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Abstract

This study experimentally investigates the effect of three-dimensional shock control bumps (SCBs) on the aerodynamic
loads of a supercritical airfoil under transonic buffet conditions. The experiments consisted in planar particle image
velocimetry (PIV) measurements and have been carried out in the transonic-supersonic wind tunnel of TU Delft under fully
developed buffet conditions (Ma = 0.7 and @« = 3.5°). The bumps are wedge-shaped and have been placed in the center of
the shockwave oscillation range. Shock detection and phase-averaged velocity fields confirm that properly designed and
spaced (Aygcg/c = 25%) SCBs reduce the shockwave oscillation range (compared to the clean case). The velocity data
have been further used to evaluate the pressure field around the entire airfoil, and afterward, lift and drag coefficients have
been retrieved, respectively, from momentum contour and wake integral approaches. Results demonstrate that SCBs have
a beneficial effect on the aerodynamic loads with an increase in lift and a decrease in drag under fully developed buffet
conditions. More importantly, a strong reduction of the amplitude of oscillations of both lift and drag coefficient, within the
different buffet phases, was noted. Tests at multiple spanwise locations revealed relevant differences, with lower drag and
higher lift values being achieved in the symmetry plane of a SCB, while a worse performance (with values comparable to

the clean case) was achieved in the symmetry plane in between two adjacent bumps.

1 Introduction

Transonic buffet is one of the limiting factors for the flight
envelope of modern civil aircraft. Among the first research-
ers to study this phenomenon, Hilton and Fowler (1952) dis-
tinguished between two typologies of transonic buffet: Type
I which occurs under nominally symmetric conditions on
both pressure and suction side (typical on biconvex sections)
and Type II which occurs on supercritical airfoils with shock
oscillation only on the upper surface at nonzero angles of
attack. Since the latter is characteristic of operative condi-
tions in modern aircraft, this is the topic of the current study.
First investigations of this type of shockwave movement
were reported by Pearcey (1955) and Tijdeman (1977), while
a first physical description of this phenomenon was proposed
by Lee (1990), who described the shockwave oscillation as
being the result of a feedback mechanism sustained by the
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propagation of downstream vortices from the shockfoot and
the consequent generation of upstream traveling pressure
waves at the trailing edge of the wing. The nature and the
characteristics of the upstream traveling pressure waves have
received significant attention in the last decade (see Hart-
mann et al. (2013); Garnier and Deck (2010); Jacquin et al.
(2009) and D’Aguanno et al. (2021b)) providing a significant
improvement of Lee’s original model. An alternative view
on buffet was given by Crouch, who described it as a conse-
quence of a global flow instability (see Crouch et al. (2007)
and Crouch et al. (2019)) with the results of this analysis
predicting the buffet onset as a function of Ma and a and
showing good agreement with experimental data.

The interaction of transonic buffet with the aerodynamic
surfaces of an aircraft could lead to structural vibration
(referred to as buffeting), potentially resulting in fatigue
failure. It is therefore not surprising that transonic buffet
was found to strongly limit the performance of the first air-
craft experiencing (near-)sonic conditions in the 1940 s and
1950 s and led to some fatal accidents (Meier (2010)). Now-
adays, the regulation work of flight authorities has ensured
that catastrophic consequences as a result of transonic buf-
fet are avoided, by imposing a 0.3 g margin with respect to
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the transonic buffet onset (Piccola (2012)). Transonic buffet
could become even more limiting for future generation air-
craft, as they are increasingly characterized by light and flex-
ible wings and therefore more sensitive to buffeting loads.

To reduce the effect of this undesirable phenomenon on
the flight envelope, active and passive control systems can
be used as described in the review paper of Giannelis et al.
(2017)). Active control systems demonstrated to be efficient
in controlling transonic buffet, capable of completely elimi-
nating the shockwave oscillation; however, they generally
require a complicated (and a relatively heavy) actuation
system (Caruana et al. (2003a); Ren et al. (2020)). Thus, in
applications where simplicity and robustness have a prefer-
ence, passive control system is implemented. These control
systems are typically located either in the separated area
(vortex generators or fluidic vortex generators as in Caru-
ana et al. (2003b) and Brion et al. (2019)) or in the trailing
edge area (e.g., trailing edge flaps, see Lee (1992); Despre
et al. (2001); D’Aguanno et al. (2022)) or in proximity of
the shockwave oscillation range (shock control bumps, see
Bruce and Colliss (2015)), with the goal of directly stabiliz-
ing the shock position or the extent of the separated area.

In this study, shock control bumps (SCBs) will be inves-
tigated in more detail. This typology of control devices has
been used in various applications, such as for the control
of shockwave boundary layer interaction (Bruce and Col-
liss (2015)); for the control of transonic flows on airfoil
and wings (Ogawa et al. (2008)); and also as a flow control
device in supersonic engine intakes (Babinsky and Ogawa
(2008)). For steady transonic applications the crest of the
shock control bump should be located in correspondence of
the shockwave position, since upstream or downstream loca-
tions of the SCB could lead to a re-expansion of the flow and
the occurrence of secondary shockwave structures (Bruce
and Colliss (2015)). To reduce the occurrence of these det-
rimental effects in off-design conditions, three-dimensional
(3D) SCBs are typically preferred over two-dimensional
(2D) SCBs (i.e., spanning the entire wing span). 3D SCBs
have two major working principles, firstly, by virtue of
the formation of a A-shockwave instead of the traditional
quasi-normal shockwave (induced by the front ramp of the
SCB) and, secondly, the promotion of a localized region of
attached flow in view of the generation of streamwise vorti-
ces from the side flanks of the bump.

In recent years 3D SCBs have been applied to control
transonic buffet as, for example, in the studies of Eastwood
and Jarrett (2012) and Tian et al. (2017), achieving in both
cases a stabilization of the shockwave oscillation. However,
the effectiveness of these devices is not univocal, with the
numerical investigation of Bogdanski et al. (2014) show-
ing detrimental effects of 3D SCBs on the buffet onset
and amplitude. Geoghegan et al. (2020) demonstrated that
although the effectiveness of SCBs depends on several
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parameters, for buffet control they appear to be less sensi-
tive to their streamwise location than for steady shockwave
applications, with reduction of the buffet unsteadiness being
achieved when the SCB crest is located within +5%c with
respect to the average shockwave location. Another relevant
aspect which affects the performance of 3D SCBs is the
spacing between adjacent devices. As shown by the study
of Ogawa et al. (2008), in the presence of 3D SCBs the
leading edge oblique shockwaves of adjacent bumps wrap
around the corresponding SCB and are partially overlapping.
The spacing of SCBs is a crucial parameter which deter-
mines whether this interaction is detrimental or beneficial,
as shown by the particle image velocimetry data (PIV) of
D’Aguanno et al. (2023), which reported an optimization of
the SCB performance for a spanwise spacing Aygeg = 25%c.
In the same study, it was observed that the spacing param-
eter, through its effect on the production of vortices from the
tail of the bumps, also influences the drag reduction working
principle of a SCB.

Although several studies have suggested that SCBs are
effective in reducing transonic buffet oscillations (Giannelis
et al. (2017)), their effect on the mean flow and aerodynamic
loads should still be quantified. In numerical studies, these
loads can be directly obtained from the pressure information,
as in the study of Geoghegan et al. (2020) who reported an
increase of 5-10% of the lift-to-drag ratio in the presence of
properly placed SCBs. A detailed investigation of the effect
of SCBs on lift and drag is also given in the numerical study
of Eastwood and Jarrett (2012) who investigated SCBs with
different widths, spacing and edge design for both steady
and unsteady applications, obtaining increases in lift-to-drag
ratio of about 10%. Differently, in experimental studies the
evaluation of aerodynamic loads in the presence of SCBs is
very scarce and mainly confined to direct pressure measure-
ments in localized regions of the model (see Milholen and
Owens (2005) as an example). Additionally, in the presence
of pressure orifices on the model, flush mounting SCBs
on the suction side of the airfoil will make lift estimation
impractical (Konig et al. (2009)), unless complicated models
implemented with fixed SCBs and distributed pressure taps
are designed. Moreover, the spatial resolution of pressure
taps is commonly not sufficient to analyze the flow structures
associated with the presence of SCBs. A possible alterna-
tive is the use of pressure sensitive paint (PSP), which has
already been used in similar applications by Konig et al.
(2009) and Bruce and Babinsky (2012). However, although
PSP allows to visualize surface pressure structures along the
entire object of interest, it is not possible to obtain informa-
tion on the flow features which are causing them.

These limitations can be overcome by means of a load
estimation procedure based on velocity data from PIV. The
advantages of this methodology are associated with the
simplicity of the experimental models, the non-intrusivity
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of the technique and the high spatial resolution of the
extracted pressure data (Raffel et al. (2018)). Nevertheless,
this pressure determination is associated with higher
uncertainties when compared to more classical, direct
pressure evaluation methods that rely on wall-mounted
sensors in view of the required validity of the underlying
hypothesis, as well as the propagation of the uncertainty
from the velocity measurements (Ragni et al. (2009)).
Applications for pressure reconstruction from PIV data
for both incompressible and (more recently) compressible
applications are widespread as shown by the review articles
of van Oudheusden (2008) and van Oudheusden (2013). In
Ragni et al. (2009), time-averaged lift and drag have been
estimated from PIV measurements around a NACA 0012
for high subsonic conditions (Ma = 0.6) and compared to
surface pressure transducers and wake rake measurements,
showing very good agreement.

The goal of this study is to use an analogous pressure
reconstruction approach to the one of Ragni et al. (2009) to
provide a quantitative characterization of the buffet loads
and to assess the impact of the SCB control on this load
behavior. Although several other studies have previously
applied pressure reconstruction procedures to PIV data in
compressible conditions—such as Tagliabue et al. (2017);
Liu et al. (2017), and, more recently Lagemann et al. (2024)
for transonic buffet—this study will consider both the time-
averaged loads and their phase-wise variation over the tran-
sonic buffet cycle.

2 Methodology
2.1 Experimental methods
2.1.1 Wind tunnel and model

The experiments of this study were carried out in the tran-
sonic-supersonic blowdown wind tunnel of TU Delft, the
TST-27. The wind tunnel has a rectangular test section
which is 25.5 cm high and 28 cm wide. Transonic Mach
numbers are achieved using a transonic choke mechanism
located downstream of the test section, obtaining a Mach
number precise to the third decimal digit. All the experi-
ments were carried out with a freestream Mach number
Ma, = 0.7, a total pressure p,,, =200 kPa and a total
temperature T, = 288 K. These settings resulted in a
freestream pressure p, = 144 kPa and a freestream tempera-
ture T, = 262 K. The main flow conditions are summarized
in Table 1 with the relative measurement uncertainties, with
the resulting uncertainty in the freestream velocity being
approximately 0.2 m/s, corresponding to about 0.1% of the
freestream value.

Table 1 Free stream flow conditions

Parameter Symbol Value Unit
Mach number Ma_, 0.7000 +£0.0005

Velocity Ve 227.2+0.2 m/s

Total pressure Doco 200.0 £0.5 kPa

Total temperature Toeo 288.0 +0.5 K

3
° 0
N
1075 20 40 60 80 100
x/c(%)

Fig.1 OATI5A airfoil with wedge SCB mounted on the suction side

The experimental model which has been used in this
study is extruded from the OAT15A airfoil (see Fig. 1), and
it is clamped to both sides of the wind tunnel. This super-
critical airfoil has been designed by ONERA and having
been used in several numerical (Garnier and Deck (2010);
Grossi et al. (2014); Szubert et al. (2015), and Huang et al.
(2012)) and experimental (Jacquin et al. (2009); D’Aguanno
et al. (2021a) and Accorinti et al. (2022)) studies, it is com-
monly considered a benchmark airfoil for transonic buffet
studies. The model has a chord (c¢) of 10 cm, a span (b) of
28 c¢cm, a maximum thickness-to-chord ratio of 12.3% and
a trailing edge thickness of 0.75%c. To ensure a fully tur-
bulent boundary layer in the shockwave oscillation range,
a transition trip with a streamwise width of 2%c has been
attached at x/c = 0.07 of the chord on the suction side of the
model. The transition trip has been realized with Carborun-
dum particles (particle size of 0.0139 mm). Transition trips
of similar dimensions and locations have been also used in
other experimental studies, such as in Jacquin et al. (2009);
Feldhusen-Hoffmann et al. (2021) and D’Aguanno et al.
(2021a).

The wind tunnel model has been tested at an angle of
attack of 3.5° and a Mach number of 0.7 (Reynolds number
based on chord Re, = 2.62 - 10°), conditions for which fully
developed buffet oscillation has been observed on the same
model (see D’Aguanno et al. (2021a)). These flow conditions
are uncorrected for wind tunnel model blockage; however,
using empirical correction factors derived for the same wind
tunnel in similar conditions (Bannink and Bakker (1983)),
a corrected Mach number of 0.73 is computed. This value
is in agreement with the Mach number obtained by Jacquin
et al. (2009) for fully developed transonic buffet.

The SCBs which have been used in this study are wedge-
shaped and are based on the design of Colliss et al. (2016)
and Mayer et al. (2018) and are the same SCBs which have
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been investigated in a previous study in the same wind
tunnel (D’Aguanno et al. (2023)). A schematic with the exact
dimensions of the SCB is shown in Fig. 2 (right). The SCBs
have been placed with their crest located at x/c = 45%c,
which is in proximity of the average shockwave position
for the clean airfoil. The SCBs have been flush-mounted
on the airfoil with a double side tape of 0.13%c thickness.
As a result, the overall vertical distance of the SCB crest
with respect to the airfoil surface is 0.9%c, which is equal
to the estimated local boundary layer thickness, evaluated
for an equivalent flat plate. As suggested by D’Aguanno
et al. (2023), the SCBs have been placed with a spanwise
spacing of 25%c (as shown in Fig. 2, left) to optimize their
control performance. The main model and SCB parameters
are summarized in Table 2.

2.1.2 Experimental setup

During the wind tunnel tests, low-speed planar PIV meas-
urements were performed, and for this purpose a LaVision
sCMOS 5MP camera (resolution of 2560 px X 2160 px)
was used and fitted with a 105 mm lens with an f-stop of
8. To evaluate the aerodynamic loads, velocity data around
the complete airfoil are needed (suction and pressure sides),
therefore, two sets of measurements were conducted for each

Table 2 Model and SCB parameters

Parameter Symbol  Value Unit
Airfoil chord c 0.1 m
Airfoil span 0.28 m
Angle of attack a 3.50 +£0.05 °
Reynolds number basedonc  Re, (2.62 +0.01) - 10°

SCB height h 0.77 (+0.13; tape) ~ %c
SCB length l 28 %c
SCB crest position Xscg 45 %c
SCB spacing Aygep 25 %c

Fig.2 On the left, the oil flow visualization of the OATI15A airfoil
model is shown in the presence of SCBs. The green solid and dashed
lines indicate the three PIV measurement planes. On the right, a

@ Springer

test case, with the airfoil being flipped upside down in the
second measurement. In Fig. 3 FOV, refers to the field of
view of the first set of measurements and FOV,, to the sec-
ond. The combined FOV extends around the entire airfoil
in a streamwise-vertical oriented FOV from roughly 20%c
upstream of the airfoil up to 20%c downstream of the trail-
ing edge and vertically from z/c —60% to z/c = 60%. There-
fore, it is worth noting that with respect to D’Aguanno et al.
(2023), in this study, a characterization of the full velocity
field around the airfoil is provided, instead of only (part of)
the suction side domain.

For the clean configuration, the flow field can be consid-
ered 2D (see D’Aguanno et al. (2021b) for more details);
therefore, the loads evaluated at a particular measurement
plane are representative of the loads on the entire model;
this is, however, not the case for the shock control bump
configuration. To account for the spanwise variation of the
loads, the PIV measurements have been repeated at three
different spanwise measurements planes (see Fig. 2, left):

e in correspondence of the centerline of the central bump
(y/c=0);

o fory/c = Aygcp/4 = 6.25%;

o for y/c = Ayycp/2 = 12.5% (at half distance between
two consecutive bumps).

For each set of measurements 700 images have been taken,
in 2 runs of 350 images each (23.6 s of acquisition time per
test).

To compute the velocity field, DEHS seeding particles
have been used. These particles have a median particle
size of 1 ym and in a previous investigation demonstrated
to have a good flow-tracing performance with a relaxation
time of 2us (see Ragni et al. (2011)). The seeding particles
in the measurement planes were illuminated by a Quantel
Evergreen 200 dual cavity laser, with an acquisition fre-
quency of 15 Hz and with a pulse separation dt = 3 us. By
using a light optics probe, a laser sheet with a thickness of

14.34

11,20

8.96

sketch of the SCB with dimensions is reported. Figures adapted from
D’Aguanno et al. (2023)
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Fig.3 Sketch of the PIV setup on the left. On the right, indication of the PIV FOV, on both the suction (FOV, red) and pressure side (FOV,,

green) of the airfoil

approximately 1 mm was generated. The current settings
allowed the retrieval of velocity data around the entire
airfoil apart from a small isentropic region at the leading
edge, caused by the shadow created by the airfoil itself.

2.1.3 PIV processing and uncertainty

To reduce the effect of reflections of the laser on the airfoil
and on the SCBs, a Butterworth filter was applied, using
a filter length of seven images (Sciacchitano and Scarano
(2014)). Thereafter, the cross-correlation was computed
with a multi-pass approach, with one pass with a window
size of 64 px X 64 px (2.5mm X 2.5mm) and an overlap
of 50% and then two passes with a final window size of
32 px X 32 px (1.9 mm X 1.9 mm) and an overlap of 75%,
resulting in a vector spacing of 0.44%c. The main PIV
processing settings are summarized in Table 3.

The PIV measurements are affected by an experimental
uncertainty, and here the main sources are briefly discussed.
The first contribution is associated with the cross-correla-
tion calculation (see Humble (2009) for more details) and is
quantified as lower than 2 m/s in the entire FOV. The second
contribution is associated with the particle slip effect (Ragni
et al. (2011)) which is relevant only directly downstream of
the shockwave (e, = 40 — 60 m/s). Since time-averaged
(and phase-averaged) velocity vectors will be discussed in
this study, the statistical uncertainties of the two velocity
components are here reported and are equal to €;, < 4.5m/s
and ¢; < 1.9m/s. When analyzing the propagation of error
from the velocity field to the pressure coefficient, it is pos-
sible to obtain that ACD I~ —2A—VV (see van Oudheusden

(2008)), meaning that for a relative error in the absolute

Table 3 PIV parameters and uncertainties

Parameter Symbol Value Unit
Acquisition frequency f 15 Hz
Pulse separation dt 3 us
Number of images N 700

Image resolution 2560x2160 px
Final window size WS 32x32 px
Window overlap 75 %
Vector spacing 0.44 % c
Cross-correlation unc €cc < 1.8 m/s
Particle slip Eglip 40 — 60 (SW) m/s
Statistical unc. u €; 4.5 m/s
Statistical unc. v €; 1.9 m/s
Uncertainty C, €c, 0.02

Uncertainty C, €, 0.04

Uncertainty C, €c, 0.004

velocity in the order of 1% (as in this study), an uncertainty
in pressure coefficient of about 0.02 is expected.

2.2 Pressure and load determination

In this study, the loads are not determined from an integration
of the surface pressure distribution, since this procedure
from PIV data is challenging (in view of, e.g., reflections
and shadow effects), and in particular, the suction peak is
commonly not accurately captured (see, e.g., Ragni et al.
(2009); Tagliabue et al. (2017)). Furthermore, the frictional
drag component is not included. This would make the
determination of the aerodynamic loads from such a procedure
highly unreliable. Instead, the loads are determined from
an integral momentum balance (control volume) approach

@ Springer



80 Page 6 of 16 Experiments in Fluids (2025) 66:80
(van Oudheusden et al. (2007)). This does not require to Vp yM?
have pressure data at the airfoil surface itself, but only onan ~ — = Vin(p) = - | V-V (5
p V2 + TMEO(VZQ -V?)

integration contour around the airfoil. This procedure requires
as a first step the estimation of the pressure field. Sufficiently
far away from the airfoil the flow can be considered inviscid
and adiabatic; thus, the isentropic relations (in combination
with the ideal gas law) can be used to obtain the temperature
and the pressure:

T _ y—1 ) 1%

i_1+TMoo<1_V_2> (1
1 2\\ 7

b Y — 2 \% 4

g_<1+ > Moo<1—v—2>> )

These assumptions are not valid in the wake, where the flow
is rotational. Using the assumption (as a first approximation)
that viscous effects are only relevant in the region in close
proximity to the airfoil surface and that the flow is steady,
the differential form of the momentum equation allows the
expression of the local pressure gradient, as:
-+ =Lw.vy 3)
p
The term p/p can be derived from the steady, adiabatic
energy equation (equivalent to a constant total temperature

assumption) and from the ideal gas equation (van Oudheus-
den et al. (2007)), yielding:

YM2,
Sz vz - v

“

ASE RS

Thus, an equation that relates the pressure field to the
velocity field is obtained:

350

300

250

200

avg

100

0 20 40 60 80
x/c(%)

A space marching algorithm is subsequently used to extract
the pressure from Eq. 5, using the isentropic pressure
as initial conditions in the freestream, similarly to van
Oudheusden (2008). The pressure field is thus obtained by
a spatial integration, using at each step all the immediate
neighbors in which the pressure is known or computed as in
Baur and Kongeter (1999).

Assuming a two-dimensional and statistically steady
flow, the resultant aerodynamic force (R) on the airfoil can
be evaluated by using the Reynolds-averaged momentum
equation in its integral form on a contour integral around
the airfoil (see Anderson (2011)). Following the same pro-
cedure as in Ragni et al. (2009), the freestream momentum
is subtracted to reduce uncertainties.

R=- // p(V-n)(V-=V_)dS + /(—pn +7-n)dS  (6)

From R, both lift and drag components can be derived using
a Cartesian frame of reference. The integration contour used
for the evaluation of the lift coefficient is reported in Fig. 4.

Evaluating the flow quantities around the entire contour
can result in accumulation of uncertainty, which could lead
to an inaccurate estimation of the loads, in particular for
the drag (van Oudheusden et al. (2006)). It is worth men-
tioning that for most of the flow domain the pressure is not
determined by spatial integration but relies instead on the
isentropic relations, which is reasonably justified for the
current conditions within measurement uncertainty (Ragni
et al. (2009)). Spatial integration is only applied in the wake
region, using the isentropic pressure in the outer flow as
boundary conditions. This procedure strongly mitigates the
effects of integration error propagation and the boundary
conditions. Also, it does not require any regions with free

100
50
2
©
>
B O
-50

50

A

(m/s)

0 20 40 60 80
x/c(%)

Fig.4 Average horizontal (left) and vertical (right) velocity field for the clean configuration
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stream flow conditions, with only the knowledge of the res-
ervoir conditions sufficient.

However, in view of higher uncertainties deriving from
a contour integral procedure, the drag is evaluated from the
momentum deficit in the wake, based on the same approach
proposed by Jones (1936). Following Ragni et al. (2009),
it is assumed that at a certain location (“1”) sufficiently
downstream of the airfoil, the pressure has recovered the
freestream value p, = p.,. However, in view of the limited
optical access in the wind tunnel, this location is not avail-
able and, instead, the pressure is reconstructed up to a loca-
tion (“2”) where the pressure has not reached the freestream
value yet. However, by using momentum balance, conserva-
tion of mass and taking into account compressibility effects,
the following expression for the drag coefficient (C,) is
derived (Ragni et al. (2009)):

1 y—

/e v 2
[ (2) (2)
z4/c P Poco

)

where the subscript "0" indicates total conditions, while z,
and zj indicate respectively the vertical location of the bot-
tom and the top of the integration domain.

On the one hand, since near the airfoil the error in the
computation of lift is larger in view of higher velocity gradi-
ents, the lift coefficient will always be estimated for the same
contour as far away as possible from the airfoil, as shown in
Fig. 4. On the other hand, for the drag coefficient evaluation,
the drop in total pressure has been evaluated at x, /c = 120%.

350

300

250

200

0 20 40 60 80 100 120
x/c(%)

The pressure and load reconstruction procedure was veri-
fied using data from a supporting RANS simulation under
conditions similar to those of the experiments. These data
were used to validate the lift and drag estimation procedures
by comparing direct numerical pressure data with those
derived from numerical velocity fields. Additionally, the
numerical dataset was used to guide the selection of PIV
spatial resolution and to determine the optimal streamwise
location of plane 2 for drag estimation. However, this numer-
ical dataset is not intended to provide further insight into
the buffet phenomenon. Given the scope of this study and
to maintain focus, these data have not been included in the
paper. Furthermore, this particular procedure for deriving
the 2D airfoil loads from PIV data (i.e., lift from a contour
integral and drag from a wake integral) has been previously
tested in both low-speed (van Oudheusden et al. (2006)) and
transonic (Ragni et al. (2009)) studies. In both cases the load
results were validated against pressure tap data (for the lift)
and a pitot-tube wake rake (for the drag). The current study
directly follows the methodology as well as the measure-
ment uncertainty assessment of the transonic airfoil study of
Ragni et al. (2009), which was performed in the same wind
tunnel and at similar flow conditions. As such we consider
the methodology reliable and validated.

The measurement uncertainties for the load coefficients
can be calculated by linearly propagating the uncertainties in
the velocity and pressure coefficients. In the study by Ragni
et al. (2009), where similar uncertainties in the pressure
coefficient and velocity were reported, this analysis yielded
an uncertainty of 0.04 for the lift coefficient and 0.004 for
the drag coefficient. For reference, see also Table 3.

100

(m/s)

0 20 40 60 80 100 120
x/c(%)

Fig.5 Average horizontal (left) and vertical (right) velocity field for the SCB configuration (y/c = 0%)
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3 Results
3.1 Average flow field

The average velocity field around the entire airfoil is shown
in Fig. 4 for the clean configuration and in Fig. 5 for the SCB
configuration (y/c = 0%) for both the horizontal (left) and
the vertical (right) velocity components. The average stream-
wise velocity field for the SCB case highlights the presence
of an oblique shockwave that emanates from the leading
edge of the SCB and a quasi-normal shockwave located at its
crest. A slight reduction of the separated area region (taking
the blue region as a proxy) is also observed for the controlled
case. The comparison of the vertical average velocity fields
reveals differences in correspondence of the shock control
bump, with an increase in vertical velocity induced by the
front part of the bump (35 < x/c < 45%). Two oblique lines
are observed for the SCB configuration (only one for the
clean case), in correspondence of the transition trip and of
the oblique shockwave. These lines are associated with opti-
cal aberration effects, which are well known to affect planar
PIV data (see Elsinga et al. (2005)) in particular, in locations
where spanwise invariant density gradients are integrated.
For both the vertical and the streamwise velocity component,
no significant difference is observed on the pressure side of
the airfoil, suggesting that geometry variations on the suc-
tion side of the airfoil have little or no effect on the pressure
side velocity field.

To quantitatively compare the average flow field for all
the measurements, in Fig. 6 streamwise velocity profiles are
shown at 60, 75, 90, 105 and 120%c for the clean and all the
SCB measurement planes (y/c = 0; 6.25 and 12.5%). Apart
from a region very close to the surface of the airfoil, the
SCB centerline configuration (y/c = 0%) always displays

an increase in velocity compared to the clean configuration
and similar results are obtained for y/c = 6.25%. Part of this
velocity increase is due to reduced losses through the shock-
wave structures in the presence of SCBs; this is particularly
evident for x/c = 60%, which is a location just downstream
of the shockwave oscillation range. Differently, for lower
values of "z", the increase in velocity in the presence of
SCBs is associated with a reduction of the extent of the shear
layer and separated area. This is also evident in the wake
of the airfoil (x/c = 105%; x/c = 120%), where a "fuller"
velocity profile is observed for the clean configuration. A
completely different behavior is observed in the symmetry
plane between adjacent SCBs (y/c = 12.5%) for which lower
values of the streamwise velocity component are observed
close to the surface of the airfoil, suggesting an increase in
separated area size at this location. However, for z/¢ > 10%,
values of velocity similar to the other SCB measurement
planes are obtained, suggesting that at this location, the
effect of the spanwise position is not relevant anymore. It
should also be taken into account that these velocity profiles
lack information in close proximity to the airfoil surface, due
to laser reflections.

3.2 Shockwave position

From the velocity fields the shockwave position has been
tracked by means of the horizontal velocity gradient at z/c

Table 4 Shockwave statistics

Clean  SCB (y/c=0%) SCB (ylc= SCB (y/c
6.25%) =12.5%)
Xow av (%¢) 430 469 48.4 497
Xewsto (%¢) 6.4 42 37 35

———Clean
-5 [|——SCB (y/c=0%) -5 1 -5

SCB (y/c=6.25%)
- - =SCB (y/c=12.5%)

0 100 200 300 0 100 200 300 ’ 0
U(m/s) U(m/s)

U(m/s)

200 300 0 100 200 300 0 100 200 300
U(m/s) U(m/s)

Fig.6 Profiles of streamwise velocity component for clean and SCB configurations for five chordwise locations (from left to right): x/c = 60%;

75%:; 90%; 105%; 120%
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= 10% for both the clean and the SCB case. The values of
the average (Xqw avg) and the standard deviation (Xgyerp)
of the shock position are reported in Table 4. By comparing
the SCB performance at different measurement planes, it is
clarified that the average shockwave position is located more
downstream for the off-center measurement planes in view
of the curvature in the spanwise direction of the oblique
shockwave. The standard deviation of the shockwave posi-
tion, instead, clearly indicates that in the presence of SCBs
the amplitude of the shockwave oscillation is reduced, with
values close to the ones reported in D’Aguanno et al. (2023).

To better visualize the reduction in extent of the shock-
wave oscillation range, the probability density function
of the shock location is reported in Fig. 7. The shock-
wave oscillation range is evidently smaller with SCBs
compared to the clean case (with a reduction of the range
of about 30%). Among the three spanwise SCB measure-
ment locations, the range of oscillation of the shockwave

0.12 -
Clean
——SCB (y/c=0%)
017 SCB (y/c=6.25%)
- - ~SCB (ylc=12.5%)

p(X_,/c) ()

0.02 |

25

x/c (%)

Fig. 7 Pdf of shock position for clean and SCB configurations

Fig.8 Sketch of shockwave
position and separated area
extent in four buffet phases

is clearly wider for y/c = 0%, while it is decreased at more
off-center locations. Furthermore, the shockwave appears
located much more upstream at the centerline. These
observations are in agreement with the shockwave posi-
tion statistics reported in Table 4. It is also interesting to
note that for the controlled case, in view of the presence
of the SCBs, the most downstream shockwave location is
not significantly affected, while the most upstream position
is located 10%c more downstream than for the clean case.

3.3 Phase average definition

By virtue of the known periodicity of the transonic buffet
phenomenon (see Giannelis et al. (2017); Jacquin et al.
(2009); D’Aguanno et al. (2021a)), from the instantane-
ous PIV images the phase-averaged velocity fields are
obtained. In total four buffet phases have been defined
for this study: with the shockwave in its most upstream
position (1), during its downstream movement (2), with
the shockwave in its most downstream position (3) and
with the shockwave moving upstream (4). A sketch of the
separated area extent and the shockwave position for each
phase is given in Fig. 8.

Since the shock position is not time resolved, the dif-
ferent phases are not defined according to the shock-
wave velocity but according to the shock position and
the extent of the separated area. The shock position
value distinguishes only phase 1 and 3, while the extent
of the separated area allows to discern between phase
2 and 4. This phase definition is based on the results of
Grossi et al. (2014) and D’Aguanno et al. (2021a), which
clearly showed that the separated area is correlated with
the shockwave position and direction and has its widest
extent during its upstream movement and the smallest dur-
ing the downstream travel. The number of snapshots used
to compute the phase-averaged statistics is indicated in

Q@gé//i\
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Table 5 Number of snapshots per buffet phase

Clean  SCB(y/c=0%)  SCB(yle= SCB (ylc
6.25%) =12.5%)
Phase 1 177 189 148 172
Phase2 208 178 231 209
Phase3 177 173 195 160
Phase4 138 160 126 159

Table 5 for each phase and for all the measurement cases.
The highest and lowest number of snapshots, respectively,
in phase 2 and 4 confirms the observation of D’Aguanno
et al. (2021a), which showed that the shockwave has the
highest absolute velocity when moving upstream and the
lowest during its downstream travel.

Once the four phases are defined, the phase-averaged
velocity fields are obtained by computing the mean of all
the snapshots belonging to each phase. Assuming a triple
decomposition of the velocity field, as:
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the phase-averaged velocity field is given by the sum
Uper + Ugyg = Ty, (periodic and average contribution) and is
plotted in Fig 9 for both the clean (left) and the SCB (y/c =
0%) (right) configurations in the most upstream (top) and
downstream (bottom) shockwave position. The first relevant
difference is about the shockwave excursion between these
two phases, which for the SCB case is much more limited
with the quasi-normal shockwave ranging between the SCB
crest and just 5% downstream of it. Similarly, while for the
clean case the separated area undergoes a wide variation in
its size between phase 1 (small) and phase 3 (large), for the
SCB configuration there are minor variations in separated
area extent between these two phases. This observation con-
firms the stabilizing effect associated with the presence of
SCBs.

avg per + Uy

3.4 Pressure estimation

With the assumption of an adiabatic and inviscid flow,
the pressure field is obtained using the isentropic relation

T —
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0 20

Fig.9 Phase-averaged velocity fields for clean (left) and SCB y/c = 0% (right) configurations in phase 1 (top) and 3 (bottom)
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Fig. 10 Isentropic static pressure field for clean (left) and SCB y/c = 0% (right) configurations

(Eq. 2), see Fig. 10 for the clean and the SCB (y/c = 0%)
configurations. By comparing the two pressure fields, it is
observed that for the SCB case the low-pressure area associ-
ated with the supersonic region is wider and more intense
with respect to the clean case. This is in agreement with
the more downstream average shockwave position. Addi-
tionally, downstream of the average shockwave position
(45 < x/c < 65%) a wider region of low static pressure is
observed for the SCB case for 0 < z/c < 25% (below the
triple point of the A-shockwave structure). This beneficial
effect could be linked with the less dissipative compression
which is taking place across the two lower legs of the 4
-shockwave compared to the quasi-normal shockwave case
for the clean airfoil. Although this model predicts relatively
high-pressure values in the wake (region which for this
reason has been masked in Fig. 10), it brings to reliable

0.15

0.05

z/c(%)
o
Cp(-)

-0.05

5}

. . . a \
90 100 110 120
x/c(%)

-0.15

lift estimations, as for the study of Ragni et al. (2009) on a
NACA 0012 airfoil.

However, as previously commented, the isentropic pres-
sure distribution cannot be used to accurately compute the
drag coefficient since it yields incorrect values in the wake
area, where the flow is clearly rotational. In this region
(delimited by the black dashed contour in Fig. 10, left),
the static pressure field has been obtained using Eq. 5 (see
Fig. 11, left). The pressure field derived from the rotational
formulation is here shown only for the clean configuration,
with qualitatively similar distributions occurring for the dif-
ferent SCB measurement planes. To better quantify differ-
ences among the tested configurations, Fig. 11 (right) shows
the profile of the total pressure p, (relative to the freestream
total pressure, pO,oo) in the wake area, reported along the ver-
tical direction (—20 < z/c¢ < 20%). The figure shows similar
results for —20 < z/c < —5% (pressure side), confirming the

25 T T T T T T T
Clean

20 [ |———SCB (y/c=0%)
SCB (y/c=6.25%)
15T |= = =SCB (y/c=12.5%)

10

Sr

-10

15 ¢

20 . . . . . .
0.7 0.75 0.8 0.85 0.9

pO/pO. 00 (_)

Fig. 11 Rotational pressure coefficient field for clean airfoil (left). On the right, comparison of relative total pressure profile for x/c = 120%, for

clean and SCB configurations
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reduced influence of SCBs on the pressure side. However,
important differences are observed for -5 < z/c¢ < 20%,
with the SCB configurations at y/c = 0% and y/c = 6.25%
clearly having lower total pressure losses when compared
to the clean model. Minor differences are instead observed
between the clean and the SCB cases in the most outboard
measurement plane (y/c = 12.5%).

It should be noted that, although the steady assumption
used for obtaining Eq. 3 is generally not applicable to tran-
sonic buffet flow, the flow can be considered quasi-steady
for each buffet phase. While the phase-averaged pressure
fields are not directly shown here, the corresponding phase-
averaged loads will be discussed in the following section.

3.5 Lift and drag evaluation

From the pressure fields, the lift (C;) and drag (C,) coef-
ficients are obtained, respectively, from Eq. 6 and Eq. 7 for
both the clean and the shock control bump configurations.
The average value of the lift coefficient (reported in Table 6)
is evidently increased for the controlled configuration in all
the measurement planes. An opposite trend is present for the
drag coefficient, with C, being slightly increased only for y/c
= 12.5% in the presence of SCBs. This behavior suggests
that the use of SCBs not only decreases the buffet shockwave

and separated area oscillations, but it has also beneficial
effects on the loads experienced by the airfoil. This is associ-
ated with an extension of the supersonic area and a decrease
of the extent of the separated area for the SCB case.

From the phase-averaged velocity data, C; and C,; were
computed for each buffet phase separately for both the clean
and the SCB configuration. In this study the global loads in
the presence of SCBs are approximated by the average of the
loads at the three equally spaced measurement planes (y/c =
0; 6.25, 12.5%). Although this is an approximation, it gives
a better overall estimation of the lift and drag values than
simply considering one spanwise location.

The phase-averaged values of the coefficients (see
Fig. 12) confirm that, not only the average value of the lift
and the drag coefficients are, respectively, slightly increased
and reduced in the presence of SCBs, but also their ampli-
tude of oscillation is diminished. This is also well described
by the values of AC,; and AC, (reported in Table 6), which
are defined as the difference between the highest and the
lowest values of these coefficients in the four buffet phases.
The data show a reduction of the oscillation of the phase-
averaged values in the presence of SCBs of approximately
70% for the lift coefficient and 40% for the drag coefficient.

In terms of phase-averaged values, the highest values for
C, are always achieved in phase 3, while the lowest in phase

Table 6 Lift and drag values

Clean SCB (ylc = 0%) SCB (y/lc = SCB (y/c
6.25%) =12.5%)
C, (average) 0.81 0.84 0.83 0.83
C, (average) 0.058 0.048 0.054 0.060
AC; = (Cippomax — (Crphs)min 0.14 0.05 0.06 0.06
AC; = (CypnsImax — (Cyphs)min 0.032 0.020 0.020 0.014
0.88 T T 0.07 .
I Clean I Clean
0.86 | BB SCB (spanwise averaged) [ SCB (spanwise averaged)|
0.84
0821
~ 08
O
0.78
0.76
0.74
0.72

Phase 1 Phase 2 Phase 3 Phase 4

Phase 1 Phase 2 Phase 3 Phase 4

Fig. 12 Lift (left) and drag (right) coefficients for the clean and the SCB configurations. The SCB data are here obtained by averaging the results

in the three measurement planes (y/c = 0; 6.25; 12.5%)
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1. This behavior is expected and mainly associated with the
supersonic area extending over a wider region in phase 3
(shockwave in its most downstream position). It is worth
mentioning that phase 3 is the only phase in which the lift
has a higher value for the clean configuration with respect
to the SCB case. This behavior is associated with the shock-
wave being located more downstream for the clean case and
therefore having a larger supersonic area, an opposite trend
is present in phase 1.

Regarding the drag coefficient (C;), the most signifi-
cant differences between the clean and SCB configurations
are observed in phase 3 (higher C, for the SCB case) and
phase 1 (higher C, for the clean case). Conversely, the
highest Cd values overall are found in phases 1 and 4,
corresponding to the largest extent of the separated area.
For these phases, the lower C, values in the SCB case are
attributed to an overall reduction in the extent of the wake
area.

To better understand the behavior of the SCB configu-
ration, the effect of the spanwise location is addressed in
Fig. 13 where the phase-averaged values of the aerody-
namic coefficients are reported for the three measurement
planes. The plot highlights significant differences of the
values of the coefficients at these spanwise locations, in
particular for C,. This behavior can be ascribed to the large
variability of the extent of the wake in the three planes,
which is confirmed by the total pressure profile in Fig. 11
(right) and the streamwise velocity profiles in Fig. 6. For
ylc = 0% the streamwise vortices that are generated at the
sides of the SCBs (see Ogawa et al. (2008)) are considered
to be responsible for a consistent reduction of the extent of
the separated area, while this effect is less relevant at more
outboard locations, yielding to higher values of C,;. From
the SCBs data at different measurement planes, it can
be concluded that the increase in drag in phase 3 for the

0.86 | | SCB (y/c=0%)
IS CB (y/c=6.25%)
085 - [CISCB (y/c=12.5%)

0.84

Z 083f E
o (&)
0.82 f
081
08} E
0.79 [

Phase 1 Phase 2 Phase 3 Phase 4

SCB case with respect to the uncontrolled configuration
is mainly associated with the y/c = 12.5% measurement
plane. This large variation in drag coefficient between the
different measurement planes confirms that the spacing of
the SCBs is an important parameter for drag alleviation
purposes.

For the lift coefficient, minor differences are present
among the different measurements planes, with a slightly
higher (average) lift coefficient value obtained for y/c =
0% (see also Table 6). Furthermore, the trend of the phase-
averaged values is consistent in the different measurement
planes, with the highest values for C; always achieved in
phase 3, while the lowest in phase 1.

4 Discussion and conclusions

This study shows that properly designed and spaced shock
control bumps can reduce the shockwave and aerodynamic
coefficients fluctuations under fully developed buffet con-
ditions. The velocity data have highlighted the main flow
features associated with the presence of SCBs, including the
A-shockwave and a reduced separated area. The presence of
SCBs resulted in a reduction of the shockwave oscillation
range and of the standard deviation of the shockwave posi-
tion of about 30%.

The quantification of the aerodynamic loads around the
airfoil showed a 17% decrease of C; and roughly a 4%
increase of C; in the presence of SCBs; thus, these varia-
tions resulted in a 25% increase of L/D. It should be noted
that this value is well above the increase reported in the lit-
erature for steady impinging shockwave applications (see
for example Eastwood and Jarrett (2012), where a 10%
increase of L/D reported). This improvement is not sur-
prising in view of the optimized spacing of the SCBs and

0.065

I SCB (y/c=0%)
I SCB (y/c=6.25%)| —

0.06 [C__1SCB (y/c=12.5%)
0.055
- 0.05 -
0.045
0.04
0.035 -
Phase 1 Phase 2 Phase 3 Phase 4

Fig. 13 Lift (left) and drag (right) coefficients values for different SCB measurement planes and for the four buffet phases
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the double working principle of SCBs for transonic buffet
applications, which at the same time stabilize the shock
position (reducing the occurrence of shockfoot separation)
and promote attached flow thanks to the streamwise vortex
development from the tail of the SCBs. The stabilization
of the shock position even resulted in the extension of the
supersonic area, which has direct positive consequences
on the lift coefficient value. In addition to the streamwise
vortex production, the reduction of C, is mainly associated
with a decrease of the extent of the separated area which
could be linked to the lower velocity of the shockwave
in the presence of SCBs. In fact, being the frequency of
oscillation of the shockwave unchanged in the presence
of SCBs (160 Hz, see D’Aguanno et al. (2023)) but the
range of oscillation reduced, a lower shockwave velocity
is obtained as a consequence. This aspect is particularly
relevant in the upstream phase of the shock travel where a
higher upstream shockwave velocity results in a stronger
shockwave and thus causes a larger shockfoot separated
area.

To evaluate the effect of SCBs on the different buffet
stages, phase averaging was used, successfully implementing
a new approach for determining the phases. This method is a
single-snapshot approach which is only based on the values
of the shock position and the extent of the separated area
at a given time step and therefore, does not require to time-
resolve the shockwave position. This approach is suggested
for future applications where low-speed acquisition PIV
systems are to be preferred, as for example when high spa-
tial resolution data are required. The phase-averaged values
of the aerodynamic coefficients have demonstrated that not
only do SCBs avoid detrimental effects on the mean aerody-
namic loads (a topic already investigated in other studies),
but their implementation also results in a 70% reduction of
the amplitude of oscillation for the lift coefficient and 40%
reduction for C,. This aspect is the most relevant, because
of the direct positive influence it has on the fatigue life of an
aerodynamic-structure undergoing transonic buffet.

The estimation of the aerodynamic loads at different
measurement planes has shown non-negligible differences
(in particular for the drag coefficient), with the best perfor-
mance (highest lift and lowest drag) achieved in the sym-
metry plane of a SCB and the worst in the symmetry plane
between adjacent bumps. This observation confirms that
the characterization of a similar three-dimensional device
cannot be evaluated at one specific spanwise location, like
is often the case for pressure transducer measurements.
By considering this variation, it is assumed that the over-
all aerodynamic coefficients of an airfoil in the presence of
3D SCBs can be obtained as the average of three properly
spaced measurement planes.

This study demonstrates that PIV load estimation
for transonic buffet applications is feasible and allows

@ Springer

the complete characterization of the flow field (both
time-averaged and phase-averaged) around the airfoil.
The combination of pressure gradient integration in the
rotational area and isentropic pressure computation in the
remaining FOV, in conjunction with planar PIV data is an
attractive approach which could also be used in industrial
applications. Although the results of this study have not been
independently validated, such as with local pressure or force
balance measurements, the load estimation methodology
follows the approach proposed by Ragni et al. (2009)
that was previously validated in the same wind tunnel on
a similar flow case. This supports the confidence in the
method as applied in the present work and as such the
reliability of the current data. For future research studies,
more complicated PIV setups could be used to estimate
pressure in instantaneous snapshot and/or evaluating the
variation of aerodynamic coefficients along the entire span
(tomographic PIV).

3D SCBs are more versatile compared to 2D SCBs, and
the results of this study demonstrate that properly spaced
SCBs can outperform other configurations proposed in the
literature in terms of lift coefficient under transonic buffet
conditions. While 3D SCBs are also expected to perform
better in off-design conditions, to mitigate any potential neg-
ative effects, an adaptive implementation of SCBs could be
considered. In similar applications the use of wedge SCBs
could be unfeasible and therefore, the use of rounded SCBs
is suggested. A similar device has already proved to be effec-
tive in reducing the buffet loads in the numerical study of
Geoghegan et al. (2020).
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