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Abstract. Hot-wire anemometry data for the instantaneous velocity profile of a jet issuing from a convergent nozzle is
obtained in order to extract its frequency spectrum and spatial growth rates for different Reynolds numbers.
Comparisons are performed with linear stability analysis for validation purposes. Critical parameters for
the convectively unstable region are determined. This study represents a preliminary investigation and validation of
the experimental setup. Both theoretical and experimental analyzes will be extended to an axisymmetric coaxial nozzle
configuration to evaluate the effects of blowing and suction control using the outer nozzle. Such a study has already
been performed in the literature and will be used to validate the experimental setup. After both validation steps have
been performed, this coaxial jet setup will be extended to study elliptic nozzles.
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1. INTRODUCTION

The ultimate goal of the present research project is the study of coaxial elliptic jets. Our final objective is to analyze
how the inner jet instability under blowing or suction through the outer nozzle is affected by the coupling between
different modes introduced by the elliptic geometry. Its convective instability as well as its onset of absolute instability
are going to be investigated. As far as the authors are aware, such a research is yet to be presented in the literature. The
present study, an experimental analysis of convective instability in free jets generated by convergent nozzles, represents
the first step towards this goal. Hence, the short literature review presented next is focused on free jets.

Batchelor and Gill (1962) were among the first to study free jets. They used a linear and inviscid stability analysis
based on a local and parallel base flow, whose velocity profile was modeled as a cylindrical vortex sheet. Temporal and
(spatial) growth rates were found to increase monotonically with respect to the wave number (frequency). This lack of a
maximum is unrealistic, but is a common feature of discontinuous profiles and a good approximation for continuous
profiles for small wave numbers (frequencies). Michalke (1971) extended this study by considering a hyperbolic
tangent function as a model for the continuous velocity profile of a free jet. He found a finite range of unstable
frequencies containing a maximum in spatial growth rate. Furthermore, both range and maximum increased by
decreasing the jet mixing-layer momentum thickness. These results are in good agreement with the experimental data
obtained by Crow and Champagne (1971), who introduced the concept of a coherent structure and showed that
turbulence could be viewed as a superposition of vortices of different scales. Many years later, Hussain (1986) became
one of the first to use active control for free jets. He employed acoustic excitation to act directly on axisymmetric
perturbations present at the nozzle exit in order to guide the formation of the resulting coherent structures. Corke and
Kusek (1993), extended this study by considering acoustic excitation of helical modes instead. Finally, Strykowski and
Wilcoxon (1993) introduced the concept of passive control using an outer nozzle to introduce blowing and suction.
Instead of acting directly on the perturbation amplitude through active control, their approach modifies the base flow
that feeds energy to the existing perturbations, indirectly controlling the formation of coherent structures.

2. DESCRIPTION OF THE EXPERIMENT
2.1 Layout
As shown in Fig. 1, the layout used on this experiment had a frequency inverter to control the fan rotation and

hence, the induced flow speed, i.e. the air mass flow rate provided the nozzle. After the inverter there is a pipe
connected to an elbow and another pipe. After this there is a sequence of devices: a screen, a hive and another screen, in
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order to minimize the turbulence intensity of the air flow generated by the fan. The use of a screen is described in detail
by Soltani, et al. (2010). The hive used in this study was made of small straws.

After this section of the injection system, another pipe is included to allow the flow to become fully developed. The
nozzle in attached to the end of this pipe, where its specifications can be seen in Fig. 2. A fifth order polynomial was
employed to create the cross section area variation along the stream wise direction inside the nozzle. A smooth entry
and exit were considered by imposing zero derivatives in this polynomial for each location.
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Figure 1 - Layout of the measurement. 1 - fan, 2 - screens, 3 - hive, 4 - nozzle.

In order to minimize any vibrations from the lab coming through the ground, vibra-stops were used in the supporting
structure that holds the pipes forming the horizontal part of the injection system in this figure. Furthermore, the vertical
pipe that connects this part to the fan is made of cloth to minimize vibrations from the fan. The hot-wire transverse
system also has a vibra-stop to minimize vibrations.

Figure 2 - Nozzle used to generate top-hat free jet.

This convergent nozzle is made of glass fiber. It was manufactured according to the following process: First, a mold
was created in wood using a CNC machine. Then, this mold was covered with glass fiber, using resin to make the
internal surface smooth. This method will cause some small differences when compared to a CNC crafted nozzle.

Hot-wire velocity calibration was performed using a pitot tube attached to a barometer. The software used is the
StreamLine from Dantec. An explanation of the anemometry measurement is described in the next subsection. All data
was post-processed using the software Mathematica, where plots and their analysis is shown in section 3.

2.2 Anemometry systems

A hot-wire anemometer was chosen as the main data acquisition system for this work. It has the highest acquisition
rate among its counterparts and can be very precise if correctly calibrated. The functioning principle of the hot-wire is
quite simple. The program works with a Wheatstone bridge, a probe and a wire, which works as one of the resistances.
As the current passes through the wire, it will dissipate heat to the fluid. In order to maintain the temperature constant in
the probe, the program allows more current to the bridge, which changes the voltage. A polynomial or exponential
equation can be used to fit the voltage data as a function of the temperature, which can now be correlated the velocity of
the fluid in which the probe is immersed. However, in order to acquire the adjustable coefficients for this equation,
calibration is required.

In order to calibrate the system, a separate equipment must be able to provide the correct value for the velocity. So,
once the inverter is set to a certain frequency, the pitot tube and the barometer measure the velocity at a corresponding
voltage value. Given enough points for a good polynomial regression, the StreamLine software yields the best fit and
saves that result, so interpolation can be employed at different voltages to yield a velocity measurement.
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Even with a more accurate system to collect the velocity for the calibration, there will still be some errors associated
to these measurements, mostly caused by frequency disturbances. More details are provided by Both Yavuzkurt (1984)
and Santos, et al. (2006), who discuss how error in calibration curves affects measurements.

3. DATA ANALYSIS

Figure 2 shows the nozzle with the specifications to assemble it, which were: length L=500 mm, diameter at the
entrance D=200 mm and at the exit d=49,2 m. The experiment was performed inside a laboratory with constant ambient
temperature at approximately 24 °C. This temperature was also acquired by the software StreamLine and used to
compensate the velocity measurements. Data was acquired using a sample extraction rate of /0000 Hz, where the total
number of samples is /6384.
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Figure 3 — Mean and rms velocity profiles at x/d=1.

The Reynolds imposed for the experiment was as low as possible, with its lower limit restricted by the inverter’s
ability to operate at such low frequencies. This dimensionless parameter was calculated using the traditional definition

Rey = pUd/u )
where d is the exit diameter of the nozzle, U is the maximum jet velocity, and the u/p is the kinematic viscosity of the
fluid, which is air in the present case. The minimum frequency that the inverter could maintain the fan operating was
approximately 6 Hz. This allowed data to be acquired with Re; = 36000, 12000, and 6000, where the last value has an
associated frequency very close to the operational limit that the inverter can maintain. If the nozzle had a smaller exit
diameter, the Reynolds could be lower for the same frequency imposed by the inverter.

Samples were taken in five different positions, which were kept the same for all three values of Re; analyzed. All
these positions are given in terms of the length in the x coordinate measuring the distance to the nozzle exit. They are
x/d = 0.1, 1, 2, 3 and 4. This data is expected to have the form of a top hat profile near the nozzle exit but tends to the
traditional similarity profile further downstream. As Re; increases, the turbulent intensity also increases but the jet
spread, indirectly measured through the mixing-layer thickness, decreases. Hence, the expected form of these curves
might not be the same between different cases.
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Figure 4 - Mean and rms velocity profiles at x/d=4.
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The root mean square value of the velocity, or the corrected sample standard deviation of the velocity, was also
obtained. It is presented in a dimensionless form, divided by the mean velocity. This variable is expected to be higher
where the turbulence intensity is higher. It is well known that this is true within the mixing-layer region, where the free
jet vorticity is concentrated.

3.1 Data analisys at Re = 36000

Figure 3 shows the results for the mean velocity U,,.; = 11,06 m/s, which corresponds to the Re, in this subsection
title. The left-hand-side plot in this figure shows the mean velocity data measured in forty-one points whereas the right-
hand-side plot in this figure shows the rms velocity at the same points. This data was obtained at x/d=1, i.e. near the jet
exit. On the other hand, Fig. 4 show the same plots, but at x/d=4. The data in this figure was measured in fifty-five
points instead, because of the flow spread.

As can be seen in both figures, the measurements agree with the theory, which states that the velocity profile has a
top-hat form and its rms has the highest value near the nozzle wall location (r ~ d/2), since the convergent nozzle
reduces the boundary-layer thickness of the flow inside of it, effectively reducing the jet mixing-layer.

Further downstream of the nozzle exit, Fig. 4 shows similar results, but at x/d=4. They compare well to the results
shown above, with a similar qualitative behavior, except with a thicker mixing-layer. It is also noticeable that this
distance is close to the end of the potential core, where the mixing-layer spread reaches the jet centerline. The amount
of noise in this figure is also a little higher, probably due to the longer turbulent region.

3.2 Data analisys at Re = 12000
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Figure 6 - Mean and rms velocity profiles at x/d=4.
Figure 5 shows the results for a velocity of U,,.;, = 3,69 m/s. It follows the same outline shown in Fig. 3. Note that

the mixing-layer thickness has decreased, probably due to the significant decrease in turbulence intensity, observed
through the smaller rms velocity. This means perturbations at the jet exit have smaller amplitude, which delays the
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formation of the coherent structures known as vortices. Figure 6 also resembles Fig. 4, except that x/d=4 is much closer
to the end of the potential core, since the rms velocity is proportionally higher at the centerline.

3.3 Data analisys at Re = 6000
Figure 7 shows the results for the velocity of U,,.; = 1,84m/s. Once again the same behavior observed at x/d=1 in

Figs 5 and 4 are observed here. The velocity rms decreased even further, continuing the trend of a smaller mixing-layer
thickness due to smaller perturbation amplitudes at the jet exit.
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Figure 7 - Mean and rms velocity profiles at x/d=1.

This trend manifests very clearly in Figure 8, since the velocity rms is higher at the jet centerline when x/d=4. This
is a very strong indication that the potential core has ended at this location.
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Figure 8 - Mean and rms velocity profiles at x/d=4.
4. CONCLUSIONS AND FUTURE WORK

As the Reynolds number decreases, the amplitude of the perturbations present at the nozzle exit also decreases.
Hence, the convectively instability process that creates vortex structures is delayed.

There are still several problems with the present experimental data. The reasons diagnosed so far are: 1) sample size
is too small, which is the most likely cause for the non-smooth behavior of the data points, 2) homogenous distribution
of measured points, which leads to a poor description of the mixing-layer region, 3) absence of an isolation system for
the experiment, which explains why the measured velocity profile does not go to zero away from the jet centerline.
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