the airfoil, which coincides

with the symmetry line of the central bump for the SCB configura-

tions; whereas the schlieren data integrate all the density gradients

present along the line of sight.

From the schlieren recordings, the shock position has been tracked
in time. In view of the presence of the leading-edge shock wave for

the SCB configuration, the shock position could not be tracked by
evaluating the minimum of the luminosity intensity in each image;

whereas, thanks to the quasi-normal (rear) shock-wave orientation,

the shock wave has been tracked by looking for the minimum of a
vector a � �a1; am; : : : ; aM�, whereM is the number of columns of a

schlieren image and am is the sum of the luminosity intensity of all
the pixels of them-th column of a given schlieren image. Themethod

was demonstrated to be reliable in tracking the shock position for
both the clean and the SCB configurations.
In Fig. 7, the time behavior of the shock-wave position is shown for

both the clean and theΔySCB � 25%c configurations forΔt � 0.2 s
(about 32 buffet cycles) and clearly illustrates a reduction of the

shock-wave oscillation range in the presence of SCBs. The image
clarifies that the most downstream position of the shock wave is not

highly affected by the presence of SCBs, whereas there is a strong
difference for the location of themost upstream shock-wave position.

Fig. 5 Examples of schlieren images of the OAT15A atMa � 0.7 and α � 3.5 degwith bumps (left) and without bumps (right), with the shock wave in
its upstream movement.

Fig. 6 Examples of PIVs image of the OAT15A atMa � 0.7 and α � 3.5 degwith bumps (left) and without bumps (right), with the black contour line
indicating the reverse flow area.

Fig. 7 Time behavior of shock-wave position for clean and ΔySCB �
25%c configurations.
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To quantify the variation of the range of shock-wave oscillation, in
Fig. 8 (left), the probability density function p�XSW∕c) of the shock
position is shown for the clean as well as for the SCB configurations
with different spacings. The result clearly illustrates that with any
SCB configuration, a reduction of the oscillation range of the SW is
obtained. Furthermore, the average shock position is slightly shifted
towardmore downstream positions. The best performance in terms of
shock-wave oscillation reduction is obtained for a bump spacing of
25%c, whereas good performance is also achieved for the ΔySCB �
27.5%c and ΔySCB � 30%c spacings. These observations are con-

firmed by the average values of the shock position XSW and the
relative standard deviation σ�XSW� reported in Table 4. The figures
clarify that forΔySCB � 25%c, theweakest fluctuations of the shock
wave, but also the most downstream average shock position, occur.
The spectral content of the shock position signal is computed in the

form of a power spectral densityP�f� by using theWelchmethod and
plotted in Fig. 8 (right) [as a premultiplied spectrum f ⋅ P�f� for the
clean configuration and for the airfoil in presence of bumps] with
spacings of 20, 25, and 30%c. The image reveals that the buffet
characteristic frequency is not affected by the use of SCBs, with all
the configurations having a main peak at 160 Hz, which is in good
agreement in terms of the Strouhal number (St � 0.07) with Jacquin

et al. [3]. All the SCB configurations achieve a relevant reduction of
the main peak of f ⋅ P, although the most important reduction is
obtained for ΔySCB � 25%c. The values of f ⋅ P at 160 Hz are
summarized in Table 4 for all the tested configurations.
Tracking the shock position from PIV data, similar results are

obtained with a reduction of more than 50% of the main peak at
160Hzwhen the SCBs are used andwith a slight optimization for the
ΔySCB � 25%c configuration. For brevity, these results are not
included.

IV. Flowfield Analysis

A. Buffet Cycle Dynamics

To gain further insight on the effect of 3-D SCBs on the buffet
cycle, PIV instantaneous images are shown in Figs. 9 and 10 for the
ΔySCB � 25%c configuration, for two particular stages of the buffet
cycle, corresponding to the most upstream and the most downstream
positions of the shock oscillation. Both flowfields show the presence
of a separated area, for which the extent is significantly smaller than
the region present in Fig. 6 (left). Similar to the behavior of transonic
buffet on a clean airfoil (in absence of control systems) [3,36], also in
presence of SCBs the variation of the separated area through the
buffet cycle is such, that it reaches its maximum extent during the
upstream travel of the SW (see Fig. 6) and its lowest extent during its
downstream travel (not explicitly shown here).
The snapshot in Fig. 9 (left) shows the velocity field in the most

upstream position with the moving shock wave located slightly
upstream (41%c) of the crest of the SCB. Figure 9 (right) visualizes
the corresponding instantaneous spanwise organization of the veloc-
ity field. Note that this snapshot was not acquired simultaneously
with the one in Fig. 9 (left), using the data on the vertical airfoil; yet, it
has been selected to correspond to the same phase in the buffet cycle.
This visualization clarifies that the oblique shockwaves that originate
at the leading edge of the SCBs curve around the bumps, with the SW
structures eventually interacting with each other. Downstream of this

Fig. 8 Distribution (left) and spectrum (right) associated with shock position for configurations with and without SCBs.

Table 4 Comparison of shock position properties
for all the tested configurations from schlieren data

Configuration XSW,%c σ (XSW),%c f ⋅ P�f � 160 Hz)

Clean 43.8 5.3 6.6
ΔySCB � 20%c 46.1 3.7 2.7

ΔySCB � 22.5%c 45.5 3.9 3.0

ΔySCB � 25%c 47.0 3.3 1.5

ΔySCB � 27.5%c 45.9 3.4 2.0

ΔySCB � 30%c 45.4 3.6 1.7

Fig. 9 Uncorrelated instantaneous horizontal velocity fields in presence of SCBs (ΔySCB � 25%c) with SW in itsmost upstreamposition: velocity field in
chordwise-vertical plane (left), and another snapshot displayed in chordwise–spanwise plane together with outline of bumps (right).
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feature, the quasi-normal unsteady shock wave displays a very

coherent distribution along the span of the airfoil.

Figure 10 (left) shows the instantaneous velocity field with the

quasi-normal SW in proximity of the most downstream position

(close to50%c) andwith the separated area extent again quite limited.

By looking at the chordwise–spanwise distribution of the velocity,

the presence of the different curved steady shockwaves originating at

the leading edge of the bumps is still evident. The supersonic area is

terminated again with a 2-D quasi-normal shock wave at x∕c ≈ 50%.

Despite this observed spanwise coherence, the separated area is not

expected to be 2-D, as suggested by the oil flow visualization in Fig. 1

(left). This information cannot be extracted from the PIV data from

the vertical airfoil because themeasurement planewas detached from

the surface of the airfoil and located just above the separated area

region (see Fig. 4, right).

B. Main Statistics of the Velocity Field

The first quantitative description of the velocity field is provided

by the distribution of the average horizontal velocity component for

both the clean airfoil and the airfoil in the presence of the best-

performing SCB configuration, i.e. with ΔySCB � 25%c (Fig. 11).

Although the average flowfield is not representative of a specific flow

condition, it allows the observation and comparison of the relevant

flow structures of both configurations. For the uncontrolled airfoil,

the mean SW location is not easily identifiable because of the SW

oscillation, which results in a gradual compression rather than a sharp

interface. In contrast, in the presence of control devices, an oblique

SWat the leading edge of the SCB is clearly distinguished. From this

comparison, no important difference is noticed in terms of the extent

of the separated area; however, a wider shear layer (approximated by

the green/yellow area in the velocity field) seems to be present for the

clean airfoil.

Streamlines are included in the velocity, field with their general

behavior being very similar for the two configurations. As expected,

for the SCB configuration, a variation of the inclination of the

streamlines is noticeable in correspondence with the oblique shock

wave.

To highlight the unsteadiness present in the flowfield, Fig. 12

shows the standard deviation of the horizontal velocity component

for the same configurations shown in Fig. 11. In terms of the SW

position, the results are in good agreement with those presented in the

previous section, with a smaller range of oscillation of the SW for the

controlled case. These ranges are in accordance with those shown in

Fig. 8 (left), and they furthermore confirm the stabilizing effect

obtained with the λ shape of the SW. In proximity of z∕c � 25%
and x∕c � 45%, there is an increase of the standard deviation values

for the SCB configuration. This growth is associatedwith themoving

shock wave also traveling (at that location) upstream of the steady

oblique shock wave when reaching its most upstream position. The

distribution of the standard deviation downstream of the shock wave

confirms a reduction of the fluctuation of both the separated area and

of the shear layer in the presence of SCBs.

C. Separated Area Behavior

A first view of the separated area and shear layer structure is

provided in Fig. 13 by the profiles of the horizontal velocity compo-

nent for three different chordwise positions: x∕c � 60%; x∕c � 80%,

and x∕c � 100%. The data are here shown for the clean, the

Fig. 10 Uncorrelated instantaneous horizontal velocity fields in presence of SCBs (ΔySCB � 25%c) with SW in its most downstream position: velocity
field in chordwise-vertical plane (left), and another snapshot in the chordwise–spanwise plane together with outline of bumps (right).

Fig. 11 Average horizontal velocity component for the airfoil in the presence of SCBs withΔySCB � 25%c (left) and for the clean configuration (right).

Fig. 12 Standard deviation of the horizontal velocity component for the airfoil in the presence of SCBs with ΔySCB � 25%c (left) and for the clean
configuration (right).

D’AGUANNO, SCHRIJER, AND VAN OUDHEUSDEN 3425

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

A
ug

us
t 2

9,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
06

26
33

 



ΔySCB � 25%c, and the ΔySCB � 30%c configurations. All the
velocity profiles are shownwith respect to the local height of the airfoil
surface zw�x∕c); therefore, the vertical axis always indicates the local
distance from the surface of the airfoil: (z − zw�∕c. It is observed that
the ΔySCB � 25%c profiles are all on the left of the profiles for the
clean case in proximity of the surface of the airfoil (in the separated
area) and on the right above the inflection points of the former. The
shape of the profile suggests a thinning of the shear layer for the SCB
configurationwith a spacingof 25%c. On the contrary, this effect is not
observed for the second spacing tested (ΔySCB � 30%c), with its
profile almost overlapping the profile of the clean configuration for
�z − zw�x∕c��∕c > 10%. When comparing the behavior of the two
bump configurations, lower values of horizontal velocity are obser-
ved for the 30%c configuration, suggesting the presence of higher-
momentum losses for this case.
In Fig. 14, the profiles of the standard deviation of the horizontal

velocity component are shown for the same chordwise locations and
configurations. The graphs clarify that, with a spacing of 25%c, the
fluctuations in the separated area are always reduced when compared
to the clean configuration. On the other hand, ΔySCB � 30%c dis-
plays a reduction of the fluctuations at x∕c � 80% and x∕c � 100%
but an increase just downstream of the SW oscillating range for
x∕c � 60%.
The reduced values of the standard deviation for the 25%c con-

figuration are observed in the full region analyzed [except for a
restricted region for z − zw�x∕c � 0.6� > 10%c] and are expected
to be associated with the reduced shock-wave oscillations. What
stands out is that, for the clean configuration, the standard deviation
of the velocity near the airfoil surface ismuch higher than for the SCB
configurations. This increase in standard deviation could be attrib-

uted to the fact that for the clean configuration, there is an established
oscillation between stages in which the flow is fully attached and
stages in which the shock foot separation is triggered (for an under-
standing of the separated area behavior for the clean configuration,
see the phase-averaged analysis of D’Aguanno et al. [36]). For the
bump configurations, on the other hand, the velocity at 60% of the
chord is highly influenced by the proximity of the bump, which in
view of the tail vortices present is expected to reduce the occurrence
of intermittent shock foot separation, and thus is expected to decrease
the standard deviation values relative to the streamwise velocity
component.
To quantitatively analyze the extent of the separated area, the

probability of separated flow is evaluated by showing the percentage
of vectors with a negative streamwise velocity (reverse flow) with an
approach similar to that of Giepman et al. [40]. The results of this
analysis are plotted in Fig. 15 (left) for the ΔySCB � 25%c (top) and
the clean (bottom) configurations. The plot suggests that there is quite
a similar probability of having separated flow close to the surface of
the airfoil. However, for the SCB configuration, there is a slightly
increased probability of having separated flow for 65% < x∕c < 77%
(immediately downstream of the SCB). Notwithstanding the pre-
vious consideration, in the remaining FOV, the region of the flow in
which reverse flow is likely to be present is wider for the clean
configuration, confirming a beneficial effect of using SCBs for
reducing the extent of the separated area. This is well visualized in
Fig. 15 (right), where the profile of PSep is shown for both the clean

and the SCB configurations, for x∕c � 80% and x∕c � 100%. In
both cases, a clear reduction of probability of separation is observed
in the presence of the control system. The probability of the separated
area plot is spatially integrated to compute the extent of the reverse

Fig. 13 Horizontal velocity profile at x∕c � 60% (left), x∕c � 80% (center), and x∕c � 100% (right) for the three configurations tested.

Fig. 14 Profile of standard deviation of horizontal velocity component at x∕c � 60% (left), x∕c � 80% (center), and x∕c � 100% (right) for the three
configurations tested.
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flow regionASep. These data have been summarized in Table 5,which

reveals a reduction of the separated area for the ΔySCB � 25%c
configuration as compared to the clean case.
The reduction in the reverse flow area for theΔySCB � 25%c case

could be a result of the vortical structures developing from the tail of
the bumps (accurately described by Ogawa et al. [18] and Colliss
et al. [22]). Furthermore, for the SCB case, the simultaneous presence
of an oblique shock wave and a quasi-normal shock wave is less
dissipative as compared to the single shock-wave structure present
for the clean configuration, and hence a reduction of the adverse
pressure ratio could have been expected.
In addition to the calculation of the average extent of the reverse

flow area, the extent of this region has been computed in each
instantaneous snapshot. From the time evolution of the extent of
the separated region, the relative standard deviation is obtained [see
σ�ASep) in Table 5]. The values highlight that the extent of the reverse

flow area is fluctuating in time more intensely for the clean configu-
ration than for the ΔySCB � 25%c case, which is in good agreement
with Fig. 12, where the standard deviation of the horizontal velo-
city field showed a decrease of the fluctuations in the separated
area. These procedures have also been applied to ΔySCB � 30%c,
although the relative reverse flow probability plot has not been
included for brevity. For this configuration, the average separated
area is larger than for the other two configurations; however, a slight
decrease of the pulsation of the separated area is observed as com-
pared to the clean configuration.
From the time behavior of the extent of the reverse flow region, the

relative spectral content has been derived in the form of a premulti-
plied power spectral density (Fig. 16). This reveals that the dominant
frequency is the same as for the shock-wave oscillation (160Hz). The
amplitude of this main peak is once again reduced in presence of
SCBs, and the performance is optimized for ΔySCB � 25%c. This
reduction is very similar to the decrease observed for the shock
position in Fig. 8, confirming that the SW oscillation and the pulsa-
tion of the separated area are closely related (as also shown by
D’Aguanno et al. [36] and Grossi et al. [41]). Although not directly
shown in this paper, a further PIV spectral analysis has confirmed that
all the regions of high-velocity fluctuations in the entire FOV (for all
the investigated configurations) are dominated by contributions at the
buffet frequency (160 Hz).

D. Effect of SCB Spacing on the Average Flowfield

To better understand the difference in behavior between the

bump configurations with spacings ofΔySCB � 25%c andΔySCB �
30%c, the corresponding average velocity fields in the spanwise–

chordwise plane are shown in Fig. 17 (similar data for the clean

configuration can be found in the work of D’Aguanno et al. [5]). The

spanwise structure of the shock wave is once again highlighted, with
the presence of both a curvedSWoriginating from the leading edge of

the bumps and the quasi-normal SW, which is located close to the

crest of the bumps.
For geometric reasons, the curved shock waves developing around

neighboring bumps interact with each other at a distance ΔySCB∕2
from the symmetry planes of the bumps. Figure 17 clarifies that the

curved shock waves are still present after interacting with each other:

interacting one more time in correspondence with the symmetry

plane of the different bumps. It is clear that the chord position of this
second interaction depends strongly on the spacing ΔySCB, with it

happening more downstream for the wider spacing. Therefore, in the

case of the smaller spacing (ΔySCB � 25%c), curved shock waves

are not present beyond x∕c � 45%. In contrast, for ΔySCB � 30%c,
the presence of the curved SWis observed until the most downstream

position of the quasi-normal shock wave (x∕c � 50%).
This difference results in a non-negligible dissimilarity in the veloc-

ity field for 35% < x∕c < 50%. Consequently, the effect of this inter-
action is assumed to have an influence on the buffet oscillations and on

the 2-D coherence of the flowfield. This observation is in agreement

with the works of Ogawa et al. [18] and Bruce and Babinsky [20], in

which it was stated that (although for flow conditions different than

Table 5 Separated area extent per configuration

Parameter Clean ΔySCB � 25%c ΔySCB � 30%c

ASep, % 15 13 17

σ�ASep), % 19 13 18

Fig. 16 Spectral analysis of reverse flow area for the different configu-

rations.

Fig. 15 On the left: probability of reverse flow (U < 0) for airfoil in the presence of SCBswithΔySCB � 25%c (top) and for clean airfoil (bottom). On the
right: relative profile for x∕c � 80% and x∕c � 100%.
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those discussed in this study) properly spaced 3-D SCBs can induce a
favorable quasi-2-D SWalong the full span.
To better substantiate the differences in the velocity field along the

span of the airfoil, profiles of the horizontal velocity component are
plotted in Fig. 18 for four different chordwise locations: 30, 40, 50,
and 60%c. In addition to the two SCB configurations, the clean con-
figuration is added for reference. Slightly upstream of the leading
edge of the SCBs (x∕c � 30%), the three velocity profiles are, as
expected, very similar.
At 40% of the chord, the velocity is higher for the clean configu-

ration than for the other two configurations because in most of the
snapshots, the flow is still supersonic (average shock-wave location
at about 45%c); whereas for the SCBs configurations, the horizontal
velocity is affected by the upstream oblique (curved) shock wave.
Close to the centerline of the airfoil (−0.08 < y∕c < 0.08), similar
velocity profiles are visualized for the two SCB configurations;
whereas at more outboard locations, the velocity profiles are highly
influenced by the different spacing. The fact that adjacent curved
shock waves interact at more outboard spanwise locations for the
wider spacing also affects the chordwise location of this interaction
(taking place about 5% more downstream for ΔySCB � 30%c), as
confirmed by the behavior of the profiles.
At 50%c, all velocity distributions are relatively uniform but with

lower-velocity values for the clean configuration than for the two
SCB configurations, due to the presence of the single quasi-normal
shock wave for this configuration. When comparing the two SCB
configurations mutually, lower-velocity values are observed for the
configuration with the wider bump spacing, which could possibly
be caused by a more dissipative secondary shock-wave structure.
Further downstream at x � 60%c, which is in proximity of the
trailing edge of the bumps, the differences between the three velocity

profiles have become even smaller, with lower velocities for the clean
configuration and slightly higher velocities for the 25%c configura-
tion, similar to at the previous station.
To emphasize the spanwise behavior of the flowfield, the average

of the spanwise velocity component is shown in Fig. 19 for the
two SCB configurations, highlighting nonnegligible differences.
The velocity fields are here plotted for 30% < x∕c < 100% and for
−16% < y∕c < 16%, indicating the symmetry planes between adja-
cent bumps with dashed lines. First of all, in the region enclosed
between the leading-edge curved shockwave of a given bump and the
curved shock wave originating from an adjacent bump, a spanwise
deflection of the flow away from the bump is observed. Because, for
the wider spacing case, the curved shock waves interact with each
other at a further spanwise location, the region of high (absolute)
spanwise velocity is consequently wider as well.
Other relevant differences are observable in correspondence with

the side flanks of the bumps. For the ΔySCB � 25%c spacing, the
signature of a streamwise vortex pair is observable downstream of the
crest of the bump,which is recognizable because of the two regions of
spanwise flow toward the centerline of the bump occurring at the
opposite bump sides. The formation of this vortex pair in on-design
conditions has been documented in detail by both Bruce and Colliss
[17] and Colliss et al. [22]. As was reported there, the presence of this
vortex pair induces a downwash region in the bump wake, which
assists in energizing the flow with a beneficial effect on the suppres-
sion of the separated area. Similar structures are not observable in the
PIV data in Fig. 19 (right) for the ΔySCB � 30%c configuration (at
least not in this detached measurement plane), for which there is only
a small region of negative spanwise velocity in correspondence with
the tail of the SCB. This difference in behavior for ΔySCB � 30%c
could possibly be caused by the reduced strength of the streamwise

Fig. 17 Average horizontal velocity field in the spanwise–chordwise plane in the presence of SCBs with ΔySCB � 25%c (left) and with ΔySCB � 30%c
(right). In both cases, the outlines of the bumps are specified.

Fig. 18 Horizontal velocity profile along the span at x∕c � 30, 40, 50, 60% (from left to right) for the three configurations tested.
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vortex pair by the flow being already separated downstream of the
crest of the bumps.
Although the oil flow visualization is not available for the

ΔySCB � 30%c case, in Fig. 20, the oil flow of the ΔySCB � 25%c
case is compared to the visualization relative to the ΔySCB � 20%c
configuration to show dependence of these vortical structures on the
spacing parameter. For both the configurations, corner effects influ-
ence the production of the vortical structures from the tail of the two
most external SCBs (at both the extremities of the model), whereas
no influence is observed for the “internal” SCBs. For both of the
SCB configurations, counter-rotating vortices develop specularly
with respect to the symmetry plane of each SCB. For the ΔySCB �
20%c configuration (Fig. 20, bottom), the vortical structures origi-
nating from the tails of adjacent SCBs interact at a more upstream
chordwise location (x ≈ 65%c) when compared to the ΔySCB �
25%c configuration (x ≈ 75%c). An opposite behavior, with a
more downstream interaction of contiguous vortical structures, is
expected for the ΔySCB � 30%c case.
These visualizations provide further hints that the distance

between the SCBs directly influences the behavior of the separated
area by changing the character of the SCB vortical structures. To
reduce the possible detrimental behavior of SCBs in off-design
conditions (although very limited as compared to 2-D SCBs [30]),
an adaptive implementation of these devices on future vehicles is
suggested [42–44].

V. Conclusions

The results of this study confirm that 3-D SCBs are suitable
devices for controlling transonic buffet. It is shown that these control
devices reduce the shock oscillation while changing the structure of
the shockwave into a λ shape. From a spectral point of view, the use of
these devices does not affect the buffet frequency (f � 160 Hz) but

clearly attenuates the contribution of the main peak. An optimization
of the performance (in reducing buffet) results when a spanwise array

of bumps with a spacing of 25%c is adopted, with a reduction of the
standard deviation of the shock position (compared to the clean
configuration) of 37% when computed from schlieren data and

34% from PIV data.
In addition to the stabilization of the shock position, a diminished

pulsation of the separated area is achieved with the application of
SCBs. The comparison of the separated regions of the different con-
figurations highlights a relevant influence of the spacing parameter,

with the results clearly optimized for a spacing ofΔySCB � 25%c, for
which even a reduction of 14% of the average extent of the separated
area is achieved when compared to the clean configuration. This
reduction also gives hints that, in the presence of the best-behaving

SCB configuration (ΔySCB � 25%c), drag is not negatively affected.
To further investigate the difference in behavior among the

various SCB configurations, PIV flow visualization in a spanwise–
chordwise-oriented plane was performed. This proved to be par-
ticularly meaningful for the understanding of the mutual interaction

between the different bumps and the effect of changing their spacing
on the relevant flow structures. It is shown that the oblique shock
waves, originating at the leading edge of the three-dimensional SCBs,

curve around the bumps (Fig. 17). The velocity data have furthermore
confirmed the presence of counter-rotating vortex structures, develop-
ing from the tail of the bumps, which are well identified only for the

25%c SCB configuration. This vortex production is also qualitatively
observed in an oil flow visualization. These PIV results also allowed
assessment of the two-dimensionality of the flowfield. The velocity

fields exhibited a spanwise coherence of the quasi-normal moving
shockwave for theΔySCB � 25%c configuration, notwithstanding the
presence of the three-dimensionality of the control system. Additional
three-dimensional SW structures arose for a wider spacing of the

bumps.

Fig. 20 Comparison of oil flow visualizations for ΔySCB � 25%c (top) and ΔySCB � 20%c (bottom) configurations.

Fig. 19 Average vertical velocity field in the spanwise–chordwise plane in the presence of SCBs with ΔySCB � 25%c (left) and with ΔySCB � 30%c
(right). In both cases, the outline of the bumps is specified.
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The similarity of the results for the shock-wave detection obtained
with schlieren and PIV measurements confirms that schlieren visual-
izations can be effectively used for studying the shock-wave behavior
on an airfoil, also in presence of three-dimensional bumps. However,
additional relevant effects of the SCBs on the transonic buffet cycle
cannot be observed with schlieren visualization. For example, the
effect of different spacings was found to influence the separated area
behavior (which cannot be quantified by the schlieren visualizations
of this study) more prominently than the shock-wave behavior, for
which the stabilization is achieved with all the SCBs configurations
tested.
In conclusion, this study demonstrates the feasibility of controlling

transonic buffet using 3-D SCBs, and it confirms the influence of
the spacing parameter. When properly spaced, the SCBs were also
demonstrated as being effective in both of their possible working
principles: shock-wave stabilization, and reduction of the separated
area extent.
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