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1 Introduction

The skin friction drag originating from fluid vis-
cosity on surfaces of vehicles has a large impact on
environment and economy from the viewpoint of fuel
consumption. Due to the laminar-turbulent transition
within boundary layers, the skin friction drag increases
drastically compared to its laminar counterpart. In or-
der to reduce the skin friction drag, various drag reduc-
ing methods have been devised. Soon after the advent
of the direct numerical simulation (DNS) of a turbulent
channel flow by Kim et al. (1987), numerical studies
on drag reduction by riblets (Choi et al., 1993), sur-
factants (White and Mungal 2008), superhydrophobic
surfaces (Tiirk et al., 2014), active opposition control
(Choi et al., 1994), wall-oscillation (Ricco & Quadrio,
2008), and wall deformation (Tomiyama & Fukagata,
2013) in internal flows have been pursued. When it
comes to external flows, however, there remains still a
need for further investigations.

Another way of modifying the flow is through
blowing and suction as e.g. employed for film-cooling
of turbine blades and slotted wings. Kametani & Fuka-
gata (2011) performed a DNS of a spatially developing
turbulent boundary layer (STBL) with uniform blow-
ing from the wall. They found that with blowing at
only 0.1% of the freestream velocity one can achieve
over 10% drag reduction. Furthermore, high control
efficiency is demonstrated: higher net-energy saving
rate and gain are achieved compared with different al-
ternative drag reduction controls. As identified from
the decomposition of skin friction drag (FIK identity;
Fukagata et al., 2002), the wall-flux from the wall can
be a strong reduction factor of the skin friction drag,
while it enhances the Reynolds shear stress. These re-
sults, however, are from a low Reynolds number of
around Re, = 180, where the flow is not represen-
tative of a turbulent boundary layer, and results can
hence not be extrapolated to higher, more practical,
Reynolds numbers.

Since the first DNS of a STBL by Spalart (1988),
the turbulent structures in STBL have been numeri-
cally investigated (Robinson, 1991). Due to the recent
increase of computing performance, the vortical com-

position of fully developed turbulent boundary layers
have been confirmed through DNS, see e.g. Sillero et
al. (2013), Pirozzoli and Bernardini (2013), and more
recently Schlatter et al. (2014). In order to investi-
gate the turbulent structures at higher Reynolds num-
ber, Eitel-Amor et al. (2014) performed a large-eddy
simulation (LES) at relatively high Reynolds number
(up to Reg = 8000) and the turbulent structures are
investigated through spectral analysis.

In the present study, a LES of a spatially evolv-
ing boundary layer with uniform wall transpiration is
performed in order to investigate the effect of blowing
and suction on the turbulence statistics and primarily
on the skin-friction drag and its decomposition at mod-
erate Reynolds number. Aiming at the practical appli-
cation, the control efficiency is also discussed.

2 Numerical set-up

The governing equations are the incompress-
ible continuity and Navier-Stokes equations. The
present large-eddy simulation uses the ADM-RT
model (Schlatter et al., 2004). The momentum equa-
tion for the resolved velocity w; and pressure p is writ-
ten as

= _m — —xHyu;. (1
ot =~ 9w, 0w, Redw,or, NN D)

The equations are non-dimensionalized by the free-
stream velocity U, and the inlet displacement thick-
ness, d;, i.e. the computational Reynolds number is
defined as Re = U d5/v = 450, where v denotes
the kinematic viscosity. The relaxation term x H  *u;
is based on a high-order three-dimensional filter op-
eration where Hy = (I — G)N+1 convoluted with
u;. G is a lower-order, low-pass filter. The compu-
tational domain is L, X Ly x L, = 3000 x 100 x 960
with N, x N, x N, = 2048 x 257 x 1536 spectral
collocation points in the streamwise, the wall-normal,
and the spanwise directions, respectively. In the phys-
ical space, the number of grid points in the streamwise
and the spanwise directions increases by a factor of 3/2
due to the dealiasing. The maximum grid resolution in
wall units is Azt x Ayt x Azt =20.9x13.3x8.9.
The boundary layer starts from Blasius profile at the



Figure 1: Employed coordinate system and schematic of con-

trolled region.
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Figure 3: Instantaneous streamwise velocity on the controlled region in  — y plane. The representation is stretched by a factor

of 2 in the wall-normal direction.

inlet of the computational domain and transitions to a
turbulent boundary layer via a tripping force (detailed
in Schlatter et al, 2004 and Schlatter and Orlii, 2012).
The boundary layer can be considered turbulent in the
range of Rey > 700.

Uniform blowing or suction is applied as the wall-
boundary condition for the normal velocity, V,, =
+1.0 x 1073, as shown in Fig. 1. Aiming at inves-
tigating the area-dependency of the controls, blowing
or suction is applied in three different areas: control at
800 < Reg,o < 1800 is referred to as B/S800, 1100 <
Reg o < 2100 as B/S1100 and 800 < Reg,o < 2100
as B/S800L, respectively. The subscript 0 refers to the
uncontrolled (reference) case. The averaging time in
wall units for computing statistics is 7 ~ 2000 for
the uncontrolled case and B/S1100, and 7 ~ 1000
for the other cases.

3 Uniform blowing/suction

The Reynolds number based on the momentum
thickness in each case is plotted in Fig. 2 as a func-
tion of the streamwise location. The figure shows that
the spatial growth of the boundary layer is promoted
by blowing and delayed by suction. Although the am-
plitude of blowing or suction is small, the thickness
of the boundary layer in the blowing case is approxi-
mately 13% larger than that of the uncontrolled flow
at Reg = 2100, while it is approximately 18% lower

in the suction case. Instantaneous streamwise veloc-
ities of B/S800L are shown in Fig. 3. The promoted
development by blowing and delayed one by suction
can visually be confirmed.

The statistics at some streamwise locations from
B/S1100 are considered next. Figure 4 shows the mean
streamwise velocity scaled by local wall units. While
the linear law can be found in all cases, the logarithmic
profile is not appropriate for the blowing and suction
cases. The profiles of the root-mean-square (RMS)
of the streamwise, wall-normal and spanwise veloc-
ity fluctuations scaled by local wall units are plotted
in Fig. 5. Due to the reduced skin friction coefficient,
the RMSs are increased by blowing, while those are
decreased by the enhanced skin friction in the suction
case. The profiles in the suction case indicate their col-
lapse on one curve in the inner region. In the blowing
case, the peak values increase downstream faster than
those of the uncontrolled case and their locations are at
a slightly larger distance from the wall, while the suc-
tion case has the opposite trends. It can be concluded
that the intensity of the outer-layer structures are ef-
fectively reduced by the weak amount of suction.

Similarly, the Reynolds shear stress (RSS) is plot-
ted in Fig. 6. The profiles show that the peak of RSS
scaled by the local wall units is gradually increased to
over 1.3 in the blowing case, while it is decreased to
around 0.6 in the suction case. By inner scaling with
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Figure 4: Profiles of mean streamwise velocity. Red solid lines show the linear and logarithmic (U" = 1/0.411lny" + 5)
velocity profile. Left, blowing; center, uncontrolled; right, suction.
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Figure 6: Profiles of Reynolds shear stress. Left, blowing; center, uncontrolled; right, suction.

the local wall units, the peaks in the blowing case de-
velop downstream. The profiles of the suction case
indicate that inner-scaling is observed throughout the
inner layer as also evident for the Reynolds normal
stresses.

4 Drag reduction by blowing

The effect of blowing or suction on the skin friction
coefficient, ¢y = 27, / pUgo, is plotted as function of
the Reynolds number in Fig. 7, where p and 7,, denote
density and wall-shear stress, respectively. The grey
solid line shows the power-law distribution,

c; = 0.024Re, /%, )

which indicates that all simulations have reached a de-
veloped turbulent state prior to the controlled region.
Due to the variation of the boundary-layer thickness,
the range of the Reynolds number differs among the
cases. From the figure, the skin friction drag is re-
duced by blowing and enhanced by suction. Although
the range of control is varied, it seems that the reduced

or enhanced profile of ¢y approaches and collapses on
a common line for the controlled cases.

The local drag reduction rate, R”, net-energy sav-
ing rate, SL and control-gain are defined as

L _cro—cr(@)
R (LU) - Cf,O (l’) bl (3)
Loy - o) = (cp(2) +win(z))
S ( ) - Cf,o(I) ) (4)
GL(z) = Cf,O(i? ZJ‘c)f(x) (5)

where w;,, denotes the local input power from the wall
flux calculated as (detailed in Fukagata et al., 2009)

1
win () = §Vw (z)3. (6)

Due to the quite weak blowing amplitude, i.e.
win(z) ~ O(1077), the net-energy saving rate ST is
mostly equivalent to the drag reduction rate R”. Fig-
ure 8 depicts ST as a function of the Reynolds number
of the uncontrolled case, Reg . The profiles gradu-
ally increase with downstream distance. At the begin-
ning of the blowing, S is approximately 13% but it
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increases up to over 20% at the end of the control re-
gion. The net-energy saving rate and the gain are plot-
ted in Fig. 9 as a S — G map, indicating that both the

net-energy saving rate and the control-gain increase
with downstream development. Comparing B800 with
B80OOL, it is clear that the larger blowing region results
in a larger control efficiency. The other remarkable
feature appears in the gap between B800 and B1100,
where a later starting point yields less control-gain (or
high net-energy saving rate) despite the equal blow-
ing areas. This result indicates that in order to ob-
tain a higher control-efficiency, 1) the long streamwise
length of the blowing region and 2) the upstream lo-
cation of the blowing-starting position are important
factors. A jagged region of the profile further down-
stream is supposed to come from the division by the
small value of input power in control-gain, G.

The mean net-energy saving rate .S can be defined
as S = - iT f; ST dzx, where x4 and x. denote
the streamwise location where blowing starts and end,
respectively. From the present simulation, approxi-
mately 13% net-energy saving is achieved by blowing.
Similarly the B1100, B80O and BS8OOL cases achieve
S = 17.6%, 17.2% and 18.0%, respectively. Due to
the growth of S, S is expected to increase as the
blowing region is extended in streamwise direction.
This fact indicates that a longer streamwise length of
the uniform blowing continues to achieve larger drag
reduction. The result of B800 and B1100 further in-
dicates that the starting position of blowing, seems to
affect the energy saving rate even though the area of
the controlled region is equal; starting at higher Rey
achieves a higher net-energy saving. However, this
finding needs to be studied in more detail due to the
comparably weak effect.

S Physical decomposition of the friction
drag

The Reynolds shear stress has been known to con-
tribute to the skin friction since Fukagata et al. (2002)
found an expression (FIK identity) for the componen-
tial contributions that different dynamical effects make
to the skin friction drag. Here, the skin friction drag is
decomposed into four terms as (see Fukagata et al.,
2002),

cr(z) = () + el (x) + P (@) +c(2) (D
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Figure 10: Decomposed skin friction drag. Left, blowing; center, uncontrolled; right, suction. Solid black, ¢; red, ¢*’; blue,

cP; magenta, ¢”; dashed black, FIK total; gray, ¢ 1

All terms are nondimensionalized by U, and the 99%
boundary layer thickness, §. Here, 04 denotes the dis-
placement thickness. The terms on the right hand side
are the contribution from the boundary layer thickness,
the Reynolds shear stress, spatial development, and the
pressure gradient, respectively. In the limit of high
Reynolds numbers (for the uncontrolled case), the first
term, c®, approaches zero because it is inversely pro-
portional to the Reynolds number. The RSS term, 7,
and the spatial development term, ¢, has a large con-
tribution on the skin friction drag in all cases, which
are affected by control. The forth term, cP, is zero for
zero-pressure-gradient conditions. This evaluation in-
dicates that ¢” and c¢” are dominant in the skin friction
drag. In the blowing and suction case with an infinite
control region, however, the growth rate of the bound-
ary layer is evaluated by the von Kdrman equation with
constant wall-normal velocity, written as

Cf o 00

5 = 7 V. ©))
In the blowing case, the skin friction is eliminated sim-
ilarly to the uncontrolled case. From the Eq. (9),

00

ox
is obtained. This indicates that the boundary layer
thickness is supposed to grow at a constant rate at in-
finite Reynolds number. On the other hand, in the suc-
tion case, the boundary layer approaches an asymp-
totic boundary layer. From Eq. (9),

= Vo (10)

Cf _

y = Ve
follows. Figure 10 depicts the decomposed skin fric-
tion drag by using the FIK identity. The summation
of all terms of the FIK identity agrees with the fric-
tion coefficient in all cases. Although a streamwise
pressure-gradient is generated at the edge of the con-
trolled region, it is eliminated over most part of the
controlled region. Over the controlled region (without
pressure gradient), the asymptotic features of the RSS
term mentioned above can be confirmed in spite of
the relatively low Reynolds number. As mentioned in

an

Kametani & Fukagata (2011), the drag reduction (en-
hancement) by blowing (suction) is dominantly due to
the mean wall-normal flux in ¢”. The profiles clearly
show that c” is a negative contribution in the blowing
case, while it is a positive contribution in the suction
case.

6 Spectral analysis

Pre-multiplied spanwise power spectra of the
streamwise velocity fluctuation, k,®7,, at Regg =
1800 from B/S1100 cases are plotted in Fig. 11 as
functions of wall-distance. The contour lines indicate
that the energy is increased by blowing and decreased
by suction. Blowing increases the small short wave-
length component, suction decreases it. The profiles
also indicate that blowing increases the energy near the
wall, while suction decreases it. The range of wave-
length and wall-distance of the spectra is spread by
blowing, while suction has the opposite trend. A re-
markable difference can be found at the comparably
large scale components, A} ~ 60, i.e. blowing en-
hances the fluctuation energy, while suction decreases
it. Although the inner peak is increased by blow-
ing and decreased by suction, the positions of them
are mostly unaffected. These results indicate that the
inner-region and outer region are differently affected
by the controls. The effects of blowing and suction
are more pronounced in the outer-layer. The turbulent
fluctuation is enhanced by the wall flux induced from
the wall. On the other hand, suction is supposed to
stabilize the turbulence in the flow.

Similarly, the pre-multiplied cross spectra of u’
and v, k,®Z, which corresponds the Reynolds shear
stress is depicted in Fig. 12. In order to investigate the
contribution to the skin friction drag, ®Z  is weighted
by the wall-distance. Blowing increases the spectra,
while suction decreases it. As for small scale struc-
tures (/\z+ < 4), the turbulence near the wall is in-
creased by blowing and decreased by suction. In the
outer layer region, a second peak appears in the blow-
ing case at (A}, y™) a~ (400, 100). This second peak
indicates that, the large scale structures in the outer-
region are enhanced by blowing. The contribution of



Figure 11: Spanwise pre-multiplied power spectra of u’ at Figure 12: Spanwise pre-multiplied cross spectra of u’ and

Reg,o = 1800. Black, uncontrolled; red, blow-
ing; blue, suction. Contour lines start from 1 with

spacing of 1.

the large scale structure on the skin friction drag is
generated by blowing. The effect of large scale struc-
tures in the uncontrolled case, however, is not con-
firmed due to the relatively low Reynolds number.

7 Conclusions

A large-eddy simulation of a spatially evolving tur-
bulent boundary layer with uniform blowing and suc-
tion at moderate Reynolds number was performed.
Similar to the low Reynolds number DNS by Kamet-
nani & Fukagata (2011), the skin friction drag reduc-
tion and enhancement by blowing and suction were
confirmed, respectively. It is found that the local drag
reduction rate is continuously growing in the down-
stream direction. From a map of the net-energy saving
rate and the control-gain, the local control efficiency
is found to increase in the downstream direction. Fur-
thermore, the starting position of control located more
upstream results in a higher net energy saving rate.
This fact can indicate that higher drag reduction and
control efficiency can be achieved as 1) the blowing re-
gion becomes wider and 2) the control starts at a more
upstream location.

The decomposed skin fraction drag by the FIK
identity and consideration of the Kdrmdn momentum
equation indicates the dominant terms of FIK iden-

v’ at Rep o = 1800. Black, uncontrolled; red,
blowing; blue, suction. Contour lines start from
0.2 spacing 0.2.

tity in the high-Reynolds number turbulent boundary
layer with and without blowing/suction. Although the
boundary layer grows downstream, the spatial devel-
opment term ¢”: summation of the streamwise deriva-
tives and mean convection, is negative in the blowing
case, achieving friction drag reduction. In the suction
case, c? is the main factor of drag enhancement and,
mostly, it balances with the Reynolds shear stress con-

tribution, T .

The pre-multiplied power-spectra of the stream-
wise velocity fluctuation shows that the peak values
are increased by blowing and decreased by suction.
In the outer layer, the energy are remarkably affected
by blowing and suction; blowing increases the energy,
while suction decreases it. The premultiplied cross-
spectra of the Reynolds shear stress weighted by the
wall-distance show the contribution of the scale of tur-
bulence, as mentioned in the FIK identity. The results
show that blowing enhances the spectra, while suction
reduces it. Similarly to the streamwise velocity power
spectra, those in the outer-region are remarkably af-
fected. In the blowing case, a second peak is gener-
ated. These structures are supposed to be more domi-
nant at higher Reynolds numbers.
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