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Abstract :  The design of the discussed fluid jet actuator followed two ideas: a double-acting 
operation of reciprocating pumps, and a hybrid synthetic jet (HSJ) actuation. The entire actuator 
consists of two basic parts, namely the front (central) and rear chambers, from which fluid is 
displaced by the opposite sides of the same diaphragm. The actuator operates in a double-acting 
(antiphase) regime with air as the working fluid. The central chamber generates the standard 
(zero-net-mass-flux) axisymmetric synthetic jet (SJ), while the rear chamber generates system of 
several non-zero-net-mass-flux HSJs arranged around the central SJ. A number of variants of 
HSJs with different geometry were designed, manufactured and tested. Their behavior was 
investigated experimentally using the smoke visualization, reaction force measurement, 
hot-wire anemometry, and naphthalene sublimation technique. The tests confirm the efficiency 
of the present design.  

Keywords : Synthetic Jet, Impinging Jet, Actuator, Fluidic Diode, Heat Transfer, Visualization, 
Naphthalene Sublimation. 

1. Introduction 
Synthetic jets (SJs) are generated (synthesized) by the interactions within a train of vortices, created 
by an oscillatory process in fluid produced by pushing and pulling it periodically to and from a 
displacement cavity through an orifice (Smith and Glezer, 1998). A typical SJ actuator consists of the 
cavity bounded at one end by a wall with the exit orifice or nozzle, and at the other end by an 
actuating diaphragm or piston. The time-mean mass flow rate of the oscillatory flow in the orifice is 
zero, hence the other common expression is zero-net-mass-flux (ZNMF) jet (Cater and Soria, 2002). 

The “hybrid synthetic jet” (HSJ) combines the ZNMF jet and a fluidic pumping by a valve-less 
pump – as described in previous publications by Trávní�ek et al. (2005a, 2005b and 2006), and Chen 
et al. (2006). In contrast to the standard SJ, the HSJ is an intrinsically non-zero-net-mass-flux jet.  
Despite no fluid being supplied from an external source (blower or compressor), HSJ exhibits a 
higher extrusion volume flow rate than the ordinary SJ. This increase is due to the fluidic 
rectification effect of the HSJ actuator (Trávní�ek et al., 2006). 

It is worth noting here that another variant has been proposed by Tesa� et al. (2005, 2006, and 
2007) also named HSJ because it also generates non-ZNMF conditions in the orifice. It uses an 
actuator supplied by steady flow from an external source. The alternating flow there is generated by 
a fluidic (self-excited) oscillator, with the return flow produced by the jet-pumping effect. The volume 
flow rate is enhanced externally, i.e., independently of the oscillator function.  

Regular Paper 
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The double-acting operation is a well-known method, which is used in various devices such as 
reciprocating piston pumps and compressors. This method has been also  applied to SJ actuator 
design: two actuator cavities separated by a common diaphragm, so that they operate in the 
antiphase – see, e.g., Lee and Goldstein (2002), Trávní�ek et al.(2004, 2005a and 2005b), and more 
recently Luo et al. (2006). 

A submerged impinging jet (IJ) is the technique for achieving a very high intensity heat and 
mass transfer between fluid and walls. Continuous (steady) conventional IJs have been studied quite 
extensively during the last few decades (e.g., Martin, 1977; Dyban and Mazur, 1982; Downs and 
James, 1987; Jambunathan et al. 1992; Viskanta, 1993; Webb and Ma, 1995; Garimella, 2000). 

SJs and HSJs offer many application possibilities in active control of flowfields and thermal 
fields, especially in external and internal aerodynamics, cooling of highly heated electronic 
components and turbine blades, drying technologies, mixing in chemical reactors, etc. The present 
paper focuses on the heat/mass transfer applications – see e.g., Trávní�ek and Tesa� (2003), Kercher 
et al. (2003), Gillespie et al. (2006), and Arik (2006). The aim of the present study is to demonstrate 
novel variants of SJ actuators that offer distinct advantages to various heat/mass transfer 
applications. Also, we have aimed at quantifying some of their performance characteristics. 

2. Experimental Setup and Methods 
Figure 1 shows the design of the present double-acting actuator with trigonally arranged secondary 
(HSJ) nozzles. The entire actuator consists of two basic parts, namely the front and rear chambers (F 
and R), from which air is displaced by the opposite sides of the same diaphragm (2a). The standard 
SJ is generated from the front chamber F through its central round nozzle, and the rear chamber 
generates an array of three hybrid synthetic jets (HSJs) arranged trigonally around the central 
round SJ. Elements for inputting additional air consist of 12 identical radial conical ducts (4), 
equidistantly located on the chamber 1. The actuator operates in double acting regime, i.e., both the 
up- as well as the down- strokes of the diaphragm act on the displaced fluid. The positive stroke 
pushes fluid through the central circular nozzle creating the standard SJ, while the reverse one 
pushes fluid through the trigonal array of nozzles creating a non-ZNMF HSJs. The axisymmetric 
coordinate system (x, r) is also shown in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Double-acting actuator with trigonally arranged HSJ nozzles, (a) cross-section and (b) side view 
on the trigonal arrangement of nozzles. F– front cavity, R– rear cavity, 1– chamber, 2a– diaphragm, 2b–
drive unit (coil), 3a– central SJ nozzle, 3b– trigonal array of HSJ nozzles, 4– conical ducts (input element 
of the R-cavity), 5– fixed common interface; φDSJ = 10.6 mm, φDR = 28.5 mm, φDHSJ = 8.0 mm, φDD =
53.0 mm, φDD2 = 9.0 mm,  φDl = 4.35 mm, ll = 8.0 mm, θ = 12.5°. 
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The described double acting principle is the same as the one used in the previous studies by 
Trávní�ek et al. (2005a and 2005b). However, the previously described actuator had a coaxial HSJ 
output while the present actuator generates an array of round HSJs. Air is moved by an 
electrodynamically driven diaphragm, originating from the loudspeaker (MONACOR SP-7/4S). The 
actuator is supplied with sinusoidal electric current at 2.0 W, which is the same as in the previous 
studies by Trávní�ek et al. (2005a and 2005b). 

Second variant of the actuator tested in this study was equipped by six HSJs, hexagonally 
arranged around the central SJ: DR = 25.0 mm and DHSJ = 4.5 mm; other dimensions are the same as 
in Fig. 1. 

An initial step in the experiments used the smoke-wire technique for flow visualization 
(Trávní�ek and Tesa�, 2003). The phase-locked flow field pattern was observed under stroboscope 
light synchronized with the excitation frequency at an arbitrary phase angle, and pictures were 
taken by a digital camera. 

A time-mean reaction force was measured similarly as in the previous paper by Trávní�ek et al., 
2005a. The purposes were (1) demonstration of a properly functioning actuator, and (2) finding the 
“nominal actuating frequency”, i.e., the frequency chosen for efficient actuation. This frequency was 
found as close to the resonance as possible (for the given geometry variant), and then it was adjusted 
to remain constant in all subsequent simultaneous measurements of velocity and mass transfer. A 
precision scale Mettler PR8002 with the resolution of 0.01g was used. Once the actuation begun, the 
time-mean reaction force was evaluated from the increase of the apparent nozzle weight. The 
maximum value at the resonance was 1.20–1.40 g, and the uncertainty of the time-mean reaction 
force at the resonance was estimated to be within 1 %. 

Velocity distributions were measured using hot-wire anemometer DANTEC (MiniCTA 55T30) 
in the constant-temperature mode, with the single-sensor wire probe (55P16). Typical sampling 
frequency and number of samples were 15 kHz and 262 144, respectively. For the present 
experiments, the anemometer was calibrated in the velocity range from 0.8 to 40 m/s; the 
linearization error of the calibration (using a fifth-degree polynomial) was within 3 %, and the 
velocity sample uncertainty was estimated to be within 6 %. The phase averaging of the velocity 
during one cycle was carried out using velocity decomposition u = U + Uf + u’, where U is the 
time-mean velocity, Uf is the periodic phase-locked component, and u ’ is the fluctuating component. 
Taking into account the pulsating velocity character in the actuator orifice, positive (extrusion) and 
negative (suction) flow orientations (indistinguishable by the single-wire probe) were obtained by 
inverting appropriately the velocity sign during the suction stroke.  

Local mass transfer in impinging jet flows was measured using the naphthalene sublimation 
method (Trávní�ek and Tesa�, 2003; Goldstein and Cho, 1995). The non-dimensional expression of 
the mass transfer coefficient is the Sherwood number, defined as Sh = hm DSJ/Dn, where hm is the 
local mass transfer coefficient, DSJ is the central SJ nozzle diameter (Fig. 1), and Dn is the mass 
diffusion coefficient of naphthalene vapor in air, calculated for measured temperature and pressure 
conditions. The mass-transfer result was recalculated following the heat/mass transfer analogy 
Nu/Pr0.4 = Sh/Sc0.4 to predict the heat transfer distribution, where Nu, Pr and Sc are the Nusselt, 
Prandtl, and Schmidt numbers, respectively (Goldstein and Cho, 1995). The uncertainty of the mass 
transfer coefficient and the Sherwood number is within 6 % and 9 % ; a more detailed description of 
the experimental method and uncertainties is available in Trávní�ek and Tesa� (2003). 

3. Results and Discussions 
Figure 2 shows the frequency characteristics in form of the measured time-mean reaction force for 
three different variants of the HSJ outputs: the coaxial output from the previous experiment by 
Trávní�ek et al. (2005a), and the present trigonal and hexagonal arrangements of the HSJs. The 
parameter a of the HSJ is defined as the ratio of the cross-sectional areas in the throats of the input 
conical ducts and the cross-sectional areas of output HSJ nozzles. Figure 2 shows that increasing a- 
value results in the increase of the reaction force of the actuator with the coaxial HSJ (Trávní�ek et 
al., 2005a); the increase becomes nearly saturated for a = 1.158–1.737. Based on this experience, the 
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present actuators were design with quite high a- values in an attempt to obtain their high 
performance: a = 1.18 and 1.87 for the trigonal and hexagonal HSJs, respectively.  

Figure 2 shows that the reaction force of both present actuators is higher than in the previous 
variant with the coaxial HSJ. The highest value is achieved with the hexagonal HSJs. The maximum 
reaction force of the present actuators is achieved for frequencies f = 75–85 Hz, hence both present 
actuators with trigonal and hexagonal HSJs were tested at f = 80 Hz. 

To illustrate the jet formation process at the trigonal arrangement of HSJs, Fig. 3 shows the 
phase-locked presentation during the actuating period. Figures 3(a) and 3(b) were made by means of 
the smoke-wire visualization and hot-wire measurement, respectively. Figure 3(a) shows the 
phase-locked visualization for 8 equal time intervals during the period; the images were made as the 
multi-exposure of 80 stroboscope flashes. For better illustration, the time period of the actuation 
signal was chosen to be represented by 360 angular degrees. Therefore, the phase angle ϕ  (from 0° to 
360°) is used as the measure of the dimensionless time in the cycle t/T (from 0 to 1). The period origin 
(ϕ = 0°) is defined by the start  of the central SJ extrusion stroke (i.e., when the instantaneous 
velocity in the SJ nozzle is zero and the deflection of the diaphragm from its neutral position is 
maximum).  The entire cycle of the central SJ consists of the extrusion and suction strokes, which are 
during phase angles ϕ = 0°–180° and 180°–360°, respectively. In the same strokes, the HSJ actuator 
operates with opposing phases at the suction and extrusion strokes, respectively.  

The orientation of the extrusion/suction velocity of the central SJ is indicated by the arrows at 
the left hand side of the photographs in Fig. 3(a). The main feature, visible in the sequence of 
photographs, is the generated fluid “puff”, i.e., the large vortex structure passing downstream across 
the observation area. The location of the structure agrees very well with the hot-wire measurement 
result, namely with the maximum of the traveling wave on the instantaneous velocity curve (red line 
in Fig. 3(b)).  

The extrusion of fluid through the central SJ orifice and the formation of the large vortex 
structure near the orifice is well visible at ϕ = 30°–165° in Fig. 3(a). At the same time, fluid is 
ingested by the trigonal array of HSJs.  The main proportion of this fluid comes from the relatively 
quiescent surroundings, and only a small portion is taken from the just extruded central puff. 
Because of the arrangement of the HSJs is trigonal, the flow pattern in the observation plane seems 
to be non-symmetrical. 

Later, at ϕ = 210°–345°, the central SJ actuator operates in the suction stroke ingesting the 
external fluid. However, the inertia of the large vortex structure results in its moving downstream 
irrespective of the local situation in the nozzle, where the flow orientation is reversed. At the same 
time, the trigonal array of HSJs pushes fluid outwards from the actuator, as is well visible at ϕ = 345°. 
This HSJs outflow partially promoted the entire jet formation, and partially is reversed inwards into 
the central SJ – which is in the suction stroke. 

 
 

Fig. 2. Frequency characteristics of three variants of the HSJ outputs – time-mean reaction force. 
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Fig. 4. Phase-locked visualization
of the period of the actuator with
hexagonally arranged HSJs. 

Fig. 3. Phase-locked presentation of the period for trigonally arranged
HSJs; (a) smoke visualization, (b) hot-wire measurement (the red line
with square symbols denotes the instantaneous velocity, the blue line
with circles denotes the time-mean velocity). 
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However, the ingestion range of the actuator is relatively small, up to x/DSJ = 0.85 – see the 
hot-wire measurement in Fig. 3(b) at ϕ = 300°–345°. For x/DSJ > 0.85, the inertia of the large vortex 
structure results always in moving downstream independently of the local situation in the orifice. 
Finally, at ϕ = 360° (i.e., t/T = 1), the whole cycle is repeated. 

Figure 4 shows the similar visualization at the hexagonal arrangement of HSJs for 12 equal 
time intervals during the period. Instead of the trigonal variant in Fig. 3(a), the hexagonal geometry 
of HSJs results in obvious symmetry in each moment. Note that this hexagonal arrangement is 
promising because it causes the highest maximum reaction force – see Fig. 2 above. 

Figure 5 compares the phase-averaged velocity cycles of the central SJ, trigonally arranged 
HSJs, and input conical ducts (position 4 in Fig. 1), which were measured on their axes, at the 
actuator exit. The positive and negative sign of  the  velocities  mean  the  extrusion  and  suction,  
respectively. 

To show the absolute differences between them, the diagrams are plotted in the dimensional 
form. The velocity cycle of the central SJ is approximately four times larger than of trigonal HSJs 
and the input conical ducts. The time-mean nozzle velocity is defined from the nozzle velocity on the 
axis u0(t) as  ( )0 0

0

= �
ET

U f u t dt ,where t is time, TE is the extrusion time, and f  is the actuation frequency.  

This definition is slightly modified in comparison with a common definition by Smith and Glezer 
(1998) taking into account the fact that the extrusion time may be different (namely for our 
actuators) from the half-period, TE �T/2.  

The integration of curves from Fig. 5 over the extrusion stroke gives the time-mean orifice 
velocities of the central SJ, trigonal HSJs, and input conical ducts U0 = 6.07 m/s, 1.70 m/s and 1.51 
m/s, respectively. The corresponding Reynolds numbers, defined from the mentioned velocities and 
the corresponding diameters DSJ, DHSJ and Dl are Re0 = 3970, 840 and 400, respectively.  

The stroke lengths, L0 = U0 T, of the central SJ, trigonal HSJs, and input conical ducts are 7.18 
DSJ, 2.68 DHSJ, and 4.37 Dl, respectively; T is the time period T = 1/f. 

The non-symmetry of the pump and supply strokes of the trigonal HSJs in Fig. 5 demonstrates 
the fluidic rectification effect of the input conical ducts (position 4 in Fig. 1). The performance 
criterion is the volumetric efficiency εV, defined as the ratio of the net output fluid volume during the 
entire period to the total fluid volume pumped during the same time (Trávní�ek et al., 2006). While 
all ZNMF actuators exhibit (εV)SJ = 0, the HSJs yields (εV)HSJ > 0. The true (εV)HSJ value has to be 
evaluated from the average velocity across the cross sections, but it was not measured in this study. 
Therefore, (εV)HSJ value was estimated from the pump and supply strokes of the trigonal HSJs in Fig. 
5. The integration of velocity cycle gives 24 %. Taking into account the previous results of the velocity 
profiles in SJ actuator orifices (Trávní�ek et al., 2006), the integration result was corrected to (εV)HSJ 
= 19 %. This result agrees reasonably with the conclusion of HSJ measurement by Trávní�ek et al. 
(2006), where a similar conical duct has led to (εV)HSJ = 23 %. 

 

Fig. 5. Phase-averaged velocity cycles of the
central SJ, trigonally arranged  HSJs, and input
conical ducts. 

Fig. 6. Time-mean centerline velocity decay
along the axis for the actuator with trigonally
arranged HSJs. 
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Figure 6 shows the streamwise variation of the time-mean velocity along the jet centerline, 
plotted in logarithmic scales. First, the time-mean velocity gradually increases with distance from 
the actuator – the jet is synthesized. The maximum time–mean velocity is approximately 1.0U0 at 
x/DSJ = 1.0. Further downstream, the time–mean velocity decreases. Two distinguishable ranges can 
be quantified according to the proportionality U/U0 ~ (x/ DSJ)n: At the beginning, x/DSJ = 1.5–8.5, the 
velocity decreases by the exponent n = –0.22. At a location more downstream, the slope is steeper 
with n = –1.10 for x/DSJ = 14–30. Quite similar behavior was described previously for the actuator 
with the coaxial HSJ output (Trávní�ek et al., 2005b). Moreover, the streamwise time–mean velocity 
decay at a location more downstream approximately agrees with the well known behavior of the 
conventional (steady) axisymmetric fully developed turbulent jets with the decay U ~ x/D–1.0 
(Schlichting, 1979). 

Figure 7 presents examples of the local heat/mass transfer at nozzle-to-wall distances H/DSJ = 
2, 6, 10 and 16 for the present double-acting actuator with hexagonally arranged HSJs. Because of 
the satisfactory symmetry, the curves were evaluated by averaging the two halves of each 
experimental profile. The highest values occurred always in the stagnation point on the axis. The 
local Nusselt number decreases monotonously with the radial distance from the stagnation point 
creating bell-shaped distributions. The “secondary peaks” of the heat transfer distribution did not 
occur, although they are usually significant for IJs at small nozzle-to-wall distances H/DSJ = 2. In fact, 
this absence reasonably agrees with the literature – it is known that the secondary peaks are 
significantly reduced or even suppressed by turbulence promotion and periodic excitations (e.g., 
Garimella, 2000). 

Figure 8 shows the variation of the stagnation point heat/mass transfer with the nozzle-to-wall 
spacing H/DSJ. The present data are compared with those obtained using the representative 
correlations of continuous IJs for the same H/D = 2–16 at Re = 3970 (Popiel and Boguslavski, 1986; 
Garimella and Rice, 1995). Figure 8 shows that the present results correspond well to the heat/mass 
transfer of the steady IJs. On the other hand, the effect of the nozzle-to-wall spacing at small 
distances seems to be different from that of the continuous IJ: While the maximum Nu0 is achieved 
around H = 5D for the continuous IJs, the decrease of the spacing from H = 5DSJ to 2DSJ for the 
present actuator causes monotonous increase of the Nu0. It can indicate a promising benefit of the 
actuator primarily at very small nozzle-to-wall spacings. 

4. Conclusions 
A very compact, double-acting actuator actuator for generation of hybrid synthetic jets (HSJ) was 
developed. It generates a system of air jets: the central round (classical) synthetic jet and an array of 
three or six HSJs arranged trigonally or hexagonally around the central jet. A behavior of the 
flowfield was investigated experimentally using the smoke visualization, reaction force 
measurement, hot-wire anemometry and naphthalene sublimation technique.  

Fig. 7. Local heat/mass transfer onto
impingement wall for the actuator with
hexagonally arranged HSJs. 

Fig. 8. Stagnation point heat/mass transfer: 
comparison of the present experiments for 
hexagonally arranged HSJs with representative 
correlations for continuous IJs.  
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The volumetric efficiency of the present HSJ was evaluated to be approximately (εV)HSJ = 19 %, 
while the synthetic jets exhibit always (εV)SJ = 0. The stagnation point heat/mass transfer of the 
present jet corresponds well to the heat/mass transfer of the continuous impinging jets. Moreover, 
the present jet gives slightly higher stagnation heat/mass transfer at the smallest nozzle-to-wall 
spacings. 

Acknowledgements  
We gratefully acknowledge the support of the GACR (101/07/1499), GAASCR (IAA200760801), and 
research project AV0Z20760514. 

References 
Arik, M., An investigation into feasibility of impingement heat transfer and acoustic abatement of meso scale synthetic jets, 

Applied Thermal Engineering, 27 (2007), 1483-1494. 
Cater, J. E. and Soria, J., The evolution of round zero-net-mass-flux jets. J. Fluid Mech., 472 (2002), 167-200. 
Chen, C-C., Chou, C-C., Hsu, S-S. and Wang, A-B., Visualization of new synthetic jet actuator for underwater vehicles, 

Proceedings of the 12th International Symposium on Flow Visualization (ISFV-12)(Göttingen), 86.4 (2006).  
Downs, S. J. and James, E. H., Jet impingement heat transfer – a literature survey, Proceedings of the National Heat Transfer 

Conference, ASME (Pennsylvania), (1987), 87-HT-35. 
Dyban, E. P. and Mazur, A. I., Convection Heat Transfer in Impinging Jets (Konvektivnyj teploobmen pri strujnom obtekanii 

tel), 1st ed., Naukova dumka, Kiev, (1982) (in Russian). 
Garimella, S. V., Heat transfer and flow fields in confined jet impingement, Annual Review of Heat Transfer, XI, 413 (2000), 

413-494. 
Garimella, S. V. and Rice, R. A., Confined and submerged liquid jet impingement heat transfer. Trans. ASME J. Heat Transfer, 

117 (1995), 871-877.  
Gillespie, M. B., Black, W. Z., Rinehart, C. and Glezer, A. Local convective heat transfer from a constant heat flux flat plate 

cooled by synthetic air jets. Trans. ASME, J. Heat Transfer, 128 (2006), 990-1000. 
Goldstein, R. J. and Cho, H. H., A review of mass transfer measurements using naphthalene sublimation. Exp. Thermal Fluid 

Sci., 10 (1995), 416-434. 
Jambunathan, K., Lai, E., Moss M. A. and Button B. L., A review of heat transfer data for single circular jet impingement, Int. 

J. Heat Fluid Flow, 13-2 (1992), 106-115.  
Kercher, D. S., Lee, J.-B., Brand, O., Allen, M. G. and Glezer, A., Microjet cooling devices for thermal management of 

electronics, IEEE Transactions on Components and Packaging Technologies, 26-2 (2003), 359-366. 
Lee, C. Y. and Goldstein, D. B., Simulation of MEMS suction and blowing devices for turbulent boundary layer control. In: 1st 

Flow Control Conference (St. Luis, Missouri, USA), AIAA 2002-2831, (2002-6). 
Luo, Z-B., Xia, Z-X. and Liu, B., New generation of synthetic jet actuators. AIAA J., 44-10 (2006), 2418-2420. 
Martin H., Heat and mass transfer between impinging gas jets and solid surfaces, Adv. Heat Transfer, 13 (1977), 1-60. 
Popiel, C. O. and Boguslavski, L., Mass or heat transfer in impinging single, round jets emitted by a bell-shaped nozzle and 

sharp-ended orifice. Proc. 8th Int. Heat Transfer Conference (San Francisco, USA), 3 (1986), 1187-1192.  
Schlichting, H., Boundary Layer Theory, 7th ed. (1979), McGraw-Hill, New York. 
Smith, B. L. and Glezer, A., The formation and evolution of synthetic jets, Phys. Fluids, 10 (1998), 2281-2297. 
Tesa�, V., Hung C-H. and Zimmerman, W. B., No-moving-part hybrid-synthetic jet actuator, Sensors and Actuators A, 125-2 

(2006), 159-169. 
Tesa�, V. and Trávní�ek, Z., Pulsating and synthetic impinging jets. Journal of Visualization, 8-3 (2005), 201-208. 
Tesa�, V. Trávní�ek, Z., Kordík, J. and Randa, Z., Experimental investigation of a fluidic actuator generating hybrid-synthetic 

jets. Sensors and Actuators A, 138 (2007), 213-220. 
Trávní�ek, Z., Fedorchenko, A. I. and Wang A-B., An enhancement of synthetic jets by means of an integrated valveless pump. 

In: Proceedings of the Tenth Asian Congress of Fluid Mechanics (Peradeniya, Sri Lanka), (2004-5), 535-540. 
Trávní�ek, Z., Fedorchenko, A. I. and Wang, A-B., Enhancement of synthetic jets by means of an integrated valve-less pump, 

Part I: Design of the actuator. Sensors and Actuators A, 120-1 (2005a), 232-240. 
Trávní�ek, Z., Tesa�, V. and Wang, A-B., Enhancement of synthetic jets by means of an integrated valve-less pump, Part II: 

Numerical and experimental studies, Sensors and Actuators A, 125-1 (2005b), 50-58. 
Trávní�ek, Z., Vít, T. and Tesa�, V., Hybrid synthetic jet as the non-zero-net-mass-flux jet. Phys. Fluids, 18-8 (2006), 

081701-1-081701-4. 
Trávní�ek, Z. and Tesa�, V., Annular synthetic jet used for impinging flow mass–transfer, Int. J. Heat Mass Transfer, 46 (2003), 

3291-3297. 
Viskanta, R., Heat transfer to impinging isothermal gas and flame jets, Exp. Therm. Fluid Sci., 6 (1993), 111-134. 
Webb, B. W. and Ma, C.-F., Single-phase liquid jet impingement heat transfer, Adv. Heat Transfer, 26 (1995), 105-107. 

Authors Profiles 
Zden�k Trávní�ek: He received his M.Sc. (Eng.) degree in Mechanical Engineering from the Czech 
Technical University (CTU) in Prague in 1985 and his Ph.D. from the same university in 1994. From 
1985 to 1995, he was employed at the former National Research Institute for Machine Design (SVÚSS) 
in Prague B�chovice. In 1996, he joined the Institute of Thermomechanics, Academy of Sciences of the 
Czech Republic. Since 2004, he is the Head of the Heat/Mass Transfer Laboratory. His research 
interests cover experimental fluid mechanics and heat/mass transfer, passive/active thermal flow 
control (primarily of jets and wakes), forced convective heat/mass transfer enhancement, and impinging 
and synthetic jets. 
 



Trávní�ek, Z., Tesa�, V. and Kordík, J. 
 
 

229

 
Václav Tesa�: He received his degree in mechanical engineering and later CSc degree (an equivalent of 
PhD) from CTU Prague. He was Head of the Department of Fluid Mechanics and Thermodynamics, 
Faculty of Mechanical Engineering CTU Prague. In 1985, he was Visiting Professor at Keio University, 
Yokohama, Japan and in 1992 a Visiting Professor at Northern Illinois University, DeKalb, USA. 
Between 1999 and 2005 he was Professor at the Department of Chemical and Process Engineering, the 
University of Sheffield, UK. In 2006 he joined the Institute of Thermomechanics, Academy of Sciences of 
the Czech Republic. His research interests are in shear flows - in particular jets and wall jets - and their 
applications in fluidics.  
 
 
Jozef Kordík: He received his M.Sc. (Eng.) degree in Mechanical Engineering from the Czech Technical 
University (CTU) in Prague in 2007. From 2006 has been employed on part-time basis at the Institute of 
Thermomechanics, Academy of Sciences of the Czech Republic. Since 2007, he is the Ph.D. student at 
the CTU. His interest and subject of his Ph.D. studies are experimental investigations of unsteady flows 
and computer processing of complex experimental data sets. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [7200.000 7200.000]
>> setpagedevice


