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Abstract

The flow control problem is considered using
microjet actuators and an optimization
algorithm applied for a cost function defined as
a boundary integral on the reference shape
surface. The numerical approach is based on an
unsteady optimization process involving a RANS
flow solver, a numerical model for the actuators
and a global unsteady optimization algorithm,
based on the BFGS The actuators are
controlled as to minimize the cost function using
gradients provided by the use of an automatic
differentiation tool applied to the source code of
the flow solver.

Results are presented for the numerical
simulation of the actuator and the flow around
the circular cylinder using one apriori given
control law and for active flow control using
synthetic jet actuators.

1 Introduction

Actuators like synthetic jets have the potential
to change flow characteristics for some practical
configurations. They can be very easily used for
lift control or stall delay, and this can even be
done without using active control laws [4][5][6].
For such applications, when the global effect is
obvious from the beginning, from the
mathematical point of view we can consider that
we have a flow control problem with a given
apriori law.

For more general and complex cases, the
use of the jet actuators for active flow control on
complex geometries may be considered as a
mathematical optimization problem,
reformulated as unsteady minimization of a cost
function. The resulting control laws may be

derived from a gradient based optimization
algorithm, using mainly information on a
reference surface in order to define an
appropriate cost function [10][16]. As an
example, we will use the case of the viscous
flow over acircular cylinder [8], well known to
produce a Karman vortex alley and strong
oscillations both in lift and drag.

The numerical simulations in this paper are
based on CFD techniques using a RANS 2D
code with a modified k - € turbulence model. A
time averaged drag formulation is considered as
a cost function to be minimized using control
theory and an gradient based agorithm for
active flow control. Gradients will be generated
using automatic differentiation of the solver
using severa assumption made on the
dependence of the cost function on the state
(flow variables) [7].

2 The Unstea¢ Flow Control Problem

The potential of the SJ actuators for fluid
control was investigated in various conditions in
a previous work [17]. We will consider the
problem of the circular cylinder as an unsteady
optimization problem for the cost function
which  will be drag. The controls are
numerically simulated by their externa
characteristics (frequency and top
blowing/suction speed) at their location
represented on the surface of the cylinder. The
optimization agorithm will provide the
optimum control laws for the actuators and the
corresponding value of the minimum cost
function using a gradient based method where
the gradient is to be evaluated using automatic
differentiation of the flow solver.
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2.1 The Optimization Problem for Flow
Control

We onside tha the flow around tle cylinder at
any momen beng cvasiperiodic, witha peiod
independenof the wmntrols . Also, kecaus we
exped that the corrols influence ¢ be
compute usinga time marchng techngue we
exped several tine peiods t be the
representdve time interval This means thahe
cortrols are gppcsal to haw littl e influerce on
the glbbd motion and thathe find motion is
supped to ke al® cvasipeiodical.

The optimizaion problen unde these
assumpgon will be ®© minimize the drag
codficient Cd usng a se& of controls on the
boundary :

1" D

Clp.¢)=mind(.¢)=— [Cd(p ()¢ (t))re

where:

6.0)0R™R"X(0.T1 105 ¢ < 6,07 <10} (2)

T is the time peiod d the cvasipdodic
flow soluion for the casewith no controlsand
Cd is conputed from a bounday integrd on the
cylinde surface The ontrols ae individually
defined by 2 corrol values (frequeng and top
speed which are boundel by imposed
tedhnologicd restrictions.

The time peiod is numeically computed
using the same infiity boundary conitions and
grid (eter all regular precauon in CHD for
grid-independein flow solutong as fa the
cortrolled case and idedly this time peiod
shoutd be relatel to the Stouhd number
obtainal experimenthy for this flow a the
sane Mad and Reynold numbers i.e. § =
0.21 Ths vale is fixed during the
optimizaion pracess bu we use sevelaime
periods for a time-average analysis. Sice the
flow solve is ushg a gbbd time step
integraton techniquéhe time st usal is the
minimum time st as given by the locd time
stgp of everly point in the domair) for the
unseady flows, the discretisaon d the time
dependece d the co$ function is made g that
the constam time ste used to ke lowe then the
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globd time st as
sensitiviy.

2
At<at(P)= minEA—X,l[p [prgAXiE 3
u‘+c 2 U+,

The minimizdion problen in a discrete
formulaion, usinga constan globd time stg as
given by (3) will then be ( a atime momenn

):

resuing from flow

C"(¢,Z)=r;jiZnJ”(¢,Z)=TiznZAt cdp' ') 4

which can be formulatel as :
Ch($.7)=C™(p,¢)+ At ;:pinJCd(qb",Z”) (5)
for :

nOLN], N=n, E%Hnt%%- (6)

So we have @ compue & ead time step
the value 6 mincd(p".z") using :
¢"z"

e SJ actuators asoatrols
e the flow solver
e an appropri@&optimizaion algorithm

2.2 The controlling devices

For the adive flow cortrol problem we use
cortrols far the minimizaion d the unsealy
cod fundion drag. Tk corrols use are
synthetc jet (SJ) dewes tha hawe individual
characteristis fa the frequeny and veloaty
profile.

Synthetc jets (S) resdt from an
oscillating diaphragh in an enclosed sge,
having smdl orifices & the top. Theycan be
cortrolled eledrostaticaly or using
piezoelectit mateials with frequenaes n the
range d 0.5 — 20 kHz. Bcase af is draw into
the cawy by the low-leve suction pressure
createl by tre diaphragn and then is expdled
by the same diphragm sud devces are
considerd to prodee azero-nass jet The peak
velocity speed and the frequeng are definng
parameters Fa practicd devices wth arifice
diametes like 200 um, pe&k velodty may ke up
to 20m/s as reported in severa expeaiments
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ACTIVE FLOW CONTROL OVER A CIRCULAR CYLINDER

[3][4]. Sud actuatos were prewusly
investigatel for flow control on vaious
configuratios ad the resuls are very
promising [2] [5]. Severanumeicd studies for
the actuatosimulaton usng CHD analyss were
performel in orde to ases the #ed of their
operationhchaiacteistics[6][8].

Figure 1 - SJ externhflow F'=10

il

e

Figure 2— SJ cavty flow

From these resulisfor a comple analysis
of their influence on a body, ony the top sgeed
and the frequeny for a shusoidd operatng
mode were selectk in this analysis Other
characteristis d the velodty profile & the SJ
exit (i.e. the influence © the externh flow

conditiors a the geomey of the nozzlg were
neglected in thle phaseRigure 1, Figure 2).

Actuatos ae identified by the locdions of
the veticeson the surface ad they are working
in the drection given by te locd normd to the
surface Such actuatsr are locateé on the
surface n distind regons In evey region, an
array of actuatos is operaing in idertical
conditions This makes a array ¢ SJ © ad like
an individud actuator If individud actuatos in
the same regin ae mnsidere to opera¢ at
different condtions (for the tp spa and
frequency) then ths increases theaumbe of
cortrols on the surface bu still usesonly 2
variables fa evewy cortrol. Spaial definition of
the velogty profile can be defin@l in this way
for a wide actuatoy usng apiori given laws
(7),(8) or imposhg sone condraints.
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Figure 3 — SJ velociy profile

Severatypes d simulaion wee made For
the case bonly externdinfluence the et flow
profile usel was d polynomid type The
generablowing lav used was :

=v 62, Jor e VAT (7)

where :

O % (8)
v, (x) = 5 V° BNz {05+ x)

E/bo Esinfr {0.5+ X)[}°

and glob&parametes given by :
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In Figure 3 we presenh a compason
between a simple blowng/sucton lav as
descibed by (7 and resuls obtainal from a
complec simuldgion d an actuato [17]. The
resuls piove thd a simple onstam velocity
profile is vald for around 506 o the nozzk in
blowing and fo more thaan 70% in suction
phase Effectslike the revese flow for the edges
of the nozzle wil be neglectd in this phase.

2.3 Theflow solver

The mde usél is d 2D RANS type, baseal on a
modified k - € turbulene nodd [1]. Some
modificaions d the initial version wee made,
in orde to allov a bdter integraton d SJ
specific bounday condtions The ade is based
on a combinéion d finite-volume and finite—
elemen mehod, using generaundgructured
mestes and a choice d Roe a Osherschemes
for the onvedive pat of the system The
vismus pat is solvel usinga typicd centered
finite elemen Galerkn techngue The global
formulaion wseal bythe solve is:

2 W)+ 0 F@)=0nw) (19

where
g H P g PY b (1D)
pug gebie D g eny L
2
w=Yo g - PUNY g _gPV P ¢
pED HoE+p)wO ¥ HpE+p)VC
O, 0 pwik U 0 pwk L
Sl Howe B Howe f
ard :
g0 g 8 0 - (12
O T u] g Ty C
O ] g T C
0 o Ty 0 0 ar w C
N :8(‘[&+UTXX+VTWE] N :éﬂm&*‘UTw*VTWE
0 ]
0 (y+pt)Eﬁ 0 O (#"M)Eﬁ C
0 0X£ O O ‘}éé C
0 C
Jwrcole § g Weco)es ¢
with :
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= 2u-2mw 7 a 13
T utm[élzdx 3 @ Dm:&U-‘-ﬁyV ( )
9 a
=0 SV

Ty =u(m[%%v—§mm%

The stedy staé soldion is obtainel using
an iterative time marchng scheme The
algoithm is ather explicit in time a implicit
usinga GMRES ad a ILU precondiioner. For
unsealy flows we will use the explicit in time
formulaion. It was bund tha a four stage
Runge-Kudta schemes the beschoice foar the
expicit solve like:

Higt = K+ 1y

I Y
Ko = B+, B
tot lu PI’ “!0[ PI‘(

iw = RHSW) (14)
X
and:
WO =w" (15)
W' =W +a, (M RHSW )i =1..
Wn+1 =Wk

where oy codficients have bee optimized for
maximum accuray and convergese sped [1].
An impatart featue is the time step
strategy. The generk formula (3) for both
inviscid o visous flows was use in orde to
comput the locatime st & a given noce . For
steady stae conputaion, a locd time step
strategy is comnonly used. Fa unsealy cases,
the glbd time st@ was usd, as tle minimum
time stg o all locd computed time steps usig
the formula &ove This givesup © ore orde of
magritude lowe time stg for viscols casesso
highe conputaional times are regued [1][5].
The tubulerce nodd useal is basd on the
k-€ model. De o the large anourt of turbulent
kinetic enegy tha is dissipatd on the SJ sides
edges sone importart featues were usgin the
soluion approak. The grd used was degined
for a y* < 1 criteria. Also, a two layer
formulaion was usd, with a fixed distane for
the low Reynolds nodd at y* = 200. This
apprac was testd and compared to thuse of
the wdl laws tetinigue for the low local
Reynolds regon. Fo a reasnabk accurate rad
smooh discretisaton o the sensil® areasthe
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two laye approach was onside to give bdter edge o order of 10°), was usd for final vismus
resuls than the classicbwall laws nodd [1][5]. unsealy solution Figure 5).

The bounday condtions usel ale basd on LR o
the characteristics medd fa the externhflow. ’ﬁ%@%ﬁg e

Aggh

DL
i,
A
e
H

AV “'
. .- . g LR Y
On the cylinder, the SJ onditions were inposed m‘}%’;},ﬁ;:_-,u o if',‘.f? L
o !h o L

for the normd velocity. Pressug and density in
the SJ re@n was intepolatal from adpcent
points Viscows conditions & the free external
boundaies wee fixed & a value & 10° for k

and . Sane values were udéor the locdion of

the SJon the body.

2.4 The mesh

Due o the dificulty in obtaining réable
undructured mestes by the Delainay-Voronoi Figure 5 - Global nesh
metod (in the actuatas regon we requesthat
the first grid poins df the reference a be
located & 10°), sone loca algebrat grids were
used close b the surface converted to a
triangula mesh by naturatriangulaization. The
outsice regon was triamgulatel using a
Delauny medh generato (Figure 4). This was
the intial mesh.

This meé will be usel for all simulations,
and inttial contrd locations are reositional on
this nev geoméry. Becaise d the requirements
of the tubulerce nodd used, this meé& was
als testa for a y+ <1 citeria in the range of
the flow solutions A detal of the find med in
the controls aea b presenta in Figure 6
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Figure 4 - Initial mesh and cotrol location 2.5 The Optimization Loop

The optimization algoithm used in the

On a sut a me$, usinga first conputed ) ) ) )
9 mp numeicd simulations is :

vismous soluton for the uncorrolled case a
mesh adaptdon was performd, usinga mixed
flow momentun and k indicata for adaptatin
[9]. The meric for adaptatbn was ©ngructed
using 4 soltions for the perbdic flow. The Loop start

resuting mesh (around 50.000 points, 100.000 Computdion d the new stae §,

triangles ad 150.000 edes with a sméest using the updatel valles fa the mntrols;
5. Gradien conputaion 0J" ;

Initial control with (,¢)=(s°.¢°)
RANS stag §flow soluion

PN P
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6. Projection step n%/\n (:;JF" E ;

7. Controls update

r.27)=lo.2) -2, g
odF £
Timeincrementation t =t + At

8.
0. Loop end

We use L-BFGS-B, a limited memory
algorithm for solving nonlinear optimization
problems subject to simple bounds on the
variables [13]. It is intended for problems in
which information on the Hessian matrix is
difficult to obtain[14].

3 Control Theory for Flow Control

A modern approach to solve the flow control is
to formulate the problem in the framework of
the mathematical theory for the control of
systems governed by partia differential
equations [15]. We can imagine the flow around
a surface as the result of the action made by the
surface that produces lift and drag by
controlling the external flow. The surface design
problems can now be seen as a problem in the
optimal control of the flow equations using
variations in the boundary conditions.

If the boundary conditions are of genera
type and cannot be defined by a finite number
(small) of control parameters, then, for any cost
function defined using information on the
boundary, the Frechet derivative of the cost with
respect to a function must be used. It is obvious
that classical techniques using finite differences
for cost derivatives with respect to control
parameters are no longer possible, due to the
large dimension of the problem. The control
theory techniques, solving an adjoint equation
with coefficients defined by the solution of the
flow equations, gives the value of the gradient
with a computational cost comparable to that of
solving the flow equations. This means that we
might expect to be able to have the gradient and
the flow solution for the cost of two flow
solutions, independently of the number of the
control parameters.

If we define the cost function J as a
function of the state flow variables W (flow
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parameters in the conservative form) and some
physical boundary conditions, generically
represented by F |, then :

J=J3W(t)ow,F(t) (16)

Then, for any change in F results a change
for the cost function :

B0 B0 (17)
A =G0 to-o Ok
EﬁW |iate DaF Qound

If we have governing flow equation which
expresses the dependence of W and F inside the
flow region in a generic form like (for the
unsteady problem) :

s=sW(F() MWEC) owe e OF=0 (19

then we can find 6w solving the following
equation :

O3S 0O SO (29

S oA, Ve, O

If we define a Lagrange multiplier by A and we
multiply this equation and subtract it from the
variation of &J we finally find that if we choose
N\ to satisfy the adjoint equation like :

nes d Y (20)
BwH T aw

then the first term (the state dependency) is
eliminated and we find that :

T 21
0B S0 g @
oF aF@ound

The advantage of this equation is that it is
independent of the state variables perturbation.
This means that the gradient of the cost function
J with respect to an arbitrary number of controls
can be determined without the need of
additional flow-field evaluations.

Due to the fact that (10) is a partia
differential equation, the adjoint equation (20) is
aso a partial differential equation, so it is
subjected to similar treatment for the
appropriate boundary conditions which requires
careful mathematical treatment [11]. In order to
have numerical solutions, both the flow state
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ACTIVE FLOW CONTROL OVER A CIRCULAR CYLINDER

equdion and the adjoirt hawe o be discretized
and solved. Th cortrol theowy is gplied to the
sd of discree flow equaions resiting from the
numeicd approximdion using finie volume
(for the Eule pat) and finite elemen (for the
visoous pat) proceduresThis leads direcyito a
sd of discree adjoint equaions with a mdrix

which is the trangose d the Jaobian marix of

the ful set d discree norlinear set d equations.

4 Automatic Differentiation for RANS Code

Automdic differentiaton (AD) is a
technique far augmening compute programs
with derivative conputaions It exploits the fact
tha evey compute program no mater how
comgicatel, execues asgjuene d elementary
arithmeic operdions sutn as additons or
elementay fundions By applyng the chain
rule d derivative calculs regatedy to these
operations deaivatives d arbitraly orde can be
computel .automécally, and acurae to
working precisior{7] .

For this wok we use @ysse a AD tool
developé a INRIA-Frane [7]. The automéc
differentiation systen Odyssée takes aspu a
Fortran subroutie a collection d subroutires
and prodees tke carepondng subrotines
compuing the deivatives n differert ways:

» Dired mode Odyssée podues aprogram
compuing the tangen linea application
(the Jaobian mdrix times a vectg.

* Revese node Odyssée ppduces aprogram
compuing the cotangert linear (o adjoint)
apgication (the tranposed Jacobian marix
times a vector).

Both these nodes werenvedigated during
the presenh work. Fa large gplicaions the
revere node is use as stadard.

5 AD Implementation for Flow Control

The reverse mde d the AD tod is sutable for
the fluid contrd problen with a large
numbe(more than 6) of control variabes The
resuting coct is abé  provice the expected
resuls for the sendivities wth regad to the
stag variables Thee ae howeve some
problens and conclusion resultng far several

numeica tess performe with the AD tod and
the optimizaion algorithm They ae relatel to
the nav code tha is resulthg from the
differertiation d the staé solve with respetto
the state vaables.

If one gplies the AD tod directly, with no
specid precautons the resit is ahuge @de
even in the caseof a normé& 2D Navia-Stokes
simulaion. Ths is because fothe wa the
adjoirt is generateé whee full dependences are
propagatd insice the doman, even f for the
particula discretisatbn schene use the
dependenes are linted to the neghboring
cells This makes the resutty coc © be so
huge anda cure fo this pioblem is © rewrite
sone d the initid code and o use AD in an
incrementhway unde globd internal bops on
the vetices.

Also, from numeicd resuls on sméd
domairs far sone classich aeodynamic
configurations a wel known poa dep&dency
of the gbbd stake with respet to globa flow
perturbations was éund [8]. This al® means
tha any globa codficient basel on a surface
integrd on the shaped little influencel by the
flow variations induceal by the @ntrols in the
whole doman. This is matealized in a week
dependece d the gradien with the state
[8][16]. This means thafor quick aerodynamic
optimizations ore ma negkd the state
derivative in the gradient so only devatives
with respet to the controls will be considere.
This gives area®nabk gproat for a flow
cortrol problem like the one far the circular
cylinder, if the controls are smia. In practical
apdications this assumpon mears tha we
need to implemeha nestd loop witha global
flow solve (depending on tlke mntrd variables)
and anestimato for globd characterists ad
the cos$ fundion (basal on a surfce integral,
including the cortrol area) The simpé gpraach
mears thda we have ¢ differentiag only the
edimator, leavng tre flow solve unchaged.
The comple case is whe we differentiae the
flow solve and the estimatarAlso, fa a smd
numbe of controls, we can use tle forward
moddi.e. 2 didinct arrays d actuatos and a
final 4 contrd parameters)or the revese node,
for a large numbe of controls. In this later
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case, the effect of the above observation makes
important time savings.

6 Numerical Smulations and Results

Flow control over the circular cylinder at
Reynolds = 42.000 and Mach = 0.2 is analyzed
using controls like synthetic jet actuators. The
actuators are defined by their operating
frequency and top blowing/suction speed and
are located on the rear surface of the cylinder, in
symmetrical regions, for an arc-length of 10
degrees, around 35 degrees location (Figure 4).
They can be operated individually or as arrays.
This means that the boundary conditions are
expressed for a several number of control points
either using the whole set of controls, or a
limited subset.

Figure 7 - Reference state ( Iso-Mach lines)

Figure 8 - Reference state detail (iso-Mach)

Operating frequencies are considered in the
range of 0.2000 Hz and the maximum
blowing/suction top speed is supposed to be in

Catalin Nae

the range of 0..20 m/s.; nondimensionalizations
were performed for the reduced frequency
[2][4][6][8]. The flow induced by the actuator is
supposed to have a low level of turbulence, so
the same conditions for the viscous variables are
considered as for free stream boundary
conditions (k and € set at 10°).

Jas
V) /;;_\\\(\ A

Figure 10 - Constant suction detail ( 1so-Mach)

The number of points on the cylinder was
512, equally distributed, which gives a total of
28 points for the control locations, to be
identified as SJ boundary conditions. So the
maximum number of control parameters was 56.
In the case when only arrays of SJ were
considered, the minimum geometry gives 2
arrays with atotal minimum controls of 4. In the
case of individua actuators, only simple
sinusoidal individual oscillations can be
considered. For lower identification situations,
when we use individual groups, complex
velocity profiles may be considered as resulting
from (7) or actuator ssmulations [8][2].
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Circular Cylinder Mach=0.2 Reynolds =42.000
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Figure 11 - Cost findion histoy - 4 vaiables

All simulations were starigé from a
refererce statethe soldion for the flow with no
cortrols (Figure 7, Figure 8).

Optimization process

Control value

03 v ——hl [
02 F_.A‘/ b2 ||
—o—fh
0.1 #“..L!“ ——fh2 |
R,

Iter.

Figure 12 - Optimizaion pracess- 4 vaiables

From this soluion, ushg the ogimization
algoithm, a minimizdéion d drag was
performedm a maximum imposed numbe of 50
loops The numbe of cvasipeiods usel for
unsealy cos fundion averagig was4.

An dternative soldion  the ploblem may
be wmnsidere usinga different starthg point,
for a constan sucton case (Figure 9, Figure 10).
This cases ushg a constamn sucton veloaty Vb
= 0.1 fa all controk locatel on both uppeand
lower area This case wi be referrel as the
cortrolled case usng an apori given law.

@

Figure 13- Optimal stag ( Iso-Mach)

e

Figure 14 - Optimal sta¢ detd ( IsoMach)

All simulations were onsiderd up b a
minimizaion d the resdud in the RANS wde
on the orde of 10°. Fa the gradient
computdions a sensitity of 10° was
considerd, for a glbbd machire precisbn of
10"®. An expicit integraton d the solve was
usad basel on globatime stg strategy ad a 4
orde RK scheme The averag time step
resuting from the mde wasl.4510° .

The optimizaion praess $ presentg for
the cos fundion historyFigure 11. The figure
presens time histoy for the referene state 1o
cortrols), a @ntrolled staé ushg an apiori
given sudion lav and the ogima controlled
state The optimization algoritm for the
optimal case is preserdan Figure 12.

The find optimal stae for the 4 variable
cortrol case is preserdein Figure 13, Figure
14. A compaison betveen 3 instantaneous
staes fa the pressure cdicient Cp on the
cylinde are presentg in Figure 15.
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7 Conclusions

A first conclusion of the simulations was that it
is possible to ignore the gradient dependence to
the derivative with regard to the state. Thisis an
important finding which makes a big difference
in computational time. This conclusion has to be
validated in further studies.

Circular Culinder Mach = 0.2 Reynolds = 42.000
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Figure 15 - Cp for instantaneous states

The algorithm is providing optimal control
values for a state which is not dependent of the
starting point. From the numerical results, it
seams that the controls have very little different
values for the resulting state, for the two starting
points considered. This finding is in good
agreement with the previous conclusion
(independence of the state derivative for the
gradient).

The reference value for the drag was Cd =
1.12 with afluctuation of ACd = 0.12 . From the
optimum obtained , we have a Cd = 0.81 and a
fluctuation of ACd = 0.05 , for a symmetrical
actuators control law using the top allowed
blowing speed of 20 m/s and a frequency of
1272 Hz.

From these first experiments, it seams that
the higher the top actuator speed is, the better
the stabilization effect is obtained. Frequency is
somehow to the middle allowed domain, and
further analysis is indicated in order to validate
these results. The control algorithm gives an

Catalin Nae

optimum control law which is symmetrical,
possibly because of the geometry symmetry.

Also, from the fina results, it seems that
flow control is possible using the SJ actuators
and an gradient based optimization algorithm
for the cost function drag. This finding has to be
investigated in more details for complex
configurations.
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