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Abstract

Synthett jet acwata is analyzel using
unsteag compressild RANS CFD code . The
analysis is made fa both the actuator’s cavity
and thke suroundng domam. The actuator is
consicered as having a pistorlike oscillatory
moving bdtom wadl with a given amittude and
frequency Computéions are performe for the

2D case usng moving grid and domain

deconposition algotithms fa the cavity region
and tre extena flow. The nunerical scheme
used is based on explict time marchng and
seond orcer spdial accuracy Turbulerte is
model@ using ke modeé with a choce d wall
laws or two laye approadr. Domain
discreisation is based on adapted unstructed
meskes usng Delaung triangularization.
Severd similitude parameters are ude for
compari®n wth other nunerical simulations
andexperimenthdata.

Resuts are presentk for the numerical
simulaion o the actuato using an impsed
movng law for the bottom o the cavity Also,
influerce n the surounding field is analyzal,
using aprioni given velociy prdile a& the
actuata exit.

1 Introduction

Synthetc jets (S) resut from an osdllating
diaphragn in an encleed space, hawng smd
orifices & the p (Figure 1). They can be
cortrolled eledrostaticaly or usng
piezoelectt mateials with frequenaes n the
range d 0.5 — 20 kHz. Bcase @ is draw into
the cawty by the low-levé suction pressure
createl by tre diaphragn and then is expdled

by the same dijhragm sud devces are
considerd to prodee azero-nass jet The peak
velocity and tle freqgueny are definng
parameters Fa practicd devices wth arifice
diametes like 200 um, pe&k velodty may ke up
to 20m/s as reorted in severd expeiments
[4][6]. Becawse thei effed is basd ona zero
mass transfer they do no neel dedcatel air
suppl systens as fo othe blowing/suction
devices thus makng them sutable for a large
class 6 applicaions.

Sud actuatos were preusly
investigatel for flow control on vaious
configuratiors axd the resuls are very
promisng [1][6][7][9]. Severd numeical
studes fa the actuato simulaton using CFD
analyss wee performd in orde to asses the
effed of their operationacharacteristis [2][5].
Numeicd simulaton d a sut devce is an
challengng atempt both fran theordical point
of view and in terns d computaiond power.
Since «peiment is stil very difficult to
imagine CFD is until now the man analysis
tod for the flow contrd problem ushg SJ
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Figure 1 - Schemat o the actuator
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This pape will presemn the numeical
resuls and the tools usd in orde to investigate
the flowfield generated byhe actuato under
severdoperding condiions.

2 Numerical tools

The numeicd simulations in this pape are
basel on CFD tedhniques usng a RANS 2D
cock wth a nodified k-¢ turbulerce nodel,
undructured moving nesles ad domain
deconpostion.

2.1 Theflow solver

The mde usé is d 2D RANS type, baseal on a
modified k-¢ turbulerce nodd [3]. The wde is
able t uwe noving gids ad domain
deconpostion. Fa present simulabng some
modificions d the initial version wee made,
in orde to allov a bdter integraton d SJ
specific bounday condtions.

The ode is basd on a combindon of
finite-volume and finite—elemenh metod, using
generd unstructurd mestes ad a doice of
Roe a Osherschenes fa the cmnvedive pat of
the system The visous pat is solvel ushg a
typicd centere finite elemeh Galerkin
technique Spatid second orde accuncy is
obtainal usinga MUSQ. type approac. The
globd formulation wsed by the solve is:
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Even if the omde incudes a classt van
Albada limiter, this feature was neveusal in
the presen calculatons The stedy state
soluion is obtaind using a iterative time
marchng scheme The aborithm is ether
exdicit in time a implicit usinga GMRES and
a ILU preconditioner Fa unsealy flows we
will use the expicit in time formuldion. t was
found tha a four stage Runge-Kuta scheme is
the bes choice far the expicit solver like:

iw = RHS(\N) ©)
o
and :
WO =w" (6)
W' =WO +a, M RHSW )i =1k
Wn+1 =Wk

where oy codficients have bee optimized for
maximum accurag and convergese sped [3].

2
INEIN(E minEA—x,l[p DorgAXiE (7)
u+c’2 U+

An impatart featue is the time step
strategy. The generbformula (7), vdid for both
inviscid or vismous flows was usd 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 gbbd time stg is usel, a the 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 [3][10].

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 ay' < 1 criteria in the nozzk regon. Also, a
two laye formulation was usd in this regon,
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with a fixed distance for the low Reynolds
model at y* = 200. This approach was tested and
compared to the use of the wall laws technique
for the low local Reynolds region. For a
reasonable accurate and smooth discretisation of
the sensible areas, the two layer approach was
considered to give better results than the
classical wall laws model [7][9].

2.2 Boundary conditions

We perform two different types of
simulations that have different treatment for the
boundary conditions. The simulation for the
external domain only is using classical
treatment. In the simulation including the cavity
and the external domain, cavity specific
boundary conditions will be imposed. Also, for
both types of simulation, because of the code
formulation, we use a reference Mach number,
that will be determined differently, according to
the description below.

The external domain boundary conditions
used are based on the characteristics method for
the external flow. External flow is very sensitive
to this type of conditions for the SJ simulations.
For the Ilateral sides of the externa
computational domain, in order to alow the
fluid to enter or leave the domain, the classical
formulation was used, like:

IF |:Ih|]j0' = I(A+ |Iudomain +A Huoutside)m Eicr (8)
S, =0Q S,y =0Q

and the boundary state computed for the
incoming characteristic like :

é p = |oolou*t a/y ©)
=p,

Ep ¢ =VE

0 p

anounda,y :|Ui|+yi_1(ci —c*)

However, for the top boundary of the
external computational domain, this formulation
has to be corrected in order to avoid reflections
and to alow vortices to travel across this
boundary. A modified formulation, using a

pressure correction, proved to give the best
results for this boundary.

Pa " (10)
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The correction given by (10) is used at every
point located on the upper boundary and it
proved to give optimum resultsin only 2 cycles.
The actuator is considered to have a piston-
like movement, of the sinusoidal type, with the
amplitude and the frequency as defining
parameters. The motion law used was the same
for all points of the lower wall of the cavity
domain :
Yo = AGN(2rCF ) (11)
The amplitude is fixed and A = d in al
computations. This law is converted in velocity
condition for the corresponding points. Pressure
and density for these points are interpolated
from the neighboring points inside the domain.
For the case of only external influence, the
exit flow profile used was of polynomia type.
The general blowing/suction law used was

[21[9]:

v(t):vb(x)\/g vé/? mgn% ”FF % (12)

where :

O A (13)
v, (x) = B v minfr 0.5+ x)]

S/bo Bsin[r{0.5+ X)[}°

and global parameters given by :

1 o H D (14)
V?J'Vb (x) Ceix c, —Zg%g
L,

v(t)
\Vj <Cﬂ>:2% \Vj >§

o o

H =

+

In Figure 2 we present a comparison
between a simple blowing/suction given by (12)
and the profile resulting from the global cavity
and external domain ssimulation at a frequency
F* = 5for the moving law.
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Visous onditions & the free external
boundaies and far the given velocity profike in
the cag d the externhsimulation, wee fixed at
a value  10° for both k ande. Sdid walls and
the cawty moving wdl are nsideré as
standad case for visoous bounday conditions
[31[11].

Velocity Profile
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Figure 2 — SJ velociy profile

The referece Madh numbe was
determine differertly for the simul@ions
performal. The stalility requiremerg far the
compeessibé mde we usd are astha this value
has b be greate than Mach = 0.1 [3]. In the
case dthe cawty and externkflow, becaise we
conside the flow as nhducel by the noving
bounday, the tbp speed resulting & the SJ

nozzle in the blowng sequerce & the reference.

This is why we dhocse tle ampitude valueA =

d, a value thagives fa the ext Mach = 0.105
.We haveobtaina@ this value fo A and Mach
numbe in a two step apprach from an initial

guess Also, fram these gbbd simulations we
get an egimation d the Mad numbe on the
externalateralboundares in the range d Mach
=0.01. W& will use this value fothe ase dthe
externd simulatons and the maximum top
spedd for the imposed law as compare to this
Mach number. Ths gives aatio of 10 betveen
the nozzke sped and the suroundng external
flow on the laterbhboundares.

2.3 The mesh generator

The conputaiond doman is parttional in
4 diginct non-overlappg regions Fa the two
types d simulaions we use dferert grids All
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dat are adimensnalized by the nozzle opening
d. The cawty has a fixel geomé&y width the
nozzle length h = 1, and the caviy lengthLc =
15 and widthHc = 10. The externadoman is
considerd with Lx = 30 andH = 50. The
computaiond domahn has a veica symmetry
as n Figure 3.

For the globd simulation, tha contairs 4
blocks we use amixed dructuredinstructured
trianguldion. The externh region, the nozzle
and the man pat of the caviy is usng
ungructured meshes The lowea pat of the
cavity, whee we simulate the aving wadl, is
triangulatel usng a structurd grip gid. This
region is nodified accordng o the mdion law
indicated by (11). Ths regon is2.1xA , in order
to maintain a fixed uppe bounday for
conrectivity with the res of the cawty domain
(Figure 4). A simple agorithm is usel for mesh
remnstrudion, a evel time stg, ushg (11) in
this area dung the simuldion praess.
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Figure 3 — Globd mesh

The gid is build using standard Delaunay
trianguldion with impesed congraints on the
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boundaies n orde to achiewe the requred
resoldion around tB nozzle The imposed
condition in this regon was fa the minimum
distarce b the wal in the sze d 10°. This
bastc grid has aound 25.000 poistand 50.000
triangles A numbe of 10 clssich vertex
regulaizatiors were performg for a bdter
shape facta distribution in the domain.

Figure 4— Cavity nesh

The externh flow conputdions were
performel usinga fing grid, having tle intial
bounday condraints as tlke undructured
externd initial mesh. This nev mes is drip
structured, with a fine regon with constanstep
in the centraregion. The numbe of points is
50.000 and 100.000 trianglg-igure 5).

Figure 5 - Fine externamesh

Deconpostion d the doman is made
using non-oveapping grids, and th procelure
is implementd using tke points on the
boundaies d the blocks ad ther first
neighbos on evey side, fo the internal
boundaies A sd& of dumny neighbos is used
for the externh blocks boundares.
Deconpostion d the doman was not
performeal in orde to male use © efficient
paralld computaions bu to isolae the noving
grid problen from the re$ of the doman. This
is why the noving gid region computsonal
effort is lowe than in ary othe regions.

3 Numerical smulations

Severd types d simuldions were
performel in this paper They all were intended
to validae the code bounday conditiors and
the meshes use Then detided analyss was
performed fo the simuldéion d the SJ actuator.

A specid analyss was mad for the
validation d a reference Mdt numbe usng a
given ampitude far the noving wdl. The final
soluion weal is for an ampitude d the
oscillations equd to the size & the nozzle,
giving a bp spad Mad = 0.105 fo the
blowing phase This valle is a lowe limit for
the compressible b code usel and is alittle
highe then the values currentl used for SJ
actuato simulatons [1][8]. Velodty profiles
from this simuldion ae presentg in Figure 2.
A detdl of the flow in the nozzke for F* = 5 is
presentd in Figure 6.

Figure 6 - Flow detal (Iso-Temperature)

The time st@ usead in the conputdions is
basel on the glbbd time ste integrdion
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scheme. The value is the minimum from all the
local time step computed at every iteration and
every point inside the domain. The lower limit
of this value as 10 was used as given by (7).
For the case using F+ = 5, the number of
iterations for a cycle was 20.000 and up to 5
cycles were simulated, when we consider we
have a converged solution inside the cavity.
Cavity flow details from this ssimulation are
presented in Figure 7.

The external flow simulations were
performed using given exit laws. The most
interesting case was considered the top-hat
velocity profile, since from the cavity
simulations it seams that this profile is valid for
around 50% of the nozzle in blowing and for
more than 70% in suction phase. The time step
used is aso global and set a 10” . Five cycles
were simulated and a history of the solution was
preserved for postprocessing anaysis and
complex visualizations. In al smulations the
flow was considered turbulent at Reynolds =
1.000.

4 Resultsand conclusions

The first part of the smulations was intended
for the analysis of the cavity flow and the shape
of the velocity profile at the nozzle exit. From
the converged solution as presented in Figure 2
and Figure 7 we can conclude that the main
feature of the flow is the reverse profile at the
extremities, present both in suction and blowing
phases. Similar results have been reported by
other authors [5]. This means that the active size
of the SJ nozzle is smaler than the nominal
value. The results prove that a simple constant t = 3/4T
velocity profile (i.e. top-hat) is valid for around
50% of the nozzle in blowing and for more than
70% in suction phase. Effects like the reverse
flow for the edges of the nozzle can be
neglected for outside domain, as shown from
Figure 11, where there is little influence of on
the decay of the centerline velocity in the
external domain compared with the relevant
simulation case. Also, from the global
simulation of the cavity and the external flow
we also conclude that the discretisation made
had insufficient points in the external region for

Fire 7 - Cavity flow (Vorti ity)
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t=1/2T t=1/4T

t=1/2T

pr 2000 | 2D SJ - Reynolds = 1.000 Mach=0.10 Fplus =5

t = 3/4T

pr 2000 | 2D SJ - Reynolds = 1.000 Mach=0.10 Fplus =5

pr 2000 | 2D SJ - Reynolds = 1.000 Mach=0.10 Fplus =5

Figure 8 - External simulation F'=10 Figure 9 - External simulation F*=5
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the jet, but this has not affected the flow inside
the cavity and the exit velocity profile.

Detailed analysis of the external flow was
performed on the fine mesh using the velocity
profile of the top-hat type, with the modification
presented in Figure 2. Two operating
frequencies were used, 5 and 10, in order to
evaluate the effect of the frequency on the
formation of the jet-like flow. Velocity profile
was recorded at several given location and a
representation of the time averaged and
dimensionalized profile is presented in Figure
10. This proves that the velocity profile is
amost self-smilar, as indicated by other
investigations  [1][2][5]. For the lower
frequency, the flow was found also to be
unstable from a distance greater than Hd > 10,
as presented in Figure 9. This feature is also
present for the higher frequency, but with a
smaller amplitude.

U welocity profile
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Figure 10 - Streamwise velocity profile

By comparing the decay rate of the
simulations with the theoretical value of the
decay for aturbulent jet, we consider that the SJ
actuator is generating a jet-like flow and the
decay rate is close to the theoretical value. From
Figure 11 it is obvious that present simulations
have a lover decay rate. This can be explained
by the turbulence model used (k- is known to
over-predict the spreading of the 2D jets [11])
and by the boundary conditions used. The
gjection phenomenon seems to be overestimated

Catalin Nae

by result of a rather high activity on the lateral
boundaries. A solution to this problem is a
larger domain, but with an increase in
computational time.

Centerline streamwise velocity
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Figure 11 - Centerline velocity decay

The operating frequency of the actuator
was found to have little effect on the accuracy
of the velocity profile. However, the lower
value for the F* indicated a higher instability in
the external flow pattern. This behavior of the
solution may also be related to the externd
boundary condition treatment using
characteristics at very low Mach numbers. From
results in Figure 8 and Figure 9 we conclude
that low reflexion are present in the domain, but
instability can be caused by the lateral incoming
flow from external boundaries.

Another important observation is related to
the difficulties of such a simulation using a
compressible solver. Because of the low Mach
number in the flow, convergence is very poor
and some numerical problems may affect the
conditions on the externa boundaries. The
pressure correction used was a useful cure to
some instabilities problems. The experience in
the present ssimulations will be useful in future
analysis of the external pressure gradient on the
velocity profile of the SJ actuator.

266.8



NUMERICAL SIMULATION OF A SYNTHETIC JET ACTUATOR

References

[1]

[2]

(3]
[4]

(5]

(6]

[7]
(8]
[9]

Smith B L, Glezer A. Vectoring and small-scale
motions effected in free shear flows using synthetic
jet actuators. AIAA Paper 97-0213.

Kral L D, Donovan J F, Cain A B, Cary A W.
Numerical simulation of synthetic jet actuators.
AlAA Paper 97-1824.

Nae C. Osher solver for unstructured grids. INCAS
report C-2070, 1998.

Seifert A, Pack L G. Oscillatory excitation of
compressible flows over airfoils at flight Reynolds
numbers. AIAA Paper 99-0925.

Rizzetta D P, Visbd M R, Stanek M J. Numerical
investigation of synthetic jet flowfields. AIAA Paper
98-2910.

Amitay M, Smith B L, Glezer A. Aerodynamic flow
control using synthetic jet technology. AIAA Paper
98-0208.

Nae C. Synthetic jets influence on NACA 0012 airfoil
at high angles of attack. AIAA Paper 98-4523.

Kral L D, Guo D. Characterization of jet actuators
for active flow control. AIAA Paper 99-3573.

Nae C. Unsteady flow control using synthetic jet
actuators. AIAA Paper 2000-2403.

[10] Nae C. Flow solver and anisotropic mesh adaptation

using a change of metric based on flow variables.
AlAA Paper 2000-2250.

[11] Wilcox D C. Turbulence modeling for CFD. DCW

Industries, 1998.

266.9





