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Abstract

The paper studies the performance of the new fluid jet actuator ®adlked novel
principle of the generation of fluid jet, which has been presemt [Z. Travnéek, A.l.
Fedorchenko, A.-B. Wang, Enhancement of synthetic jets by means iotegmnated
valve-less fluid pump. Part I. Design of the actuator, Sens. Actuatdrd0A2005) 232—
240]. The fluid jet actuator consists of a synthetic jet actwatdra valve-less pump. The
resulting periodical fluid jet is intrinsically non-zero-net-sdisix, in contrast to the
traditional synthetic jet. The numerical results have been compatiedhe laboratory
experiments comprising phase-locked smoke visualization and time-nedanity
measurements. The results have confirmed the satisfactory performance of the. actuator
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Numerical simulation
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1. Introduction

Actuators based on the synthetic jet idea became recently of ingreasin
importance for a number of applications. The interest was tedgenainly by
publications of Glezer et al., the first of which was the Patent [2].

The name “synthetic jets” was derived from the idea of their beioduged or
synthesized from the train of individual vortical structuresefofof the character of
vortex rings) generated by periodic alternating flows into amdfrom a nozzle. This
inflow and outflow is produced by periodic alternating displaent and ingestion of
fluid from and into the nozzle. In a typical layout, a sealeglai®ment cavity is
provided with the nozzle at its one end and an actuating pistdiaphragm at the other
end, the periodic movements of which result in periodic variatafnthe available
volume inside the cavity. There is no time-mean mass flux af fhio the cavity and
hence also through the nozzle. This is why another common destpthe generated
flowfield is zero-net-mass-flux jet. The positive jet-like flaway from the nozzle is
generated due to the non-linearity of the governing hydrodignawpuations, which
makes the ingestion part of the flow cycle different from thlaw part. The time-mean
mass flow rate is, of course, zero only in the nozzle exit cross sedfitnprogressing
distance from the nozzle the time-mean mass flux increases in a similaemamnin
standard steady jets. The difference between the inflow and oytfleses (the outflow
reaching farther because of the inertia gained inside the nozzle) endgsbribed as a
form of rectification and in fact it is related to the rectifioatphenomena used in fluidic
pumping where it is used to replace the conventional suctidrdiaplacement one-way
valves.

The rectification principle was investigated earlier and some itapiofacts were
published already in 1980s [3] and [4]. The current interestetierywas aroused by [2]
and [5] in 1998, which also introduced the new name (“syntletticpresently used to
describe the phenomenon. Soon thereafter, basic forms of synthetiefetinvestigated
by several authors, e.g. [6], [7], [8], [9], [10], [11], [12]3]land [14], mainly with view
of the prospective applications in jet vectoring [10], active robrtf turbulence or flow
separation both in external [11], [12] and [13] as well as internal aerodyna#jcs [1

Another very promising field is high-intensity heat/mass trangfgrically for
cooling applications. The first publication about this fieldairreviewed journal was
published by Traveek and Teda[15], although the idea had appeared before (e.g. [2],
[16] and [17]). The layouts considered are similar to the wellsknonpinging jets: the
jet generating nozzle is directed towards the cooled surface. Tlatade of the
synthetic jets is the simplicity of the cooling systems, whiebkdnneither blower nor
distribution piping, otherwise occupying an overwhelmingpartion of the system
volume, in some cases (cooling of microprocessors) even larger villaméhose of the
actual microprocessors themselves.



Practically all the above-mentioned synthetic jets applications mayphedm
devices of macro- as well as micro-size. In fact, in the microscale or
microelectromechanical systems (MEMS) many advantages become morengexhou
because of the basic physical principles: scaling down is usually a@gsbavith
decreasing Reynolds numbers, which complicates mixing as well m&ative heat
transfer, typically poor in the laminar flow regime. It shodlld noted that typical
development strategy followed by many researchers begins at macroigeated-up
laboratory models, the subsequent step (which, of course, may Igadctacal micro-
fabrication problems and crucial difficulties of operation at sRa&lynolds numbers)
being the scaling down to the final micro-size. Characteristioadlgly investigations of
synthetic jet used macro-size actuators [5], [6], [7], [8], [9], [1D1].[[12], [13], [14],
[15], [16] and [17], and only recently micro-fabricationsiticon was used by Mallinson
et al. [18].

2. The new hybrid principle

A fluidic pump driven by alternating air flow was developeddoyg of the present
authors [3] for an application in nuclear fuel re-processing. d@tfieiency of the
rectification of the driving alternating flow was investigated[4]. Other principles of
such non-moving-part fluidic pumping systems are described,ire.[.9] and [20].
Recently, of particular interest became a version of a fluidic pusig therectification
properties of diffusers[21], [22], [23], [24] and [25]. The advantage of this simple
rectifying element, substituting the suction valve of traditignsion pumps, is the ease
of fabrication especially at microscale.

Recently, the novel method of fluid jet generation and the ntua flow
actuator have been proposed by Tréekiet al. [1] and [26]. The periodic fluid jet,
which is called the double acting synthetic je{D-SyJ), is intrinsically a non-zero-net-
mass-flux jet even at the nozzle exit level. Similarly, as in mymhetic jets, the
resultant D-SyJ is generated mainly from a train of individoalical “puffs”, however,
it is also partly produced by means of non-zero-net-mass-flmypmg function of the
actuator (thus theHybrid Jet name was suggested in [26]). Therefore, the volume flow
rate as well as fluid momentum can be higher in comparison witinea(pero-net-mass-
flux) synthetic jet and this is another advantage, which may lead to useful appscatio

The present paper describes a continuation of the previous wWpmk Ytthich the
D-SyJ actuator has been proposed, and the prototype has beemenialy tested. A
further development of the actuator as well as better understaofdingd mechanics of
the D-SyJ requires a wide and systematic approach, and this is riteryptask of the
present paper. Particularly efficient for such a goal is a combinatierperimental and
numerical investigations. The present paper describes an initial fstepse combined
investigations. Similarly as in [1], the study has been made with a macro-siretypeo



3. The prototype of the D-SyJ actuator and used
experimental methods

Fig. 1 shows a schematic view on the used D-SyJ actuator, correggptmdhe
description in [1], where a more detailed discussion of the aaguatinciple and of the
experimental set-up is described. The actuator geometry is coaxial: Th®actnsists
of two distinguishable parts (or partial actuators), namely Ftjftramber that produces
the central SyJ and R (rear) chamber that generates the annularejetharhber 1 and
the inner nozzle supports 5 fix entire actuator together. Thehrdigm 2a of the
loudspeaker 2b is the common interface for both chambers F ariteSyJ is generated
from chamber F through its circular nozzle (or output elementa8ayith other SyJ
actuators such as the actuator described in [5]. On the other handpnular jet is
generated from R chamber, which is consisted of annular nozzle 3b and cooisal ds
output and input elements, respectively. Input elements consist afehfcal radial
conical ducts (4), equidistantly located on the chamber 1. The @ctymdrates in double
acting regime, i.e., both the up as well as the down-strokes ofapbrdgm act on the
displaced fluid: A positive, upwards stroke pushes fluid thhothe central circular
nozzle, while the reverse down-stroke pushes fluid through thelaannozzle. The
central circular jet is therefore the standard zero-net-mass-flux sgngtef5]. On the
other hand, the annular jet is a non-zero-net-mass-flux jet. Thararisyic coordinate
system X, r) is also shown in Fig. 1.
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Fig. 1. Investigated coaxial double acting actuatoy, [l front cavity; R, rear cavity; 1, chamber; 2a,
loudspeaker diaphragm; 2b, loudspeaker coil; 3a,raenircular (output) nozzle; 3b, annular (output)
nozzle; 4, input elements, namely 12 conical ducts;inher nozzle supports; ¥, = 16.6 mm,
@Dp; =120 mm, @c=10.6 mm, @Dp=53.0mm, Dp,=9.0mm, @D =4.35mm, |,=8.0 mm,
0=12.5°.



The operating fluid in the present case is atmospheric air. dtiven by the
loudspeaker of 66.5 mm diameter (MONACOR SP-7/4S, nominal elegacameters
4Q, 4 W-rms, 8 W-max). The loudspeaker diaphragm is shaped as a coneelyelativ
rigid, covered by a spherical cap in the central part. The diaphsagrially driven by
the loudspeaker coil in the central part of diamddge =9 mm, and fixed on the
loudspeaker chassis through a very flexible rim of middle diarbgter 53 mm. Because
of this construction, it is quite plausible to consider the aibeasg driven by a rigid
double-acting piston of diameteBp/Dp, (it is quite different situation from planar
flexible membranes, which are frequently used, e.g. by Smith and Glezer [5]).

The actuator loudspeaker was driven by the sinusoidal current fhem
sweep/function generator (THURLBY-THANDAR TG230), amplifiegg an in-house
built power amplifier. The true rms a.c. current and voltage haverbeasured by a pair
of digital multimeters (HP3478A) with the accuracy + 1.5 and + 0,4@%pectively. All
experiments described in the present paper were performed witicadlestectric input
power fed to the loudspeaker, 2.0 W (computed as a product of current and)voltag

The experimental step was mainly used for phase-locked flow aatiai,
which has been made by a multi-smoke wire technique: the flowfiat illuminated by
a flashlight, and the in-house built electrical circuit was used ploase-locked
synchronization of the sequence of three steps: camera shutter retdaged dmoke-
wire heating with smoke generation, and flashlight initiatioeratthe other delay. The
accuracy of both delays was of the order ofid0which was sufficient to match taking
picture with an arbitrary moment of the driven cycle. Contgstihite streaklines on
black background were observed and photographed by a digital c@h&@N CoolPix
990).

The time-mean velocity profiles were measured by the thermal vekmityors
(TESTO 490, a spherical sensor @2.5 mm, accuracy 5%, see [1]). The prebe wa
positioned manually by 3-axis positioning system with the resol.01 and 0.02 mm
in radial and axial direction, respectively. Two K-thermocouples weesel to measure
air temperature; one was inserted into the cavity of the actuatla thve other measured
the ambient temperature. Maximal difference between the temperatureingide the
cavity and the ambient (due to the dissipation of incomingeppwas 2 K for all
experiments in this paper.

4. Numerical flowfield computations

The processes taking place in the new configuration of the acamtgell as in
the generated jet were investigated by numerical computations ofotkftefd. The
computations were performed using the commercially available finitene CFD
software package FLUENT 5 [27]. The fluid flow was assumed tonb@mpressible,
isothermal, and turbulent. The fluid properties (density andsig) were inserted as
constant. The unsteady version of the CFD package was used, permétaigd
investigations of the flowfield at 24 individual instants bk toperation cycle. The



governing equations were solved for continuity, time-averagedemaim components
in all three directions, turbulent kinetic energy, and turbulent energy alissipate.

The computations used an implicit formulation and worketl aftsolute (i.e., not
dimensionless) values of the variables. Continuity and momentum @uuadre coupled
by the SIMPLE algorithm, which works in predictor—correcttegps. Standard scheme
provided as default by the software was used for the pressureatemaliand also
standard default first-order upwind scheme was used in the mameturbulent kinetic
energy, and turbulent energy dissipation rate equations. The-griditimethod to
accelerate the convergence, and iterative technique with under-relgxaeations of
the velocity and pressure were used. Default under-relaxaticrdawt the solver were
used, the values of which were 0.3, 0.7, 0.8 and 0.8 for the pessomentum,
turbulent kinetic energy, and turbulent energy dissipation, regplcf27]. At each time
step, the iterations proceeded up to the stage at which the coroeegéaria for the
residua were met. The solution was considered to be convergedhehahwalues of the
normalized residuals were less theri*1This value, less than recommended for time-
dependent solutions by the software provider [27], was founm@mious computations
of analogous problems [9] to be the best compromise betweenltiiersaccuracy and
solution duration. The computations were performed using thefi@tdeUniversity
“Titania” High Performance Computer Grid. Typical computatiom far each of the 24
time steps computed in each oscillation cycle usually took less thatf-an-hour to
converge. Most demanding for available computational resources whksgbenumber
of oscillation cycles, typically 50 but in some cases more thah that had to be
computed before oscillation cycle became sufficiently indistinguishfibin a previous
one. This identity of cycles corresponds to damping out ofrritfieence of the initial
conditions and attaining the “quasi-steady” regime. The cycle-to-cycléatubas
considered sufficiently small for progressing to the next computatere approximately
less than 3% of the amplitude. No numerical criterion was apgiiegever, since the
variations between subsequent cycles were generally not of the saraetexhander
different conditions; the identity of cycles was judged visudittyn plotted cycle
histories.

4.1. Turbulence model and the present near-wall modétg

The model of turbulence used the scalar turbulent viscosity coandpas such
was unable to resolve anisotropy. In particular, the model usedherasnormalization
group (RNG)k—= turbulence model [27], which was found to yield reasonabletseisul
similar computation problems [9] and in comparison with morapiex models requires
much shorter computing time. Near-wall modelling was based enstdndard wall
functions. The default set of the constants of the turbulence madelised, as provided
by the software supplier [27]C, =0.0845, Ci+=1.42, C,»=1.68, #=0.012 and
1o = 4.38.



4.2. The domain, grid, boundary conditions and input dta

Fig. 2 gives some idea about the computational domain andsteictured grid
used. The domain was a three-dimensional 30° sector bounded Byrtwietry planes,
one passing through the axis of the input element and thehativémg the angle between
the element axes (real 3D situation with 12 input elements wasaseuiio be periodical
around the perimeter). Fig. 2(a) shows the grid in one ofdbading symmetry planes.
The geometry of the computational domain corresponds to thia eikperimental model
(Fig. 1), with added hemispherical volumes upstream from theseiff denoted as
position 6 in Fig. 2(b). Also, a large cylindrical volume (dedoas position 7 in Fig.
2(b)) was added downstream from the nozzles, representing the gagtatmosphere in
which the generated jet is formed. The unstructured triangulamgrgdadapted in the
course of the computations by dividing into smaller cells thws fvolumes in which
there was exceptionally high velocity magnitude gradient. F{g) Bresent several
sections through the grid. As initially produced by GAMBIE{mrocessing software, the
grid possessed 43, 423 finite volumes. After the gradual refintsn{performed in
several steps, the first one by delimiting two spherical refinenegiins geometrically,
the following steps concentrating on the regions of the highelsicity magnitude
gradients) the final grid used in most computation runs dewassisf 80,012 tetrahedral
cells, with 171,524 faces and 19,490 nodes.
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Fig. 2. Computational domain and the unstructured g@); view of the symmetry plane with the
prescribed boundary conditions a—d, (b) three-dimeasioomputational sector, (c) grid in the sector. F,
front cavity; R, rear cavity; 4, input elements; 6,diéidnal hemispherical volume; 7, cylindrical

downstream volume.

The prescribed boundary conditions chosen for the computatioesasdollows,
see Fig. 2:

(@) Driving diaphragm: Because of the reasonably rigid diaphrag was
represented to be a double-acting shaped piston of diarbetarsdDp, (see Fig. 1) with



a harmonic movememt= Xn,8in(2zft), wherexmax is maximum diaphragm displacement
from its neutral positiont, is frequency and is time. It should be noted that the period
origin is defined at the neutral position of the diaphragms Theans that the central
nozzle at this instant is in the displacement stroke while the anetlsrin antiphase,
ingestion stroke, see [1]. The boundary condition is prescribeatim ¢f axial velocity
on the diaphragm surfate= Uy,,c0s(2ft), whereUmax = 2tfXmax Understandably, from
the point of view of the both front/rear diaphragm surfaces vtiocityU represents a
fluid source/sink in the same instant. The prescribed valuearmUm.x agree with the
“nominal operating point” of the D-SyJ actuator prototype, wihiak been defined in [1]
at f=90Hz and Xmax= 1.5 mm, thereforeUmax=0.848 m/s. The radial velocity
component is prescribed zero on the diaphragm surfaces.

(b) Actuator fixed walls: A no-slip boundary condition, i.e., aklocity
components are zero.

(c) Outlet: A static pressure was prescribed as reference value, 98,0@0 Pa. |
allows a recirculation flow, i.e., fluid can enter the domain.

(d) Nozzle axis: The symmetry axis of the domain, representagnthrsection
of the two bounding symmetry planes set at 30°.

Fluid properties of working fluid (air): fluid density,= 1.225 kg/m; dynamic
viscosity,u = 1.7894 x 1T kg/(ms).

5. Results and discussions

The results of the flow visualization are compared with the nealesimulations
in the sequence of photographs in Fig. 3 in the left and aghimns of images,
respectively. The photographs were taken phase-locked to the aptsmpmal at six
equal time intervals during the actuating period. For bettestifition, the time period of
actuation signal has been chosen to be represented by 360 angtdas défjerefore, the
angleg (from 0 to 360°) is used as the measure of the dimensionlesstianeyclet/T,
whereT is the period T = 1£). The numerical solutions in the right column of Fig. 3 also
show phase-locked pathlines inside the actuator where the visualiexip@niments
could not be performed.






Fig. 3. Phase-locked smoke visualization compared withenigad simulations.

The main feature, visible in the sequence of photographs in Fig. Beis
generated fluid “puff”, i.e., the large vortex structure passing thrabghobservation
area. A location of the structure is indicated by the white amotlie photographs. Of
course, successive images do not show the same structure; the visnadeqtience has
been taken during a few minutes of a well stabilized regime of the jet actuation.

An extrusion of fluid through the central nozzle, and fororatf the large vortex
structure near the nozzle is very well visualizedpat 60 to 120° when the central
synthetic jet is in the outflow stroke. At the same time, flgidngested by the outer
annular nozzle. The main proportion of this fluid comes fitbm relatively quiescent
surroundings, and only a small portion is taken from just extruded ceutfal p

Later, atp = 120 to 360°, the dominant large vortical structure is seenote@m
downstream. The development and later breakdown cause the bounttagystiicture,
which is originally quite clear gt = 60 and 120°, to become blurred and finally almost
indistinguishable at the end of cycle (ge® 300 andy» = 0° which corresponds to 360°).

It should be noted that the central nozzle operates in the isfloke atp = 120,

180 and 240°, ingesting the external fluid. This is well vigedliin the frame taken at
¢ =240°. However, the inertia of the large vortex structure resultgsirmoving
downstream independently of the local situation in the nozzlerewfteev orientation is
reversed. At the same time, the annular nozzle pushes fluid outwamushie actuator.
However, this annular D-SyJ outflow is practically invisible he present photographs,
because a large portion of the annular puff reverses inwashimtcentral nozzle very
soon after having left the annular exit. Obviously, the cemioaizle has no other
possibility from where to suck fluid except from the surrounding kamnfet.

Finally, aty = 300 to 360°, the next outflow stroke from the central nozkest
place and the next fluid puff from the central nozzle startsetgdmerated. The whole
cycle is then repeated.

The right column of Fig. 3 shows pathlines obtained from thenarical
computations at the sange There is a qualitative agreement between experiments and
numerical simulation, which seems to be quite satisfactory: Theiqgosit the white
arrow, which shows passing of the large vortex structure dosamstframe by frame in
the experiment, agrees well with maximum turning of the compp#thlines of the
entrained fluid. The agreement is apparent particularly=a60 to 240° as indicated by
the black arrows in Fig. 3.

The position of the large vortex structure in the photograplisg. 3 was plotted
in Fig. 4, which thus presents the relationship between the distétits structure from
the nozzle (dimensionless as/D¢) versuse. The diagram shows the celerity or
propagation velocity [5] of subsequent individual fluid stroesu Locations of two



structures are plotted in the graph: at the beginning of thestigated cycleg= 0 to
30°), one large structure is located rather far from the nozzlB(x 7.8-8.2), and it
breaks down more downstream fayD¢ > 8.2. The subsequent structure is visualized
during the rest of the cycle, see Fig. 4 at 60 to 360° and the white arrows in Fig. 3 at
¢ = 60 to 300°.
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Fig. 4. Propagation of the large vortex structure rdurone cycle; evaluated from the visualization
experiments.

It is worth noting that the smoothness of the graph in Eigndicates the
reliability of the present phase-locked visualization. Moreover, 4&ican be interpreted
from a point of view of the “slug” flow model, i.e., a pistoavll with identical velocities
in the entire cross section, when the “pump stroke length” [1]ttf@nderm introduced
by Tesd [9] is the “equivalent extruded column length”) is definedtha central circular
synthetic jet at.oc = VodAoc, whereVoc is fluid volume extruded during pump stroke
through the nozzle, andoc is the nozzle cross section area. The pump stroke of the
central jet occurs fronp = 270° through 360 to 90° (it is broken by the periodjiori
¢ =0°). A related motion of the large fluid structure is seen dutims stroke from
xv/Dc = 6.2 through 7.8 to approximately 9.0 (the last value is an eldtapobeyond
the structure breakdown, as shown by dotted lines in Fig.h&).cdrresponding shift of
the fluid structure (during the pump stroke) Asy/Dc = 9.0-6.2 = 2.8. Obviously,
celerity of the fluid structure is higher near the nozzle, anddtahses farther away from
the nozzle. For example, the fluid structure movespfer60 to 90° from its location at
xv/Dc = 1.1-2.2. The equivalent shift of the fluid structure duriregwhole pump stroke
(one-half of cycle) could bax,/Dc = 6 x (2.2-1.1) = approximately 6. It can be expected
that both values oAx,/Dc =6 and 2.8 should agree with higher and lower limit of the
“pump stroke length”: the former value is related to the near n¢at@l) region, the
latter value to the structure breakdown area further downstrearectiespy. In fact, as
may be seen in Table 2 of paper [1], the “pump stroke lengthbdss 37.2 mm thus
Lod/Dc = 3.50. This value satisfactorily matches both limits.



Fig. 5 presents the variation of velocities during the actuaparating cycle
obtained by evaluating the numerical solution. The computed &d@atity distributions
along the jet centerlinex {s the longitudinal coordinate, see Fig. 1) are plotted at differ
time instants (which are represented¢by 0 to 360°). During the actuating cycle, the
fluid “puff” goes downstream and the diagram shows the corresppnuiwvement of the
velocity maximum. The highest instantaneous velocity of fluidimgsérom the central
circular nozzle, 22.3 m/s, is seen to occw at0°, when the actuating diaphragm passes
through its neutral position. This logical result, of course, agmedisvith the continuity
condition.
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Fig. 5. Computed centerline velocity in the generated jet dunire cycle; AV, the time-mean velocity.

The time-mean velocity along the centerline is plotted in Fig. 5edis(the solid
symbols); it was calculated as the average of all 24 instantaneaagyélistributions.
Its maximum time-mean value 8.4 m/s was found at39.6 mm. Further downstream,
the computations show only very small velocity decrease, which newbat non-
realistic (it will be discussed at Fig. 7 below). Moreover, Fighbws clearly that the
axial velocity changes its sign up only to the distangeed.1 mm (i.e.x/D¢c < 0.86) from
the nozzle. This is “the range of actuator suction”; further doeastronly positive
velocities exist on the centerline during the whole cycle.

Fig. 6 shows centerline velocities during the actuating cycle, yawsbcity
oscillations at the indicated five points ranging fronx 20 to 80 mm X is the
longitudinal coordinate, see Fig. 1). The diagram demonstratesettstogment of the
cycle shape, phase shift of velocity amplitude downstream, and gracduaisting of
velocity oscillations with axial distance.
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Fig. 6. Computed centerline velocity during one cycle-devatag of cycle shape.

The streamwise variation of the time-mean velocity along the jet teatés
shown in Fig. 7. The measured velocity development is evidentlygiopal tox", thus
the exponentn was evaluated by the least squares fitnas—0.15 and -1.09 for
X <90 mm and > 90 mm, respectively. As is well known for conventional axisymmetric
fully developed turbulent jets, this proportionalityis® see for e.g., Schlichting [28]. A
rapid change of slope of a conventional jet is related with the®itsl potential core. A
reason for a similar behavior of the present D-SyJ is, generaksm, a different
character in near and far flow field under the periodic actuadweidiently, this subject
will need further investigation focusing on process of foramwf the D-SyJs. It is
worthy to note here that experiments by Smith and Glezer [5)] avitwo-dimensional
zero-net-mass-flux synthetic jet gave an exponent a bit higherahconventional jets,
namely —0.58 while for conventional 2D fully developed turbujenthis proportionality
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Fig. 7. Variation of the time-mean centerline velocity witfabdistance.



A comparison of experiments with numerical simulations is gidoth Fig. 7 as
well. A character of computed time-mean velocity decay is quabtgtisimilar,
however, quantitative agreement is still quite far from satisfactamenical simulations
give over-predicted values of centerline velocities.

Further, Fig. 7 shows an agreement with the velddiyead2 = 6.7 m/s, where
UcmeaniS the time-mean velocity at the exit plane of the central nozziegdthe pump
stroke. The evaluation was made according to the actuation andllysise] sinusoidal
character of periodic operations impli@gmead2 = Ucmal7, WhereUcmaxis the maximum
velocity at the exit plane; the valllkmax= 21.0 m/s was taken from Table 2 in [1]. One
half of the Ucmean IS considered here, because the pump stroke is assumed to be
“expanded” over the whole cycle (similar approach as at the defiroficghe Reynolds
number in Eq. (25) in [1]).

An example of velocity profiles is presented in Fig. 8. The daiatp are plotted
in dimensionless form. The velocity values are related to the maximalue on the jet
axis Uc.. On the horizontal co-ordinate, the actual radial distansedivided by the
distance from the axis to the point where velocity magnitsdene half of the axial
velocity ros. A large number of such profiles were measured at various distaopethi
nozzle ranging fromx=20 to 80 mm. The values plotted in the diagram are
representative ones for large distances from the nozzle. There are set®raf data
points. Some were obtained from the numerical computationgnatniean velocity
profiles (evaluated as the average from 24 profiles in the cycle) pidged in Fig. 8 are
time-mean experimental velocity values at the same distance. In this pieseiaiathe
velocity profiles are on practically the same curve. An importiaalirfg, moreover, is
that this resultant curve is identical to the velocity profildamed by the similarity
solutions of steady jets [29]: The one-equation solution [33ed upon the assumption
of constant characteristic size of turbulent vortices in the getscsection, is practically
indistinguishable from the two-equation solution [31] and] [&hich needs no such
preliminary assumption. This is an interesting fact about radiasport of momentum in
the generated jet, indicating that this takes place mainly by vohagsg the same size
across the whole jet cross section. In the other words a behdvibe ¢get for large
distances from the nozzle is well comparable with the well knowrvertgional
axisymmetric fully developed turbulent jets [28].
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Fig. 8. Cross-stream distribution of the time-mean straaenwelocity: a comparison of experiments with
numerical simulations.

6. Conclusions

Numerical and experimental studies of the performance of the newaackoiat
fluid jet generation have been performed. In principle, the operati the actuator is
based on the combination of synthetic jet generation anddlpignping by a valve-less
reciprocating pump. The resulting periodical fluid jet is aninsically non-zero-net-
mass-flux, in contrast to the traditional synthetic jet. Besides,pthsent actuator
operates in a double-acting regime.

The presented results have confirmed the satisfactory performancedoiuthie-
acting actuator. For large distances from the nozzle, the generaiedqgatparable with
the well-known conventional axisymmetric fully developed turbulest jet

The results have also proved that the CFD software used to dieamumerical

results provides a satisfactory description of the complex anddpefiowfield and can
be used for further investigations.
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