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Abstract. This work deals with a measurement of heat transfer from a heated flat plate on which a 
synthetic jet impacts perpendicularly. Measurement of a heat transfer coefficient (HTC) is carried out 
using the hot wire anemometry method with glue film probe Dantec 55M47. The paper brings also results 
of velocity profiles measurements and turbulence intensity calculations. 

1. Introduction 

The aim of this work is to measure the heat transfer 
coefficient in air as a working fluid, when synthetic 
jet (SJ) impacts perpendicularly on a heated flat 
plane. 

The inspiration for this paper was work of 
Sholten and Murray [1, 2]. The technique described 
in their work was applied to the heated tube placed 
in a wind tunnel perpendicularly to the air flow. 
The method was based on the difference of heat 
generated in the film probe at non-zero flow (SJ is 
switched on), and the heat generated in the film 
probe at zero flow of SJ. 

The problem of heat/mass transfer was also 
investigated in [3] where the mass transfer was 
measured using naphthalene technique and the heat 
transfer on the wall was calculated with the 
heat/mass transfer analogy. 

A synthetic jet (SJ) is generated by the periodic 
motion of an actuator oscillating membrane. A SJ is 
synthesized by the interactions within a train of 
vortex rings or counter-rotating vortex pairs in axis-
symmetric or two-dimensional geometry; see Smith 
and Glezer [4]. Vortex rings are formed at the lip of 
the orifice (see figure 1). These rings move from 
the actuator orifice with a velocity, which must be 
high enough to prevent interaction with suction in 
the orifice. It was observed that an SJ far enough 
from the orifice has character of a conventional 
steady jet. This is caused by both the development 
and the dissipation of vortexes. One of the main 
advantages of a SJ is that the time-mean mass flux 

of the oscillatory flow in the orifice is zero; hence 
the other common expression is a zero-net-mass-
flux (ZNMF) jet. A ZNMF eliminates the 
requirement of a blower and piping for the fluid 
inlet. Though the SJ actuator works with a ZNMF 
at the orifice, the momentum of the resultant SJ at a 
specific distance from the lip in axis is non-zero [4]. 

 

 
Figure 1. Basic principle of SJ, [4]. 

 
The equipment for a SJ can have various 

designs, but the main mechanism and principle are 
generally the same. Figure 1 shows the simplest 
setting: There is an orifice at one end of the 
actuator, whereby the fluid is periodically sucked 
in / exhausted from the actuator cavity. The 
pulsation generator of the fluid can work on the 
principle of loudspeaker, piezo crystal, 
electromagnet, piston, or other device. It is 
necessary to choose an optimal type and 
construction of actuator in relation to the supposed 
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working frequency range, working temperature, 
kind of working medium, and required load of the 
unit. 

A SJ is characterized by several independent 
parameters, [4]. When considering the plug flow 
model (one-dimensional piston – like flow in the 
actuator orifice), the main parameters of a SJ are: 
the actuator orifice diameter D, the mean time 
orifice velocity U0 

 �� � � � ���	

�
�
� 	 , (1) 

where T means the time period, i.e. T = 1/f and f 
means the frequency, TE means extrusion time 
(TE = T/2 for the sinusoidal waveform), u0(t) means 
the periodical axial orifice velocity. For the 
sinusoidal waveform u0(t) = Umax sin(2πft). 

Next important parameters are the “stroke 
length” L0 

 �� � ��� � (2) 

and a Reynolds and Strouhal numbers 
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where ν (m2/s) is kinematic viscosity. 

2. Experimental setup 

Experimental setup was made from a SJ actuator 
and a heated flat plate. The plate was made from 
aluminum of dimensions (120 � 120) mm and was 
put into a wooden frame and firmly fixed. The SJ 
actuator was placed on a traverser, which enabled 
movement in all directions of Cartesian coordinate 
system. 

The SJ actuator consisted from a sealed cavity 
with an orifice (diameter D = 10 mm) and two 
loudspeakers TVM ARN-100-10/4 in position 
visible in figure 2. This design was taken from [5]. 

Both loudspeakers were fed with sinusoidal 
signal from signal generator Tektronik AFG 2102 
and amplified from amplifier Omnitronic MPZ180. 

For heat transfer experiments, a glue film probe, 
Dantec 55M47, is fixed on the heated aluminum 
plate and is connected into anemometer Dantec 
90C10 in mode of constant temperature. 

For velocity profile measurement, hot wire 
probe Dantec 55P11 was used. The SJ actuator was 
fixed firmly and the probe was moved with 
traverser. 

3. Experimental results 

During the experiments, two signals were recorded 
– signal from anemometer and TTL signal. TTL 
signal was changed between 3.4 V and 0.1 V, 
where value of 3.4 V corresponds to the phase of 
exhaust from SJ actuator and value 0.1 V to the 

phase of suction into SJ actuator. According to TTL 
signal, the measured signal from anemometer was 
divided for phase averaging. 

�
Figure 2. Design of SJ actuator, Z. Trávní�ek et al. [5]. 

 

�
Figure 3. Glue film probe Dantec 55M47. 

3.1 Experimental investigation and 
calculation of heat transfer coefficient 

To determine the heat transfer coefficient, it was 
necessary to measure the voltage on the 
Wheatston’n bridge without flow of SJ firstly, then 
to measure the voltage with switched SJ. From 
these two values, from material constants of the 
probe and from set resistances of the probe, the heat 
released to the surroundings by convection can be 
calculated as 

 ����� � ��� !"#$
% & ��%
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where Vforced was the voltage on the bridge with 
flow of the SJ, V0 the voltage at the bridge without 
the SJ, Rsenzor the constant resistance dependent on 
the probe overheat ratio, Rarm the resistance of cable 
and probe holder, Rtop the resistance of the 
Weatston’s bridge branch where the probe was also 
connected. 

The resulting heat transfer coefficient (HTC) α 
was obtained when Qdiss was divided by difference 
between temperature of the probe and of the 
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flowing medium and by the effective area of the 
probe 

 5 �� 67899
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 . (5) 

3.1.1 Heat transfer coefficient measurement 

Experiments were performed for three different 
overheat ratios at distances of 3.5, 5, 10 and 20 
diameters from the actuator orifice. SJ actuator was 
fed with the sinusoidal signal with frequency of 
30 Hz with an output of 1.6 W. Frequency of 30 Hz 
was not the actuator eigen frequency, but it was 
chosen because of slow capturing speed of the 
probe. Sampling frequency was set at 3 kHz and the 
number of samples was set to 4096. 

 
Figure 4. Phase averaged HTC and time mean value of 
HTC measured in plane xz at distance y/D = 5 

�
Figure 5: Time mean values of HTC in plane xz. 
�

Figure 4 shows HTC as the phase-averaged and 
the time-mean values in distance y/D = 5 from the 
orifice. The highest values were reached during the 
phase of extrusion from the actuator, i.e. t/T = (0.6-
1). On figure 5 the time mean values of HTC in 
different distances from the orifice are visible. In 
the vicinity of the SJ actuator, the impact of vortex 
rings on a flat plate can be observed, thereby a 
significant heat transfer occurs. With increasing 
distance, the significant difference between the 
vortex ring center and the ring itself decreases. At 

distance y/D = 20, the SJ has character of a free jet 
(also visible on figure 6), therefore the HTC 
differences are very low.�

3.2 Measuring of velocity profiles 

For velocity experiments, the actuator was fed with 
sinusoidal signal with frequency of 70 Hz, which 
was the actuator eigen frequency, with output of 
1.6 W. Sampling frequency and number of samples 
was 64 kHz and 32768, respectively. 

Figure 6 demonstrates the dependence of the 
phase-averaged velocity in different instants of the 
period and the time-mean velocity on the distance 
from the actuator orifice. There was a visible 
decrease of velocity when the distance increased 
along y direction. At the distance from the orifice 
y/D = 15, the flow oscillation practically vanished 
and the flow can be considered as a steady jet flow. 
Further downstream from the orifice, the vortex 
structure also vanished owing to dissipative 
processes; thereby the velocity further was 
decreasing. 

Figure 7 shows the time mean velocity 
magnitude profiles, which were measured at y/D = 
1, 2, and 4. 

 
Figure 6. Dependence of the phase-averaged velocity 
magnitude at different instances in the period and of the 
time-mean velocity on the distance from the actuator 
orifice. 

3.3 Turbulence intensity calculation 

The turbulence intensity at a particular time was 
calculated from values from velocity experiments in 
the xz plan performed at distances y/D = 1, 2, and 4 
as 

 [ ]
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)/(
)/(

p
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+
=  , (6) 

where @A is the time mean component of voltage 
measured on a probe, ep(t/T) is the periodic part, 
and e(t/T)rms is the standard deviation in the phase 
t/T. 
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Figure 7. Time mean velocity profiles at distances 
y/D = 1, 2, and 4, measured in plane xz. 
 
 

As it is visible from figure 8, the highest values 
of turbulence intensity are in places of vortex rings 
and correspond well with shapes of HTC in figure 
5. 

 

�

Figure 8. Time mean values of turbulence intensity in 
plane xz at different distances from the SJ actuator 
orifice. 

4. Conclusion 
In this work, the heat transfer coefficient on the 
heated wall, which was cooled by impacted SJ, was 
measured. The SJ velocity profiles were also 
measured along the axis of the SJ actuator orifice 
and in the plane xz, which was perpendicular to the 
axis of the flow. The turbulence intensity was 
calculated from values of the velocity measurement 
in plane xz. The measurement was carried out at 
two different frequencies, one for HTC and the 
second one for velocities experiments. The value of 
HTC was obtained from the ratio of convective 
heat, temperature difference and the effective probe 
area. 

HTC was measured in the range of (100-
5000) W/(K.m2) and the highest value was 
identified at the distance of 5 diameters from the SJ 
actuator orifice. During the velocity experiments in 
vicinity of the SJ actuator orifice, the mean time 

orifice velocity was estimated as 4.08 m/s. Also it 
was demonstrated that from the distance of 15 
diameters, the SJ lost character of the pulsating 
flow. 
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