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Abstract: Impinging jets can achieve the highest convective heat or mass transfer rate. An increase 
beyond present limits is possible by pulsation of the flow. The extreme case of the synthetic jets could 
be particularly effective – were there not the re-ingestion of the fluid. A solution brings the new con-
cept of non-zero time mean hybrid synthetic jet. 
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1. Introduction 

Effectiveness of cooling, heating, and drying by a fluid is limited by a layer of the fluid, usually very 
thin (typically of the order 0.1 mm or less) held on the transfer surface by viscous forces. The trans-
port crosses this layer by the much less effective conduction mechanism. The highest transfer rates are 
achieved by the fluid impinging on the surface as an accelerated jet, penetrating so as to leave the 
shortest remaining conduction distance. Nevertheless, the limiting effect of the stagnant layer is still 
there (Fig. 1).  

2. Destroying the layer by pulsation  

The idea of eliminating the conduction layer or at least decreasing its influence by pulsation of the 
flow has been there for at least half a century. It is supported by numerical solutions (e.g., Xu et al.,  
    

      
Fig. 1:(Left) The limit to convective transfer rate is imposed by the layer held on the surface by viscosity. 

Fig. 2: (Middle) Pulsations of the jet can destroy the conduction layer.  
Fig. 3: (Right) Synthetic jets: A – pure zero time-mean flow B – hybrid-synthetic jet with enhancement by 

pumping C – Action of fluidic oscillator symbolically represented by the superimposed steady flow. 
                                                 
* prof. Ing. Václav Tesař CSc.: Institute of Thermomechanics v.v.i., Academy of Sciences of the Czech Republic,  
Dolejškova 5, 182 00 Praha 8, Czech Republic, e-mail: tesar@it.cas.cz 

619



 

       
Fig. 4: (Left) A typical fluidic oscillator (here with the Spyropoulos-type feedback loop, Tesař V., et al. 

(2007a). 
Fig. 5 (Right) Photograph of the bistable diverter valve, laser-cut in 5mm thick Teflon, used in the tests 

described in Tesař, 2009). 

2010) but experimental verification has been so far inconclusive – some researchers have, in fact, 
found the pulsation actually decreasing the heat transfer effectiveness. Other factors that has led to 
non-acceptance of the idea in practice were: (a) complexity and cost of the mechanical pulsators com-
pared with the simple nozzle for steady flow, and (b) the power required to generate the pulsation. 
New impetus came recently from two directions. The first was the development in synthetic jets – the 
extreme in pulsation intensity (case d in Fig. 2) which should act  on the layer most effectively (Pav-
lova & Amitay 2006), The other was development of fluidics – no moving-part flow control. Fluidic 
oscillators based on hydrodynamic instabilities (usually bolstered up by a feedback) are inexpensive 
and consume very low power. The problem with synthetic jets e.g. in cooling is their gradual loss of 
effectiveness due to re-ingestion of the fluid already heated in previous cycles. 

3. The solution  

The answer was found in the hybrid-synthetic jet - with superimposed small steady flow component, 
case (c) in Fig. 2. The idea was first introduced by Trávníček in 2005. There are two alternatives. In 
the first one, following the original scheme of  Trávníček, Tesař, & Wang (2005), cf. also Trávníček, 
Vít, & Tesař (2006), schematically represented as case B in Fig. 3, the necessary fresh outside fluid 
replacing the already heated one flows into the displacement-type actuator during the suction part of 
the period. It escape in the next part of the period is prevented in this illustration by the non-return 
valve, in actual operational actuators replaced by a no-moving-part fluidic diode (Tesař, 2008).    
  

     
Fig. 6: (Left) The pair of annular nozzles used in the laboratory model. Each nozzle was connected to one 

of the two outlets of the fluidic valve. 
Fig. 7: (Right) Definition of the characteristic distance D measured on the impingement distance covered 

with thermochromic liquid crystals. 
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Fig. 8: The extent of the nominal (simplified) hot spot area A evaluated from the measured distance D in 
heating by steady flow and by hybrid-synthetic jets. The advantage of the latter case is here convincingly 

demonstrated. 
 
In the other version, Tesař, Hung, & Zimmerman (2006), the actuator is supplied with the fluid from 
an external source. The oscillation is generated in the oscillator consisting of a diverter valve (Fig. 5) 
with a feedback loop (e.g. as shown in Fig. 4). This way, it is possible to eliminate all moving compo-
nents – such as the piston schematically represented in the case C, Fig. 3. The return flow into the 
nozzle during the suction phase is generated by the jet-pumping effect of the flow through the main 
nozzle in the valve.           

Successful tests that demonstrated convincingly the increase in heat transfer made possible by synthet-
ic jets, are described in Tesař (2007a). The nozzles, shown in Fig. 6, were with annular exits due to the 
reasons discussed in Trávníček & Tesař (2003). Each nozzle was connected to one of the two the out-
puts of the valve shown in Fig. 5, cut in 5 mm thick Teflon plates. There were 2 plates stacked on top 
of one another, both with 2 mm wide main nozzle – so that the impinging nozzle exit area was 3.7-
times larger than that of the main nozzle in the oscillator.  Oscillation frequency was in the tests shown 
in Figs. 7 and 8 adjusted to either 10 Hz or 14 Hz, with negligible difference in the heating effect. 
This rather low frequency levels required feedback loop length 1.5 m - obviously much longer than in 
Fig. 4, so that it could not be laser-cut in the plate and had a form of a Teflon tubing. Air supplied into 
the oscillator was heated using the heater from a commercial hot-air gun. Typical heating-nozzle exit 
velocities were ~17 m/s, at which the power dissipated by hydraulic losses in the oscillator, nozzles 
and electric heater upstream from the oscillator,  was mere  5 W, a value practically negligible com-
pared with the supplied heating power input ~1 kW.  

The effectiveness of the heating was evaluated by means of thermochromic liquid-crystals, a foil con-
taining them covering the impingement surface. This particular crystals reacted by initial colour 
change when the temperature reached 40 oC, and the location of this change could be quite accurately 
measured as shown in Fig. 7. The next Fig. 8 shows that under the impinging hot air, the area of the 
region with temperatures higher than 40 oC was significantly larger with the hybrid-synthetic jet than 
with steady hot-air jet.  

4. Conclusions 

A model of an impingement heating device with two nozzles operated in opposite phases of a hybrid-
synthetic jet, generated by a no-moving-part fluidic oscillator, was built and tested using the tempera-
ture field visualisation by means of thermochromic liquid crystals. It was demonstrated that the opera-
tion in the hybrid-synthetic annular jet regime exhibits a substantially higher total heat transfer rate 
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than steady jets. Depending on the regime, the increase is to 300% and even more, though values 
180% – 200% may be more typical. 
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