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ABSTRACT lo Average momentum injected per unikg.mz2s2
A synthetic jet is a time-averaged fluid motion geated width during the ejection stage
by sufficient strong oscillatory flow downstreanoifin a sudden (,=p hjmuz ) dt)
expansion. The study of the interaction betweensthetic 0 b 70
jet and an external flow is of great interest intisalar for | Slot height m
aeronautical applications. A network of such adtstould be Lo Jet "stroke Iength"|_(0:f’2uo(t) d) M
0

used indeed on airplane wings for example to cgntvith a
good energetic efficiency, the boundary layer safi@m in
order to increase the lift or the laminar / turlmtlgransition for R&

Lc Cavity height m
Reynolds Number based on,. |

drag reduction. pthlzué (t)dt -
In this paper, the interaction of a sub-millimetsiynthetic (Re|o= Oih)
jet actuator with an external flow is experimentatudied. In H
these experiments, the actuation is ensured by stcou Rewo _Reynolds_Number based on the mean
excitations produced by a loud-speaker. Hot-wirenaometry jet velocity and the slot width
is used for measurement of the velocity field inrivas (Re,=Uyhlv = pUyh/ )
functioning configurations (velocity of the transsal flow, S Orifice outlet area m
actuation frequency,...). In most of the tested apmftions, Sr Strouhal Number $r = S/ Re,,) -
the boundary layer of the transversal flow is digantly
modified by the synthetic jet, which shows thatsthéypes of St Stokes Numbergt=/2rfh?/v) -
actuators could be efficiently used for flow cohfparposes. T Actuation period t =1/ f ) 5
U, Freestream velocity m's
NOMENCLATURE Uo Time-averaged velocity at the orificem s*
o _ center during the ejection stage
Symbol Description Unit (U =L /T)
b Local half width of the jet (based onm ° . n
half local central velocity) Uo(t) Instantaneous veIOC|ty_ at slot center n S
C Momentum coefficient Ug Time-averaged velocity on the jems
" ! centerline
_Ah y; - Ul max Maximum velocity on the jetms!
“ p, DU, centerline
f Membrane actuation frequency Hz u Time-averaged local velocity m's
h Slot width m U Maximum velocity at the orifice ms!
Hc Cavity width m center
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H Dynamic viscosity kg m.s*

b, Kinematic viscosity rhs?

0 Density kg nt’
INTRODUCTION

Wall-bounded flows may be efficiently controlled by

appropriately modifying the boundary layer struetut is thus
possible to reduce the drag or increase the lifamfaircraft
wing, to favor mixing in a combustion chamber, ¢aluce the
aero-acoustic noise or to improve heat transfee iature of
perturbations that need to be introduced in thentaty layer
mainly depends on the flow characteristics: Reysaldd Mach
numbers, type of instabilities in the boundary fayeFor high
Reynolds numbers and for compressible flows, aativetrol

methods based on momentum injection in the near floaV

thanks to dynamic systems composed of sensors @ndtars
have proved to be more efficient that passive cbrdevices
which modify the boundary layer structure simplydhanging
the wall geometry (Gad el Hak, 1996), (Ho and T8R8).

Several types of mechanical microactuators haven bee
(thermal

developed for
microactuators,

active control  applications

micro magnetic flaps, micro bal®on

(Batikh, et al, 2004). However, many recent works have been

devoted to fluidic solutions which have the advgata
important for reliability, to have no moving pam idirect
contact with the external flow and allow a simplentol.
Among those, the synthetic jet actuators (SJA)armaposed of
a cavity whose volume is modulated by a membragelfit
activated by means of electrostatic or piezoeleatnaterial,
and an orifice (figure 1). When the membrane is edpvhese
actuators suck in, in the boundary layer, a ceréairount of
fluid of small momentum and reject this same amafrftuid
with a larger momentum forming a vortex ring (inseaof a
circular orifice) or a pair of vortex (in case ofstot). If the
vortices have a sufficient velocity to move outwsalzkfore the
ejection of the next vortex, a train of vorticedlvmie formed
(Smith and Glezer, 1998). The created jet actsherstructures
of the near wall flow and allows its control.

'S4 Synthetic jet 4=
|

X ;
E E\f l a Vortex % '
&

Figure 1. Principle of synthetic jet operation
a. aspiration, bejection

In order to characterize the synthetic jet behaweweral
non-dimensional parameters may be considered:
- the jetstroke length

L/h=["u,®dt/h (1)
permits to compare the ejection mean velocity wille

actuation frequency, is the distance at which a fluid element

moves away from the orifice during the ejection gsta

(Utturkar, et al, 2003),h is the orifice diameter or the slot
width, T the actuation period andg(t) the instantaneous
velocity of jet at the center of the orifice/slot .

- viscosity effects are quantified by the Reynoldsnber
which can be based:

« either on the average jet velocity at the center of the
orifice/slot during the ejection stage and on thfoe/slot
characteristic dimensidm

Reg = U Wy, (2
whereV is the kinematic viscosity and
U,=L,/T; 3)

< or on the average momentuginjected per unit width:

T/2
Re = L/uh=pH “4() d. @
For low Reynoldsiumbers, (typically forRQJO <50), the

flow does not separate from the orifice/slot edgeind) the
ejection phase and the blowing and the suction gshase
symmetrical.

- the StokesNumber
St=hJ,=\whlv, ()

where w= 2t f andf is the membrane actuation frequency,
compares the thickness of the unsteady boundagy iagide
the orifice/slot to the orifice/slot characterisiéngth. For large
Stokes numbers, viscosity does not affect the fatewfor low

St the unsteady boundary layer may limit significaritie jet
average velocity.

- StandRecan also form &trouhalnumber:
Sr:S_tZ:—th/V:w_h:—ZHWT:Z]T_h_ (6)
L/ T L

This Strouhal number is inversely proportional to the
stroke length defined by equation (1). For lar§&ouhal
numbers, it will take several cycles for a fluigrlent to leave
the orifice region, as for lowr the fluid will cross this zone in
only one cycle.

To sum up, with aReynoldsnumber rather low (low
velocity, small orifice/slot or high kinematic vissity), the
fluid will be strongly influenced by viscosity effess at the
orifice/slot. With a rather largeStrouhal number (high
frequency) the fluid will not have sufficient time leave the
orifice/slot during the compression phase. To gateestrong
jets with high momentum, it is thus necessary terafe the jet
at high Reynoldsnumber and lowStrouhal number (Wu and
Breuer, 2003).

When the synthetic jet actuator is used to cordrakoss
flow, it is also useful to define the jet momentwamefficient
(Traub,et al, 2002)

2
* p.D| U,

which will permit to quantify the synthetic jet &fiency, i.e. its
capability to modify the cross flow structure. Acdimg to

2 Copyright © #### by ASME



previous studies (Seifert and Pack, 1999), therjetnentum
must at least be on the order of*1® have a substantial effect
on the controlled cross flow. Note that this caméfnt may also
be defined using the root mean square of the wglatithe slot
exit (Greenblattet al, 2006).

In the first part of this paper, a sub-millimet&ynthetic Jet
Actuator working in a quiescent air is experimdgtand
numerically characterized. The action of this aiuson a
transverse wall flow is then studied experimentallfe first
results obtained from numerical simulations of sigathetic jet
in a cross flow are finally presented.

EXPERIMENTAL SETUP

The tested experimental SJA consists in a cyliadiric
cavity closed on one side by a metallic plate iniciwha
rectangular slot has been machined and connectédeoother
side to the exit of a pneumatic signals generatbe latter is
controlled (in frequency and amplitude) by an elecsignals
generator (figure 2-a) associated to a variablamel chamber.

The width and the length of the slot are 500 pmXEhdm
respectively. Its thickness is 500 um. A pressuamsducer
(0.14x16 Pa maximum) is located on one side of the cavity an
at 5 mm from the slot.

=]

10mm 2
7

I : T 3
D::I:

: =0

1- Hot-wire,

2- Acoustic adjustment of the
amplitude,

3- Loudspeaker,

4- Synthetic jet

Pressure
transducer

0.5 mm

a. Synthetic jet system without external flow

4

50mm

97mmn

5- Hot-wire

3- Honeycomb
4- Synthetic jet

1- Compressed air
2- Porous environment

b. Synthetic jet system with cross flow

Figure 2. Experimental setup

In the second experimental configuration, (figurb)2the
SJA is used to control a wall turbulent plane jeherated by a
rectangular channel (10 mm height, 100 mm widthjnezted
to a settling chamber via a converging element.oAdycomb
flow straightener and a section of porous foam iastalled
between the chamber and the compressed air sugpdype to
ensure a low turbulence level and to produce aotmif smooth
flow.

The SJA is flush mounted on the plane plate, thecgnter
being at 97 mm from the channel exitdirection) and the slot
length in the same direction (notgdthan the channel width.

A single Dantec hot wire (9 um in diameter) anemi@me
is used to measure the velocity. The signal ofhbewire is
recorded on a computer via an acquisition card softivare.
The sampling rate is 10 kHz. The experimental steshd
deviation of the velocity measurements has beematsd,
from the 4 measurements done at each probe lo¢catidre of
the order of 2.5%. It was mainly due to uncertaintjot-wire
calibration (£0.3%) and uncertainty in hot-wire peoposition.

CHARACTERIZATION OF THE SYNTHETIC JET
WITHOUT EXTERNAL FLOW

This study covers a frequency range from 50 to 18520
and for each frequency a pressure peak to peaktad®in the
cavity between 2.5xfGnd 2x18 Pa.

60
501 +
~
g +
< 40/ o
= C
g & &
N
‘ﬁ‘ 301 A & A
&
o
é 20 o O
10+
<o
o ‘ ‘ ‘ : : : —
0 200 400 600 800 1000 1200 1400 1600
a. Frequency (Hz)
20
+ +
164 © =y
? +
~
9 + 5
£ |2 o ;
: 124 AN o
E A
g o A A
g o
& 0 5
3] o o o
© o
4]
(¢} T T T T T T T ©
0 200 400 600 800 1000 1200 1400 1600
b. Frequency (Hz)

Figure 3. Variation of centerline velocity with frequency 8
for z=1mm and for various pressure fluctuation amplitude
a. maximum velocity, b. time-averaged velocity

<: 250 Pal[1: 500 Pa/: 1000 Pa: 1500 Pa;: 2000 Pa
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Once the jet symmetry has been checked, spanwise
measurements are carried out at different distafroes the
slot on one side of the jet.

Figure 3 shows the evolution of the jet maximum
centerline velocity and time-averaged (on one dittangeriod)
centerline velocity at 1 mm from the slot exit mawith the
actuation frequency and pressure amplitude in thatyc For
practical reasons, it was not possible to make oreasents
with the hot-wire probe closer from this plane. \Wvar the
actuation frequency, both maximum and time-averaged
velocities are logically increasing with the pregsamplitude
in the cavity. However, for low pressure amplitud@s0 Pa
and 500 Pa), the maximum velocity on the centedinthe slot
exit is rapidly decreasing for frequencies highent 600 Hz.
This "cutting" frequency does not seem to exist fiagher
pressure amplitudes, at least in the range ofddstguencies.
On the contrary, for a pressure amplitude of 20 mbthe
maximum velocity increases with the frequency agathes 50
m/s forf=50 Hz.

Time-averaged centerline velocity is slightly dexsiag
with the frequency for the three lowest pressurplauntes, but
a resonant frequency seems to exist around 1100foHz
pressure amplitudes higher than 1500 Pa.
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Figure 4. Variation ofLq/h with frequency
<: 250 Pal[1: 500 Pa/: 1000 Pa: 1500 Pa;: 2000 Pa

However, the SJA efficiency is not only function it$
velocity but also depends on its capability to éghjgmomentum
in the cross flow. This can be evaluated throughjét stroke
length Lo/h. This parameter is strongly decreasing when the
frequency increases, showing that for frequencigdn than a
few hundreds Hz, the reached ejection velocitiesrat high
enough to let enough fluid leave the orifice regauring the
blowing phase (figure 4). In our case, according tids
parameter, the lowest frequencies are so the nffagent ones
even if higher peak jet speeds are reached for finggiuencies.
In the following part of this experimental studjet200 Hz
actuation frequency will thus be chosen

Figure 5 shows the time-average velocity distritmsi
along the jet axis. The velocity is scaled by itdue on the
centerline at 1 mm from the slot exit plane. Theptiicement
along the jet axis is scaled by the slot wilth

All data for various pressure amplitudes roughiy jon a
single curve showing that the jet centerline meatoaity
decays like 2° (as in conventional turbulent jets) as shown by
Kral (Kral, et al, 1997).
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Figure 5. Distribution of time-averaged centerline velocior f

f=200Hz
<1250 Pal: 500 Pa/A: 1000 Pa: 1500 Pai: 2000 Pa,

- 1z

Figure 6 shows the transversal distribution of maxin
velocity at three levels above the slot exit pldpel, 2 et 3
mm). The spanwise-coordinate is normalized by the slot
width h and the velocity by the centerline maximum velpeit
z=1 mm.

In the three cases and for each pressure ampliclatssical
"top-hat" profiles (Mallinsonet al, 1999), (Lee and Goldstein,
2002), (Smith and Glezer, 1998) are obtained. Heweor the
lowest pressure amplitude, the synthetic jet expanis more
rapidly affected by dissipation effects as it cam $een in
figure 6c¢.
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Experimental data are in good agreement with ke

turbulent model.

The main experimental

synthetic jet parameters are

reported in table 1. The experimental Stokes nuniberery

close to the one chosen for the numerical

simulatio

confirming that this experimental configuration dasused for
the validation of the numerical models. Experimemtdues of
Reynolds and Strouhal numbers are here closeetoumerical
values obtained from the&model. This trend is confirmed in
figure 8 which presents the velocity magnituderitistion at

Figure 6. Distribution of maximum velocity above the SJA.
f=200Hz az=1, bz=3, cz=5mm.
<: 250 Pal[1: 500 Pa/: 1000 Pap: 1500 Pa;: 2000 Pa

NUMERICAL MODEL OF THE SJA

Numerical models of the synthetic jet actuator hbeen
developed using the finite-volume solver Fluent.laminar
model and two turbulence models based on the Regnol
Average approach were tested:

» the Realizable k- model which is more capable to
accurately predict the spreading rate of both plama round
jets than the standard or RNG models proposeduertt

» the standard ke model, chosen for its ability to take
into account low Reynolds number effects, compbddsi
effects, and shear flow spreading.

All cases are solved with &“2rder upwind discretization
scheme, and the SIMPLEC algorithm is used for piress
velocity coupling. Further details about the nurca&rimodels
(grid size, time step, boundary conditions typegcan be found
in a previous paper (Batiklet al, 2006).

Experimental data are compared to the numericad dore
the following configuration: 1100 Hz actuation frepcy and
2x10° Pa pressure amplitude in the cavity. Figure 7 shthe
distribution of the maximum velocity along the j@nterline
obtained from hot-wire measurements compared to the
numerical simulations data obtained with the thxéscous
models.

ucl max/Uo

>
[m]>
as> <
o> <

g > o
by

50 60 70 80 100

z/h

Figure 7. Distribution of maximum velocity on the jet axis —
comparison between experimental and numerical data

f = 1100 Hzh = 500 pm, pressure amplitude : 2XFa

<1 Laminar,[0: k-g, A: k-, O: Experimental

z/h = 10.
Model Lo (M) Uo Rajo | Ujmax | St Sr

(m/s) (m/s)
Laminar | 0.01223 13.9| 477| 51| 11.08 0.2368
I_“grb“'em 0.01096| 12.5| 428 | 39 | 11.08 0.28p6
JurbUent! 001240 14.1| 484 | 49 | 1108 0.25p3
Exp 0.011 | 125| 428| 45 | 10.88 0.27p5

Table 1. Main parameters for the experimental SJA

Further experimental investigation is necessary tfoe
validation of the numerical model. In particulat, was not
possible to obtain from a single hot-wire the véloc
components across the jet which would have perthiibeget
the cross-stream and stream-wise velocity profilesa future
work, PIV measurements will be performed in ordeexplore
the jet more in details. However, according to fireceding
results, the ke model has been chosen for the first simulations
of the interaction between the SJA and a cross fleail

u/ucl

x/b

Figure 8. Distribution of time-averaged velocity ath = 10
with f=1100 Hzh = 500um, pressure amplitude : 2%Fa
<1 Laminar,[0: k-g, A: k-, O: Experimental

Additional information about the flow structure tioity
contours, velocity vectors map,...) can be foundBatikh, et
al.,, 2006). However, Figure 9 shows the iso-contoufs o
vorticity at two different timest/T = 0.25 andt/T = 0.75
corresponding respectively to the middle of theaty phase
and of the suction phase.
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Vortices are generated at the slot at the beginninthe
ejection phase. However, once detached from the thky
rapidly merge with the preceding pair of vorticéigure 9-b)
which leads to the generation of an unique paivafices of
higher size. Dissipation occurs quite rapidly dogurbulence
and the big vortices pair remains nearly statiorduing the
cycle. In each part of the cavity, only two cirdida cells are
generated and distorted according to the pistoriomaturing
the working cycle.

5.00e+03

Figure 9. Iso-contours of vorticity — k-model. a}t/ T = 0.25,
b)t/T=0.75

CHARACTERIZATION OF THE WALL FLOW WITHOUT
SJA

Before to test the effect of the SJA on the créew,fthe
wall jet has first been characterized.

Figure 10-a shows three velocity profiles in thengyetry
plane of the jety(= 0) at various distances from the rectangular
channel exitX = 3, 60, 120 mm). Even if the velocity profile is
not as uniform as expected just downstream the netaexit
(x=3 mm), the boundary layer and the mixing layerragpgdly
growing leading to classical wall jet profilexat 60 mm.

The symmetry of the jet with respect to the plgre0 is
also well checked in the Figure 10-b which showvesthlocity
profiles atz=5 mm, for the three values »f(3, 60 and 120
mm).

Position on z (mm)

17.5

a. Velodity (mfs)

Position on'y (mm)
o

D é ;1 (; é 10 14
_20 4
_40 4
-60
b. Velocity (m's)

Figure 10. Wall jet velocity profiles for 3 sections
a) z profile, b)y profile
A: 3mm,O: 60 mm,[]: 120mm

SYNTHETIC JET WITH CROSS FLOW

Measurements have been done for two values (11s5 m/
and 6.5 m/s) of the "uniform" (or freestream) vépd) ., of the
cross flow just upstream from the S 90 mm). This can
be checked at x=90mm in figures 11 and 12. The ®JA
positioned ak = 97 mm (figure 2 a) and actuated at200 Hz.

For each configuration, 10 time-average velocitgfipgs
were recorded : the first one just upstream froenSHA (x = 90
mm), the second one at the position of the SJA&pdofiles
downstream from the SJA € 98, 99, 100, 105, 110, 115, 120
and 125mm).

Table 2 summarizes the main experimental paramefers
the two tested configurations.

Case | U, (m/s) | Re=p.U. /i, | UmaxUJ- | Ry | Cl
1 11.5 7872 1.43 565 5.F0
2 6.5 4450 2.5 565 0.0184

Table 2. Main parameters for the SJA with cross flow
experimental configurations
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Figures 11 and 12 show the velocity profiles atheac
position with and without SJA actuation for crosew

"uniform" velocities of respectively 11.5 and 6.%sm
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Figure 11. Velocity profiles with (on) and without (off)
actuation of SJA — Cross flow velocity : 11.5 m/s
A: SJ-On[1: SJ-Off

The effects of the SJA on the boundary layer of diess
flow are clearly visible on these profiles (figut#). At the slot
level, the velocity magnitude is strongly increased z < 2
mm. This is mainly due to the vertical component té
synthetic jet velocity at the slot exit. It was naissible indeed
to identifyz andy components of the velocity with a single hot
wire probe. Nevertheless, it can be seen thatyhthstic jet is
bended by the cross flow : tagosition of the interaction zone
is increasing, moving downstream from the SJA pasitp to
x= 100 mm. On the following profiles, the flow velty is
reduced, mainly in the boundary layer, when the SSA
switched on. This is due to the presence a reeiticul zone
created by the "right" vortices generated by thé Suihd
convected downstream by the cross flow. This phemam
apparition is dependent on the ratio between tmthsic jet
maximum velocity at the slot exit plane and thessrfiow free
stream velocity. In their numerical study, Mittaital, et al,
2001) have observed this behaviour for a velocitti® around
3 which is also the case in our configuration
(UmadU.= 36/ 11.5= 3). Finally, fromx = 120 mm, the flow
modifications due to the synthetic jet actuationcdiee
negligible.

Globally, the same behaviour is observed when thiéjet
free stream velocity is 6.5 m/s (figure 12). Howevas the
momentum coefficient is more than three times highan in
the previous configuration (cf. table 2), the effeare more
emphasized. The synthetic jet penetration in tlssiflow is
more important : the velocity profile near the wiallstrongly
modified up toz = 8 mm (forx = 100 mm). On the other hand,
its deviation from the vertical position is slighte

Moreover, as the synthetic jet momentum is stronger
compared to the wall jet one, the "left" vorticengrated at the
slot exit are here not completely cancelled bydtuss flow but
they induce an increase of the cross flow veloaityre far
away from the wall which can be observed from 105 mm up
tox =120 mm.

As the jet is less bended by the cross flow, tiegaelation
zone clearly observed in the previous configuraieams here
to be much more reduced. However, as the hot-woes dhot
give information on the velocity direction, thisaysis has to
be confirmed thanks to PIV measurements which sdtin be
performed on this experimental setup.
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Figure 12. Velocity profiles with and without actuation of SJA
— Cross flow velocity : 6.5 m/s
A: SJ-On[1: SJ-Off

FIRST NUMERICAL APPROCH

A numerical model of the SJA with cross flow haste
built using the CFD commercial software Fluent.

Table 3 shows the main characteristics of the gégrnaad
the mesh of the numerical model.

Dimensions (um) | Number of cells

Orifice (h X 1) 500X 500 20X 20
Cavity H. X L) 25.4x16G X 5x1C¢ | 170X 85
Amplitude @) of | 152.4 240X 100

membrane oscillation

Outer domain 17x1d X 5x1d 38850

Table 3. Main parameters for the SJA with cross flow
experimental configurations

Simulations are performed in double precision, veitt
order upwind discretization scheme, and the SIMPLEC
algorithm for pressure-velocity coupling. The flasvsupposed
to be incompressible as maximum Mach number is tleas
0.15. According to the results obtained on the BJ4uiescent
air simulations, the "Realizable" &-turbulence model is
associated to the "enhanced wall treatment" opfamthe
viscous-affected near-wall region modeling. Theuatibn
frequencyf =200 Hz and 720 time steps are taken per period.
The free stream velocity is 11.5 m/s for this fgshulation.

Figure 13 shows the velocity vectors map aroundcktbieat
two stages of the first period of membrane actwmatibhe
bending of the synthetic jet due to the interactioth the cross
flow is clearly visible in the blowing phase. Assamed in the
analysis of experimental results, the cross flowngletely
inhibits the "left" vortices generation at the séotit, when the
"right" vortices generate a short recirculation ggaround 3 h
long) just downstream from the slot.

The SJA effect on the velocity profiles is muchsles
pronounced than on the experimental results, buseasible
increase of the cross flow velocity in the bounddayer
appears fronx = 100 mm up tx = 175 mm (Figure 14).

These first numerical results are not completellgecent
with the experimental data presented in the previchapters.
However, due to the size of the mesh and the vamytime
step, the simulations are very long : one week tioe

8 Copyright © #### by ASME



simulation of one actuation period using a PC wdtllouble s
AMD processor running at 2.6 GHz. When writing thaper, as{ X=99mMm
only the first period had been calculated. The mioak
simulation was thus still in its transient phaser fthe
simulations of the SJA in quiescent air, five atitwra periods
were indeed necessary before obtaining a statiosaltion.
Further simulations should thus permit to obtaireraged
numerical velocity profiles which could be comparé¢aol
experimental results.
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Figure 14. Numerical velocity profiles with and without

actuation of SJA — Cross flow velocity : 11.5 m/s
A: SJ-On[1: SJ-Off

CONCLUSION

Experimental characterization of a Synthetic JetuAtor
in a cross wall jet flow has been performed for fnee stream
velocities of the cross flow, using hot-wire anenebrp. The
effect of the synthetic jet is clearly visible ohet velocity
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profiles downstream from the slot and all the mpmenounced
that the velocity ratio and the jet momentum caogffit are
important.

A numerical model of this experimental configuratibas
been developed on the CFD software Fluent. Firshatical
results confirm some of the experimental obserwatiget
bending under the cross flow action, recirculatianne
apparition just downstream from the SJA...Howeverthier
simulations are needed to reach a stationary sfatbe flow
permitting a full comparison with the experimerdata. In the
same time, Particle Image Velocimetry will be peried in
order to complete the experimental data bank, shatewire
measurements do not give complete information ervéfocity
directions around the SJA slot.
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