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second stage of excitation is found to increase the near-field turbulence to a greater
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Characterization of the Near-field Flow Structure of an Acoustically Self-excited Jet in
a Large Enclosure Using Particle Image Velocimetry (PIV)

1 INTRODUCTION & MOTIVATION

Turbulent jets present an interesting case for investigation due to their
significance in many industries and their ongoing role in the growth of humankind’s
physical understanding of turbulence in general. Turbulent jets have become
commonplace in today’s technological society in many areas such as propulsion, heat
transfer using jet impingement, combustion, or any usually buoyant plume exiting the
exhaust of cars, factories, and homes. Visit any library, or better yet Google™
“turbulent jet” and it is easy to see from the plethora of journal articles on the subject
that turbulent jets have been a cornerstone of both the experimental and theoretical
exploration into the mysteries of turbulence and fluid dynamics for well over 100
years. In particular, during the 1970s, axisymmetric turbulent jets were of great
interest to researchers who discovered that large scale orderly structures existed in jet

turbulence.

In their pioneering study, Crow and Champagne (1971) set out to show that
large scale orderly structures exist in jet turbulence and that these structures could be
amplified and controlled by a periodic surging applied at the jet exit. This periodic
surging was produced using a loud speaker. Such experiments allowed Crow and
Champagne (1971) to present very compelling evidence of the existence of orderly
structures in jet turbulence and the possibility of controlling and enhancing that
structure via acoustic excitation. In the years following, many more studies were
published such as that by Hasan and Hussain (1982) who summarized the different

ways in which orderly structures had been artificially induced in jet turbulence by



previous researchers such as by using loud speakers, periodic-ribbon excitation, spark
generation, or by fluid injection. More importantly, they characterized the flow field of
a device known as the “whistler nozzle” that would produce orderly structure in jet

turbulence via self-sustained acoustic excitation.
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Figure 1.1: Schematic of the acoustically self-excited jet phenomenon.

Hill and Greene (1977) are the first known researchers to study and document
the acoustically self-excited jet and coined the term "whistler nozzle”, due to the loud
pure tone produced by the device. Figure 1.1 shows a schematic of the whistler nozzle.
Henceforth, this nozzle will be referred to as the Acoustic Self-Excitation Nozzle
(ASEN), and the jet that emanates from it will be called the Acoustically Self-Excited
Jet (ASEJ). The two acronyms (i.e. ASEN and ASEJ) were decided upon because it
was felt they better describe the physical phenomena of the nozzle compared to the
term “whistler” nozzle. The ASEN (see Fig. 1.1) consists of a constant diameter pipe

with an axisymmetric sudden expansion at the pipe exit. It has been shown by Hussain



and Hasan (1983) that the whistler excitation is a result of the coupling of two
independent resonant mechanisms: organ-pipe resonance of the constant diameter pipe
section, and shear layer tone resulting from the shear layer at the pipe exit impinging
on the collar lip in an oscillatory fashion. In a qualitative sense, the resonating pipe
acts as an energy redistribution device that selectively channels the multi-scale near
field turbulent energy into frequencies of a particular jet mode (one of the inherent
hydrodynamic instability modes in jet turbulence) thus amplifying the near-field flow
structure corresponding to that jet mode. The particular jet mode excited depends on
the “stage” of acoustic self-excitation. Here, stage denotes the same as any edge-tone
system. This resonance is created by receiving an acoustic (pressure wave) feedback
through the expansion (Rockwell (1983)) from the large-scale vortices in the near-
field jet. The expansion region plays the role of a feedback amplifier. Hasan and
Hussain (1979) were able to derive an empirical correlation to predict the pure-tone
frequencies at which an ASEN can induce controlled excitation of a circular jet based
on the controlling — the pipe diameter, D, the step height, /4, the collar length, L., the
pipe length, L,, the stage of excitation, and mode of excitation. The novelty of this jet

lies in inducing and sustaining resonance without the help from an external device.

1.1 Motivation

Whereas spatially local information of the ASEN flow field was obtained in
the previous studies mentioned above, these measurements were performed using
single or multiple arrays of hot wire probes, thereby precluding quantitative

visualization of the entire flow field at any instant in time. Such an instantaneous



whole field image could be used to determine the instantaneous vector fields of the
ASEN and provide a qualitative picture of the flow structure. The motivation behind
this study is to document the near-field flow close to the exit of an ASEJ using whole-
field quantitative measurements. Note, that “near-field” in this thesis, refers to
downstream locations of less than 10 pipe nozzle diameters. Two-dimensional Particle
Image Velocimetry (PIV) measurements were obtained for a steady axisymmetric free
jet and both first and second stage ASEJ at three turbulent Reynolds numbers. The
flow fields of first and second stage ASEJ are compared with that of the steady

axisymmetric free jet.



2 LITERATURE REVIEW

Literature review presented in this chapter covers the two main areas of direct
relevance to this thesis. First, a review of the various methods used to modulate the
velocity of a turbulent incompressible axysimmetric jet, and the effect of the velocity
modulation on such jets is discussed. Second, a short review of the Particle Image
Velocimetry (PIV) measurement technique is provided because this is the main

measurement technique used in this study.

2.1 Perturbation of axisymmetric jets flows

The modulation of a turbulent axisymmetric jets velocity has been studied
extensively over the last thirty years. There have been many methods used to modulate
the velocity of axysimmetric jets such as precessing jet nozzles (Wong et al. (2003);
Nathan et al. (1998); Schachenmann and Rockwell (1980)) and mechanical pulsing
with valves (Dano (2005); Mladin and Zumbrunnen (1997); Binder and Favre-Marinet
(1973)). However, only the two most relevant methods to work presented in this thesis
will be discussed in this literature review, namely the acoustical modulation of a jets

velocity via a loud speaker and acoustic self-excitation via an ASEN.

The effect of acoustical modulation has shown promise in attaining some
control over the near-field structure in jet turbulence. Amplification or suppression of
the root mean square (rms) velocity fluctuations within the jet along with increased
entrainment of the surrounding fluid into the jet has been shown. Both the
amplification of rms velocity fluctuation within the jet and increased entrainment of

surrounding fluid into the jet indicate greater turbulent mixing in the near field of such
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acoustically excited jets. Transport processes such as heat and mass transfer can
benefit from the control of jet turbulence and increased turbulent mixing. Thus, the
effect of acoustically modulating axisymmetric jet velocity has been studied for jet

impingement heat transfer.

Early studies involving the acoustic modulation of a jet’s velocity were
concerned with the documentation of orderly structure in jet turbulence. These studies
used a controlled acoustic excitation via a loud speaker in order to amplify orderly
structure in jet turbulence above the background noise inherent to such flows. Crow
and Champagne (1971), in their pioneering study, documented the effect of a periodic
forcing applied via a loud speaker to a turbulent axisymmetric jet issuing into a
quiescent environment. They showed that when the jet was forced at the “preferred
mode” having a Strouhal number of St = 0.3 (based on the jet diameter), a significant
increase of up to 32 percent in the surrounding flow entrainment occurred. Also, the
rms fluctuating velocity along the centerline of the jet was amplified by approximately
10 percent over the unexcited jet. Zaman and Hussain (1980) concluded that the
augmentation of rms velocity fluctuation experienced by an acoustically excited
turbulent axisymmetric jet was associated with vortex pairing in the jet. They showed
that vortex pairing in circular jets occurred in two distinct modes of excitation: the
first being ‘the shear layer mode’ when St = 0.012 (based on the initial shear layer
momentum thickness) and ‘the jet column mode’ with St = 0.85 (based on the jet
diameter). More recently, Drobniak and Klajny (2002) revisited the work of Zaman
and Hussain (1980) by presenting an experimental stability analysis of a free round jet

performed with the use of acoustic excitation. They show remarkable video footage of
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vortex shedding from the jet exit for both the jet column and shear layer modes
discussed by Zaman and Hussain (1980). Acoustic modulation of a jet’s velocity via a
loud speaker is prevalent however; it has not been the only method of acoustically

exciting an incompressible turbulent axisymmetric jet.

A nozzle known as the “whistler” nozzle (see Fig. 1.1) has been shown to
greatly increase turbulent jet mixing rates via a self-sustained acoustic excitation. Hill
and Green (1979) detail their discovery of the whistler nozzle showing the entrainment
of surrounding fluid into the jet is increased and rms velocity fluctuations in the near-
field of the jet are amplified by approximately 10 percent relative to the unexcited jet
when the jet is forced at Strouhal number of St = 0.315. Hasan and Hussain (1982)
characterized the whistler nozzle experimentally for various choices of the controlling
parameters: namely, pipe length (L,), jet diameter (D), collar length (L), stage of
excitation (i.e. j = 1, 2, 3, etc.), acoustic speed (a,), and mode of excitation (i.e. n = %2
or 1). With their extensive data Hasan and Hussain (1979) were able to generate an
empirical correlation to predict the resonance frequencies (fy) of acoustic self-

excitation based on the controlling parameters listed above (see Eq. 2.1).

f—H(Lp+1.65£f+0.7Dj=1 2.1)
ayn J

It was shown in Hussain and Hasan (1983) that the whistler nozzle phenomena
results from the coupling of two independent resonance mechanisms: the shear layer
tone resulting from the oscillating impingement of the pipe exit shear layer on the

collar lip, and organ-pipe resonance of the constant diameter pipe section. Rockwell
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(1983) gives a general review of the oscillations of impinging shear layers and the
noise produced by them. Extending their work on circular whistler nozzles Husain and
Hussain (1999) characterized the flow field of an elliptic whistler nozzle. They show
that in the near-field mass entrainment is significantly higher (70 percent) than the

unperturbed jet.

Increased turbulent mixing of an acoustically excited jet is expected to enhance
both heat and mass transfer. Herman (2000) gives a thorough review of the impact of
flow oscillations on convective heat transfer. Several publications on the subject of
acoustic excitation applied to jet impingement heat transfer are available (Tianshu and
Sullivan (1996); Can and Etemoglu (2003); Hwang and Cho (2003)) however; two are
particularly relevant to this thesis. Page et al. (1995) studied the jet impingement heat
transfer of a whistler nozzle compared to a unperturbed jet with both jet’s exit located
three jet diameters above the impingement surface. They showed that the average
convective heat transfer coefficient of the impinging whistler nozzle was enhanced by
approximately 60 percent compared to the unexcited jet. Cvetinovic et al. (2000)
presented a similar study of jet impingement heat transfer of a whistler nozzle relative
to that of an unexcited jet. They showed the maximum Nusselt numbers (Nu) of
excited and non-excited jets were identical however, the excited jet produced
maximum Nu with its jet exit located five diameters from the impinging surface while
the non-excited jet had a maximum Nu with its jet exit located at nine diameters from

the impinging surface.



2.2 Particle Image Velocimetry (PIV)

Until the early 1990s measurement of fluid velocity has been performed
predominately using two measurement techniques, namely hot-wire anemometry and
Laser Doppler Anemometry (LDA). A hot-wire anemometer is an instrument that
measures the velocity of a moving fluid based on the rate of heat loss to the moving
fluid by the sensor. The sensor of a hot-wire anemometer is a metallic resistive
temperature detector (RTD). By placing the RTD in one leg of a Wheatstone bridge
the resistance across the RTD can be measured. The Resistance-temperature
relationship of an RTD is well known so that the temperature of a RTD can be inferred
by a resistance measurement. With the temperature of the RTD known the convective
heat transfer from the RTD by the moving fluid can be solved. Thus, the velocity of
the flow field can be determined using King’s Law relating the rate of heat transfer
from the sensor to the fluids velocity (Figliola and Beasley (2000)). Hot-wire
anemometers are a mainstay in the study of turbulent flows due to their high frequency
response (on the order of 10* Hz). However, they are intrusive to the flow; hence, a

laser based measurement technique was developed.

Laser Doppler Anemometers utilize the Doppler effect to measure the local
velocity in a moving fluid (Figliola and Beasely (2000)). By focusing a laser beam to a
point in the flow, light is scattered from particles moving with the flow. Thus, the
Doppler shift of the light scattered from particles moving with the flow is used to infer
the local instantaneous velocity of the moving fluid. Similar to hot-wire anemometers,

LDA has a high frequency response (on the order of 10°-10" Hz). Also similar to the
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drawback of hot-wire anemometry, LDA provides only single-point velocity
measurements. Thus Particle Image Velocimetry (PIV) was developed to allow for
entire flow fields velocity to be measured at an instance in time in a minimally-

intrusive manner.

The Particle Image Velocimetry (PIV) measurement technique has been in
development over the last twenty years. Adrian (2005) gives a good general review on
the development of PIV as a measurement technique, major milestones overcome, and
the current state of the art. To this author’s knowledge, Adrian (1984) was the first to
describe PIV as a measurement technique. Modern PIV units consist of three main
components; a digital camera (usually a CCD), a pulsed laser (usually dual-cavity
doubly-pulsed Nd:YAG), and beam collimating optics to produce a sheet of laser
light. The basics of the PIV measurement technique are as follows. First, seed particles
following the flow field are illuminated with the sheet of laser light in two
consecutive, short bursts. Laser light reflected and scattered by the seeds is captured
by the camera in pairs of images with known times between image pairs. The image
pairs are then divided into interrogation windows of known size. Within each
interrogation window the average displacement of particles in the interrogation
window is calculated using cross-correlation. Keane and Adrian (1992) give an in
depth review of cross-correlation techniques applied to PIV. With the displacement of
seed particles measured in each interrogation window and the known time interval
between image pairs, a velocity vector can be determined for each interrogation
window. Raffel et al. (1998) give a good general review of all aspects of the PIV

measurement technique.
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3 EXPERIMENTAL FACILITY

In this chapter, the experimental facility for jet studies and the nozzle geometry
are discussed in detail. An acoustic study was performed to determine the collar
lengths (L.) that resulted in a first and second stage acoustically self excited jet
(ASEJ), respectively. Therefore the data acquisition hardware used to complete the
acoustic measurements 1is discussed next. Concluding this chapter is a detailed
discussion of the data acquisition hardware used to obtain Particle Image Velocimetry

(PIV) measurements.

3.1 General experimental set-up

Jet studies were conducted in the experimental facility shown as a schematic in
Fig. 3.1. Compressed air was supplied by the industrial compressor located in the
basement of Rogers Hall at Oregon State University. Air was first passed through a
five-micron filter and regulated to a typical pressure of 690 kPa gage (100 psig) prior
to flowing into the first 320-liter settling tank (settling tank 1 in Fig. 3.1) located in the
laboratory. After exiting the first settling tank, the air flow was separated into two
paths. Most of the air flowed into a second 320-liter settling tank (settling tank 2 in
Fig. 3.1) through a 0.03-micron-element filter and a precision pressure regulator
(ControlAir Inc., type 700). The remaining air was regulated to a pressure of 207 kPa
gauge (30 psi) and routed to the seeder in order to produce the required seeding

particles for obtaining PIV measurements.
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Figure 3.1: Schematic of the jet experimental facility.

Mass flow rate of air exiting the second settling tank was measured with a
calibrated critical flow meter (Flow-Dyne Engineering, Inc., NO80125-SPT). The
critical flow meter had a throat diameter of 3.175 mm (0.125 in). In order to obtain
mass flow rate from the critical flow meter, the stagnation pressure and temperature
had to be measured in the second settling tank. Stagnation pressure was measured with
a calibrated variable reluctance differential pressure transducer (Validyne Engineering,
DP15). Stagnation pressure was acquired from the transducer with a laptop computer
(Dell, Inspiron 5150) running a LabVIEW® Virtual Instrument (VI) that
communicated with a universal serial bus (USB) data acquisition card (National
Instruments, USB-6009). Stagnation temperature was measured with a calibrated
thermocouple (Omega Engineering, Inc., K type) and digital thermocouple readout

(Omega Engineering, Inc., HH23).
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Mass flow rate of air routed to the seeder was measured using a correlated
rotameter (Gilmont, GF-1560) located directly upstream from the seeder. To account
for the compressibility of air, the working pressure and temperature of the rotameter
had to be measured in order to use the correction factor supplied with the rotameter
(see chapter 5 for more details). For this configuration the working pressure and
temperature of the rotameter was the pressure and temperature prior to the rotameter.
Working pressure was measured with a calibrated variable reluctance differential
pressure transducer (Validyne Engineering, DP15). Stagnation pressure was acquired
from the transducer with a laptop computer (Dell, Inspiron 5150) running a
LabVIEW® Virtual Instrument (VI) communicating with a universal serial bus (USB)
data acquisition card (National Instruments, USB-6009). Working temperature was
measured with a calibrated thermocouple (Omega Engineering, Inc., K type) and

digital thermocouple readout (Omega Engineering, Inc., HH23).

Seed particles for PIV measurements were generated using an air-assist Laskin
atomizer (Raffel et al. (1998)). The Laskin atomizer used in this study had a diameter
of 1 mm and was submerged in a reservoir of olive oil which was the working fluid for
atomization. This atomizer produced an oil aerosol with an average particle size of 11
um determined from the average diameter of seeds imaged with a micro lens. The
decision to use olive oil as the working fluid and acquire a Laskin atomizer with a 1
mm diameter was based on the previous experience of a colleague seeding air jet
flows (Dano (2005)). Concentration of seed particles was controlled by adjusting a

needle valve located upstream of the Laskin atomizer.
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Figure 3.2: Photographs of experimental facility - (a) Inside view of the enclosure,
showing plenum and nozzle; (b) coordinate system of figure 3.2a; (c) Outside view
of the enclosure, showing the imaging set-up.

Experiments were performed in the enclosure shown in Fig. 3.2a & c. Seeding
of the entire flow field for PIV measurements was made possible by the enclosure.
Both the jet and surrounding ambient air were seeded prior to measurements to
prevent velocity biasing. The enclosure test section was approximately 1.01 m wide,
0.86 m long and 2.13 m tall. The jet was positioned 0.33 m (i.e. 26 jet diameters)
away from the closest wall to the nozzle center, and impinged on the enclosure floor
1.02 m (i.e. 80 jet diameters) downstream at its lowest position. Convoluted foam
insulation was used to line the inner walls of the enclosure to reduce the effect of

acoustic reflections from the chamber inner walls.
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Within the enclosure (see Fig. 3.2a), the acoustic self-excitation nozzle
(ASEN) to be studied was mounted at the end of a plenum. The 53.3-cm-long plenum
was fabricated using CPVC and had an inner diameter of 5.1 cm. A flow straightening
element along with three fine mesh screens were used to reduce the magnitude of
turbulence intensity at the pipe exit. The flow straightening element and screens were
located approximately 36 cm upstream from the pipe exit within the plenum. An
elliptic nozzle with an area contraction ratio of 16:1 constituted the final section of the
plenum. The ASEN was mounted directly to the end of the elliptic nozzle. The test
section (i.e. plenum and ASEN) was attached to a z-axis using a leveling mechanism
allowing for the test section to be tilted about both the x and y axes. Approximately 20
cm of vertical movement was possible with the z-axis. A leveling table was used to
mount the z-axis and test section to the enclosure in order to ensure perpendicularity
of the z-axis. With the z-axis leveled by this table, it was possible to level the test

section relative to the PIV camera and laser (see Fig. 3.2c).

Shown in Figs. 3.3a & b are pictures of the circular pipe jet used for the
unexcited case and ASEN, respectively. The ASEN was fabricated using CPVC and
consists of a constant inner diameter (1.27 cm) pipe section that is 10.16 cm (i.e. 8
nozzle diameters) long. The outer diameter of the ASEN at the pipe exit is 2.22 cm
resulting in a step height (i.e. pipe wall thickness) of 0.476 cm. To induce an
acoustically self excited jet (ASEJ) (see Fig. 3.3b), collars are slid around the outer
diameter of the ASEN to a collar length hat results in an acoustic self excitation. The
unexcited jet (see Fig. 3.3a) is simply the ASEN without any collar slid around the

pipe exit.
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(a) (b)

Figure 3.3: Pictures of the nozzle studied — (a) circular pipe jet used for unexcited
jet conditions; (b) ASEN nozzle used for excited jet conditions.

3.2 Data acquisition hardware for acoustic studies

An acoustic study was performed to determine the collar length (L.) that
resulted in a first and second stage acoustically self excited jet (ASEJ). The collar
length for first and second stage ASEJ was selected based on the extension at which
the overall sound pressure level reached a peak value relative to the inherent noise
associated with the unexcited jet. Acoustic data were obtained using a calibrated
studio condenser microphone (Marshall Electronics, MXL 603s) with a frequency
range of 30 — 20,000 Hz. The condenser microphone was calibrated against an
integrating sound level meter (Ono Sokki, LA-2111). Pure-tone sound for calibration
was provided by a synthesized function generator (Tectronix, AFG2020).

Amplification of the signal produced by the function generator was achieved with a
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250 W car audio amplifier (Kenwood, KAC5201), supplying power to a 240 W

Pioneer car audio speaker of 15.2 cm x 20.3 cm dimension.

3.3 PIV data acquisition hardware

PIV data was acquired with a stock digital PIV system (Dantec Dynamics
Ltd.). The digital PIV system consisted of a dedicated data acquisition processor
(Dantec Dynamics Ltd., FlowMap™ System Hub), a 12-bit, 1344 x 1024 pixel array
CCD camera (Hamamatsu Photonics, Hi Sense MKII), and a double-pulse Nd:YAG
laser (New Wave™ Research, Solo PIV-III). Communication with both the camera
and the laser along with the synchronization of the camera to the laser was achieved
using the FlowMap™ System Hub. The FowMap™ System Hub had a 1 GB input
buffer that permitted continuous acquisition of 250 image pairs at a resolution of 1344

by 1024 CCD pixels.

Image pairs were recorded with the CCD camera. A standard macro lens
(Nikon™, 105mm {/2.8 Micro-Nikkor) was used to capture image pairs. The CCD
camera was located approximately 51 cm from the axis of the jet as measured from the
end of the camera lens to the jet axis. With the camera in position the average field of
view was 4.66 cm by 3.54 cm in the cross-stream (radial) and streamwise directions,

respectively.

[lumination of the oil aerosol within the flow field was achieved with the
double-pulse Nd:YAG laser. In order to illuminate a plane within the flow field a sheet
of laser light was required. The laser sheet was produced using two cylindrical lenses

in series shown as a schematic in Fig. 3.4. The first lens was a 12.5 mm diverging lens
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that expanded the 3.5 mm diameter laser beam to a 3.5 mm thick sheet of laser light in

the vertical direction. The second lens was a 500 mm converging lens placed

orthogonal to the first this lens focused the light sheet to approximately 1 mm in

thickness at the test section that was located 500 mm from the second lens.

Front

Laser

Top

Laser

Figure 3.4: Schematic of light sheet optics layout.
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4 EXPERIMENTAL PROCEDURE

In this chapter, the experimental procedures developed to acquire data for both
the acoustic and PIV studies presented in this thesis are discussed in detail. Three
turbulent exit Reynolds numbers of the unexcited jet, first and second stage ASEJ,
corresponding to 27,000, 49,000, and 71,000 were investigated for both studies. The
Reynolds numbers reported are based on the diameter of the jet exit (12.7 mm) and the
average mass flow rate of each case recorded. The chapter begins with a discussion of
how nominal flow conditions are ensured and monitored. Next, the experimental
procedure used to collect acoustic data is discussed. Finally, the experimental
procedure developed to acquire two-dimensional PIV data on a single plane passing

through the axis of the ASEJ and unexcited jet is discussed.

4.1 Target mass flow rates for fixed jet conditions

Preliminary observations indicated that pressure in the second settling tank
cycled at a low frequency with the duty cycle of the compressor. In the worst case of
the largest mass flow rate corresponding to Re of 71,000, the pressure in the second
settling tank varied between 627 kPa and 648 kPa (91 psia and 94 psia) over a time
interval of approximately 10 minutes. Because of the fluctuating pressure, both
acoustic and PIV data were collected at jet conditions fixed by target mass flow rates.
The target mass flow rates were 4.9, 8.7, and 12.7 g/s for jet Reynolds numbers of
27,000, 49,000 and 71,000, respectively. The acquisition of data at target mass flow
rates was achieved by having the mass flow rate monitored continuously. When the

mass flow rate was within = 0.0625 g/s (0.5 percent of the largest target flow rate), an
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indicator was initiated and data were collected. These fluctuations in pressure have a
very small frequency (in 1.6(10”) cycles per second) when compared to any frequency
scales associated with the turbulent flow or acoustic perturbation, which are typically
in the order of several hundred cycles per second (Hz). Therefore, by using this target
mass flow rate procedure, the effect of the pressure fluctuations on the turbulent jet

flow field is expected to be minimal.

4.2 Acoustic study to determine collar lengths

Hasan and Hussain (1983) showed that the loud pure tone associated with the
first and second stage excitations of an ASEN occur within a band of collar lengths
(Lc). When the collar is extended beyond the nozzle pipe exit, there is initially no
significant increase in the noise produced over that of the free jet. Then, abruptly, a
loud pure tone is induced. With a continuous increase in L. beyond the initial point of
excitation, the tone increases slightly in intensity, reaches a local maximum, then
begins to decrease slightly in intensity until the tone abruptly becomes inaudible. This
represents the first stage of excitation. Further extension of L. would similarly result in

a second pure tone local maximum, indicative of the second stage.

To determine L. for first and second stage ASEJ, an acoustic study was
performed. Overall sound pressure levels and frequency as a function of L. for each of
the cases studied were recorded at a fixed position relative to the jet exit. The fixed
position chosen was approximately five nozzle diameters downstream of the jet exit
and twenty nozzle diameters in the radial direction from the centerline of the jet. Since

only the relative difference in sound pressure level above that of the free jet was
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desired, the spatial variation of the acoustic signal within the enclosure was not
critical. However, the microphone was kept fixed at this location downstream of the
nozzle exit for the entire duration of the experiment to eliminate the expected spatial
dependence of the acoustic signal being measured. To ensure that this relative distance
remained constant between the unexcited jet and the ASEJ, the ASEN was raised
using the z-axis an equivalent amount to each L. recorded. The voltage acquired from
the microphone was amplified and recorded using a USB data acquisition card and a
LabVIEW Virtual Instrument (VI). To ensure that the results obtained from the collar
length study were valid for the PIV studies, the acoustic data were collected with the

flow seeded as it would be for PIV measurement.

As a base case, the sound pressure level of the free jet was first recorded then
L. was increased until the first sign of excitation was sensed. The sound pressure level
at this position was recorded, along with L.. The collar length was then extended in 1-
mm increments and sound pressure level was recorded at each increment until the pure
tone was no longer detected. At each L., seven sets at 32,768 samples of the voltage
signal where recorded at 48 kHz by the microphone. The sampling frequency of 48

kHz was chosen to ensure the Nyquist criterion was met (Figliola and Beasley (2000)).

Table 4.1: Experimental Matrix for Acoustic and PIV Studies
Re =27,000
Re = 49,000 Unexcited jet First stage ASEJ
Re = 71,000

Second stage
ASEJ
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4.3 PIV study to characterize flow field

The goal of the PIV study was to characterize the near-field flow structure of
the unexcited jet compared with both first and second stage ASEJ for the three jet
conditions shown in Table 4.1. This was accomplished by acquiring two-dimensional
PIV data on a single plane passing through the axis of symmetry of each jet. Recall
that, on average, the field of view imaged by the CCD camera was 4.66 cm by 3.54 cm
in the cross-stream and streamwise direction, respectively. Thus, only 3.54 cm (3
diameters) of a jets flow in the streamwise direction could be studied if only one fixed
viewing station was used to acquire PIV measurements. Therefore, the ASEN was
raised via the z-axis (see fig. 3.2a) to record five consecutive viewing stations in the
streamwise direction, allowing for approximately 14 continuous diameters of each jets
flow to be studied. In order to ensure, to a good degree of certainty, that each jets
centerline was fixed relative to the CCD camera and laser as the ASEN was raised, a

robust leveling procedure was developed.

usual position of level ASEN in plane level ASEN in plane
camera and laser normal to laser normal to camera
enclosure enclosure enclosure
— ]
ASEN ASEN ASEN
7 laser ‘ 7z camera 7
')’ Y 'y

camcera camera

Figure 4.1: Camera position for leveling of ASEJ.



23

The leveling procedure is depicted schematically in Fig. 4.1 and required the
ASEN to be leveled optically in both the plane normal to the camera and the plane
normal to the laser. By leveling the ASEN in both planes, the ASEN axis of symmetry
was fixed relative to both the laser and camera as the ASEN was raised. Since the
camera was to be used to optically level the ASEN, the ASEN was leveled in the plane
normal to the laser first so the camera only had to be moved once. Leveling of the
CCD camera was achieved by using the two bubble levels of a standard tripod head
upon which the camera was mounted. Next, a high-tolerance stainless steel location
pin having a diameter of 12.7 mm was inserted into the exit of the jet. The edge of the
pin was located in the camera images, thereby allowing for the ASEN to be leveled
optically in the plane normal to the laser. Contrast between black and white pixels in
the CCD camera was maximized while imaging the location pin by eliminating the
laboratory lights and using a flashlight to reflect light off a white screen placed behind
the ASEN. Once the jet was leveled in the plane normal to the laser, the camera was
returned to its original position and the whole procedure was repeated in order to level

the ASEN in the plane normal to the camera.

With the ASEN leveled in both the plane normal to the camera and the plane
normal to the laser, the ASEN axis of symmetry was positioned approximately at the
middle pixel of the CCD camera optically. This was accomplished by measuring the
width of the location pin lodged in the exit of the ASEN with the camera in CCD
pixels. Again, contrast between white and black pixels in the images of the location
pin was maximized by the white screen technique previously discussed. With the

width of the location pin in pixels known, the pixel corresponding to the middle of the
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CCD chip could be placed to a fairly good certainty (within 4 CCD pixels) on the
centerline of the location pin by translating the camera from side to side on a linear
traverse. The pixel location corresponding to the ASEN axis was recorded for each

case to ensure consistency between cases and the reduction of data later on.

Once the ASEN was leveled and the camera was positioned, the laser light
sheet was positioned so that it was perpendicular and coincident to the ASEN axis of
symmetry. The light sheet was made perpendicular to the ASEN axis of symmetry by
adjusting the first cylindrical lens (see Fig. 3.4 lens 1). Next, the light sheet was placed
coincident to the ASEN axis of symmetry by translating the laser and light sheet optics
via a xy traversing stage. Finally, the second cylindrical lens (see Fig. 3.4 lens 2) was
placed 500 mm away from the ASEN axis of symmetry with the xy traversing stage.
Recall, that the second cylindrical lens had a focal length 500 mm. Thus, by placing
the second cylindrical lens 500 mm away from the ASEN axis of symmetry the light

sheet thickness was focused to approximately 1 mm at the ASEN axis of symmetry.

With the mechanical set up the ASEN complete, the PIV measurement was set
up for the jet condition being recorded. Set up of the PIV measurement required the
ASEN to be operated at the jet condition being recorded. Thus, air flow to the ASEN
was initiated; seed particles were introduced by the Laskin nozzle upstream of the
plenum; and the total mass flow rate of air was set to the target mass flow rate defining
the jet condition being recorded. Next, the CCD camera was focused on seed particles

in the plane illuminated by the Nd:YAG laser. With the camera focused, air flow to
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the ASEN was stopped in order to determine the actual dimensions of the field of view

imaged by the camera.

Actual dimensions of the field of view imaged by the camera were determined
by inserting the location pin used for leveling in the exit of the ASEN and measuring
the diameter of the pin in CCD pixels. The CCD camera had a known pixel pitch of
6.45 um/pixel square and the location pin had a diameter of 12.7 mm. Thus, a constant
scale factor (S) for converting from photo detector array dimensions to actual image

dimension was found as

g 12.7 mm @1

R mm
6.45(10 3{ I]Dpims

pixe

where, Dyixeis Was the diameter of the pin measured in CCD pixels. With S known, the
actual dimensions of the field of view imaged by the camera were determined by
multiplying the number of pixels (i.e. 1344 pixels by 1024 pixels) in the camera array
by the pixel pitch (6.45(107) mm/pixel) and S. As was mentioned before, the actual
dimensions of field of view imaged by the camera in this study was on average 4.66

cm by 3.54 cm in the cross stream and streamwise direction, respectively.

With the field of view calibrated, PIV data were collected for the jet condition
being recorded. The first step in PIV data acquisition was to introduce seeds upstream
of the jet test section with the Laskin atomizer. After some time the entire enclosure
filled with seed particles and uniform seeding density in PIV images was insured by
capturing images of the flow field with the camera. With the flow seeded the cross-

correlation used to measure average particle displacement within a single interrogation
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window was optimized. A detailed discussion of the cross-correlation used and the
validation of instantaneous velocity maps are discussed in Chapter 5. With the cross-
correlation optimized to produce validated instantaneous velocity maps, actual data
acquisition was commenced. For each jet condition (see Table 4.1), 750 pairs of
images were collected at five viewing stations for a combined field of view of 4.66 cm
by 17.7 cm (3.7 by 13.9 jet diameters) in the cross-stream and streamwise directions,
respectively. The number of image pairs was selected based on preliminary
experiments studying the effect of number of instantaneous vector maps necessary to
create a representative mean flow field map. These 750 image pairs had to be captured
in three separate runs because of the limitation of the buffer size in the FlowMap™
system hub. The first 250 images were collected continuously while the following two
sets of 250 images were collected in 25 sets of 10 images pairs. The time between
image pairs and pairs of images was kept fixed for each jet condition as shown in
Table 4.2. For the last two sets of PIV data collected, the time between each of the 25

sets of 10 image pairs was randomly selected.

Table 4.2: Camera frame and laser timing in PIV studies

Jet Condition At image pair At pairs of images
Re =27,000 3.5 us 250 ms
Re =49,000 1.5 us 250 ms
Re =71,000 1.5 ps 250 ms
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S DATA REDUCTION AND ANALYSIS

In this chapter, the methods of data reduction and analysis performed in part of
this study are discussed. Following the discussion of data reduction and analysis, a
brief overview of the associated uncertainty in the data is presented. The MatLab®
programs used for data reduction and analysis along with a detailed description of the

uncertainty analysis are provided in the appendices.

5.1 Sound pressure level and frequency

Sound pressure level and frequency data were obtained by the method
described in chapter three. Seven sets of the AC voltage signal transmitted by the
microphone was sampled at 48 kHz for 0.68 s (i.e. 32,768 samples were collected) by
a dedicated computer running a labVIEW® virtual instrument (VI). The labVIEW®
VI reduced the seven sets of data into power spectrums. Power spectrums were then
fed into MatLab® running a script that extracted the peak rms voltage for each of the
seven sets of data along with the frequency at which that peak voltage was centered.
The seven peak rms voltages and associated frequencies were then averaged to
determine an average peak rms voltage and frequency for each collar position
recorded. With the average peak rms voltage and frequency in hand the microphone
calibration curve was used to determine the overall sound pressure level (dB) for each
collar position recorded. The calibration curve for the microphone used to measure
overall sound pressure level along with the constant coefficients for that curve are

located in appendix A.
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5.2 Mass flow rate data reduction

As was discussed in chapter three, the jet flow studied was a combination of
primary and secondary streams of air. Primary air flow to the jet was measured using a
critical flow meter. Secondary air flow to the jet for PIV seeding was measured using
a rotameter. Both measurement devices required temperature and pressure
measurements of their respective flows to account for the compressibility of air and

obtain a true mass flow rate.

5.2.1 Primary mass flow rate

Mass flow rate in kg/s of primary air flow to the jet was calculated using a
relationship supplied by the critical flow meter manufacturer (Flow-Dyne

Engineering, Inc.) with an added unit conversion to SI units,

1;18F:KSF | . (0.4536kgj 5.1)
Ve 11bm

where P is the stagnation pressure in psia, Tsr is the stagnation temperature in °R,
and Ksp is the calibration coefficient in lbm*ORl/z/psia*s supplied with the critical

flow meter. The calibration coefficient Ksr depended on Pgr as

K, =a+bP, +——— (5.2)

Py

where a, b and c are constant coefficients supplied with the curve fit by the
manufacturer. Both the stagnation pressure and temperature were measured upstream
of the critical flow meter in the second settling tank (see Fig. 3.1). Stagnation pressure

and temperature were obtained by sampling the voltage from their respective
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transducers with a LabVIEW® VI. The LabVIEW® VI converted the voltage
acquired from the respective transducers using calibration curves. The calibration

curve for the pressure transducer used to measure Psr was

P,. =8.0V, +P,. (psia) (5.3)

atm

where Vpsr was the voltage of the pressure transducer in V used to measure Psr and
P.am was atmospheric pressure in psia. The atmospheric pressure, Pym (in psia) was
read into the LabVIEW® program during experimentation. The calibration curve for
the thermocouple used to measure Tsg along with a unit conversion from degrees

Celsius to degrees Rankin was

T, =1.8((0.9984V,, —0.1313)(°C)+273.15)°R) (5.4)
where V1sp was the voltage of the thermocouple in V used to measure Tsg.
5.2.2 Secondary seeded mass flow rate

Mass flow rate in kg/s of secondary seeded air to the jet was calculated using a
relationship supplied by the rotameter manufacturer (Gilmont) with an added unit

conversion to SI units.

e =) e I A e

In Eq. 5.5 the term in square brackets was a correction factor to account for the

compressibility of air. The working pressure (Pr) in mm of Hg and working
temperature (Tgr) in °R of the rotameter were measured directly downstream of the

rotameter. Working pressure and temperature were obtained by sampling the voltage
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from their respective transducers with a LabVIEW® VI. The calibration curve used

for the pressure transducer measuring Pr was

(5.6)

P, =(5.0119V,, +P,_ (psia))[M]

1 psia

where Vpr was the voltage of the pressure transducer in V measuring Pr and Py, was
atmospheric pressure in psia. The calibration curve for the thermocouple used to

measure Tr was
T, =1.8/(0.9944V,, —0.0911)(°C)+273.15[°R) (5.7)

where Vir was the voltage of the thermocouple in V measuring Tg. To convert from
volumetric to mass flow rate the working density p in kg/s of the seeder flow was

calculated using the measurements of Pr and Tr and the ideal gas law

p. (psia)( 6.89 kPaj

1 psia
P kPaem’ 1
Rair( L j((jTR ](K)
kge K 1.8

where the gas constant of air (R,;;) was taken to be 0.287 kPa*m3/kg*K. In Eq. 5.5

(5.8)

(.QRS was the volumetric flow rate in L/min of air at the standard calibration conditions
of the rotameter. The standard condition of the rotameter was atmospheric pressure (1
atm) and room temperature (21 °C). The volumetric flow rate of air at the standard
calibration condition of the rotameter was determined by reading the scale value of the
rotameter. Rotameter scale reading was converted to volumetric flow rate using the

table provided by the manufacturer.
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5.3 PIV data reduction

PIV data reduction was largely performed using the FlowManager™ software
and MatLab™ programs. Initial data reduction of raw image maps to instantaneous
velocity fields and the calculation of mean velocity fields, turbulent intensity fields,
vorticity fields, and fluctuating velocity fields from the instantaneous data were
performed using FlowManager™. MatLab™ programs were used to calculate
volumetric flow rate, turbulent kinetic energy, mean kinetic energy, and Reynolds

stress. This section highlights the details of the PIV data reduction.

5.3.1 Instantaneous velocity field

The FlowMap™ System Hub running the FlowManager™ software was used
to process two sequential image maps acquired by the CCD camera into instantaneous
velocity vector maps. The two sequential image maps were subdivided into a number
of so-called interrogation windows. The PIV measurement was based on measuring
the average displacement of the particles in an interrogation window between the first
and second image maps. Average displacement of particles in an interrogation window
was determined using a Fast Fourier Transform (FFT) spatial cross-correlation. The
spatial ~cross-correlation produced many cross-correlation peaks within an
interrogation window. A high cross-correlation peak was produced when many of the
particles in the first PIV image matched up with their corresponding spatially shifted
partners in the second PIV image. Small cross-correlation peaks were produced when
individual particles in the first PIV image matched up with other individual particles in

the second PIV image. The tallest cross-correlation peak in an interrogation window
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was taken to be the true correlation. The location of the tallest cross-correlation peak
in an interrogation window corresponds directly to the average displacement of
particles within that interrogation window (Dantec Dynamics (2000)). Thus, by
dividing the average displacement of particles in an interrogation window by the user
input time between laser pulses (see. Table 4.2), a velocity vector for that interrogation
window was calculated. Whole field instantaneous vector maps were produced by
calculating velocity vectors for all the interrogation windows of two sequential image

maps.

In this study, an adaptive spatial cross-correlation was used to process two
sequential image maps acquired into instantaneous velocity fields. Adaptive cross-
correlation started with interrogation windows of 32 by 64 pixels in the cross-stream
and streamwise directions, respectively. One refinement step was used resulting in a
final interrogation window size of 16 by 32 pixels in the cross-stream and streamwise
directions, respectively. Rectangular interrogation windows with 32 pixels in the
streamwise direction were used to increase the dynamic range of the velocity

measurement in the streamwise direction (direction of the mean flow).

Measurements performed using PIV are prone to a zero bias in velocity
measurements due to the loss of pairs at the edge of an interrogation window (i.e. seed
particle travels out of interrogation window between images 1 and 2). The effect of
lost pairs can be reduced by using a window function to weigh signal intensities in the
center of an interrogation window greater than those intensities at the edge of a

window. In the present experiments, a Gaussian window function was used in the
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adaptive correlation. The k factor is a scalar weighting variable; in this case k equal to
1 effectively reduces the interrogation window size by 29 percent. An obvious
downfall in using window functions is the loss of data at the edge of an interrogation
window. However, this data can be and was recovered by overlapping interrogation
windows. In the current experiments, the interrogation windows were overlapped by

50 percent.

Because FFT processing is used for spatial -cross-correlation, PIV
measurements will always produce instantaneous velocity vector maps whether the
input is meaningful or not. Therefore, all PIV data must be validated. A cross-
correlation peak validation was used in the adaptive correlation. Dantec Dynamics
(2000) recommended that the tallest cross-correlation peak produced in an
interrogation window be at least 1.2 times taller than the second tallest cross-
correlation peak produced in that same interrogation window, and that the tallest
cross-correlation peak in the interrogation window have a peak width greater than 3
pixels. Therefore, the peak validation used in the adaptive correlation insured the
recommendations of Dantec Dynamics (2000) regarding cross-correlation peaks were

met.

5.3.2 Mean velocity field

Mean velocity at a given (i,j) location in the flow field was calculated using
data points from the 750 instantaneous velocity fields acquired at that same location ij.
Here, i and j refer to index in jet downstream direction and radial (cross-stream)

direction, respectively. Mean velocity fields were calculated in FlowManager™ using
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1 k=N

U.=—) u, 5.9
1 k=N

Vi = ﬁ = Viik (5.10)

where N represents the number of samples in the data set, ujj is the stream-wise
component of instantaneous velocity, and vj;x is the radial component of instantaneous

velocity.
5.3.3 Turbulent intensity field

At a given (i,j) location in the flow field turbulent intensity was calculated
using data points from the 750 instantaneous velocity fields acquired at that location.

Using FlowManager™ turbulent intensity fields were generated using the relations

, 1 k=N

Vi :\/N—l kZ;(Vij,k _Vij,k)z (5.11)
, = )

Uy = N-_14& (U, = Uyp) (5.12)

5.3.4 Mean vorticity fields

Mean vorticity at a given (i,j) location normal to the plane imaged was

calculated using FlowManager™ as

U..
hi-l (5.13)

i+l

.. Vi+1,j_Vi—1,j U
)= T A

where Ax and Ar are the measured distances between interrogation windows in the

streamwise and cross stream directions, respectively. Notice that Eq. 5.13 is the
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standard vorticity relationship normal to the xr plane with partial derivatives with
respect to x and r estimated by a central difference formula.
5.3.5 Fluctuating velocity correlation

Fluctuating velocity was calculated by taking the difference between the
instantaneous and mean velocity fields. Fluctuating velocity at a given (i,j) location

was calculated using FlowManager™ as

u'.=u, —U. (5.14)
v'i=v.—V. (5.15)

The correlation between stream-wise and cross-stream fluctuating velocities at a given

(1,)) location was calculated using a MatLab® program as

'V (5.16)

5.3.6 Kinetic energy of the mean flow

The two dimensional kinetic energy of the mean flow at a given (i,j) location
was calculated using a MatLab® program as

, Ui+vy
i (5.17)
The two dimensional kinetic energy of the turbulence was calculated using a

MatLab® program at a given (i,j) location as

wul +v.v,
q2: ij 1]2 ij i (518)
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5.3.8 Mean volumetric flow rate

Mean volumetric flow rate of air flowing through a plane normal to the jet exit

was calculated using a MatLab® program as
Q:qu-zm-dr (5.19)
0

The outer radius r, of the jet was chosen such that the velocity at that location was

equal to 5 percent of the local centerline velocity in the streamwise direction.

5.3.9 Generation of whole field image maps

Once the data described above were obtained, a Matlab® program was written
to piece each of the five fields of view for each of the jet conditions studied together
into one image map. Mean velocity vectors and turbulence intensities were normalized
by the centerline exit velocity of each case. The X and R position vectors were scaled
using the jet diameter; where X = 0 and R = 0 corresponded to the centerline of the jet

at the nozzle exit.

5.4 Uncertainty Analysis

Uncertainty in the mass flow data was dependent upon the uncertainty in the
pressure and temperature measurements for both the sonic flow meter and the
rotameter (see Eqgs. 5.1 and 5.5). Uncertainty in temperature and pressure
measurements consisted of bias error associated with the calibration of transducers and
precision error due to fluctuation of temperature and pressure during experimentation.

Uncertainty values in pressure and temperature measurements for all cases are
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reported in Table 5.1. Percent uncertainty for temperature and pressure measurements
was based on the average value of the specific case reported. Uncertainty in mass flow
rate was determined by applying the Kline-McClintock method (Figliola and Beasley
(2000)) on Egs. 5.1 and 5.5, respectively. Uncertainty values for mass flow rate
measurements are reported in Table 5.1. Percent uncertainty for mass flow rate

measurements was based on the average value measured for the specific case reported.

Table 5.1: The uncertainty in global measurements.

uPR uPSF uTR uTSF u. (106) u. (104) u. (104)
Re | (Pa) | kPa) | °O) | O | "Gy | (ke (ke/
) | 1% | e || ey | GEY |
127 | 264 | 035 | 038 | 6.94 459 459
27,000 | [0.87] | [1.10] | [1.59] | [1.75] | [0.14] 9.39] 9.39]
078 | 224 | 036 | 051 | 651 9.14 9.14
49,000 1 10.50] | [0.517 | [1.61] | [2.30] | [0.07] | [10.46] | [10.46]
0.67 | 3.98 | 046 | 058 | 7.96 14.9 1.49
71,000 | 10351 | [0.62] | [2.07] | [2.60] | [0.06] | [11.70] | [11.70]

As was discussed earlier, an acoustic study was performed to determine the
collar lengths resulting in first and second stage ASEJ. The acoustic study was
performed using a studio condenser microphone. The uncertainty in overall SPL data
obtained using the condenser microphone was determined to be 3.79 dB. Appendix B

shows details of how this uncertainty was determined.

In the PIV study, magnified images of the seed particles indicated that the
average seed size seen by the camera was 11 pm. Note that the pixel pitch of the CCD
camera was 6.45 um, and the scale factor between real space and CCD chip was 5.37

on average. As a result of the factors described above the seed size (less than 1 pixel)
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in the PIV images captured was less than the ideal size (between 2 and 3 pixels)
required for low uncertainty (Keane and Adrian (1992)). Keane and Adrian (1992)
determined that the uncertainty in the position for a particle size larger than two pixels
in the CCD plane was 0.1 pixels. Dano (2005) justified using the 0.1 pixel uncertainty
for seed size less than a pixel with larger density seeding (6-17 seeds per interrogation
area) by creating artificial image pairs with known particle displacements and using
the FlowManager™ software to determine the velocity field. Therefore, the
uncertainty analysis presented here is based on a 0.1 pixel uncertainty for particle

displacement.

Table 5.2: The uncertainty in PIV data

u Ujj u Uy Uy Ug ué
Re (m/s) (m/s) (m/s) (17s) (m>/s)
[%] [%] [%] [%] [%]
0.99 0.04 0.99 20648 | 1.44(10%)
27,000 [2.76] [0.10] [12.80] [0.50] [1.96]
231 0.08 231 47906 | 1.72(10%
49,000 [3.70] [0.13] [20.58] 0.66] [1.27]
1000 231 0.08 231 479.06 | 2.99(10%)
’ [2.61] (0.10] | [13.03] | [048] [1.46]

Estimates of uncertainty in the instantaneous velocity, mean velocity, turbulent
intensities, vorticity, and volumetric entrainment are presented in Table 5.2. Note that
the percent uncertainty for instantaneous and mean velocities was based on the mean
exit velocity of the jet. Percent uncertainty in turbulent intensity was based on the

maximum value of turbulent intensity measured in the flow field for each case studied.

Percent uncertainty in vorticity was based on the maximum vorticity measured in the

flow field for each of the cases studied. Percent uncertainty in volumetric flow rate
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was based on the local volumetric flow rate at the location chosen for uncertainty

calculations.

In PIV it is not actually the velocity of the flow that is measured but the
velocity of the seed particles following the flow. In order to ensure that the seed
particles in a flow are actually tracking with the flow, it is important to determine the
particle response time and frequencies to a change in flow direction. The equation of

motion for a spherical particle in a gas is given by (Dantec Dynamics (2000)):

dU dU dv
7 13 P _ T 13 f 7 33
4P, dt ==3mud,V +5d,p; dt ~dP dt
Accelerating Stokes Pressure Fluid
flow viscous gradient  resistance to
force force on accelerating (5.20)
fluid sphere

: [#q3, dV_d¢
—Zdixlﬂﬂpfiédzpfd—gﬁ

Drag force associated with
Unsteady motion

where subscripts p relate to the particle and subscripts f relate to the surrounding fluid.
For an approximation of particle response time and frequencies the pressure gradient
force, fluid resistance, and drag force associated with unsteady motion can be
neglected, leaving a balance between the acceleration force and the viscous force,

du, _ 18u(U,-U)) 51
dt d’p,

Solving the differential equation above results in

d2
U = A(-e") with 7= 22 (5.22)
p
18u
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where 7 is the time constant, d, is the diameter of the seed particle, p, is the density of
olive oil, 900 kg/m3, and p is the viscosity of air, 1.79(10'5 ) kg/s*m. Based on a seed
particle diameter of 11 um the time constant for a particle response to a step change in
velocity is 340 um. Based on the value of 1, two indicative frequencies characterizing
the frequency response of the particle to a sudden change in flow direction are given
by

1
fog == (5.23)
27T

where f3gp is the frequency within 3dB (error 37 percent) and the frequency leading to
an error of 10 percent, fio¢ is given by

0.5
Siow = . (5.24)

In this study f3gp and fipq were 0.470 and 0.227 kHz, respectively.
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6 RESULTS AND DISCUSSION

In this chapter results for both the acoustic and PIV studies are presented. First,
acoustic data used to determine collar lengths resulting in first and second stage ASEJ
are presented. Second, centerline PIV data are presented in order to compare data from
the current study to a similar study (Hasan and Hussain (1982)) performed with hot-
wire anemometry. Finally, the whole field PIV data is presented to characterize the

near-field flow structure of first and second stage ASEJ relative to the unexcited jet.
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Figure 6.1: SPL as a function of L.
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Figure 6.2: SPL f as a function of L.
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6.1 Collar length study — Sound pressure level and frequency

An acoustic study was performed to determine the collar lengths (L.) that
resulted in the first and second stages of the acoustically self excited jet (ASEJ).
Figure 6.1 shows the overall Sound Pressure Level (SPL) of the jet as a function of L,
for the three cases studied (i.e. Re = 27,000, 49,000 and 71,000). From Fig. 6.1, it is
clear that as L. is increased, a loud pure tone was suddenly produced, increased in
intensity, and then the pure tone abruptly became inaudible. In Fig. 6.2 the pure tone
frequency of the ASEJ as a function of L. is presented. From Fig. 6.2, it is clear that
the ASEJ frequency decreased slightly as L. was increased within a stage. The slight
decrease of frequency with increasing L. and the abrupt appearance and disappearance
of the loud pure tone associated with first and second stage ASEJ is consistent with

data obtained by Hasan and Hussain (1983).

Table 6.1. ASEJ collar lengths based on acoustic data for 1st and 2nd stage

excitation.
. LC (mm) SPL H & H
Re 1 m | (wupy (}{z) S| (4B) (I]-CIZ) {/o d]i;f
27,000 | 1| 172 |22(231) | 1320 | 047 | 80 | 1162 | 127
49000 | 1| 1 |20(210) | 2487 | 051 | 94 | 2377 | 452
71,000 | 1| 1 |22(231)| 2241 | 032 | 98 | 2323 | 98
27,000 | 2 | 172 | 45@&74) | 1146 | 041 | 80 | 1155 | -08
49,000 | 2 | 1/2 | 44(4.63) | 1143 | 023 | 100 | 1162 | -1.6
71,000 | 2 | 1 | 28(2.95) | 2737 | 039 | 112 | 2553 | 69
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In Table 6.1, the overall SPL, excitation frequencies, and collar lengths
determined from the data in Figs. 6.1 and 6.2 are presented for both first and second
stage ASEJ. The seventh column of Table 6.1 is the Strouhal number (non-
dimensional frequency of excitation) based on the pipe nozzle exit diameter and exit
velocity of the unexcited jet. The eighth column of Table 6.1 shows frequencies
calculated using the correlation from Hasan and Hussain (1979) where, a, is the local
speed of sound in air (i.e. assumed constant 341 m/s), j is the stage of excitation (i.e.
Ist, 2nd, etc.), n is the mode of excitation (i.e. either half mode or full mode), L. is the
collar length, L, is the pipe length, and D is the pipe diameter.

a,n

f, = ; (6.1)
L, +1.65( U]+0.70D

J
Percent difference between measured (f) and calculated (fy) frequencies using the
Hasan and Hussain (1979) correlation is denoted in the eighth column of Table 6.1. In
general measured frequency data matched the Hasan and Hussain (1979) correlation
well, with a maximum deviation of 12.7 percent. It should be noted that the step height
h, of 0.953 cm used in this study was outside the range of step heights from 0.318 cm

to 0.635 cm that were used to determine Eq. 6.1.

6.2 PIV studies - Centerline data

In earlier studies of acoustically excited jets (i.e. Crow and Champagne (1970);
Hill and Greene (1977); Hasan and Hussain (1982); Drobniak and Klajny (2002)),
experiments were performed using hot wire anemometers. A limitation of this

measurement technique is that it provides only a few point measurements at any
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instant in time. In order to overcome this limitation earlier researchers traversed the
anemometer along numerous streamwise and cross-stream lines within the flow. Plots
of the streamwise variation of mean velocity and turbulent intensity along the center
line and selected lines corresponding to constant fractions of exit mean velocity along
the shear layer of the jet has historically been one method of characterizing
axisymmetric turbulent jets. In this study PIV measurements were performed to obtain
whole field quantitative mean velocity and turbulent intensity measurements.
However, by extracting data along the centerline of the PIV measurements data from

this study can be compared to earlier studies using hot wire anemometry.
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Re= 27,000, Free Jet

Re= 49,000; Free Jet
Re= 71,000; Free Jet
Hasan and Hussain {1982)
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Figure 6.3: Comparison of streamwise variation of U./U, along the centerline of
the jet for the unexcited jet with Hasan and Hussain (1982).
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Figure 6.4: Comparison of streamwise variation of U./U, along the centerline of the jet
for first stage ASEJ with Hasan and Hussain (1982).
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1.2

Re= 27,000, Stage 2
Re= 495,000, Stage 2
Re= 71,000; Stage 2
Hasan and Hussain (1982)

11}

® v vy

Figure 6.5: Comparison of streamwise variation of U./U,. along the centerline of the jet
for second stage ASEJ with Hasan and Hussain (1982).
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Figure 6.6: Streamwise variation of U./U. along the centerline of the jet.
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In Fig. 6.3, plots of the streamwise variation of streamwise mean velocity U,
along the centerline of the jet are compared to Hasan and Hussain (1982) for unexcited
jet conditions. Note that the origin for unexcited jet data was at the center of the pipe
nozzle exit. For unexcited jet conditions, U, was normalized using the streamwise
mean velocity U, measured using PIV at the center of the pipe nozzle exit. In Table

6.2, the values used for Uk, in all jet conditions studied are shown.

Table 6.2: Values of U, for all jet conditions studied.

Re Unexcited jet, U, 1" stage ASEJ, U, | 2" stage ASEJ, U
(m/s) (m/s) (m/s)
27,000 88.44 83.87 80.67
49,000 62.51 60.37 57.93
71,000 35.83 34.21 30.23

The specific case chosen for comparison from Hasan and Hussain (1982) for all jet
conditions was an ASEN having a pipe length of 15.24 cm, a pipe jet diameter of 2.54
cm, an exit mean velocity of 36 m/s, a Reynolds number of 62,000, and Strouhal
numbers of 0.635 and 0.629 for first and second stage ASEJ, respectively. The non-
dimensional collar lengths for first and second stage ASEJ (Hasan and Hussain
(1982)) was approximately 0.33 and 1.2 pipe jet diameters, respectively. From Fig. 6.3
it is clear that streamwise variation in U./U, for unexcited jet conditions agrees well
with the data of Hasan and Hussain (1982). In Fig. 6.4, comparison of first stage ASEJ
conditions to Hasan and Hussain (1982) are shown. Note that for ASEJ conditions in
this study U. were measured using PIV at the center of the collar exit rather than the

pipe exit as in unexcited jet conditions, and that the origins for ASEJ conditions were
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at the center of the collar exit rather than the pipe exit as in unexcited jet conditions.
From Fig 6.4 it is clear that streamwise variation of first stage ASEJ conditions agree
well with the data of Hasan and Hussain (1982). Figure 6.5 shows comparison of the
second stage ASEJ conditions to Hasan and Hussain (1982). This figure indicates that
there is a deviation in U, data for second stage ASEJ compared to Hasan and Hussain
(1982). A deviation in second stage data will be apparent in turbulent intensity data as

well, reasons for which will be discussed later.

Figure 6.6 is a plot of U, for all jet conditions studied. Note, trends in
streamwise decay of U, shown in Fig. 6.6 with variation in Reynolds numbers are
similar for like cases (i.e. unexcited jet, first or second stage ASEJ). This similarity
indicates that both the ASEJ and free jet are Reynolds number independent for the
range of Reynolds numbers studied. Crow and Champagne (1970) shows a similar
collapse of the streamwise variation in U, profiles for an unexcited circular pipe jet
having Reynolds numbers of 62,000, 83,000 and 103,000. Notice in Fig. 6.6 that the
unexcited jets potential core remains up to between 4.5 and 5.0 diameters down stream
of the pipe exit. However, at 5.0 diameters downstream of the nozzle exit the first and
second stage ASEJ centerline velocity has decayed to approximately 70 and 50
percent, respectively of Ue. This earlier decay in streamwise mean velocity along the
centerline of the jet is a strong indicator of increased mixing which causes greater
entrainment of surrounding fluid into the near field of an ASEJ when compared with

the unexcited jet.
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Note that Hasan and Hussain (1982) chose the nozzle pipe exit as the origin
(X/D = 0.0) for ASEJ and unexcited jet conditions. If the pipe exit is chosen instead of
the collar exit for ASEJ conditions, data in Figs. 6.3-6.6 are translated to the right by
the respective L. of first and second stage ASEJ (approximately 2 nozzle pipe
diameters for first stage ASEJ and 3.5 nozzle pipe diameters for second stage ASEJ).
In this case, the decay in mean velocity at 5.0 nozzle pipe diameters downstream of

the pipe exit is 90 and 80 percent of Uk for first and second stage ASEJ, respectively.
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Figure 6.7: Comparison of streamwise variation of u’./U. along the centerline of the
jet for the unexcited free jet with Hasan and Hussain (1982).
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Figure 6.8: Comparison of streamwise variation of u’./U. along the centerline of the
jet for first stage ASEJ with Hasan and Hussain (1982).
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Figure 6.9: Comparison of streamwise variation of u’./U. along the centerline of the
jet for second stage ASEJ with Hasan and Hussain (1982).
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Figure 6.10: Streamwise variation of u'./U. along the centerline of the jet.
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A comparison with Hasan and Hussain (1982) for the streamwise turbulent
intensity u’c along the centerline of the jet is shown in Figs. 6.7-6.9. Again, turbulent
intensity was normalized using the same U, shown in Table 6.2. In Fig. 6.7, unexcited
jet conditions are shown to have peaks in u'. at approximately 7-8 jet exit diameters
from the nozzle exit, agreeing well with the peak in u'. measured by Hasan and
Hussain (1982). From Fig. 6.7 it is clear that the magnitudes of peak u’; for unexcited
jet conditions are approximately 10 percent. The magnitude in peak turbulent intensity
measured by Hasan and Hussain (1982) was approximately 15 percent. The reason for
the lower magnitude in peak u'cin this study is thought to be related to the seeded flow
required to obtain PIV measurements. It is reasonable to assume that some of the
turbulent and mean flow kinetic energy of the jet would go into moving the seed
particles for PIV measurements relative to going into generation of turbulence for the
unseeded flow studied by Hasan and Hussain (1982). Also, Hasan and Hussain (1982)
document the jet initial condition for all jet conditions studied by recording the
streamwise turbulent intensity at the center of the pipe exit and the exit boundary layer
of the pipe nozzle. In this study, because the first PIV measurement was 1 mm away
from the nozzle exit and because of the low spatial resolution of PIV measurements
relative to the exit boundary layer thickness, the jet initial condition was not
documented. It is therefore possible that the magnitude of turbulent intensity at the
pipe nozzle exit for the current study is less than that of Hasan and Hussain (1982)
which would have an effect on the streamwise variation of u'c thus explaining the
lower magnitude of peak u'.. In Fig. 6.8, first stage ASEJ conditions are compared to

Hasan and Hussain (1982). It is clear from Fig. 6.8 that first stage ASEJ conditions
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peak in u’c locations agree well with Hasan and Hussain (1982) but, are slightly shifted
closer to the jet exit. Again, magnitudes of peak u'. for ASEJ conditions are less than
that measured by Hasan and Hussain (1982). In Fig. 6.9 second stage ASEJ conditions
are compared to Hasan and Hussain (1982). From Fig. 6.9 it is clear that second stage
ASEJ conditions do not agree well with Hasan and Hussain (1982). The deviation of
second stage ASEJ conditions compared to Hasan and Hussain (1982) is thought to be

due to acoustic feedback from the enclosure walls.

Figure 6.10 presents a plot of the streamwise variation of u'. along the
centerline of the jet for all jet conditions studied. From Fig. 6.10, it is clear that u’; is
amplified in the near field for the first and second stage ASEJ when compared to the
unexcited jet, with the largest increase occurring in second stage ASEJ. Peak turbulent
intensity for second stage ASEJ is between 20 and 25 percent of U. and occurs
between 1 and 1.5 diameters downstream of the collar exit. In comparison, peak
turbulent intensity for first stage ASEJ is between 10 and 15 percent of the mean exit
velocity located 3.5 to 4 diameters downstream of the collar exit. Notice that peaks in
turbulent intensity are approximately the same (10 percent of U,) for the unexcited jet
conditions and first stage ASEJ conditions. It is seen by comparing Figs. 6.7 and 6.8
that the peaks in u'. for Hasan and Hussain (1982) are approximately the same (15
percent of Ue). This trend in magnitude of peak u’. again demonstrates good agreement
between this study and that of Hasan and Hussain (1982) for both the unexcited jet and
first stage ASEJ conditions. If the pipe exit rather than the collar exit is chosen as the

starting point for ASEJ peak turbulent intensity positions translate to the right in Fig.
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6.10 by the respective L. of first and second stage ASEJ (approximately 2 nozzle pipe

diameters for first stage ASEJ and 3.5 nozzle pipe diameters for second stage ASEJ).
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Figure 6.11: Cross-stream variation of v'./U. along the jet centerline.
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Jet centerline variation of cross-stream turbulent intensity is presented in Fig.

6.11 normalized using U.. In Fig 6.11 v'. for unexcited jet cases is shown to follow the
same general trend as u’. however, peak v'c is only 10 percent of U. compared to the
15 percent peaks seen in Fig 6.10 for u'c. In earlier studies such as Crow and
Champagne (1970); Hill and Greene (1977); Hasan and Hussain (1982); Drobniak and
Klajny (2002) v'. was not reported explicitly and hence cannot be compared here. In
Fig 6.11, it is clear that v'; is enhanced for first and second stage ASEJ in the near
field when compared to the unexcited jet. As was the case for u'., the largest
enhancement of v'. (15 to 17 percent) occurs in the second stage ASEJ between
approximately 1.5 and 2 diameters downstream of the jet exit. Peak v'c in first stage
ASEJ is approximately 12 percent and occurs between 3 and 4 diameters from the jet
exit. If the pipe exit was chosen as the origin instead of the collar exit the peak Vv’
locations shift to the right in Fig. 6.11 by the respective L. for first and second stage

ASEJ.

Figure 6.12 shows streamwise variation of the volumetric flow rate Q/Q, for

the three jet conditions studied; Q, is the exit volumetric flow rate of the unexcited

jet. Exit volumetric flow rate was calculated by dividing the average mass flow rate of
each jet condition measured using the mass flow meters by the density of air. The

values of ée calculated where 0.00398, 0.00707, and 0.0103 m’/s for the jet

conditions having a Reynolds number of 27,000, 49,000, and 71,000, respectively.

Figure 6.12 indicates that the volumetric flow rate increases as a function of distance
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from the jet exit. This increase in volumetric flow rate is due to the spread of the jet by

entrainment of the surrounding air into the jet. Notice that Q/Q, for first and second

stage ASEJ is greater than that of the free jet for the entire range reported however; the
curves for excited jets compared to first and second stage ASEJ have equal slopes.
This suggests that the acoustic self-excitation has the effect of moving the virtual
origin of the jet upstream of the ASEJ exit without increasing the rate of entrainment.
Hasan and Hussain (1982) show the same effect in their similar study using hot-wire
anemometry. Note if the pipe exit rather than the jet exit was used as the origin the
data for first and second stage ASEJ shifts to the right by the respective L. for first and
second stage ASEJ resulting in volumetric flow rates close to identical for unexcited

jets and first and second stage ASEJ.
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6.3 Whole field results

Because trends in the whole field data maps are similar for the three Reynolds
numbers studied, only data for Re = 49,000 is presented here. Figure 6.13 a, b, & ¢
presents the whole field variation in streamwise mean velocity U, for the unexcited jet,
the first, and second stage ASEJ, respectively. Again, this velocity is normalized using
U., the mean velocity at the pipe exit for unexcited jets and collar exit for first and
second stage ASEJ. Both the X and R axis are scaled by the pipe inner diameter D, of
1.27 cm. Notice that the shape of the U/U, profile at the jet exit changes from top-hat,
typical of fully developed turbulent pipe flow in Fig 6.13a, to a partially parabolic

partially top-hat mean velocity profile at the collar exit for the first stage ASEJ Fig.
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Figure 6.13: Whole field streamwise variation of U/U, - (a) unexcited jet, (b) first
stage ASEJ, (c) second stage ASEJ.
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6.13b. Comparing Fig. 6.13b to Fig. 6.13c reveals that the collar exits mean velocity
profile for the second stage ASEJ is parabolic compared to the part parabolic/top-hat
collar exit mean velocity profile of the first stage ASEJ. The parabolic mean velocity
profile at the collar exit for the second stage ASEJ signifies greater diffusion of
momentum across the jet indicating larger spread of the jet for second stage ASEJ

compared to first stage ASEJ.

-1 1 -1 1
R/D RD

(a) (b) (c)
Figure 6.14: Whole field variation of mean vorticity Q/Qn.x - (a) unexcited jet, (b)
first stage ASEJ, (c) second stage ASEJ.

Whole field variation of mean vorticity, €, is presented in Figs. 6.14 a, b, & c,
for the unexcited jet, the first, and second stage ASEJ, respectively. Mean vorticity is
normalized using the maximum mean vorticity, Qp,x, measured within each flow field
which was 72,430, 16,494, and 6,969 1/s for the unexcited jet, first, and second stage

ASEJ, respectively. The maximum vorticity in each dataset was chosen to normalize
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the vorticity data because it allows for unexcited and ASEJ cases to be compared to
one another on the same scale (i.e. 0 < Quax < 1). Another possible scaling factor
would be U/D where D is the pipe nozzle inner diameter or, Uc/0 where 0 is the
momentum thickness of the shear layer at the pipe-nozzle exit. However, U./D does
not scale the vorticity maps to unity and a determination of 0 at the nozzle exit was not
possible using PIV due to poor resolution. Notice in Figs. 6.14 a-c that vorticity is
greatest close to the nozzle exit and concentrated in the developing shear layer. From
Figs 6.14, it is clear that the span wise extent of high vorticity near the nozzle exit is
greatest for second stage ASEJ when compared to first stage ASEJ and the unexcited
jet. The presence of larger vorticity is indicative of a larger shear layer for first and
second stage ASEJ implying that ASEJ experience more turbulent mixing in the near

field of the jet when compared to the unexcited jet.

Whole field variation in streamwise turbulent intensity, u', is presented in Figs.
6.15 a, b, & c, for the unexcited jet, first, and second stage ASEJ, respectively.
Likewise, whole field variation of cross-stream turbulent intensity, v', is presented in

Figs. 6.16 a, b, & c, for the unexcited jet, first, and second stage ASEJ, respectively.

Both u' and v' are normalized by the streamwise mean velocity, U,, at the pipe exit for
the unexcited jet and the collar exit for first and second stage ASEJ. Presented in this
manner, the scale for the plots of Figs. 6.15 and 6.16 are identical and permit a direct
comparison of magnitudes. In Fig. 6.15, it is seen that the magnitude of u'/U, near the
jet exit is enhanced for first and second stage ASEJ when compared to the unexcited

jet. Also, the magnitude of u'/U, for second stage ASEJ is enhanced compared to first
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Figure 6.15: Whole field streamwise variation of u'/U. - (a) unexcited jet, (b) first
stage ASEJ, (c) second stage ASEJ.
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stage ASEJ, (c) second stage ASEJ.
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stage ASEJ. In Fig. 6.16, it is seen that the magnitude of v'/U. near the jet exit is
enhanced for first and second stage ASEJ when compared to the unexcited jet. Also,
the magnitude of u'/U. for second stage ASEJ is enhanced compared to first stage
ASEJ. Comparing Figs 6.15 and 6.16 indicate that the u'/U, for both the ASEJ and
unexcited jet are larger than v'/U.. This is because u'/Ue is in the direction of the mean
flow containing most of the turbulent kinetic energy and v'/U. is a result of a

redistribution of turbulent kinetic energy in the jet.
Figure 6.17 a, b & c, are plots of the correlation of streamwise and cross-
stream fluctuating velocity, '_V', for the unexcited jet, first, and second stage ASEJ,

respectively normalized withU2. The significance of the fluctuating velocity

correlation is discussed by Tennekes and Lumley (1972). By examining the kinetic

energy of the mean flow Tennekes and Lumely (1972) explain that the
expression—pu’, u'S; is the turbulent energy production where, p is density and Sj; is

the rate of strain tensor of the mean flow. They show that the turbulent energy

production serves to exchange kinetic energy from the mean flow to the turbulence.

Figures 6.17 a, b & c, indicate that there is an increase in u'v' for both the first and

second stage ASEJ in the near field compared to the unexcited jet. Also, the extent of
the increased region of u'v' is greater for second stage ASEJ compared to first stage

ASEJ. Note that in all cases u'v' is concentrated in the shear layer of the jet and is
negligible in the center of the jet indicating the exchange of mean kinetic energy to

turbulence is greatest in the shear layer.
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unexcited jet, (b) first stage ASEJ, (c) second stage ASEJ.
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Whole filed variation of mean flow kinetic energy, Q°, is presented in Figs.

6.18 a, b, & c, for the unexcited, first, and second stage ASEJ, respectively normalized
by U2. From Fig. 6.18, it is clear that the acoustic self-excitation has the effect of
reducing the magnitude of the mean flow kinetic energy for both the first and second
stage ASEJ compared to the unexcited jet. Recall, that the potential core remained for
between 4 and 5 pipe nozzle diameters for the unexcited jet and between 2.5 and 3
pipe nozzle diameters for the first stage ASEJ (see Fig. 6.6). In Figs. 6.18 a & b it is
shown that the magnitude of Q®/U> for the unexcited jet and first stage ASEJ,
respectively begins to decay at the same locations as the potential core of these two
jets. Thus, it is clear that the mean flow kinetic energy is associated with the jets
potential core. It is shown in Fig 6.18 c that the potential core of the second stage

ASEJ is destroyed shortly after the collar exit.

Whole field variation of the turbulent kinetic energy, q°, is presented in Figs.
6.19 a, b, & c for the unexcited jet, first, and second stage ASEJ, respectively
normalized by U?. In Fig 6.19 it is shown that the acoustic self-excitation has the
effect of increasing the magnitude of q2 for both first and second stage ASEJ. From
Figs. 6.19 a & b it is evident by the low magnitude of q”/U? in the jets potential core

that q” is associated with the developing shear layer of the jet flow. Comparing Figs.
6.18, and 6.19 it is seen that acoustic self-excitation has the effect of redistributing
energy from the mean flow kinetic energy to the turbulent kinetic energy closer to the

collar exit for first and second stage ASEJ than to the pipe exit in the unexcited jet.
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Figure 6.19: Whole field variation of turbulent kinetic energy q°/U? - (a) unexcited
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7 CONCLUSIONS

An experimental study of the near-field flow structure in an acoustically self-
excited jet (ASEJ) issuing into an enclosure was studied for three turbulent Reynolds
numbers of Re = 27,000, 49,000 and 71,000. An acoustic study was performed in
order to obtain quantitative measurements of the collar lengths resulting in first and
second stage ASEJ for the three jet conditions studied (Re = 27,000, 49,000 and
71,000). The flow fields of first and second stage ASEJ for the three jet conditions
studied were compared with that of an unexcited circular jet. Acoustic excitation was
seen to cause an increase in near-field mixing and local turbulence intensity of the first
and second stage ASEJ relative to the unexcited jet. For this study, the second stage
excitation of the ASEN enhanced mixing and turbulence in the near-field compared to
the first stage. Whereas the near-field mixing was enhanced using the ASEN, further
downstream, the entrainment rate was almost the same as for the unexcited jet. Also,
the far-field turbulence was diminished in comparison to the unexcited jet.

It is recommended that more analysis of the current data be completed such as
a POD analysis identifying the dominant modes within the ASEJ compared to the
unexcited jet. Also, it would be beneficial to take stereoscopic PIV measurements of
an ASEJ to obtain the third component of velocity for the planar data obtained in order
to better characterize the near-field flow structure of an ASEJ compared to an
unexcited jet. Stereoscopic PIV would be especially helpful in the three dimensional
quantitative characterization of the complex vortices that have been shown to emanate

from the exit of an elliptical ASEJ (Husain and Hussain (1999)).
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To this author’s knowledge, the ASEJ has not found wide spread use in any
real-world applications in the industry. This could be due to the loud pure tone the jet
produces which could be considered an annoyance. Therefore, it is thought that the
ASEJ could be scaled down such that the pure tone becomes inaudible to humans.
Quite possibly the ASEJ may become useful at a smaller scale and it would be
worthwhile to study the ASEJ at such a scale. Finally, the effect oscillating jets have
on jet impingement heat transfer and mixing of combustibles has been studied at larger
scales; however, not in great detail. If the ASEJ was to become useful at smaller scales
it would likely be in the area of heat or mass transfer. Therefore, the ASEJ could be
studied at smaller scales applied to jet impingement heat transfer or maybe spray

cooling.
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APPENDIX A: CALIBRATION

A.1 Calibration of pressure transducers

The differential pressure transducers where calibrated using the laboratory
calibration unit. The laboratory calibration unit consists of a pipe system having
fittings to attach the pressure transducers to be calibrated, lab compressed air source
and an Omega® NIST traceable hand held pressure calibration unit. The calibration
curves along with their functional relationships for the two pressure transducers used

in this study are shown below in Figs A.1 and A.2.
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Figure A.1: Calibration curve for critical flow meter pressure transducer.
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Figure A.2: Calibration curve for the rotameter pressure transducer.
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A.2 Calibration of thermocouples
The two thermocouples used in this study where calibrated using a constant
temperature water bath and a hand held Omega® calibration unit with a NIST

traceable RTD. The calibration data for the two thermocouples used is shown below in

Figs A.3 and A .4.
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Figure A.3: Calibration curve for the critical flow meter thermocouple.
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A.3 Calibration of microphone

The condenser microphone (Marshall electronics, MXL 603s studio condenser
microphone) calibration was carried out in a homemade calibration unit that consisted
of a box lined with egg crate foam having a 240 W 15.2 cm x 20.3 cm Pioneer car
audio speaker mounted to it. A sinusoidal waveform was input to the speaker from a
Tektronix® AFG2020 function generator that was amplified by a 250 W Kenwood
KAC5201 car audio amplifier. The microphone was calibrated against an integrating
sound level meter (Ono Sokki™, LLA-2111). The functional relationship of the overall
sound pressure level depended on the voltage coming from the microphone and the
frequency of the signal. Thus the calibration curve for this instrument was a three
dimensional curve. A trial version of Table Curve 3D® was used to generate the

following curve fit in Eq. A.1 for the sample of calibration data shown in Table A.2.

L,(f.v, Y=a+bf +cfInf +df'" +ef> +ff7Inf + % +hlny, (A1)
n

Where, L, is the over all sound pressure level (dB), fis the signal frequency (Hz) and
Vims 18 the root mean square voltage signal coming from the microphone. The values of

the constant coefficient (i.e. a,b,c,...h) are listed in Table A.1.

Table A.1: Constan coefficient values for microphone calibration curve.
a b c d e f g h
-7439.40 | -822.49 | 75.31 | -2.92 | 0.047 | -0.0036 | 2626.80 | 8.65
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Table A.2 is a sample of the data that was collected for the microphone calibration.
The full microphone calibration data set contains over one thousand columns.

Therefore, the full microphone calibration data set is not presented here.

Table A.2: Calibration data for microphone
RMS Voltage (V) | Sound Pressure (dB) | freq (Hz)
0.021181 71 500
0.021185 71 500
0.021186 71 500
0.021189 71 500
0.021187 71 500
0.021193 71 500
0.021189 71 500
0.021189 71 500
0.021186 71 500
0.021187 71 500
0.033926 75 500
0.033906 75 500
0.033916 75 500
0.033921 75 500
0.033924 75 500
0.033931 75 500
0.033908 75 500
0.033902 75 500
0.033897 75 500
0.033909 75 500
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APPENDIX B: UNCERTAINTY CALCULATIONS

Uncertainty in data collected and reported in this manuscript was calculated in
the same manner for all cases studied (i.e. Re = 27,000, 49,000 and 71,000).
Therefore, only details of uncertainty calculation for the Re = 49,000 data will be

presented here.

B.1 Uncertainty in mass flow data

Uncertainty in mass flow rate data was largely dependent upon uncertainty in
the temperature and pressure measurements required to obtain that data. Mass flow
rate measurements of both the main flow and seeded flow required temperature and
pressure measurements to account for the compressibility of air. Once uncertainty in
temperature and pressure measurements were known, the Kline-McClintock method
(Figliola and Beasley 2000) was used to determine uncertainty due to propagation of

errors through the functional relationships used to calculate the mass flow rates.

B.1.1 Uncertainty in temperature measurements

Uncertainties in temperature measurements were obtained using the

relationship in Eq. B.1.

2 2
0 = (Br )+ (St 50 (B.1)
B was bias error associated with the calibration of thermocouples. Stt, 959, accounts

for precision error in temperature measurements due to temperature fluctuations

during experimentation. Stis the standard deviation of a particular set of temperature
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data while t, 9s¢ is the t estimator (i.e. t = 1.96 for v > 60 samples) for a 95 percent
precision interval taken from the student-t distribution for finite statistics.
The bias error of temperature measurements consisted of two sources of error

and was calculated using Eq. B.2.

B, = \/(STVtv,%% )2 + (eT,STD )2 (B.2)
Curve fits where used to determine temperatures from the value indicated by the
Omega® digital thermocouple readout. Stvt, 959 was the precision error introduced
due by the use of the curve fits to determine actual temperatures from the calibrated
thermocouples. Sty was the standard error of the curve fits to the calibration data.
Again, t,959 1s the t estimator (i.e. t = 1.96 for v > 60 samples) for a 95% precision
interval taken from the student-t distribution. The second term on the right hand side
of Eq. B.2 accounts for the error introduced by the NIST traceable lab standard
(erstp) used for temperature (i.e. thermocouple) calibrations. Note that ersrp is a
constant for all cases and is equal to + 0.3 °C. Shown in table B.1 were the uncertainty
values calculated for temperature measurements on both the sonic flow meter (Tsp)
and rotameter (Tr). Percent uncertainty for temperature measurements in all cases
were based on the average temperature found from the temperature data recorded for

that case.
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Table B.1: Uncertainty values in temperature measurements for Re = 49,000

Calibration Data Total
Thermocouple | Stvtyos% (°C) Bt (°C) Stty95% (°C) | ur (°C) [%]
Tsk 0.09 0.31 0.40 0.51 [2.3]
Tr 0.10 0.32 0.18 0.36 [1.6]

B.1.2 Uncertainty in pressure measurements

Uncertainty in the pressure measurements were estimated using the

relationship in Eq. B.3.

2

Up = \/(BP )2 +(SPtv,95%) (B.3)

Bp was bias error associated with the calibration of pressure transducers. Spty 959

accounts for precision error in pressure measurements due to pressure fluctuations

during experimentation. Spis the standard deviation of a particular set of pressure data

while t, 954 is the t estimator (i.e. t = 1.96 for v > 60 samples) for a 95% precision
interval taken from the student-t distribution.

Bias error of pressure measurements consisted of two sources of error and was

calculated using Eq. B.4.

B, = \/(SPVtv,%% )2 + (eP,STD of calibration )2 (B.4)

Curve fits were used to determine pressures from the voltage signal sent by the
pressure transducers. Spyt,9s¢, was the precision error introduced through the use of
the curve fits to determine actual pressures. Spy was the standard error of the curves fit
to the calibration data. Again, t, 95 is the t estimator (i.e. t = 1.96 for v > 60 samples)

for a 95% precision interval taken from the student-t distribution. The second term on
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the right hand side of Eq. B.4 accounts for the error introduced by the NIST traceable
lab standard (epstp) used for pressure transducer calibrations. Note that epstp is a
constant for all cases and is equal to + 0.34 kPa (i.e. = 0.05 psia). Shown in table B.2
were the uncertainty values calculated for pressure measurements on both the sonic
flow meter (Psp) and rotameter (Pgr). Percent uncertainty for pressure measurements in
all cases were based on the average pressure found from the pressure data recorded for

that case.

Table B.2: Uncertainty values in pressure measurements for Re = 49,000

Calibration Data Total
Pressure Spvty.95% Bp Spty.95% up
Transducer (kPa) (kPa) (kPa) (kPa) [%]
Psk 1.86 1.93 1.17 2.24 [0.49]
Pr 0.48 0.62 0.48 0.78 [0.47]

B.1.3 Uncertainty in primary mass flow rate

Mass flow rate of primary air flow to the jet was calculated using Eq. B.5

supplied with the sonic flow meter with an added unit conversion to SI units.

I;ISF (k?g) =K, [mm.\/ﬁ] {PSF(psia)} (0.4536kg) (B.5)

sepsia \/TSF (R) 11bm

Uncertainty in the primary mass flow rate was calculated using the Kline-McClintock

method on Eq. B.5 shown below in Eq. B.6.
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9 s )

UP, ( sia) +...
SF (R aPSF (psia) SEP

u I;SF (ij _ [0.45361«;] (B.6)

1lbm .
0 msr (lb—mj

S

.t

o )
aKSF [u)m-«/i ] sepsia

sepsia

Tsg and Psg were the stagnation temperature and pressure respectively measured
upstream of the sonic flow meter. Uncertainty in stagnation temperature and pressure
measurements were those discussed in the previous sections. Kgg was the calibration
coefficient supplied with the sonic flow meter which was dependent upon stagnation
pressure. Eq. B.7 was the curve fit of the calibration coefficients dependence on

stagnation pressure.

K, (M] = a+bP,,, (poia) + ———— (B.7)

sepsia PSF (psia)

Uncertainty in sonic flow meter calibration coefficient was calculated using the Kline-

McClintock method on Eq. B.7 shown below in Eq. B.8.

KSF [u)m-«ﬁ] ?
sepsia 2
Uk [vaTﬁ]: >, (p;) urg (psia) | +(Spty o ) (B.8)

The first term on the right hand side of Eq. B.8 accounts for the propagation of error
through the calculation of calibration coefficient using the functional relationship of
Eq. B.7. Skptyos% is the standard error of the curve fit used to obtain the functional

relationship of the calibration coefficient. Uncertainty in the calibration coefficient
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was estimated to be 5.70(10”) (Ibm*R"?/s*psia) and uncertainty in primary mass flow

rate was estimated to be 9.14(10’4) (kg/s) for the Re = 49,000 case.

B.1.4 Uncertainty in secondary mass flow rate

Mass flow rate of seeded air to the jet was calculated using Eq. B.9 supplied

with the rotameter along with an added conversion from (L/min) to (kg/s).

1
© e el (Pt V(5300 VP v
SRV ERC .

R

Uncertainty in mass flow rate through the seeder was determined using the Kline-

McClintock method on Eq. B.9 as follows below in Eq. B.10.

. 2 R 2
—8 I.nR (ﬁ) U0y ]|+ —;I)HR (ﬁ) UP, (1) | +
. 9 Qus 1) g ()
Wme (2] = . ) . ) (B.10)
ot —a - (‘H ut, () | + Jmx (mij up[gj
OTg (r) op [%} "

In Egs. B.9 and B.10 Pg and Tg were the measured working pressure and temperature

respectively of the rotameter. Uncertainty in these parameters was discussed in

previous sections. In Eq. B.10 Qg was the uncorrected volumetric flow rate of air

through the seeder. The uncertainty in Qg was due to the curve fit used to determine

its value from the scale reading of the roatmeter. The standard curve fit error and thus

uncertainty in Q¢ was determined to be 0.12 (L/min) using as
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UQe =St 50 (B.11)

where, t, 959, was the student t distribution factor for a 95 percent confidence interval.
The uncertainty in density measurements was determined by using the Kline-

McClintock method on Eq. 4.8 the ideal gas law of chapter 4 and is shown below in

2 2
ap p
= P, (kPa T (K B.12
v \/(apk(kpa)uk(k )) {aTR(K)u“( )j (B.12

Again the uncertainty in pressure and temperature measurements was discussed at the

Eq. B.12.

beginning of this chapter. For the Re = 49,000 case uncertainty in density was
estimated to be 9.55(10"3) (kg/m3) and uncertainty in secondary mass flow rate was

6.51(10) (kg/s).

B.1.5 Uncertainty in total mass flow rate

Uncertainty in total mass flow rate was estimated using Eq. B.13 where, um:

was the uncertainty in the mass flow rate measured using the rotameter and ums: was

the uncertainty in the mass flow rate measured using the sonic flow meter.

u;:\/(u;kj +(u;mj (B.13)

For the Re = 49,000 case the total uncertainty in mass flow rate was determined to be

9.14( 10'4) (kg/s) or 10.45 %. Percent uncertainty in all cases was based on the average

mass flow rate recorded for that case.
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B.2 Uncertainty in acoustic data

Uncertainty in overall sound pressure level (dB) measurements (up,) were

determined as

U, =, /BLP2 +uprdam2 (B.14)

where, up, daa Was the uncertainty due to fluctuations in the rms voltage and frequency
used to calculate overall sound pressure level via the microphone calibration curve
during experimentation. A Sequential perturbation (Figliola and Beasley (2000)) of the
microphone calibration curve was used to determine uppga. The maximum standard
deviation of rms voltage fluctuations and frequency fluctuations during
experimentation was used as the perturbation parameters.

The bias error (By,) introduced thru the calibration of the microphone used to obtain

overall sound pressure level was estimated as

_ 2 5
BLp - \/CLP + SfLPVtV,‘)S% + uLp,cali (B 15)

where, e, was the uncertainty of the standard microphone used for calibration of the
microphone, Sgpvtyose was the standard curve fit error of the calibration curve fit to
the calibration data, and up,c.i was determined using sequential perturbation on the
calibration curve fit. The perturbation parameters used in the sequential perturbation
were the maximum standard deviation of the rms voltage at a calibration point and the
uncertainty in the frequency of the signal sent by the function generator. The
maximum standard deviation in rms voltage at a calibration point was 7.67 mV and
the uncertainty in frequency of the signal sent by the function generator was 5 Hz. The

values of erp, St pvty,95%, ULp,cali, and Urp dae Were 0.1 dB, 1.29 dB, 0.017 dB, and 3.57
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dB, respectively. With the above values By, turns out to be 1.27 dB resulting in an

overall sound pressure level uncertainty of 3.79 dB.

B.3 Uncertainty in PIV data

Accuracy of a PIV measurement is largely dependent upon how accurate the
particle displacement is measured. As discussed in chapter 5 a commonly accepted
uncertainty in displacement is 0.1 pixels (Keane and Adrian (1992)) for a seed size of
approximately 2-3 pixels in raw PIV images. In the current study the seed size is about
1 pixel in raw PIV images. The desired 2-3 pixel seed size is impossible to achieve in
this study for two reasons. First, the seed size is kept small (i.e. 11 um on average) in
order to insure the seeds follow the flow field. Second, the field of view is relatively
large in order to capture the entire flow field. However, (Dano 2005) validated the use
of the 0.1 pixel uncertainty in displacement for a seed size of 1 pixel by creating
artificial raw PIV images with a known velocity field in MatLab® and resolving the
velocity fields with FlowManager® to characterize the error. Therefore, an uncertainty
in particle displacement of 0.1 pixels is used to estimate the uncertainty of PIV

measurements in this study.

B.3.1 Uncertainty in instantaneous velocity

The starting point for a PIV measurement is to obtain instantaneous whole
field velocity measurements. A cross-correlation scheme is used to determine the
displacement of particles in the flow field and solve the well known equation for
velocity Eq. B.16, where Ax (m) is the measured particle displacement and At (s) is the

user input time between laser flashes.
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_AX

u, =— B.16
YAt (B.16)

Uncertainty in instantaneous velocities is estimated by applying the Kline-McClintock

method to Eq. B.16 as shown below in Eq. B.17.

_ 2 2+ ) (B.17)
B Tl 9ax ) T oAl '

The pixel pitch of the CCD camera is 6.45 pm/pixel and the scale factor to convert

from CCD space to image space is 5.37. Thus the uncertainty in displacement (uax)

for all cases is 3.46 um determined by Eq. B.18.

u, = (0.1 pixel)[6.45 A j(5.37) (B.18)
pixel

Uncertainty in camera timing (u) is given by the manufacturer to be 33(10”) s which
is three orders of magnitude less than the spatial uncertainty and is therefore neglected

in uncertainty calculations. For Re = 49,000 cases At is 1.5 us giving an uncertainty in

instantaneous velocity of 2.31 m/s or 3.70 percent based on the free jet exit velocity.

B.3.2 Uncertainty in mean velocity

As was discussed in chapter 5 mean velocity in the streamwise direction at
each location of the two dimensional velocity map was calculated using the
relationship of Eq. B.19 where, Uj; and u;jx where the streamwise components of mean

and instantaneous velocity, respectively.

1 N
U, =§Zuﬁ,k (B.19)
k=1
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The mean velocity in the cross stream direction is calculated in the same manner as
Eq. B.19 and thus will not be shown here. Uncertainty in mean velocity was estimated
by applying the Kline-McClintock method to Eq. B.19 and is shown below in Eq.

B.20.

N (9U. 2
u, = z(%uukj (B.20)
k

k=1

Writing out the summation in Eq. B.20 allowed for simplification and is shown below

in equation B.21.

2 2 2
ull ull uu
N DA ER

Note that the uncertainty in mean velocity is only dependent upon the uncertainty in

instantaneous velocity uy and the number of samples N (i.e. 750 samples) used to
calculate the mean velocity. Therefore, the uncertainty in streamwise and cross stream
velocity was equivalent. For the Re = 49,000 case uncertainty in mean velocity was

0.08 m/s or 0.13 percent based on the mean velocity at the exit of the free jet.

B.3.3 Uncertainty in fluctuating velocity

The uncertainty in fluctuating velocity in both the streamwise and cross stream

directions where determined to be equivalent and where estimated using Eq. B.22.

u, =y(uy) +(u, )2 (B.22)

For Re of 49,000 case u, was 2.31 m/s or 7.89 percent based on the maximum

fluctuation present for these cases.
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B.3.4 Uncertainty in vorticity calculations

Dantec Dynamics® Flow Manager® software was used to process the PIV
data and calculate the mean vorticity field using the finite difference approximation in

Eq. B.23.

Vm+1 n Vm—l n
Q_(m,n)= : = —

] B.23
AX Ay ( )

Uncertainty in mean vorticity calculations where estimated by applying the Kline-
McClintock method to Eq. B.23 (i.e. Eq. B.26) after making the substitutions shown in

Eq. B.24 and B.25.

A = Vm+1,n - Vm»l,n (B24)
B = Um,n+1 - Um,n—l (B25)

u, =\/(LuA] +(Lu3] (B.26)
Ax Ay

Uncertainty in the substitution variables A and B was determined by applying the
Kline-McClintock method to Eq. B.24 and B.25 respectively shown below in Eq.

B.27.

U, =u, = \/(HUU ) +(uy, ) (B.27)

For Re = 49,000 case Ax was 278 um, Ay was 557 um, ua and ug was 0.12 (m/s)
resulting in an uncertainty in mean vorticity of 479.06 (Hz) or 0.66 percent based on

the maximum vorticity measured for this case.
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B.3.5 Uncertainty in volumetric flow rate

Volumetric flow rate was calculated using the mean velocity maps and
integrating across the jet from the centerline to a location where the velocity was
greater than or equal to 5 percent of the local mean centerline velocity. The integration
Eq. B.28 was split into a right and left side term because of the singularity at r equal to

Z€10.

2xr

27[1' R —
dr+ jo U(r)T dr (B.28)

Q=UA :jo U=
A numerical integration scheme shown in Eq. B.29 was used to integrate the discrete

data available to calculate volumetric flow rate.

Q= m{i U, )ri] +ﬂAr(i U )rij (B.29)

L
Eq. B.30 and B.31 is a result of splitting up the left and right sides and expanding the

summations.

QL:7rAr[I_J(r1)r1 +I_J(r2)r2+...+[_J(rN)rN] (B.30)

L

QR=7£Ar[l_J(r1)rl+I_J(r2)r2+...+U(rN)rN}R (B.31)

The uncertainty in volumetric flow data was estimated by applying the Kline-
McClintock method to Eq. B.30 and B.31 and root sum squaring the results in Eq.

B.32.

u, =\/(u. j +(u. j (B.32)
Q QL Qr
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For the Re = 49,000 case the uncertainty in volumetric flow data presented was
1.72(10’4) m’/s or 1.28 percent based on the local volumetric flow rate of the fixed

position used to calculate uncertainty in volumetric flow rate.
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APPENDIX C: PIV DATA FOR THE REYNOLDS NUMBER OF
27000 AND 71000

In Appendix C PIV data for the jet study with a Reynolds number equal to
27,000 and 71,000 is presented. The data in this section is similar to that discussed in
chapter 5. Thus, refer to chapter five for an in depth explanation of the data presented

in here in Appendix C.

C.1 P1V data for the Reynolds number of 27,000

Figure C.1: Whole field streamwise variation of U/U, - (a) unexcited jet; (b) first stage
ASEIJ; (c) second stage ASEJ.
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Figure C.2: Whole field streamwise variation of Q/Q.,«x - (a) unexcited jet; (b) first
stage ASEJ; (c) second stage ASEJ.
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Figure C.3: Whole field streamwise variation of u'/U, - (a) unexcited jet; (b) first stage
ASEJ; (c) second stage ASEJ.
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Figure C.4: Whole field streamwise variation of v'/U, - (a) unexcited jet; (b) first stage

ASEJ; (c) second stage ASEJ.
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Figure C.5: Whole field variation in fluctuating velocity correlationu'_V'/Ug - (a)
unexcited jet; (b) first stage ASEJ; (c) second stage ASEJ.
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Figure C.6: Whole field variation of mean flow kinetic energy Q°/ Ui - (a) unexcited
jet; (b) first stage ASEJ; (c) second stage ASEJ.
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Figure C.7: Whole field variation of turbulent kinetic energy q”/U> - (a) unexcited
jet; (b) first stage ASEJ; (c) second stage ASEJ.
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C.2 PIV data for Reynolds of 71,000
In the following section the PIV data for the jet study with a Reynolds number
for 71,000 is presented. The data in this section is similar to that discussed in chapter

5. Thus, refer to chapter five for explanation of the data presented here.
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Figure C.8: Whole field streamwise variation of U/U, - (a) unexcited jet; (b) first stage
ASEIJ; (c) second stage ASEJ.
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Figure C.9: Whole field variation of mean vorticity 0/Qp. - (a) unexcited jet; (b) first
stage ASEJ; (c) second stage ASEJ.
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Figure C.10: Whole field streamwise variation of u'/U. - (a) unexcited jet; (b) first
stage ASEJ; (c) second stage ASEJ.
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Figure C.11: Whole field streamwise variation of v'/U. - (a) unexcited jet; (b) first
stage ASEJ; (c) second stage ASEJ.
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Figure C.12: Whole field variation in fluctuating velocity correlationu'_V'/UZ- (a)
unexcited jet; (b) first stage ASEJ; (c) second stage ASEJ.
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Figure C.13: Whole field variation of mean flow kinetic energy Q’ /U: - (a) unexcited
jet; (b) first stage ASEJ; (c) second stage ASEJ.
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Figure C.14: Whole field variation of turbulent kinetic energy q*/U?- (a) unexcited
jet; (b) first stage ASEJ; (c) second stage ASEJ.






