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The effect of compressibility on drag reduction (DR) by spanwise traveling transversal
surface waves (STTSW) is investigated in turbulent boundary layer (TBL) flow over a flat
plate. Wall-resolved simulations are performed at Mach numbers M, = 0.2 and M, = 0.7
over a range of actuation parameters, i.e., wavelength, period, and amplitude. The results
based on 36 cases simulated for each Mach number show that DR is more pronounced
at higher Mach numbers with a maximum reduction of 19.2% at M; = 0.2 compared to
27.5% at M, = 0.7 for identical actuation parameters. This enhanced DR at M, = 0.7 is
mainly due to the formation of spanwise shock waves at higher phase velocities. These
spanwise shock waves are generated by the actuated wall deformation that redistributes
the pressure field. Upstream of the shock, in the supersonic flow region, the development
of streamwise vortices is weakened, resulting in reduced turbulent mixing and dissipation.
Downstream of the shock, the turbulent structures are reorganized due to the compression
wave leading to locally high wall-shear stress. Integrating the wall-shear stress distribution
over the complete surface wave shows that the spanwise shock waves cause significant
friction drag reduction. However, the pressure variations upstream and downstream of
the shock wave require an increased actuation power, which results in negative net power
saving at M, = 0.7.

DOI: 10.1103/2882-bszw

I. INTRODUCTION

The wall-shear stress in turbulent boundary layers contributes to the overall drag of slender
bodies moving through fluids. Friction drag accounts for approximately 50% of the total aerody-
namic drag [1]. In turbulent flows, intense and rapid energy exchange causes the entrainment of
high-momentum fluid from the outer layers into the near-wall region, thereby creating high shear
flow near the wall and thus significant friction drag. For aircraft, a 1% reduction in friction drag
can lead to 0.75% reduction in fuel burn during long-distance flights. Therefore, it is essential to
decrease the wall-shear stress to achieve energy savings and thereby to lower fuel consumption and
pollutant emissions.
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Various drag reduction (DR) techniques have been explored, including passive methods such
as riblets and active methods such as wall oscillation, blowing, and suction [2]. Among these,
spanwise in-plane wall oscillations, first studied by Jung et al. [3], have shown significant potential
in reducing drag by modifying near-wall turbulence structures. This concept was later extended to
in-plane spanwise traveling waves [4—6] and spanwise traveling transversal waves with sinusoidal
deformed walls [7—11]. The effectiveness of these near-wall transverse forcing methods has been
thoroughly reviewed by Ricco ef al. [1] and Fukagata et al. [12]. Both studies emphasize the role
of the Stokes layer in drag reduction. In spanwise traveling transversal surface waves (STTSW), the
wall deformation is achieved by imposing a sinusoidal displacement in the wall-normal direction,
which induces velocities in the wall normal and the spanwise direction. This approach contrasts with
in-plane spanwise traveling waves, which directly influence only the spanwise velocity component.

Research concerning STTSW has advanced significantly over the past decade. Initially, numer-
ical studies focused on understanding the basic mechanisms of friction drag reduction, which is
caused by the effective disruption of the formation and persistence of near-wall vortical structures
[7,8]. Subsequent work by Albers et al. [9] extended these findings by systematically exploring a
broad range of actuation parameters to optimize both drag reduction (DR) and net power saving
(NPS). Their studies demonstrated that under certain conditions drag reduction of up to 26% could
be achieved. NPS values were generally below 10% and were observed for actuation settings
different from those for maximum DR. In other words, there is a tradeoff between achieving high
drag reduction and maintaining energy efficiency. Recent investigations by Miteling et al. [11]
and Lagemann et al. [13] have significantly advanced the understanding of the drag reduction
mechanisms by STTSW revealing their sustained efficacy even at moderate Reynolds numbers. At
lower Reynolds numbers, friction drag reduction by STTSW is achieved through the deformation
and breakup of quasistreamwise vortices. At a higher Reynolds number, a secondary mechanism
involving inner-outer layer interactions becomes dominant which balances outer-layer sweeps
and maintains drag reduction. This enables consistent drag reduction of up to 26.5% at Re, =
1525 [13].

While the benefits of STTSW in incompressible flows have been well documented, the impact
of compressibility in higher Mach number flows, which are crucial in aeronautical applications,
has received limited attention in drag reduction studies. The influence of compressibility on drag
reduction via spanwise forcing has been predominantly explored through in-plane wall actuation.
Yao and Hussain [14] conducted a comprehensive study on compressibility effects in spanwise
wall oscillations, examining plane channel flows at Mach numbers M = 0.3, 0.8, and 1.5. They
observed that drag reduction increased with Mach number up to 47.1% at M = 1.5. More recently,
Ruby and Foysi [15] confirmed the beneficial effect of compressibility on DR and NPS. They
obtained maximum DR at M = 3. Gattere et al. [16] showed that compressibility significantly
enhances the DR effect of streamwise traveling waves particularly at lower frequencies and wave
number. Their findings underscore the importance of considering compressibility in the design of
flow control strategies since it can lead to substantial improvements in both drag reduction and
energy efficiency. In the present study, the impact of compressibility on friction drag reduction in
turbulent boundary layers is investigated in detail for spanwise traveling transversal surface waves
(STTSW).

The paper is structured as follows. Section II details the numerical setup, including the governing
equations, solution methods, and the parameters defining the flow fields. The methodology for
quantifying drag reduction and net power saving is also outlined, along with the application of a
triple decomposition to separate mean, coherent, and stochastic components of the compressible
flow. Section III presents the results, focusing on the evaluation of DR and NPS across various
actuation parameters. A detailed analysis is presented on how spanwise shock waves develop,
how spanwise shock waves influence turbulence structures, how the turbulent kinetic energy is
redistributed, and how the skin friction components are modified. Finally, the key findings on the
implications of compressibility for drag reduction are summarized in Sec. IV.
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II. NUMERICAL SETUP AND POSTPROCESSING

A. Governing equations and solution method

Turbulence scale-resolving numerical simulations for actively controlled turbulent boundary
layer flow are conducted by approximately solving the Navier-Stokes equations using the finite
volume (FV) method of the open source in-house multiphysics flow solver m-AIA (multiphysics
Aerodynamisches Institute Aachen) [17]. The Navier-Stokes equations for three-dimensional un-
steady compressible flow read in integral form

3/stwrf H(Q)~ndS:/FQdQ, 1)
ot Jo 1) Q

where Q" = (p, pu, pE) is the vector of conservative variables. The quantity Fg, presents the
volume force and H(Q) is the flux vector consisting of the inviscid Hj,,(Q) and viscous fluxes
H,is(Q):
ru 1 9
H(Q) = Hiy(Q) —Hyi(Q) = | puu™ +p | + R | = T (2)
u(pE + p) "\Tu+q

with the velocity vector u” = (¥, v, w). Denoting the dimensional variable by an underline
and the state at rest by the subscript O the dimensionless density, velocity, pressure, and energy are
p = p/po,u=u/ay, and p = p/(poaj), and E = E /aj. The Reynolds number based on the speed
of sound at rest is Reg = poaoLref/y,Twhere Ly is the reference length. Sutherland’s law is used
to compute the viscosity 1. The system of equations is closed by assuming a Newtonian fluid and

an ideal gas. The stress tensor T = —2uS + %u(V -wI, where § = %[V -u+ (V -u)T]is the rate

of strain tensor and I is the identity matrix. The heat flux is expressed by Fourier’s law q = —kV T,
where k = c,,1/Pr is the thermal conductivity. T is the static temperature, the specific heat capacity
at constant pressure is ¢, = yR/(y — 1) with the ratio of specific heats y = 1.4, and Pr = 0.72 is
the Prandtl number for an ideal gas.

The discretization of the inviscid terms Hj,, consists of a mixed centered-upwind AUSM (advec-
tive upstream splitting method) scheme at second-order accuracy [18]. The cell-surface values of the
flow quantities are reconstructed from the surrounding cell-center values using a monotone upstream
scheme for conservation Laws (MUSCL) type strategy. The viscous terms H,;s are discretized using
a modified cell-vertex scheme at second-order accuracy [19]. The temporal integration is based on
a second-order explicit five-stage Runge-Kutta method.

Equations (1) are solved for a flat plate flow in a moving reference frame using an arbitrary
Lagrangian-Eulerian formulation [20] of the conservation equations. The flow domain is discretized
using a structured body fitted mesh. The Cartesian coordinates x, y, and z representing the stream-
wise, wall-normal, and spanwise directions are defined in Fig. 1. Periodic boundary conditions are
implemented in the spanwise direction. The reformulated synthetic turbulence generation (RSTG)
method by Roidl et al. [21] is imposed at the inflow boundary to generate a fully developed turbulent
boundary layer. A characteristic outflow boundary condition is used for the upper free stream
boundary and the outflow plane. The trigonometric function

21
Ylwan(x, z, 1) = g(x)A cos (T(Z - ct)) 3)

defines the wall-normal motion by the wall boundary condition. The quantity A is the wave
amplitude, X is the streamwise wavelength, T is the period, and c is the phase speed which describes
the spanwise traveling speed determined by A/T. g(x) are step functions to manage a gradual
spatial implementation and decay of the actuation in the x direction. The configuration consists
of a nonactuated region (0 < x/6 < 50), a transition region (50 < x/6 < 125) to ensure a smooth
surface transition from the flat plate to the wavy surface for all actuation cases, a fully actuated
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FIG. 1. Schematic of the spanwise traveling transversal surface wave configuration. The wall deformation
is imposed in the spanwise direction z as a traveling wave characterized by phase speed ¢ = A/T, wavelength A,
and amplitude A. The dark blue region (125 < x/6 < 235) denotes the fully actuated zone. Drag reduction and
net power saving are calculated over the red-shaded integration window (155 < x/6 < 205), which remains
fixed across all actuation cases.

region (125 < x/6 < 235), and finally a transition to a nonactuated region (235 < x/6 < 310).
The momentum thickness 6 at x = 165 of the nonactuated reference case is equal 1. It is used
as reference length for the development of turbulent boundary layers.

The numerical method has been thoroughly validated and proven suitable for the current scenario
by numerous analyses of actuated flat plate TBL flows [9,11], actuated turbulent airfoil flows [10],
and shock-wave/boundary-layer interactions [22].

B. Simulation cases

Two Mach numbers M; = 0.2 and M, = 0.7 are considered to investigate the effect of compress-
ibility on DR and NPS. The Reynolds number based on the momentum thickness of the reference
case is Rey = 6, us/v = 1000. The domain sizes are defined by L,/0 =361, L,/6 =101, and
L,/60 = 21.65, 32.47, 43.30, 54.19, and 64.94. Structured body-fitted curvilinear meshes are used
to discretize the physical domain. The grid resolution is AT x A} ~ 10.0 x 4.0, and A;' |wan = 1.0
with gradual coarsening in the y coordinate yielding a maximum value of A;’ < 16.0 in the outer
region of the boundary layer. The near-wall grid resolution is that of a direct numerical simulation
(DNS) to ensure an accurate solution for the impact of wall actuation on turbulent structures. Grid
convergence studies were performed in our previous work on STTSW at M = 0.1 and Rey = 1000
[9]. The standard resolution with (Ay™ |y, AzT) = (1.0, 4.0) yielded drag reduction results deviat-
ing by less than 0.01% from the fine-grid solution based on a (0.7, 2.0) mesh resolution. Therefore,
the standard mesh is used for the current investigation. The grid resolution validation for M = 0.7
is addressed in [23].

The actuation parameter range defined by A*, T, A" in inner scaling based on the friction
velocity u,, and the kinematic viscosity v at x; using the previous incompressible cases [9] is given
in Table I. It is covered by a near-random space-filling sampling method, i.e., Latin hypercube
sampling (LHS). To be more precise, 72 cases are performed for M; = 0.2 and M, = 0.7.

TABLE I. Dimensionless actuation parameters for wavelength A™, time period T, and amplitude A*.

M At Tt At
0.2 {1000, 1500, 2000, 2500, 3000} [70, 160] [10,79]
0.7 {1000, 1500, 2000, 2500, 3000} [70, 160] [10,79]
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C. Triple decomposition

Turbulent flows exhibit a repeating pattern when subjected to external periodic forcing such as
STTSW. The use of triple decomposition allows the separation of velocity and pressure fields into
components representing mean, coherent, and stochastic motions [24]. The decomposition for the
incompressible turbulent flow defined by the standard Reynolds average reads

f=ey)+ ezt =Ffey)+ fay)+ oy 1), “4)

where (f) is the phase average of an arbitrary flow variable f combining the temporal and phase-
corrected averages. A spatial average of (f) in the z direction yields the ensemble mean variable
f. The periodic fluctuations are then computed by f = (f) — f and the stochastic fluctuations by
f"=r={).

When it comes to compressible turbulent flow, mass-weighted time averaging is more suitable
compared to conventional time averaging. An instantaneous variable via decomposition combined
with Favre averaging [25] can be expressed as

f=f+f///=f+f+f///, (5)
where f is the phase Favre averaging with stochastic fluctuations defined as
f=1f)/p). (©)

The quantities f and f represent the ensemble mean variable and periodic fluctuation with Favre
averaging. The stress tensor with Favre averaging can be written as

frf=rfr=rr (7
The aditional overbar for this stress tensor, e.g., f” f”, denotes a spanwise averaged variable. Unless
specified otherwise, all wall-normal and spanwise distributions are computed at the streamwise
location x/0 = 180, i.e., in the center of the fully developed actuated region.

D. Definition of drag reduction and net power saving

The efficiency of the actuation is evaluated based on the drag coefficient ¢, x ot for the actuated
case and ¢, x rer for the nonactuated case, i.e., reference cases:

__ Cd xref — Cd,xact

Acy = x 100, (8)
Cd x,ref
c4 = Cap + ca.f = FPreslsure,x 'l‘ Ffriclion,x (9)
§poouooAsurf

are determined by the pressure force Fyressure = % fT f Ao —pndAdt and the friction force

Ftiction = % fr f Ao TndA dt in the streamwise direction, with Foressure,x and Ficiion,x acting on the
wetted surface Agy,s shown in Fig. 1 by the red-shaded integration window (155 < x/6 < 205). The
sampling time for the time average coefficient calculation is denoted by 7. Furthermore, the NPS is
defined by

Pref - (P act T P, control) _ P, control

APy = x 100 = Acy

x 100, (10)
Pref ref

where Pretjact = Fref x/act,xloo 15 the free-stream energy for the reference or actuated case, while

Preontrol = % fT f Asur{[—puwau +?uwau] -ndAdt is the power required to overcome the compres-
sive and frictional forces acting on the plate surface [9,23], where the wall velocity wy, =
(07 Uwall s O)

The time averaged sampling error for DR and NPS is considered. The standard uncertainty
of DR is calculated by opr = cal,x,act/Cd,x,ref\/(Scd,x,act/cd,x,act)2 + (acd,x,ref/cd,x,ref)2 [26], where
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the standard uncertainty of 8cg x act and 8cg xrer 1S determined by an autoregressive method [27].
Analogous to the calculation of the standard uncertainty of DR, the standard uncertainty of the NPS
yields onps = opr + PconLrol/Pref\/(8Pcontr01/Pc0ntrol)2 + (8Pt / Pret )% Finally, the statistical error is
obtained for a confidence interval of 97.5%.

The sampling starts when the quasisteady state is reached, which is determined by the time
series of the drag force. For the reference case, data are sampled when (= tu% /v) > 2000, and
AtT & 5000 is used to determine the mean value. The maximum sampling error of DR represented
by dpr is less than £0.20%. For the actuation cases, the flow field of the reference case is used as
initial distribution and the transition from a nonactuated to an actuated wall flow is performed via a
temporal decay function. After an adequate transition interval Ar* ~ 4000, the data of all cases are
averaged over At ~ 8000, which equals 50 cycles for the largest period T+ = 160. The sampling
errors for the actuation cases will be further discussed in Sec. IIT A.

III. RESULTS

In this section, the effects of spanwise traveling transversal surface waves (STTSW) on turbulent
boundary layers at Mach numbers M; = 0.2 and M, = 0.7 are examined. A thorough discussion of
the impact of compressibility on drag reduction (DR) and net power saving (NPS) is presented.

First, drag reduction and net power saving are analyzed for different actuation parameters to
identify trends at various Mach numbers. Then, the instantaneous flow fields are investigated to show
how the wall actuation modifies the wall pressure distribution and near-wall turbulence structures.
Subsequently, changes in turbulence statistics and energy spectra are addressed to emphasize
turbulence energy redistribution and its impact on the structure of quasistreamwise vortices. Finally,
a detailed discussion of the skin friction decomposition yields detailed insights into the contributions
of viscous and turbulence dissipation, streamwise kinetic energy, and heterogeneity in the spanwise
and streamwise directions.

A. Drag reduction and net power saving

Figures 2(a) and 2(b) show the maps of DR as a function of A* and T* at M; = 0.2 and M, =
0.7. At each Mach number, the solution of 36 cases is indicated by grey dots. Cubic interpolation of
these data onto an irregular grid over the parameter space A* = 1000, 1500, 2000, 2500, 3000 and
70 < TT < 160 was performed to generate the maps. In Fig. 2(a), the maximum DR for M| = 0.2 is
19.2% at (A", T™) = (3000, 88). This is consistent with the previous result for M = 0.1 [9], which
showed 16% drag reduction at a similar actuation condition (A*, TT) = (3000, 90). In Fig. 2(b),
the drag reduction map for M, = 0.7 shows a similar distribution. The highest drag reduction values
occur in the upper left region of the parameter space. The maximum DR increases to 31.35% at the
actuation parameter setting (A", T%) = (3000, 100) followed by 27.5% at (A*, T™) = (3000, 88).
In Fig. 2(c), the differences between M| = 0.2 and M, = 0.7 are illustrated. In general, the distri-
bution of the difference of the DR values is positive, indicating that the higher Mach number yields
higher DR values. The highest difference is observed in the region in the upper left corner. The
entire dataset can be decomposed into two regions, I and II. This decomposition is determined by
the critical outer scale parameter, i.e., the phase speed ¢ = A/T.The effect of c/u, on DR and NPS
is shown in Fig. 3. Figures 3(a) and 3(b) evidence that for increasing c/u«, the overall DR tends to
increase for each A™. This increasing distribution is similar for both Mach numbers. The same is
true for the NPS distribution in Figs. 3(c) and 3(d). Considering the DR and NPS distributions, it is
clear that at a certain value of ¢/us an almost discontinuous increase in DR and a decrease in NPS
occur. This division is defined by the red dashed vertical line which also decomposes the difference
map in Fig. 2(c) into regions I and II.

Unlike the distribution of DR as a function of ¢/uy in Fig. 3(a), which strongly oscillates,
Fig. 4(a) indicates a linear correlation between DR and the scaling parameter Ac/@ue, for each 1™ at
M; = 0.2. The nondimensional parameter Ac/6u., captures the combined effect of wave amplitude
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FIG. 2. Maps of DR at (a) M; = 0.2 and (b) M, = 0.7. Map of the difference in DR between M; = 0.2 and
M, = 0.7 (¢).

A and speed ¢ which describe the degree of influence the actuation has on modifying near-wall
turbulence. The linear correlation indicates that quantities A and ¢ are independently positive factors
that influence drag reduction at M; = 0.2. However, at M, = 0.7 shown in Fig. 4(b), this linear
relationship is perturbed by certain outliers. These outliers represent flow solutions in region II in
Figs. 2(c) and 3(b), where the phase velocity ¢ becomes the dominant factor for drag reduction.
Therefore, we hypothesize that the drag reduction mechanism may differ between regions I and 11
illustrated in Figs. 2 and 3.

To investigate potential differences, the subsequent analysis focuses on representative cases
selected from each region. Specifically, the cases achieving the maximum drag reduction at M = (0.2
in each region are chosen. For comparative purposes, the same actuation parameters are applied
at M = 0.7. In Table II, the essential parameters and findings of four characteristic cases from
regions I and II at M; = 0.2 and M, = 0.7 are summarized. The cases from region I (CI) with
¢/uso = 0.95 show a slight increase in Ac, and a poor increase in AP, at increasing Mach number.
This trend agrees with the results from Ruby and Foysi [15], who observed that drag reduction and
net power saving tend to improve with increasing Mach number. However, in region II (CII) with a
nondimensional phase speed c/u., = 1.54, there is a large increase in Acy, while AP, shows an
order of magnitude reduction at M, = 0.7 caused by the drastic increase in Peopio1. The net power
saving is defined in Eq. (10) by the difference between Ac,; and the power for control. That is,
positive values are achieved only when Acy, i.e., drag reduction, surpasses the control power. The
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FIG. 3. DR (a), (b) and NPS (c), (d) as a function of phase speed c¢/u., at (a), (c) M; = 0.2 and (b), (d)
M, =0.7.

statistical error for drag reduction épgr is less than +0.25%; for Snps, in region I it is less than
40.34% and in region II it is less than £0.55% at M|, = 0.2 and £4.4% at M, = 0.7. In actuated
flat plate flow, drag reduction is influenced primarily by the friction force, while the pressure-related
force % fT f Aot [—puyan] - ndA dt is essential for the control power. A more detailed analysis of the
impact of the pressure and shear stress distribution is given in the next section.

B. Instantaneous flow field

Figire 5 shows for several turbulent boundary layer flows wall pressure pyai/peo, pressure con-
tours in the yz plane, and A, contours [28] in the xz plane at y*© < 60. The A, contours are illustrated
for A7 = —0.03 and colored by the relative Mach number My = v/u2 + v2 + (w — ¢)2/ /v p/p-
They represent streamwise coherent structures that are massively determined by the shear stress in
the streamwise direction. The flow fields possess spanwise inhomogeneities with periodic pressure
and shear stress patterns. The trough region is characterized by higher pressure, while the crest
region features greater near-wall velocity, i.e., higher total shear.

The wall deformation generates a compression region in approximately 0 < z+ < 1500 and
an expansion region in approximately 1500 < z+ < 3000. This is especially evident in Fig. 5(f).
A spanwise shock wave develops at M, = 0.7. In the leeward region of the surface wave
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FIG. 4. DR as a function of Ac/6uy, at (a) M; = 0.2 and (b) M, = 0.7.

1500 < z* < 3000, the flow undergoes a massive acceleration. At the high phase speed c¢/us =
1.54, the flow is supersonic such that the compression in the windward region of the surface wave
causes the formation of a shock wave. This is evidenced by the wall pressure distribution and
pressure contours shown in Fig. 5(f). Upstream of the shock wave, the streamwise vortices are
less dense in the near-wall region, while just downstream of the shock the high pressure causes a
locally extremely high concentration of the streamwise vortices. That is, the high speed c¢/u«, causes
at M, = 0.7 a high wall-shear stress just downstream of the shock while most of the surface of the
wave experiences a low wall-shear stress distribution.

Figure 6 shows distributions of the time-phase averaged skin-friction coefficient, pressure coeffi-
cient, and power induced by the pressure force % fT f Aot [—pvwan] dA dt atx/6 = 180. The averages
are obtained by first aligning the phase to the initial state such that they represent an exact cosine
shape without any phase shift. Then, the spanwise average along the fixed streamwise position
x* = 2000, which is shown by the horizontal line in Fig. 5, is determined. The phase averaged
skin-friction coefficient (cy)qer is defined as the ratio of the phase-averaged wall-shear stress to the
dynamic pressure:

au) /1 )
<Cf>def = /LW Epoouoo- (11)
It shows a phase shift between the two Mach numbers in regions I and II. That is, the variation
of the Mach number causes the phase shift. The influence of the actuation in the y direction
gradually propagates to the x direction, which modifies the u velocity component. The (cf) .
for M, = 0.7 in region II agrees with the streamwise vortices distribution in Fig. 5(f). Upstream
of the shock wave the sparse distribution of the near-wall streamwise vortices corresponds to a

TABLE II. Actuation parameters of selected cases from regions I and II for M; = 0.2 and M, = 0.7. The
actuation parameters in inner scaling include wave amplitude A™, period T, and wavelength A*. The phase
speed c is nondimensionalized by the freestream velocity u.,. Besides the time average data of Ac,, Peontrol / Pret»
and AP, the statistical errors dpr and Snps for a 97.5% confidence interval are listed.

Case M Region A* T+ At c/u  Acg S Heanl APy Snps

CIMO2 02 I 63 141 3000 095 765 =025 2.18 547  +0.34
crMo2 02 I 74 88 3000 154 1920 £024  12.00 720 £0.55
CIMO7 0.7 I 63 141 3000 095 1178 025 4.96 6.82  +0.32

CIIMO7 0.7 I 74 88 3000 1.54 2757 £021 335737 —3329.80 +4.4
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FIG. 5. Instantaneous flow field for (a), (d) nonactuated reference cases, actuated cases of (b), (e) CI and

(c), (f) CII, at (a)—(c) M, = 0.2 and (d)—(f) M, = 0.7. Each illustration consists of wall pressure distribution,
pressure contours in the yz plane at x/6 = 180, and A, contours in the xz plane at y* < 60. The black arrows
below the pressure contours illustrate the propagation direction of the surface wave. The red arrows in panel
(f) represent the direction and relative magnitude of the pressure gradients caused by the wall deformation.
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FIG. 6. Time and phase averaged (a) streamwise skin-friction coefficient (cy),.., (b) pressure coefficient
(cp), and (c) the product of pressure coefficient and wall velocity (c,) vy at x/6 = 180.

lower {cf).r» and downstream of the shock wave the compression of the flow due to the shock
amplifies the wall-bounded turbulent structures, resulting in larger (cy) ;. This corresponds to the
relationship between streamwise vortices and wall-shear stress [29]. However, as shown in Fig. 6(b),
the formation of shock waves disrupts the sinusoidal pattern of (c,). Furthermore, the product
(cp) Vwan Which is directly proportional to the control power is influenced by this disruption. The
asymmetry in (c,) leads to an increase in Peongol, Which is evidenced by the large net integral area
in Fig. 6(c). This means that the formation of the shock waves requires extra energy input. In other
words, shock waves do lower net power saving. To further investigate the impact of the formation
of shock waves on the flow, turbulent statistics, turbulence scales, and production and dissipation of
turbulent kinetic energy for flow cases without and with shock waves will be analyzed.

C. Flow statistics

Figure 7 presents the spanwise averaged, wall-normal distribution of the mean streamwise
velocity, u/u,. The reduced wall velocity gradient for the actuated cases in Fig. 7(b) suggests
a decrease in wall-shear stress, i.e., lower skin friction. The upward shift in the velocity profile
in Fig. 7(c) is known from various wall-bounded turbulent flows where effective drag reduction
techniques have been applied in simulations [26] and experiments [30]. The upward shift in the
velocity profile is a rebalancing between turbulence energy production and viscous dissipation
which yields a thickened viscous sublayer and a shortened logarithmic layer. This adjustment leads
to a decrease in turbulence energy production and reduced turbulent drag [31]. Gatti and Quadrio
[26] thoroughly investigated this vertical shift and showed that it provides a robust measure of drag
reduction. Their work confirms that the magnitude of the vertical shift directly correlates with drag
reduction. Similarly, the size of the shift in Fig. 7(c) is primarily determined by the level of drag
reduction, independent of the Mach number. In Fig. 7(d), the diagnostic function y*‘t%:, which is
used to identify the logarithmic region more precisely, is presented. The logarithmic region, which
is characterized by the inverse of the von Kdrmdn constant (xk ~! ~ 2.63), is evident in Fig. 7(d).
For the nonactuated reference case at Re, =& 360, this region ranges 40 < y* < 100, whereas in the
study by Lozano-Durdn and Jiménez [32] it spans 40 < y* < 140 at Re, = 550. For the actuated
cases, a clear shortening of the logarithmic region is observed. When drag reduction increases, the
size of the logarithmic region is reduced.

The distributions of the Reynolds stress components u”'u”’, v""v"", w”’w”’, and the premultiplied
production of turbulent kinetic energy yP are illustrated in Fig. 8. The results allow a quantitative
analysis of the net modifications in near-wall turbulence induced by the moving wall using two inner
scalings u; rer and u; 4. The clear reductions in turbulence intensities and energy production shown
in Figs. 8(a), 8(c), 8(e), and 8(g) highlight the impact of the moving wall.
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FIG. 7. Spanwise averaged wall-normal distribution of the mean streamwise velocity at x/0 = 180,
(a) scaled by the friction velocity of the nonactuated case u, ., denoted by the superscript +; (b) an
enlargement of the near-wall region of (a); (c) scaled by the friction velocity of the actuated case u; ,., denoted

. . . . . At .
by the superscript *; (d) diagnostic function y* D for the profile in (c).

—— %
The spanwise averaged Reynolds stress component of the wall-normal velocity v”v” in
Fig 8(d) shows a good overlap with the reference cases. This indicates that the symmetric wavy
wall actuation does not significantly alter the turbulence intensity in the wall-normal direction.
However, when shock waves occur, significant changes are observed up to the logarithmic layer

——— % —— %k
with an obvious attenuation of v”v”" . Likewise, the spanwise velocity component w”’w” in
Fig. 8(f) loses similarity between the actuated and nonactuated cases due to the induced net mass
flow in the spanwise direction [9]. From Fig. 8(b), it is evident that the peak of the streamwise
velocity fluctuations below the buffer layer is significantly reduced. The spanwise forcing leads
to a reorganization of the near-wall turbulent structures such that the turbulent kinetic energy is
redistributed from the streamwise to the spanwise component. The dominance of the streamwise
fluctuations is mitigated. These findings agree with the results of Gattere et al. [24], who showed
that similar spanwise actuation strategies significantly modify turbulence dynamics and contribute to
the reduction of streamwise fluctuation intensity. A shift in the peak production of turbulent kinetic
energy that mirrors the behavior seen in Fig. 8(b) is shown in Fig. 8(h). The peak is clearly displaced
in the inner layer. This is especially true for the cases with shock waves. This result indicates that
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turbulent kinetic energy.
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FIG. 9. Streamwise premultiplied spectra kxqbu;/«,,im of (left column) the streamwise, (center column) the
wall-normal, and (right column) the spanwise stochastic velocity fluctuations for case Il at M; = 0.2 (CIIM02)
(top) and M, = 0.7 (CIIMO7) (bottom). The blue lines represent the actuated case, while the white-to-black
contours indicate the reference case. The contour and line levels correspond to 0.15, 0.3, 0.45, and 0.6 of the
maximum spectra for each case.

the near-wall part of the boundary layer is significantly modified. The spanwise actuation reduces
the streamwise fluctuations and alters the location and intensity of the turbulent kinetic energy
production.

Figure 9 presents the streamwise premultiplied one-dimensional (1D) spectra of the stochastic
velocity fluctuations k¢, for case I at M; = 0.2 (top) and M, = 0.7 (bottom). The quantity
k, is the streamwise wavenumber and Gy is the Fourier coefficient of u;"u;”. Due to the minor
differences for case I between M| = 0.2 and M, = 0.7 those spectral results are not shown here. The
streamwise extent, where 60% of the maximum spectra of u”’u” occur, is reduced from the range
95 < Af <1001 in the nonactuated case to 76 < A < 896 for case I at M, = 0.2. Similarly, the
range is reduced from 94 < AT < 1020 to 79 < A < 854 at M, = 0.7. A comparable decrease of
the scale structures is observed in the spectra of v”’ " and w” w”. Additionally, the contours rotate
counterclockwise relative to the non-actuated cases. The spectral peak shifts to larger y* values,
e.g., fromyt ~ 15to y* ~ 18 at M; = 0.2 and from y* ~ 15 to y* ~ 23 at M, = 0.7 in the u""u"”
spectra.

The spanwise premultiplied 1D spectra of the diagonal component of the Reynolds stress tensor
k: ¢y are shown in Fig. 10, where k; is the spanwise wave number. The spanwise energy spectra
of the d1agonal components reach a peak at A} ~ 100 for the nonactuated cases, which agrees with
the near-wall coherent structures identified in [33]. The energetic peak in k¢, for the actuated
case occurs at higher y* and A} values for M, = 0.7, while there is only a minor shift for M, = 0.2.
The energy distribution ShlftS to larger spanwise scales (1), which indicates an elongation in the
spanwise direction. Simultaneously, a compression of the quasistreamwise vortices (QSV) in the
streamwise direction is observed in Fig. 9 by a shift to smaller streamwise wavelengths (A]). That
is, due to the impact of the shock waves on the near-wall flow the quasistreamwise vortices become
shorter in the streamwise direction and are extended in the spanwise direction. This indicates a
more isotropic turbulent energy distribution for the smaller-scale structures, while still maintaining
streamwise directional characteristics. Furthermore, the energy center shifts off the wall into regions
of lower shear. The spectra patterns of v"/v"" and w”w”” show more diffuse energy distributions that
spread over a wider range of spanwise scales. The spanwise traveling shock wave interacts with the
quasistreamwise vortices and decomposes the large vortices into smaller substructures. The contours
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FIG. 10. Spanwise premultiplied spectra k¢, of (left column) the streamwise, (center column) the wall-
normal, and (right column) the spanwise stochastic velocity fluctuations for case I at M; = 0.2 (CIIM02) (top)
and M, = 0.7 (CIIMO7) (bottom). The blue lines represent the actuated case, while the white-to-black contours
indicate the reference case. The contour and line levels correspond to 0.15, 0.3, 0.45, and 0.6 of the maximum
spectra for each case.

indicate distinctive patterns at lower A" illustrating this decomposition. The energy is concentrated
at smaller spanwise scales (1) resulting in a more diffuse near-wall flow structure.

D. Skin friction decomposition

The skin-friction decomposition is based on integrating the mean flow quantities in the wall-
normal direction such that quantities on the wall are obtained [34]. Two decomposition methods
are widely used: the Fukagata-Iwamoto-Kasagi (FIK) [35] identity and the Renard-Deck (RD) [36]
identity. The FIK identity, which is based on a threefold integration of the streamwise momentum
conservation equation, was further developed in recent studies [37,38] and is often used in turbulent
flow and drag reduction analyses [14]. However, the repeated integration in the FIK identity can
result in terms that lack clear physical interpretation [36,39,40]. Moreover, Ricco and Skote [41]
showed an additional limit of the FIK decomposition in boundary layer flows. The required vertical
truncation renders the individual terms dependent on the integration bound, which undermines their
physical interpretability. If the upper bound reaches infinity, the decomposition degenerates into the
von Kédrman integral relation and offers little diagnostic insight.

The RD identity provides a more physically informed decomposition by integrating the con-
servation law of mean kinetic energy in the flow reference frame for incompressible flow. This
method was extended by Li et al. [42] to compressible zero pressure gradient turbulent boundary
layers. Further modifications are made to adapt the RD identity to the current 3D STTSW actuated
flow field by addressing the inhomogeneity in the spanwise direction and incorporating phase-Favre
averaging.

Using the notation from Sec. II C and the continuity equation and phase-Favre averaging for the
three-dimensional Reynolds-averaged momentum equation in the streamwise direction,

d(puu) ~ 9{puv) 9 {puw) p) 1 (8(tw) | () | O(Tux)
ax + ay + 0z ax +Reo( + + )’ (12)

- 0x ay 0z
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yields
D ouru” " A w" Y\ ap) 1 [0(Ta) | 3(Ta) | 8{Tu)
<'0>Dt+<'0)( ox + ay + 9z >_ ax +Reo 0x + ay + iz )’
(13)
with

Da da a9

Following the approach of the Renard-Deck (RD) identity [36], we construct the kinetic energy
equation by multiplying Eq. (13) by #&i. Subsequently, the initial wall reference frame is transformed
to a fluid reference frame where the wall moves with velocity —u,. Finally, after integrating from
the wall to infinity and transforming back to the original reference frame, the phase averaged skin-
friction coefficient is decomposed:

(cr) = /oo<f )y — /Oo< ) S22
Cf) = ——— 5 p)(—u"v")—
T potdReg Jo 7 ay Y poolt3, Jo dy Y

Cfl Cf2

2 © on  _on _on
+ (o)t — uo )\ — +0— + dy
0

3 wa
Poolt2y ox dy 0z

Cr3

2 *° ad - xx
+ / (- Moo)a_ ((/))u”/um - () + (P)) dy
0 X

Poo Mgo Reg

Cfa

2 e a ——  (Tux)
+ / s <<p>u“'w”’ - —) dy. (14)
0 0z

Poolt3, Reg

Crs

The quantity cy; represents the viscous dissipation, ¢y, corresponds to turbulent dissipation, c 3
denotes the variation of kinetic energy in the streamwise direction, cp4 describes streamwise
heterogeneity, and c¢ s accounts for spanwise heterogeneity. Note that the sum cy3 + ¢4 represents
the flow development in the streamwise direction.

The Renard-Deck decomposition (RD) identity was effectively used in the analysis of turbulent
flows and in flow control strategies involving blowing and suction [44,45] or spanwise in-plane
wall oscillations [15]. The validation of the RD identity is presented in Fig. 11. For the nonactuated
case, the computed skin-friction coefficient shows excellent agreement with the empirical formula
(cf)emp =0.024 x Re(,’o'25 [43]. There is a close agreement between (cy),., and the sum of all
contribution terms in Eq. (14) for M; = 0.2 or M, = 0.7. It is important to note that the relative
errors determined by (Cy1 + Cra + €3 + Crq + Cp5 — Cryop)/Crqep are well within £1.3% and as
such validate the reliability of this decomposition. To further explore the local impact of spanwise
periodic actuation on skin friction, the contributions of each term in the decomposition at specific
spatial locations are analyzed in detail in the following.

Figue 12 provides a comprehensive view of the spanwise distribution of the components of the
RD identity at x/6 = 180. Each diagram shows how different elements of the skin-friction decom-
position vary across the spanwise direction z/X for the nonactuated and actuated cases at two Mach
numbers. For the viscous dissipation component {cy;), a distinct sinusoidal pattern in the actuated
cases that follows the behavior of ¢ illustrated in Fig. 6(a) is evident in Fig. 12(a). This agreement
between the total ¢y and (cy) suggests that viscous dissipation is a major contributor to overall skin
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value in Eq. (11). The open square represents the sum of the terms of the RD identity.
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friction. In Fig. 12(b), the local fluctuations in (c,) for the nonactuated cases significantly diminish
under actuation, which indicates a similar reduction in molecular viscous dissipation. However,
unlike (cy;), the turbulent component (cs,) does not follow a sinusoidal pattern, which is due to
the inherent randomness of turbulence. Moreover, the result for M, = 0.7 generally shows lower
(cr2) values in the crest regions and higher values in the trough regions compared to M; = 0.2
when the findings for Mach numbers within the same set of cases are compared. This result
substantiates the impact of compressibility on the spanwise distribution of turbulent dissipation.
The higher Mach number leads to more pronounced variations in (cy;). Finally, in the upstream
region (cy,) remains small indicating weak turbulent dissipation. At the shock location, a sharp
increase in (cyy) is observed due to the strong velocity and pressure gradients induced by the shock,
which amplifies turbulence production and dissipation. Therefore, the elevated (cy») values indicate
enhanced turbulent activity and intensified momentum transfer near the wall downstream of the
shock.

Figures 12(c) and 12(d) present the spanwise distribution of the combined streamwise kinetic en-
ergy variation, streamwise heterogeneity components (cr3) + {(cy4), and the spanwise heterogeneity
component (css). The fluctuation amplitude in the combined streamwise kinetic energy variation,
streamwise heterogeneity component, and spanwise heterogeneity component is significantly re-
duced in the actuated cases compared to the nonactuated reference case. This reduction indicates
that spanwise actuation effectively stabilizes these components and yields a more uniform skin
friction distribution across the spanwise direction. In the CIIMO7 case, the contributions to the flow
development in the streamwise and spanwise heterogeneity are strongly increased upstream of the
shock wave but decreased to a lower level downstream of the shock wave. The sum of Figs. 12(e)
and 12(f) equals the total ¢ in Fig. 6(a). Hence, it is evident that the reduction in the dissipation
components outweighs the increase in heterogeneity and flow growth. Therefore, the overall skin
friction is still reduced for the case I at M, = 0.7.

Figure 13 presents a comparison of the normalized skin-friction components csi, cr2, 3, Cfa,
and cy5 expressed by the ratio of the total skin friction to the reference skin friction , for several cases
for M} = 0.2 and M, = 0.7. Unlike the previous analysis that focused on the fixed streamwise loca-
tion x/6 = 180, this figure is based on data from the entire fully actuated region and as such shows a
less local but more global perspective on the impact of actuation. In the nonactuated reference cases,
viscous and turbulent dissipation, i.e., cy; and ¢y, are the main contributors to total skin friction.
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FIG. 12. Distribution of the skin-friction identity in the spanwise direction at x/6 = 180. Variation of
(a) viscous dissipation {cy), (b) turbulence dissipation (c,), (c) growth of flow in the streamwise direction
(cr3) + (cya), (d) spanwise heterogeneity (cys), (¢) summation of dissipation (cs;) + {(cy2), and (f) growth of
flow in the streamwise and the spanwise directions (cs3) + {cp4) + (cfs).

Viscous dissipation contributes approximately 42.6% at M, = 0.2 and 42.8% at M, = 0.7, while
turbulent dissipation accounts for approximately 46.1% at both Mach numbers. The contribution
of the streamwise kinetic energy growth cy3 is approximately 11%, while the streamwise cr4 and
spanwise cys heterogeneity components have a negligible impact of approximately 0.1% each.
Viscous and turbulent dissipation do also dominate the skin friction in the actuated cases. However,
for the viscous dissipation component ¢ a reduction of approximately 15.7% is observed in the CII
case at M = 0.2. At M, = 0.7, the reduction is more pronounced, with cy; decreasing by 18.9%
from 0.428 to 0.347. The turbulent dissipation component ¢ is substantially reduced, particularly
in the CII case. At M| = 0.2, ¢y, decreases by 21.4% from 0.461 in the reference case to 0.362.
This reduction is even more significant at M, = 0.7, where cy, is lowered by 47.1%. In the CII
case at M, = 0.7, a significant shift is observed in the contributions from the streamwise kinetic
energy growth cy3 and the streamwise heterogeneity cr4. The negative value of cy3 describes an
energy deficit, which is likely due to the suppression of quasistreamwise vortices. This suppression
reduces the growth of kinetic energy in the streamwise direction. A similar energy deficit defined by
negative ¢ contributions was also observed by blowing actuation [44,45]. Simultaneously, there is
a substantial increase in c 4 to 0.371. This indicates that the energy is redirected towards enhancing
streamwise heterogeneity instead of contributing to streamwise kinetic growth. This redistribution
means that at high Mach number conditions, particularly in the presence of a shock wave, the
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FIG. 13. Comparison of normalized skin-friction components csy, ¢, Cs3, Crs4, and cys, expressed as
a ratio of the total skin friction to the reference skin friction cy/cy ., for several cases for (a) M; = 0.2
and (b) M, = 0.7. The color bars represent the contributions from viscous dissipation cy; (blue), turbulent
dissipation ¢y, (green), streamwise kinetic energy growth c3 (red), streamwise heterogeneity c4 (cyan), and
spanwise heterogeneity cys (magenta). The results are shown for the nonactuated reference cases (Ref) and
the actuated cases (CI and CII). In (b), the arrows indicate the relative magnitude and sign of components. An
arrow pointing upward (downward) denotes a positive (negative) contribution.

actuation induces significant nonuniformity in the flow. This nonuniformity is expressed in the
increased cy4 since the flow becomes rather more heterogeneous than uniformly distributed in
the streamwise direction. Interestingly, the combined value cf3 + ¢4 in CII at M, = 0.7 is very
close to that of the reference case despite the vastly different underlying dynamics, particularly due
to the negative contribution from cy3. At M| = 0.2, however, the combined c3 + ¢4 decreases
progressively from 0.1115 in the reference case to 0.1014 in CI and further to 0.0829 in CII. This
indicates a more homogeneous reduction in streamwise kinetic energy growth at the lower Mach
number. The complex redistribution of energy components observed at higher Mach numbers,
characterized by the negative contribution from cr3 and the pronounced increase in cy4, does not
occur at M| = 0.2. Finally, the spanwise heterogeneity component cys shows minimum variations
across all cases. Only in CII at M, = 0.7 is a slight increase observed.

The spanwise shock wave formation process has a double impact on the skin friction components.
While it significantly reduces the turbulent dissipation c; in the CII case at M, = 0.7, which results
in a 47.1% reduction, it also increases the combined contributions of streamwise kinetic energy
growth, streamwise heterogeneity, and spanwise heterogeneity (cy3 + ¢4 + c¢s5). This combined
value rises to 0.1285 in the CII case, compared to 0.1089 in the reference case. This suggests that
while the shock wave formation process reduces turbulent dissipation, it simultaneously enhances
flow heterogeneity. Overall, the reduction in cs; 4 c¢y> outweighs the increase in cy3 + ¢4 + cy5
and ensures a net decrease in skin friction despite the complex patterns introduced by the formation
process of the shock wave.

IV. CONCLUSIONS

We presented a detailed analysis into drag reduction (DR) and net power saving (NPS) in
turbulent boundary layers (TBLs), using spanwise traveling transversal waves (STTSW) at Mach
numbers M; = 0.2 and M, = 0.7 at a fixed momentum based Reynolds number Rey; = 1000.

The results reveal that higher drag reduction is achieved at higher Mach number, i.e., a maximum
drag reduction of 19.2% at M| = 0.2 compared to 27.5% at M, = 0.7. The increased wave speed
at M, = 0.7 induces spanwise shock waves and yields a more complex flow structure that is
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summarized in a two-region wavelength-period drag-reduction map. In region I, which is charac-
terized by lower wave speeds, the actuation yields positive net power saving, with only a marginal
increase in drag reduction at a higher Mach number. Region II, however, which is defined by higher
wave speeds, undergoes significant changes that result in a massive increase in drag reduction for
greater Mach number and negative net power saving at M,. For optimum drag reduction, the wave
speed should be comparable to the free-stream velocity. When the Mach number increases, the
optimum wave speed rises, which leads to the formation of spanwise shock waves, which massively
lowers the friction drag. However, the higher drag reduction suffers from the higher negative net
power savings.

A detailed analysis of the turbulence statistics shows that spanwise shock waves significantly
modify near-wall turbulence by thickening the viscous sublayer and diminishing the logarithmic
region. Furthermore, we concluded from the energy spectral analysis of «”’u” that quasistreamwise
vortices are compressed in the streamwise direction (1]") and stretched in the spanwise direction
()Lj). These structural deformations lift the quasistreamwise vortices off the wall and reduce their
direct interaction with the near-wall region, which results in drag reduction. In addition, the spectra
of v”’v"" and w” w" show a more diffuse energy distribution and distinct structures that indicate that
the formation of spanwise shock waves decomposes the large quasistreamwise vortices into smaller
substructures. This process enhances energy diffusion, weakens vortex coherence, and reduces skin
friction.

The modified Renard-Deck identity shows that viscous and turbulent dissipation are critical
factors in drag reduction for both Mach numbers. The formation process of spanwise traveling
waves significantly reduces turbulent dissipation. Reductions up to 21.4% at M; = 0.2 and 47.1%
at M, = 0.7 are achieved. However, this process also introduces additional streamwise and spanwise
heterogeneity, causing localized growth in skin friction. Nevertheless, the overall skin-friction
reduction remains significant since the formation process of the spanwise shock waves enhances
drag reduction by lowering the interaction of turbulent structures over most of the surface of the
wave.
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