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Summary

This paper is concerned with the use of the unsteady contsadjoint method for optimizing an active flow control
system based on pulsating jets. The amplitudes, time-phpegod and locations of the jets are used as design vesiabl
Without loss in generality, the objective functions thiperis dealing with are the time-averaged squared lift aad.dr
Whenever period is among the designing variables, the teemdting from the application of the Leibniz theorem in
time are carefully taken into account in the derivation & &xpression for the sensitivity derivatives. Their cdnition
together with the role of the bounds of the time-integratioa investigated. The flow around a cylinder together with a
less costly mathematical problem, sharing the same fesatuith the flow control problem, are presented.

Keywords. Unsteady continuous adjoint method, active flow contrdating jets

1 Introduction loop for them. In this paper, the jets locations are among

Active flow control is an effective way to control th ethe design variables and their values are updated at each

boundary layer development so as to avoid or delaft'r_mtzat'oln (_?_/Cle' r;l_’h;]s IS Vz)hyd‘?‘ﬁ newt_e?pdress?pm:‘or

separation. In literature, pulsating or synthetic jetsehaI € Jt_es velocl 'des’ which can be difierentiated w.r.Lithe

been used to control internal and external flbwsThe '0¢@1oM: 1S l:ﬁe : ¢ iod the desi iabl

optimal values of the actuation parameters can be computeaH.aV'ng € #elst petno tam\c;\;]hg t?\ ?S,‘['gn \t/ana tf?

using a gradient-based optimization method supported By .uges ; czre u rga(tjrgen ' en I te Jt(:ls 'a:: on de

the continuous or discrete adjoint method. cylinder, the Tlow period becomes equal 1o the Jets period.
. . . ; , In the continuous adjoint formulation, if the jets period is

This paper is dealing with the unsteady continuo

. X . - . lflg be optimized, the Leibniz theorem is applied leading
adjoint method in which the adjoint equations and th?o terms depending on the limits of the time integral

sensitivity derivatives are derived by differentiatingeth oo - .
objective function augmented by the field and time integr%l?mnbmIng to the objective function. A term-by-term

of the product of the flow (state) equations and taenalyslsthat helps the reader understand the impact & thes

adjoint variables. The adjoint equations are discretiz gms on the gradient and whether the latter depends on

. : . . _the starting instant of the integration, is carried out. The
and numerically solved to compute the time-varying adjoint . —.~ . : L9

. o L optimization cases aim at minimizing mean squared drag or
fields and, then, the sensitivity derivatives.

This paper focuses on the develooment of the unste Iig, with various combinations of the amplitudes, phases,
IS paper 1o develop fiod and/or locations of jets as design variables. Since,
continuous adjoint for the optimization of the flow contr

OJ a thorough analysis, we have good reasons to keep

around a cylinder, though findings can be generalian . . .
. . - . e costs as low as possible, a representative mathematical
to industrial cases. Compared to the existing literature

the studied cases involve the jets period and Iocationslor’Oblem was solved too; this problem sheds light to the
g : : Jets p r8f& and numerical implication of all terms appearing in the
additional design variables.

. . _ sensitivity derivative expression.
In previous work by the authotsthe optimal locations y P
of the jets were selected, according to the computéd Flow model
sensitivity map, at the boundary areas with the highesie flow is laminar, modeled by the Navier-Stokes
potential for improvement, without running an optimizatioequations for incompressible flows, namely

*The first author is currently at Volkswagen AG, as an Earlyg8ta . 1
Researcher of the ITN IODA. X - (1)
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where
where v; ,i = 1,2(3) and p stand for the velocity

components and the static pressure divided by the density, B ﬂ @ , I
respectively and’ is the bulk viscocity. Repeated indicesta_ /rw [ Y (dxj + 0% ) i+ P —[ving | vi| ridr” (7)
imply summation, unless stated otherwise. ) )
Here, ri are the components of a unit vector aligned
with (drag) or being normal to (lift) the farfield velocity
The velocity vectors along the body surfacg are either vector anda’is the user-defined starting instant of the time
zero (solid wall) or equal to those of the imposed jets. In tigegration in eq.6. In eq.7, the last term expresses the
controlled case, with superscript k denoting points whemomentum effect of jets acting on the cylinder. In periodic
pulsating jets are applied, the corresponding jet velocitpws, the objective function value and the corresponding
components are sensitivity derivatives should be independentapfimong
other, this paper investigates the role of thealue in the
gradient ofF, computed by the continuous adjoint method,
V%( — Ak [sin (2"@ —té)) _ 1] ni,i=1,2(3) (3) and presents some interesting findings.
jets The augmented objective functidnis defined as

2.1 Velocity expression for fixed jets

whereAX is the amplitude antf is the time-phase of thid"

jet velocity, Tiets is the common for all jets period amgare L:F+/ / uiRldedtJr//qudet @)
the components of the unit vector normal to the boundary. TJQ TJQ

The direction offi is_ such that a positi\_/e amplitudak _where u and q are the adjoint to they and p fields,
corresponds to blowing whereas a negative one to Suc“%‘spectively. Next step is to compute the variation in

2.2 An alternative expression for jets velocities L w.rt. the design variables, namek, t'g and Tiets.

In case jet locations are among the design variabledigreafter, symbof; stands forf§+_T- o
different way of expressing the jet velocity must be used. Unless jets intensity is negligible, the flow periddis
So their amplitudes are defined as a function of t§€termined by the jets period, = Tjets. This is why, in

angular locations along the cylinder circumferengeof What follows, symbolT is used instead ofjets. In €q. 6,
their centers, namely the upper bound of the time integration is a functionTof

and, therefore, the Leibniz theorem must be applied for the
differentiation ofL, if T is considered as one of the design

x - (2m(t —to) ) } - variablesh,
Vi =A sinf ———= ) —-1{n, i=123) (4 n-
1 (9) (9) { ( Tiets ' 3 @) The variation oL w.r.t. b, becomes

where 0< @ < 1, since only the top-half cylinder 3L 1 [ dg dt 1,
circumference is controlled and, then, mirrored to th§p, ?_/T gTb” + Eg
bottom-half, and

1 ,.] 3T
. dt| =——
e 272 -/Tg } dbn

v p
+ / ui‘BdeH//qaidet )
Nets (qofq,k)Z TJa  0by TJo dby
K@) =y A BY(g)=——" (5 o _ _
K=1 The unsteady field adjoint equatidnesult by making

the coefficients ofg—g"n (adjoint momentum equations) and

All jets act in the normal to the surface direction. In,, . o _ _ o
eq.5, ¢¥ is the angular location of each jet along th@b, (adjoint continuity equation), in the field integrals of

cylinder circumference and is a constant related to the®d- 9, €qual to zero and yield

angular width of each jet slot. According to eq. 4, the fluid

velocity on the cylinder circumference is equal to either Au;

zero (solid wall) or the local jet velocity, depending on the Tox (10)
@ value. The great advantage of eq. 4, compared to eq. 3, is

that the former is differentiable w.r.t. tp~.
3 Flow Control Optimization using Continuous o —vjﬂ+uj% _9 v ou + oy 4-ﬂ =0 (11)
ot oXj oxi  0Xj

Adjoint X
This paper is dealing with the minimization of (the half ofNone of egs. 10 and 11 is affected by the selected objective
the time-averaged squared lift or drag. Both objectives dwmnction, since- is free of field integrals.
cast in the form of the same objective function

TXJ' [9Xi
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After satisfying the field adjoint equations, the 0.06

G, —
derivatives of F w.r.t. the control variableg yields 0.04 gi -——
: ‘ : 5 e
SE a+T p v 5T 0.02 ,4'“ {'\i ,{Ki ;’“ -
so= [ Qugpdrdi+(Ge+Ga+Gel g 2 e ey e
obn Ja  Jr, 7 0bqy obn o \U \u \u \.D;
G e I 1 ! :
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where -0.06 ‘\ Pyl ‘\ !
ouj N A W A
Qui= uvjnj+v (%4—7‘2) nj —an (13) 0.08 1y 'J' "-\; ¥
-0.1
+ui vy | +ujvj o (14) 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
and a
G, = iQZ Figure 1: Computeds; terms and the objective function
2T 7 gt gradient w.r.t. period, in terms ofa’(marked as a on the x
1 axis).
Gz = —-—5 [ g?dt
3 T2 /T g
ov
Gy = Quio..—t'dQ wherew is the angular width of each jet slot, determined

t=a+T by the constant. Constraintsc; and cn,.+1 ensure that
The last threds terms are derived from the application ofhe first and last jet won't exceed 0 arndads respectively.
the Leibniz theorem and appear onlyTifis unknown.g—bFn By satisfying theg; constraintj € [2, Njetg/, the M jet will be

is normally expected to be independent of énealue. The located between its adjacent jets, without overlappingithe
question is whether this is also true from the numerical These constraints are imposed via the inner barrier
point of view. Let us though further investigate the termaethod® according to which the objective function takes
appearing on the r.h.s. of eq. 12. Since amplituleand the form

phasegf are independent df, terms includinggl- in the e . Njetst1 4 "
expressions forgh; and 2% are zero and the remaining constr = = — (Wp i; G (16)

integral term G,) takes on a value which does not depend, ., i 5 weight which is initialized at a relativel
on &, due to the periodicity of the involved quantities. In “p 9 y

contrast. this is not evident in ﬂ% formula (for 2L —1) large positive number and decreases in the course of the
’ " dbn " optimization.
It can be shown thaf;—Ti oscillates with period equal to
T and amplitude depending linearly ¢n This behaviour o _ . S
reflects upon the integrar@lj% and the correspondingThe presented adjoint method is a_1ppl|ed to the minimization
integral is periodic w.r.ta™” According to their definition, Of the time-averaged squared lift or drag, for the flow
termsG, and G, which contribute tog—$ are affected by around a cylinder at Re = 100. In all cases, 20 pulsating
the choice o since they are both expressed ata+ T. Jets are placed along the circumference of the cylinder with
Therefore,%:_ is the synthesis of the periodic, in termée angular width of each jet slot being constant and equal
~ . T H H :
of & termsG;, Gy and Gs4, which counterbalance eacHO 120D, WhereD is the cylinder diameter. In some of the
other and lead to a constant value, independeat(fif.1). Cases, the jet locations are fixed and equidistributed along
This term-by-term investigation is presented in both ttige cylinder circumference (in these cases, the velocity
jet-based flow control optimization around a cylinder arfofile is given by eq. 3) and in some other the jet locations
the 1D mathematical problem. For the latter, closed-forie free to vary (eq. 4).
expressions are derived. In the uncontrolled case, the flow is characterized by the
The differentiation of the jet velocity component generation of von Karman vortice_s with peridor 0.59s.
w.r.t. b, for both jet velocity profiles, egs.3 and 4 cai the controlled cases, only the jets along the top-half of
easily be derived. It is worth mentioning though thathe cylinder perimeter are controlled and their values are
based on eq. 4, where the jet location also varies, inegualtirrored to the jets along the bottom-half. For all conedll
constraints must be imposed, in order to have distinct f@ses, other than those in which the jets period is unknown,

slots and avoid overlapping. The constraint functions arethe jets operate with fixed period equalfte= > = 0.1s.
Details about the optimization results, as well as the

w
G = @G+ > <0 computed primal and adjoint flow fields will be included

in the full paper. In this extended abstract, three figures,
W regarding the flow control around the cylinder, are presknte
CNstl = T s+ 5 <0 (15) (figs.2,3,4); Their captions clearly explain and comment on

4 Applications

G = @1-@+w<0,i€[2Nje
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Uncontrolled Case Figure 3: Convergence of the optimization algorithm for
i amp|+pgg;rg S minimizing drag, with period as the only design variable.
T R T This optimization is a continuation of a previous test
oo i :'l' 0 ,"ul no case which used the amplitudes as design variables. In
. ¢ i ! \ ;' v ': ! \ m :' vl v ': ! '-| the present study, the latter are kept fixed and a further
o 1 I' ! l| ': . :. P :. ARARE reduction of the objective function is seeked by varying
0.5 M ftoy .-'}«'L: iy Je :".‘v';: o ;‘?-’;' ] only the period. Computed objective function ahdalues
‘“' ".’,, ‘l.-',' }:, “1‘,' ':f' ‘f," \;"- H ‘l.i' at each optimization cycle are presented.
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. the presented results. The mathematical 1D case will be
4 412 4l'iime (5;11'6 418 42 presented in the full paper.
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jets eliminates vortex shedding. In all cases, period was

fixed and equal to As. Optimization (steepest descent)

algorithm convergence for minimizing drag (bottom). It is

seen that, when both jets amplitudes and phases are allowed

to change the optimization, apart from leading to a better

optimal value, also converges faster. Moreover, in thigcas

the drag oscillation amplitude is greatly decreased.
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Figure 4: Top: Drag minimization convergence with design
variables either the jets locations or both jets locations
and amplitudes. This optimization is a continuation of a
previous test case, where amplitudes had been the design
variables. Bottom: The optimal location of the jets is also
presented for the first case. It is seen that the jets should
be applied in the front half of the cylinder so as to prevent
the flow from separating. The most downwind jets in the
separated region, have a really small amplitude and play a
minor role in the optimization process. In both cases, phase
and period were kept constans@nd Q1s, respectively).



