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INTRODUCTION & MOTIVATION

Reduction of losses caused by turbulent skin friction drag
is of great economical and ecological interest. One of the
promising turbulence control strategies is a reactive con-
trol, where instantaneous flow field information captured
by sensors is used in order to determine actuator opera-
tion. Such control schemes exhibit high energy gain due
to low power consumption. Although most previous con-
trol schemes have been assessed in fully developed turbu-
lent channel flows, their applicability in spatially devel-
oping turbulent flows are not fully investigated. More-
over, previous investigations in boundary layers have so
far not considered the control efficiency which can be es-
timated through evaluation of the power required to run
the control. In the present work the control performance
of reactive turbulence control is investigated in a turbulent
boundary layer and a thorough analysis of the flow state
is performed using the FIK-Identity [3] to clarify the drag
reduction mechanism.

PROCEDURE

The investigation is performed using direct numerical sim-
ulations of a turbulent boundary layer with zero pressure
gradient in a Reynolds number range of Reg = 400—750.
In the present investigation opposition control proposed
by [2] is considered as a representative of reactive control
schemes. The control is applied partially on the wall of the
simulation domain by imposing wall-normal velocity op-
posite to the wall-normal velocity captured at the sensing
plane y,. Correspondingly, the control input at the wall is
given by

v(z,0,2,t) = —v(x,ys, 2, t). (1)

The optimal position is found to be located at ys = 12,
which corresponds to the wall-normal coordinate decay-
ing from yF = 13 to 11 in viscous units.

Opposition control is applied partially in the streamwise
direction, while the spanwise extension of the control area
covers the total domain width (Fig. 1). In order to bet-
ter investigate the control effect downstream of the control
section, three control areas with streamwise extension of
Ax. = 100, 150 and 200 are introduced.

The control performance is estimated through the reduc-
tion of skin friction drag with respect to the uncontrolled
value [4]. Based on the local driving power

P(x) = T (x)Uo, 2)
the local drag reduction rate can be defined as

R(z) =1 = P(z)/Py(x), 3)

where P(z) denotes the local pumping power per unit
length, 7, represents the local wall shear stress and the
subscript 0 indicates the uncontrolled values. We evaluate
the local control input power as the energy flux through
the walls caused by the imposed velocity v:

Pinla) = ([p@o@)] +05 |w@?)). @
The local energy gain is defined as:
G(z) = (Po(x) = P(x)) / Pin(2). ®

The decomposition of skin friction coefficient into con-
tributing parts, also known as FIK-identity [3] is applied.
Following this decomposition, the skin friction coefficient
for a boundary layer flow is estimated as follows:

cr(z) = cfc + c? + c?. 6)

where c‘} represents the boundary layer thickness contribu-
tion, c? the Reynolds shear stress contribution and 0}3 the
boundary layer specific contribution, which consists of a
mean convection and a spatial development contribution.

CONTROL PERFORMANCE

The control performance in terms of drag reduction rate
shows good agreement with the results of [5]. Figure 2
(left) demonstrates the distribution of R(x) for three con-
trol area lengths along the streamwise coordinate within
the turbulent region of the flow. The control efficiency
gradually increases in the first part of the control area and
reaches a saturated state after 120 — 140 units yielding
R ~ 22 — 23%. These local values are comparable with
the results known from previous investigations carried out
in a channel flow [1].

The local energy gain exhibits a gradual increase up to
G =~ 10 with following slight decrease down to G ~ 8
(Figure 2, right). The energy gain is significantly reduced
in comparison to the gain estimated as G = 35 in chan-
nel flow simulations [6]. This difference arises from the
fact that periodic boundary conditions are applied in chan-
nel flow simulations while in a boundary layer domain the
inflow properties remain unaffected by the outflow.

It is found that the control activation changes the flow
properties downstream of the control section, causing
a permanent thinning of the boundary layer (Figure 3).
Thinner boundary layers possess a higher skin friction co-
efficient which leads to a skin friction drag increase af-
ter the control section (Figure 2, left). It is obvious that
the overall control efficiency is therefore dependent on the
definition of the integration area.



COMPONENTAL CONTRIBUTION TO Cr

It is found that the reduction of skin friction is mainly
caused by the reduction of the turbulent term, c?, and the
boundary layer specific term, 0}3 , appearing in the FIK-
Identity (Figure 4). The boundary layer contribution, c‘},
remains unaffected in the control region. The decrease of
the turbulent contribution has the most significant influ-
ence on the overall drag reduction rate and is linked to
the supression of the turbulent intensity represented by the
Reynolds shear stress. The control effect on the boundary
layer specific term is quantitatively less pronounced, but
still shows a distinct decrease in the control region. The re-
laxation of this term occurs very rapidly after Az = 8—10
with a following overshoot in comparison to the uncon-
trolled values. In contrary, the turbulent contribution gra-
dient in the section after the control is very moderate,
demonstrating a relaxation section of Az = 70 — 100.

OUTLOOK

In future, we plan to extend the simulation domain in
streamwise direction in order to investigate the influence
of control position and Reynolds number on the overall
control performance and to derive an analytical relation-
ship between achieved control effects and specified control
properties. It is also planned to investigate the mentioned
turbulence control scheme in a turbulent boundary layer
further with respect to its sensitivity and control perfor-
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Figure 1. Schematic of the setup
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Figure 3. Boundary layer development

mance when factors like the temporal resolution of sensor
and actuators, their finite size or noisy sensor signals are
considered.
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Figure 2. Control performance
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Figure 4. Contribution of FIK-identity components to the skin friction drag



