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We proposea new explicit control algorithm for drag reductionin wall-
turbulence whichrequireghe streamwiseavall-sheaisignalonly. The costfunction
is designedo reducethe nearwall Reynoldsshearstresghatis responsibldor the
turbulentskin friction drag[K. FukagataK. lwamoto,andN. Kasagi,Phys.Fluids
14, L73(2002)]. The solutionto minimizethe costfunctionis derived by usingthe
suboptimalcontrol techniqueappliedto the Stokesequation[C. Lee, J. Kim, and
H. Choi, J. Fluid Mech. 358 245 (1998)]. Numericaltestshows over 10% drag
reductionin turbulentpipeflow at Re; ~ 180.

1. Intr oduction

For a successfutlevelopmentof an active feedbackcontrol systemfor dragreductionin
wall-boundedturbulent flow, the effectivenessof the control algorithm used,aswell asthe
performancef the hardwarecomponentsuchassensorandactuatorsis of greatimportance.

Controlalgorithmsmaybeclassifiednto to types— explicit andimplicit algorithms.What
we call herethe explicit algorithmis onein which the controlinput, ¢, canbe givenexplicitly,
e.g, 9= F(s), wheres is the sensorinformationand F is a mappingfunction. On the other
hand,the implicit algorithm, suchasthe optimal control (e.g.,Bewley et al., 2001), requires
iterative procedureso determinehecontrolinput. While suchimplicit algorithmsareusefulto
explorethe possibility of dragreductioncontrol,the explicit algorithmsaremoresuitedto real
applicationgn which real-timecomputations required.

In thelastdecadeyariousexplicit controlalgorithmweredevelopedandassessely using
directnumericalsimulation(DNS) of controlledturbulentflow. Choietal. (1994)proposedo-
calledtheoppositioncontrolin thatblowing/suctionvelocityis givenatthewall soasto oppose
the velocity componentsat a virtual detectionplanelocatedabove the wall. They attained
about25 % dragreductionin their DNS of turbulentchannelflow at low Reynolds numbers.
Subsequent|yseveral attemptaveremadeto develop controlalgorithmsusingthe information
measurablatthewall. Leeetal. (1997)useda neuralnetworkandobtainedanalgorithmin
which the controlinputis given asa weightedsumof the spanwisevall-shearstressgw/dy|w.
Leeetal. (1998)dervedseriesof analyticalsolutionof the controlinput to minimize the cost
functionin the framework of the suboptimalcontrol. Their DNS of channelflow at Re; ~ 110
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Figurel: Rav andweightedReynoldsstresdistribution (Fukagataetal., 2002).

shaved 16-22%dragreductionwhendw/dy|w (in this case the control law is quite similar to
thatobtainedby usingthe neuralnetworkmentionedabore) or thewall pressurepy, wasused
asthesensorsignal.

From the practical point of view, it is desirableto usethe streamwisewall-shearstress,
Tw = 0u/0dy|w, Or pw (or both) asa sensorsignalbecause streamwiseavall-shearstresssensor
(Yoshinoetal., 2003)andawall pressuresensoiLofdahletal., 1996)of sufficiently smallsize
andhigh frequeng responsarebecomingavailable.For the useof py, in additionto thework
by Leeetal. (1998),Koumoutsako§1999)presente@dnalgorithmto suppresshevorticity flux,
andsucceedetb reducethefriction dragin his DNS. For the useof Ty, however, development
of effective algorithmhasremainedunsuccessfulActually, Leeetal. (1998)mentionedabore
alsopresented suboptimalsolutionaiming at reductionof T,,. This algorithmusest, asthe
sensorsignalonly, but thefriction drag(i.e., Tw) wasnotreducedoy thatalgorithm.

Veryrecently Leeetal. (2001)appliedatwo-dimensionalinearquadratic-GaussiaiLQG)
controllerto alinearizedNavier-Stokesequation.About 10 % dragreductionwasattainedin
their DNS of a channelflow at Re; ~ 100. They alsoattained17 % dragreductionby making
anad hoc extension.Morimoto etal. (2002)assumedhe controlinput asaweightedsumof tyy
andoptimizedthe weightsby usingthe geneticalgorithm(GA). The mostexcellentgene,i.e.,
the patternof weights,ledto 12 % dragreductionin a channefflow at Re; ~ 100. However, it
is uncertainwhetherthe two-dimensionatontrolleror GA-optimizedcontrolleris the optimal
one,becausehey dependon the prescribedassumptionsTherefore,in the presentstudy we
attemptto analyticallyconstructwithoutassumptionsanalgorithmwhich usest,, only.

2. Theoretical background
Underthe conditionof constantlow rate,the skin friction drag,Ct = Tj,/[(1/2)p*U?], in
fully developedchannelandpipeflows canbedecomposeds

1
Ci= %Hzfo 2(1—y)(—UV) dy o)
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Figure2: Variationof weightedReynoldsstresdlistribution downstreanof the onsetof control
(Fukagata& Kasagi,2003).
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respectrely (Fukagateet al., 2002). Here, all variableswithout superscriptare thosenondi-
mensionalizedy the channelhalf width, &, or the pipe radius,R*, andtwice the bulk mean
velocity, 2U;;, whereasdimensionalvariablesare denotedby the superscripof . The bulk
Reynoldsnumberis definedas

2U;5 ;R

Re, = Re, = 3
&=— . O R&y e (3)

Equationq1) and(2) indicatesthatthe skin friction coeficientis decomposethto thelaminar
contribution thatis identicalto the well-known laminar solution,anda turbulent contrikution

which is proportionalto the weightedintegral of Reynolds shearstress. Figure 1 shavs the

Reynoldsstressp/u,, andtheweightedReynoldsstressappearingn Eq. (2) (i.e., 2r2u/u,), in a

pipeflow controlledby the oppositioncontrolalgorithm(Fukagataetal., 2002). Thedifference
in theareaxoveredby thesewo (controlledanduncontrolledurvesof theweightedReynolds
stresds directly proportionalto the dragreductionby control. It is clearthatmostof the drag
reductionis attributedto the suppressiomwf nearwall Reynoldsstress.

Another obsenration in Fig. 2 is that the Reynolds stressfar from the wall is also sup-
pressedalthoughwhatis directly suppressedueto the formationof avirtual wall (Hammond
etal., 1998)shouldbe the nearwall Reynoldsstressonly. This canbe explainedby a gradual
propagatiorof thedrasticchangeof nearwall Reynoldsstresswhichis similarto thatobsered
in the pipeflow with theoppositioncontrolappliedpartially to wall (Fukagata& Kasagi,2003),
asillustratedin Fig. 2. At the beginning of controlledregion (ztY = 200), the profile nearthe
wall (ytY < 40) drasticallychangesdue to the direct suppression.Then, the distribution far
from the wall changegraduallyfollowing the quick changen the nearwall region. Although
thecontrolinputin this exampleis turnedon in spacea similar phenomenas expectedwhenit
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Figure3: Correctionfactor, F(m, kz) (C = 0.0013).

isturnon ata certaintime to anfully developeduncontrollediow.

3. Derivation of the control algorithm

The above-describedknowledgesuggestshat suppressioof the nearwall Reynoldsshear
stresds of primaryimportancan orderto reducethe skin friction drag.Oncethethe nearwall
Reynolds shearstressis suppressedis propagationtoward the directionfar from the wall is
alsoexpectedfor anadditionaldragreduction.Therefore we proposea costfunctional 7 to be
minimizedasfollows:

L t+At 1 ot
J(@)—M/St @dtds—mfsft (—uV)y—y dtds. (4)

Here, @ denoteghe controlinput, i.e., the blowing/suctionvelocity at thewall, A is the areaof
wall, At is thetime-sparfor optimization,and/ is the pricefor the control.
At first, a channelflow is consideredor simplicity. The Reynolds sheasstressabove the
wall (y =) is approximatedy usingthe Taylor expansionas,
/
uY)=Y %—u +0(Y?) ou’
Y lw — —uV(Y) = —cha—y

V(Y) = g+ O(Y?)

+0(Y?). (5)

w

Substitutionof Eq. (5) into Eq. (4) yieldsanapproximateaostfunctional,i.e.,

, t+At % At gy
MOV /S/t ¢ dtdS— /s[ oy

The controlinput, ¢, that minimize the costfunctional, Eg. (6), canbe calculatedanalyti-
cally by theprocedurgroposedy Leeetal. (1998).As theresult,thesuboptimakontrolinput
is obtainedas

dt ds. (6)
w

C au

1/N—ike/k dy| 0

o=

w
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Figure4: Thenormalizedweightsin the physicalspace(a)A = 7; (b) A = 73.

where hat denotesthe Fourier componentandk = /kZ+k2. Thereare two parametersn

this algorithm: C = ,/At/2Re is the amplitudecoeficient and A = (Y /2¢),/2Re/At canbe
interpretecasaninformative downstreamnengthasexplainedbelow.
A similar algorithmcanbe developedalsofor a pipe flow. Following the procedureby Xu
etal. (2002),we obtain
C ou,
1/N—iF(m, k)k/k or .

9= , (8)

wherem is the azimuthalmodenumberandk = +/k2 + m?. Here,thelengthis nondimension-
alizedby R*, andhencekg = (2rm) /(2R ) = m. Thedifferencefrom the solutionfor channel
flow is absorbednto the correctionfactor, F (m, k), thatis expressedby properlyapproximat-
ing themodifiedBesselfunctionof higherordersas

_k[/C Im(kz)
F(m,kz)_k—z K§+1) Ir,n(kz)—c] , (9)
whereln(r) is the mth ordermodified Besselfunction,i.e., Im(r) = (—i)™In(ir), andl/(r) is

its derivative. TheamplitudeparameterC, is usuallymuchsmallerthanunity. In thatcase Eq.
(9), canbesimplifiedto read

K Im(kz)
F(m, k) = ir ()
The profile of F(mkz) in the casewith typical valueof C is dravn in Fig. (3). The correction
factoris nearlyunity for higherwave numbers.Naturally, the largestdeviation is obsened at
thelowestazimuthalwavenumbel(m = 1). Althoughthedeviationis alsoobseredat smallkz,
large m modesthis maynot muchinfluencethe controlinput becausd,/k is small.

Thederivedcontrolalgorithmscanbetransformedo the physicalspacehroughthefollow-
ing inverseFouriertransform:

(10)

—

~ ~_0u
_W*_

Y%

(x+X,x+2Z)d¥dZ,  (11)

w
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Figure5: Dragreductionrate,Rp.

whereW* is the function precedingty in Egs. (7) and(8). Thisindicatesthatthe controlin-
put of anactuatoris given by a weightedintegrationof t,, aroundit. Theweight, W, hastwo
characteristicsasshowvn in Fig. 4 for the caseof channefflow. Oneis somethindike a nega-
tive spanwisesecondderiative of ty. Theotheris theexponentialdecreaselownstreanof the
actuatoy of which lengthscaleis determinedy A. Theweightfor the pipeflow is foundto be
essentiallythe same.

4. Performancetest

Performanceof the proposedcontrol algorithmis testedby DNS of turbulent pipe flow.
The DNS codeis basedon the enegy conserative finite differencemethodfor the cylindrical
coordinatesystem.(Fukagata& Kasagi,2002). Thetime integrationis doneby usingthe low
storagethird-orderRunge-Kitta/Crank-NicolsorschemgSpalartet al., 1991) The bulk mean
velocity Uy, is keptconstantandthe Reynoldsnumberis Re, = 5300(Re; = ufR=2% /v* ~ 180
for uncontrolledflow). The computationadomainhasa longitudinallengthof L = 20R and
the periodicboundaryconditionsareappliedat bothends.Theroot meansquareof the control
input, Grms, is keptconstant.

Figure5 shaws the computeddragreductionrate for differentvaluesof A and ¢. Here,
thesuperscripof +u denoteghewall unit of uncontrolledlow. For ary valuesof A testechere,
large dragreductionrateis obtainedwhen@ix is of orderof 0.1. This amplitudeis nearlythe
sameasthatof theoppositioncontrolwith thedetectiorplaneheightof y7" ~ 10. Theoptimum
valueof A seemdo be betweenl0-100.

Figure 6 shawvs the Reynoldsshearstressnearthe wall. As canbe seen,with the present
control the nearwall Reynolds stressis suppresseas intended. More interestingly it takes
negative valuesin 0 < y™ < 5 region. This suggestshatdrasticdragreductionmaybeattained
evenif the nearwall turbulent structurecanbe manipulateddirectly. All we have to dois to
makea largely negative Reynoldsstressn the nearwall layer Developmentof the methodol-
ogyto realizethis s left for the future work.
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Figure6: ReynoldsstresgA = 73, ¢ = 0.08).

5. Conclusions

Basedon the knowledge on the componentiakcontrikution to the skin friction (Fukagata
etal, 2002),an alternatve costfunctionalfor dragreduction,which incorporatethe nearwall
Reynoldsshearstresswasproposedn the framevork of the suboptimalcontrol. The control
input to minimizethat costfunctionalwasanalyticallyobtainedby usingthe methodproposed
by Leeetal. (1998).

DNS of pipe flow at Re; ~ 180 with the proposecdtontrol algorithmshaved 11-12%drag
reduction,which is a comparablesalueto thoseobtainedby usingthe two-dimensionalLQG
controller(Leeetal.,2001)andthe GA-basedalgorithm(Morimotoetal., 2002). Althoughthe
dragreductioneffect by the presentalgorithmwassmall, the resultsgave a hint toward further
(anddrastic)dragreductionby manipulationat thewall only.
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