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Abstract: A benchmark of different measurement techniques is presented to characterize the dynamic
response of a synthetic jet actuator working in compressible regime. The setup involves a piston-based
synthetic jet, as well as the benchmarked measurements are hot-wire, cold-wire, Laser Doppler
Anemometry, pressure transducer, and Schlieren visualization. Measured flow temperatures range
from 20 ◦C to 150 ◦C, pressure ranges from 0.5 atm to 4 atm, and velocity are up to 300 m/s.
The extreme values of these ranges are reached in an oscillating fashion at a frequency ranging from
30 to 100 Hz. The measurements are pointing out the limitation of cold-wire measurements, due to
its high thermic inertia. The results show consistency in the velocity measurements, within 10% in
the worst case, between all measurement techniques and the errors are traced back to the calibration
ranges, whose sensitivity is also studied.

Keywords: compressible jet; measurements; calibration; synthetic-jet; hot-wire; cold-wire; LDA;
Schlieren; shadowgraphy

1. Introduction

In the compressible regime, the velocity and pressure fields are coupled to the thermodynamic
state of the fluid. From an experimental standpoint, this implies that the characterization of a
compressible fluid through indirect measurements is more challenging, since relations between the
properties of interest become dependent on more variables than in their incompressible counterpart.
Furthermore, all these variables should in rigor be measured simultaneously.

An illustrating example is the problem of determining the fluid velocity using pitot probes or
hot-wires. In the case of pitot probes and in the incompressible regime, the pressure is measured, and
a simple correlation exists through the Bernoulli or Saint Venant equations which allow calculating the
velocity. However, in the compressible regime, the relations change and the pressure now correlates
with the Mach number—a number which, unsurprisingly, involves an intrinsically thermodynamic
variable, the speed of sound. A similar problem arises if one attempts to determine the fluid velocity
using a hot-wire. In the incompressible regime, the fluid velocity correlates with the heat exchange
between the electrically charged wire and the fluid, which in turn correlates with its electrical signal,
allowing the measurement. However, in the weakly compressible regime, the heat exchange will
depend on the Reynolds number—which involves a thermodynamic variable, the fluid density.
Moreover, in the strongly compressible regime, the heat exchange will also depend on the Mach
number. The compressible regime thus invalidates classical approaches for indirectly measuring the
relevant magnitudes in fluid mechanics, and tailored relations and methods involving simultaneous
measurements or further knowledge about the state of the fluid are required.
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The objective of this work is to provide a benchmark of different instruments and techniques
available to locally characterize an oscillating fluid in the compressible subsonic regime.

A review on the state of the art for time-resolved measurement probes at the beginning of this
millennium is contained in Reference [1]. Techniques such as hot-wire anemometry, Laser Doppler
anemometry and fast-response aerodynamics probes are compared in that article.

Hot-wire anemometry (HWA) aims to obtain the time-resolved local mass-flux. It is a quick
accurate technique and requires an easy setup which, according to Reference [2], makes it one of
the most widely used intrusive measurement techniques for velocity in fluctuating flows. However,
measurements in compressible flows with a hot-wire are non-trivial, since as stated before correlations
of their signal with physical magnitudes happen to be multifactorial. Most of the research to deal with
that problem was made in the second half of the last century, beginning with Kovasznay’s milestone
on the measurement in the supersonic and transonic regime [3]. A recent overview of the latest
developments on the subject is contained in Reference [4]. More specific information on hot-wire
metrology is also available in transonic [5] and supersonic [6] regimes.

A combination of hot-wire and cold-wire to characterize unsteady flows is used in [7], and is
utilized in this study to compute the velocity output. On the analytical models for the estimation of
mass flow rate, the reader can refer to the recent work of Zong and Kotsonis [8], on plasma synthetic
jet actuators. Here, cold-wires generally lack the hot-wire’s fast time response, and their time response
can be measured following Reference [9]. However, and up to 20 kHz, time-resolved temperature
probes using the cold-wire concept are developed in Reference [10]. The calibration of hot-wires
varies according to their regime, and can be done following Reference [11], and a revised approach in
Reference [12].

Laser Doppler anemometry (LDA) in compressible flows offers the advantages of unambiguous
signal interpretation, since the laser Doppler anemometer senses velocity only, and has the benefit
of non-intrusiveness [13]. As explained in Reference [13], the accuracy of an LDA measurement is
determined by the Signal-to-Noise Ratio (SNR), which depends on the lens, the size of the seeding
particles, and the power of the laser. A trade-off exists in which the size should be small enough
to follow the fluid lines, but large enough to be correctly sensed by the LDA without introducing
much noise.

As the flow field visualization methods are concerned, an up-to-date thorough review of Schlieren
and shadowgraph techniques can be accessed in Reference [14]. Both methods are qualitative, and their
main advantage is their non-intrusiveness and their capability to visualize an entire field. The Schlieren
technique allows measurement with continuity in time, while the shadowgraphy takes a number of
discrete images within a very short time interval. Therefore, while the Schlieren method is useful to
obtain insight on the flow dynamics, the shadowgraphy can uncover high-frequency phenomena, as
used in this article.

In this paper, the benchmarking will be done over a synthetic jet, which can constitute a source
of subsonic, transonic and supersonic flows. Moreover, since the applications of the synthetic jet are
multiple, like flow control [15,16] or cooling [17,18], with significant research on this topic [19–22],
this benchmark takes interest for both applied and theoretical experimental research. This choice also
provides the possibility to test the measurements methodology validity for characterizing unsteady
flows with fast response.

The techniques to be benchmarked are: Laser Doppler Anemometry, single-wire hot-wire,
cold-wire, pressure transducer, Schlieren, and shadowgraphy visualization. Details can be found
in [23].

This article is divided into three main sections: In Section 2, on experimental setup and
instrumentation, the benchmark setup and the technical characterization of the various measurement
instruments are described. In Section 3, the results and discussion section, the aforementioned
techniques are used to characterize the synthetic jet and compared against each other. The article
concludes with Section 4, on the perspectives and opportunities of future work that this article unlocks.
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2. Experimental Setup and Instrumentation

In the following two subsections the experimental setup and instrumentation are presented.

2.1. Setup

The experiment is carried out in a workbench specifically designed to characterize fluidic
actuators [24,25]. In this subsection, the geometry on which the experiments were carried out, and the
different techniques are briefly introduced.

The synthetic jet actuator is comprised of a cavity open to the exterior by a circular orifice, and with
one side moving thanks to an oscillating piston. The measured data considered are cavity pressure
(unsteady Kulite sensor), ambient pressure (Druck sensor), output temperature (cold-wire), output
velocity (LDA and hot-wire), output flow field (Schlieren), operating piston engine (tachymeter).

For the experiment, the different instruments are installed around the actuator. Except the
cold-wire and hot-wire measurements, the others are performed individually, and not at the same
time. Results from the different instruments are later synchronized to the piston cyclic motion for
comparison purposes, since phenomena are periodic, due to a constant piston frequency.

The jet module, including the transducer, the electric motor and the frequency sensor, is placed
on the test bench. The supply tube for the parallel array wires is mounted on a multi-axis system,
which allows adjusting the position of the wires before and during the measurement. The multi-axis
system is driven by electric motors in the three directions which makes it possible to place the hot- and
cold-wire precisely and to survey the spatially homogeneity of the jet flow. An internal LabVIEW tool
is used to set the position of the multi-axis system. The Kulite sensor measuring the cavity chamber
pressure is connected to the top orifice plate, and the Druck sensor that monitors the ambient pressure
measurement is placed on the test bench next to the other equipment, to reduce the influence of the jet
stream on the sensor. Figure 1 shows a schematic drawing of the measurement cycle with the main
devices as sensors, the actuator and the connection to the computer unit. The sensors are connected
to a BNC2090 module, also shown in Figure 1. The connector is then linked to a computer. The data
acquisition system is comprised of two National Instrument DAQ cards, NI PCI-6123 and NI-PCI-6120.
With an in house LabVIEW program, the sensors voltage can be recorded during the measurement.
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hardware setup, (b) 3D view.

All measurement equipment’s are certified, verified and connected to the metrological laboratory
of ONERA Lille center, itself connected to the national primary standards.
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2.1.1. Actuator Geometry

The work presented here is applied to an in-house-modified two-stroke piston-based synthetic jet.
Figure 2 shows the two main components of the actuator: (1) The electric motor, and (b) the four-stroke
engine. The velocity of the electric motor is variable and can be adjusted by the supply current. With a
small jaw shaft coupler, the electric motor is connected to the crankshaft axis.

The cylinder of the two-stroke engine is modified so that the inlet and the exhaust ports are
obstructed. The cylinder head is then replaced by a flat plate featuring a cylindrical exit nozzle at its
center (d = 2.7 mm). In Figure 2 the open piston engine without the modified cylinder head is shown.
The piston has a displacement of 4.89 cc.

The combination of the displacement and the small size of the outlet enabled to create a synthetic
jet at the exit nozzle. A setscrew in the modified cylinder head allows the installation of a Kulite sensor
that could capture the time-resolved chamber pressure. Figure 3 shows the head of the piston with the
outlet and the attached pressure probe next to it.
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Figure 3. Modified cylinder head with the nozzle of d = 2.7mm and the attached pressure probe.

On the axis of the electric motor and the stroke engine, a disk with 60 gaps is installed. A sensor
can sense the gaps and convert the data into the rotational speed. In this study the piston stroke is set
at 3 driving frequencies—5030 rpm (83 Hz), 7000 rpm (117 Hz), and 9977 rpm (167 Hz).

The piston cycle can be decomposed into two parts: Firstly, the piston compresses the air in the
chamber and produces a hot and high speed air jet through the circular orifice, thereby increasing
the pressure and temperature of the chamber. In the second half of the cycle, the piston expands the
air in the chamber, reducing its pressure and temperature, and the orifice sucks in the surrounding
ambient air.

2.1.2. Hot- and Cold-Wire Anemometry

The hot- and cold-wire are manipulated by means of a high precision mechanical robotic arm.
For the hot- and cold-wire measurement a probe of type 55P71 from Dantec Dynamics (Copenhagen,
Denmark) is used. The probe is a parallel array hot-wire probe that is usually operated in the
CT (Constant Temperaure) mode, but is used in this study by taking one wire for the HWA, while
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measuring the temperature with the second wire in CC (Constant Current) mode. A Dantec Streamware
A/D Conditioner is then used for the acquisition. Six hundred samples are taken, at a 10 kHz frequency
rate, for each measuring point. The properties of the wire used are provided in Table 1.

Table 1. Properties of the wire of type 55P71 used for the HWA.

Sensor Material Plated Tungsten

Sensor diameter 5 µm
Sensor length 1.25 mm

Sensor resistance at ϑref = 20 ◦C 3.41 Ω
Sensor lead resistance 0.5 Ω

Temperature coefficient at ϑref 0.36%/◦C

The wires disturb the flow and have an influence on measurements behind the disturbance.
Using the wires in a parallel configuration has the advantage to minimize the interaction between the
wires, compared to e.g., a classical X-array hot-wire probe. The hot- and cold-wire are very sensitive
to calibration shifts. Therefore, the calibration of both techniques has to be done on the same day as
the measurement.

2.1.3. Unsteady Cavity Pressure Transducer

An unsteady piezoresistive pressure transducer Kulite© (XTL 190M) was placed on the upper side
of the piston chamber, whose frequency and range of measurement are large enough to capture the
compression-decompression cycle. In this study, 5000 points are acquired at 10 kHz rate. The sensor
is first calibrated in the metrological laboratory of ONERA Lille, using a Mensor pressure controller
of type CPC6000. The sum of the uncertainty of the sensor and the residual for the smallest pressure
point corresponds to a deviation of less than 1% of the minimal pressure (35 kPa), while the uncertainty
of the pressure value for in the highest pressure point corresponds to less than 0.4% of the maximum
value (195 kPa).

2.1.4. Ambiant Pressure Transducer

Besides the Kulite sensor, a second pressure probe is used to sense the ambient pressure condition
during the measurement. The ambient pressure is important for two reasons. On the one hand,
the ambient condition in the test facility depends on the weather condition on the day of the
measurement and has an influence on the experiments. On the other hand, in a free-jet, the static
pressure is equal to the ambient pressure and thus, this measurement allows us to evaluate the results.
For the ambient pressure measurement, a resonant pressure transducer (RPT) is used. The sensor is of
type RPT 410 V from Druck Inc. (New York, NY, USA) with the accuracy ±0.5 mbar. The sensor has a
pressure range of 60,000 Pa to 110,000 Pa, which is totally sufficient to measure the ambient pressure in
the test facility. The accuracy for this sensor for temperatures between −10 ◦C and 50 ◦C is named to
be ±50 Pa.

2.1.5. Laser Doppler Anemometry

The LDA measurements are realized, thanks to a Dantec back-scatter LDA System (FlowExplorer),
including the optical probes and the signal processor. The optical probe is used for the laser beams
generation and the intensity measurement of the scattered light. The signal processor (BSA) converts
the signal from the optical probes into velocity. A lens with a focal length of 300 mm is used,
which results in an angle of 11.31◦ between the beams and allows for the measurement of velocities
ranging up to 300 m/s. Further than this value, the Signal-to-Noise Ratio is too low to obtain an
accurate measurement. The used lens generates a probe volume length of 0.7 mm, which means it
can measure the particles in the jet without the influence of particles around the jet. For the LDA
measurements, the air is seeded with oil particles of size about 100 µm. For each measurement points,
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expected number of bins is acquired to reach a validation rate close to 100%. The optical probe of the
FlowExplorer is installed with a vertical angle of 6◦. Therefore, one of the beams is almost parallel
to the surface of the jet outlet, while the other beam points in the outlet. With this setup it becomes
possible to measure at a height of x = 1 mm above the outlet. Trying to set the probe volume closer to
the outlet is not successful and leads to strong reflections of the beams on the object, which makes the
measurement unfeasible, as shown in Figure 4.
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2.1.6. Schlieren Photography

For the Schlieren Photography, the chosen camera is a Cam-Recorder 450 provided by Optronics
(Goleta, CA, USA) and has a frame rate of up to 1000 fps, which allows enough resolution of the flow
despite the synthetic jet’s high frequency. Figure 5 shows a picture of the setup, as well as the schematic
drawing of the lens system. On the left side is the lamp that is used as the source of non-coherent white
xenon light (LS). The lens system in the lamp housing (ORIEL 66055) has a focal length of f1 = 20 mm.
A circular knife edge (KE1) is placed in the focus of the light source to decrease the blur in the image,
by cutting off light rays that are not in the focus. A lens (L1) with a diameter of 120 mm and a focal
length of fL1 = 800 mm collimates the light rays and a second lens (L2), with the same diameter and
focal length, brings the light rays to a focus again. In the regime in between the two lenses, L1 and L2,
the light rays are parallel, and the observed object has to be placed 800 mm (focal length of L2) in front
of the second lens. A second knife edge (KE2) is placed in the focus again to cut off parts of the light.
A third lens (L3), with a diameter of 30 mm, is placed in front of the camera to collimate the light rays
again and refocus the light rays to increase the sharpness of the image.
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2.1.7. Shadowgraphy

Another setup used with the optical methods, is the Z-type shadowgraphy system. In contrast
to the previous lens-type system, parabolic mirrors are used instead of lenses for this configuration.
Therefore, the spherical aberration of the lenses does not occur. The schematic drawing of the used
system in Figure 6 is a slightly modified Z-type system, since two additional plane mirrors are used,
M1 and M2. The parabolic mirrors PM1 and PM2 replace the lenses of the previous setup. To change
the shadowgraphy to the Schlieren method, knife edges have to be placed in the focal length of PM2 in
Figure 6. In the front plane of the camera box, a system of lenses (L) is installed to focus the light rays
on the cameras. The 12 Cranz-Schardin spark sources, together with 12 cameras, create a system that
works as a slow-motion camera. The sparks of the sources are generated with a time shift, which makes
it possible to take the 12 images with a frequency of up to 5 MHz. For a frequency of the synthetic jet of
150 Hz (9000 rpm), the time lapse between the sparks is set to 280 µs. This value results from dividing
the period of the jet and dividing it by the amount of sparks. This means that the time between two
images, taken by the cameras, is 560 µs.
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2.2. Methods

As stated in the introduction, classical approaches for indirect measurement must be tailored
to take into account compressibility effects. Since LDA is a direct method that is still valid in
the subsonic regime, and Schlieren and Shadowgraphy are qualitative methods that are based
on compressibility effects, there will be a need to use a tailored approach with the wired
anemometry technique. This section is therefore devoted to explaining the hot- and cold-wire method,
its calibration, sensitivity and the way to obtain the temperature, mass flow and velocity from the raw
electrical signals.

The main idea is to register data from the cold-wire and simultaneously from the hot-wire.
The temperature can be recovered from the cold wire signal, and the mass flux and speed from the
hot-wire signal, with aid of the temperature data. For further discussions and details on the calibration
range and technique limitations, the reader can refer to Reference [23].

2.2.1. Calibration Equation for Hot Wire

Based on the studies of King [26], the Nusselt number Nu, which is the ratio of convective to
conductive heat transfer that characterizes the heat exchange of the hot-wire and the fluid can be
related to the fluid’s Reynolds number Re, the ratio of inertial forces to viscous forces, as

Nu = C1 + C2Ren, (1)

where C1 and C2 are constants and a value of n = 0.5 suggested by King leads to the so called King’s law.
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Neglecting diffusion and radiation, and assuming that the Joule heating is the key driver of heat
exchange, the Nusselt number relates to the electric voltage as

E2/Rw = πlwk f

(
Tw − Tf

)
Nu, (2)

where Rw is the electrical resistance of the wire, lw is its length, k f is the thermal conductivity of the
fluid, Tw and Tf are the temperature of the wire and the fluid respectively. These are approximately
constant properties, implying that E2 follows a linear regression with the Nusselt number.

The dependency between the electric voltage E and the Reynolds number is obtained by using
King’s law as Ansatz and combining the constant properties in two new parameters C3 and C4,
functions of the temperature of the fluid:

E2 = C3

(
Tf

)
+ C4

(
Tf

)
Ren. (3)

A first order Taylor expansion in temperature leaves the correlation which is used in this study:

E2 =
(

A + B(ρu)n)(Tw − Tf

)
, (4)

where u is the velocity, ρ the density and A and B are constants to be experimentally determined.

2.2.2. Sensitivity

There are two common ways to express the sensitivities of the hot-wire. Morkovin [27] describes
the fluctuation in the output voltage E′ in supersonic flow as

E′

E
= −Fu

u′

u
− Fρ

ρ′

ρ
+ FT0

T′0
T0

, (5)

where T0 is the total temperature Fu, Fρ and FT0 are the sensitivity coefficients. To obtain this
equation the properties are separated in time mean values and fluctuation terms: E = E + E′,
ρ = ρ + ρ′, T0 = T0 + T0

′.
Bruun [28] suggests to express the sensitivities for the fluctuation in the output voltage as

E′ = Su(ρu)′ + ST0 T0
′. (6)

Since, following King’s law, the hot-wire output in compressible flow is sensitive to the mass flux.
Taking the time-average of the previous equation results, and assuming constant sensitivities, we

obtain the following relation:

E′2 = Sρu(ρu)′ + 2SρuST0(ρu)′T0′+ S2
T0

T′20 . (7)

The value for these sensitivities can be found by placing the hot-wire in a flow and individually
varying the mass flux and the stagnation temperature, while measuring the response of the output
voltage. Therefore, special equipment is necessary to ensure the conditions for the measurement.

2.2.3. Velocity Decoupling

So far, only results for the mass flux and recovery temperature, and not for the velocity, are
obtained. To find the density of the flow, using the ideal gas law, the static flow temperature is missing.
Since the velocity is unknown as well, it is not possible to get the static temperature T just from the
definition of the recovery temperature Tr,

Tr = T∞ + r
u2

∞
2cp

(8)
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where T∞ is the freestream temperature, r is the recovery factor, u∞ the freestream velocity and cp the
constant heat capacity.

Olczyk [7] suggests an iterative method to calculate the density of the flow. The mass flux and
the recovery temperature are measured with the wires. Since the stream of the synthetic jet is a
free-jet, which flows in the environment, the static pressure of the flow is equal to the ambient pressure
p = pa. In the first iteration step the static temperature of the flow is said to be equal to the
recovery temperature T0 = Tr. Using the ideal gas equation, the density of the first iteration ρ0

can be calculated, which makes it possible to split the measured mass flux up and obtain the velocity
u0. Since a constant Prandtl number and cp are assumed, the recovery factor can be calculated as
Kurganov [29] suggests, r = 3

√
Pr for turbulent flows, and thus the temperature for the next iteration

T1 as well from its definition. Repeating the iteration leads to a convergence of the density. The stop
criterion for this iterative procedure has been set as that the change in the density between two
iterations

∣∣ρn − ρn−1
∣∣ is of the order of the machine epsilon.

3. Results and Discussion

3.1. Cavity Pressure

Figure 7 shows the data points of the relative cavity pressure at two different piston frequencies,
9977 and 5030 rpm. In this figure, the exhaust and intake regimes can be identified. The positive
relative pressures correspond to the exhaust, which is generated by the compression of the air in the
cavity, while the negative gauge pressure results from the expansion in the cavity and generates the
intake flow. Due to the reason that the ambient pressure is constant during a measurement sequence,
the cycles of the relative pressures are the same as for the absolute pressures, but with an offset in the
ambient pressure.
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Figure 7. Evolution of the relative cavity pressure over two cycles at the frequencies 5030 and 9977 rpm.

The figure shows a clear asymmetry between the compression and decompression cycle. Another
interesting feature is the singularity at 360◦, in which the trend of the pressure drop suddenly changes
from a linear to a much slower parabolic one. This kind of qualitative abrupt changes is, in fluid
mechanics, commonly due to a bifurcation of a meaningful magnitude beyond a critical value. In
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this case, it is concluded through later evaluations that the change is due to the inflow Mach number
trespassing the sonic threshold.

3.2. Temperature at Output

From the tension data of the cold-wire taken at the orifice exit it is possible to obtain the recovery
temperature values, shown in Figure 8. The low temperatures correspond to the intake of air in
the cavity, while the high temperatures occur during the exhaust of air. This fact is verified by
synchronizing the temperature and the pressure measurements. In the cycle of the piston actuator,
the piston motor compresses the air inside the cavity which increases the static temperature of the air.
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taken at the orifice exit.

Comparing the recovery temperature of the two settings at 5030 rpm and 9977 rpm, it turns out
that the minima are within the same range for both settings, while the maxima for the higher frequency
are considerably higher. The values are compared later in this section for different frequencies, to show
the development of the maximal and minimal temperature better.

3.3. Mass Flux Output

The recovery temperature in the flow is already obtained and the direction of the flow is defined by
using the pressure data. Therefore, Equation (4) can be used to get the mass flux from the HWA tension
data acquired at the orifice exit. The mass flux cycle is shown in Figure 9 for two complete cycles and
the same frequencies as in previous diagrams. Positive sign means ejecting gas, while negative sign
implies aspiration.

There are three main flow features arising from an inspection of the figure. The first one is
the constant mass flow during the whole aspiration phase. Later it will be found that the regime
is exactly sonic, suggesting the existence of a critical mass flow as it exists for the similar case of a
reservoir-nozzle system [30]. The second is the mass flux varies in a slower rate during the onset of the
jet phase than during its offset, when it falls sharply, for both chosen frequencies. Finally, the third
features is the behavior of the mass flow at higher frequencies during the jet phase, and its transition
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to the aspiration phase, presents respectively dispersed-data at stagnated growth, and a steep over
and undershoot. The latter features are suspected to be either artificial or inaccurate, as the following
discussion suggests.

The aforementioned fast change short before transitioning to the aspiration phase is registered in
the hot-wire signal. According to the evaluated data, the flow reaches supersonic velocities at these
samples. In supersonic flow, Kovasznay [3] mentions that the relation between the heat transfer of
a hot-wire in supersonic flow and the mass flux changes and thus, its equation has to be adjusted.
However, this is only possible by performing a calibration in supersonic flow. This implies that this
overshoot is no longer an accurate prediction of the true mass flow, since only calibrations in the
subsonic domain have been made.
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A steep decrease in the mass flux down to negative velocities, right after the maximal mass flux is
reached, is also noticed. Furthermore, it can be observed a remarkably low minimum mass flux at 9977
rpm, before the values stabilized as the aspiration regime onsets. This effect only occurs for higher
frequencies, larger than about 7000 rpm and gets stronger as the piston frequency increases. The need
for the shadowgraphy visualization is, therefore, justified and the real change in temperature is very
fast during the drop, as opposed as the measured one. The reason behind is that the ambient air fills
rapidly the space which was previously covered by an over 200 ◦C air, temperature measured by the
cold-wire. This fast change is not recorded by the cold-wire, which cannot follow a change of 200 ◦C to
20 ◦C in less than 560 µs, the span between two shadowgraphy measurements. This implies that the
low minimum shown at Figure 9 is an artificial feature appearing because the cold-wire’s sampling
capability is not fast enough to adapt and follow the rapidly changing unsteady temperature.

There is other evidence which supports this thesis: The effect does not appear in the voltage data
of neither the hot-wire, nor of the cold-wire, and since the actuator is a zero-net mass flux actuator,
the overall mass flux during one cycle has to be zero, and it is not in the case.

As a matter of fact, if following the shadowgraphy visualizations we introduced a hypothetical
fast decay in temperature into the measurement as in Figure 10, the resulting mass flow chart would
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be the one shown in Figure 11, which contains no undershoot. To obtain this hypothetical behavior of
a cold-wire with faster response, the cold-wire temperatures have to be adjusted to a behavior that is
expected to occur for a faster sensor response. In the data in Figure 10 the decrease in the temperature
is made steeper. The point in which the steep decrease starts is the same point as in the hot-wire data,
so that the behavior of the cold-wire data corresponds to the hot-wire one. Then, Evaluating the tension
data of the hot-wire now, using the manipulated recovery temperature, leads to the Figure 11 behavior.Actuators 2018, 7, x FOR PEER REVIEW  12 of 18 
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3.4. Velocity Output

The velocity profile for the subsonic case is readily obtainable by means of Olczyk’s iterative
procedure [7], based on the previously obtained temperature and mass flux data. The iterations
converge for all frequencies smaller than 6500 rpm. LDA and Schlieren measurements, see Figure 15,



Actuators 2018, 7, 58 13 of 19

show that the divergence is due to the reach of the supersonic regime, consistent with the fact that
Olczyk’s procedure only works for subsonic flows.

Figure 12 shows the resulting velocity cycle at the orifice, which follows a similar evolution to that
of the mass flux. As in the mass flux chart, the velocity stagnates during the inflow phase, it increases
during the outflow phase, and then suddenly drops when transitioning to the inflow phase.

While the data shown in Figure 12 is taken at the orifice, the measurement can be very sensitive to
the location of the probe. Figure 13 shows the recorded maximum and minimum velocity for different
probe locations along the axis of the orifice. The chart’s x-coordinate begins at the orifice and is positive
towards the outside (see axis definition in Figure 1).
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The figure shows that while the maximum outwards velocity is constant in a neighborhood of the
orifice, the maximum inwards velocity decays very fast with the distance. This implies that it exists a
high sensitivity of the measurement on the spatial placement of the probe during the aspiration phase
of a synthetic jet, and thus specifying the exact location of the measurement matters.

The maximal and minimal velocity peaks for different frequencies were measured at the orifice
using the combined cold-wire/hot-wire technique, for different temperature calibrations, and at a
1mm distance with the LDA. The comparison is shown in Figure 14.
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Figure 14. Maximum outwards (blue) and inwards (red) velocity as a function of the piston frequency.
Comparison of the Laser Doppler anemometry (LDA) measurements (dots) with the hot- and cold-wire
measurements (lines). Sensitivity of the hot- and cold-wire velocity measurement on the cold-wire
calibration: Results using only extrapolation and low temperature to calibrate (continuous line), and
interpolation and the whole range of temperatures (segmented line).

The blue data in Figure 14 represent maximum outwards velocity, and the red data represent
maximum velocity towards the cavity. The dots represent LDA measurements, and the lines represent
the hot-wire and cold-wire measurements. As the hot- and cold-wire measurements are concerned,
the continuous line represents the output from a temperature calibration which did not cover the high
temperature range, and the segmented line represents the output from a temperature calibration which
did include up to 200 ◦C temperature values.

It is to be noted that the LDA measurement takes place at a distance of 1 mm outwards from the
orifice, and the hot-wire/cold-wire measurements inside orifice. This explains the difference in value
for the minimum speed.

The last LDA point, marked with a red circle, seems to not follow the trend. At this point,
the excess of noise, due to the limited velocity range of the LDA lens (up to 300 m/s) could have
influenced the measured velocity.

Comparing the hot- and cold-wire method with the LDA for the inwards velocities is challenging,
for both measurements were taken at a distance of 1 mm and the velocity field is very sensitive at its
surrounding during the intake. However, the LDA data is consistent with the previously presented
spatial decay at a distance of 1 mm, see Figure 13, characterized by the hot- and cold-wire method.
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One should also notice that at the orifice exit, the inward velocity comes from the y-z plane direction,
and that the hot- and cold-wire senses mostly x-component velocity.

It is shown earlier that the maximal velocity is not sensitive to the distance to the orifice where the
measurement takes place. Therefore, the fact that the LDA measurement was taken at 1 mm distance of
where the hot- and cold-wire measurements were taken should not affect the comparison. The second
set of hot-wire and cold-wire measurements give a closer result to that of the LDA, resulting in a
difference of about 10%, or 10 to 20 m/s.

The values for the minimum velocities of both hot-wire and cold-wire datasets seem identical,
but diverge for the maximum velocities as they increase. This is consistent with the fact that
both measurements involved different temperature calibrations, one only using ambient and colder
temperature and the other ambient and hotter temperature. As the maximum velocity increases,
the output temperature increases as well, and thus the dataset diverge.

It can be concluded, from the previous ideas, that the two measurement methods can give
reliable results in the subsonic compressible regime, provided that the instruments do not exceed their
measurement ranges and the hot- and cold-wire are properly calibrated, for both temperature and
speed. However, it has been proven for this test case that even if they are not calibrated in the proper
temperature range, the results can be satisfactory up to a 10% error.

3.5. Visualization Schlieren

The qualitative Schlieren visualization helps determine the different regimes and qualitative
flow characteristics, which have three main applications: Firstly, to understand the dynamics of the
experiment and ensure that the setup has no leakages and has been properly made. Secondly, to
conveniently choose the measurement instruments and the location of the probes. And thirdly and
most importantly, to synchronize in time the qualitative effects with the quantitative measurements in
a post-processing phase to cross-validate them.

The images shown at Figure 15 correspond to the flow generated by a 5030 rpm piston frequency,
7000 rpm, and 9977 rpm. It is shown that the velocity measured by both the hot- and cold-wire
method and the LDA are consistent with the respectively subsonic, transonic and supersonic regimes
of the images.
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This visualization sheds further evidence on the fact that the divergence of the Olczyk’s iteration
to extract the velocity from the hot-wire and cold-wire measurements for frequencies above 6500 rpm
is caused by the onset of supersonic flow.

The set of images of Figure 16 was taken to demonstrate the influence and intrusiveness of the
hot-wire technique. The parallel setup for the wires was chosen to avoid the influence of the heating
coming from the hot-wire on the cold-wire. For the qualitative image, it appears that the shock waves
in the jet between the orifice exit and the probe prongs still keep their original patterns.Actuators 2018, 7, x FOR PEER REVIEW  16 of 18 
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3.6. Visualization Shadowgraphy

In order to characterize the quick transition time between the exhausting phase and the intake
phase, the images shown in Figure 17, made with the Cranz-Schardin spark sources and the
shadowgraphy method, are analyzed.

Figure 17. Shadowgraphy pictures of the flow separated by 560 µs during (a) expulsion phase and (b)
ingestion phase of the synthetic jet.
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The flow oscillates at 9000 rpm, or 150 Hz. The right picture follows the picture on the left with a
time gap of 560 µs, or 8% of the complete piston period. In the left image the supersonic flow with the
expansion fans and the compression shocks appears. 560 µs later, in the right picture, the jet structure
disappears completely. This means that, at this frequency, the change in temperature with time is about
3 × 105 K/s between the two phases, this explains why the cold-wire could not capture the transition.

4. Conclusions and Future Work

A benchmark of different measurement techniques has been carried out, and the dynamic response
of a piston-based synthetic jet actuator working in compressible regime has been characterized.
Indirect methods such as the cold- and hot-wire anemometry have been adapted and combined
to recover the velocity, and different time-resolved data such as the cavity pressure, as well as the
velocity, temperature and mass flow at the synthetic jet output have been compared from different
measurement instruments.

As the combined cold-wire and hot-wire technique to measure temperature and speed is
concerned, a study on the sensitivity of the velocity with respect to the temperature calibration
has also been made. The experiment has been carried out with two different calibrations for the
cold-wire: One with low temperatures and thus extrapolation, and another one with high temperatures
and interpolation. The velocity measurements from the proper high temperature calibration show
the best fit with the LDA results, as they differ 10% at most. The deviation with respect to the
results from the cold temperature calibration increases as the piston frequency, and thus the output
temperature, increases.

A strong velocity gradient has been measured in the neighborhood of the orifice during
the aspiration phase, so an accurate measurement of the position of the probe is necessary
for the repeatability of the results. This accurate positioning was possible thanks to an
automatized workbench.

LDA results show consistency with the cold-wire and hot-wire technique during the exhausting
phase. During the aspiration phase, a direct comparison was not possible, due to the fact that reflections
of the laser on the synthetic jet top orifice were unavoidable, unless the laser beam was placed at least
at a distance from the orifice of 1 mm. However, the fast decay of velocity with the distance to the
synthetic jet orifice was characterized, and the values measured by the LDA at a distance of 1 mm are
consistent with this characterization.

A strong density time-derivative, and thus temperature time-derivative, has been measured in the
vicinity of the orifice in the transition between the exhausting and the aspiration phase. The change of
temperature in time has been estimated to 200 K per 560 µs, estimation in excess as the shadowgraphy
did not allow further resolution on time. The cold-wire could not capture this fast transition, and
this implies that the recorded mass-flow during a short period after that drop in temperature was
not accurate.

The measurement of the velocity was possible for the compressible subsonic flows. However,
when using higher piston frequencies, the velocity iterations diverged, and Schlieren measurements
showed that the reason behind was a change in the flow regime from subsonic to supersonic.
More research is needed to apply the cold-wire and hot-wire technique to the transonic regime.
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