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Direct numerical simulations (DNS) of a turbulent channel
flow at a friction Reynolds number Rer, = uff_oh*/u* = 180,
where uf;O is the friction velocity in the uncontrolled case, h*
is the channel half-height and v* is the kinematic viscosity of
the fluid, have been performed to study an active control tech-
nique in which steadily rotating flush-mounted of either discs
[5] (RH13) or rings are combined with the opposition control
method [1]. Wall transpiration is applied with a controlled
wall velocity which has the same amplitude but opposite sign
to that of the optimum detection plane at y+ ~ 15, aiming at
suppressing the near-wall quasi-streamwise vortices. Various
configurations are examined using the out-of-phase v (wall-
normal) and w (spanwise) control, and the steadily rotating
discs and rings.

The Incompact3d DNS code [3, 4] was used for the simulations.
The disc flow domain is sketched in figure 1. For the discs,
two parameters are relevant, i.e. the disc tip velocity (W)
and the disc diameter (D). The instantaneous flow u can
be decomposed into a mean flow u,, disc/ring flow ug, and
the turbulent contribution u:: u = um + ug + ug, where
Ug = U — U, (the overbar indicates the time average).
Several combinations of the two control strategies have been
studied to obtain as high drag reduction values as possi-
ble. The original disc configuration investigated in RH13 was
modified by substituting the central part of the discs with sta-
tionary wall, thereby forcing the flow through spinning annuli.
Opposition-control wall transpiration was enforced on the sta-
tionary wall portions, i.e. between the rings and in the core
of the rings. Figure 2 shows a contour of the instantaneous
velocity in the spinning-ring case with opposition control.
The results are shown in Table 1 where the opposition control
strategy is based on the wall-normal velocity.

The drag reduction, the net energy saving and the changes
in the turbulence structures have been compared with those
cases for which the two control methods are applied separately.
When the optimum rotating disc case [5] is used together with
the out-of-phase opposition control of wall-normal velocity, an
additional drag reduction of 5% is achieved. When the spin-
ning rings are combined with wall transpiration, the maximum
drag reduction is 31%, i.e. larger than the values obtained by
the two methods separately.

The net power saved is computed using Pnet = R—(Pspent,d+
’Pspent,opp)7 where R is the power saved thanks to drag reduc-
tion, Pspent,a is the power spent to activate the discs and
Pspent,opp is the power spent to enforce the wall transpira-
tion. For the last rings configuration in Table 1, Ppet = 6%
for the uncontrolled flow, while combined with the opposition
control technique, this quantity reaches 13% which is higher
than the optimum found by the discs alone.

The intensity of the main turbulence statistics is reduced, as

Figure 1: Flow configuration with steady rotating discs. The
buffer region (with width ¢) is assigned to model the gap be-
tween discs and stationary wall.
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Figure 2: Instantaneous wall-normal velocity v(z,y = 0,z).
The green areas represent the location of the ring actuators.

shown in figure 3. The Fukagata identity (FIK) [2], Cy =
Claminar + (12/Rep) [(1 — y)(—uv) dy (where Re, is the
bulk Reynolds number and the operator <> denotes time and
space averaged along the streamwise and spanwise directions),
is also employed. Figure 4 shows how the turbulent part of
the weighted shear-stress is reduced by the control, thereby
reducing the skin-friction coefficient. For a general control

problem, the FIK identity is developed (lower-wall):
2

Cyiw = —12 /(2 = Y) [umvm + ugva + (weve)] dy
0
+24 [tm (0)v, (0) + a(0)v4 (0) + (ut (0)v:(0))]

+1640 + ;—jb (1 — 2um(0)] (1)

A similar expression is derived for the upper-wall. Ag is a
constant due to the wall forcing.

Figure 5 shows isosurfaces of the spinning-ring flow. The
intensity of the tube shaped structures, which appear between
discs, is reduced when opposition control is applied.



case Ly L. wto | DO | R(%)
discs 6.797 | 2.26m 9 640 18.8
discs + OC 6.797 | 2.26m 9 640 20.5
rings 4.537 | 2.267 9 640 19.8
rings + OC 4.53m | 2.26m 9 640 26.8
rings 6.797 | 3.397 6 960 18.1
rings + OC 6.79m | 3.397 6 960 26.4
discs 6.797 | 3.397 9 960 22.8
discs + OC 6.79m | 3.397 9 960 26.2
rings 6.797 | 3.397 9 960 24
rings 4+ OC | 6.797 | 3.397 9 960 31

Table 1: Discs and rings configurations tested with and with-
out opposition control based on out-of-phase wall-normal ve-
locity (OC).
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Figure 3: Statistics for the rings. Solid lines: rings without
control, dashed lines: rings with v-control. Normalisation is
done with respect to the uncontrolled case.
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Figure 4: Weighted Reynolds stress terms.

Isosurface

Figure 5: representation for  rings
(/u2+v%3+w? = 0.09) without (top) and with oppo-
sition control (bottom). Tube-shaped patterns are present as
in the uncontrolled case but they are damped.
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