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Abstract The flow over an DRA2303 wing section is controlled by spanwise trav-
eling transversal surface waves. The actuated flow field is investigated by large-eddy
simulation. Approximately 74% of the solid surface is deflected by a sinusoidal space-
and time-dependent function in the wall-normal direction. Viscous drag reduction by
8.6% with a strong decrease of skin-friction in the favorable pressure gradient region
and an overall drag decrease by 7.5% are achieved. Furthermore, a slight increase in
lift is obtained for the external flow over a realistic geometry.

1 Introduction

Despite more efficient aircraft engines, the interest in reducing friction drag, which
makes up to 50% of the total drag for standard narrow- and wide-body aircraft, is
still high. A large variety of approaches has already been considered in the literature.

In general, the drag reduction techniques can be categorized in active or passive
methods. Among passive methods, longitudinal grooves aligned with the streamwise
direction, so-called shark-skin surfaces or riblets are well known. Early works by
Walsh and Weinstein [55] and Bechert et al. [6] proved the general applicability
of ribbed surfaces to lower turbulent friction drag. The responsible mechanism was
shown in [24] to be related to the imposition of the no-slip condition for the spanwise
velocity fluctuations at greater height into the flow than for the streamwise and wall-
normal velocity components, thereby driving quasi-streamwise vortices further off
the wall. Garcia-Mayoral and Jiménez [16] investigated the degradation of the drag
reduction at increasing riblet sizes and showed the link to a two-dimensional Kelvin-
Helmbholtz-like instability of the mean streamwise flow. In-flight tests confirmed the
drag reducing effect using an aircraft partially covered with riblets [49]. However,
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the sensitivity of the drag reducing effect of riblets to surface deterioration due to
long-term use and the challenge to ensure the optimal riblet size to varying flow con-
ditions have prevented their application in a production environment [43]. Besides
riblets, other passive approaches are available. The use of compliant surfaces seems
to be promising [10, 28, 34, 56]. The injection of gas reduces drag [9, 40]. More-
over, superhydrophobic surfaces yield interesting findings in turbulent flows [18].
Extensive research on large-eddy breakup devices showed hardly any energy saving
in practical applications [3]. Other methods achieve drag reduction by stabilizing the
wake in the downstream region of the airfoil [7].

A solution to the small-parameter-range drawback of passive methods can be
overcome by active methods. They offer the possibility to alter the actuation param-
eters based on the operating conditions. The maximum drag reduction rates of most
methods are higher than those of passive techniques. Following the observation
of suppressed turbulent production by temporal spanwise pressure gradients [38],
Jung et al. [26] measured turbulent flow with spanwise wall oscillations. In turbulent
channel flows, they achieved drag reduction rates up to 40%.

Ever since, a wide variety of actuation types has numerically and experimentally
been developed and tested. An excellent review on the different approaches is given
by Quadrio [41]. Streamwise traveling waves of spanwise wall velocity were applied
to turbulent channel flow by Quadrio et al. [42], yielding up to 60% drag reduc-
tion. Nakanishi et al. [39] investigated waves of wall-normal motions traveling in
the streamwise direction determined relaminarized flow. A wave-like wall-normal
excitation of piezo-actuator array decreased the wall-shear stress locally and a quick
recovery was observed in [5]. Another promising approach is a forcing by spatial
waves in the spanwise direction investigated by Du and Karniadakis [11] and Du et
al. [12]. They found considerable reduction of the turbulent streamwise intensities,
resulting in areduced overall skin friction. Zhao et al. [57] advanced the idea by deriv-
ing an equivalent in-plane velocity. A similar type of control in turbulent boundary
layer flow was conducted by Itoh et al. [22] and Tamano and Itoh [50]. The skin-
friction was reduced by up to 13%. Numerical investigations by Klumpp et al. [30]
and Koh et al. [31] confirmed these findings for a long wavelength, while a shorter
wavelength enlarged the drag. The extension of these investigations to non-zero pres-
sure gradient turbulent boundary layers [36] revealed a decreased drag reduction rate.
More recent results [1] indicate a higher drag reduction potential for smaller wave
periods and larger wavelengths.

The majority of the former research focuses on canonical flow problems, whereas
only some investigations consider engineering-like flow geometries. Active modifi-
cations of the attached turbulent boundary layer on wing surfaces are primarily based
on blowing and/or suction [33]. This, however, can result in increased boundary-layer
thicknesses and more energetic fluctuations [27, 52]. Recent results by Atzorietal. [4]
show promising reductions of the skin friction.

Combined passive and active measures are often considered in laminar flow con-
trol (LFC) [43], either by modifying the airfoil shape, natural laminar flow (NLF), or
by an additional active technique, hybrid laminar flow control (HLFC), to control the
development of instabilities [15]. HLFC has been tested in flight [19] and is currently
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applied to the Boeing 787-9. Note that the skin-friction is increased in the remaining
turbulent boundary layer due to the lower thickness Reynolds number compared to
the non-controlled case [47].

In brief, there is an enormous amount of literature on drag reduction available.
However, hardly any of the active turbulent control approaches have been analyzed
for more realistic configurations. The techniques which have been used in realistic
flow setups do not directly interact with the turbulent flow field or possess technical
difficulties. For this reason, the active drag reduction technique based on spanwise
traveling transversal surface waves [36], will be applied to the wing section of an
DRA?2303 airfoil. It is the objective to reduce the overall drag for such an engineering
geometry without an increase of the pressure drag and without lowering the lift. The
full analysis of the drag reduction potential is published in [2]. This contribution
represents a concise excerpt of the aforementioned paper.

2 Numerical Method

The computational approach is based on a finite volume approximation of the Navier-
Stokes equations for unsteady compressible flows. The large-eddy simulation (LES)
concept is used to determine the turbulent flow field. A second-order accurate for-
mulation of the convective fluxes using the Advection Upstream Splitting Method
(AUSM) [32] is applied. The viscous fluxes are discretized by a modified cell-vertex
scheme [35]. The time integration is performed by a second-order accurate 5-stage
Runge—Kutta scheme. The smallest turbulent scales are modeled by the monotoni-
cally integrated large-eddy simulation (MILES) approach [8]. A detailed discussion
of the method and the subgrid-scale model was presented in [35]. To capture the wall
motion, the Arbitrary Lagrangian—Eulerian (ALE) formulation of the Navier-Stokes
equations is used [20].

A parallelization with distributed memory and communication via the message
passing interface (MPI) is employed. The structured mesh is partitioned using a
tree-based splitting algorithm to generate sub-blocks of the global mesh [17]. Each
sub-block is assigned to one parallel process and the flow variables at the sub-block
interfaces are exchanged in every Runge—Kutta sub-step.

This numerical method has thoroughly been extensively validated, see e.g.. [29,
30, 37, 44].

3 Computational Setup

The flow is defined in a Cartesian domain around an infinite wing section with the x-
axis being the airfoil chord, the z-axis defining the direction of the infinite wing span,
and the y-axis being perpendicular to the other two axes. Positions are x = (x, y, z)
and velocities are denoted by u = (u, v, w), the pressure is given by p and the density
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(a) full computational domain (b) close-up

Fig. 1 C-type body-fitted mesh; the x-axis is aligned with the airfoil chord, only every 10th grid
point in the wall-tangential direction is shown; a full computational domain; b close-up view

by p. The geometry of the wing section is defined by an DRA2303 airfoil with a
maximum thickness of 14% chord. The flow field of this supercritical laminar-type
airfoil has extensively been investigated for transonic flows [13, 14, 44, 48]. It can be
considered a fundamental generic airfoil for this flow regime [31, 37]. The minimum
of the pressure coefficient ¢ i, = min((p — poc)/ (,ooougo)) on the suction side of
the airfoil is reached almost at mid-chord, i.e., (x/c),,,,, =~ 0.5 —0.55.

A block-structured three-dimensional body-fitted C-type mesh is used to dis-
cretize the physical domain with an extension of 15 chord lengths upstream and 10
chord lengths downstream of the wing. The size of the computational domain is
substantially larger than in the DNS by Shan et al. [46]. In the spanwise direction,
the wing section is 10% chord wide. This width suffices to capture at least three
boundary layer thicknesses and is wide enough to consider multiple wave lengths of
the actuation function. A two-dimensional representation of the numerical domain
is shown in Fig. 1a with a close-up of the mesh in the vicinity of the airfoil shown in
Fig. 1b.

A RANS simulation of the same setup with a larger domain size of L, x L, =
120c x 120c yielded the same pressure distribution. The grid resolution in inner
scaling on the wing surface near the leading and the trailing edge is Ax* < 21.0,
Ayt < 1.3,and Azt < 8.0. The final grid consists of 408 million cells.

No-slip solid wall boundary conditions are imposed on the surface of the airfoil.
Characteristic inflow conditions are defined on the far-field boundaries on the left and
lower boundary and characteristic outflow conditions including the ambient pressure
Do are used on the upper and right boundary. An additional sponge suppresses the
reflection of outgoing pressure waves at the boundaries. In the spanwise direction,
periodic boundary conditions are applied.

A numerical tripping at x/c = 0.1 on both sides of the airfoil triggers laminar-
turbulent transition [21, 45].
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The freestream Mach number is M = 0.2 and the angle of attack is o = 2.0.
The chord of the airfoil is aligned with the x-axis. The freestream Reynolds number
based on the chord length of the airfoil is Re = 400,000, i.e., comparable to [21].
This problem can still be computed in an acceptable time frame. The traveling wave
of the surface is given by

Yo lwanz*, 17) = AT cos <i—iz+ - ;—Zﬁ) : (1)
The quantity AT = Au,/v is the wavelength, AT = Au,/v the amplitude, and
T+ = Tu? /v the period in inner scaling. A smooth transition from the non-actuated
to the actuated surface and vice versa is guaranteed by a 1 — cos(x) function in the
streamwise intervals 0.2 < x/c < 0.25and 0.9 < x/c < 0.95. In terms of the chord-
wise coordinate system 74.02% of the integrated wetted surface undergo an actuation.
The limits of the actuated area ensure that a large percentage of the airfoil surface is
influenced by the sinusoidal wall motion. Note that the temporal transition from the
non-actuated to the actuated surface is also described by a 1 — cos(¢) function. The
values of the parameters of the wave motion are based on results of previous analyses
of zero-pressure gradient turbulent boundary layer flows [1, 30, 31, 37]. Using the
previous findings, the amplitude is prescribed in the range 30 < A1 < 50. To keep
the increase of the wetted surface due to the wall deflection small, a long wavelength
is preferred. The most promising period of the actuation function is found to be in
the range 30 < T < 50 [1, 30]. Due to the variation of the friction velocity u, in
the streamwise coordinate x, the wave parameters are a function of the x-direction
to approximate the optimal range in most parts of the wing. The amplitude varies in
the streamwise direction. This is especially relevant in the adverse-pressure-gradient
region, i.e., x/c > 0.55, to balance the reduced drag reduction potential due to the
positive pressure gradient conditions [36].

The characteristic time scale of the large scales based on u, and §y at x/c = 0.8
on the suction side is similar to that in [54] for a comparable setup. Note that no
normalized eddy-turnover time [53] is given since no homogeneous direction exists
for the actuated setup. The instantaneous solution of the non-actuated flow is used
as initial distribution for the actuated flow. Again, when the steady state of the lift
and drag coefficient of the actuated case is reached the computation is performed for
another five flow-over times to sample enough data for the turbulence statistics. For
the non-actuated flow, the solution fields are spanwise averaged and for the actuated
case phase averaged.

4 Computing Resources

The computation of the actuated airfoil flow problem requires a high amount of
computational resources. This is mainly due to the relatively high Reynolds number
of Re. = 400, 000 and the requirements of the wall-resolved large-eddy simulation
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(LES) approach. That is, most of the turbulent scales need to be resolved and a high
mesh resolution is required, especially in the near-wall region and in the wake flow.
The final mesh consists of 408 million cells and is furthermore time-dependent.
Thus, in addition to the numerical flux discretization the geometrical properties,
i.e., the metric terms, need to be recalculated in every Runge—Kutta sub-time step.
Besides, to guarantee a stable and conservative solution the geometry conservation
law (GCL) needs to be fulfilled, requiring the computation of the additional volume
flux. The simulation was carried out on 200 compute nodes of the high-performance
platform Hazelhen, where each node consists of two Intel® Xeon® E5-2680 v3
CPUs, i.e., a total of 4,800 cores were used. On average, each partition contains
approximately 85,000 cells and one core is used for each partition. The total run
time of one simulation was 2.5 - 10° iteration steps translating into 524 h of actual
computation time and a total of 2.51 - 10° core hours required.

5 Results

In Fig.2, the flow field over the actuated wing section is shown by contours of the
Aa-criterion [23] colored by the streamwise velocity component. The flow is tripped
at x/c = 0.1 and the transition from the non-actuated to the actuated surface is
imposed at x/c = 0.2. The turbulent structures in the outer boundary layer cover
the changes in the near-wall structures that are responsible for the differences in the
wall-shear stress of the actuated and the non-actuated flow.

The temporal evolutions of the combined viscous and pressure drag

Fig. 2 Contours of the A,-criterion above the actuated airfoil, colored by the streamwise velocity
component



Drag Reduction by Surface Actuation 301

2
=i ([ meenan - [ pon-enda).
;OoouooAref A i A

the viscous drag in the x-direction

2

Cdv = "7
poou%oAref

/ Tw(n : ev)dA s
A )

and the lift in the y-direction

2
= —> (/ Ty -e)dA — f p(n- ev)dA> ,
)OoouooAref A A :

are presented in Fig. 3. The wall-shear stress and the pressure are integrated over the
whole surface of the wing section. To emphasize the differences between the actuated
and the non-actuated flow the distributions are scaled by the mean coefficients of the
non-actuated reference case ¢4 ref, Ca,v,ref» and ¢ o . During the temporal transition
from the non-actuated to the actuated flow, the total drag of the actuated case starts
to reduce and reaches a new quasi-steady state after about 0.25 flow-over times. A
similar behavior is observed for the viscous drag coefficient in Fig. 3b. The temporal
evolution of the lift coefficient in Fig. 3¢ shows a larger delay with a visible increase
only after about 0.7 flow-over times. On average, a decrease of the total drag by
7.5% is achieved and the lift coefficient is even slightly increased by 1.4%. The large
wavelength results in only a minor increase of the wetted surface by 1.6% such that
the viscous drag coefficient is reduced by 8.6%.

The mean wall-tangential velocity distributions in the wall-normal direction at the
streamwise positions x /¢ = 0.5 and x /c = 0.7 on the suction and the pressure side of
the wing section are depicted in Fig. 4. The position x/c = 0.5 is located in the zero
pressure gradient region and the location x /¢ = 0.7 in the adverse pressure gradient
region in the aft part of the wing section. Note that the velocities are normalized by the
friction velocity of the non-actuated reference case to enable a direct comparison. At
all four locations, the velocity distribution in the trough region of the phase-averaged
wave is significantly lowered, whereas only slight variations are observed in the near-
wall region on the wave crest. This behavior is consistent with previous investigations
of transversal surface waves on zero-pressure gradient turbulent boundary layers,
where the essential drag reduction is achieved in the trough region of the wave [31].
In the following, we will focus on the two locations, i.e., x/c = 0.5 and x/c = 0.7,
on the upper side.

A detailed look of the impact of the wave motion on the turbulent field is taken
in Fig.5, where the normal components of the Reynolds stress tensor in the wall-
tangential,wall-normal, and spanwise direction are shown at the two positions on
the suction side. The distributions of the shear-stress component are also illustrated.
The fluctuations in the 4a direction in Fig.4a, b are clearly reduced in the crest and
the trough region. Due to the zero pressure gradient and the higher wave amplitude
in inner units, the decrease of the fluctuations is stronger at the upstream position.
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Fig. 3 Temporal evolution of a the ratio of the instantaneous total drag coefficient of the actuated
case to the averaged drag coefficient of the non-actuated reference case, b the ratio of the instanta-
neous viscous drag coefficient of the actuated case to the averaged viscous drag coefficient of the
non-actuated reference case, and ¢ the ratio of the instantaneous lift coefficient of the actuated case
to the averaged lift coefficient of the non-actuated reference case; the grey column indicates the
time of the temporal transition from non-actuated to the actuated case
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Fig. 4 Averaged wall-tangential velocity component distribution at x /¢ = 0.5 (left column) and
x/c = 0.7 (right column) on the suction side (top) and on the pressure side (bottom) of the wing
section for the non-actuated reference and the actuated case

In the wave trough, a shift of the peak of the fluctuations off the wall is apparent.
This is caused by shielding the wall from quasi-streamwise vortices [31, 51]. While
the fluctuations in the wall-normal direction in Fig. 4c, d are significantly decreased
at the upstream position, they remain almost unchanged in the adverse pressure
gradient region at x/c = 0.7. For the spanwise fluctuations in Fig.4e, f the result
is more diverse. An apparent decrease occurs in the zero pressure gradient region
and an increase in the adverse pressure gradient region. In general, the zero pressure
gradient conditions are beneficial for the wave motion, supporting the reduction of
turbulent motion near the wall, whereas the adverse pressure gradient counteracts the
desired effect of the actuation for the current set of wave parameters. The positive
pressure gradient causes a lower wall-shear stress already in the non-actuated flow.
This means that a reduced actuation, i.e., a smaller amplitude, is more efficient than
the current surface motion [36].

Finally, the wall-tangential and the wall-normal vorticity fluctuations are consid-
ered. Jiménez and Pinelli [25] showed that a suppression of wall-normal vorticity
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Fig.5 Averaged distributions of the Reynolds stress tensor components at x /¢ = 0.5 (left column)
and x /¢ = 0.7 (right column) on the suction side of the wing section
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Fig. 6 Distribution of the root-mean-square of the vorticity fluctuations in inner units at x /¢ = 0.5
(left column) and x/c = 0.7 (right column) on the suction side of the wing section for the non-
actuated reference and the actuated case; a, b wall-tangential vorticity component; ¢, d wall-normal
vorticity component

fluctuations can be directly related to a decrease of the turbulent velocity fluctua-
tions and thus to a decrease of the skin friction. This has been confirmed in [30] for
an actuated flat plate flow and a similar conclusion can be drawn from Fig. 6. The
decrease of the wall-normal component is observed in the near-wall region at both
positions, with a stronger reduction in the zero pressure gradient region and generally
on the wave crest. The distributions of the wall-tangential components show nearly
unchanged distributions in the zero pressure gradient region and a slight increase in
the wave trough in the adverse pressure gradient region.
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6 Conclusion

Spanwise traveling transversal surface waves were applied to a wing section with
a DRA2303 geometry in a turbulent flow. The purpose of this investigation was
to prove that in engineering-like flow scenarios with favorable, zero, and adverse
pressure gradients and non-zero surface curvature drag reduction can be achieved.

The turbulent flow was simulated by a high-resolution implicit LES. The boundary
layer was tripped near the leading edge. About 74% of the surface underwent a
transversal spanwise wave motion with a variation of the amplitude in the streamwise
direction.

A reduction of the integrated total drag by 7.5% is obtained and the lift coefficient
is enlarged by 1.4%. The simultaneous improvement of both coefficients is due to
the reduction of the streamwise turbulence intensities and a decreased boundary-
layer thickness. This is in contrast to findings of the technique of blowing into the
turbulent boundary layer, where the turbulence production is primarily shifted off the
wall, leading to a thickened boundary layer and an increased pressure drag [4]. The
main reason for the drag reduction is the significantly lowered wall-normal vorticity
fluctuations.
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