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ABSTRACT

In this work, computational fluid dynamics simulations are carried out to assess the ability of control
surfaces to alleviate or suppress transonic buffet. Among the available control surfaces, upper trailing
edge flaps were considered since they modify the aerofoil pressure distribution and fix the shock at
an upstream position. Spoilers were also studied as they produce a similar effect by interfering with
the pressure disturbance propagation in the boundary layer and prevent buffet. For both devices, the
sensitivities to geometric parameters are studied. The effectiveness of these buffet control methods is first
assessed for 2D computations around different wing sections. As spoilers were considered more effective,
results on a 3D configuration are provided to discuss the influence of finite-span devices on aerodynamic
performance. In addition, a simple model accounting for changes in the flight Mach number together
with the spoiler is presented to simulate a simple flight scenario and provide an effective strategy for
buffet suppression. In the framework of numerical investigations, the adoption of virtual control surfaces
allows for avoiding difficulties associated with the modelling of slotted and deployable devices.

© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

At transonic flow conditions, shock wave/boundary layer in-
teraction and the induced, unsteady flow separation lead to a
phenomenon known as buffet. It consists of self-sustained shock
oscillations around aerofoils and wings. Since the middle of the
last century, several experimental and numerical studies have been
conducted to shed light on the mechanism driving the shock os-
cillations [1-5]. Buffet has consequences on the structural aircraft
response as it can lead to structural fatigue. Moreover, it deterio-
rates the aircraft handling qualities and can also cause passenger
discomfort in flight. Therefore, an airplane must be free from os-
cillations at any operating conditions and a buffet boundary is
part of the flight envelope boundary. Nonetheless, variations of
the flight conditions due to gusts or emergency maneuvers may
cause the plane to cross the buffet boundary and undergo buf-
fet. Therefore, in recent years, increasing attention has been paid
to control methods to eliminate or alleviate shock-induced oscilla-
tions (SIO).

The work of Giannelis et al. [6] provides a partial review of
flow control works for buffet. The employed techniques mainly dis-
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tinguish into vortex generators (VGs) [7-9], shock-control bumps
(SCB) [10-13] and trailing edge devices (TED) [14-17]. VGs help
alleviate buffet by energising the downstream boundary layer and
making it less prone to separation [18]. SCBs aim at smearing the
shock and reducing pressure losses across it. If correctly placed,
they help fix the shock position. The main drawback lies in the
correct positioning of these devices. Both 2D and 3D configura-
tions, i.e. infinite and spanwise finite, respectively, must be ac-
curately placed to provide good results [19]. TEDs aim to reduce
the pressure jump across the shock, the shock intensity, and the
probabilities of separation. In this category, we find trailing edge
deflectors, trailing edge flaps and Gurney flaps.

All methods proved to be more or less able to eliminate the
shock oscillations at design conditions. Unfortunately, the first two
categories of devices introduce installation drag, deteriorating the
aerodynamic performance in cruise. To minimise drag penalties,
expensive, and sometimes unsuccessful, works of optimization in-
volving shape, number, and position of the devices are required. If
such studies can be carried out for simple configurations [20,21],
they are overly expensive for full-wing geometries.

This paper presents some alternatives to the aforementioned
methods by taking advantage of existing control surfaces avail-
able in most airplanes. Recently, attention has been paid to three-
dimensional buffets, and both experimental [22-24] and numeri-
cal [25-28] studies have been conducted. The numerical study of
Iovnovich and Raveh [25] first identified the presence of spanwise-
propagating waves called buffet cells. These structures exhibit the
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Nomenclature

Latin Symbols

b A 0T 0T o m
c aerofoil chord...........coooiii m
Cp pressure coefficient (p — poo)/(O.Spugo)

Cp drag coefficient D/(0.50U2 ch)

CL lift coefficient L/(0.50U2 ch)

Cu model constant

fr unresolved-to-total ratio of turbulent kinetic energy
fe unresolved-to-total ratio of turbulent dissipation

fo unresolved-to-total ratio of turbulent frequency

F1, F;  SST model blending functions

k turbulent kinetic energy........................ m2s—2
L¢ Gurney length ... m
Lyuter UTEF length. ..ot m
Moo Mach number

Nact Number of steps required for the actuation

Py turbulent kinetic energy production term. kgm~!s=3
R flow residual vector

Re, Reynolds number pUsc/pt

t EME ..o e S
Toff device retraction time.............oooiveiiiiiniennn.. S
U; flow VelOCItY ...t ms~!
Vijk  cell volume

Xi spatial coordinates...........coovveiiinieiineeiiinnns m
X grid PoSition........ooviiiiii i m
X LA VElOCILY . onv et ms~!
X grid acceleration.................oociiiiinin. ms—2
w flow variable vector

o angle of attack ..........cooiiiiiiiiiii i deg
Greek Symbols

3s spoiler deflection angle............................ deg

At L1000 L] (] o S
Atact device time of deployment.....................c... S
8s spoiler deflectionrate...................evnn..n deg/s
w molecular dynamic viscosity............... kgm~1s~!
e eddy VISCOSItY .....ovvieieieiiiiiinnn. kgm~1s~!
Ve kinematic eddy viscosity ....................... m2s~!
w turbulent frequency..........ccovvviiiiiiiieinann., 51
o NSILY .ot kgm—3

B*, B, v, Ok, 0, SST model constants
Acronyms

BILU Block Incomplete Lower-Upper

CFD Computational Fluid Dynamics
DDES Delayed Detached-Eddy Simulations
DES Detached-Eddy Simulations

GCG Generalized Conjugate Gradient

GMRES Generalized Minimum Residual
HMB Helicopter Multi-Block
IDDES  Improved Delayed Detached-Eddy Simulations

LES Large-Eddy Simulations

MUSCL Monotone Upstream-centered Scheme for Conserva-
tion Laws

PANS Partially Averaged Navier-Stokes

RANS  Reynolds-Averaged Navier-Stokes

SAS Scale-Adaptive Simulations

SCB Shock-Control Bumps

SIO Shock-Induced Oscillation

SST Shear Stress Tensor

TED Trailing Edge Devices

URANS Unsteady Reynolds-Averaged Navier-Stokes
UTEF Upper Trailing Edge Flap
VG Vortex Generator

alternation of positive and negative pressure disturbances mostly
propagating toward the wing tip. The presence of buffet cells rep-
resents one of the main differences with respect to 2D cases and
was experimentally verified by subsequent studies [22-24]. The
literature on conventional 3D transonic wings locates buffet cells
around 45-60% of the wingspan [29,26,27,24]. Therefore, spoilers
can find application for buffet alleviation. Upper trailing edge flap
(UTEF) and Gurney flaps represent a valid alternative to spoilers
as they can be easily implemented and deployed only when re-
quired.

UTEFs act at the trailing edge by enforcing separation. The lo-
cal angle of attack reduction results in a more upstream shock
position. The weaker shock no longer (or mildly) separates the
boundary layer. Under this condition, the shock foot (if present)
and trailing edge separated flow regions cannot merge and buffet
is suppressed. The work of Tian et al. [17] showed the ability of
UTEFs to cancel buffet around the RAE2822 aerofoil by altering the
aerofoil chamber and curvature. The addition of the UTEF allows a
delay in the onset of buffet but induces a reduction of lift at both
pre- and post- onset by shifting the shock upstream and reduc-
ing the flow acceleration at the leading edge and the suction peak.
Therefore, in our view, the use of such devices must be limited
to buffet conditions. The results of Tian et al. [17] were partially
confirmed by the experimental investigation of D’Aguanno et al.
[30] on the OAT15A. The use of a 1-2%c UTEF showed increas-
ing efficiency in alleviating buffet, without suppressing it com-
pletely.

On the other hand, the use of spoilers alters the state of the
boundary layer and the buffet phenomenon can be interrupted

according to the most popular buffet mechanisms. The acoustic
feedback mechanism of Lee [3] sees the downstream propagation
of disturbances generated at the shock foot in the boundary layer.
Upon reaching the trailing edge, other upstream propagating waves
are generated. These latter travel in the subsonic flow above the
boundary layer and feed the shock motion, completing a feedback
loop that allows for the self-sustained shock motion. This mech-
anism was further investigated by several authors [31,32] who
confirmed the central role of upstream-travelling acoustic waves
in feeding the shock motion. Instead, the works from Crouch et
al. [33,5] and following works ([34,27] among the others) studied
transonic buffet as a global flow instability. In these works, buffet
is seen as the result of a first unstable mode, involving the en-
tire flow field. In both cases, the propagation of disturbances in
the boundary layer is crucial. Whether one or the other explana-
tion is preferred, the use of spoilers in hampering the mechanism
seems reasonable. A sketch of the working principle compared to
the mechanism of Lee [3] is given in Fig. 1. The spoiler deployment
(see Fig. 1, right) generates fixed point separation at the device
tip, resulting in an increase in the wing camber and a local reduc-
tion of the angle of attack. The shock is pushed upstream where
it loses intensity and eventually no longer separates the bound-
ary layer. If the boundary layer still separates, the spoiler obstacles
the merging of the trailing edge and shock foot separation regions,
alleviating or suppressing the SIO. Retracted in the wing, spoilers
do not introduce installation drag nor off-design penalties like VGs
or SCBs [35]. When buffet is detected, spoilers are deployed to re-
duce and/or suppress the SIO. An overview of adaptive concepts



A. Petrocchi, M. Mauriello and G. Barakos

Aerospace Science and Technology 140 (2023) 108478

Fig. 1. Left: sketch of the acoustic feedback mechanism of Lee [3]; right: effect of the spoiler in stopping the downstream propagation of disturbances in the boundary-layer.

for shock control is given in the review paper of Kiinnecke et al.
[36].

Tian et al. [37] performed numerical simulations by modelling
spoilers with a thickening of the aerofoil/wing sections between
80% of the chord and the trailing edge. The results were encourag-
ing on both 2D and 3D configurations, since the buffet onset was
delayed. The thicker trailing edge resulted in an upstream posi-
tion of the shock. This helps delay buffet at higher angles of attack
or Mach numbers. In their work, the hypothesis of separated flow
behind the spoiler allowed for the aforementioned approach, con-
sisting of a simple thickening of the aerofoil. This approach does
not account for changes in sizes of the separated region behind
the spoiler nor for flow re-attachment in case of small spoiler de-
ployments. Moreover, a change in the spoiler angle would require a
modification of the mesh. At pre-buffet conditions, the presence of
the spoiler causes an increase in the aerofoil chamber and causes
the shock to move upstream, resulting in losses of lift. Therefore,
to avoid undesired effects associated with the presence of control
devices at non-buffet conditions, they must be only deployed un-
der buffet conditions.

In the computational fluid dynamics (CFD) framework, the posi-
tion of all control devices within the wing and their mobility result
in difficulties in modelling both trailing edge flaps and spoilers.
The aforementioned CFD works only accounted for the presence of
fixed controlled devices. In this work, the technique of Pastrikakis
and Barakos [38] is adopted to simulate virtual control surfaces.
The technique works on cell faces to simulate the presence of
no-slip walls. Without using a moving grid, this method allows
studying the flow response to different angles of spoiler deploy-
ment and UTEF length and reproducing a dynamical deployment
of the control surfaces. The ability to vary the position and extent
of deployable control devices over time opens the door to closed-
loop control on wings by means of the aforementioned strategies.
Nonetheless, in this work, only a demonstration of automatic de-
ployment and retraction is given.

The paper is structured as follows: the mathematical model
is presented in section 2. There, attention is paid to the control
surface modelling and the actuation strategy; in section 3 test
cases and numerical setup are described; section 4 is devoted to
flow control application. The method is first tested for 2D con-
figurations with upper trailing edge, Gurney flaps, and spoilers.
The influence of the test section is presented by comparing the
results of 2D computations for the flow around different aero-
foils with activated control surfaces. The sensitivity to the spoiler
deflection angle and the UTEF length is studied. For a selected
case, the spoiler deployment was complemented with a decrease
in Mach number to simulate the pilot action in a flight sce-
nario. Among the pool of spoiler angles considered, the optimal
value and a different, higher, one were tested on a 3D configura-
tion with a finite wingspan to underline differences between the
2D and 3D cases; section 5 is devoted to discussion and conclu-
sions.

2. Numerical method
2.1. Computational model for fluid flow

Numerical simulations have been performed using the Heli-
copter Multi-Block (HMB3) [39,40] flow solver, a three-dimensional,
fully implicit, structured, code for the solution of the Navier-Stokes
equations. The Navier-Stokes equations are discretised using a cell-
centered finite volume approach. The computational domain is
divided into a finite number of non-overlapping control volumes,
and the governing equations are applied to each cell in turn. Also,
the Navier-Stokes equations are re-written in a curvilinear co-
ordinate system which simplifies the formulation of the discretised
terms since body-conforming grids are adopted here. The spatial
discretisation of the equations leads to a set of ordinary differen-
tial equations in time,

d
a (Wi Viji) = —Rijk (W), (1)

where W and R are the vectors of cell conserved variables and
residuals respectively, and V is the cell volume. The convective
terms are discretised using Osher’s upwind scheme [41]. A mono-
tone upstream-centered scheme for conservation laws (MUSCL)
variable extrapolation [42] is used to provide second-order accu-
racy with the Van Albada limiter [43] to prevent spurious oscilla-
tions around shock waves. For the integration in time, the implicit
dual-time stepping method of Jameson [44] is used.

The linearised system of equations is solved using the gener-
alised conjugate gradient (GCG) method with a block incomplete
lower-upper (BILU) factorisation as a pre-conditioner [45]. The Ja-
cobian is approximated by evaluating the derivatives of the residu-
als with a first-order scheme for the inviscid fluxes. The first-order
Jacobian requires less storage and ensures a better convergence
rate to the GCG iterations. The steady-state solver for turbulent
flows is formulated and solved in an identical manner to that of
the mean flow. The eddy-viscosity is calculated from the latest
values of the turbulent variables, e.g. k and w, and is used to ad-
vance the mean and the turbulent flow solutions. An approximate
Jacobian is used for the source term of the models by only tak-
ing into account the contribution of their dissipation terms, i.e. no
account of the production terms is taken on the left-hand side of
the system. The solver offers several one-, two-, three-, and four-
equation turbulence models. In addition, LES, DES, delayed DES
(DDES), improved DDES (IDDES), SAS and PANS methods are also
available.

2.2. PANS formulation

The partially-averaged Navier-Stokes (PANS) formulation [46]
is a bridging model between RANS and DNS. The formulation is
based on a RANS paradigm, where the blending is obtained by
means of the user-prescribed unresolved-to-total ratios of turbu-
lent kinetic energy f; and dissipation fe, bounded between 0
and 1, acting on the turbulence closure equations. They read: f;, =
ku/k, fe = €,/€, where the u subscripts stand for unresolved and
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the quantities at the denominator are the total ones. The PANS
method was initially derived for k-¢ closures and then extended
to the Wilcox k-w model [47] by Lakshmipathy et al. [48] and to
the Menter SST model [49] by Luo et al. [50]. In k-w based for-
mulations the parameter f is replaced by the unresolved-to-total
turbulence frequency f, = wy,/w = f¢/ fr. These formulations in-
herit from the parent RANS models an eddy viscosity based on
a Boussinesq approximation, that is reduced with respect to the
RANS case because of the effects of the f, parameter: since only
a fraction of the turbulent kinetic energy is modelled, the corre-
sponding value of the eddy viscosity is reduced. This gives the
possibility for the turbulent structures to be resolved. When adopt-
ing a reasonably high value of f; the method can be used as a less
dissipative version of URANS.
In this work the SST-PANS formulation is adopted. It reads:

a(pk) d(pUik B ok
ﬂ-FM = Py—B*pko+ — [<M+Mr0kf—w> —} ,

ot 0x; X fr ) 0x;j
(2)
Yo 2000 1 p, g
g (14 ) 50
+2§:—‘:(1—F1)p2‘”2;—fj%, (3)

where p is the density, U; is the flow velocity, u is the dynamic
molecular viscosity and w; is the turbulent viscosity. Here, the
turbulent kinetic energy k and frequency w are the modelled, or
unresolved, fraction where the subscripts were dropped for sake of

%4—%); F1 is the

blending function while y, 8, 8%, oy, 0, are the model constants,
calculated as prescribed in reference [49]. The eddy viscosity has
the same form as in the formulation of the SST model.

simplicity. In the w-equation, 8’ = (yﬁ* —

2.3. Virtual control surface modelling

2.3.1. Gurney flaps/UTEF

In HMB3, Gurney flaps and UTEF can be modelled either by an
ad-hoc multi-block grid or virtually. As the first strategy makes dif-
ficult to simulate an actuation, the second method is preferred. The
method adopted in this work was formulated in [51] and here it is
briefly discussed. The flap is located along a block face (see Fig. 2)
of the multi-block grid by defining a planar surface with three
points. At each iteration, the length of the flap is updated accord-
ing to a temporal, user-prescribed law and only part of the plane
is accounted for. In each block, cells faces coinciding with block
faces are flagged if their distance from the flap plane and their
orientation with respect to the plane falls within a user-prescribed
tolerance. If the projection of a cell face does not fall entirely in
the defined plane, the cell is only flagged if its centroid projection
falls onto the plane. Cells which do not satisfy those requirements
are discarded, while no-slip boundary conditions are imposed on
the flagged cells. The algorithm to identify Gurney/UTEF cell faces
is repeated in Algorithm 1.

Fig. 2, right images, shows the location of an UTEF at the ini-
tial (top) and final (bottom) instants of the actuation. The num-
ber of flagged cells is modified at each timestep according to the
specified temporal law of actuation. In Fig. 2, the portion of the
block boundary occupied by the control surface is indicated by the
change in colour. Using this method, it is only important to place
a block boundary at a convenient position to represent the control
surface.

Aerospace Science and Technology 140 (2023) 108478

2.3.2. Spoilers

Virtual spoilers are modelled following the implementation in
HMB3 of Pastrikakis and Barakos [38] for swinging Gurney flaps.
In Fig. 3, left image, the mesh adopted around the OAT15A aero-
foil with virtual spoilers is shown. To build such a grid around
the spoiler location, a hinge (see. Fig. 3, right images) must be
introduced. Using this grid topology, the virtual spoiler can be
simulated by flagging the nearest cell faces at its instantaneous
position as boundary faces, and imposing no-slip boundary con-
ditions. Adopting this method, once the grid is properly built, no
additional effort is required in terms of mesh generation, and the
moving surface can be modelled without the need for overset or
overly fine grids. Fig. 3, right images, shows a close view of the
hinge location with the deployed spoiler. No-slip boundary con-
ditions are imposed on the red cell faces. Given the multi-block
nature of the solver, the user can specify within which blocks the
spoiler is contained. In Fig. 3, the two rightmost blocks around the
hinge are flagged as spoiler blocks, and the spoiler cannot be de-
ployed more than, roughly, 90 degrees from its initial position. As
for the UTEF/Gurney flaps, the spoiler position is given in input by
specifying three points corresponding to the beginning and end of
the hinge and a third point to define the spoiler plane. For quasi-
2D configurations (an application will be shown in section 4.4), the
first two points determine the spanwise extent of the spoiler, while
the third determines the spoiler length. Once the initial spoiler po-
sition is calculated, it can be deployed by following a linear law or
a temporal law based on a summation of harmonics.

To determine the instantaneous spoiler position and the corre-
sponding boundary flags, we use the algorithm of [51], repeated
here in Algorithm 2.

2.3.3. Automatic deployment of the control devices

Buffet control by means of control surfaces could be made auto-
matic by using probes in the boundary layer to detect separation.
At design conditions, flow separation (if any) takes place at the
shock foot, while in buffet regimes the separated flow region ex-
tends, during a fraction of the buffet period, from the shock foot
to the trailing edge. In this view, the idea is to place a sensor in
the boundary layer at a strategic location, i.e. where separation is
not expected in cruise (design) conditions, and exploits the infor-
mation at that point to activate flow control when required.

The sketch in Fig. 4, left images, illustrates the control point for
buffet detection for an aerofoil with spoiler. The same actuation
can be adopted for the UTEF case. The probe located on the aero-
foil surface at a specified location (x/c = 0.7 in figure) samples the
conserved flow variables at each timestep. The printed values are
the ones at a distance Ay/2 from the wall, being Ay the normal
spacing of the first cell. When flow reversal is detected the spoiler
is deployed following a linear law:

ds =850 + min(gs(t —tB,0), 0s,max) » (4)

where §; is the position of the undeployed spoiler, 8 is the
user-described angular velocity, assumed constant over the spoiler
excursion, and §s max is the maximum displacement. We indicated
with tp ¢ the instance when buffet is first detected. In the solver,
this is implemented by applying a discrete increment for each
timestep:

5;' =ds,0+ min(gs(iAt —t8,0), 8s,max) » 85 = &5, maxAtact »
Atge = 1/N0Ct! (5)

where the velocity is specified by means of the parameter Atg,
equal to the inverse of the number of unsteady steps required to
deploy the device Ng. A demonstration will be given in section 4.
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Algorithm 1 Pseudo-code for Gurney flaps/UTEF definition. From [51].

Data: Define the Gurney as a set of points
for all the blocks in the mesh do
for all the internal boundaries of each block do
for all the faces on each internal boundary do
if the centroid of the face is close to the Gurney/UTEF then
if the normal to the Gurney/UTEF is nearly parallel to the normal of the face then
if the centroid of the face is inside the polygon of the Gurney/UTEF then
Flag this face as in the Gurney/UTEF
end if
end if
end if
end for
end for
end for
All the cell faces up to that node will be flagged as boundary cells

CFD Grid —— Block Boundaries ———— Virtual Gurney

Fig. 2. Left: multi-block grid topology around the OAT15A aerofoil; right: grid around the trailing edge at the initial (top) and final (bottom) instants of the UTEF deployment.
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

HINEEEELLT

i
i
o

CFD Grid ——— Block Boundaries ——— Virtual Spoiler

Fig. 3. Left: multi-block grid topology around the OAT15A aerofoil with virtual spoiler; right: grid around the spoiler hinge for a spoiler angle deflection of 20 deg.
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02— 5 10 15 20
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40}

Reverse Flow Detector 500 < ‘560‘

1000 1500 2000
timestep - timestep, ,

Fig. 4. Right: sketch of the buffet sensor employed around a NACA0012 aerofoil. Black lines represent surface block boundary while the red surface indicates the hinge; left:
spoiler angle versus time for different value of the parameters Atae and 8s max-
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Fig. 5. Left: time trend of the Mach number in response to the grid velocity. Right: instantaneous x and y components of position and velocity vectors within the spoiler

retraction time window.

Algorithm 2 Pseudo-code for spoiler definition.

Find the spoiler size
Find the spoiler angle
for all spoiler blocks in the mesh do
if the point is inside the radius then
Flag the cells behind and in front of the spoiler with -1 and 1
else
Flag the cells behind and in front of the spoiler with -2 and 2
end if
end for
Sweep along the lines
if the sign changes between two cells then
if the sum of the four neighbour cells of a node is 6 then
This node is the end of the spoiler
end if
end if
All the cell faces up to that node will be flagged as boundary cells

Fig. 4, right image, shows the temporal laws corresponding to dif-
ferent values of 8 max and Atge. The device retraction follows the
same linear behaviour shown in eq. (5). As the deployment of a
control surface generates separation on the airfoil, the presence of
reversed flow is no longer a valuable buffet indicator. Therefore,
the spoiler retraction, when necessary, is applied at an arbitrary
time. It must be pointed out that dynamic control based on ob-
servables is beyond the scope of this work. Nevertheless, a smooth
deployment and retraction of the control devices allows for a more
plausible description of the control dynamics and avoids abrupt
changes in the flow field due to the appearance/disappearance of
the control surfaces.

2.3.4. Changing flow conditions with grid motion

Regardless of their ability to suppress buffet, slotted flow
control surfaces are likely to introduce drag penalties or non-
equilibrium in lift and pitching moment (for 2D and quasi-2D
configurations). Therefore, the devices must be retracted to avoid
such penalties for a long period of time. If the flow conditions do
not vary after the application of flow control, SIO will take place
again. To prevent this, the pilot (or the automatic control system)
will act to return to flight conditions below the buffet boundary
by reducing the flight speed, the angle of attack, or both. Hence,
while the control surface temporarily suppresses buffet, a change
in flight conditions will prevent the appearance of new oscilla-
tions. To account for such an action, in this work, we simulated a
reduction of the Mach number by moving the entire CFD grid. A
positive (negative) grid velocity Ugig aligned with the free stream
velocity will result in a reduced (increased) local flow velocity, i.e.
Mach number. Fig. 5, left plot, shows the control strategy adopted.
The spoiler (blue lines in figure) is first deployed following eq. (5),
and, after the SIO is stopped, it is retracted within an equal time
window. At the same time, the grid is put in motion with con-
stant acceleration until the spoiler is retracted. At this point, the
local Mach number (green line) is such to avoid the occurrence of

buffet. Given the initial and final Mach numbers M ¢ and Mo F,
respectively, the grid acceleration, velocity and displacement can
be written as:

Uk (-T)
X:+, X:max(Xt/,Xmax),
Toft

. 1..
X=Xt + 5xr’z,
(6)

where t' =t —t,f ; is the time from the beginning of the spoiler re-
traction. The time windows of the spoiler retraction (To) and the
aerofoil deceleration might be selected to have different lengths
and locations in time. Nevertheless, in this work, the two actions
will be simultaneous. The right plot in Fig. 5 shows the x— and y—
components of the grid velocity and position within the spoiler re-
traction time window. The x— and y-components are obtained by
projecting the X, X, X onto the parallel and perpendicular direc-
tion of the free stream velocity, i.e. by multiplying by cos(«) and
sin(«), respectively. In this paper, an application is shown in con-
junction with spoilers in section 4.3.3, but might be used with any
deployable flow control surface.

3. Test case description and numerical setup

OAT15A wing section

The first configuration of interest is the supercritical OAT15A
wing section, experimentally investigated in the S3Ch wind tun-
nel at ONERA [52,4]. The chord and span of the experimental
wing model were ¢ = 0.23 m and 0.78 m, respectively, the latter
coinciding with the extent of the wind tunnel facility. The sec-
tion had a thickness-to-chord ratio of t/c =0.123 and a trailing
edge thickness of 0.5% of the chord. The wing was mounted in
an orthogonal section wind tunnel having nominal dimensions of
0.78 m x 0.78 m x 2.2 m. Measurements were collected at free-
stream Mach numbers in the range of 0.7-0.75, a chord-based
Reynolds number of Re; = 3 x 10® and angle of attack in the range
of 1.36 - 3.9 deg. Static and dynamic pressure measurements al-
lowed for the detection of buffet at an angle of attack of 3.1 deg at
My = 0.73 and 3.5 deg at M, = 0.72. For the case at My, =0.73
and o = 3.5 deg, velocity-field data were also acquired to compute
statistics. Although a large characterisation of the buffet onset was
not provided at all flow conditions, the available data ware used to
assess the accuracy of the time-marching simulations for the doc-
umented buffet flow. In this work, simulations at Re. = 3 x 109,
Mo = 0.73 and o = 3.5 deg were carried out.

NACA0012 wing section

The second test section analysed is the NACAO0O12 section. It
was studied at the Ames High Reynolds Number Facility by McDe-
vitt and Okuno [53]. Mach numbers were in the range of 0.71-0.8
and Reynolds number spanned between 1 and 10 million. The buf-
fet onset was detected by means of steady and unsteady pressure
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measurements. The tunnel walls were adapted to follow the free
air streamlines, while the sidewall interference was reduced by
thinning the sidewall boundary layer by means of suction applied
on porous panels. Further details are given in the reference. Al-
though these experiments are more than 30 years old, they still
represent the broadest database for buffet onset, covering a wide
range of conditions. Moreover, the treatment of the wind tun-
nel wall allowed to consider the flow as close as possible to 2D,
making this test case particularly suitable for this study. Here, sim-
ulations at Rec = 10 x 108, My, = 0.72 and o = 6.0 deg (~ 2.0 deg
above the onset) were carried out.

V2C wing section

The last configuration is the V2C aerofoil of Dassault Aviation,
studied during the European project TFAST [54]. It is a laminar
type supercritical aerofoil designed to operate between Mach num-
bers of 0.7 and 0.75 and was studied in the Trisonic wind tunnel
of the Polish Institute of Aviation. The tunnel is 0.6 x 0.6 m in
section and it was equipped with 1.58 m long solid walls deflected
0.5 deg from each other. The model chord was 0.2 m, the span
was 0.6 m, and the relative thickness was 15%. A transition strip
- of varying height - was added on the upper side and tested at
several streamwise positions and fixed along the wingspan. The
mean value of static pressure on the V2C profile was measured by
means of a 64 pressure tab system connected to tubes mounted
inside the model, grouped in two rows. An aerodynamic rake was
used to estimate the drag. Kulite pressure transducers were used to
measure unsteady pressure in the vicinity of the shock, while SEN-
FLEX sensors on the suction side were used to locate transition.
A strain gauge bridge was used to measure the root-mean-square
of the bending tension to detect the buffet onset. The angle of at-
tack was varied in the range of 0 to 8 degrees. Here, simulations at
Rec = 3 x 10%, My, = 0.70 and o = 7.0 deg (~ 3.0 deg above the
onset) were carried out.

3.1. Grid and numerical setup

The unsteady computations were carried out using a PANS ap-
proach with the SST model as a RANS parent. The PANS formu-
lation is detailed in sec. 2.2. The adoption of PANS allowed for
capturing the shock oscillations. We believe that adopting reason-
ably high values of the parameter f; (fy = 0.7 here), the PANS
formulation can help in the prediction of this class of flows where
most statistical turbulence models give too high levels of eddy vis-
cosity [55,56], even working in RANS mode and for 2D simulations.
Very good agreement was found between PANS and experiments
for two of the aforementioned configurations [57]. On the other
hand, URANS simulations with the SST model led to a steady-state
solution even at angles of attack well beyond the buffet onset. The
failure of the SST model to accurately predict buffet was also doc-
umented in earlier works [55,56,58].

The computational grids used for the Gurney/UTEF configura-
tions have a typical C-H topology. A grid-sensitivity study was
carried out for the uncontrolled cases [57]. For this work, we ap-
plied a local refinement to increase the resolution of the regions
around the trailing edge and in the boundary layer, resulting in no
modifications on the predicted frequency and amplitude of shock
oscillation. The grid consists of Ngerofoil =456, N7 = 50 for blunt
trailing edges, Ny =180 in the normal direction and Ny, =110 in
the wake.

For the spoiler configurations, the multi-block topology was
slightly modified because of the hinge presence, as shown in Fig. 3.
To guarantee an adequate resolution around the virtual spoiler,
more grid points around the hinge and in the boundary layer
were used. The numbers of cells around the aerofoil and in the
normal direction now amount t0 Ngerofoil = 756 and Ny = 170, re-
spectively. In this case, neither the presence of the hinge nor the
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Fig. 6. CFD grid around the 3D OAT15A aerofoil with spoiler (red).

local grid refinement led to significant changes in the quantities
associated with the shock oscillation. The spacing distribution has
been set to satisfy the condition of Ayt <1 at each condition,
resulting in a first cell size of about 2.0 — 5.0 x 10~8¢ for the
aforementioned flow conditions. Adiabatic wall boundary condi-
tions were imposed at the aerofoil, and free-stream boundary con-
ditions elsewhere. A timestep of At = 0.01c/U,, was employed,
and corresponds to about 1200, 1500 and 1300 unsteady steps for
the NACA0012, OAT15A and V2C sections, respectively. The con-
vergence of the implicit scheme was based on the reduction of the
flow field residual with respect to the previous step. More pre-
cisely, either a reduction of 3 orders of magnitude or 100 inner
iterations of the dual-time stepping scheme must be reached for
each unsteady step.

The CFD domain for the 3D computations has an extension of
L, =c in the span and it is discretised using N; = 100 cells in the
spanwise direction. A refinement around the two spoiler ends was
applied allowing for an adequate resolution of the tip vortices ex-
pected in that region. The final grid consists of about 14 million
points. In this case, periodic boundary conditions were applied at
the sidewalls. Fig. 6 shows the grid employed for the 3D computa-
tion, where the 2D grid, displayed on the grey plane, is the same
adopted for the 2D calculations. The hinge covers the whole span
and it is placed at 0.6c from the aerofoil leading edge. Its radius
is r, = 0.00625c. The spoiler is 0.08c long and extends for half the
span.

4. Results

In this section, the effect of infinite and finite virtual control
surfaces is investigated. In a previous publication [57], the accuracy
of the PANS approach to predict buffet was established. The PANS
model based on a k — @ SST model gave good results for the 2D
cases and is employed in this work. First, results are shown for the
three aerofoil configurations in the uncontrolled case. Then, results
for infinite UTEF and spoilers, i.e. for 2D computations, are pre-
sented using both static and automatic control by means of flow
reversal detection. Some aspects related to the influence of aero-
foil section, angle, and length of the devices on the aerodynamic
performance are also discussed. Since spoilers, unlike UTEF and
Gurney flaps, are mounted on every commercial airplane, these
are studied in more detail. Moreover, a combination of spoiler de-
ployment and grid motion to simulate an aerofoil deceleration is
presented to provide a simple strategy to prevent buffet from tak-
ing place when the device is retracted. Finally, a 3D computation
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Table 1

Table of time-marching computations performed in this work.
Moo o Control Lg/cl%] Ss[deg]
NACA0012 (Re. =1 x 107)
0.72 6.0 - - -
0.72 6.0 Spoiler - 5, 10, 20
V2C (Re. =3 x 105)
0.70 7.0 - - -
0.70 7.0 UTEF 0.625, 2.5, 5, -5 -
0AT15A (Re. =3 x 106)
0.73 35 - - -
0.73 3.5 UTEF 0.15, 0.3, 0.6, -0.6 -
0.73 3.5 Spoiler - 1, 2, 3,5, 10, 15, 20
0.73 35 Spoiler 3D - 5,15

Table 2
Table of time-marching computations performed for the NACA0012 aerofoil, Re. =
1 x 107, Experimental results from [53].

Table 3
Table of time-marching computations performed for the OAT15A aerofoil, Re = 3 x
108, Experimental results from [4].

Moo o Buffet kexp Knum Mo o Buffet Stexp Sthum
0.72 6.0 yes 0.55 0.52 0.73 35 yes 0.066 0.067
0.75 4.0 yes 0.47 0.39 0.72 35 yes 0.062 0.062
0.77 4.0 yes 0.44 0.45 0.74 35 yes 0.074 0.071
0.80 4.0 no 0.38 - 0.73 31 yes 0.066 0.067

0.73 3.25 yes 0.066 0.067

0.73 39 yes 0.066 0.067

with finite spoiler extent is presented and the results are compared
with the 2D case.

An overview of the computations carried out for this work is
given in Table 1. In the table, only the simulations used to test con-
trol strategies are mentioned. Other flow conditions investigated
for the uncontrolled cases for validation purposes are listed in the
following section. Because of the proximity to the buffet onset for
the OAT15A aerofoil, smaller UTEF lengths have been adopted.

4.1. Uncontrolled cases

The uncontrolled cases were first run to guarantee an accu-
rate prediction of buffet for the test cases under analysis. For the
NACA0012, four combinations of Mach number and angle of attack
were investigated. They correspond to the ones investigated by
McDevitt and Okuno [53] for which the reduced frequency kexy =
27 fpc/U is available. The results are in overall good agreement
with the experiments (see Table 2), although the current simula-
tions were unable to predict buffet for the highest Mach number.
This difficulty was already pointed out in the literature [55,5].

The OAT15A was investigated at Re; = 3 x 108, Very good agree-
ment was found between PANS and the experiments for this aero-
foil for different Mach numbers and angles of attack. The distribu-
tions of the mean pressure coefficient and the root mean square
around the aerofoil were in good agreement with the experiments
for several angles of attack, both at pre- and post-buffet onset (see
Fig. 7, left and centre). Table 3 shows the comparison with the ex-
periments in terms of Strouhal number associated with the main
buffet frequency at different Mach numbers and angles of attack.
Below o = 3.1 deg, no SIO was detected, according to the exper-
imental reference, while for o > 3.1 deg, the amplitude of shock
motion and aerodynamic coefficients (see 7, right) increases with
the angle of attack. This leads to a greater smearing of the mean
pressure coefficient and a higher peak in the pressure root-mean-
square.

The V2C was tested at Re; = 3 x 10, Mo, = 0.70 and « = 7.0.
This combination of angle of attack and Mach number was widely
investigated during the TFAST European Project [54], where both
tripped and laminar interaction were investigated. Among the nu-
merous CFD campaign, the use of different methods led to dis-
crepancies with the experiments. Even among the experiments,

large differences were found depending on the adopted test fa-
cility, transition location, and surface roughness. Nonetheless, at
the selected flow conditions, large shock-induced oscillations are
displayed, as shown in Fig. 8, and allowed us to clearly describe
transonic buffet in all its phases. In general, as the angle of attack
increases, the shock on a transonic aerofoil moves downstream.
The shock gains intensity and leads to boundary layer separation.
Two regions of flow reversal generate at the shock foot and at
the aerofoil trailing edge. For a further increase of the angle of
attack, the two separated flow regions merge onto a unique one,
and SIO takes place. Fig. Fig. 8 shows the Mach number contours
at four different instants over a period of buffet, complemented by
instantaneous velocity streamlines which help visualise the local
boundary layer separation. At the most downstream shock posi-
tion (a), boundary layer separation takes place at the shock foot
and trailing edge. Their merging onto a single, large, reversed flow
region causes the local angle of attack to decrease and the shock to
move upstream (b). At the most upstream position (c), the shock
reaches a region of negative (favourable) pressure gradient and its
intensity is reduced. Therefore, the boundary layer reattaches, and
the shock starts its downstream motion (d) where both trailing
edge and shock-foot separation are limited, if not absent. As the
shock oscillates over a portion of the suction side, the aerody-
namic coefficients undergo large oscillations, as shown in Fig. 8
(d). Most upstream and downstream shock positions coincide with
minimum and maximum lift coefficient, respectively. The drag and
pitching moment coefficients exhibit an analogous behaviour.

4.2. 2D UTEF/Gurney flaps

Results for the UTEF/Gurney configurations are here presented.
For this device, the V2C and OAT15A configurations are analysed.
In the first case (Rec = 3 x 10%, My, = 0.70 and o = 7.0), the re-
sults show very developed buffet that exhibits a larger separation
region, while in the second case (Rec =3 x 10%, My, = 0.73 and
o = 3.5), the separation is less prominent. Indeed, the two config-
urations were analysed at angles of attack 3 and 0.5 deg higher
than the respective onset angles. For the following simulations, an
actuation time of Atg = 0.001, corresponding to 10 characteristic
travel times, was used.
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Fig. 8. Mach number contours and streamlines around the V2C aerofoil at Rec =3 x 105, My, = 0.70 and & = 7.0 at selected instants over a buffet period.

V2C section

Trailing edge flaps were tested both as Gurney flaps and UTEF
(Gurney extended on the suction side). As expected, the use of the
former ones resulted in an amplification of the shock oscillation.
In principle, Gurney flaps were used to enhance the performance
of aerofoil for incompressible flows. Here, the deployment of Gur-
ney flaps causes flow separation on the pressure side near the
trailing edge. This results in a local increase in the angle of at-
tack. Therefore, all the aerodynamic coefficients grew in both their
mean value and amplitude of oscillation (see Fig. 9, dashed lines).
The only way to stop buffet would be to deploy the flap in such a
way to cross the lower buffet boundary (also known as buffet offset
[55]) and induce stall. Nevertheless, since cruise flight conditions
are below the upper buffet boundary (buffet onset), it is advisable
to suppress the SIO by a reduction of either angle of attack or
Mach number. Therefore, the aforementioned strategy is discour-
aged.

Given the inadequacy of Gurney flaps for this problem, the
UTEF configuration was studied. For this configuration, three UTEF
lengths were tested: Lyrgr/c = 0.00625, 0.025, and 0.05. Fig. 9
shows a progressive decrease in the amplitude of oscillation of the
aerodynamic coefficient as the UTEF length increases for Lyrtgr/c >
0.00625. While a short device (Lyter/c = 0.025¢) only contributes
by alleviating buffet, a longer one (Lyrgr/c = 0.05c) is able to
suppress the oscillation. Fig. 10 shows the longitudinal velocity
contour around the aerofoil with longest UTEF at steady-state. Con-

trarily to the UTEF case, the separation region generated near the
trailing edge on the suction side results in a local angle of attack
decrease. As a consequence, the shock is pushed upstream and the
separation region is split into two different ones, one at the shock
foot and another at the trailing edge. The aerofoil curvature and
angle of attack are such to result in a strong flow acceleration
(Umax/Uoo =~ 1.7). The resulting shock, even if weakened by the
effect of the UTEF, is strong enough to separate the boundary layer
underneath. Since the shock is now in the first half of the aerofoil,
i.e. in a region of favourable pressure gradient, the boundary layer
reattaches almost immediately and the separated region does not
merge with the one at the trailing edge. The detailed view of the
aerofoil trailing edge (Fig. 10, right image) shows the streamlines
around the UTEF. The flow stagnates and recirculation takes place
in front of the UTEF. This figure shows the ability of the method of
imposing no slip conditions on the infinitely thin device and cap-
turing the vortices that detach behind the flap.

The steady-state values of the aerodynamic coefficients are ap-
proximately equal to the mean at buffet conditions. This device
did not introduce penalties in terms of drag nor a lift/moment in-
crease.

OAT15A section

The same study was repeated for the OAT15A aerofoil. As the
angle of attack is only 0.4 deg above the predicted buffet onset,
shorter UTEF heights were used with respect to the previous case.
Similar considerations hold for both the Gurney and UTEF con-



A. Petrocchi, M. Mauriello and G. Barakos

14 ——— No Control 1
. ——— UTEF, L /c = 0.00625
————— UTEF, L J/c =0.025
, / r [ S ———— UTEF, Lc=0.05
12F | ! —----- Gurney
N ! | .

Aerospace Science and Technology 140 (2023) 108478

0.15

tit

06 08 1
x/c

04

T
x/c

Fig. 10. Longitudinal velocity contour around the V2C aerofoil at Rec = 3 x 10%, My, = 0.70 and « = 7.0, with UTEF. The solid, white line indicates the U/Us, = —0.001

isoline.

figurations. A main difference is the values of the aerodynamic
coefficients with respect to the mean values at buffet conditions.
Indeed, an increase in the amplitude of the aerodynamic coeffi-
cients is visible in Fig. 11. The main reason is that the upstream
shock position no longer induces boundary layer separation at the
shock foot (see Fig. 12), while in the previous case, prominent sep-
aration was still present.

For the UTEF configuration, even a 0.15% ¢ long device was able
to suppress the SIO. Given the proximity to the buffet onset (o —
onset = 0.4 deg), a smaller effort is required to alleviate buffet.

4.3. 2D spoilers

4.3.1. Open loop control

This section presents the results for an open loop control by
means of spoilers. The NACA0012 and OAT15A were analysed at
buffet conditions. The first configuration was studied under buf-
fet conditions with prominent separation on the aerofoil suction
side. The OAT15A was investigated at the same flow conditions of
section 4.2. Moreover, for the latter case a sensitivity study to the
spoiler angle was carried out. Differences between the configura-
tions are pointed out.

NACAO0012 section

At buffet conditions around the NACA0012 aerofoil, the spoiler
deployment angles amount to 10 and 20 deg. When the spoiler is
not deployed, s =0 deg in Fig. 13, the effect of the hinge slightly
dampens the oscillations as can be seen from the aerodynamic co-
efficients histories in Fig. 13. When the spoiler is deployed, the
oscillations are suppressed, with a transient time that shortens

10

with the amplitude of §s. Fig. 14 shows the effect of the spoiler
on the separated region by means of longitudinal velocity con-
tours and streamlines. The separation region is perturbed in the
low angle-case while it is broken into two parts in the high angle-
case, resulting in a stabilization of the shock position. This situ-
ation is particular because the separation is prominent even for
the baseline flow. Therefore, the size of the separated region does
not vary significantly when the spoiler is added, and the spoiler
only contributes by avoiding the propagation of disturbances in
the boundary layer. For smaller §s, the separated flow region is not
completely broken and the transient is longer. For this case, the
values of the aerodynamic coefficients at steady-state do not differ
significantly from the average one in baseline case, as for the V2C
in section 4.2.

OAT15A section

For the OAT15A case, the history of the aerodynamic coeffi-
cients in response to an instantaneous deployment of the spoiler at
different angles s is shown in Fig. 15. In Table 4, the contribution
of the spoiler is distinguished from the part of the loads that does
not account for the additional surface. Also, the viscous and pres-
sure contributions on the drag are distinguished in Table 4. The
steady-state values of the four coefficients are collected in Table 4
and Fig. 18. The lift coefficient C; tends towards a steady-state
value even for a small deflection of the spoiler (see Fig. 15 (a)).
Unlike for the NACA0012 case, a small deflection of the spoiler
allows for the buffet to be canceled. The lift increase is not due
to the presence of the spoiler itself, but to the ability of the de-
vice to stabilize the shock at a position that is downstream of the
mean position during the buffet motion. The main drawback with
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respect to the previous geometry is the increase in the drag co-
efficient Cp (see Fig. 15 (b)). The main difference is that in the
previous case of prominent separation, the spoiler was immersed
in the separated flow region and no significant pressure difference
was present between the two faces. In this case, a net pressure
jump is visible across the spoiler hinge, as shown in Fig. 16, left
plot. The pressure jump has a local minimum for §; =5 deg, and
increases significantly at higher angles. In this situation, the spoiler
no longer represents a shock control device and behaves as an
air-breaker. Under such conditions, the drag significantly increases
with respect to the uncontrolled case value.

The right panel of Fig. 16 shows the pressure distribution com-
parison between the controlled case at o = 3.5 deg and the un-
controlled case at both pre- and post-buffet onset. For the un-
controlled buffet case, the mean pressure coefficient distribution
is smeared because of the shock oscillation on the suction side. In
the other two cases, the pressure jump corresponding to the shock
can be easily detected. The presence of the spoiler creates a sep-
arated flow region where the pressure is lowered. As a result, the
shock intensity required to obtain a smaller pressure jump leads to
a more upstream position of the shock itself. As a consequence of
the modified load distribution the pitching moment Cp, increases
(see Fig. 15 (c)). At small §s, the shock position is fixed at a down-
stream position with respect to the mean shock position for the
uncontrolled case. Therefore, the lift distribution is higher in the
first half of the airfoil, while it is almost unchanged in the sec-

12

ond part. This results in a mild nose-up effect. On the other hand,
higher spoiler deflection angles correspond to an upstream shock
position and reduced pressure after the hinge on the suction side.
In these cases (65 > 10 deg), the lift distribution along the chord
with respect to the uncontrolled case is sensibly smaller before the
hinge and higher after the hinge. As a consequence, the aerofoil
undergoes a nose-down effect.

To better understand the spoiler effect at different angles,
velocity contours complemented with streamlines are shown
in Fig. 17, top panels, for a spoiler deflection angle of §s =
5, 10, and 20. The separated flow region behind the spoiler acts
by reducing the angle of attack and pushing the shock close to
the leading edge where it loses strength. This effect is more
evident as s increases. For 6 =5 deg and §; = 10 deg, the
shock is strong enough to separate the boundary layer and the
spoiler breaks the communication between the two recirculation
regions. In the other case, the shock is pushed further upstream
and the boundary layer is attached upstream of the spoiler. This
is particularly interesting because not only the spoiler acts to
stabilise the shock in response to a trailing edge action, like
in the UTEF case, but it proves useful by interfering with the
communication in the separated region with its presence. The
presence of the spoiler for s < 10 prevent the merging of the
two separated flow regions into a fully separated boundary layer
(see Fig. 17, bottom panels), which is a necessary condition for
buffet.
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Table 4 and Fig. 18 sum up the effect of §; on the aerofoil
aerodynamic performance. Even a small deflection of the spoiler
(8s =1 deg was the smallest value) resulted in buffet suppres-
sion. For a small spoiler deflection §; =1 —5 deg, the lift increased
with respect to the mean one at buffet conditions, and the smallest
drag penalty was introduced together with an additional nose-up
contribution. At higher §;, the lift decreased and the drag penalty
was even higher. Due to the modified pressure distribution in “air-
breaker mode”, the aerofoil undergoes a nose-down effect. Fig. 18
(d) shows the activation-to-steady-state time tss. Due to the re-
duced tgs with respect to the other angles, §s =5 deg was chosen
to be the optimal one. Although a short response time is not opti-
mal for applications, it is surely convenient for reducing CFD costs
associated with an higher response times (as in the case of §; =1).

It is worth noting that the aerodynamic coefficients exhibit in-
creasingly wider oscillations as §s increases. The reason resides in
the vortex shedding occurring behind the aerofoil as the size of the
separated flow region changes. Regardless of the spoiler angle, the
flow separates behind the spoiler up to the trailing edge and the
thickness of the separated region increases with §; (see Fig. 19).
The separated flow region acts as a thickened trailing edge, and
vortex shedding with increasing vortex size takes place. Larger vor-
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tices results in wider fluctuations in the aerodynamic coefficients,
as shown by the correlation between Fig. 19 and Fig. 15.

4.3.2. Automatic spoiler deployment

Here it is shown how the spoiler is activated when flow sep-
aration is detected by a probe placed on the aerofoil surface at
x/c =0.7. The effect of the deployment duration T,, on the aero-
dynamic loads was previously studied. Ton is evaluated as Top =
dt Atae. Longer Ton resulted in a slower suppression of buffet. For
practical applications, considered the short buffet period (the buf-
fet frequency for the OAT15A case is fp = 69 Hz), a relatively
long actuation time is recommended. It allows avoiding too sud-
den changes in the aerodynamic loads that could create passenger
discomfort. From the CFD point of view, a slower deployment of
the control surface is advisable as drastic changes in the flow field
can be avoided. In our case, the full deployment in over 1000 un-
steady steps was considered a compromise between accuracy and
efficiency.

Fig. 20 shows the drag coefficient (top) and local longitudinal
velocity (bottom) for the simulation around the NACA0012 aerofoil
for a §max of 5 deg. Because of its rapid increase at the activation,
Cp clearly shows the control activation. In this case, the control



A. Petrocchi, M. Mauriello and G. Barakos

Table 4

Aerospace Science and Technology 140 (2023) 108478

Steady-state aerodynamic coefficient for different spoiler deflection angles for the OAT15A aerofoil, Re; = 3 x 10%, My, = 0.73 and « = 3.5 deg. C;: lift coefficient; Cp:
drag coefficient; Cy,: pitching moment coefficient; tss activation-to-steady-state time; v-subscript: viscous component; p-subscript: pressure component; s-subscript: spoiler
contribution. The (-) indicates that these are averages takes over several periods of the residual oscillations in the flow.

s [deg] CL Cr, Cp.p Cp,ps Cpyv Cp,v, Cm Cn, tss/t*
0 0.867 0.0346 0.00375 -0.327

1 0.927 0.0085 0.0398 0.0011 0.00411 0.00035 -0.359 -0.00061 ~ 150
2 0.929 0.0079 0.0392 0.0009 0.00399 0.00022 -0.361 -0.00058 ~90
3 0.933 0.0072 0.0396 0.0007 0.00392 0.00015 -0.363 -0.00053 ~85
5 0.927 0.0019 0.0396 0.0001 0.00379 0.00005 -0.362 -0.00036 ~ 50
10 0.838 -0.0146 0.0404 0.0004 0.00346 -0.00006 -0.331 0.00016 ~45
15 0.625 -0.0374 0.0494 0.0045 0.00353 -0.00009 -0.265 0.00094 ~110
20 0.485 -0.0416 0.0570 0.0082 0.00368 -0.00006 -0.224 0.00134 ~110

of-5-55—o8 5 = 0
01f
02f
o]
03}
i
04k = mtot
—8— C,,
—H— Cypos
05 | | |
0 5 10 15 20
85
©) Cm

200

—a— t

(d) t5s * U/

Fig. 18. Steady-state values of the aerodynamic coefficients for different angles of spoiler deployment 85 around the OAT15A aerofoil, Re; = 3 x 10%, My, =0.73 and & = 3.5.
The spoiler (s subscript) is distinguished from the one with no spoiler (nos subscript).

routine started at t/t* = 20, and flow reversal was detected at
t/t* ~ 23, After the drastic increase in drag, the oscillations are
alleviated. As shown in Fig. 14, after the spoiler deflection, the re-
gion behind the spoiler is fully separated and this is confirmed by
the negative velocity in Fig. 20, bottom plot.

4.3.3. Spoiler retraction and aerofoil deceleration

The second part of the actuation is here discussed. As men-
tioned in section 2.3.4, the spoiler must be retracted after the
oscillations are suppressed. As underlined in the previous sections,
the deployment of the spoiler results in a variation of the aero-
dynamic coefficients. For instance, a sudden increase in the drag
coefficient should result in the aerofoil deceleration and the ad-
dition of a local velocity component (positive if the free-stream
is aligned with the positive x-axis). In turn, the load distribution
changes. If not by moving the CFD grid, this effect should be taken
into account by modifying Mach number and angle of attack (if the
aerofoil undergoes changes in the moment coefficient).

Changes in the aerodynamic loads are usually not accounted
for in CFD simulations. As a result, once the spoiler is retracted,
the oscillation occurs again and cancels the effect of the flow con-
trol. An example is given in Fig. 21. It shows the history of the
aerodynamic loads during and after the spoiler deployment. When
the spoiler is retracted within the aerofoil (blue and red lines in
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figure), the coefficients come back to the pre-actuation oscillating
behaviour.

Here, the aerofoil deceleration is simulated by moving the
CFD grid in the direction of the free-stream, as explained in sec-
tion 2.3.4. The motion was prescribed along the free-stream direc-
tion to only represent the drag variation, deemed as preponderant
over lift and moment in the previous section. The CFD grid accel-
eration, velocity and position follow eq. (6), where the initial and
final Mach number are 0.73 and 0.71, respectively. The method is
effective in preventing buffet from taking place again, as indicated
by the black line in Fig. 21. For the sake of clarity, the steady-state
values of the aerodynamic coefficients at My, = 0.71 were added.
These latter were rescaled by a factor (0.71/0.73)2 to account for
the difference in reference Mach number with respect to the other
simulations (solid lines).

However, some aspects must be discussed. The one degree-of-
freedom assumption made for this case is only a crude approxi-
mation to describe a possible deceleration due to a pilot action or
an increase in drag caused by the spoiler deployment. In reality,
the dynamic response to the spoiler deployment would generate a
disequilibrium in lift, drag, and pitching moment (see, e.g., Fig. 15),
significantly complicating the treatment of this problem. Therefore,
the use of a spoiler alone cannot be defined as successful unless
the dynamic response of the airfoil is studied. This consideration
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]

(a) s = 1 deg
(b) 65 =5 deg

(d) 8s = 20 deg

Fig. 19. Z-vorticity contour and streamlines around the TE of OAT15A aerofoil at Re; =3 x 106,

0 =0.73 and o = 3.5 deg. From top to bottom: §s =1, 5, 10, 20 deg. Left

and right snapshots are taken at different instants over a period of the oscillations highlighted in Fig. 15.

holds for any other dynamic control strategy. In principle, buffeting
flows see strong oscillations in the aerodynamic coefficients and
their study should account for the dynamic response of the struc-
ture. So far, this practice has not been adopted, with the exception
of Scharnowski et al. [59] who left their experimental model free
to pitch. Here, the applied deceleration can be seen as a first step
towards this kind of approach to simulate a response to the spoiler
deployment. On the other hand, the imposed deceleration can be
interpreted as an action of the pilot to escape the buffet boundary.
In particular, the spoiler deployment temporarily suppresses buffet,
and the deceleration allows moving towards conditions where SIO
is not present. The shock stabilisation is desired to avoid a possible,
temporary increase in the oscillation amplitude due to the aerofoil
deceleration. Therefore, spoilers (and UTEF) thought as a tempo-
rary solution for buffet alleviation, do not extend the buffet bound-
ary. When needed, they can be deployed to suppress the shock-
induced oscillations, allowing the pilot to return to conditions be-
low the buffet boundary. If the effect of these devices is considered
as a simple shape modification, it can be said that spoilers and
UTEF delay the onset of buffet (see the works of Tian et al. [37,17]).

4.4. 3D control

This section presents results for the finite spoiler case applied
on the OAT15A wing. The investigated angles of attack are &
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5 and 15 deg. The first is optimum for the 2D case when it comes
to lift increase and time of actuation, while the second corresponds
to an off-design actuation.

Fig. 22 shows the influence of flow control on the aerodynamic
coefficients. In every case, the SIO is suppressed within some buf-
fet periods. With respect to the 2D counterpart, the 3D case at
8s =5 deg is affected by the limited spanwise extent of the flow
control device and the response time is increased. The same holds
for the effect the spoiler has on the steady-state value of the aero-
dynamic coefficient. This is extremely positive when one looks at
the drag coefficient, as it drops significantly with respect to the
2D case. For the case §; = 5, the steady-state values of moment
and lift coefficients now roughly coincide with their mean values
at buffet conditions. The delay in the time response is not signifi-
cant: given the frequency of buffet, a response time of 3 to 5 buffet
periods corresponds to less then 0.1 s, which is more than satis-
factory for every practical application. The & = 15 case presents
a different behaviour, in agreement with the 2D results of sec-
tion 4.3.1. Lift and moment coefficients have similar values to the
2D computation, while the drag is drastically reduced. In both
cases, small oscillations in the aerodynamic coefficients remain
(see the zoomed view in Fig. 22, top-right). The causes were ex-
plored in section 4.3.1 and the same considerations hold for the
3D cases. As the vortex shedding shown in Fig. 19 now only oc-
curs on roughly half of the spanwise extent of the domain, the
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Fig. 20. Aerodynamic coefficients history in response to an automatic spoiler de-
ployment on the NACA0012 aerofoil at Re; = 10 x 108, My, = 0.72 and o = 6.0.

influence on the aerodynamic coefficients is milder with respect to
the 2D cases.

The steady-state pressure distribution in Fig. 23, top figures,
shows a curved shock front at both angles. In agreement with
the 2D cases, the shock is pushed upstream with respect to its
pre-onset position. This effect is more significant at the spanwise
positions seeing the presence of the spoiler, while the shock posi-
tion is more downstream elsewhere. In the §s = 15 deg case, the
flow is compressed between the shock and the spoiler, accentu-
ating the pressure jump across the hinge. The high §; case sees
a stronger 3D effect, since the pressure distribution differs signif-
icantly according to the spanwise section considered. The lower
pressure jump across the hinge with respect to the 2D case justi-
fies the drop in drag observed in Fig. 22.

Friction lines in Fig. 24 complement the results of Fig. 23
and corroborate those of the 2D computations. In the same plot,
Mo, = 1 Mach surfaces show the shock position, U/Uy = —0.001
iso-surfaces indicate the extent of the separated regions, and fric-
tion lines help visualize the spanwise flow organization. In the
8s =5 case, the rear shock position results in a separated flow re-
gion spanning from the shock foot to the spoiler, while for a higher
spoiler angle, an aft shock position allows the boundary layer to
re-attach. In the latter, the flow decelerates before turning around
the spoiler resulting in a higher pressure jump across the control
surface and drag penalty. The results are in line with the 2D cases.
The main difference consists of the flow structure out of the por-
tion covered by the spoiler, where the flow re-attaches. Therefore,
the effect of the finite control surface is mitigated.

The pressure difference between the upper and lower surface
of the spoiler results in two counter-rotating tip vortices which are
well captured in the computations. The higher the §;, the more in-
tense the vortices, as shown in Fig. 25. Overall, the spanwise finite
spoiler gives rise to two systems of vortices: the spanwise vortices
detaching as a result of the trailing edge thickening, typical of the
2D case, and the longitudinal tip vortices. The deployment of the
spoiler leads to the suppression of buffet by fixing flow separation
on a portion of the wing.
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5. Conclusions and future work

In this work, numerical simulations of virtual spoilers, upper
trailing edge flaps, and Gurney flaps were carried out in the con-
text of transonic buffet control. A PANS model based on a k-w
SST model was used to simulate the flow around two- and three-
dimensional configurations, providing accurate results for the pre-
diction of the SIO. Control devices were approximated by means of
no-slip, infinitely thin surfaces. The adoption of the method used
in this work allowed for an easy study of the same flow with dif-
ferent geometric properties of spoilers and flaps, such as angle of
deployment and/or length of the devices. Even with the adoption
of virtual surfaces, the simulations captured well flow separation
and/or vortices in 2D and 3D computations.

Gurney flaps and UTEF were tested for two two-dimensional
configurations: the V2C and OAT15A aerofoils. The separation re-
gion generated on the pressure side by the Gurney flaps resulted
in an increase of the local angle of attack. Therefore, Gurney flaps
did not alleviate buffet. Conversely, they caused an increase in the
shock oscillation amplitude, as well as in the fluctuations of the
aerodynamic coefficients.

The deployment of the Gurney on the suction side was able to
alleviate, if not to suppress, the shock oscillations around the air-
foils. The separated flow region at the trailing edge generated by
these devices resulted in an upstream shock position. The shock
weakened and the separation could be avoided. For both configu-
rations, the SIO was suppressed only when the shock was pushed
upstream enough to prevent the merging of the two separated
flow regions at the shock foot and at the trailing edge. For the V2C
aerofoil, studied under very developed buffet conditions, a small
device did not produce the desired effect, and a longer one was
needed.

On the other hand, spoilers proved able to stop the buffet by
hampering the communication between the shock-foot and the
trailing edge separation regions. Two airfoils were investigated in
the 2D campaign: the NACA0012 and the OAT15A aerofoils. In the
first case, because of the flow conditions and the airfoil geome-
try, the separated flow region in the buffet case was much larger.
Therefore, a greater spoiler deployment was necessary to suppress
buffet. Nevertheless, even a small spoiler angle alleviated the os-
cillations. For the OAT15A aerofoil, even a small deployment of the
spoiler revealed effective in reducing the SIO. If the spoiler is de-
ployed enough, the shock position is such to avoid boundary layer
separation, otherwise two distinct regions remain and the spoiler
prevents their interaction. Unlike the UTEF, spoilers proved to be
able to suppress the oscillations even when the boundary layer is
fully separated after the shock since the separated flow region is
broken by the presence of the device. For small spoiler deployment
angles, the control surface functions as an obstacle for disturbances
travelling in the boundary layer.

On the OAT15A, 3D simulations were repeated adopting a finite
spoiler at two deployment angles. The limited span of the control
surface resulted in a mitigation of its effect compared to the 2D
case. While the differences in the lift and pitching moment were
negligible between the 2D and 3D cases, the drag penalty signif-
icantly reduced in the 3D configurations. At a higher deployment
angle, the separation behind the spoiler is more severe, and the
device acts as an air-breaker.

The use of flow control was also complemented with an aero-
foil deceleration to simulate the effect of the pilot action to escape
the buffet regime. While the spoiler was able to suppress the os-
cillations, the deceleration applied by means of CFD grid motion
resulted in a local Mach number decrease and a successful pre-
vention of buffet. The test performed here did not account for the
dynamic response of the aerofoil to the spoiler deployment.
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Fig. 21. Aerodynamic coefficients history for 2D simulations on the OAT15A wing section at Re = 3 x 10%, My, = 0.73 and o = 3.5 deg in response to the spoiler retraction.
The dashed lines represent the steady-state values of the aerodynamic coefficients at Rec =3 x 106, Mo, =0.71 and & = 3.5 deg.
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Fig. 22. Aerodynamic coefficients history for 2D and 3D simulations on the OAT15A wing section at Rec = 3 x 10%, My, =0.73 and « = 3.5 deg.

Future efforts will be devoted to characterise this aspect by ac-
counting for the effect of the non equilibrium of forces and pitch-
ing moment. Moreover, 3D wing configurations will be tested to
assess the efficiency of the aforementioned methods. The position
of spoilers in relation to the development of buffet along 3D wings
gives hope for a successful outcome.
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