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A framework for analyzing energy flux in turbulent channel flows is proposed which
enables quantification of the drag reduction efficacy by different control methods. In
contrast to the FIK [Fukagata, Iwamoto, and Kasagi, Phys. Fluids 14, L73 (2002)] and
the RD [Renard and Deck, J. Fluid Mech. 790, 339 (2016)] identities, this framework
expresses the skin friction coefficient in terms of the nondimensionalized dissipation rate
and the work done by external excitation. We extend the energy-box analysis of Gatti
et al. [J. Fluid Mech. 857, 345 (2018)] through a triple decomposition of energy flux and
show how mean (e), coherent (¢c), and random turbulent (eg) dissipations contribute
differently to the drag reduction and the net power saving. Three control methods, includ-
ing our recently developed spanwise opposed wall-jet forcing (SOJF), the spanwise wall
oscillation (SWO), and the opposed wall blowing/suction (OBS) controls, are compared at
Re, ~ 200 via direct numerical simulations (DNS). While all methods yield comparable
drag reductions (~20%), OBS yields the maximum net power saving, followed by SOJF,
and then SWO. Specifically, for SOJF control, - (induced by the large-scale swirls) is
much smaller than € (induced mainly by the small-scale near-wall vortices) and €), (due
to the spanwise vorticity sheet €2;). In contrast, for SWO control, € (caused by the wall
oscillation-induced €2, vortex sheet)—much larger than that of SOJF—is comparable to
€g and €. For OBS control, € is notably suppressed without any introduction of ¢ as
the energy is injected through the random velocity field. Diagnoses performed at a higher
Re; (i.e., 2000) for SWO shows that random turbulent dissipation €; predominates due to
the increasing near-wall vortical structures—hence their suppression should be the target
for drag control at high Re,. The analysis also suggests a promising hybrid drag control
strategy by incorporating both the random (OBS) and coherent (SOJF or SWO) controls
together, an issue for future exploration.

DOI: 10.1103/PhysRevFluids.6.013902

I. INTRODUCTION

Reducing the drag of turbulent flows is of great importance for energy saving and pollution
control. The basic idea for almost all drag control techniques is to suppress the regeneration of
the near-wall streamwise vortices, which are the main contributors to turbulence production and
drag generation [1-4]. However, random distributions and complex spatiotemporal dynamics of
these vortices present formidable challenges for drag control strategies [5]. Active control methods,
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such as spanwise wall oscillation (SWO) [6-10], opposite wall blowing/suction (OBS) [11-14], and
spanwise opposite wall-jet forcing (SOJF) [15], have been proposed and examined via laboratory
and numerical experiments. These studies showing notable drag reductions at moderate Reynolds
numbers (Re) have promoted studies of effective controls at practically high Re [16].

In addition to demonstrating the possibility of achieving drag reductions, an important ob-
jective of drag control research is to understand its mechanism [16]. Previous works (e.g.,
Refs. [7,9,15,17,18]) have shown that drag reduction mainly results from the suppression of insta-
bility, mostly transient growth of the near-wall, low-speed streaks so that fewer streamwise vortices
(SVs) are generated. Yet, the relationship between the SVs and drag at the wall is fairly qualitative.
To better understand the mechanism as well as compare efficacies among different control methods,
a unified quantitative framework is needed. Some statistical approaches which connect the drag
with certain flow quantities have been proposed, such as the Fukagata-Iwamoto-Kasagi (FIK)
identity [19] or later the Renard-Deck (RD) identity [20]. These identities are summarized here
for comparison with ours for analyzing drag reduction.

Obtained through the wall-normal (y) integration of the streamwise mean momentum equation,
the FIK identity for a channel flow reads

C 3 11_ AN
O 5 doymew
2 Reb 0 u,

dy', )

where Cy is the skin friction (or drag) coefficient, and Re, = u,H /v is the bulk Reynolds number
with u;, being the bulk velocity, H the half-channel height, v the kinematic viscosity, and —u'v’
the Reynolds shear stress. When Re;, is kept constant by setting a constant flow rate (not constant
pressure gradient or power input as investigated by Ref. [21]), the drag is reflected solely by the
Reynolds shear stress. Further decomposition, such as separating the small and large scales for
channels [15,22] or turbulent boundary layers [23], or the inner and outer regions [24,25], can
be introduced for —u«’v’ in Eq. (1) to independently evaluate the contributions. In Ref. [26], scale
separation has been applied to analyze the drag contribution by the large-scale outer structures in
channels under spanwise wall oscillations.

However, Renard and Deck [20] commented that the FIK identity lacks information on energy
dynamics and proposed an alternative expression for drag coefficient (hereafter referred to as the

RD identity), i.e.,
C; 1 1 78 -
=f / G_Mdy/ +/ Mdy/. 2)
2 0 €x 0 €x

Here, €y (= v0,udyu) is the dissipation of mean flow (shown later); —u'v’d,u is turbulent production
and €, = ui /H 1is a characteristic dissipation rate defined by the bulk velocity and the half-
channel height. Compared to the FIK identity, the RD identity illustrates how turbulent production
contributes to drag. On the other hand, in the RD identity, mean shear d,% contributes to both
mean dissipation and production rates, quantifying C; mainly by the mean flow strain rate. For a
straightforward connection between vortical structures and drag coefficient, it might be more proper
to investigate turbulent dissipation, an important quantity for understanding turbulent flows (see
Vassilicos [27]) and closely related with coherent structures.

In this paper, we aim to present an energy flux paradigm which leads to a uniform diagnosis of
different control methods. The framework builds on a general identity which quantifies the drag via
the volume integrated dissipation and the work done by external forcing, i.e.,

Cs e Ves w
o) :/ —Mdy’—i—/ Say - ¥ 3)
2 0 €x 0 €x €x

Compared to the RD identity, Eq. (3) replaces the production by turbulent dissipation €, and the
power spent by the control W (which may include energy transport for spatially developing flows),
which enables a direct estimation of net power saving. Scale separation or inner-outer decomposition
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also can be introduced for turbulent dissipation €; in Eq. (3), which could be used to examine
the Re effect of drag reduction. Note that for flows without control, W = 0 and Eq. (3) has been
obtained by Laadhari [28] and Abe and Antonia [29] for analyzing the Reynolds number scaling of
the mean flow. Here, we are interested in the energy flux under control. On the other hand, Gatti
et al. [21] recently introduced an extended Reynolds decomposition of total dissipation where the
mean velocity is split into a laminar component and a deviation from it. They further analyzed the
Re dependence of the energy flux and the increased flow rate by controls (and hence drag reduction
under constant power input) through an integration of the Reynolds shear stress profile. Different
from Gatti et al. [21], we introduce a triple-decomposed budget analysis [30] on Eq. (3) to illustrate
how controls of mean, coherent, and turbulent flow structures contribute differently to the drag
reduction and the net power saving rate. Through the decomposition, active control strategies can
be classified into random (e.g., OBS) or coherent controls (e.g., SWO and SOJF), depending on
how control energy is injected to the flow. The analysis also suggests that a hybrid control may be
developed by injecting energy into both random and coherent motions, a topic for future exploration.

Several points are notable for Eq. (3). First, as dissipation is induced by viscous strain of fluids at
the smallest (Kolmogorov) scale, Eq. (3) seems to emphasize more small-scale turbulence compared
to large scales by the FIK and RD identities. However, there is no indication that small-scale control
should be dominant over large-scale control, taking into account that the source of ¢ is large-scale
production. In other words, suppressing large-scale turbulence would intercept the energy cascade
process, leading to smaller €z and hence drag reduction. Thus, Eq. (3) has no indication on which
scale to operate for the optimal drag control. Moreover, it is the integration of dissipation over the
entire flow domain rather than any local dissipation that determines the drag coefficient. Therefore,
turbulent dissipation €g taking its maximum at about y* = 15 does not mean that turbulence near
the walls is dominant than other flow regimes for drag control, while the integration of € in the
logarithmic layer is the leading contributor to C; [31]. This is the same for the FIK and RD
identities, all showing dominant integrations from the log layer than from other regions. Finally,
Eq. (3) replaces only the Reynolds shear stress in Eq. (1) or production in Eq. (2) by dissipation and
power input, and no further complication is involved. However, the triple decomposition of energy
flux introduced below requires a more detailed analysis and interpretation. Such a careful analysis
is helpful when one uses turbulence models (e.g., the k-¢ model) to predict drag reduction at much
higher Re, as the current results may help to calibrate the parameters and to develop advanced
assumptions for better agreement with energy dynamics, and hence more convincing modeling
predictions.

The paper is organized as follows. Section II presents the theoretical part including our drag
coefficient expression and the triple decomposition of the energy budget. In Sec. 111, a case-by-case
study for the drag reduction at Re; & 200 is performed for SOJF, SWO, and OBS controls. Physical
structures and higher Re; results are addressed in Sec. IV. Finally, conclusions are given in Sec. V.

II. ANALYSIS FRAMEWORK FROM BALANCE EQUATIONS
A. Identity for friction coefficient

The Navier-Stokes equations for an incompressible turbulent channel flow are (density p ab-
sorbed in the pressure p)

du;/9x; = 0, “4)
atui—l—Bjuiuj = vajaju,-—é)ip—i—Fi. 5)

Here, x; for index i = 1, 2, 3 indicates streamwise x, wall-normal y, and spanwise z directions,
and u, v, w denote the velocities in each of the directions, respectively (a double index indicates
summation). F; represents the external force in the x; direction (e.g., for the SOJF control, only
F, # 0 so that the force acts only in the spanwise direction).
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The total kinetic energy equation obtained by multiplying Eq. (5) with u; is

u;u; Uiltiu Uu;u;
817 +9; 5 = VajajT — vo,u;0;u; — 0;(pu;) + w;F;. (6)
Averaging the above equation over time period (7') of control and the flow volume (L, x 2H x L,),
ie.,
T (L L. p2H P
(B)nne = / / / / _ yvaxdzar, o
e b Jo S 2HLLT

yields

(€) = v(0;0;(uu;)) /2 + (—0;(wiwu;)) /2 + (—u;9;p) + (w:F7), ®)

which describes the energy balance between the dissipation (€) = v(9;u;d;u;), diffusion
v(03;0;(u;u;))/2, transport —(9;u;u;u;)/2, work done by pressure (—9;(pu;)), and the external force
(u;F;). Here, for simplification, (¢); indicates ensemble average with respect to the index i, while
($) = (®)1.1... for short.

Explicit expressions of each term on the right-hand side of Eq. (8) are given through integration
by parts as follows. For diffusion, it is actually

D, = V<8jaj(uiui))/2 = <_Vay(uiui)|y:0)t,x,z/2H = <_Vuiayui|y:0)t.x,z/H = <_ui.ngnuir)/H7
9)
where S, indicates the sign of the derivative d,u;|y—o; u;r = /|v0yu;|y=o| represents the friction
velocity u,, v;, and w,, and u; ,, represents wall velocity u,, vy, w, for i =1, 2, 3, respectively.
Clearly, both w,, and w; are nonzero for SWO, indicating energy input through the wall diffusion
process. For the control of body forcing such as SOJF or OBS, the energy input from diffusion D,,
is zero.
For spatial transport in Eq. (8), it is zero if v,, = 0 but injects a power of (v, u; ,u;i ) /2 to the
flow under OBS, i.e.,

Juwr = (=0 (unu;)) /2 = (Vyli witiw) /2H. (10)

In fact, the blowing/suction effect also has a power input through a pressure correlation. This is
because

(—uidip) = (—0i(pu;)) = (—dy(pv)) + (=03 (pu)), 1D
where the p-v correlation term is
Jwz = (=0y(pv)) = (pwvuw)/H, (12)
again resulting from the blowing/suction.
The p-u correlation term in Eq. (11) is (—0d,(pu)) = —u,(0yp), representing the power injected

by the mean pressure gradient along the streamwise direction. Moreover, (d,p) can be estimated by
applying the time and volume average on the streamwise momentum equation in Eq. (5), which, for
the case of F; = 0, yields

—(Bep) = (8, uv)) — v(3,Byu) = — (v} /H + (u2)/H. (13)

For flows subject to (u,,v,,) = 0, the pumping power is P = (—d,(pu)) = ub(u%)/H, balancing the
energy consumption by the viscous drag at the wall, while for (u,,v,,) # 0, they are different.

Substituting the estimations Eqs. (9)—(13) into Eq. (8) yields a general expression for energy
balance where SOJF, SWO, and OBS are all present,

(€) = Du +Ju + usu)/H + (w;F), (14)
where the net energy input due to OBS reads

Jw = Jwl +Jw2 - ub(”wUuJ)/H = <kui,wui,w)/2H + <pwvw>/H - Mb(uwvw)/H~ (15)
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Replacing the u? term in Eq. (14) by the definition of friction coefficient C /2 = (u?y/ ui yields

C 1
= —({€) = (wF) = Dy — ). (16)
€

where €, = u; /H. The above relation indicates a simple balance among the energy spent by working
against the drag force, the energy dissipated by the viscous fluid, and the power inputs through con-
trol strategies. Moreover, introducing the Reynolds decomposition ¢ = ¢ + ¢’, where the overbar

indicates t — x — z averaging, i.e., ¢ = (@), .., and ¢’ the Reynolds-decomposed fluctuation, then
€ =€y +€p, 17

with the mean dissipation €y = vd,ud,u and turbulent dissipation €, = vd;u;d;u;. Substituting
Eq. (17) into Eq. (16) yields Eq. (3) with

W = (u;F;) + Dy + Jyy. (18)

For flows without control, D,,, J,,, and (u; F;) are all zero, and Eq. (3) is equivalent to the RD iden-
tity as the balance between the integral of turbulent dissipation € and production Py = —u'v'9,u.
Furthermore, considering the wall-normal integrated streamwise mean momentum equation de-
duced from Eq. (5), i.e.,

vayu — u'v' = (u)(1 — y/H), (19)

one obtains the FIK identity after replacing the mean shear in Eq. (3) or (2) by the Reynolds shear
stress in Eq. (19). Nevertheless, for flows with control, for example, when both u,, and v, are
nonzero (corresponding to a hybrid control with both streamwise oscillation and blowing/suction),
Eq. (19) is no longer valid due to a nonzero (u,v,) in the mean pressure gradient according to
Eq. (13). As a consequence, certain modifications are needed for the FIK identity as well as for the
RD identity under controls, such as to include an additional term (u,,v,,) /uﬁ; however, Eq. (3) is
general.

B. Triple-decomposed energy flux

Applying the Reynolds decomposition to the total kinetic energy in Eq. (6), we obtain the balance
equations of €y and €y, i.e.,

U;u; UiUiU = uju; | —F , T 7 q —

8,7 +9; +uiuiuj = uajajT — €y —8,~u,-p+ui1*}+u,-uj3jui, (20)
Wi ' Uy wu, - — —

0y '2’ +9; '2l L+ ’2' = v0;0; l2' — € — Quip' — wiF) — uu0;u;. 2L

The volume integrated energy flux of mean and turbulent kinetic energy budgets is conceptually
shown in Fig. 1(a).

Recently, Gatti et al. [21] have developed an extended energy flux analysis by decomposing the
mean flow into the equivalent laminar and remnant parts. Differing with Gatti et al. [21], here we
present a triple decomposition of energy flux composed of mean, coherent, and random turbulent
parts. Following Reynolds and Hussain [32], the triple decomposition is introduced as

w=u;+ i +u', = (W) — W, W =u; — i, (22)
where « indicates time ¢ (and z-periodicity) averaging for SOJF, while spanwise z (and ¢-periodicity)
averaging forNSWO; ii; is the coherent part, and u/ is the random turbulence part, satisfying & = 0,
u_g’ =0, and u} = 0. Accordingly, the turbulent dissipation is decomposed to coherent and random
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FIG. 1. Sketch of energy flux box in channel by (a) Reynolds decomposition and (b) triple decomposi-
tion. Note that all the symbols have been time and volume averaged (the brackets () have been omitted).
Abbreviations MKE, TKE, CKE, and RKE represent mean, turbulent, coherent, and random kinetic energies,
respectively. Drag reduction is indicated by the saving of pumping power P, while the net power saving by the
additional subtraction of control power W (= W, 4+ Wg).

fluctuation parts, i.e.,

va,-ugaiu} = Uaiﬁjaiﬁj + vaiu/j’aiu;’ . (23)
— —
€ e €&

The triple-decomposed energy equations are obtained from Eq. (21) after a few lines of algebra,
which, for the coherent part, is

ui; ujuiy =, Uil == Uit TR A a— . ra~
0 —— +9; +uwuu +u;—— +u;p | = VAT — €c + ik — ;0 ju; + w0,

i

2 2 2
(24)
while for the random turbulent fluctuation part is
W Wil YT/
170 X J J7 T i | 11
0 5 +9; > + > +u; > +ujp

W —_— —_— —

=VA 12 L —ep+ u;/FiN — u;’u}’a,-ﬁi — u;’u;-’a,-ﬁi. (25)

Compared to the Reynolds-decomposed energy equation, it is interesting to note that the production
splits into two parts, one coherent, and the other random fluctuation, i.e.,

—u’Ju:E)ju_, = —ii,-ﬁjajﬁ,- + —u;/u;./ajﬁi . (26)
— —
Py Puc Pur
Also, there is a new term Pcg = —u?z;_’]f 9;u; in both Egs. (24) and (25), which transfers energy from

the coherent part to the random part.
After time and volume integration, Eqs. (20), (24), and (25) lead to

(em) = P — (Pu), (27a)
(ec) = (Puc) — (Pcr) + (We), (27b)
(€r) = (Pur) + (Pcr) + (Wr), (27¢)
which represent the balance between dissipation of mean flow (€y), pumping power P =
(—0;u;p) = —up(dyp), and mean production (Py) for Eq. (27a); the balance between coherent

dissipation (ec), production from mean (Pyc), production to the random turbulent (Pcg), and
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TABLE I. Details of the numerical discretization employed for the present simulations.

Control Re, Re, L./h,L,/h N, x Ny x N,
SOJF 200 3180 4,27 192 x 129 x 126
WO 200 3180 47,21 256 x 128 x 256
OBS 200 3180 27, 128 x 128 x 128
WO 2000 43478 4,27 2048 x 768 x 2048

control power to coherent motion (W) for Eq. (27b); and the balance between the random turbulent
dissipation (eg), production from mean (Pyg), production from coherent (Pcg), and control power
from random motion (W) for Eq. (27¢). Through the above decomposition, the energy box of mean
turbulent is now extended to the triple-energy flux shown in Fig. 1(b). It is clear that without control,
production from mean flow is balanced by turbulent dissipation, while under control, both coherent
and random turbulent parts receive energy from mean production, and there is also an energy flux
from the coherent to random part. Expressions of power input from coherent (W¢) and random (W)
motions are shown case by case in the subsequent section.

C. Drag reduction and net power saving

Through the above analysis of energy flux, the rates of drag reduction and net power saving can be
estimated straightforwardly. For uncontrolled flow, pumping power balances the total dissipation,
ie., Ph=¢y = (u%qo)u;,/H (here, subscript O indicates uncontrolled). With these denotations, the
drag reduction rate is

R =(Cro—Cp)/Cro=1—(uZ)/(u7 o) = 1 = (€)/Po + wiFy)/(HPo) + Dy, /(HPy) + Jy / (HPy),

(28)
where Eq. (16) has been substituted. For flows with (u,,v,,) = OsothatP = ub(uf)/H from Eq. (13),
Eq. (28) is simply

R =(Cro—Cp)/Cro=1—(ul)/{uo)=1—P/PR. (29)
Furthermore, the net power saving rate is
N=@ —P—-W)/Py=1-(e)/P. (30)
As Py = €, = (em0) + (€f,0) = (em,0) + (€r,0) (since eco = 0), Eq. (30) is rewritten as
N =1—{e)/Py = ((em,0) — (em))/Po + ({€r.0) — (€r))/Po —({ec))/Po, €1V
Ny Nz Ne

where Ny, Nz, Nc are mean, random, and coherent contributions to net power saving, respectively.
Hence,

R = Ny + Nk + Nc + (uiF;) /(HPy) + Dy /(HPy) + Juy /(HP), (32)
N N;

which indicates that the drag reduction rate R is a sum of net power saving rate A/ and the power
input rate N;,. Below, a case-by-case examination of drag reduction for different controls is done
using the above energy flux approach.

III. DRAG REDUCTION FOR DIFFERENT CONTROL METHODS

We present several direct numerical simulation (DNS) data sets of turbulent channel flow for
these control methods [10,15] (the simulation parameters are listed in Table I). In the simulations, a
constant flow rate is set and the bulk velocity u; is maintained at a constant value by a control proce-
dure that adjusts the mean pressure gradient. Periodicity in the streamwise and spanwise directions
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is imposed, and the no-slip and no-penetration conditions are applied at the walls. The simulations
for SOJF control are based on the open-source finite-difference software INCOMPACT3D [33,34]. For
the spatial derivatives, sixth-order compact schemes are used on a Cartesian grid stretched in the
wall-normal direction. The time integration is performed using a low-storage third-order Runge-
Kutta scheme. The SWO and OBS cases are performed with the highly parallelized pseudospectral
code of Lee and Moser [35]. The incompressible Navier-Stokes equations are solved using the
method of Kim et al. [36], in which equations for the wall-normal vorticity and the Laplacian
of the wall-normal velocity are time advanced. This formulation has the advantage of satisfying
the continuity constraint exactly while eliminating the pressure. A Fourier-Galerkin method is
used in the streamwise and spanwise directions, while the wall-normal direction is represented
using a seventh-order B-spline collocation method. A low-storage implicit-explicit scheme based
on third-order Runge-Kutta for the nonlinear terms and Crank-Nicolson for the viscous terms are
used for time advance.

A. Opposite wall blowing/suction control

The opposite wall blowing/suction control was first proposed by Choi et al. [11], where approxi-
mately 25% drag reduction was achieved in turbulence channel flow at Re, &~ 110 with the detection
plane located at yj = 10. Hammond et al. [37] later studied the effect of the detection location y;
and found that the maximum drag reduction is reached when y:{ = 15. They also showed that for
the drag reduction case, the OBS establishes a virtual wall halfway between the detection plane and
the wall, where approximately no flow passes through, thus inhibiting the momentum transfer in the
wall-normal direction. Chung and Talha [12] systematically investigated the effects of the detection
plane y and amplitude A, and found that a substantial drag reduction is achieved for 20 < y¥ < 30
if At < 1. Consistent with Ref. [37], maximum drag reduction was achieved with AT =1 and
y§ = 15. In addition, they showed that the maximum drag reduction for different y} is always
obtained with the root mean square (rms) of the wall blowing/suction velocity v,f = 0.25. Deng
and Xu [13] examined the effect of OBS on the generation of the near-wall streamwise vortices by
resorting to the streak transient growth (STG) mechanism [18]. Inspired by this work, they further
proposed a strengthened out-of-phase OBS, and a maximum drag reduction rate of about 33% was
achieved [4]. Based on the similarity of the wall-normal velocity fluctuation and the Reynolds shear
stress of the controlled flows with the uncontrolled case, they also proposed a formulation for the
prediction of the drag reduction and disclosed that the location and the residual Reynolds shear stress
of the virtual wall are the key factors in determining the drag reduction amount. Xia et al. [38]
studied the OBS in the spatially developing turbulent boundary layer, and found that 22% drag
reduction is obtained after the transient region. Stroh et al. [39] performed a comparison of OBS
between the turbulent channel and boundary layer flows, and showed that, in spite of the very similar
drag reduction rates that are achieved in both flows, the underlying drag reduction mechanisms are
quite different.

For OBS control, the velocity at the wall is designated as

Uy =Wy =0, vy, x,2)=—vy(t, Ve, X, 2), (33)

where y. indicates a specific height away from the bottom and top walls, respectively, and here
chosen as yt = 15—the optimal value for Re; = 200 according to previous studies [37]. Under
OBS control, the energy is injected into the flow through the random turbulence velocity. Hence,
different from SOJF or SWO controls, there is no coherent part—all the coherent terms in the above
triple decomposition are zeros. Thus, the balance equations of €), and ek (or €;) are

ey = v0,0,(un)/2 —0o,(uu'v') + u'v'd,u —uo,p, (34)
——
Dy Srtm —Pyg ~ Pump
€gr = vo,0yuiu;/2 —8),(u§u;v’/2 + v/p/) —u'v'Oyu . (35
- ——’
Dy Str Pur
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FIG. 2. Energy budget at Re, =200 under OBS control. (a) Mean kinetic energy and (b) turbulent
fluctuation kinetic energy. Here, we take dissipation as negative to balance other terms.

The budgets for the mean kinetic energy and the fluctuation kinetic energy at Re, = 200 are
shown in Fig. 2. Note the dominant balance between diffusion and dissipation for a mean budget
near the wall (y* < 10). In contrast, for a random budget, the spatial transport induced by the
blowing effect changes the sign from negative to positive at y* & 5 and exhibits a peak at y* ~ 8,
causing a complex balance among all the processes of production, dissipation, spatial transport,
and diffusion. Such a complicated balance becomes pellucid after volume averaging for the budget
equations. The resulting energy flux in Fig. 3 clearly shows the following: (1) There is 23%
(= 100%—-77%) drag reduction as indicated by the pumping power saving; (2) while the mean
dissipation decreases modestly by 8% (from 59% to 51%), turbulent dissipation is suppressed
notably by 14% (from 41% to 27%), so that a 22% (= 8% + 14%) net power saving comes from
Eq. (30) or (31); (3) the input power through random control Wr, is 1%, consistent with the reduction
of pumping power and the net power saving; and (4) turbulent production induced by the mean shear
is reduced by 15% (from 41% to 26%) and is all converted to dissipation of random fluctuations,
hence no flux in the coherent energy box. Note that hereinafter all the percentages are obtained by
normalization using the pumping power of flow without control.

£=0.59 . .5M=o.51 . £:=0.27

‘ RKE ™

‘ ‘ Py=0.26
p 2
&=0.41
» » - B
P=1.0 Py=0.41 P=0.77 Py=0.26
‘ b 2
\ ‘ Ppyc=0 | &c=0
\ MKE TKE NMKE CKE
s i " We=0 '

FIG. 3. Energy flux in a channel at Re, = 200 (a) without control and (b) under OBS control. All the
numbers are normalized by the pumping power of flow without control. Note that the drag reduction is 23%
(indicated by the pumping power saving) and the net power saving is 22% (after a subtraction of control power).
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FIG. 4. Energy budget at Re, = 200 for (a) coherent kinetic energy and (b) random fluctuation kinetic
energy under SWO control. The inset of (a) is a zoom-in plot of the coherent kinetic energy budget.

B. Spanwise wall oscillation control

For spanwise wall oscillation, the velocity at the wall is given as
wy, (1) = Asin(wt), (36)

where A is the magnitude of SWO velocity, and w = 27 /T is the frequency of oscillation with T
the time period. SWO was first studied by Jung et al. [6] in a turbulent channel flow using DNS.
This study revealed the sensitive dependence of the drag reduction on the oscillation frequency
and demonstrated that an oscillation period 7+ = Tu? /v of the order of 10? leads to a substantial
decrease in the Reynolds stresses and the strength of the near-wall streak, causing as high as 40%
drag reduction at Re, = 200. (Note that the superscript 4 indicates nondimensionalization by the
wall variables of the uncontrolled flow.) Inspired by this work, a number of studies have been
performed for channel [7-9,40,41], pipe [42,43], and boundary layers [44—47], as well as for duct
flow [48] recently. In the case studied here, AT = A/u, = 8 and T+ = 100.

According to the aforementioned triple decomposition, the coherent and random kinetic budget
equations for SWO are

~~

€c = vayayf =0y (Vutju; /2 + v + U p) —uvodyu + u v oy, (37a)
—_——— —.——
D Src Puc —Fcr
C
// // —_—
€g = Voydy—— —0 (u” "2 + vu”u”/Z +0'p") — u”v”a u— u”v”a 1 . (37b)
2 _,_z—/_/
~————
Dr STr Pur Per

Note that 3.¢ = 3,¢ = 0 for SWO. Moreover, since = 0, the coherent budget of Eq. (37a) is
simplified to

i+ ww — —— —_—— =
€c = v0,0, > —0y(uu"v" + ww”v") +u"v"dyu + wv"9,w, (38)
————
De Src —Fcr

which indicates no production from the mean to the coherent part, the same as for control.
Figure 4(a) shows the budget of the coherent kinetic energy distribution at the same Re, = 200
under SWO. The prominent feature is that dissipation and diffusion are the two dominant terms
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FIG. 5. Energy flux in a channel at Re, = 200 under SWO control with (a) At = 8 and (b) At = 12.

balancing each other near the wall, indicating the control power is injected through the viscous
diffusion, particularly, via the coherent motion, i.e., (W¢) = D, = (www%). The inset in Fig. 4(a)
shows that spatial transport and production are at the same order of dissipation and diffusion only for
vy > 20. In fact, the large diffusion and dissipation near the wall is due to the Stokes layer generated
by SWO. According to the Stokes layer approximation of the spanwise momentum equation, i.e.,

dw A~ vayodyw, 39)

it has the analytical solution w(y, t) = Ae™" cos(wt — 1), where n = y</w/2v (the laminar Stokes
layer thickness is 87 = +/47 T+ in wall units, which is §* = 35.4 for the current case of T+ = 100).
With such a solution, we can estimate the coherent diffusion (normalized by the pumping power Py
at Re, =200) D, = v<ayaya)2 /2) ~ 0.80, which is very close to the value of 0.79 obtained by
numerical integration. Similarly, for dissipation, the estimation based on the laminar Stokes layer
solution is €c = v(d,Wa, ) ~ 0.80, again very close to the value 0.79 based on the DNS result. The
congruence suggests that, instead of the spanwise vorticity sheet (i.e., 9,ii), the streamwise vorticity
sheet (i.e., d,®) is the dominant contribution to coherent diffusion and dissipation effects.

The random turbulent kinetic energy budget under SWO is shown in Fig. 4(b). The turbulent
production due to random fluctuations exceeds the diffusion to balance dissipation at y* ~ 5, while

the production from the coherent part is negligible across the entire flow due to small 9, and W'
Compared to control, all the budget terms near the wall behave smoothly, resembling closely the
budget of turbulent kinetic energy for no control. Nevertheless, while dissipation takes its maximum
at the wall for uncontrolled flow, it exhibits a maximum at y* =~ 10 and decreases as it approaches
the wall under SWO. Such a decrease is reasonable, as random turbulence is significantly suppressed
so that a well-characterized laminarlike Stokes layer is induced.

Figure 5(a) shows the integrated energy flux at Re, = 200 under SWO with A™ = 8. Again,
there is 23% drag reduction as indicated by the 23% saving of pumping power. In addition, the
mean dissipation, turbulent random dissipation, and mean production are all similar to those under
control. Such a coincidence is quite interesting as it indicates that the mean velocity field is similar
between the flows under different controls. However, in contrast to OBS, (Wg) = 0 for SWO control,
as the control energy here is injected through the coherent motion of wall oscillation. As a result,
the coherent dissipation increases, balancing the power input via wall oscillation. It is seemingly
surprising that there is negligible energy flux from coherent to random, indicating that the coherent
and random velocity fields are almost decoupled. The reason is that the coherent follows closely the
laminarlike Stokes layer and barely interacts with the random turbulence fluctuation. According to
Eq. (31), as the control power (W) = 24% is much higher than that of OBS, the net power saving for
this case is negative, i.e., | — (eyy — €g — €c)/Py = —1%. Note that the oscillation velocity effect of
A is also examined for SWO control. Compared to 23% drag reduction by A* = 8 at Re, = 200, a
larger AT = 12 yields a higher (35%) drag reduction at the same Re, [Fig. 5(b)], as both mean and
random dissipations are suppressed more. However, the input power is increased by 55%, resulting
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in a negative power savings due to higher-energy consumption by coherent dissipation. Such a
comparison implies that a better control of the coherent flow field is needed for net power saving,
which is the goal of our large-scale control method (SOJF) addressed below.

C. Spanwise opposite wall-jet forcing control

To seek large-scale active control methods, which are robust and independent of instantaneous
flow dynamics, in Yao et al. [15,49] we introduced a spanwise opposite wall-jet forcing method,

F,=F =0, F =Asin(B2g0"), (40)

where A is the forcing amplitude, 8 (A =27 /) is the spanwise wave number (wavelength),
and g(y™) is a function scaling with the viscous unit y*. Physically, the SOJF induces a pair of
counter-rotating large-scale swirls, which can merge near-wall streaks and suppress the generation
of streamwise vortices due to a reduced streak flank slope and cause drag reduction. Following
previous works by Refs. [50-52], such a forcing is introduced to approximate the drag reduction
strategy by Refs. [16,53,54], where spanwise velocity perturbations are induced by plasma actu-
ators. For the function g, we choose the same form of the streak perturbation used in Ref. [18]
for the transient instability growth, g(y*) = y* exp(—ny*?), where the decay factor 7 is chosen
to specify the wall-jet velocity profile. The function g takes its maximum at y* = y* = 1/4/2n,
and yc represents the height of the controlling vortices where the jet force F, is maximum [note
that in (40), g is normalized by its maximum value g(yc )= yc exp(—0.5)]. The control force
depends on three parameters, i.e., the forcing amplitude A, the spanwise wavelength A = 27 /8,
and the control height y:f. Note that A can also be scaled in viscous units as AT = Av/ u?; similarly,
AT =21 /Bt =2xL%z/B. For Re, ~ 200, the optimal forcing magnitude A ~ 0.015, which
induces a maximum of 4u, spanwise velocity perturbation; the optimal wavelength A™ = 3607
corresponds to a simultaneously control of ~10 near-wall streaks, and y” = 30 targets at the typical
height of the buffer layer thickness.
Under SOJF control, the energy equations for the coherent and random parts are, respectively,

Ul

€c = v9,0, v —0y w2 + u; u”v” +0p) — uva u+u u”8 i + 11)_1‘7}, (41a)
— *Q/—/ \___/ ~—
De Sre Puc ~Pex We
W N w—
€R = V0ydy—— —0y (u” v /2 4+ vulul /2 + V'p’) — u”v”a u— u”u”a iU . (41b)
\q/i/ —/—’—__z
Dr Str Pur Pcr

Similar to SWO, the control power of SOJF is injected through the coherent motion We = WF; =
wF, and the random power input Wz = 0.

Figure 6(a) shows the budget of the coherent kinetic energy distribution. Near the wall (y* < 10),
dissipation balances diffusion, akin to that without control [55]. However, in the buffer layer (10 <
¥y < 40), due to the large-scale swirls induced by the SOJF, the spatial transport term overcomes
the dissipation term and balances the production (Py¢), contrasting the dominant dissipation across
the entire flow without control. Moreover, the production term Pcg transfers significant amounts of
energy from coherent to random motions, a feature not observed in either OBS or SWO controls.
The work done by the forcing, as expected, reaches a maximum at around y* = 30, the location of
the wall-jet height. Note that the coherent dissipation shows a monotonic decrease with increasing
wall distance. Near the wall, the SOJF leads to the strong spanwise shear of d,i, hence generating
an intense streamwise vorticity sheet and the largest dissipation at the wall. Further away from the
wall, the opposed wall jets collide and induce a strong upward flow motion in the middle span
of a channel, leading to large 9,9 and streamwise vorticity again. Associated with the streamwise
vorticity, coherent dissipation shows an intermediate plateau in the buffer layer centered around
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FIG. 6. Energy budget at Re, = 200 for (a) coherent kinetic energy and (b) random fluctuation kinetic
energy under SOJF control.

v} =30. However, towards the centerline, the large-scale swirls induced by the SOJF are less
intense and hence dissipation gradually decreases to zero for y* > 50.

For the random kinetic energy budget [shown in Fig. 6(b)], the distribution of each term is quite
similar to the uncontrolled case near the wall, but a difference emerges above the buffer layer.
Note that there are two production terms, one from coherent motion and the other from mean flow.
For yt > yT, production from coherent motions overtakes that from the mean flow, compensating
the effects of dissipation and spatial transport. Compared to the mean kinetic energy budget, the
random dissipation is overwhelmingly larger than the coherent dissipation. The reason is that under
control, there are still a large number of vortical structures surviving in the flow [15]. These vortical
structures are concentrated along the middle span of the channel by SOJF and lifted up to the
outer flow by the colliding wall jets, inducing intense random turbulent fluctuations and hence
large random dissipation. To further validate this point, we examine in the following section the
distribution of random dissipation, which coincides well with the locations of vortical structures, all
distributed near the middle span of the channel. Therefore, the random vortical structures generate
substantial turbulent dissipation—much larger than the coherent dissipation due to the streamwise
vortex sheet.

Figure 7 shows the energy fluxes (all the quantities have been normalized by the pumping power
of uncontrolled flow at Re, &~ 200). Without control, 59% of the pumping power is dissipated
by the mean flow while the remaining 41% by the turbulent dissipation. Under SOJF control,
the input pumping power is reduced to 83%, yielding 17% drag reduction. While the mean flow
dissipation remains almost unchanged (i.e., 57%), turbulent production decreases remarkably from
49% to 26%, while 11% and 15% go to coherent and random turbulent fields, respectively. Random
dissipation drops from 41% to 25%, while coherent dissipation only consumes 3% of the pumping
power. Compared to SWO, the power input W, for SOJF is much smaller, viz., only 2%, indicating
a 15% net power saving. Although the power saving is slightly smaller than that of OBS, the SOJF
injects energy through coherent large-scale swirls, hence independent of instantaneous flow sensing
and actuation.

D. Comparison of different control methods

Pursuant to Egs. (32) and (30), the bar chart for different components of drag reduction and the
net power saving rate in terms of N, N, Nc, and NV, are presented in Fig. 8. As mentioned earlier
herein, although all controls result in approximately 20% drag reduction, SWO control requires the
largest energy input, followed by the SOJF and the OBS controls. While the SWO controls both
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FIG. 7. Energy flux in turbulent channel under SOJF for Re, = 200.

mean flow (M, = 11%) and random turbulence (Nz = 12%) dissipation notably, OBS (N = 14%)
and SOJF (N = 16%) are effective in reducing the random turbulence dissipation only, which is
due to the direct suppression of random vortical motions.

Comparisons of different control methods are also made for the wall-normal distributions of
dissipation, shown in Fig. 9. Note that all the dissipation in this figure is normalized by the
uncontrolled pumping power such that AV =1 — fol (lem| + |er| + |lec|)dy according to Eq. (30).
For the mean dissipation [Fig. 9(a)], its value at the wall is actually u‘r‘ /v, whose difference from
the uncontrolled case represents the change of drag coefficient—all the three controls yield about
20% drag reduction. Both SOJF and OBS controls have a larger mean dissipation for y = 0.04
(for y© 2> 10) than the uncontrolled case, due to the induced ejecting motions transporting low
momentum fluids to flow regions further away from the wall (causing higher shear and hence larger
dissipation). For the random turbulent dissipation [Fig. 9(b)], all the controls suppress it notably
throughout the entire wall-normal location, except for OBS showing a larger dissipation at the wall
due to random blowing and suction motions. For the coherent dissipation [Fig. 9(c)], SWO induces
a much larger dissipation than SOJF control, hence no net power saving.

Based on the above comparison, it would be interesting to use a hybrid control method combining
OBS and SOJF so that control power is injected through both coherent and random turbulent

15 e N, T Re =200 ] B N, Re=200
LA
20 = N
I A,

Re =200

(a) (b) ()

FIG. 8. Bar chart of drag reduction rate by Ny, suppression of dissipation of mean flow, A, suppression
of random turbulent dissipation, A/, coherent dissipation induced by control, and Nj,, power input by control,
for (a) OBS, (b) SWO, and (c) SOJF control; all at Re, = 200. Note that OBS control involves zero coherent
dissipation as the energy is injected to the flow through random turbulence fluctuation.
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no control

FIG. 9. Profiles of mean dissipation, random turbulent dissipation, and coherent dissipation (all normalized
by the pumping power P;) for channels at Re, =~ 200 with OBS control (dashed line), SWO control (dotted
line), SOJF control (dashed-dotted line), and no control (solid line).

motions. This way, a higher drag reduction and net power saving may be achieved. Moreover, how
to control the mean flow more effectively with less energy remains a challenge.

IV. DISCUSSION

A. Random dissipation and its relationship to vortical structures

Note that Eq. (16) expresses Cy in terms of triple-decomposed dissipation, which can be further
linked to different flow structures as follows. In all these controls, the mean dissipation is a direct
consequence of the spanwise mean vorticity £2, = d,U, which corresponds to the sheetlike structure
of the mean flow; the coherent dissipation is mainly from the streamwise vorticity €2, due to the
wall-jet and the large-scale swirls of SOJF, or the Stokes layer induced by SWO. Both the mean
and coherent dissipations are maximum at the wall due to the strongest shear at the wall. The
remaining question is what structures are responsible for the random dissipation. Below, we take
SOJF control as an example, to show that it is the remnant vortical structures which generate the
turbulent fluctuations and hence cause random dissipation under control.

Figure 10 (left) shows the isocontours of e¢x in the flow under SOJF control, remarkably, all
concentrated near the middle span of the channel. Recalling the delineation in Yao et al. [15],
near-wall streaks are pressed together to form fewer, unstable streaks with high flank angles. These
streaks generate a cluster of vortical structures through the streaks’ instability or transient growth,
lying also along the middle span. As a result, these vortical structures induce intense turbulence
fluctuations, hence yielding high dissipation along the center of the channel. In Fig. 10 (right), we
plot the isocontours of A, vortices [56]. Furthermore, to show that the e and A, structures are
colocated, we take two cross sections at x/L, = 1/3 and 5/8. It is clear that the vortical structures
are predominately tubelike with dissipation structures at their periphery (where the strain rate is
maximized, but minimized at the core)—akin to the finding by Refs. [57,58]—suggesting that the
random dissipation is mainly caused by the vortical structures.

B. Reynolds number effects

To demonstrate how different dissipation components vary with increasing Re, we choose SWO
control at a higher Re; = 2000 as an example. Our recent study [10] has shown that R = 22% drag
reduction can be achieved at Re, = 2000 with A™ = 12 and 7" = 100. Note that simulations for
SOIJF and OBS controls at comparable Re, = 2000 were not performed due to the computation cost
as well as the difficulty in determining the optimal control parameters.

The triple-decomposed energy box at Re, = 2000 is shown in Fig. 11. Without control, about
40% of pumping power is dissipated by the mean flow, while 60% by the turbulent dissipation—
much higher than the case at Re; = 200 where turbulent dissipation takes only 40% of pumping
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FIG. 10. Distribution of random turbulent dissipation under SOJF control at Re, = 180. Top left: Isosur-
face of random turbulent dissipation (ez = 1.5 x 10~3) colored by u. Top right: Isosurface of A, structure
(A2 = —0.35) colored by u. Bottom left and right: Contours of €g (red lines) and X, (blue lines) at the cross
planes x/L, = 1/3 and 5/8, respectively. The two cross planes are marked in both top panels.

power. Under control, the input pumping power is reduced to 78%, yielding a 22% drag reduction
at Re; = 2000, smaller than 35% drag reduction at Re, = 200 with the same A" = 12. However,
the coherent dissipation decreases from 79% to 56%, leading to a notable reduction of input power
(by about 23%) at Re; = 2000. At Re, = 200, the mean dissipation is suppressed by 15%, while at
Re; = 2000 the mean dissipation only decreases by 4% (from 40% to 36%). Moreover, €g increases
from 21% at Re, = 200 to 43% at Re, = 2000, indicating that more energy is dissipated by the
random turbulence. Again, the coherent and random energy fluxes are nearly decoupled—only 1%
of the pumping power is transferred from coherent to random fluctuations. This is because even
at this high Re the coherent velocity field is essentially the Stokes layer solution, so that viscous
diffusion almost balances the dissipation pursuant to Eq. (39); hence so small an amount of energy
is transferred to a random field.

From the discussion above, it is clear that random turbulent dissipation has the dominant
contribution to Cy at high Re; hence it is increasingly important to suppress these dissipation
structures as displayed in Fig. 10. Based on our previous studies [10,15], under control there
are still numerous small-scale vortical structures remaining in the flow, whose number/intensity
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FIG. 11. Energy flux for (a) without control and (b) under SWO control at Re, = 2000.
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continuously increases with Re. Hence, the elimination of those structures is a great challenge for
drag reduction at high Re. As explained earlier, though dissipation is induced by the viscous strain
of fluids at the smallest (Kolmogorov) scale, there is no indication that small-scale control should be
dominant over large-scale control, as suppressing large-scale turbulence would intercept the energy
cascade, hence leading to smaller € and therefore reducing drag. This means that control of large-
or very-large-scale motions [59,60] is as valuable as previous ideas on intercepting the regeneration
of near-wall small-scale vortices [61], and a hybrid control of both small- and large-scale turbulence
seems to be promising (e.g., through a combination of OBS and SOJF).

V. CONCLUSION

A comparative examination of the wall friction drag reduction efficacy for different control
methods (e.g., SOJE, SWO, and OBS) is presented. It is built on a different approach of a friction
coefficient using a triple-decomposed energy flux. Differing from the FIK or the RD identity, the
drag coefficient is expressed in terms of the volume integrated dissipation and the forcing energy
by external excitations. Compared to the energy-box analysis by Gatti et al. [21], our study here
uncovers how controls of mean flow, coherent flow, and random turbulence contribute differently
to the drag reduction and the net power saving. It shows that while vortex sheets of €2, and €2,
contribute to mean and coherent dissipations, respectively, A, vortex structures generating random
turbulent fluctuations and hence random dissipation are the dominant contributors to the drag
at high Re. We establish that suppression of the near-wall vortical structures remains the clear
target for the successful control at high Re, and a promising perspective may be a hybrid control
strategy by incorporating different methods to achieve drag reduction and net power saving at high
Re. Compared to the FIK and RD identities, our diagnosis of Eq. (3) focuses on the spatially
homogenous flow and can be similarly extended to analyze compressible effects [47,62—-64]. For
spatially developing flows (e.g., turbulent boundary layer), there should be an additional term in
Eq. (3) characterizing energy transport in the flow direction, whose explicit expression may vary
with boundary conditions (e.g., pressure gradient, wall curvature, roughness, etc.).
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