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Abstract

Turbulent pipe flow controlled by the opposition control algorithm [J. Fluid Mech. 262 (1994) 75–110] is studied by means of

direct numerical simulation. A special focus is laid upon a scheme in which the control input is applied only partially over a limited

length in the streamwise direction, but not on the entire wall surface. The upstream control effect remains over a distance of about

11–14 times the pipe radius downstream of the point where the control is terminated. This results, however, in a simple relationship

that the average drag reduction rate is nearly proportional to the control length. The recovery process after the control termination

is quantitatively investigated by applying a recently proposed exact relation between the skin friction and the Reynolds stress

distribution [Phys. Fluids 14 (11) (2002) L73–L76] and also by performing a budget analysis specially designed for that purpose.

� 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

During the last decade, so-called active feedback

control of turbulent flow has attracted much attention.

Its application is diverse, e.g., reduction of skin friction

drag of aircrafts and carrier ships, enhancement of

mixing in heat exchangers and bioreactors, and noise

reduction of high-speed vehicles.

An active feedback control system generally consists

of three functional hardware components, i.e., sensors,
controllers and actuators, and an additional software

component, i.e., a control algorithm which determines

the action of actuators depending upon the sensor out-

put. In parallel with intensive R&D studies of hardware

components, the control algorithm has been developed

and assessed by using direct numerical simulation

(DNS) of controlled turbulent flow fields.

Choi et al. (1994) attained considerable drag reduc-
tion in their DNS of turbulent channel flow by local wall

blowing and suction, of which velocity is determined so

as to oppose the velocity components induced by the
near-wall quasi-streamwise vortices. Their study as-

sumed a highly idealized situation: use of a virtual de-

tection plane in the flow, blowing and suction actuators

continuously distributed over a wall surface, and flows

at low Reynolds numbers. Later efforts were devoted to

develop alternative control algorithms so that similar

control effects can be attained in more realistic control

system. Lee et al. (1998), by using the suboptimal con-
trol approach and the knowledge obtained by the op-

position control, proposed a simple algorithm that uses

information on the wall surface instead of a virtual de-

tection plane. Discrete wall-deformation actuators were

assumed by Endo et al. (2000) instead of spatially con-

tinuous blowing and suction. More recently, the control

effects at higher Reynolds numbers were investigated

(Iwamoto et al., 2002; Chang et al., 2002). These studies
demonstrated that the strategy essentially similar to the

opposition control proposed by Choi et al. (1994)

should be, with a slight deterioration, effective even for

the drag reduction in more practical situations.

Most of the previous studies dealt with plane channel

flows. A flow in a circular pipe is another canonical wall-

bounded flow and its control has several direct practical
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applications. Very recently, Xu et al. (2002) derived the

analytical suboptimal solution for drag reduction in a

turbulent pipe flow, which results in a quite similar form

to that in a channel flow (Lee et al., 1998). They report
that the control effects are also similar. However, this is

the only work reported on the active feedback control

applied to pipe flows and therefore the control algo-

rithms proposed for channel flows should further be

tested in pipe flows.

More importantly, the previous studies always as-

sumed control inputs applied on the entire wall surface.

In reality, it may not be possible both technologically
and financially to have an entire wall surface equipped

with an array of active feedback control units. In many

perspective cases, the number of sensors and actuators

should be limited. Currently, several attempts are on-

going in order to prove the active feedback/feedforward

drag reduction control in laboratory experiments

(Rathnasingham and Breuer, submitted for publication;

Yoshino et al., 2002). In the experiment by Rathnas-
ingham and Breuer (submitted for publication), local

drag reduction is attained by using a few sets of sensors/

actuators. However, at the moment, one cannot evaluate

how many sets of sensors/actuators or how large area of

control may be required in order to truly prove the net

drag reduction effect because the knowledge on spatially

inhomogeneous control is lacking.

The objective of the present study is, therefore, to
investigate by means of DNS the effects of the opposi-

tion control (Choi et al., 1994), where the control is

applied only on a limited wall surface area of a cylin-

drical pipe. Variation of the skin friction coefficient

along the streamwise direction is quantitatively ana-

lyzed.

2. Numerical method

The governing equations are the incompressible

continuity and the Navier–Stokes equations expressed in

the cylindrical coordinates. The DNS code used in the

present study is based on a second-order accurate finite

difference scheme on the cylindrical coordinate system.

The computational grids are stretched in the radial (r)
direction and equally spaced in the azimuthal (h) and

longitudinal (z) directions. A special care is taken on the

consistency in the discretized space, so that the energy is

conserved in the computation of the inviscid part of the

governing equation as well as in the treatment of the

singular pole (Fukagata and Kasagi, 2002). The time

integration is advanced by using the low storage third-
order accurate Runge–Kutta scheme (Spalart et al.,

1991) for the advection terms and the Crank–Nicolson

scheme for the diffusion terms. The same coefficients as

those used by Rai and Moin (1991) are used. For the

pressure coupling, a delta-form fractional step method is

used. The Poisson equation is solved using trigonomet-

ric expansions. The statistics of an uncontrolled flow

computed by using the present code are in excellent
agreement with previous DNS data. Further details of

the computational method used and the validation of

the present DNS code are documented in Fukagata and

Kasagi (2002).

Throughout the present study, the mass flow rate is

kept constant. Several test cases are set at a relatively

low bulk Reynolds number, Reb ¼ 2UbR=m ¼ 5300,

which corresponds to the friction Reynolds number of
Resu ¼ usuR=m ’ 180 in the uncontrolled flow. Hereafter,

super- and subscripts of �u� are used for the dimension-

less quantities normalized by the friction velocity of the

uncontrolled flow, usu, and the kinematic viscosity, m. A
fully developed turbulent flow is assumed in a circular

pipe of a radius R, but the computation is made in a pipe

of finite length L with periodic boundary conditions at

both ends. Thus, strictly speaking, the flow field should
be always periodic in the streamwise direction, and it is

particularly so in the case with control applied partially

to wall. The size of computational domain and com-

putational mesh used are shown in Table 1.

The control algorithm used in the present study is the

opposition control (v-control) proposed by Choi et al.

(1994). Namely, the time-dependent, local blowing/suc-

tion velocity at the wall, urðR; h; z; tÞ, is given by

urðR; h; z; tÞ ¼ �urðR� yd; h; z; tÞ: ð1Þ
Here, yd denotes the distance between wall and a virtual
detection plane as shown in Fig. 1.

3. Fully applied control

In this section, the drag reduction performance is

presented for the case where the opposition control

applied on the entire wall.

Table 1

Computational conditions

Test case Resu Lz=R Lþu
z Nr Nh Nz Drþu ðRDhÞþu Dzþu

Case 1 180 20 3600 96 128 512 0.46–2.99 8.84 7.03

Case 2 184 20 3680 48 128 256 0.95–6.11 9.03 14.4

Case 3 184 40 7360 48 128 512 0.95–6.11 9.03 14.4

Case 4 184 80 14720 48 128 1024 0.95–6.11 9.03 14.4
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Each simulation is started from a fully developed flow

without control. The skin friction coefficient, Cf ¼
2sw=ðqU2

b Þ, behaves similarly to that of a channel flow
(Choi et al., 1994). In each case, the flow seems to reach

a quasi-steady state after 500–1000 viscous time units.

All the statistics shown below are obtained from the

data accumulated over approximately 2000 time units

after the flow is judged to be in a quasi-steady state.

Fig. 2 summarizes the relationship between yþu
d and

the drag reduction rate, RD ¼ ðCfu � CfÞ=Cfu, where Cfu

is the skin friction coefficient of the uncontrolled flow.
Corresponding data for channel flow by Choi et al.

ðyþu
d ’ 10Þ and Hammond et al. (1998) ðyþu

d ’ 15Þ for

Resu ’ 180 are also plotted. The dependency of RD on

yþu
d , as well as the maximum drag reduction (RD ’ 25%

at yþu
d ’ 15), is similar to that in the channel flow.

As can be judged from clear agreement between

Cases 2 and 3, the length of the periodic computational

domain is sufficiently long. The comparison between
Cases 1 and 2 indicates that the drag reduction rates

computed by using the finer and coarser grids have only

little difference. Therefore, the coarser grid (Cases 2–4) is

used throughout the following investigation.

Statistics of velocity and pressure are also accumu-

lated, although not shown here. Modulation of these

statistics due to control is similar to that in the channel

flow. Interested readers are referred to the DNS data-

base available at http://www.thtlab.t.u-tokyo.ac.jp/.

4. Partially applied control

4.1. Average and local drag reduction rates

The control input is applied only in the region of

0 < z < Lc as shown in Fig. 3. Three different periodic

lengths, which are identical to the computational do-
main lengths (Cases 2–4), are examined.

Fig. 4 shows the average drag reduction rate, RD, as a

function of Lþu
c . The drag reduction rate is nearly pro-

portional to the ratio of control length to period, i.e.,

RDðgÞ=RDð1Þ ’ g, where g ¼ Lc=L. This relation is

nearly independent of the choice of the period (see, the

results of yþu
d ¼ 10 for Lþu ¼ 3680 and Lþu ¼ 7360). It is

also found to be independent of the detection plane
height (yþu

d ¼ 10, 15 and 20) as seen in the cases of

g ¼ 0:5.
Although the relationship between g and RD is

seemingly simple, the process under study is complex.

This is illustrated by the streamwise variation of the

Fig. 1. Schematic of the active cancellation control in pipe.
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Fig. 3. Schematic of control applied partially to wall.
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local skin friction coefficient, CfðzÞ, as shown in Fig. 5a.

The common behavior observed regardless of the value

of Lc is as follows. In the controlled region, Cf decreases

following the single curve that can be curve-fitted as

CfðzþuÞ ¼ Cfe þ ðCfu � CfeÞ exp½�ðzþu=aÞb�; ð2Þ
where Cfe denotes the skin friction coefficient in the case

of fully applied control, and a and b are constants. A

least square fit gives a ’ 750 and b ’ 0:76. Just after the
control ends, Cf rapidly increases. Subsequently, Cf in-

creases almost linearly up to Cfu. The persistence length
of control effect downstream of the controlled region is

estimated as 2000–2500 wall units. As will be discussed

later, the secondary gradual increase is dominated by

the large scale on the order of the pipe radius. Therefore,

the recovery length is scaled as 11R–14R. This length is

comparable to that after the reattachment downstream

of a low-height backward facing step (Le et al., 1997). It

is also worth noting that Cf does not recover to Cfu in
the cases of Lþu

c > 4600 due to insufficient length for

recovery, so that it follows a curve different from Eq. (2)

in the beginning of the controlled region.

Similar behavior can be observed in the cases where a

different detection plane height is adopted, as shown in

Fig. 5b. The degree of complexity, however, increases as

the detection plane is shifted higher. In the case of

yþu
d ’ 20, for instance, Cf rapidly increases at the onset

of control, and then reduces similarly to the case of

yþu
d ’ 10. Around the control terminal edge, Cf impul-
sively drops before the rapid recovery. Apparently, the

above-modeled curve, i.e., Eq. (2), is not universal and

depends on yþu
d . It may also be dependent on the control

algorithm used. Nevertheless, the approximate shape of

the curve may be useful for designing an experimental

setup of the drag reduction system with any control al-

gorithms that give similar effects as the opposition

control.
In the present simulations, the boundary condition is

suddenly changed at the interfaces of the controlled and

uncontrolled regions. Therefore, one may be concerned

with that the observations above and below may contain

fictious (i.e., numerically generated) effects. In order to

investigate on the magnitude of such numerical effects,

we performed an additional simulation for Case 4

(Lþu
c ¼ 7360, yþu

d ¼ 15) with a second-order explicit low-
pass filter, i.e., /ðfilteredÞ

jk ¼ ð/jk�1 þ 2/jk þ /jkþ1Þ=4, ap-
plied to the control input around the interfaces. Here, j
and k denote the grid indices in the azimuthal and lon-

gitudinal directions, respectively. As shown in Fig. 6, the

computational results with this filtered control input

have only little difference from those with the unfiltered

one. Thus, the observations presented here can be re-

garded as mostly physical.
Among the turbulence statistics calculated, the

streamwise variation of the mean velocity and root-

mean-square (rms) velocity and pressure fluctuations in

Case 3 with yþu
d ¼ 15 and Lþu

z ¼ 3680 are shown in Fig.

7. The different lines represent the profiles at different

streamwise positions. Here, yþu ¼ ðR� rÞþu is the dis-

tance from the wall in the wall unit of the uncontrolled

flow. In the controlled region, the mean velocity is first
distorted near the wall, and then the change gradually

propagates towards the pipe axis. In the uncon-

trolled regions, on the other hand, it seems to recover
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uniformly. Variation in the profiles of rms velocity and

pressure fluctuations seems to be more rapid. The shapes
of these profiles are essentially the same within the

controlled region and within the uncontrolled region,

whereas they drastically change at the transition from

the controlled to the uncontrolled region and vice versa.

The location of the virtual wall, where ur;rms becomes

nearly zero (Hammond et al., 1998), is yþu ’ 9 and al-

most unchanged throughout the controlled region.

4.2. Contributions to the streamwise variation of Cf

As illustrated above, the average drag reduction rate

is simply proportional to the control length ratio, g,
despite the complex flow evolution process in the

streamwise direction. In real applications, it is desirable

to keep the drag reduction effect sustaining even far

downstream of the controlled region, so that a higher
average drag reduction rate can be attained. This may be

achieved by properly modifying the control input. In

this subsection, detailed phenomena and the causes for

the complex curve of Cf are discussed in order to obtain
a clue for such modification of control input. Hereafter,

all variables without superscript are those nondimen-

sionalized by the pipe radius and twice the bulk mean

velocity.

For the present flow condition, the skin friction co-

efficient is decomposed into the laminar contribution

(CL
f ) that is identical to the well-known laminar solu-

tion, the turbulent contribution (CT
f ), and the inhomo-

geneous contribution (CI
f ) (Fukagata et al., 2002), i.e.,

CfðzÞ ¼
16

Reb|{z}
CL
f

þ 16

Z 1

0

2ru0ru
0
zrdr|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

CT
f

þ 16

Z 1

0

ð1� r2Þ I 00z þ
op00

oz

� �
rdr|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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Here, �ðð
Þ and ð
Þ0 denote the average and fluctuation

based on the averaging in the homogeneous directions,

respectively, i.e.,

f ðr; h; z; tÞ ¼ �ff ðr; zÞ þ f 0ðr; h; z; tÞ; ð4Þ
whereas the double prime ð
Þ00 represents deviation of the

average �ðð
Þ from the local bulk mean quantity, i.e.,

f
’
ðz; tÞ ¼

Z 1

0

2�ff ðr; z; tÞrdr; ð5Þ

and

f 00ðr; z; tÞ ¼ �ff ðr; z; tÞ � f
’
ðz; tÞ: ð6Þ

The third term of the right-hand side of Eq. (3) contains

a statistical quantity related to Iz which represents the
terms appearing in the Reynolds averaged Navier–

Stokes equation when the flow is inhomogeneous in the

streamwise direction, i,e.,

Iz ¼
1

r
oðruruzÞ

or
þ oðuzuzÞ

oz
� 1

Reb

o2uz
oz2

: ð7Þ

Fig. 8 shows the magnitudes of these contributions in

Case 4 with Lþu
c ¼ 7360. The laminar contribution

(CL
f ’ 0:003) and the turbulent contribution (CT

f ) are
dominant, and the inhomogeneous contribution (CI

f ) is

small in most of the region. The streamwise variation of

Cf observed in Fig. 5a is essentially due to the variation

of CT
f , and the additional complexity in the cases with

larger yþu
d (Fig. 5b) is attributed to that of CI

f . Therefore,

the cause for the complex variation of Cf can be studied

by examining the distribution of the integrant in CT
f , i.e.,

the weighted Reynolds shear stress.
The radial distribution of the weighted Reynolds

shear stress, 2r2u0ru0z, at different streamwise locations are

depicted in Fig. 9. Before entering into the controlled

region (zþu ¼ �200 in Fig. 9a), the profile is essentially

the same as that of the uncontrolled flow. At the be-

ginning of controlled region (zþu ¼ 200), the profile near

the wall, say yþu < 40, drastically changes to one similar

to that of the entire-wall control. Detailed inspection

reveals that the most of such streamwise evolution oc-

curs in the region of �10 < zþu < 50. The far-wall dis-

tribution gradually changes following the quick change

in the near-wall region. A similar variation is observed

also in the uncontrolled region (Fig. 9b). Most of the
change in the near-wall region occurs right downstream

of the controlled region. After that, the profile recovers

to that of the uncontrolled flow.

The causes for the variation of the weighted Reynolds

stress in Fig. 9 can be investigated by examining its

budget. An ordinary budget equation of the Reynolds

shear stress is given as (see, e.g., Moser and Moin, 1984)

0 ¼ Prz � erz þ /rz þ Drz þ CðrÞ
rz þ CðzÞ

rz ; ð8Þ
where Prz, erz, /rz, Drz, CðrÞ

rz and CðzÞ
rz are the production,

the dissipation, the pressure–strain, the diffusion (i.e.,

summation of all diffusion terms), and the radial and the

streamwise mean convection terms, respectively, i.e.,

Prz ¼ �u0ru
0
ruz;r � u0zu

0
zur ;z; ð9Þ

erz ¼ 2Re�1½u0r;ru0z;r þ r�2ðu0r;h � u0hÞðu0z;hÞ þ u0r;zu0z;z�; ð10Þ

/rz ¼ p0ðu0r;z þ u0z;rÞ; ð11Þ
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Drz ¼ � 1

r
ðru0ru0ru0zÞ;r � ðu0ru0zu0zÞ;z þ r�1u0hu

0
hu0z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

turbulent

� r�1ðrp0u0zÞ;r � ðp0u0rÞ;z þ r�1u0zp0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
pressure

þRe�1½r�1frðu0ru0zÞ;rg;r þ ðu0ru0zÞ;zz � r�2u0ru
0
z�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

viscous

;

ð12Þ

CðrÞ
rz ¼ �urðu0ru0zÞ;r; ð13Þ

CðzÞ
rz ¼ �uzðu0ru0zÞ;z: ð14Þ

Here, the subscripts with a comma (; r and ; z) denote
spatial derivatives. Note that among the right-hand side

terms in Eq. (12), the third, sixth and ninth terms are not

actually diffusive. These terms express superficial redis-

tribution due to the curvature of the coordinates.

However, here we follow the convention to include them
in the diffusion term.

Since the streamwise variation of the weighted Rey-

nolds stress is of interest here, we rearrange Eq. (8) in a

form:

oð2r2u0ru0zÞ
oz

¼ cPrzPrz �cerzerz þ c/rz/rz þ cDrzDrz þ dCðrÞ
rzCðrÞ
rz ; ð15Þ

where the hat represents the weighting operator defined

as

bff ¼ 2r2

uz
f : ð16Þ
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Fig. 10. Budget on the rate-of-change of the weighted Reynolds shear stress, oð2r2u0ru0zÞ=oz (Case 4, Lþu
c ¼ 7360, yþu

d ¼ 15): (a) steady uncontrolled

region (zþu ’ �1000); (b) rapid drag-reduction region (zþu ’ 7); (c) gradual drag-reduction region (zþu ’ 1000); (d) steady controlled region

(zþu � Lþu
c ’ �1000); (e) rapid recovery region (zþu � Lþu

c ’ 7); (f) gradual recovery region (zþu � Lþu
c ’ 1000).
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The left-hand side of Eq. (15) represents the streamwise

rate-of-change of the weighted Reynolds stress. The

right-hand side terms are the contributions from differ-

ent dynamical components which have the same mean-
ings as those in Eq. (8).

The balance based on Eq. (15) at various streamwise

locations is shown in Fig. 10. In the steady uncontrolled

region (Fig. 10a), the production-oriented term (hereafter

called simply as the production term and the same for the

other terms) and the pressure–strain term balance each

other in the far-wall region. Near the wall, the pressure–

strain term is balanced by the diffusion term. This trend of
balance is the same as that of the ordinary budget of the

Reynolds shear stress in the uncontrolled channel

(Mansour et al., 1988) and pipe flows (Eggels et al., 1994).

In the rapid drag reduction region (Fig. 10b), the profiles

drastically change near the wall, whilst they remain es-

sentially the same in the far-wall region. Especially, the

pressure–strain term largely drops around yþu ’ 9. Al-

thoughmost of this change is canceled by the diffusion (to
be specific, the pressure diffusion) term, the difference, i.e.,

a strongly negative velocity–pressure gradient correla-

tion, results in the large negative values of oð2r2u0ru0zÞ=oz.
It should be recalled that the area enclosed by the curve of

oð2r2u0ru0zÞ=oz and the zero axis is nearly proportional to

oCf=oz. Therefore, one can conclude that the rapid re-

duction of the drag in this region is caused by rapid drop

of the velocity–pressure gradient correlation.
In the gradual reduction region (Fig. 10c) and in the

steady controlled region (Fig. 10d) the trends are es-

sentially the same. Around the virtual wall, all the terms

are nearly zero. Above the virtual wall, the production

term is balanced by the pressure–strain term. Below the

virtual wall, the balance holds among the production,

the diffusion and the pressure–strain terms. Similarly to

Fig. 10a, all the terms are balanced somehow across the
cross section, and therefore oð2r2u0ru0zÞ=oz is very small

(Fig. 10c) or zero (Fig. 10d).

In the rapid recovery region (Fig. 10e), the profiles

remain the same in the far-wall region and drastic change

occurs near the wall. This is quite similar to the change

observed in the transition from Fig. 10a to 10b. Around

the location where the virtual wall has existed, a strong

positive pressure–strain correlation is formed. Again, the
most of this is canceled by the pressure diffusion, but the

difference between them (i.e., a positive velocity–pressure

gradient correlation) results in a large rate-of-change of

the weighted Reynolds stress. Finally, in the gradual

recovery region (Fig. 10f), the balance is essentially the

same as that of the steady uncontrolled region (Fig. 10a)

and therefore oð2r2u0ru0zÞ=oz is very small.

4.3. Velocity–pressure gradient correlation

As discussed above, the rapid recovery occurring

right downstream of the controlled region is a conse-

quence of the generation of Reynolds shear stress due to

a positive velocity–pressure gradient correlation, i.e.,

Prz ¼ �u0zp
0
;r � u0rp

0
;z > 0; ð17Þ

which is not usually observed in uncontrolled flows (see,

e.g., Mansour et al., 1988; Eggels et al., 1994). The

present statistics show that the second term of Eq. (17) is

much smaller than the first term, and therefore the

positive value of Prz is due to correlation between the

streamwise velocity fluctuation, u0z, and the fluctuating

radial pressure gradient, p0;r.
The cause for this characteristic velocity–pressure

gradient correlation is investigated by visualization of

the flow around the interface of controlled and uncon-

trolled regions. Fig. 11a visualizes a region where the

control ends with blowing. In the controlled region, i.e.,

ðz� LcÞþu < 0, a virtual wall can clearly be observed

around yþu ’ 9. This implies that the sweeping motion

from toward the wall is balanced by the blowing.
Around z ¼ Lc, a locally low pressure region appears.

This is because the blowing from the wall, that is ex-

pected to further exist, suddenly stops. The sweeping

motion is thus no longer pressed back by the opposing

Fig. 11. Fluctuating velocity vector (~uu0) and pressure (light gray,

ðp0Þþu < �1:5, to dark gray ðp0Þþu > 1:5 with increment of 0.5) around

the end point of control projected to an r–z plane (Case 4, Lþu
c ¼ 7360,

yþu
d ¼ 15): (a) in a region where the control ends with blowing; (b) the

same with suction. The coordinates and the vectors are stretched (10

times) in the wall-normal direction.
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flow from the wall and it makes an inward rush. Fig.

11b, on the other hand, visualizes a region where the

control ends with suction. A phenomenon nearly op-

posite to that in the blowing case can be seen. Namely, a
relation, i.e.,

u0z > 0; p0;r < 0 ðblowing caseÞ
u0z < 0; p0;r > 0 ðsuction caseÞ

)
) �u0zp

0
;r > 0;

ð18Þ
holds in both cases to result in a positive velocity–

pressure gradient correlation in this region.

Fig. 12 shows the correlations between the blowing/

suction velocity in the terminal control region and the

quantities concerning the velocity–pressure correlation

in the right downstream. In Fig. 12a, clear negative

correlation with the upstream blowing/suction velocity

can be found for the streamwise velocity fluctuation, u0z.
Namely, high-speed streaks frequently appear down-

stream when the control ends with blowing (ur;wall < 0)

and low-speed streaks after suction (ur;wall > 0). The

positive correlation for the radial pressure gradient (Fig.

12b) is much clearer. Fig. 12a and b support that the

velocity and pressure fields shown in Fig. 11 are not

special, but typical ones. The correlation between the

upstream blowing/suction velocity and the first term in
Eq. (17) right downstream is shown in Fig. 12c. There

seems to exist a threshold at jur;wallj ’ 0:005 (juþu
r;wallj ’

0:15), above which �u0zp
0
;r becomes mostly positive.

Table 2 quantitatively shows the contribution to Prz

right downstream of the controlled region, conditioned

by the upstream blowing/suction velocity. The strong

blowing (ur;wall < �0:005) is the main contributor to the

strongly positive value of Prz despite its low frequency.

The strong suction (ur;wall > 0:005) is the next contrib-

utor. The weak blowing/suction (jur;wallj < 0:005) fre-

quently occurs, but its contribution to Prz is small. A
similar analysis made by using blowing/suction velocity

at different streamwise locations reveals that only the

strong blowing/suction in the right upstream region, say

�200 < ðz� LcÞþu < 0, have such contribution to Prz

downstream.

5. Modification of the partial-wall control

5.1. Attempt to avoid the rapid recovery right downstream

of controlled region

Attempts are made to modify the control input so

that higher average drag reduction rate can be attained

even with finite a length of controlled region. Based on

the information above, one may improve the control
performance by avoiding the rapid recovery that occurs

right downstream of the controlled region.

Here, three primitive modifications are considered:

• (Case A) Damping of the amplitude of control input

in the terminal control region.

• (Case B) Similar damping to Case A, but only to the

control input that exceeds the above-mentioned

threshold, i.e., jur;wallj > 0:005.
• (Case C) A conditional damping similar to Case B

with a condition of ur;wall < �0:005 (i.e., strong blow-

ing).
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Fig. 12. Correlations between terminal control input, ur;wall (zþu ’ Lþu
c � 7) and quantities right downstream (yþu ’ 10; zþu ’ Lþu

c þ 7), displayed as

isocontours of the probability density function: (a) streamwise velocity fluctuation, u0z; (b) fluctuating pressure gradient, p0;r; (c) the first term in

Eq. (17), i.e., �u0zp
0
;r.

Table 2

Contribution to the velocity–pressure gradient correlation right downstream of controlled region, conditioned by the upstream blowing/suction

velocity (102,400 samples)

Terminal control input ur;wall < �0:005 (strong blowing) jur;wallj < 0:005 (weak control) ur;wall > 0:005 (strong suction)

Frequency of the event [%] 15.3 68.8 15.9

Contribution to Prz [%] 66.8 11.3 21.9
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Especially, Cases B and C are motivated by the

analysis in the previous section that the strong blowing/

suction in the terminal control region is closely related

to the positive velocity–pressure gradient correlation. In
the present study, a linear damping is applied from

z ¼ Ld located upstream of z ¼ Lc. For Case A, the

control input, Eq. (1), is simply modified to read,

urðR; h; z; tÞ ¼ �aðzÞurðR� yd; h; z; tÞ; ð19Þ
where a ¼ 1 in 06 z6 Ld and a ¼ ðLc � zÞ=ðLc � LdÞ in

Ld 6 z6 Lc. For Cases B and C, Eq. (19) is applied only

when ur;wall meets the above-mentioned conditions. In

these cases, zero net flux is ensured by subtracting the

mean control velocity.

Fig. 13 shows the variation of the normalized skin
friction around the terminal edge of the controlled re-

gion. The starting location of damping is set at

Lþu
d ¼ Lþu

c � 184, because the control input right up-

stream (�200 < ðz� LcÞþu < 0) is most related to the

positive velocity–pressure correlation downstream, as

mentioned above. The other parameters are Lþu ¼ 7360,

Lþu
c ¼ 3680 and yþu

d ¼ 10. In all the cases, the rapid re-

covery is slightly relaxed. However, the recovery begins
earlier than the original case due to the damped control

input, and it results in poorer global control effects.

5.2. Attempt to hinder the secondary gradual recovery

Another possibility to improve the control perfor-

mance is to hinder the gradual recovery that follows the

rapid recovery. As suggested from the analysis in the
previous section, it requires a modification of the large-

scale flow structure. One candidate to do this is a uni-

form blowing/suction. Only a small amount of uniform

suction can largely reduce the Reynolds stress (Sumitani

and Kasagi, 1995), although the total skin friction in-

creases due to the positive mean convective contribution

(Fukagata et al., 2002). Uniform blowing, on the other

hand, enlarges the Reynolds stress, while the friction

reduces due to the negative mean convective contribu-

tion.

Here we consider a following modification to the

control input:

urðR; h; z; tÞ ¼ �urðR� yd; h; z; tÞ þ Ur;wallðzÞ; ð20Þ
where Ur;wallðzÞ is the blowing/suction which is a function

only of z and uniform in h direction, and is set as

Ur;wallðzÞ ¼ Vwðz� Lc=2Þ=Lc. Namely, it linearly varies

from Ur;wall ¼ �Vw at z ¼ 0 to Ur;wall ¼ Vw at z ¼ Lc.

Basically, Vw is set positive so that the excessive Rey-

nolds stress caused by the uniform blowing in the initial

controlled region can be reduced by the opposition

control, whilst the at the terminal edge the Reynolds
stress can largely be suppressed due to the uniform

suction.

Fig. 14 shows the result. Drastic change is observed in

the profiles as Vw varies. Especially, with Vw ¼ 0:002,
which is comparable to the value used by Sumitani and

Kasagi (1995), the gradual recovery is much hindered.

Unlike the initial expectation, however, the average drag

reduction rate is unchanged. The main reason for this
failure is that the skin friction coefficient around the

terminal control region is almost exclusively determined

by the mean convective contribution due to the uniform

suction (Fukagata et al., 2002).

6. Conclusions

The opposition control was applied to DNS of tur-

bulent pipe flow. From the simulation with control on

the entire surface, we found that the maximum drag

reduction rate is comparable to that of channel flow

(�25%) despite that the surface area per volume of a
pipe is twice as large as that of a channel.

From the simulation with the control on partial sur-

face, the following results were obtained:
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(1) Even if the control is not applied on an entire sur-

face, the average drag reduction proportional to

the area of control can be obtained.

(2) The local skin friction coefficient exhibits a complex
streamwise variation despite the simple relation for

the average drag reduction rate.

(3) The flow recovers to the uncontrolled state about

11R–14R downstream of the controlled region.

(4) The rapid recovery of the skin friction is observed

right downstream of the controlled region.

The complex variation of the skin friction coefficient

is essentially due to the variation of the radial Reynolds

stress distribution. That variation can be divided into

two phenomena with different length scales: one is short

‘þu
z � 10 and limited near the wall (yþu < 40), the other
is long (‘z � R) and covers entire height from the wall to

the pipe axis. The short-scale phenomenon is responsible

for the initial rapid recovery, whereas the long-scale one

is for the subsequent gradual recovery. The cause of the

rapid recovery is a positive velocity–pressure gradient

correlation created by the interaction between the strong

blowing right upstream of the terminal edge of the

controlled region and the following inward rush due to
the collapse of the virtual wall.

Based on the knowledge acquired, some attempts

were made to modify the control input for a better

control performance. The rapid recovery can be relaxed

to some extent by damping the terminal control input.

The subsequent large-scale gradual recovery can be

hindered by superimposing a uniform blowing/suction

to the control input. Unfortunately, however, the overall
control performance could not be improved by these

modifications.

Our final goal is to determine the optimal control

input when a control unit of a finite length is given.

Although further extensive investigation is required, we

believe that the present study revealed some funda-

mental phenomena in such system and provided some

clues towards that goal.
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