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Abstract
The study of military style exhaust nozzles to further understand their acoustic
characteristics has been the recent focus of the Pennsylvania State University high-speed
jet aeroacoustics facility. Advanced measurement techniques are required to study the
turbulence characteristics of the flow field. Development of a laser Doppler velocimetry
system would allow for these measurements to be made non-intrusively.
Development of the laser Doppler velocimetry system required research and
testing of each component as it was placed into the system. Development was split into
two portions: fundamental or basic concepts and components, and advanced components.
During these stages, many components, such as the transmitting and receiving probes,
were fabricated, procedures were developed, and calibration of the transmitting probe
was completed.
Once the development stages were complete, the laser Doppler velocimetry
system was used to measure subsonic flows of a cold air exhaust jet.

Velocity

measurements proved to be accurate to within 2% of calculated jet Mach numbers with
discrepancies of up to 6% at Mach numbers approaching 1 at x/D of 2. Comparison of
axial turbulence intensity data to previous studies yielded less favorable result possibly
due to use of the exhaust fan, but this hypothesis cannot be proven without more
experiments.
Parametric studies were also on the ratio of the injection pressure ratio to the
nozzle pressure ratio and the exhaust fan power determine their effects of seeding on
measurement values. It was determined that ratio of the injection pressure ratio to the
nozzle pressure ratio had negligible effect on the measurements except at a value of 1
where the axial turbulence intensity was up to 6% different than the other measurements.
However, the ratio was found to have an inverse relationship to the number of validated
burst particles per unit time. The power of the exhaust fan created differences in the
measurement of up to 3% at x/D greater than 6, with higher values of Mach number and
lower values of axial turbulence intensity at the exhaust fan power of 15%. However, it
is difficult to draw conclusions with only two sets of data.
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Chapter 1: Introduction
1.1

Motivation

The exhaust of military style aircraft has been the focus of research for many
years. Studies on everything from thrust to noise generation to turbulence statistics have
been explored in an effort to create more efficient and more powerful engines. As time
moves on and the fundamentals are better understood, there is a need to understand more
complex physics of the problem and examine how the various aspects of the engine
exhaust are intertwined. Due to the strict regulations for military aircraft drag and
weight, as well as the possibility for noise requirements, it has become more important to
understand the most complex systems at work in jet exhaust. Flow investigation methods
such as hot wire anemometry, pitot rake surveys, and shadowgraph and schlieren imaging
have certainly laid an excellent foundation and continue to be useful, but direct
measurements of turbulence statistics using non-intrusive methods are required for more
in-depth understanding of the flow. Methods such as particle image velocimetry (PIV),
optical deflectrometry (OD), and laser Doppler velocimetry (LDV) have all proven to be
valuable measurement technologies.

The development of these systems to create

comprehensive experimental databases of turbulence statistics is vital to the continued
understanding and advancement of jet engine exhausts.

1.2

Laser Doppler Velocimetry Theory

LDV systems combine two wave phenomena to make measurements, the Doppler
Effect and constructive/destructive interference patterns.

The interference pattern is

created by two laser beams crossing after exiting a transmitting probe. A flow with
entrained, reflective particles is passed over the interference pattern. The Doppler shifted
light reflections of the particles, known as Doppler bursts, are then detected by a photo
multiplier tube (PMT) which relays the data to the data acquisition system.
1.2.1 The Doppler Effect
First proposed by Christian Doppler in 1842, the Doppler Effect is the change in
the observed frequency of a source depending on the observer’s relative movement to the
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source [1]. This is the basic operating principle of the LDV system. When particles
move through the interference pattern created by crossing two laser beams, the reflected
light is observed and measured by the PMT in a receiving probe. The frequency of the
reflected light is slightly different than that of the incident light.

This change in

frequency is known as the Doppler frequency.
1.2.2 Interference Pattern of Plane Waves
When two plane waves of the same frequency meet at an angle, they form what is
called an interference pattern [1]. An interference pattern is the resultant of two waves
superposing, creating a standing wave pattern of high amplitude (constructive
interference) and low amplitude (destructive interference).

The constructive and

destructive interference between the two waves create alternating bands of high intensity
and low intensity, often called fringes. Creating an interference pattern with a laser for
the purposes of an LDV system requires the crossing of at least two beams that are
collimated, monochromatic, coherent, and of the same polarity. When a particle moves
through an interference pattern the light from the particle is scattered from the two
beams. The scattered light is Doppler shifted by an amount directly proportional to the
particle velocity, calculated using equation ( 1-1 ).
( 1-1 )

Where up is the particle velocity, df is the fringe spacing, and fD is the Doppler frequency.
This Doppler shifted, scattered light is detected by the PMT and a voltage is relayed back
to the DAQ system for processing.

1.3

Background

1.3.1 The Origin of Laser Doppler Velocimetry
The first functioning laser was created in 1960 by Theodore H. Maiman at
Hughes Research Laboratories [2]. It used a synthetic ruby crystal to produce a pulsed
red (694 nm) laser light. This discovery paved the way for the development of all other
lasers.
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In 1962 Bell Telephone Laboratories used a Helium-Neon laser to create the first
continuous wave laser, emitting visible red light at 632.8 nm [3]. Shortly after the
development of the continuous wave laser, it was used to measure fluid flow via the
Doppler effect by scattering light off of small polystyrene spheres entrained in fluid by
Yeh and Cummins [4].
Building upon the principles of Yeh and Cummins’ laser Doppler spectrometer
measurements, Foreman et al. [5] developed the first laser Doppler flowmeter. They
focused a Helium-Neon laser on the center of a glass tube which had a mixture of air and
smoke flowing through it. By measuring the Doppler shift of reflected light, they were
able to accurately measure flow up to a speed of approximately 100 cm/sec (3.28 ft/sec)
and track the Doppler shift frequency up to a maximum speed of 14.4 m/sec (47.2 ft/sec).
Shortly thereafter, the instrument was given the name laser Doppler velocimeter and the
technique laser Doppler velocimetry or laser Doppler anemometry (LDA).
1.3.2 Select Milestones in LDV Development
Initially, LDV systems were used to make measurements in pipe flow [6], blood
flow [7], and even adapted to make structural vibration measurements [8]. Since the
initial development and use of the LDV system, it has been advanced and adapted to
many different areas of research for many different purposes. More recent applications
of the LDV system include advanced flow measurements [9], advanced vibration
methods [10], and an increase in medical uses [11] [12].
Processing LDV data greatly improved with the introduction of the slotting
technique by Mayo et al.in 1974 [13]. The slotting technique is a method used to
compute the frequency content of LDV signals. Frequency content, such as spectra and
auto- or cross-correlations, of randomly sampled data collected by LDV systems cannot
be processed using standard signal processing algorithms. The slotting method obtains
the time-delay correlation functions of LDV data and places the data into equispaced bins
such that the data can be averaged, windowed and Fourier transformed using standard
FFT techniques.
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Several improvements upon the slotting technique have been made. Tummers
and Passchier [14] introduced a normalization factor to decrease the statistical variance of
the autocorrelation function. A method known as the fuzzy slotting technique was
introduced by Nobach et al. [15]. The fuzzy slotting technique is a weighting function
which allows time lags that are closer to the center of a slot to contribute more heavily to
the correlation estimate. Shortly after the introduction of the fuzzy slotting technique,
van Maanen et al. [16] published an article wherein the methods of Tummers and
Passchier [14] and Nobach et al. [15] were combined. This new algorithm produced even
lower variance in the correlation coefficients than either of the other algorithms
individually.
The ability of computers to collect, store, and process data has grown nearly
exponentially since the 1960s [17]. This increase in computing power has allowed LDV
systems to become more versatile in the types and amount of data that can be collected.
The experiments completed for this report used a personal computer with a sampling rate
of up to 2 Gsamples/sec to collect data. The power of this computer allows time accurate
measurements into the supersonic regime of flow velocities. Computing power such as
this could only be dreamed of at the inception of LDV. The continued development of
computers can only expand the utility and power of LDV systems.
1.3.3 Past Research in LDV
Studies on the flowfield of subsonic and subsonic jets were completed by Lau and
colleagues. Lau et al. [18] provided excellent data on the mean and fluctuating velocities
at radial and center-line positions of the jet under ambient temperature conditions. This
work was expanded by Lau [19] to include different flow conditions. This work mainly
focused on mean velocity profiles and turbulence characteristics.

Qualification and

flowfield studies, similar to that presented by Lau et al. [18], are the current focus of the
LDV system development discussed in this report.
In 1973 McLaughlin and Tiederman [20] proposed a velocity biasing correction
to be used during processing of LDV data measured from turbulent flow. It was argued
that when the flow velocity is greater than the mean a larger number of particles pass
through the probe volume, and when the flow velocity is less than the mean a smaller
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number of particles pass through the probe volume. This phenomenon would skew the
measurement data of and LDV system towards higher velocities.

Velocity biasing

corrections have been used and studied since its inception by Edwards and Jensen [21],
Kiger and Lasheras [22], and Walker et al. [23] among many others.
In an attempt to determine the best technique to estimate the turbulent velocity
spectra of LDV data, Benedict et al. [24] invited researchers to complete benchmark tests
and provide results and processing methodologies. The results from the different groups
were analyzed and compared based on criteria such as velocity bias error, variance in the
estimation, and noise sensitivity. A recommendation for the turbulent velocity spectra
estimation procedure was given as well as the steps required to complete the processing.
The current state of The Pennsylvania State University (PSU) LDV system does not lend
itself to needing this data processing procedure. However, after qualification is complete,
any advanced measurements using the system will require the use of an advanced data
processing procedure such as the one presented in Benedict et al. [24].
One goal for the future of the PSU LDV system is to upgrade to a two-point
measurement system such as the one described by Kerhervé et al. [25]. The ability to
perform two-point space-time correlation measurements allows for analysis such as
turbulent length scales, time scales, and convection velocities. Thorough investigation of
exhaust jet flowfields using two point systems, such as the investigation by Kerhervé et
al. [25], can lead to better understanding of noise generation mechanisms.
Previous LDV work was completed at PSU in the early 90’s. The system was
commercially produced by Aerometrics, Inc. The system included a 4 Watt Argon-Ion
laser, a Bragg cell, color separator, fiber optic cables, transmitting and receiving probes,
and a data acquisition system. The system was used to make supersonic jet exhaust
measurements in a free-jet facility in an effort to investigate shock wave/vortex
interactions. An investigation of the Aerometrics LDV system was completed before
development of the current LDV system began. Although the system is dated by 20
years, it provided much insight for the current work.

It also provided a couple

components that were used during the early development stages of the project. More
information on the Aerometrics LDV system can be found in Cattafesta [26].
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1.4

Scope of Thesis

1.4.1 Research Objectives
The main goal of this study is to design, fabricate, and calibrate a functioning
LDV system. This includes evaluation of each individual subcomponent to understand
its effect on, and use in the system, creating procedures for the use of the advanced
components, calibration, and qualification of the system via experiments.

The

development of the LDV system was split into several major milestones.
1) Development of the basic components of the system. This step included
understanding the fundamentals of the system such as creating a probe
volume, color separating and fabrication of optical probes.
2) Development of the advanced components of the system. The addition of a
Bragg cell into the optical path and the complexities of launching a free-space
beam into fiber optic cable build upon the fundamental concepts and
components, requiring a thorough understanding of the basic principles.
3) Qualification of the LDV system via measurements and experiments.
Running experiments to measure known values to prove that the output of the
system is reliable.
1.4.2 Thesis Synopsis
The remaining portions of this thesis are dedicated to describing the LDV
development procedure. Chapter 2 gives a brief description of the test facility and the
lasers used during development. Chapters 3 and 4 describe the basic and advanced
development stages respectively. These chapters include descriptions of why the steps
were taken, the components, and experimental procedures for testing the component plus
the results. The initial stages of development of the system were performed with a simple
system that bypassed the fiber coupling and beam separation via Bragg cell to produce
probe volumes of standing waves (fringes).

Section 4.2 begins the description of

coupling the laser beams into the fibers. This is a crucial step requiring careful and
precise preparation described in Chapter 4.
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Chapters 5 and 6 are focused upon the final milestone of this study: qualification
of the LDV system. Chapter 5 presents the final experimental setup of the system. The
use of fiber optic cables allows for the experimental setup to be split into two parts: the
optical probes inside the High-Speed Jet Noise Facility at The Pennsylvania State
University next to the jet and the optical bench just outside of the facility. A description
of the actual experiments and the approach taken to complete them is found in Chapter 6.
Finally, Chapter 7 is an overview of the work, a discussion of the results
throughout the process, and provides insight to future work and upgrades for the system.
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Chapter 2: Facility Description
2.1

The Pennsylvania State University High-Speed Jet
Aeroacoustics Facility

The high-speed jet noise facility at The Pennsylvania State University, shown in
Figure 2-1, was used to test the LDV system during its final development stages. The
facility has many different capabilities, but for this testing effort, it was strictly used as an
air jet exhausting from a plenum. What follows is a brief description of the aspects that
are relevant to this experimental setup. For a more in depth description of the facility, see
Penn State Ph.D. theses by Doty [27], Veltin [28], and Kuo [29].

9

(a)

Forward Flight Duct

Microphone
Plenum and Nozzle

s
(b)

Figure 2-1: (a) Schematic of the jet noise facility and (b) a photograph inside of the anechoic
chamber.

The air for the facility is provided by a CS-121 compressor and dried by a KAD370 air dryer; both systems were manufactured by Kaeser Compressors. A 56.6 m3
reservoir tank is filled to a maximum gauge pressure of 1.34 MPa (195 psig) which is
used to supply the air for the facility.
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The pressure ratio in the plenum is controlled by a piping cabinet, containing a
series of pressure regulators and control valves, which is next to the work station just
outside of the facility. The plenum is a 1.83 m (6 ft.) long aluminum pipe with a 11.43
cm (4.5 in.) inside diameter and houses a 12.7 cm (5 in.) conical perforated plate and a
7.62 cm (3 in) honeycomb section to reduce turbulence intensity. The total pressure in
the plenum is measured by a pitot probe, connected to a calibrated pressure transducer,
imbedded 1.12 m (44 in) upstream of the plenum exit.
The end of the plenum was designed such that nozzles of varying geometry can
easily be attached. Typical nozzles have exit diameters ranging from 12.7 mm (0.5 in.) to
25.4 mm (1 in.) with design Mach numbers ranging from 1 to 2.3. Coupled with the
aforementioned high-pressure air supply, it is possible to exhaust air stably at a Mach
number of 1.5 for up to 50 min with a 12.7 mm exit diameter.

2.2

Lasers

Throughout the development of the LDV system two Argon-Ion lasers, described
below, were used. Invented in 1964 by William Bridges, the Argon-Ion laser is part of a
family of lasers that uses a noble gas as the active medium [30]. Argon-Ion lasers emit
light at 14 wavelengths, with the highest power concentration in the 514.5 nm
wavelength [31]. Due to the high current required by the laser to excite the ions, most
Argon-Ion lasers require a water cooling system. The multiple wavelengths emitted by
the laser give the operator the advantage of using one laser to provide many different
colored laser beams for use in a multi-point LDV system.
2.2.1 Omnichrome Model 543-MA-A03 Laser
The Omnichrome laser was used during most of the development of the LDV
system. It is a 500 mW, air cooled laser with an external power supply. The laser can be
turned on and be ready to lase in a few minutes. The power output of the laser can be
adjusted with a single knob located on the external power supply. The laser draws
between 5 and 11 Amps, depending on the power setting, and 208 VAC, single phase.
No internal alignment is required. The quick start-up time, power adjustment, and air
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cooling system made the Omnichrome laser ideal for initial development purposes. The
Omnichrome laser and its power supply are displayed in Figure 2-2.

Figure 2-2: The Omnichrome laser (left) and the external power supply (right).

2.2.2 Coherent Innova 90C-5 Laser System
During the later stages of the LDV system development, and throughout all of the
qualification testing, the Coherent Innova 90C-5 Laser was used. This is a water-cooled
laser rated for 5 W with an external power supply and remote control module. Figure 2-3
displays all of the components of the system and the block diagram in Figure 2-4 depicts
the system connections and its internal components.
The Coherent laser has two knobs on the back of the laser used to adjust the
internal vertical and horizontal mirrors for alignment purposes. It also features a lever
used to rock the internal high reflector mirror mount and a variable size aperture on the
front of the laser head to aid in the alignment procedure. Due to the required internal
alignment, water-cooling system, and long warm-up time before lasing, the Coherent
laser is difficult to use compared to the Omnichrome laser. However, many of the
components in the final optics bench setup create significant power loss in the system
necessitating the 10 times greater power output and overall higher beam quality of the
Coherent laser.
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Figure 2-3: Necessary components to run Coherent Innova 90C-5 laser.

Figure 2-4: Block diagram of Coherent Innova 90C-5 Laser setup.

13

2.3

Applied University Research DAQ System

The Applied University Research (AUR) DAQ system is a personal computer
with processing software designed specifically for LDV research. The computer came
standard with three BNC input channels, two for receiving voltage signals from PMTs
and one for receiving an external trigger signal. The computer has 2 TB of hard drive
space and runs a Microsoft Windows 7 (64 bit) operating system with 4, 3.40 GHz Intel
processing cores. A built in National Instruments card (part number 780320-02) acts as
the main data processor. The system is capable of sampling 2 channels of data at 1 GHz
per channel.
Installed on the computer is AUR’s proprietary software package used to acquire
and process Doppler burst signals. The software uses an algorithm to automatically
detect bursts and record time-stamped data to an output text file. The software package
allows user access to a portion of the source code. This enables the user to change a
number of variables used in the software to tailor the program to the user’s current test.
The table from the AUR operator’s manual that describes the important parameters which
may need to be changed when the operating range of the LDV system is adjusted is
included in Appendix A.
A National Instruments digital oscilloscope software package is also included on
the computer. The digital oscilloscope is often used as a quick look tool to determine if
the PMT is detecting a Doppler burst as well as a debugging tool when the AUR
proprietary software is not responding as expected. The oscilloscope window is split into
three panels. The top and bottom panels display time series and spectral density plots,
respectively. A panel on the right side of the window allows the user to change the
settings of the oscilloscope. Use of the oscilloscope in tandem with the AUR software
allows the user to view signals on the oscilloscope first and determine which settings
need to be changed in the AUR software.
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Chapter 3: Basic Development of LDV System
3.1

Probe Volume/Fringe Pattern

As a first step in developing the LDV system, the formation of a high quality
probe volume, and subsequent fringe pattern, was paramount. A probe volume is defined
as a region where two laser beams overlap creating an ellipsoid shape [32]. If the two
beams are collimated, monochromatic, coherent, and of the same polarization, then a
fringe pattern is created within the probe volume. By using one laser beam and splitting
it into two, coherence can be maintained as long as the beam path length of the two
beams remain the same. Splitting a single beam into two also ensures that the two beams
are of the same wavelength (monochromatic) and polarization. Collimation of the laser
beams at the probe volume can be completed using lenses or collimators.
In the beginning stages of development, the probe volume was formed by using a
50/50 beam splitter and launching the two beams in a parallel path down the optics bench
into a converging lens. By placing a diverging lens in the beam path just before the probe
volume, a fringe pattern can be projected on to a flat surface as shown in Figure 3-1.
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df ~ 3.75x10-6 m

~57 fringes

Figure 3-1: Fringe pattern created using green (514.5 nm wavelength) light and projected onto a
flat surface using a diverging lens.

LDV measurements cannot be made without a proper fringe pattern, therefore it is
crucial to make this check early in the developmental stages.

3.2

Color Separation with Dual Prism

Plans for this LDV system include using it to make two point correlation
measurements. For this to be done, the laser beam must be passed through a prism to
separate it into its component colors such that independent probe volumes can be created
using the different colors. However, it was found that using a single prism to separate the
beam did not create a large enough angle between the exit beams to make it practical to
later pick off single beams with a mirror. Therefore, a dual prism setup was used,
increasing the exit angle between the beams.
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The dual prism setup had to be optimized such that the output beams had as much
power as possible while still having a large enough angle between them so they were
sufficiently separated over a distance no longer than the optics bench (114 cm). To do
this, a single prism was used to split the incoming beam with maximum power output
being the only requirement. Then a second prism was added to increase the separation
angle between each component color while trying to maintain a high power output.
Figure 3-2 displays the dual prism setup with an incoming beam on the right and a visible
array of component color beams on the left. Figure 3-3 displays a beam diagram of the
dual prisms to aid in future alignment.

Figure 3-2: Dual prism setup. On the right, the singular input beam can be seen, and on the left,
multiple beams can be seen exiting.
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Figure 3-3: Beam diagram giving approximate prism alignment for optimal color separation.
Wavelengths of output beam angles highlighted from left to right: 476.5 nm (violet), 488.0 nm
(blue), and 514.5 nm (green).

3.3

Effective Probe Volume Sizing

The size of the probe volume is determined by geometrical properties, such as the
focal length of the transmitting probe lens and the beam separation just before the lens, as
well as light properties such as the wavelength of the laser beam. However, if the probe
volume is a significant size compared to what is being measured then the signal will have
poor spatial resolution, leading to inaccuracies in the measurement. Therefore, methods
to reduce the effective probe volume size, such as placing the receiving probe at an angle
relative to the probe volume or including a pinhole in the construction of the receiving
probe, are often employed.
The addition of a pinhole to a receiving probe limits the amount of spurious light
received by the PMT thus creating a signal with less noise. However, the pinhole nondiscriminately blocks light, making it possible for a pinhole to be too small and block
light within the probe volume. Careful consideration was therefore taken to select a
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pinhole of an adequate size to reduce noise from excess light while still allowing
maximum amount of light within the probe volume to reach the PMT.
To determine which pinhole to select, a procedure was created in which the
receiving probe was aligned with the center of the probe volume and a rotating wire was
traversed along the probe volume. When the rotating wire was within a portion of the
probe volume that could be detected by the PMT in the receiving probe, a signal would
appear on the digital oscilloscope. By changing the pinhole size within the receiving
probe, the distance the rotating wire could traverse before the signal from the PMT was
lost would change. The distance the rotating wire traversed before the PMT lost the
signal was the effective probe volume length created by the pinhole.
The setup used for this test included a 500 mm (19.69 in.) focal length achromatic
doublet lens for creating the probe volume and a receiving probe with a 500 mm focal
length external lens, 30 degrees off axis of the converging lens.

The beam had a

separation just before the converging lens of 27.31 mm (1.08 in.), a diameter of 1.5 mm
(0.06 in.), and a wavelength of 514.5 nm resulting in a probe volume with a theoretical
length of 9.6 mm (0.378 in.). The rotating wire was located at the probe volume. For
this test three pinholes were used of sizes 500 μm, 200 μm, and 100 μm. Figure 3-4
shows the setup of the test and Table 3-1 summarizes the results.
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Figure 3-4: Experimental setup of effective pinhole sizing.

Table 3-1: Summary of effective pinhole sizing test.
Pinhole Size
(μm)

Effective Probe
Volume Size (in.)

Effective Probe
Volume Size (mm)

SNR at Center
Position

100

0.0510

1.295

22.5

200

0.0720

1.829

25.4

500

0.1555

3.950

23.4

The 500 μm pinhole had the largest effective probe volume, but it allowed more
spurious light to reach the PMT therefore decreasing the signal to noise ratio (SNR). The
100 μm pinhole blocked the most spurious light, however it also blocked too much
reflected light carrying a good signal, also reducing the SNR. The 200 μm pinhole not
only had the best SNR, it also had the best overall signal quality upon careful
examination of the signal in the time domain and frequency domain as displayed in
Figure 3-5. For comparative purposes, Figure 3-6 shows a low quality Doppler burst.

Amplitude (dBV/Hz)
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Spectral Density Peak with SNR = 25

Frequency (Hz)
Rise in slope with high frequency

Voltage

voltage variations

Time

Amplitude (dBV/Hz)

Figure 3-5: Time series (bottom) and spectral density (top) of a Doppler burst on the digital
oscilloscope. The signal was captured with the receiving probe focused on the rotating wire in the
center of the probe volume with the 200 μm pinhole inserted.

Spectral Density Peak with SNR = 11

Frequency (Hz)

Voltage

Flat slope with no voltage variations

Time

Figure 3-6: Time series (bottom) and spectral density (top) of a low quality Doppler burst. The
signal to noise ratio in the spectral density plot is 11. The time series plot shows little to no rise in
signal compared to Figure 3-5 indicating that light is not passing through the pinhole effectively.
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3.4

Probe Fabrication

3.4.1 Transmitting Probe
For the development of the PSU LDV system, there were not sufficient funds to
acquire a commercial transmitting probe. Additionally, there were no available existing
combinations of sending optics and fibers. Therefore, the design and fabrication of a
transmitting probe was critical. Figure 3-7 shows a CAD model of the transmitting probe
design from two different viewing angles and Figure 3-8 displays the transmitting probe
after it was fabricated.

This design is a combination of purchased components

predominantly from ThorLabs, with a few components from Edmund Optics, and a
custom made adapter plate.

Cage Rod System

Adapter Plate

Collimators

Achromatic Doublet
Lens
Figure 3-7: CAD model of transmitting probe
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Figure 3-8: Transmitting probe with fiber optic cables attached.

The transmitting probe is 13.34 cm (5.25 in.) in length and has a 5.59 cm (2.2 in.)
diameter interchangeable achromatic doublet lens. A lens with a focal length of 30 cm
(11.81 in.) was selected predominantly to produce a stand-off distance selected for the
specific experiment (namely to probe the flow field of a supersonic jet typically less than
2 cm smaller in diameter). The transmitting probe is mounted to a post which rests inside
a post mount allowing the probe to have adjustable height and rotational freedom. The
cage rod system also allows the probe to have a degree of freedom in the axial direction.
The fiber optic cables are screwed into laser collimators which are mounted into the 4.06
cm (1.6 in.) black plates on the back of the probe via a circular collimator mount. The
circular collimator mount was adapted to have a second setscrew giving the collimator a
vertical position degree of freedom. The large silver plate on the back of the probe is an
adapter plate, fabricated with a water-jet, and designed to keep the collimators 4.06 cm
(1.6 in.) apart horizontally.
3.4.2 Receiving Probe
For the initial stages of the development of the LDV system an Aerometrics
receiving probe shown in Figure 3-9 was adapted for use. The Aeromatrics receiving
probe was 30.48 cm (12 in.) in overall length (without the PMT attached) with a 7.5 cm
(2.95 in.) diameter exterior lens of focal length 50 cm (19.68 in.) and an interior lens of
the same diameter but a focal length of 20 cm (7.87 in.). The probe had a degree of
freedom in the axial direction and knobs on the back to adjust the angle of the lens in the
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xy-plane and xz-plane. However, knowing that the near term goal for the LDA set-up was
to have a two sensor system, it was decided to assemble a second receiving probe with
which to evaluate the ease of use and signal to noise ratio of each system. After the
initial stages of development were complete, it was decided that the ease of use of the
newly fabricated probe warranted its use for the first series of single channel
measurements. Further evaluation of the Aerometrics receiving probe will be made
before a decision on what receiving probe to use in the two point measurements,
anticipated to begin in the fall of 2014.

Figure 3-9: Aerometrics receiving probe used in initial development of LDV system.

Figure 3-10 shows the new receiving probe and Figure 3-11 shows a CAD model
of the receiving probe with the interior exposed. Both figures have the PMT attached to
the back of the receiving probe. The new receiving probe has an overall length of 34.29
cm (13.5 in.) with a 5.59 cm (2.2 in.) diameter interchangeable exterior lens and an
interior lens of the same diameter with a focal length of 25 cm (9.84 in.). A 30 cm (11.81
in.) focal length lens was selected as the exterior lens to match that of the transmitting
probe. The probe has space to house a color filter and a pinhole, both of which can be
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easily exchanged for filters of different colors or pinholes of different diameters. The
probe currently houses a 200 micron pinhole just in front of the PMT and no color filter.
The new receiving probe has 7 degrees of freedom: linear travel in the x, y, and z
directions; rotation about the y axis in 2 locations; and the knobs at the back provide
angular adjustment, pivoting about the front support, in the xy-plane and xz-plane for the
lens tube. The new receiving probe is lighter, easier to adjust, and has many more
mounting options than its Aerometrics counterpart.

Exterior Achromatic Doublet Lens
Figure 3-10: New receiving probe in permanent use after initial stages of development were
complete.
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PMT

Figure 3-11: CAD model of new receiving probe. The interior is exposed to show the interior
focusing lens and where the pinhole and color filter are housed.
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Chapter 4: Advanced Development of LDV System
4.1

Beam Splitting with an Acousto-Optic Modulator

An acousto-optic modulator, also known as a Bragg cell, is a device that uses
acoustic waves to Doppler shift the frequency of, and diffract, light [33]. Light exits the
Bragg cell at many different angles, characterized by the mode number m, as depicted in
Figure 4-1.

m=2
θ

m=1
θ
m=0
θ
m = -1
θ
m = -2

Bragg cell

Figure 4-1: One light beam enters a Bragg cell and many beams exit at varying angles and
frequency.

The angle that a beam of a given mode number exits the Bragg cell, θ, and its
frequency, fBragg, can be calculated using equations ( 4-1 ) and ( 4-2 ) respectively.
(

)

( 4-1 )

( 4-2 )
Where λ is the wavelength and f is the frequency of the incoming light beam, and Λ is the
wavelength and F is the frequency of the acoustic wave made by the Bragg cell. Using a
Bragg cell is an effective method to create two beams with different frequencies that can
be used in the transmitting probe to create a probe volume with a moving fringe pattern.
A moving fringe pattern creates an effect that allows for the measurement of positive and
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negative velocities by forcing the zero velocity reading to not be at zero, but rather at the
frequency of the Bragg cell. The Bragg cell used in the current setup was manufactured
by IntraAction Corporation and outputs a 40 MHz acoustic wave.
4.1.1 Alignment Procedure
When using a Bragg cell, multiple beams with different Doppler shifted
frequencies are output. However, there is only need for two of these beams, the mode 0
beam with no shift and the mode 1 beam with the 40 MHz upshift. Therefore it was
important to align the Bragg cell such that as much power was transmitted in those two
modes as possible. The procedure to properly align the Bragg cell as desired is simple in
its process, but very difficult in its execution due to incredible sensitivity of the beam
input angle to the Bragg cell.
To begin, the Bragg cell was aligned such that the incoming light was entering
and exiting the Bragg cell through the center of the input and output apertures,
respectively, at a 90 degree angle. The Bragg cell was powered on, creating many
different output beams, and the carrier level knob on the front of the power supply was
turned to the maximum level of 10. The relative angle between the incoming beam and
the Bragg cell was then changed by rotating the Bragg cell until the mode one beam had
reached a maximum power as measured by a light power meter. At this point, the carrier
level knob was turned down until the power output of the mode one beam and the mode
zero beams were nearly identical.
With the Bragg cell properly aligned, it is possible to get nearly 40% of the
original input beam power in each of the mode 0 and 1 beams, if not more. This adds up
to 80% or more of the original power in the main beams and the remaining 20% of the
power to be split among all other modes.
4.1.2 Frequency Shift Test
When using the Bragg cell to split the beam, it is not possible to see a fringe
pattern with the human eye when the probe volume is projected. Therefore, to ensure
that the Bragg cell is working properly and a fringe pattern is being made, a PMT was
placed in the projection of the probe volume to make a measurement. Figure 4-2 shows
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the measurement made by the PMT; the time series of the signal is on the bottom and the

Amplitude (dBV/Hz)

spectral density of the signal is on the top.

Spectral Density Peak at 40 MHz

Frequency (Hz)
Fringe pattern moves at constant frequency, creating

Voltage

uniform sine wave at Bragg cell frequency (40 MHz)

Time

Figure 4-2: Spectral density plot (top) and time series plot (bottom) of light signal measured by
PMT. The light signal was a projected probe volume that was created with one beam having a 40
MHz upshift created by a Bragg cell.

The sine wave in the time series indicates that there is a moving fringe pattern
within the probe volume projection and the peak in the spectral density plot at 40 MHz
indicates that the Bragg cell is shifting the frequency of the beam as expected.
4.1.3 Bragg Cell Testing Using the Optical Wheel
To ensure that a signal could be collected with a Bragg cell in the setup, an optical
wheel was used to simulate a particle. The optical wheel (model number MC2000 from
ThorLabs) is a motor driven wheel with evenly spaced blades that can be rotated at a
known, very accurate, blade passage frequency. It has the advantage of being on a
traverse system so it is easily moved, the motor system is easily operated, and the linear
velocity of the wheel can be calculated at any point with a simple equation.
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The optical wheel was placed in the probe volume and signals collected by the
PMT were observed on the digital oscilloscope as shown in Figure 4-3. The time series
on the bottom indicates that a Doppler burst is being detected. The spectral density on
the top displays the Doppler frequency of the burst. In this case there are two peaks, one
at 40 MHz which is electronic noise from the Bragg cell and picked up by the PMT, and

Amplitude (dBV/Hz)

the other at approximately 39.9 MHz which is the Doppler frequency of the burst.

Spectral Density Peak with SNR =

Spectral Density Peak at 40

28, indicates Doppler burst

MHz, noise from Bragg cell

Frequency (Hz)

Time series shows increase in slope, but high frequency variations are absent

Voltage

due to an increase in “particles” in probe volume compared to rotating wire

Time

Figure 4-3: Signals captured by the PMT on a digital oscilloscope with the optical wheel in the
probe volume simulating particles. The time series on the bottom indicates that a burst is
detected and the spectral density on the top indicates the Doppler frequency of the burst.

After confirmation that good Doppler burst signals (signals with a signal to noise
ratio of approximately 15:1 or higher in the spectral density plot) were able to be
observed by the PMT with the optical wheel in the probe volume, an attempt was made to
collect data using the AUR data acquisition system. This was a proof-of-concept test to
check that the AUR system could be used successfully. Data were collected successfully
using the AUR system, although the measured wheel velocities did not accurately agree
with the wheel velocities determined from the measured wheel RPM. However, accuracy
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was not vital at this time because this was not the final setup and there was not a
calibrated transmitting probe being used at the time.
4.1.4 Bragg Cell Testing Using the Seeder
The optical wheel was used to view and collect signals as a proof of concept that
signals could be collected using the Bragg cell setup. As a harder test, the optical wheel
was removed and a small nozzle was mounted such that it could exhaust an air jet with a
high density of seed particles through the probe volume. As with the optical wheel, the
signals were first viewed using the digital oscilloscope and then an attempt at collecting a
signal using the AUR system was made. Viewing and collecting signals using seed to
reflect light to the receiving probe was much more difficult than using the optical wheel.
Fortunately a signal was observed using the digital oscilloscope, shown in Figure 4-4,
and data were also able to be collected using the AUR system, although the data were
only roughly accurate due to a lack of a calibrated transmitting probe at this measurement

Amplitude (dBV/Hz)

time.

Spectral Density Peak indicates burst
detection, SNR<10 indicates poor burst

Frequency (Hz)
Probe volume is seeded more densely than rotating

Voltage

wheel, making time series more difficult to read

Time

Figure 4-4: Signals captured by the PMT on a digital oscilloscope with seed in the probe volume.
The time series on the bottom indicates that a burst is detected and the spectral density on the top
indicates the Doppler frequency of the burst.

31

4.2

Launching a Free-Space Beam into Fiber Optic Cable

Transporting the laser light into the jet chamber to the transmitting probe requires
launching the beam into fiber optic cable on the optics bench and going from fiber to a
collimated beam in the transmitting probe. To accomplish this, a fiberport is used to go
from free-space into the fiber and a collimator is used to launch a collimated beam out of
the fiber. A fiberport, shown in Figure 4-5 on the left, has five degrees of freedom,
including x, y, z, tip, and tilt. To launch a free-space beam into the fiber requires an
alignment procedure that is outlined in the next section.
A collimator, shown in Figure 4-5 on the right, has one degree of freedom in the z
direction. It has two set screws that can be loosened to allow rotation of the head of the
device which translates a lens axially closer and further from the front of the fiber optic
cable. Initial alignment of the collimator involves pointing the output beam at flat
surfaces at varying distances and rotating the head of the collimator until the beam is the
same diameter at all distances at which time the set screws can be tightened.

Figure 4-5: The fiberport (left) is used to launch a free-space beam into the fiber optic cable. The
collimator (right) is used to launch a collimated beam out of a fiber optic cable.

4.2.1 Fiberport Alignment Procedure
Two beams of the same wavelength are launched into two different fiberports at
90 degrees (the internal lens is perpendicular to the incoming beam) such that the light
passes through them and creates a light circle on a flat surface behind the fiberports. The
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x and y set screws of the fiberports are adjusted to make the light circles appear to have a
Gaussian distribution. A fiber optic cable is inserted into one fiberport and the x and y
set screws are adjusted until light is transmitted through the fiber optic cable. This is
observed by shining the output light on the floor. The free end of the first fiber optic
cable is then connected to the back of the second fiberport, outputting a beam, where
normally a laser beam is input. The z axis of the second fiberport is then adjusted until
the output beam is collimated.

Aligning the input and output beam of the second

fiberport along the same beam path ensures that the input beam will properly couple into
a fiber optic cable. The first fiber optic cable in the second fiberport is disconnected and
a second fiber optic cable is connected to the second fiberport. The output light of the
second fiber is observed (by shining the output beam on the floor) to look for an output
beam with a Gaussian distribution. A collimator is then attached to the end of each fiber
optic cable and aligned as described in section 4.2. The output beam of one fiber optic
cable is directed into a laser power meter and the x and y set screws are adjusted
iteratively until the power output is maximized. Adjusting the z axis slightly, the x and y
set screws are again iteratively adjusted until the maximum power output is reached.
Iterative adjustments of the x and y set screws followed by a slight z adjustment are
completed until an absolute maximum is reached. This procedure is repeated for each
laser beam and each transmitting fiber.
It should be noted that this procedure is very time consuming and difficult. There
is also the possibility of aligning the fiberport to a local maximum instead of an absolute
maximum. As a method to check if the fiberport is aligned to a local or absolute
maximum, the fiber optic cable can be removed from the fiberport, projecting a light
circle onto a flat surface as stated above. If the light circle appears to have a Gaussian
distribution, that is brightest in the center and dimming as the distance from the center
increases, then the absolute maximum is being approached. If the brightest portion of the
projection appears to be off center, then a local maximum is being approached. In this
situation it is possible that the angular alignment of the fiberport is off or that the x and y
axes need to be adjusted to re-center the projection.
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During the alignment procedure it was determined that it is surprisingly frequent
for the fiber ends to become dirty and even scarred. The result of this is the percentage of
transmitted power of the light is reduced by as much as a factor of five. The approach to
rectify this problem has been to clean the fiber ends and often to go through a lengthy
polishing process of both ends.
4.2.2 Testing Signals of Light through Fiber Optic Cables
Once the fiberports are aligned, the collimators are connected to the back of the
transmitting probe. As with any new component, proof of concept testing needed to be
completed to ensure that signals can be viewed and collected. Before attempting to view
or record signals using the optical wheel, the frequency shift test was repeated
successfully (as described earlier in section 4.1.2). This proved that it was possible to
create a proper fringe pattern after transmission through fiber optic cables.
The optical wheel was then moved into the probe volume and the signal was
viewed on the digital oscilloscope, shown in Figure 4-6. The signal was very similar to
that found during testing of the Bragg cell. Once again, upon viewing a good signal on
the digital oscilloscope, an attempt at collecting data on the AUR system was made. The
test was successful, but since the transmitting probe had yet to be calibrated, data were
again inaccurate compared to the calculated velocity of the wheel.

Amplitude (dBV/Hz)
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Spectral Density Peak at 40
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Figure 4-6: Signal captured by the PMT on the digital oscilloscope with the optical wheel in the
probe volume simulating particles. The time series (bottom) indicates that a Doppler burst is
detected and the spectral density (top) indicates the Doppler frequency of the burst.

To finalize proof of concept testing with the fiber optic cables, an attempt was
made to view signals with light reflected off of seed. However the Omnichrome laser
was being used at the time, therefore the power of the laser at the probe volume was not
enough to accomplish this goal. Because of this discovery, testing of the LDV system
moved forward by replacing the Omnichrome laser with the Coherent laser.

4.3

Transmitting Probe Calibration

Using properties of the transmitting probe and geometry, the half-angle of the
beam exiting the transmitting probe, κ, can be calculated using equation ( 4-3 ).
(

)

( 4-3 )

Where ftran is the focal length of the transmitting probe lens and D is the beam separation
distance before the light travels through the lens. Given the half angle, the fringe spacing
of the probe volume can be calculated using equation ( 4-4 ).
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( )

( 4-4 )

The PMT in the receiving probe measures reflected light and return a voltage
signal, which is in turn processed by the AUR system and converted to a Doppler
frequency. With the fringe spacing calculated, equation ( 1-1 ) can be used to calculate
the particle velocity. However, many other variables are required to be perfect for this
method to accurately calculate the half-angle, fringe spacing, or particle velocity. For
example, the beam separation must be carefully measured, the beams exiting the
transmitting probe must be perfectly parallel, and the distance from the center of the lens
to either beam must be exactly the same. If any of these variables are not perfect, error is
introduced in the calculations. Therefore, an experimental method is often used to
determine the half-angle, greatly reducing the effect of the aforementioned errors. To
experimentally determine the conversion from Doppler frequency to particle velocity, a
procedure was created in which the transmitting probe is used to measure the linear
velocity of a rotating optical wheel over a range of known rotational velocities.
The mean linear velocity of the wheel measured by the transmitting probe, uwheel,
and the theoretical fringe spacing found in equation ( 4-4 ) can be used to calculate the
mean Doppler frequency, fDm, by re-arranging equation ( 1-1 ).
( 4-5 )

The optical wheel has a known number of blades, b, and a well-known blade passage
frequency, fb. By measuring the distance from the center of the wheel to the probe
volume, r, equation ( 4-6 ) can be used to calculate the theoretical linear velocity of the
wheel.
( )

( 4-6 )
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Using the theoretical linear velocity of the wheel at a specific RPM of the wheel, the
mean Doppler frequency, and another re-arrangement of equation ( 1-1 ) a new value for
the fringe spacing, dfn, can be calculated.
( 4-7 )

A re-arrangement of equation ( 4-4 ) and the new value for fringe spacing can be used to
calculate a new half-angle, κn.
(

)

( 4-8 )

This new value for the half-angle can be calculated for several different rotational
velocities of the optical wheel and averaged to give a value for the half-angle that can be
used in equation ( 4-4 ) to calculate a more accurate value for the fringe spacing, and
hence the conversion constant for Doppler frequency to particle velocity.
The setup for the transmitting probe calibration is shown in Figure 4-7. The laser
beam has a wavelength of 514.5 nm and a diameter of 1.25 mm (0.049 in.). The beam
separation at the 300 mm (11.81 in.) focal length lens of the transmitting probe was 39.60
mm (1.56 in.). The optical wheel had 2 blades and was rotated at a blade passage
frequency ranging from 10 Hz to 99 Hz. The distance from the center of the wheel to the
probe volume was measured using calipers to be 73.70 mm (2.90 in.). The wheel was
located 300 mm (11.81 in.) in front of the transmitting and receiving probe. The lens of
the transmitting probe was perpendicular to the wheel face and the receiving probe was
30 deg. off axis with respect to the transmitting probe.
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Figure 4-7: Experimental setup of transmitting probe calibration.

The theoretical half-angle of this setup was 3.78 deg giving a fringe spacing of
3.91 μm. The calibration process resulted in a half-angle of 4.00 deg and a subsequent
fringe spacing of 3.69 μm. At a given condition, comparing the theoretical linear velocity
of the wheel to the measured linear velocity of the wheel before and after the calibration
results in a four to five percent improvement in the velocity measurement. Figure 4-8
and Figure 4-9 display a non-calibrated test case at 10 Hz and a calibrated test case at the
same condition, respectively. The blue points represent measured velocity points and the
three red lines represent the theoretical linear velocity value. Because the probe volume
has a finite size, the center red line represents the theoretical velocity at the center of the
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probe volume and the dashed red lines represent the theoretical velocity at the edges of
the probe volume’s major axis.
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Figure 4-8: Non-calibrated measurement of the linear velocity (blue) and theoretical linear
velocity (red) of the optical wheel with the probe volume at a radial position of 73.70 mm (2.90
in.) and a blade passage frequency of 10 Hz. There is a 5.63% error between the mean value of
the measurement and the mean theoretical value.
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Figure 4-9: Calibrated measurement of the linear velocity (blue) and theoretical linear velocity
(red) of the optical wheel with the probe volume at a radial position of 73.70 mm (2.90 in.) and a
blade passage frequency of 10 Hz. There is a 0.74% error between the mean value of the
measurement and the mean theoretical value.
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Chapter 5: Experimental Setup and Methodology
5.1

Final Optics Bench Setup

The setup of the optics bench used to complete the qualification of the system is
shown in Figure 5-1 and an overhead graphic depicting the beam path is shown in Figure
5-2.

Figure 5-1: Overhead view of the final optics bench setup. The chamber on the right, containing
the laser, houses the high powered, dangerous beams and the chamber on the left contains low
power beams.
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Figure 5-2: Top view graphic of the optics bench displaying the beam path.

The beam path of the laser is shown with arrows, the color of which matches the
respective wavelength of the beam. Beam blocks were setup around and after the dual
prism to prevent extraneous beams from impinging upon other surfaces and possibly
causing damage or unwanted reflections. The large distance between the dual prism and
the following mirror was necessary due to the small horizontal angle of separation of the
beams exiting the dual prism. Also noticeable is the large distance that the Doppler
shifted and non-shifted beams overlap. This was due to the small vertical angle of the
beams exiting the Bragg cell, less than one degree.
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Not shown in Figure 5-2, an enclosure was built around the optics bench. The
enclosure was built to ensure the safety of the laser operator and others that may be in the
room. When fully constructed, the enclosure separates the optics bench in half, the left
half houses the high power, dangerous beams and the right half contains lower power,
less dangerous beams. The halves are separated by an aluminum plate with a slot to
allow the low power beams to exit the left half and enter the right. The center aluminum
plate is depicted in Figure 5-2 as the gray line splitting the table in half.
As part of planning for the future of the LDV system, the blue wavelength beams
were folded into their current position and blocked. Upgrading the LDV system to a two
point system would require that the blue wavelength beams be launched into a fiber via a
fiberport. The current setup would allow this with minimal re-configuration.

5.2

Probe Setup in Anechoic Chamber

To aid in the setup process, the computer-aided design (CAD) program
SolidWorks was used to create a computer model of a probe mounting apparatus. The
design, shown in Figure 5-3 displays the transmitting and receiving probes on the left
with the jet in the middle. The transmitting probes are bolted to a plate which is in turn
bolted to a traverse system. The traverse provides an easily controlled degree of freedom
in the axial direction. The structure also includes a degree of freedom in the vertical
direction, provided by the clamps at the bottom of the structure, and a horizontal degree
of freedom via the cross-members on the top of the structure.
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Figure 5-3: CAD model of probe setup in chamber. The degrees of freedom are labeled and
color-coded.

Figure 5-4 displays a photograph of the setup in the facility. There are some
slight differences between the CAD model and the actual setup, but for the most part they
are identical.
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Figure 5-4: Experimental setup in anechoic chamber. The transmitting and receiving probes
have 300 mm (11.81 in.) focal length lenses. The nozzle is a converging, 12.7 mm (0.5 in.) exit
diameter nozzle. The probe volume is focused on the centerline, 2 nozzle diameters downstream
of the nozzle exit.

The seed is injected into the plenum 74.93 cm (29.5 in.) upstream of the plenum
exit on both sides of the plenum; only one seed injector can be seen in Figure 5-4. The
converging nozzle had a 12.7 mm (0.5 in.) exit diameter and was designed for Mach 1.
The probe volume was focused on the centerline of the nozzle at 2 nozzle exit diameters
downstream and, with the traverse, was capable of moving as far as 12 nozzle exit
diameters downstream. The PMT signal amplifier and power supply were stationary and
were connected to the PMT via a BNC cable and banana plugs, respectively.
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Chapter 6: Examination of LDV Measurements with
Convergent Nozzle Jet
6.1

Overview and Definition of Parameters

Qualification of the LDV system was completed by making several different
measurements along the centerline of a 12.7 mm (0.5 in.) exit diameter, convergent
nozzle at different downstream locations. Several different parameters were tested in an
effort to quantify the effect on the flow measurements. Table 6-1 displays a summary of
the different test conditions used during the experiment and Table 6-2 displays the optical
and geometric parameters of the LDV system.
Table 6-1: Summary of experimental conditions. Each condition was run at x/D = 2, 4, 6, 8,
10
Condition
Number
1

Seeder
IPR/NPR
1.00

Exhaust Fan
Power (%)
15

Jet Mach
Number
0.44

2

1.19

15

0.44

3

1.50

15

0.44

4

2.12

15

0.44

5

1.35

15

0.58

6

1.25

15

0.87

7

1.50

7

0.44
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Table 6-2: Optical and geometric properties of the PSU LDV system
Transmitting Probe Lens Focal Length (mm)

300

Beam Separation at Transmitting Probe Lens (mm)

39.93

Beam Diameter (mm)

1.52

Beam Half-Angle (deg.)

3.96

Wavelength (nm)

514.5

Fringe Spacing (μm)

3.75

Beam Waist Diameter (mm)

0.129

Probe Volume Diameter (mm)

0.129

Number of Static Fringes in Probe Volume

34

Effective Probe Volume Length (mm)

1.83

Pinhole Diameter (μm)

200

For each condition, measurements were made at five different downstream
locations. The locations, non-dimensionalized by the exit diameter of the nozzle, ranged
from 2 to 10 in increments of 2. The atmospheric pressure and temperature of the room
were also recorded before each condition. For a given measurement, the sending and
receiving probes were moved to the correct location using the axial traverse and the AUR
system recorded data for 15 seconds. The number of validated bursts collected during the
15 second time window varied anywhere from 2700 to 150 depending on the flow
conditions. A sample of the output data can be found in Appendix B.
Column two of Table 6-1 displays the injection pressure ratio (IPR) of the seeder
divided by the nozzle pressure (NPR). IPR of the seeder is defined as the gauge pressure
of the seeder (Psg), as measured by a gauge on the seeder, added to the atmospheric
pressure (P∞) and divided by the atmospheric pressure.
( 6-1 )
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NPR is defined as the stagnation pressure in the plenum (P0), as measured by a pitot
probe (in gauge pressure), added to the atmospheric pressure and divided by the
atmospheric pressure.
( 6-2 )

The seed used in the experiment is an oil-like compound known as diethylhexylsebacate (DEHS). Once atomized through the seeder, the 1 micron particles are injected
into the plenum. Upon impact with a surface, the substance evaporates in 4 to 8 hours.
The PSU high-speed jet aeroacoustics facility has a large amount of extremely sensitive
equipment, so as a precaution an exhaust fan is used to extract the seed from the facility
and prevent it from getting on or into the other equipment in the facility. The exhaust fan
controls are operated by adjusting the power output of the fan as a percentage of its full
power.
Before the AUR data were processed, a pre-processing routine was completed.
The first step of the pre-processing routine was to eliminate all data that did not
correspond with a validated burst.

The remaining data were used to calculate the

standard deviation of the velocity. Data sets that had velocity outside of 6 standard
deviations, or 6σ, were eliminated. This process ensured that outliers or false validated
bursts were weeded out. A second set of data with stricter guidelines, only 3 standard
deviations (3σ), was also retained so it could be compared to the 6σ data set.
The AUR output of the different parameters were compared in two different
areas, velocity and axial turbulence intensity. The velocity is a direct output of the AUR
system, but the axial turbulence intensity must be calculated.

The axial turbulence

intensity, defined in equation ( 6-3 ), is a simplified version of the standard turbulence
intensity based on one component of velocity.
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√∑

(

)

⁄

( 6-3 )

Where Nb is the number of validated bursts and umean is the mean velocity of the
particles.

6.2

Measurements with Varying Mach Number

Measurements of the jet at varying jet Mach numbers (Mj) were completed so the
data could be compared to past data. For this test Mj, calculated using theoretical
isentropic flow based on the NPR, was set and a measurement was taken at each x/D
position. The jet Mach number was then increased and the measurements were taken
again. From Table 6-1, the conditions for this test are 2, 5, and 6. It should be noticed
that the ratio of IPR to NPR did not match in these conditions. However, as discussed
later and shown in Figure 6-3, as long as IPR/NPR is greater than 1, the ratio does not
appear to have a significant impact on the measurements.
Plot (a) in Figure 6-1 displays the Mach number versus x/D position.

The

measurements taken at Mj of 0.44 and 0.58 match the value of Mj very well, but the
measurement at Mj of 0.87 is lower than expected. At an x/D of 2, the measurement
should be nearly identical to Mj, however at Mj of 0.88 and x/D of 2, the measurement
reads a Mach number of approximately 0.82. More tests will be needed to determine
what causes this discrepancy at the high Mach number.
Plot (b) in Figure 6-1 is a slight variation on the same data. This plot displays the
mean measured velocity value normalized by the velocity of the jet (Uj) versus the x/D
position. Plotted this way, the data obtained in this study, represented by square data
points, can be directly compared to data obtained by Lau et al. [18], represented by
diamond data points. Although the data taken in this study does not match the exact
conditions used by Lau et al. [18], the trends in the data are the same and similar in
magnitude.
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Figure 6-2 is a plot of the axial turbulence intensity versus x/D location. Data
from Lau et al. [18] was extracted and back calculated (displayed as diamonds) such that
a direct comparison could be made to data collected in this study (displayed as squares).
The trends in both data sets are similar, however the magnitudes of the data sets are in
moderately good agreement, especially considering the measurements were performed in
different laboratories. It is possible that the data sets differ due to the use of the exhaust
fan streamlining the flow downstream. However, more experiments are required to
justify this hypothesis.
It is important to note that the axial turbulence intensity in Figure 6-2 is not the
same as the axial turbulence intensity defined in equation ( 6-3 ). It differs in the
denominator; instead of dividing by umean, the denominator used for Figure 6-2 is Uj.
This was done because umean is not disclosed by Lau et al. [18].
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Figure 6-1: (a) Mach number and (b) normalized velocity vs. x/D location for varying jet Mach
number. The squares indicate 6σ data. The diamonds in the bottom plot represent data from Lau
et al. [18]
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Figure 6-2: Axial Turbulence Intensity versus x/D location. The squares represent data collected
in this study and the diamonds represent data from Lau et al. [18]. *The axial turbulence
intensity for this plot is not the same axial turbulence intensity as defined in equation ( 6-3 ). In
equation ( 6-3 ), the denominator is umean, for this plot the denominator is Uj.

6.3

Measurements with Varying IPR/NPR

Besides the Mach number, the ratio of IPR/NPR was an important parameter to
test. Testing of this parameter matches conditions 1 through 4 of Table 6-1. For this test,
all variables were left constant and a measurement was taken at each x/D position. The
pressure of the seeder was increased and the measurements were repeated.
6.3.1 Mach Number and Axial Turbulence Intensity
Plot (a) in Figure 6-3 displays 6σ data for Mach number versus axial position.
The Mach number plot indicates that the ratio of IPR to NPR makes little to no
difference. Many of the data points are overlapping with only slight differences between
them. The most significant difference between the measurements occurs with when
IPR/NPR is equal to 1 at x/D values of 8 or greater. This trend also shows in the axial
turbulence intensity plot.
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Plot (b) in Figure 6-3 displays 6σ data for axial turbulence intensity versus axial
position. The axial turbulence intensity also appears to be independent of IPR/NPR
except at an IPR/NPR of 1. At an IPR/NPR setting of 1, the seeder is pressurized just
enough such that seed can be injected into the flow. At this setting, the data diverges
from the other measurements beginning at x/D of 6 and is significantly different at x/D of
10.

Considering that the axial turbulence intensity is significantly lower for this

condition at x/D of 10, it is possible that the exhaust fan has an effect on the seed
particles, streamlining it too much and skewing the data.
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Figure 6-3: (a) Mach number and (b) axial turbulence intensity vs. x/D location for varying
IPR/NPR at Mj = 0.44. The square data points denote that this data set includes all data within
6σ.
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6.3.2 Arrival Time Differential
The varying IPR/NPR does not appear to have a large effect on the measurement,
however the time between validated bursts changes dramatically depending on the ratio.
Figure 6-4 displays histograms where the y-axis is the number of validated bursts as a
percentage of the total number of validated bursts in the given measurement, and the xaxis is the arrival time differential between one burst and the next. It is clear to see from
these plots that as IPR/NPR increases, the arrival time differential of the bursts spreads
out. This increase in the average arrival time differential leads to a decrease in the
number of validated bursts per unit time. Although only one set of histograms are
presented here, they are representative of the results; for a given x/D value, the number of
validated bursts per unit time decreases as IPR/NPR increases.
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Figure 6-4: Histograms displaying the number of validated burst split into bins depending on the
arrival time difference between one particle and the next. All Measurements were made at x/D of 2
with IPR/NPR of (a) 1, (b) 1.19, (c) 1.50, and (d) 2.12.
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6.4

Measurements with Varying Exhaust Fan Power

As a precaution to keep seed particles from landing on sensitive equipment within
the facility, an exhaust fan was used to keep the seed streamlined throughout the facility
until it was collected and exhausted. Only 2 different exhaust fan powers were tested,
15% and 7%, matching conditions 3 and 7 from Table 6-1.
Figure 6-5 displays two plots, Mach number vs. x/D location and axial turbulence
intensity vs. x/D location.

Both plots show the data overlapping at measurement

locations 2, 4, and 6 and a slight divergence at measurement locations 8 and 10. As the
measurement location moves away from the nozzle exit, it moves closer to the exhaust
fan. At the measurement locations of 8 and 10, the particles have also left the potential
core of the jet. Therefore, it was expected that the exhaust fan would have a larger effect
on the flow. However, the overall trends of the data remain the same and the difference
in the data is not significant.
The exhaust fan was effective at extracting seed from the facility at both power
settings.

However, to effectively determine the effect of the exhaust fan on the

measurements would have required testing at more than 2 power settings, specifically
testing at lower exhaust fan powers than 7 percent. Unfortunately, testing at an exhaust
fan power lower than 7 percent could lead to seed particles not being exhausted. If the
seed particles are not exhausted, they may land on sensitive equipment and risk their
integrity and functionality.

Since the seed is already extracted from the facility

effectively at 15 percent, testing at higher exhaust fan powers would only show an
increase in the effect of the exhaust fan on the measurements
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Figure 6-5: (a) Mach number and (b) axial turbulence intensity vs. x/D location for varying
exhaust fan power at Mj = 0.44. The squares indicate 6σ data.
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6.5

Comparison of 3σ and 6σ Data

All of the plots that have been presented in this section so far have displayed 6σ
data. This data is only that which has a corresponding velocity value within 6 standard
deviations of the mean average velocity.

As mentioned before, this pre-processing

method was used to eliminate outliers in the data or false validated bursts. In a normal
distribution of data, 6σ extends out to well over 99% of the data.
The data was also pre-processed to keep only data within 3σ. The 6σ and 3σ data
were then plotted together to observe the difference between the data.

Figure 6-6

displays the data with varying jet Mach number. 6σ data is plotted with squares as the
data points and the 3σ data is plotted with triangles as the data points. Both plots display
the squares and triangles overlapping or very close together at all points with the biggest
difference noticeable in the axial turbulence intensity plot at x/D of 8. These plots are
representative of all other 6σ and 3σ comparison plots.
The near identical values at both standard deviation values suggests that the
majority of the measured data points are focused within a small region with little
spreading. It also suggests that any outliers that may have originally been included in the
data are most likely gone. This comparison may be made in future measurements, but
when possible the 6σ data should always be presented over the 3σ data. The 6σ data is
more inclusive of the data and better represents the true measurements.
comparison plots between 6σ and 3σ data can be found in Appendix C.

Other
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Figure 6-6: (a) Mach number and (b) axial turbulence intensity vs. x/D location for varying jet
Mach number. The squares indicate 6σ data and the triangles indicate 3σ data.
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Chapter 7: Conclusions and Future Work
7.1

Summary of Goals

The initial goal of this study was to develop an understanding of the fundamental
concepts and components used within the LDV system. Fundamental concepts such as
the creation of a high quality probe volume and the effective probe volume size were
explored. Optical equipment, such as the dual prism and transmitting and receiving
probes, were also fabricated and/or tested.
The second goal of the study was to introduce advanced components and concepts
into the system. The advanced components included the introduction of the Bragg cell
and fiber optic cables to the setup. Calibration of the transmitting probe required an
experimental procedure and an understanding of the optical equations governing the
creation of the probe volume and the relations between fringe spacing, Doppler
frequency, and velocity.
The final goal of the study was to qualify the LDV system by making
measurements of the jet. Although not all measurements that were originally planned
could be taken, the subsonic measurements that were taken have provided some
confidence that the LDV system is capable of making reliable measurements of the jet
flow field.

7.2

Major Results

The ability of the LDV system to take a measurement after all components were
added to the system was a major milestone. Over half of this study was focused on the
development of the system through understanding of concepts and components within the
system. Each component was tested and added to the system, increasing the overall
complexity of the system. The testing for each component was documented, highlighting
pitfalls and procedures for future reference.
Measurements taken at different jet Mach numbers proved that the LDV system
was capable of collecting accurate data at subsonic velocities. Differences between the
mean measurement velocity at x/D of 2 compared to the jet Mach number computed
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using compressible flow equations was less than 2 percent for Mj < 0.6. However, the
measurement made at Mj = 0.88 and x/D = 2 did differ by approximately 6%. More
measurements will need to be made at higher Mach numbers to determine the accuracy of
the system in compressible flow regimes. The data in this study was also compared to
past data for verification.

The trends for both Mach number and axial turbulence

intensity measurements matched well. The magnitude of the axial turbulence intensity
from this study did not match that of the past data for unknown reasons.
The ratio of IPR to NPR appears to have negligible on the measurements made by
the LDV system except when the ratio is equal to one. At a ratio of one, the Mach
number and axial turbulence intensity appear to differ from the measurements made at
higher values, specifically at x/D locations greater than 6. There is, however, an inverse
relation between the number of validated bursts per unit time and IPR/NPR.
The power of the exhaust fan produces measurement results at both power
settings with less than 3 percent difference at any given condition. The exhaust fan was
used only to extract seed from the facility and thus needed only enough power to
efficiently prevent seed from landing on other equipment. The exhaust fan effectively
extracted the seed from the facility at both power settings tested. The effect of the
exhaust fan on the flow cannot be quantified without more experiments at lower exhaust
fan powers.

7.3

Future Work

Due to sharing of the facility and setbacks during the development stages, only
subsonic, centerline measurements were able to be made in the current study. The
measurements made in the current study proved that the system was capable of making
accurate measurements at Mj < 0.6. Verifying the ability of the system to make accurate
supersonic measurements is the next logical step in the qualification of this system. To
make accurate supersonic measurements would require engineering a solution to seed the
co-flow of the jet, and would eventually lead to making measurements of a heat
simulated supersonic jet.
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The current system works as a single point measurement system to obtain mean
velocities and axial turbulence measurements.

However, to make more advanced

measurements and analysis, the system must be upgraded to a two point system such as
the one used by Kerhervé et al. [25]. The current setup, as shown in Figure 5-1 and
Figure 5-2, was designed to quickly be converted from a one point system to a two point
system with minimal effort.
The current system also only has one traverse for the probes in the facility. This
makes moving the probes in the axial direction of the jet fairly easy, but vertical or
horizontal movement is difficult and non-exact. The ability to accurately traverse the
probes in multiple directions would make taking measurements at different points in the
flow quick and efficient.
Other advancements to the system could include an upgrade for the transmitting
probe from a single component to a double or triple component probe. A second Bragg
cell is available for use, but this type of advancement would involve a major re-design of
the optics bench layout as well as the purchase of more equipment, not to mention a great
leap in difficulty in all aspects of the system. A change from a horizontal probe setup to
a vertical probe setup could benefit the entire facility. The change in probe location
would move it out of the acoustic path of the microphones in the facility allowing for
tandem use of the LDV system and microphone array. This would present a major design
challenge for creating a new support structure for the probes. Either of these upgrades
would be helpful and improve the versatility of the LDV system, however they are not as
important as qualifying the system in supersonic flow or upgrading to two point
measurement capability.
Finally, the techniques to polish the ends of the fibers need to be proven with
more examples and with systematic measurements methods.
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Appendix A: AUR Parameter Setup Table
Table A-1: From the AUR user manual. The parameters listed below encompasses all those
that may need to be changed if the LDV system is changed [34].
Parameter Name
initial_sample_rate

File Name (.xml)
Scope_Setup

Description
DAQ card sample rate desired.
Choose it such that the
‘fastest’ bursts will be
sampled over at least 1024
samples and the ‘slowest’
bursts require less than 65536
samples.

vertical_range

Scope_Setup

The total vertical range of the
DAQ channel in volts.

optimal_bytes_per_fetch

Scopt_Setup

This is the contiguous data
size that is buffered onto the
DAQ card before transfer.
Adjusting the value may give
quicker feedback turnaround
or data processing times in
some instances.

trigger_value

Burst_Extractor_Setup_chX

This is the AUR proprietary
trigger metric. Typical values
for valid bursts range from
100 to 500. The value of
trigger_value is the minimum
threshold for sending data to
the burst processor.

min_hz

FFT_Setup_chX

max_hz

FFT_Setup_chX

Defines the minimum
frequency in Hz for a spectral
band expected to contain an
LDV burst
Defines the maximum
frequency in Hz for a spectral
band expected to contain an
LDV burst

bragg_hz

FFT_Setup_chX

Defines the carrier frequency
offset value for the spectral
band.

fringe_spacing

FFT_Setup_chX

Fringe spacing in meters for
the LDV signal in the spectral
band of interest.
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min_SNR

Burst_Validation

The minimum acceptable
narrowband signal-to-noise
ratio in dB. 16 is typical. An
increase will reduce the noise
and data rate in the processed
data.

max_peak_to_peak

Burst_Validation

The maximum acceptable ratio
of the second largest peak
value in a spectral band to the
largest (suspected Doppler
peak). 0.25 and smaller are
typical for valid data.

min_trigger

Burst_Validation

A second layer of threshold
for the AUR trigger metric.
May be set higher than
trigger_value if you wish to
process and store data with
less stringent trigger values
but wish to obtain validation
information for more stringent
trigger levels.

max_percentage_of_burst

Coincidence_Analysis

Coincidence time window as a
ratio of the burst duration.
Typical values are 0.25-0.7

velocity_transformation

Velocity_Transformation

The velocity transformation
matrix that is multiplied by the
array of raw velocity
measurements to obtain
orthogonal velocity
components in the coordinate
system desired
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Appendix B: Sample Output from AUR
The output from the AUR system is a comma delimited text file with many rows and
20 columns. Shown below is a sample output. It has been formatted such that it is easier
to read and has column titles. Since the current system is only reading one component of
velocity, every component reads the same values. The auxiliary columns represent an
optional fourth band for collecting data. These columns are all zero because the option
was not used.
Table B-1a: Sample output from AUR system for single point readings, columns 1-7.
Arrival
Time

Burst Length

211.5996
211.5996
211.5996
211.5996
211.5996
211.5996
211.5997
211.5997
211.5997

0.000007626
0.00001314
0.000007104
0.000009952
0.000005768
0.00001721
0.00001357
0.00001151
0.00001275

Trigger
Metric
261.4
309
443.5
363.9
607.6
224.8
218.1
230.2
285

Velocity
Comp. 1
23.81663
23.79016
23.59985
24.05246
23.81019
23.97614
23.77257
23.78002
23.56482

Velocity
Comp. 2

Velocity
Comp. 3

23.81663
23.79016
23.59985
24.05246
23.81019
23.97614
23.77257
23.78002
23.56482

Auxiliary
Velocity

23.81663
23.79016
23.59985
24.05246
23.81019
23.97614
23.77257
23.78002
23.56482

0
0
0
0
0
0
0
0
0

Table B-1b: Sample output from AUR system for single point readings, columns 8-15.
Frequency
Comp. 1

Frequency
Comp. 2

Frequency
Comp. 3

Auxiliary
Frequency

SNR
Comp. 1

SNR
Comp. 2

SNR
Comp. 3

6350084
6343028
6292286
6412963
6348370
6392615
6338337
6340324
6282947

6350084
6343028
6292286
6412963
6348370
6392615
6338337
6340324
6282947

6350084
6343028
6292286
6412963
6348370
6392615
6338337
6340324
6282947

0
0
0
0
0
0
0
0
0

22.9
21.2
16.6
20.6
21.8
27.1
16.2
17.7
19

22.9
21.2
16.6
20.6
21.8
27.1
16.2
17.7
19

22.9
21.2
16.6
20.6
21.8
27.1
16.2
17.7
19

Auxiliary
SNR
0
0
0
0
0
0
0
0
0
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Table B-1c: Sample output from AUR system for single point measurements, columns 1620.
Peak to Peak
Comp. 1
0.053
0.202
0.247
0.142
0.097
0.262
0.552
0.338
0.239

Peak to Peak
Comp. 2

Peak to Peak
Comp. 3

0.053
0.202
0.247
0.142
0.097
0.262
0.552
0.338
0.239

0.053
0.202
0.247
0.142
0.097
0.262
0.552
0.338
0.239

Auxiliary
Peak to Peak
0
0
0
0
0
0
0
0
0

Validated?
1
1
1
1
1
0
0
0
1

The AUR operator’s manual includes a table with a brief description of each
column for a two point measurement. Many of the descriptions apply for the single point
measurement as well. Included below are the descriptions from the operator’s manual
that apply for the single point measurement.
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Table B-2: Brief description of columns in AUR output file. The descriptions are pulled
from the AUR operator’s manual [34]
Column Number

Description

1

Arrival time of the electronic signal. Seconds

2

Burst duration of the electronic signal. Seconds

3

Trigger metric value of the electronic channel. a.u.

4

First transformed velocity coordinate. m/s

5

Second transformed velocity coordinate. m/s

6

Third transformed velocity coordinate. m/s

8

Doppler frequency of the first velocity coordinate. Hz

9

Doppler frequency of the second velocity coordinate. Hz

10

Doppler frequency of the third velocity coordinate. Hz

12

Narrow-band SNR of first LDV channel. dB

13

Narrow-band SNR of second LDV channel. dB

14

Narrow-band SNR of third LDV channel. dB

16

Peak-to-peak validation first LDV channel.

17

Peak-to-peak validation second LDV channel.

18

Peak-to-peak validation third LDV channel.

20

Boolean value representing validation status of burst
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Appendix C: Extra Comparisons of 3σ and 6σ Data
The plots below are more comparisons of 3σ data to 6σ data. Figure C-1 is a
comparison of varying IPR/NPR data and Figure C-2 is a comparison of varying exhaust
power data.
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Figure C-1: (a) Mach number and (b) axial turbulence intensity vs. x/D location for varying
IPR/NPR at Mj = 0.44. The squares indicate 6σ data and the triangles indicate 3σ data.
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Figure C-2: (a) Mach number and (b) axial turbulence intensity vs. x/D location for varying
exhaust fan power at Mj = 0.44. The squares indicate 6σ data and the triangles indicate 3σ data.
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Appendix D: Processing Codes
Included below are the MATLAB scripts used to process raw data from the AUR
system as well as any user created functions.
Plot_Multiple_AUR_Output.m
clear all
close all
clc
%First and last output file numbers to be processed
Filestart = 220;
Fileend = 224;
%Pre-allocation of output array
Final_output = zeros(Fileend-Filestart+1,3);
for counter = Filestart:Fileend
%Creates the pathname for the file to be plotted
pathname = 'D:\Grad
School\LDV\AUR\AURStudio_v2.1.0\Binaries\Output_Data\Singlechannel_LDV\';
filename = 'output_data_';
filenumber = num2str(counter);
%Combines the above two parts to make a complete file name
totalfile = strcat(pathname,filename,filenumber,'.txt');
%Loads the file into Matlab
vars = load(totalfile);
%Determine how many rows and columns are in the array
[rows,columns] = size(vars);
%Pre-allocation of an array used to temporarily hold validated
burst rows
keep = zeros(rows,columns);
%Initialize a variable to count how many rows are validated bursts
j = 0;
%Places rows of validated burst info into the "keep" temp array
for i = 1:rows
if vars(i,20) == 1
j = j+1;
keep(j,:) = vars(i,:);
end
end
%Re-write "vars" array to only have validated burst data
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vars = keep(1:j,:);
%Re-ininialize the rows variable to have the correct number
rows = j;
%Calculate the standard deviation of the velocity
Vel_StdD = std(vars(:,4),1);
%Re-initialize the counter
j = 0;
%Calculate the mean velocity of the current velocities
[Umean,~,~] = Root_Mean_Square(vars(:,4),rows);
%Place rows of data that are within +- 6 standard deviations of the
%mean velocity into the temporary array "keep"
for i = 1:rows
if vars(i,4) < (Umean+6*Vel_StdD) && vars(i,4) > (Umean6*Vel_StdD)
j = j+1;
keep(j,:) = vars(i,:);
end
end
%Re-write "vars" array to only have the points within +- 6 standard
%deviations of the mean velocity
vars = keep(1:j,:);
%Re-initialize the rows variable to have the correct number
rows = j;
%Creates a time arrival variable starting from 0
vars(:,21) = vars(:,1) - vars(1,1);
%Pre-allocation of array
delta_time = zeros(rows,1);
%Calculates the arrivial time differential for use in making
histograms
for i = 1:rows - 1
if vars(i+1,21)-vars(i,21) < 0.5
delta_time(i) = vars(i+1,21)-vars(i,21);
end
end
%Calculates the magnitude of the velocity
vars(:,22) = abs(vars(:,4));
%Calculate the mean velocity
[Umean,~,~] = Root_Mean_Square(vars(:,4),rows);
%Calculate U'
vars(:,23) = vars(:,4)-Umean;
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%Calculate U'RMS
[~,~,UprimeRMS] = Root_Mean_Square(vars(:,23),rows);
%Calculate turbulance intensity
TurbInt = UprimeRMS/Umean * 100;
%Initialize Vx to zeros
Vx = zeros(size(vars,1),1);
%Collects the output file number, mean velocity and turbulence
intensity
Final_output(counter-Filestart+1,1) = counter;
Final_output(counter-Filestart+1,2) = TurbInt;
Final_output(counter-Filestart+1,3) = Umean;

%% This section can be commented out when the wheel is not in use
%{
frequency = 60;
%Frequency of wheel in Hz
numspokes = 30;
%Number of spokes on the wheel
OutsideD = 75.4888e-3;
%Diameter from outside edges of
laser burned circle
InsideD = 74.9300e-3;
%Diameter from inside edges of
laser burned circle
RotArm = ((OutsideD+InsideD)/2)/2; %Distance from the center of the
wheel to laser in m

%Calculates the linear velocity of the wheel at the laser point
Vx(:,1) = RotArm*(frequency/numspokes)*2*pi;
Vout = (OutsideD/2)*(frequency/numspokes)*2*pi;
Vin = (InsideD/2)*(frequency/numspokes)*2*pi;
Error = (abs(Umean-Vx(1,1))/Vx(1,1))*100;
measured velocity and theoretical velocity
%}

%Percent error between

%% Calculates a new value for the beam half angle, used in calibration
of sending probe
%{
lambda = 514.5e-9;
%Wavelength of light (m)
D = 39.9288e-3;
%Distance between beams
before entering sending lens (m)
fSend = 300e-3;
%Focal length of sending
lens (m)
%kappa = atand(D/(2*fSend));
%Calculation of half-angle
before calibration (deg)
%df_before = lambda./(2*sind(kappa));
%Fringe spacing before
calibration (m)
df_before = 3.688e-6;
fd = Umean/df_before;
%Calculation of Doppler
frequency (Hz)
df_after = Vx(1,1)/fd;
%Calculation of new fringe
spacing (m)
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kappa_new = asind(lambda/(2*df_after));
angle (deg)
%}

%Calculation of new half

%%
%
%Plots velocity vs. time
if Vx(1,1) == 0
figure(counter)
plot(vars(:,21),vars(:,22),'.');
xlabel('Time (sec)');
ylabel('Velocity (m/s)');
else
figure(counter)
scatter(vars(:,21),vars(:,22),'.');
hold on;
plot(vars(:,21),Vx,'r');
plot(vars(:,21),zeros(size(vars(:,21)))+Vout,'r-.');
plot(vars(:,21),zeros(size(vars(:,21)))+Vin,'r-.');
xlabel('Time (sec)');
ylabel('Velocity (m/s)');
end
% %Plots SNR vs. time
% figure()
% scatter(vars(:,21),vars(:,12),'.');
% xlabel('Time (sec)');
% ylabel('SNR');
%
% figure()
% scatter(vars(:,21),vars(:,2)*1000,'.')
% xlabel('Time (sec)');
% ylabel('Burst Length');
%}
%Create histograms
NormHist(delta_time,100);
end

Root_Mean_Square.m
%Accepts a time series signal (signal) and the number of points in the
%signal (N) and outputs the mean, mean-square, and root-mean-square of
the
%time series signal.
function [mean,meansquare,rootmeansquare] = Root_Mean_Square(signal,N)
sum = 0;
variable
sumsquared = 0;
variable
for i = 1:N

%Initialization of
%Initialization of
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sum = sum + signal(i);

%Sum of all values in

signal
sumsquared = sumsquared + signal(i)^2;
each value in signal
end
mean = sum/N;
meansquare = sumsquared/N;
rootmeansquare = sqrt(meansquare);

%Sum of the square of

%Mean of signal
%Mean-square of signal
%RMS of signal

end

NormHist.m
%Accepts a time series signal (signal) and the number of bins to split
the
%histogram into (N) and creates a histogram with a normalized y-axis
function NormHist(signal,N)
%Determine number of values in each bin and the value of the bin
[counts, binvalues] = hist(signal, N);
%Determine the total number of values
totalbursts = sum(counts);
%Calculate the percentage of values in each bin
normalizedcounts = 100*counts/totalbursts;
%Initialize variables
i = 0;
total = 0;
percent = 0;
%Eliminate the last 5% of data to keep x-axis from extending too
far
while percent < 95;
i = i + 1;
total = total + counts(i);
percent = total/sum(counts)*100;
end
%Plot Histogram with normalized y-axis
figure()
bar(binvalues(1,1:i-1), normalizedcounts(1,1:i-1), 'barwidth', 1);
xlabel('\Deltat of particle arrivals
(sec)','FontSize',14,'FontName','Ariel');
ylabel('Number of particles (%)','FontSize',14,'FontName','Ariel');
set(gca,'FontSize',12);
box on;
end

