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The purpose of this study is the experimental investigation on self-sustained
oscillating jet characteristics. Main aim was to describe vortical structures
of turbulent air jet issuing from the nozzle of special configuration, modified
by the controlled oscillations in free jet setup. In the present experiments
was used so-called “whistler nozzle”, a simple-structured device capable to
induce self-sustained excitations with controllable frequencies depending
on the nozzle geometrical configuration. The frequency of the excitation
measured with a far-field condenser microphone probe was around 1-2
kHz. The jet Reynolds number was in the range 48,000-95,000 in all experi-
mental conditions presented in this paper. Flow field velocity measurements
were provided in the free jet setup, with and without self-sustained excita-
tions. The images of both free and impinging jets were taken with a
high-speed digital video camera. The flow field and structure of the jet were
found to be extremely sensitive to the excitation and dependent on the exci-
tation conditions. This fact can lead to the conclusion that the local heat
transfer characteristics of jet impingement are also remarkably dependent
on the jet excitation.
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Introduction

Impinging jets are used in a wide variety of industrial and technological applica-
tions such as gas turbine or electronic components cooling, drying of paper, textiles and
film materials, and tempering of glass, due to high heat transfer rates obtained in a jet
stagnation region. Hill and Greene [ 1] made experiments, in the first place, on jet-mixing
rate of an interesting device that they named as “whistler nozzle”. Acoustically modified
jets, however, as a means of increasing entrainment was not a new idea even at this time.
Crow and Champagne [2] successfully generated discrete frequency sound waves with a
loudspeaker located upstream of their plenum chamber. By taking advantage of plenum
chamber resonances, they were able to produce exit plane sinusoidal fluctuations in ve-
locity up to 5% of the core velocity at specific frequencies. It has been shown by Hill and
Greene that the whistler nozzle has produced the velocity fluctuations as high as 15%,
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and more significantly, such fluctuations were produced without any external input. They
studied this phenomena in the limited ranges of the parameters which directly influence
the flow characteristics, but unsuccessfully obtained no correlations among the parame-
ters. Hasan and Hussain [3] extracted from their more extensive data and showed the cor-
relation between the whistler nozzle geometric parameters and the produced excitation
frequencies. They’ve concluded that self-excited axisymmetric jets with pipe nozzles
clearly have exciting possibilities, especially for controlling or modifying near-field
transport phenomena including mixing of heat, mass, and momentum, entrainment, and
aerodynamic noise generation. From a viewpoint of acoustical control of the jet, the
whistler nozzle presents itself an attractive possibility because of its simple configura-
tion, no requirement of external power, and ability to induce self-sustained oscillations of
controllable amplitudes and frequencies over wide ranges.

In the present study, much attention was paid to experimental investigation of
the velocity field of the turbulent air jet acoustically modified by the self-sustained oscil-
lations in the whistler nozzle operation together with it’s visualization with a high-speed
digital camera.

Experimental apparatus setup and measurement techniques
Experimental apparatus

The experiments have been carried out in a laboratory with the precise control of
air temperature and humidity. Figure 1 shows schematic view of the air-jet flow facilities
with circular jet configuration, con-
sisting of a blower, a valve, a heat
exchanger, an orifice-type flow rate
meter, a 10° diffuser, a honeycomb, a
contraction, a settling chamber, and
the whistler nozzle attached to the
convergent nozzle at the end of the

Water
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5 Valve < GulltE hariper settling chamber. The settling cham-

3. Heatexchanger 9. Mesh ber assures the axisymmetry of the

4. Orifice flow meter ~ 10. Total temperature probe .

5. Diffuser 11. Nozzle flow upstream of the whistler nozzle.

6. Honeycomb 12. Target plate Several mesh screens are mounted
inside the jet facility to reduce turbu-

Figure 1. experimental setup lence at the nozzle exit.

Experimental techniques

Velocity measurements were performed using a commercially-available I-type
hot-wire probe. All probes used in experiments had the wire with the diameter and the
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length 4 pm and 1.4 mm, respectively. The probe was operated as hot-wire velocity sen-
sor by a constant-temperature module of the anemometer. The probe was mounted on a
very accurate computer controlled 2-D traversing device, with the smallest step in both
directions of 5 um, for precise positioning inside the velocity field. Sampling rate was
kept constant at level of 10,000 samples per second for all investigated cases, and for
each measuring point were collected 10 sets of the one-second sequential digital data. Af-
ter the data acquisition all signals were time-averaged and the appropriate velocity fluc-
tuation and turbulence intensity were calculated.

The total temperature of the jet was monitored at position 10 in fig. 1 using an
our-own made probe of a thin-thickness stainless-steel tube (1.4 mm I. D.) in which a
K-type thermocouple pair was installed. The monitoring location was on the centerline of
the settling chamber approximately 300 mm upstream of the whistler nozzle. The differ-
ence between the jet total temperature and the ambient temperature was carefully con-
trolled within 0.1 °C in all experimental conditions, to avoid this temperature difference
influence on the jet structure, which is especially important in the heat transfer experi-
ments.

Acoustic measurements were carried out using a miniature far-field condenser
microphone probe connected to an FFT analyzer.

The flow visualization system used to study the effect of acoustic excitation on
the vortical structure of a jet was composed of a smoke generator, a continuous-wave
Argon-ion laser with suitable set of lenses to obtain a desired thin laser sheet and a
high-speed video camera connected to a computerized image capturing system.

Whistler nozzle configuration and operational characteristics

The device consists of a round tailpipe attached to the downstream end of a con-
vergent jet nozzle and an axisymmetric collar sliding over the tail pipe, as shown in fig. 2.
As a collar is pulled downstream a loud pure tone abruptly generates. This is called the
first stage of the acoustic excitation. With increasing L, the tone increases in amplitude,
reaches maximum, decreases and then disappears. With a further increase in L, the tone
regenerates. This is the second stage, and so on. The tone frequency depends on the
pipe-nozzle length L,,, the collar length L., the step height / (i. e. the difference between
the inner radii of the nozzle and the collar), the nozzle diameter D, and the jet exit veloc-
ity U, [3].

Figure 2. Experimental configuration: pipe-collar (whistler nozzle)

115



THERMAL SCIENCE: Vol. 10 (2006), No. 2, pp. 113-125

Flow characteristics of excited and non-excited jets
High speed camera visualization

Jet visualizations with the high-speed digital camera were performed to reveal
the effects of self-sustained acoustic excitation on the vortical structures of the jet. Spe-
cial attention was focused to the large-scale coherent structures in the incipient and tran-
sitional regions of the jet development. Visualized images of the jet flows actually re-
vealed that acoustical perturbations could have remarkable influence on the short-length
region from the nozzle lip and produce augmentation as well as suppression of turbulent
velocity fluctuations depending on the jet Reynolds number, initial flow conditions and
excitation Strouhal number [4]. Large augmentations of velocity fluctuation are associ-
ated with vortex pairing in the jet.

Initial shear layer instability near the nozzle lip results in a vorticity migration to
form periodic, axisymmetrical coherent concentrations and leads to the laminar shear
layer rolling-up to form periodic streaks of ring-shaped vortices [5]. The ring vortices
convected downstream with growth in size undergo vortex-pairings with preceding or
following vortices owing to the presence of a feedback loop mechanism, the loop of
which is established between the nozzle exit and the location of vortex pairing [6]. In the
late-transition region, the ring vortices are distorted owing to wave instability of their
own cores, and collapse into large scale eddies. According to [7], the development of free
jet is accompanied by the transition of an axisymmetrically coherent vortical structure to
a less coherent turbulent structure with large scale eddies in the shear layer.

Figures 3, 4, and 5 show the set of high-speed video images taken at speed of
4,500 frames/s. The time difference between each images was 0.2 ms. The jet was seeded
with smoke under the jet Reynolds number of 91,000 in a non-excited case (St, = 0, fig.
3), an excited case (St, = 0.29, fig. 4), and another excited case (St, = 0.52, fig. 5). The
flow direction of the jet, on all presented images, is from the right to the left side, and the
stream-wise frame length of the captured image is approximately 3.5D. High-speed video

t=0ms f=02ms t=04ms

Figure 3. High-speed video images of non-excited jet, L,= 6D; Re = 91,000
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images of the non-excited jet in fig. 3, show small-scale non-organized vortical structures
in the peripheral region of the jet, but no apparent structures in the potential core region.
In the excited jet cases, on the other hand, the large-scale structures of vortex formation
were clearly observed. Visualized scales of the vortical structure were found to be much
larger in the case of St, = 0.29 (fig. 4) than in the case of St, = 0.52 (fig. 5). Also, the ap-
parent length of the potential core appears to be shorter in the case of St,=0.29 than St,=
= 0.52. The condition of St, = 0.29 corresponds close to the case of “preferred mode”
(St, = 0.3) according to [2] and [3].

Vortices convected downstream from the nozzle lip were observed to induce the
periodical oscillations of the potential core. This is consequence of the fact that the large
scale vortical structures, grown in size, can be found even at the jet axis at very short dis-
tance from the nozzle lip. The region near the nozzle lip in the excited case, in particular,
of St,=0.29 close to the preferred mode, was observed to be very similar in structure to a

t=0ms t=0.2ms f=0.4ms

Figure 4. High-speed video images of excited jet, St,= 0.29; L, = 6D; Re = 91,000

{=0ms t=0.2ms f=04ms

Figure 5. High-speed video images of excited jet, St, = 0.52; L, = 3D; Re = 91,000
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far downstream region of the non-excited jet. Excitation frequency close to the preferred
mode could be effective in shortening the length of the potential core and increasing tur-
bulent fluctuations in a shorter axial distance from the nozzle lip.

Jet excitation has remarkable influence on the region close to the nozzle lip and,
for investigated sinusoidal excitations produced with the whistler nozzle of the given ge-
ometry, produces augmentation of turbulent velocity fluctuations depending on the
Strouhal number and Reynolds number. Jet showed very high sensitivity to the excitation
frequency, for further details see ref. [8].

Velocity and turbulence intensity

Velocity measurements were performed under the various conditions of nozzle
geometry, flow rate and excitation frequency summarized in tab. 1. Main aim was to de-
scribe vortical structures of turbulent air jet issuing from the whistler nozzle, modified by
the controlled oscillations in free jet. For these purposes, several sets of pipe nozzle with
different lengths and the constant diameter, D = 18 mm, were manufactured. The step hight
of the whistler nozzle was fixed at # = D/8, while the flow characteristics are varied in the
range of Reynolds number 48,000-95,000 which corresponds to velocity range 40-90 m/s.
The excitation Strouhal number, St,, was varied in the range of 0.2 < St, <0.9.

Table 1. Geometrical and flow experimental characteristics

Nozzle Nozzle length, Reynolds number, |Nozzle exit velocity, Excitation Strouhal
diameter, I Re [-] U, [m/s] number,
D [mm] 2 - Ste [-]
18 3D, 6D, 9D, 12D 48,000-95,000 40-90 0.2-0.9

The results are presented as the axial distributions of time-averaged centerline
velocity and turbulence intensity grouped by excitation Strouhal number. The axial dis-
tance from the nozzle exit, L, is measured from the end of the pipe nozzle along the jet
axis in downstream direction, not depending on the collar position during the experi-
ments with self-sustained excitation.

As mentioned before, the nozzle does not need any external power for producing
oscillations in the jet. There was only one possibility to change the excitation Strouhal
number — by changing jet velocity at the nozzle exit, due to the fact that for the fixed pipe
length, the whistler nozzle could produce only fixed frequency and with the change of jet
velocity only excitation amplitude was changed. The aim was to compare excitation
cases with similar St, to explore if the excitation Strouhal number is relevant parameter
for the jet controlled excitation characterization. The experiments including the supply of
external source for jet excitation can serve as relevant comparison [9].
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The axial distributions of normalized time-averaged velocity against the nor-
malized axial distance from the nozzle, grouped by Strouhal number, are shown in figs. 6,
7, and 8.
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Figure 6. Axial distributions of:
(a) normalized time averaged centerline velocity,
(b) turbulent intensity of non-excited and excited jet grouped by St,< 0.3
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Figure 7. Axial distributions of:
(a) normalized time averaged centerline velocity,
(b) turbulent intensity of non-excited and excited jet grouped by St,~ 0.3-0.4
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Figure 8. Axial distributions of:
(a) normalized time averaged centerline velocity,
(b) turbulent intensity of non-excited and excited jet grouped by St, >~ 0.4
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Normalized time-averaged velocity profiles of non-excited turbulent jet show
ordinary characteristics of the jets issuing from the circular nozzles. Normalized center-
line velocity remains almost equal to the value measured at the nozzle exit up to normal-
ized axial distance L/D = 4, followed with downstream deceleration of the jet velocity in
larger axial distances. It is apparently clear that the measured normalized velocity pro-
files have the potential core with constant jet velocity up to normalized axial distance be-
tween 4 and 5.

Normalized time-averaged velocity profiles of excited turbulent jet show decel-
eration of the jet velocity in all self-sustained excitation cases presented in this paper in
comparison with non-excited turbulent jet velocity profiles. After sudden deceleration at
the normalized axial distance equal to 1, in normalized velocity profiles, the flat areas
with almost constant velocity could be found in the region from the nozzle exit to some
axial distance depending on the excitation Strouhal number. This can lead to the conclu-
sion that jet potential core still exists in the excited jet, but its length remarkably shortens
depending on the excitation frequency.

Turbulence intensity of non-excited cases shows the characteristic distribution
of the jet issuing from the circular nozzle. After low level of 0.4% at the nozzle exit, the
turbulence intensity monotonically rises along the axial distance from the nozzle exit and
reaches its maximum at distance of 9 nozzle diameters. Further decrease of the turbulence
intensity is evident along the larger axial distances from the nozzle exit due to significant
deceleration of the jet velocity. From the heat transfer point of view, the peak position of
turbulence intensity distribution closely corresponds to the maximum in the Nuselt num-
ber distribution.

Turbulence intensity profiles of all excited cases are clearly found to have a peak
around L/D = 2-3, in comparison with the non-excited jet case, depending on the excita-
tion Strouhal number. In the presented profiles it is obvious that initial excitation ampli-
tude varies from case to case, due to the nature of self-sustained excitations that can be
produced by the whistler nozzle, and also due to the limitations in varying the experimen-
tal Strouhal number already explained in this paper.

Turbulence intensity profiles of the excitation cases of the Strouhal number
close to 0.3, most amplified mode of excitation, show higher values of turbulence inten-
sity compared to the other excitation cases. It can be clearly seen in fig. 7 that excitation
amplitudes measured at the nozzle exit were in the range 10 to 14% for experimental
Strouhal number of 0.3. Very high turbulence intensity values achieved in the experiment
are probably derived from the applied turbulence intensity calculated without removing
of the sinusoidal fluctuation component from the directly measured instantaneous veloc-
ity composed of the following equationU =u +u +u'.

The peak position of maximum turbulence intensity profiles shifts close to the
nozzle exit, which corresponds to the velocity decreasing on smaller axial distances from
the nozzle lip comparing to the non-excited cases. Axial distributions of turbulence inten-
sity show maximum values at axial distance of 2-3 nozzle diameters for excitation cases
of Strouhal number close to St, = 0.3-0.4, shown in fig. 7, while in the excitation cases
St. < 0.3, shown in fig. 6, and St, > ~0.5, shown in fig. 8, axial positions of the maximum
turbulence intensities are 3-4 nozzle diameters and 6-7 nozzle diameters, respectively.
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At larger axial distances, the turbulent intensity values measured in these experi-
ments (L/D =9 and 10) are almost equal to those measured in non-excited jet. The excita-
tion does not have any influences on the velocity profiles at higher axial distances from
the nozzle lip. Transition into the small turbulent structures was already finished, and
slight decreased values of turbulent intensity in this area are due to significant decelera-
tion of the mean jet velocity, as already mentioned in the paper.

Significant decrease of the jet averaged velocity and the corresponding increase
of turbulence intensity, at smaller axial distances from the nozzle, can lead to the conclu-
sion that maximal heat transfer can occur in near-field of the jet compared to the non-ex-
cited cases, if the impinging plate is positioned perpendicularly to the jet flow direction.

Even if there was a significant difference in Reynolds numbers and geometrical
parameters set in the present experiments, it is clearly shown that excitation cases can be
grouped by excitation Strouhal number.

Conclusions

The present paper shows the results of experimental investigation of
axisymmetric turbulent air jet characteristics modified by self-sustained oscillations in
the whistler nozzle operation, which was visualized with the high-speed digital video
camera and monitored using the hot-wire anemometry.

Visualization of the excited and non-excited air jets showed very high sensitiv-
ity of jet flow patterns to the excitation frequency. The excitation case close to the excita-
tion Strouhal number of St, = 0.3 produced a large-scale vortical structure in the regions
nearer the nozzle lip than the other excitation cases. Also, the apparent length of the po-
tential core becomes shorter in the case close to the preferred mode with St, = 0.3.

Velocity measurement of excited jet cases showed evidence of the faster jet
spread and decay at larger axial distances from the nozzle lip compared to non-excited jet
cases for all the investigated excitation conditions.

All presented excitation cases can be clearly grouped by excitation Strouhal
number, despite significant difference in geometrical and flow characteristics.

Excitation frequency with Strouhal number St, = 0.3, close to the preferred
mode, could be effective in shortening the length of the potential core and increasing tur-
bulent fluctuations in a shorter axial distance from the nozzle lip.

Significant decrease of the jet time-averaged velocity and the corresponding in-
crease of turbulence intensity at smaller axial distances from the nozzle can lead to the
conclusion that the maximum heat transfer in impinging jet configuration can be obtained
at shorter nozzle-to-plate distances compared to non-excited turbulent jet case.
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Nomenclature

D —nozzle diameter, [mm)]

1. — excitation frequency, [Hz]

h — step height, [mm]

L — axial distance from the nozzle lip, [mm]

L. — collar length, [mm)]

L, — straight pipe length, [mm]

r — radial distance from the nozzle axis, [mm]

Re — Reynolds number (= U,D/V), [-]

St. — excitation Strouhal number (= £,D/U.,), [-]

u, — centerline velocity fluctuation, [m/s]

U, — centerline exit velocity, [m/s]
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