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ABSTRACT 

 An Instantaneous Laser Doppler Velocimetry (ILDV) probe is designed, built, and tested. 

The probe is capable of measuring a single component velocity data at a rate as high as two 

megahertz. The probe can be employed in high-speed and unsteady flows, especially where high 

data capture rate is needed such as in shock tubes, high-speed wind tunnels, and pulse detonation 

engines. However, the probe use is not restricted to only high speed flows. The probe, as 

designed, requires the flow direction to be known as it cannot discern the flow direction. Light 

scattered by particles illuminated by a laser beam in the flow is collected via backscattering. This 

light is transmitted to a breadboard housed in a container designed to insulate the system from 

sound, light, and vibration. The transmitted light is collimated and passed through a Michelson 

interferometer. Doppler frequency information contained in the beam is converted to light 

intensity variation using polarization optics. Two photomultiplier tubes are used to detect the 

light intensity variations. The output of the PM tubes are acquired using a high-speed data 

acquisition board, and analyzed in a PC to determine the flow velocity. 
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𝐶0  speed of light 
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𝑒𝑏⃗⃗  ⃗  unit vector along transmitting laser beam 
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𝜆𝑏  wavelength of the laser beam 

𝑀  Mach 

m/s  meters per second 

𝑁  number of wavelengths 
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𝑃0  total pressure 

𝑃𝑔𝑎𝑔𝑒  gage pressure 

PBSC  polarizing beam splitter cube 

PM  photomultiplier 

𝑅  specific gas constant 

𝑇  temperature 

𝑇0  total temperature 

𝜃1  angle of transmitting beam with flow centerline 

𝜃2  angle of receiving beam with flow centerline 

𝑈  flow velocity 

𝑈𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 flow velocity detected by probe 

𝑈𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 flow velocity calculated using compressibility equations 

𝜈  wavelength 

𝑉1  voltage output from photomultiplier tube 1 

𝑉2  voltage output from photomultiplier tube 2 

𝑉𝑝⃗⃗  ⃗  particle velocity vector 
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CHAPTER 1 INTRODUCTION 

1.1 CONVENTIONAL LASER DOPPLER VELOCIMETER  

 The Laser Doppler Velocimetry (LDV) system is a powerful diagnostic technique 

employed to measure the velocity of particles at a point of interest in a flow. The measurement 

technique was developed with the advent of the Helium-Neon laser by the Bell Telephone 

Laboratories in 1962. By using this new continuous wave light source, Yeh and Cummins (1964) 

were able to prove that the Doppler shift could be used to observe fluid velocities using coherent 

light.  

The Doppler Effect describes the phenomenon where the frequency of waves shift when 

the source of the wave is moving relative to the observer. A common encounter with the Doppler 

Effect is when a train passes whilst blowing a whistle. The frequency of the sound wave emitted 

from the whistle increases as the train approaches causing the pitch to raise. As the train passes, 

the pitch lowers because the frequency of the sound wave decreases due to the velocity of the 

source of the wave now moving away from the observer. The Doppler Effect is visually 

represented using the waves shown in Figure 1.1. The LDV technique analyzes the shift of this 

light wave frequency to determine the velocity data.  
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Figure 1.1 Doppler Effect Visualization 

 

Both the LDV and the ILDV systems permit measuring the Doppler frequency shift 

generated by a particle moving in a flow field. The Doppler frequency depends on the laser beam 

direction and the observer direction as shown in Figure 1.2; the Doppler shift observed is directly 

related to the laser wavelength, and the unit vectors of the transmitting and the receiving optics 

units. The Doppler frequency is expressed as: 

 𝑓𝐷 = 𝑉𝑝⃗⃗  ⃗ . ( 𝑒𝑃𝑅⃗⃗ ⃗⃗ ⃗⃗ −  𝑒𝑏⃗⃗  ⃗ )/𝜆𝑏 
( 1 ) 

where, 𝑉𝑝⃗⃗  ⃗ is the particle velocity vector,  𝑒𝑃𝑅⃗⃗ ⃗⃗ ⃗⃗   𝑎𝑛𝑑 𝑒𝑏⃗⃗  ⃗ are the unit vectors along the receiving optics 

and the direction of the transmitting laser beam respectively, and 𝜆𝑏 is the wavelength of the laser 

used. (Albrecht, Borys, Damschke, & Tropea, 2003) 

Wave Source 

Source Velocity 
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Figure 1.2   Definition of Doppler frequency as a function of flow velocity, transmitting, and 

receiving optics 

 For example, in the case where both the transmitting and receiving optics are placed at a 

45º angle from the particle velocity vector, the velocity vector and unit vectors can be written as 

follows: 𝑉𝑝⃗⃗  ⃗ = 𝑈 𝑖 ,  𝑒𝑃𝑅⃗⃗ ⃗⃗ ⃗⃗  =  − cos(45) 𝑖 + sin(45) 𝑗 , and,  𝑒𝑏⃗⃗  ⃗ = cos(45) 𝑖 + sin(45) 𝑗 . For such a 

setup the Doppler frequency can be expressed in a simplified form shown in Equation 3. 

 𝐶𝐷 = (𝑒𝑃𝑅⃗⃗ ⃗⃗ ⃗⃗ − 𝑒𝑏⃗⃗  ⃗). 𝑉𝑝⃗⃗  ⃗/|𝑉𝑝⃗⃗  ⃗| 
( 2 ) 

 𝒇𝑫 =  𝑪𝑫 ∗ 𝑼 / 𝝀𝒃 
( 3 ) 

 𝑓𝐷 = − √2 ∗ 𝑈 / 𝜆𝑏  
( 4 ) 

where, 𝐶𝐷 is the constant due to the dot product between the unit vector in the direction of the 

particle velocity and the difference between the unit vectors. Applying the laser 

wavelength, 𝜆𝑏 = 514.5 𝑛𝑚, in the ILDV setup previously discussed correlates to a Doppler 

frequency, 𝑓𝐷 = 2.7487 ∗ 𝑈 (𝑀𝐻𝑧). Considering that a conventional LDV system operates 

using a Doppler shift of about 200 kHz (m/s), the ILDV system operates with 10 times higher 

data acquisition rate. 

 

 

 

Figure 1. Schematic drawing describing the Doppler shift. 
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Other main advantages of the LDV technique include non-intrusiveness, high accuracy 

due to a small measurement volume, and directional sensitivity. Unlike other velocity 

measurement techniques, such as pitot tubes and hot wire anemometers, the LDV technique 

requires no presence of physical structures in the flow. By requiring only light to be in the flow, 

the act of observing the flow will not affect the flow itself. `The technique requires a window for 

the beams to access the flow. Though it is non-intrusive, the LDV technique requires presence of 

seeding particles in the flow (Durst, Melling, & Whitelaw, 1981). This complication is especially 

apparent when trying to take measurements near a wall. Since the measurement volume is small 

(0.07 mm x 0.07 mm x 1.6 mm) and since a large number of measurements must be taken in 

order to determine the velocity value accurately, long duration measurements may be required 

near the walls as the seeding particles may become sparse and the reflection of the laser beams 

off the wall may blind the PM tubes. This process is time consuming and often difficult to 

accurately accomplish, especially in a time dependent flow.   

The traditional dual-beam LDV setup is shown in Figure 1.3, two parallel coherent beams 

of light are focused to intersect at the focal point of a transmitting lens. At this intersection point, 

a volume of light composed of a pattern of fringes of dark and bright stripes is created by the 

interference of the two beams. When a particle passes through the measurement volume, it 

scatters light with a passage frequency determined by the velocity of the particle divided by the 

fringe spacing. The scattered light is then collected by receiving optics. This light is then 

transferred to a photomultiplier tube. The light intensity variation converted to an electrical 

signal by the PM tube is further analyzed to determine the particle passage frequency. Once this 

frequency is determined using a frequency-domain processor, the velocity is easily calculated by 

multiplying the frequency with the fringe spacing. Fringe spacing, a function of the laser beam 
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wavelength and the included angle between the two focusing beams, can be easily determined by 

rudimentary measurements of the included angle and by knowing the wavelength of the laser.  

In the LDV technique, velocity is determined by the analysis of the scattered light signal. 

The electrical signal generated by the PM tube is first sampled at a high rate by the frequency-

domain processor. A Fast-Fourier Transform (FFT) is then applied on a sample with a size as 

high as 512 points. The peak frequency of the power spectrum obtained by the FFT process is 

considered as the passage frequency after it passes a validation scheme. The validation scheme is 

usually based on determining the power in the bins beneath the peak and comparing to the total 

power in the spectrum. The data is validated if the power in the bins beneath the peak is above a 

certain percentage of the power in the spectrum. The data rate obtained by an LDV system is 

limited due to number of particles passing through the probe volume. The limitations on 

availability of particles in the probe volume and the limitations in the sampling rate of the 

frequency-domain processors limit the data rate of common LDV systems to as high as100 KHz, 

and this might not be sufficient to capture the flow physics of highly unsteady flow fields.  

 

Figure 1.3 Conventional dual-beam LDV setup 
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In the single-beam LDV setup, only a single beam is focused to the measurement 

location. The scattered light collected and a reference beam together are directed to the 

photomultiplier tube. The interference between the scattered beam and the reference beam results 

in a signal proportional to the Doppler frequency. The data reduction equipment and process for 

the single-beam/reference-beam setup is the same as the dual-beam method. Figure 1.4 shows 

the setup used by Yeh and Cummins (1964), who were the first researchers to demonstrate that 

the velocity of a fluid can be measured by using the Doppler shift. They observed the shift of 

light scattered from particles (0.5 m diameter polystyrene spheres) in water by using a helium-

neon laser at a wavelength of 632.8 nm. As illustrated in Figure 1.4. in their set-up, the laser 

output is split into two beams by passing the laser beam through a half silvered mirror after the 

beam is reflected from two mirrors. While the signal beam reflects from a mirror before passing 

through the axis of a flow tube, the reference beam passes through a modulator, which shifts its 

frequency by 30 MHz. Next, both the signal and reference beam are mixed and are directed to 

the photomultiplier. While the signal beam reflects from a mirror before passing through the axis 

of a flow tube, the reference beam passes via a modulator, which shifts its frequency by 30 MHz. 

Next, both the signal and reference beam are mixed and are directed to the photomultiplier. The 

direct output of the photomultiplier includes a high frequency time varying signal superimposed 

on a low frequency signal. By using a spectrum analyzer the high frequency content of the 

photomultiplier output is measured. If the frequency of the signal is 30 MHz then the velocity is 

zero since this is the shift frequency of the reference beam. If the velocity is different than zero, 

then the Doppler shift is added to this 30 MHz. By using this laser velocimeter, Yeh and 

Cummins measured the velocity profile of a laminar flow through the flow tube. (Yeh & 

Cummins, 1964) 
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Figure 1.4 Experimental Setup used by Yeh and Cummins (1964) 

While the velocity component measured with a single-beam method depends on the both 

the directions of the incoming laser beam and the receiving optics orientation, dual-beam method 

measures the velocity component perpendicular to the bisector of the two beams forming the 

measurement probe volume.  

The ILDV setup is similar to the single-beam system since a single beam is focused to the 

measurement location, however the reference beam is eliminated. The Doppler frequency is 

determined using polarization optics and a Michelson interferometer. The ILDV technique does 

not require a frequency-domain processor, allowing high data rate velocity measurements with 

the technique. The main incentive for the current measurement technique described in this thesis 

is to increase the data rate by manipulating one temporally offset beam as opposed to the 
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reference-beam mode LDV technique described above. In this way, the Doppler shift is 

determined by the analysis of the variation of the wavelength of a Doppler shifted laser beam. 

Smeets and George developed the technique of using a Michelson spectrometer for the 

purpose of instantaneous LDV measurements. Their method employed a fast acting phase 

stabilization process by utilizing a Pockels cell and a simple electrical circuit. The light collected 

by a Doppler shift causes a sudden phase shift, which causes change in intensity seen by 

photomultiplier tubes. This sudden change generates a difference between the currents produced 

by the PM tubes. The current difference is then converted to a voltage in an electrical circuit and 

then ultimately applied to the Pockels cell. The Pockels cell zeros the phase shift of the light 

passing through. The voltage applied to the Pockels cell is linearly proportional to the phase shift 

caused by the Doppler Effect. By using an electrical circuit to drive an electro-optical feedback 

system, the limitations associated with data processors’ collection rates were also circumvented. 

Smeets and George also documented similar obstacles in their experimentation including phase 

drift and system insulation. (Smeets & George, 1981). The data rates obtained in that study was 

limited to 1 MHz rate as this was the limiting rate at which the Pockels cell could be 

manipulated. 

Smeets and George (1981) discuss potential applications for this technique as measuring 

surface movements, such a plate impacted by a projectile or a vibrating membrane, and 

measuring flow velocities using tracer particles. Noting the potential to capture exceptionally 

high data rates, Schlöffel et al. (2009) expanded these ideas to investigate the acceleration of 

aluminum particles behind a shockwave in a shock tube. In this experimental setup, 5 µm 

diameter aluminum particles are dispersed in a stagnant environment and then rapidly 

accelerated by a shock wave driven by pressurized nitrogen. Velocity of the particles were 
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measured using the ILDV technique and then used to calculate the dynamic force exerted by the 

shockwave on these particles. (Schlöffel, Bastide , Bachmann , Mundt, & Seiler, 2009) 

The present work differs from the work described above as it eliminates the use of the 

Pockels cell and associated electronic circuitry. The current system uses a high data rate (2 MHz) 

data acquisition board to acquire the data by a PC and analyze the data automatically to obtain 

the velocity information. It also introduces a method to eliminate the effect of the intensity 

variations in the transmitted or collected laser beams on the measured velocity. Thus, this work 

provides a substantial improvement on the ILDV technique, A schematic of the simplified 

electronics is pictured in Figure 1.5. The data acquisition board and photomultiplier tubes are 

picture in Figure 1.6. 

 

Figure 1.5 ILDV Electronic  Circuit Schematic 
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Figure 1.6 Data Acquisition Board and Photomultiplier setup 

In the following sections the description of the optics and working principle of ILDV 

technique is given in Chapter 2. In Chapter 3 the mathematics behind the working of the system 

is described. Chapter 4 describes the housing built to insulate the system. Chapter 5 details the 

flow fields in which velocity measurements are made. The experimental results are reported in 

Chapter 6 and sources of uncertainty about these measurements are outlined in Chapter 7. 

 

 

 

 

 

Data Acquisition Board 

Photomultiplier power meters 
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CHAPTER 2 INSTANTANEOUS LASER DOPPLER VELOCIMETER- OPTICS 
 

ILDV system consists of several major components. The on-table was used to generate a 

single laser beam. A specialized probe head generates the measurement probe volume and 

collects the light from the measurement probe volume. A Michelson interferometer translates the 

signal to useful information. The data acquisition electronics convert the high data rate 

information into velocities.   

2.1  ON-TABLE OPTICS 

On table optics contains a laser (Innova 308C, 8 Watt Argon-Ion) operated at a single 

wavelength (514.5 nm), three mirrors and two laser-to-fiber couplers. The laser beam generated 

by the laser was reflected off couple of mirrors and directed to laser-to-fiber coupler (Newport F-

91-C1), The laser beam was then coupled to a 30 foot long polarization preserving single-mode 

fiber (Corning PM 48-P-S). The polarization maintaining fiber is required to transfer the laser 

beam to the measurement point with minimal distortion, similar to the conventional laser-

Doppler velocimetry probes. The beam used in this setup was generated by a laser equipped with 

an etalon. The etalon reduces the longitudinal mode variation of a laser to a minimum, achieving 

as small a variation in the laser wavelength as possible. The etalon also serves to alleviate a 

portion of complication experienced with the drift of initial phase. This obstacle is further 

explained in a later section. The second fiber-optic coupler and mirrors are used to couple light 

into another fiber-optic cable during the alignment process. 
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Figure 2.1 On Table Optics Schematic 

2.2 PROBE HEAD 

Probe head houses the transmitting and the receiving optics (Figure 2.1). The fiber-optic 

cable carrying the laser beam was terminated using a ceramic ferrule. The ferrule was inserted 

into a holder placed in the casing of the probe head. The holder was also used to hold a 3mm 

diameter lens that is used to collimate the laser beam. Fiber terminator was fixed in place with a 

set screw. The collimation is required to obtain the desired beam diameter so that the focused 

beam will form the smallest possible probe volume. Proper focusing allows achieving the 

maximum concentration of light in the measurement volume. The collimated beam is then passed 

through the 80 mm focal length focusing lens to direct the transmitted beam to the measurement 

probe volume, located at the focal length of the focusing lens. Another holder, lens, terminator, 

fiber-optics train was produced to be used as the receiving optics. The receiving optics rests on 

top of the transmitting optics and is held in place by six adjustment screws. The point of the cone 

on top of the receiving optics is the only contact with the transmitting optics. The light scattered 

by the particles passing through the measurement probe volume first passes through the focusing 

lens and the optical train to collect and carry the light to the ILDV breadboard optics in its 

protective box. The measurement probe volume is determined as the portion of the transmitted 

beam visualized by the receiving optics. The probe volume in the current research had a diameter 
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of 70 microns and was 1.6 mm long. These dimensions are affected by the angle formed between 

the receiving and transmitting optics, the size and focal length of the collimating lenses, and the 

type of fiber optic cable used to transport the light. 

The receiving optics were aligned by sending a second laser beam through the receiving 

optics. The beams emerging from the two fiber terminators and passing through the focusing lens 

were made to cross at the measurement probe volume using adjustment screws. The adjustment 

is determined successful by placing a microscope objective at the focal point of the focusing lens 

and overlapping the centerpoint of the beams. The microscope objective allows projecting the 

image of the two beam crossing point to a distant surface. The image observed is two circles 

corresonding to each of the beams. The beams are overlapped by manipulating the adjustment 

screws mentioned above. The collected light is coupled into a fiber-optic cable and transferred to 

the optical train on the breadboard to determine the velocity of the particles passing through the 

probe volume. An image of the transmitting optics assembly with adjustment screw 

configuration is pictured in Figure 2.1. 
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Figure 2.2 Transmitting and receiving optics 

2.3 MICHELSON INTERFEROMETER – BREADBOARD OPTICS 

The fundamental feature of the instantaneous laser Doppler velocimetry (ILDV) is the 

Michelson interferometer, an optical setup designed to visualize the interference of light. This 

optical device was developed in 1887 by Albert A. Michelson and Edward W. Morley for an 

experimental setup to quantify the velocity of Earth through space by measuring relative to a 

theoretical “luminous aether.” The results of this experiment disproved the aether theory of light 

travel and has been credited as the transition to special relativity, a prevalent modern school of 

thought in theoretical physics. (Michelson, 1881)  

ADJUSTMENT 

SCREWS 

RECEIVING LIGHT 

PATH 

TRANSMITTING LIGHT 

FOCUSING LENS 

COLLIMATING 

LENSES 

FIBER 

TERMINATORS 
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Figure 2.3 Breadboard Schematic 

Figure 2.3  shows the path the collected light passing through the optical system. The 

light emerging from the receiving fiber-optic cable is collimated in a fashion similar to the 

receiving and transmitting optics of the probe head to ensure the light ultimately received by the 

photomultiplier tubes is as strong as possible. The light passes through a polarizer that only 

allows the portion of light polarized at 45⁰ to the horizontal to pass. This angle of polarization is 

confirmed using a polarization direction finder.  A mirror directs the polarized light to the 

Michelson interferometer. Upon entering the interferometer, a polarizing beam splitter cube 

(PBSC) splits the light into two perpendicular angles of polarization. The transmitted light 

passing through the PBSC has a vertical polarization, the reflected light has a horizontal 

polarization. The polarizations angles at various stages in the path of the light are portrayed in 
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Figure 2.4. The reflected beam reflects off a mirror and returns to the cube. The light  travels 

through a glass cylinder, reflects off a mirror and returns to the cube.  

 

Figure 2.4 Polarization Angles in breadboard optical setup 

The higher density of the glass creates an optical path length difference (ΔOPL) between 

the two legs of the interferometer. The ΔOPL is a function of the axial length of the glass 

cylinder and directly affects the range of the measureable velocities.  When the light is 

recombined, the signal is offset by the path length difference. The path length difference can best 

be illustrated by using a hypothetical laser pulse as pictured in Figure 2.4.  In panel A, the beam 

pulse is unsplit. Polzrization is 45 degrees from the breadboard plane. In panel B, the beam splits 

into two beams with different perpindicular components of the original polarization. The vertical 

component passes through the cube and the horiz ontal is refelcted. In panel C, the beams are 

refelcted from the mirros and realigned to on collinear beam. However the beam passing through 

the glass cylinder had a longer optical distance to travel because of the refractive index of the 

cylinder. The signal will be blocked if the light is clipped by the edge of the cube, the edge of a 

mirror, or the circumference of the glass cylinder. 
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Figure 2.5 Creation of Optical Path Length Difference 

 The temporal offset of the beam legs is integral to the operation of the system because a 

particle passing through the measurement volume Doppler shifts the collected light frequency. 

With the temporal offset, the light emerges from the optical setup shown with a phase angle 

difference as a result of the Doppler effect altering the frequency and wavelength. The 

importance of this phase angle difference is further explained subsequently. 
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 The most difficult aspect of alignment of the system is reflecting the light from the 

mirrrors onto a collinear path as they leave the PBSC, completing the path of the light through 

the Michelson interferometer, Figure 2.6. Initially, the coarse alignment is achieved by 

confirming intersection of the beams at a point close to the interferometer and at a point 

significantly far away. The angles of the Michelson interferometer are tuned with mirror mount 

adjustment screwsto achieve this goal. Fine adjustment is a process of making minute alterations 

to the angles and adjusting the length between the PBSC and the mirror which creates the 

interferometer leg without the glass cylinder. This mirror is set upon a translation stage moving 

towards and away from the PBSC. To make this adjustment easier, the adjustment knob of the 

stage on which the mirror is attached is equipped with submicron adjustment capability. The goal 

of fine adjustment is to see concentric patterns of light and dark fringes out of the exit of the 45⁰ 

rotated polarizing beam splitter cube. This alignment is most easily accomplished using small 

angles of reflection.  
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Figure 2.6 ΔOPL Adjustment 

After passing the interferometer, the collinear beams pass through a second polarizing 

beam splitter cube with its base oriented at 45⁰ to the top plane of the breadboard. Since the 

incoming beams have polarizations horizontal and perpendicular to the top of the breadboard 

surface, passing through the second PBSC divides the light into two light pairs of similar 

polarizations. While one of the beam pairs have same polarization angle, the other pair have 

polarization directions that are 180 degrees with respect to each other. Each beam pair is directed 

into two separate photomultipler tubes. The interference of the beams in the PM tubes generate 

current based on the magnitude of the light intensity seen by the PM tube. One of the two beams 

in each PM tube has traversed a longer path length than the other. The intensity observed by the 

PM tube is directly related to the difference in the optical path lengths because of the phase 
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difference between the beams. The light polarization entering the PM tubes is depicted in Figure 

2.7. 

 

Figure 2.7 Polarizations entering PM Tubes 

The interference of the two waves is affected by two main factors: ΔOPL and frequency. 

A visual representation of the interference is illustrated in Figure 2.8. The top image shows both 

unshifted light offset by a ΔOPL. The bottom image displays the effect of a frequency shift on 

the resultant superimposed wave. Interference is constructive when the waves are of the same 

sign (positive or negative) and destructive when waves are on opposite signs. A comprehensive 

list of equipment described above is included in Appendix A1. 

Polarization Angles 
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Figure 2.8 Effect of wavelength shift and visual display of the optical path length difference 

(ΔOPL) 
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CHAPTER 3 INSTANTANEOUS LASER DOPPLER VELOCIMETRY – 

MATHEMATICAL DESCRIPTION 
 

 Velocity is quantified by comparing the intensities detected by two PM tubes. Intensity is 

a function of the phase difference between the beams and can be quantified using two beam 

interference theory. While the polarization angles of the beams going into both PM tubes are 

parallel,  the directions of the polarizations are equal in one pair and opposite in the other. 

Because of this contrast, the intensity in the 45⁰ oriented and straight forward PM tubes are 

related to the phase difference with the sine and the cosine functions respectively.  

 
𝐼𝑃𝑀1 = 𝐼0 ∗ 𝑐𝑜𝑠2(

∆𝜑

2
) 

( 5 ) 

 
𝐼𝑃𝑀2 = 𝐼0 ∗ 𝑠𝑖𝑛2(

∆𝜑

2
) 

( 6 ) 

In this equation 𝐼0 indicates the intensity of the laser beams and the ∆𝜑 shows the phase 

difference. As previously stated, the optical path length difference (ΔOPL) is a critical detail 

about the operation of the system. Phase difference can be expressed using proportionality as a 

function of the ΔOPL: 

 
∆𝜑 = 2𝜋  

∆𝑂𝑃𝐿

 𝜆𝑏
 

( 7 ) 

 Applying values of phase difference, the voltage read by the PM tubes are equal to each 

other if the phase difference is adjusted to be 90⁰. The change in the phase difference ∆𝜑 by the 

amount of d(∆𝜑) is observed once there is a shift in the frequency of the light due to the Doppler 
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shift induced by the flow field. A relation between the change in the phase difference and the 

Doppler frequency, 𝑓𝐷, can be obtained by expressing an equation in terms of the frequency and 

by differentiating this Equation 7. 

 
∆𝜑 = 2 𝜋 

∆𝑂𝑃𝐿

 𝜆𝑏
= 2 𝜋 

∆𝑂𝑃𝐿

𝐶0
∗ 𝜈 

( 8 ) 

 𝑑(∆𝜑) = 2 𝜋 
∆𝑂𝑃𝐿

𝐶0
∗ 𝑑𝜈 = 2 𝜋 

∆𝑂𝑃𝐿

𝐶0
∗  𝑓𝐷 

( 9 ) 

The light speed, 𝐶0,  is constant in a single medium and assumed to be 𝐶0  = 299 792 458 𝑚/

𝑠 in air. The difference in the voltage output of the PM tubes is linearly correlated to the change 

in the phase difference by using two beam interference properties: 

 
𝑉1 − 𝑉2 = 𝐾 ∗ (𝐼0 ∗ 𝑐𝑜𝑠2 (

∆𝜑 + 𝑑(∆𝜑)

2
) − 𝐼0 ∗ 𝑠𝑖𝑛2 (

∆𝜑 + 𝑑(∆𝜑)

2
)) 

( 10 ) 

 
𝑉1 − 𝑉2 = 𝐾 ∗  𝐼0 ∗ cos(∆𝜑 + 𝑑(∆𝜑)) ( 11 ) 

The sum of the voltages can be expressed as: 

 𝑉1 + 𝑉2 = 𝐾 ∗ (𝐼0 ∗ 𝑐𝑜𝑠2 (
∆𝜑 + 𝑑(∆𝜑)

2
) + 𝐼0 ∗ 𝑠𝑖𝑛2 (

∆𝜑 + 𝑑(∆𝜑)

2
)) 

( 12 ) 

 
𝑉1 + 𝑉2 = 𝐾 ∗  𝐼0 ( 13 ) 

In both of these equations, K is the constant of proportionality between light intensity 

entering the PM tubes and the output of voltage. The unknown values of 𝐾 & 𝐼0 are eliminated 

by dividing the difference of the voltages by the sum of voltages. The proportionality constant, 

K, differs from one PM to the next. The K values for both the photomultipliers were equialized 

by adjusting the output of the PM tubes to be the same voltage using potentiometers attached to 
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the output of the PM tubes. The setup of the wiring to include these potentioemeters is pictured 

in Figure 3.1. During the adjustments, PM tubes were placed to face each other and the junction 

was illuminated with a flashlight. This adjustment allowed eliminating the K factor in the 

subsequent steps. (Seiler & George, 2000) 

 
𝑉1 − 𝑉2

𝑉1 + 𝑉2
= 𝑐𝑜𝑠 (∆𝜑 + 𝑑(∆𝜑)) 

( 14 ) 

This manipulation makes the analysis technique independent of the intensity variations 

that might occur due to the variations in the laser power during its operation or due to the change 

in the concentration of the particles present in the measurement volume.  Further, the ratio is 

limited to -1 to 1 range, which makes the further manipulation of this signal easier.  

 

Figure 3.1 Potentiometer Circuit in PM tube wiring 

 The equation can be rearranged using the previously written relations, 
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fD = CD ∗ U / λb ( 15 ) 

 𝑑(∆𝜑) = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑉1 − 𝑉2

𝑉1 + 𝑉2
) − ∆𝜑 = 2 𝜋 

∆𝑂𝑃𝐿

𝐶0
 𝑓𝐷 

( 16 ) 

 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑉1 − 𝑉2

𝑉1 + 𝑉2
) − ∆𝜑 = 2 𝜋 

∆𝑂𝑃𝐿

𝐶0
∗ 𝐶𝐷 ∗

𝑈

 𝜆𝑏
  

( 17 ) 

 𝑈 =
 𝜆𝑏 ∗  𝐶0

2 𝜋 ∗  ∆𝑂𝑃𝐿 ∗ 𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2

𝑉1 + 𝑉2
) − ∆𝜑] 

( 18 ) 

 𝑈 =
 𝐶0

2 𝜋 ∗  𝑁 ∗ 𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2

𝑉1 + 𝑉2
) − ∆𝜑] 

( 19 ) 

where 𝑁 =
∆𝑂𝑃𝐿

 𝜆𝑏 
, is a constant but it is not necessarily an integer number. The measurement of 

the optical path length difference with micron accuracy proves to be difficult. In order to 

counteract this error, an adjustment knob with 1 micron graduations is used to adjust the length.  

The equation 11 described above further simplifies once the initial phase difference is set 

as,  ∆𝜑 = ∆𝜑0 = 𝜋/2, which theoretically yields the largest range of measureable velocities. 

 𝑉1 − 𝑉2 = −𝐾 ∗ 𝐼0 ∗ 𝑠𝑖𝑛(𝑑(∆𝜑)) ( 20 ) 

 
= −𝐾 ∗ 𝐼0 ∗ sin (2 𝜋 

∆𝑂𝑃𝐿

𝐶0
∗ 𝑑𝜈) 

( 21 ) 

 
= −𝐾 ∗ 𝐼0 ∗ sin (2 𝜋 

∆𝑂𝑃𝐿

𝐶0
∗ 𝑓𝐷) 

( 22 ) 

Equation 22 indicates that for a given voltage difference, larger optical differences allows 

determining smaller Doppler shifts, or smaller velocities.  

The 𝑑(∆𝜑) variations are not necessarily very small values. For this reason, it is 

necessary to analyze the correlation between phase angle change and measured velocity to 
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ensure velocity calculations are within the range of accurate operation. The applicable equation 

is seen below in Equation 23. 

 
𝑑(∆𝜑) =  2 𝜋  

∆𝑂𝑃𝐿

𝐶0
∗ 𝐶𝐷 ∗

𝑈

 𝜆𝑏
 

( 23 ) 

 

For 𝐶𝐷 = 2, which corresponds to the case when the laser beam light scatters back in the 

opposite direction back towards the transmitting optics, using 𝑈 = 1 𝑚/𝑠,  ∆𝑂𝑃𝐿 = 0.029 𝑚, 

The phase angle change per 1 m/s velocity change can be calculated as 𝑑(∆𝜑) = 0.00236 =

0.1353°. 𝐶𝐷 can be calculated using Equation 2 given in Chapter 1. With the total usable angle 

range for the system of 
𝜋

2
 radians, a total velocity resolution range of 665.3 m/s is possible. If the 

desired full scale is 2000 m/s, a shorter optical path length difference is necessary. Applying the 

same equation, a ∆𝑂𝑃𝐿 of 9.66 mm is needed. To resolve 5000 m/s, ∆𝑂𝑃𝐿 = 3.86 𝑚𝑚. 
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CHAPTER 4 OPTICS BREADBOARD HOUSING 

 A benefit and drawback of the ILDV system is that the optics are tremendously sensitive. 

It is so sensitive in fact, that the uninsulated system shows the disturbance made by an operator 

coughing in the same room. To counteract this potential for extreme error, a box was designed to 

block external sources of light and dampen sound and other vibrations. 

 The structural framework for this box was made with aluminum extrusions and designed 

using MayCad, a program which allows the user to generate CAD models using commercially 

available products from MayTec. In this way, the communication between the supplier and 

customer is very clear and an accurate bill of materials is easily generated. The design is 

displayed as generated by the MayCad in Figure 4.1. Dimensions were chosen to avoid placing 

any stress on fiber optic or power cables because doing so could compromise sensitive alignment 

on the board. Extra space is also given to avoid contact with the translation stage adjustment 

knob. This stage controls the optical path length difference and needs to be free to modify. 
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Figure 4.1 Framework of optics housing 

 As mentioned before, the walls of the box are built to insulate the system from light and 

vibrations. The main material is similar to plywood in appearance but composed of a sound 

proofing substance. QuietBrace Sound-Deadening Structural Insulating Sheathing is most 

commonly used in the walls of residential housing to help soundproof rooms. Two of the walls 

are hung on hinges to allow access for alignment and troubleshooting. To further protect from 

vibrations, the walls are lined with 4” acoustic foam with a noise reduction coefficient of 0.8. 

The noise reduction coefficient is a scalar value that represents the level of sound absorption by a 

material. On this scale, a 0 indicates perfect reflection of sound and 1 represents 100% sound 

wave captivation. As suggested by the supplier, LIQUID NAILS® Adhesive was used to secure 

the foam in place. The testing used by the foam supplier was conducted per the requirements of 

the ASTM Standard Test Method for Sound Absorption and Sound Absorption Coefficients by 
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the Reverberation Room Method ASTM C423-09a and E795-05. The fully assembled 

containment box is pictured in Figure 4.2 and the sound proofing foam in pictured in Figure 4.3. 

 

Figure 4.2 Optics Housing 
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Figure 4.3 Insulations and optical setup 
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CHAPTER 5 DESCRIPTION OF FLOWS - EXPERIMENTAL SETUP 

 Three patterns of free-jet flows at the exit of a converging nozzle are analyzed to show 

the successful operation of the probe. The jet flow was generated at the outlet of a convergent jet 

nozzle using a TSI Model 1125 hot-wire calibrator manufactured. The calibrator was supplied 

with a pressurized air line from an air compressor and equipped with a total pressure gage to 

measure the stagnation pressure of the flow. A cross-sectional view of the calibrator is displayed 

in Figure 5.1.  
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Figure 5.1 TSI Model 1125 hot-wire anemometry calibrator 

 Pressurized air from the supply line is brought to a shut off valve where it then travels 

through a trap and filter.  The air then passes through a pressure regulator and flow regulator that 

control the amount of air allowed through the calibrator. These controls are used to makes coarse 

and refined adjustment to the air speed of the flow respectively. The flow then passes through a 

heat exchanger that is not used for the purposes of this research.  The air leaving the heat 

exchanger passes into the settling chamber where it passes through five mesh screens to 

eliminate any swirling or other undesired motion.  After passing through the screens, the flow is 

then delivered through a 0.60 in (15.24 mm) diameter pipe with a plate attached to it containing 

Measurement Point 

Flow Path 
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the 0.15 in (3.81 mm) diameter convergent nozzle. The measurement point of interest for this 

experimental setup is the exit velocity of the nozzle in the center of the exit nozzle.  

 The ILDV probe is mounted separately on a three axis adjustment base. This mounting 

system allows X-axis and Y-axis translation and Z-axis rotation control to position the 

measurement volume. X and Y axis translation allows adjustment of the measurement volume to 

the center of the convergent nozzle outlet. The probe must be aligned 80 mm from the desired 

measurement point due to the focal length of the transmitting lens. If desired this distance can be 

changed by replacing this transmitting lens with another lens with a longer focal length. The 

rotational adjustment is used to position the probe out of the direct path of the air flow.  

The setup of the transmitting optics with respect to the flow measured is visualized in 

Figure 5.2. The probe is offset from the centerline axis of the flow in this experimental setup to 

avoid lens clouding by the smoke seeding particles. The transmitting beam and receiving optics 

were set at 25º and 30º offset from the axis of the flow respectively. These unit vectors 

correspond to a constant 𝐶𝐷 of 1.7723, considering that the flow velocity is along the axis of the 

jet flow. 
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Figure 5.2 Transmitting optics orientation 

The jet exit velocity was calculated by assuming that the static pressure at the exit plane 

of the jet was ambient daily static pressure. The flow velocity was calculated taking into account 

that the flow is compressible at high subsonic flow velocities. The first is a steady reading of 

flow driven by 70 kPA total pressure with periodic reading of phase difference at a zero 

reference velocity. Secondly, flow is measured when driven by varying values of chamber total 

pressure between 30 and 90 kPa at intervals of 10 kPa. Between every measurement interval, 

zero velocity reference readings of phase were made. Lastly, transient data is recorded by 

measuring zero reference velocity and opening the pressure valve to a known pressure.  



35 

 

Measuring a velocity of 0 m/s proved difficult due to the unsteady nature of smoke 

particle seeding when the flow is not driven by a pressure source. However, a reference of phase 

difference at zero velocity is needed for the calculation of flow velocity. To achieve a usable 

reference point, a relatively low pressure is applied to drive the smoke at a constant velocity. 

This reference is calculated to be 0.541 kPa by using a finer pressure gage because the pressure 

gage used for experimental values did not register such a low pressure. 

 Modeling the flow composition as an ideal gas, velocity is approximated at each pressure 

interval using the isentropic flow equations. The relevant equations are included below. 

 

𝑀 = √
2

𝛾 − 1
[(

𝑃0 + 𝑃𝑔𝑎𝑔𝑒

𝑃0
)

𝛾−1
𝛾

− 1] 

( 24 ) 

 
𝑇 = 𝑇0 (1 +

𝛾 − 1

2
𝑀2)

−1

 
( 25 ) 

 𝐶0 = √𝛾𝑅𝑇 ( 26 ) 

 𝑈 = 𝑀 𝐶0 ( 27 ) 
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CHAPTER 6 EXPERIMENTAL RESULTS 

 Three flow patterns are investigated to determine the successful recording of velocity 

data. The first observation is seeded air flow flowing through while the hot-wire calibrator 

chamber total pressure reading is set to 70 kPa. Using the compressibility equations, the velocity 

of the flow at the outlet of this device is expected to be 289.8 
𝑚

𝑠
. The intended purpose of this 

investigation is to prove the continued accuracy of the probe and to determine the uncertainty in 

the velocity measurements after repeated tests.  A ‘zero’ reading of phase difference is taken at a 

set velocity through the system. The velocity was determined by using a more sensitive pressure 

gage to read the hot-wire calibrator chamber total pressure. The velocity used during zero phase 

shift measurements is approximately 31 
𝑚

𝑠
. Several other methods were tested to measure the 

zero but all proved to be unsuccessful. When solid surfaces were used such as a razor blade or 

white paper, small uncontrollable vibrations from the building proved too great to obtain a steady 

reading. When stagnant smoke was tested, the chaotic nature of gas shifted also made a steady 

reading impossible. After obtaining this ‘zero’ reading, a 70kPa reading is conducted. This cycle 

of 0 and 70 kPa measurement is repeated 10 times before reducing the data.  
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Figure 6.1 Measurements at a Constant 70 kPa 

 Every reading is conducted at 1000 Hertz for 10 seconds. The results (Figure 6.1) are 

averaged and compiled. The average reading is 274.96 m/s with a standard deviation of 15.14 

m/s. To quantify the accuracy of these reading, the experimental variation is calculated using the 

following formula. 

 
𝜖𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 =

𝑈𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝑈𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑈𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
𝑥100 

( 28 ) 
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Figure 6.2 Experimental variation from Model at a constant 70 kPa 

The average experimental variation from the model for these readings is 6.45% and the 

standard deviation is 3.20%. This process was repeated dozens of times for the purpose of 

refining the probe and to validate the probes’ consistent accuracy. Only the representative data is 

included in this thesis. Compiling 4 sets of 10 data point produced an overall average variation of 

6.41% with a standard deviation of 4.43%. This is represented in Figure 3.3. This amount of data 

points can be believed to be a representative samples of a population of data points collected. 

Assuming the data set is large enough to be representative of all measurements the probe can 

take, it is beneficial to apply Chauvenet’s criterion to reject the data which is so unlikely to occur 

that it can be marked as a misread of the data and not representative of the population. More 

information on Chauvenet’s criterion can be found in Appendix A2. For this flow pattern 

reading, the probe can report velocities with a mean variation of 4.74% and a standard deviation 

of 2.81%. (Young, 1962) 
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Figure 6.3 Compiled 70 kPa Measurements 

As discussed before, it was necessary to collect data for a ‘zero’ reading of phase 

difference before every measurement. One reason for this consant comparison is because of a 

perceived drift in the initial phase of the analyzed beams. The drift created problems, because the 

maximum observable phase change of  
𝜋

2
  is only valid when the intial phase difference is also 

𝜋

2
. 

One potential source of this drift is suspected to be the vibration of a mirror when adjusting the 

∆𝑂𝑃𝐿 . To counteract this potential for error, the phase difference is observed over a long period 

of time. This phase variation dampens over time as vibrations settle from system alignment but 

do not completely dissapate. After each adjustment to equalize the phase, the photomultiplier 

signals are allowed significant amount of time to achieve constant  values. This often required a 

period of four to six minutes. The data collection process was also conducted at a relatively fast 

pace to reduce the smaller effects of drift. When the process was fully refined, phase change 

between zero measurement was consistently less then 0.05 radians.  
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Figure 6.4 Measurements with Drift Evidence 

In Figure 6.3, the extent of the error that can be caused by this drift is shown. In this test 

run, a longer ∆𝑂𝑃𝐿 is used, which causes the maximum phase difference to be reached 

significantly earlier. This maximum is reached between 40 and 50 kPa. When properly 

accounted for, a comprehensive reading of velocities ranging from 207.4 
𝑚

𝑠
  (30 kPa gage 

pressure) to 316.4 
𝑚

𝑠
 (90 kPa gage pressure) can be accurately measured as seen below. 

Similar to the previously described flow pattern readings, zero readings are taken 

between every velocity reading to improve accuracy. As can be seen by the following results, 

this goes a very long way to counteract the initial phase angle drift. Velocities are detected at 

intervals of 10 kPa from 30 kPa to 90 kPa in this experiment to demonstrate that the instrument 

can accurately measure velocities across a range of velocities. Using a ∆𝑂𝑃𝐿 created by a 25.4 

mm glass cylinder in this setup, the optical path length difference is approximated as 0.029 m. 

Using the velocity equation derived in Equation 19, the maximum phase shift of 𝜋/2, the 

maximum resolvable velocity can be calculated. 
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𝑈 =

 𝐶0

2 𝜋 ∗  𝑁 ∗ 𝐶𝐷

[𝜋/2] = 750.76 
𝑚

𝑠
 

( 29 ) 

 Our anticipated maximum velocity of  316.4 
𝑚

𝑠
 is well within this resolvable velocity 

range. The probe is verified to be within the necessary specifications to output proper data. 

 

Figure 6.5 Velocity Measurements with Increasing Pressure 

 

Figure 6.6 Experimental Variation from Model of Measurements with Increasing Pressure 
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The experimental variation of each data reading is again calculated. The mean variation is 

1.8% with a standard deviation of  0.97%. This process underwent dozens of iterations for the 

purpose of refining the the probe and to validate the probes’ consistent accuracy. Only the 

representative data is included in this thesis. Compiling 4 sets of 7 data point produced an overall 

average variation of 3.67% with a standard devition of 3.06%.  

The third flow pattern under investigation demonstrates a higher data acquisition rate. A 

flow is generated with the supply air at 70 kPa. 100,000 samples per second are gathered as the 

supply is abruptly dropped to the zero reading. The high data rate displays the transition as the 

valve is closed.  

 

Figure 6.7 Continuous Measurement with Supply Air Cutoff 

Under successful operation, the probe would measure 289.9 m/s at the initiation of the 

data collection and 31 m/s when the flow settles after the pressure drop. At high data rates, 

seeding density is low and creates complications with obtaining accurate particle velocity 

readings. The data is overlaid with a 200 point moving average line to consolidate this variation. 

This line represents the equivalent of 500 time averaged data points per second. 
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The reverse operation of this flow is also investigated at a data rate of 100 kHz pictured 

in Figure 6.8. The flow starts at zero reading level and the valve is opened so the pressure 

regulator reads 70 kPA.  The supply air appears to accelerate much faster than the flow seeding. 

After the valve is open, the smoke in the flow diminishes significantly. This can be seen by 

observation of the physical flow itself as well as where it affects the data integrity. That data is 

constant before the shift and at the initital increase in velocity. The variation quickly expands and 

then shrinks when the seeding density increases again and stabilizes at the 70 kPa pressure. [what 

is the data quality, i.e. standard deviation, for the points as you move through this transition?] 

 

Figure 6.8 Continuous Measurement with Supply Air Valve Opening 

 Figure 6.9 displays the capability of data collection at 250 kHz. Four seconds of data was 

analyzed of a continuous free jet flow with the supply air cutoff. Similar complications with 

seeding were observed at the instance of flow adjustment. This is because the seeding particles 

resettle in the chamber when the driving pressure is cutoff, causing a momentary reduction in 

particle density and velocity in the flow. In Figure 6.9, this transient period directly after valve 

can be observed.  
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Figure 6.9 Supply Air drop at 250 kHz data rate 
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CHAPTER 7 UNCERTAINTY ANALYSIS 

Measurement techniques, vibrations due uncontrollable circumstances, interference from 

foreign light sources and variations in laser wavelength are all potential causes for uncertainty of 

the calculated velocity values. Using the previously discussed relations the measureable velocity 

can be expressed as: 

 
𝑈 =

 𝐶0

2 𝜋 ∗  𝑁 ∗ 𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2

𝑉1 + 𝑉2
) − ∆𝜑 ] 

( 30 ) 

In this section, uncertainty due the optical path length difference, the initial phase angle 

setting, angular orientation of the transmitting beam with respect to the flow field are analyzed 

(Kline & McClintock, 1953). 

 

7.1 OPTICAL PATH LENGTH DIFFERENCE 

The uncertainty in the U velocity based on the uncertainty of the ∆𝑂𝑃𝐿  can be analyzed 

using Kline and McClintock (1953) method. In this method, the velocity is considered to be 

function of the total fringe count that is directly related to the ∆𝑂𝑃𝐿 with the laser wavelength, 

𝑁 =
∆𝑂𝑃𝐿

 𝜆𝑏 
, The uncertainty in the velocity is estimated with the given equation below, where the 

∆𝑁 is the uncertainty in the total number of wavelengths with in the ∆𝑂𝑃𝐿. 

 

∆𝑈 = √(
𝜕𝑈

𝜕𝑁
∆𝑁)

2

= √(
−

 𝐶0

2 𝜋 ∗   𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2

) − ∆𝜑]

𝑁2
∆𝑁)

2

 

( 31 ) 
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=

 𝐶0

2 𝜋 ∗   𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2) − ∆𝜑]

𝑁2
∆𝑁 

( 32 ) 

 

For ∆𝑂𝑃𝐿 = 0.0254𝑚 (1 inch), a beam wavelength of  𝜆𝑏 = 514.5 nm, the dimensionless N 

constant is N = 49,368. An error of 0.001 m is assumed in the measurement of the ∆𝑂𝑃𝐿, which 

results in a ∆𝑁 adjustment of, ∆𝑁 = 1,943.6. This results in the nondimensionalized velocity 

uncertainty of: 

 

∆𝑈

𝑈
=

 𝐶0

2 𝜋 ∗   𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2

) − ∆𝜑]

𝑁2 ∆𝑁

 𝐶0

2 𝜋 ∗  𝑁 ∗ 𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2

) − ∆𝜑]
=

∆𝑁

𝑁
= 0.03448 

( 33 ) 

 

or about 3.45%. The  ∆𝑂𝑃𝐿 is measured by using a ruler with millimeter gradation to measure 

from the surface of the PBSC to the surface of the mirror in the Michelson interferometer and the 

overall path is accepted as twice that value. Secondary assumptions to this measurement 

technique include the approximate path within the polarizing beam splitting cube as equal in both 

legs of the interferometer and the angles of reflection are very small (i.e. path both to and from 

the reflecting mirror are approximately equal). With this method, a 0.001 m estimation is likely 

an underestimation of the error but provides a baseline to the uncertainty estimate. This accuracy 

can be increased by measuring the ∆𝑂𝑃𝐿 with more accurate methods, further dampening 

translation stage vibrations during adjustment, and by measuring the paths of light passing 

through the interferometer more carefully. Passing a visible laser beams through the system and 

introducing a little smoke into the protective box would provide a measurable path length for 

each traverse used (Figure 7.1). 
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Figure 7.1 Picture of the laser beams that can be used to measure the optical path length 

difference. 
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7.2 TRANSMITTING BEAM ANGULAR ORIENTATION 

 

Figure 7.2 Transmitting Beam Angular Orientation 

 The 𝐶𝐷 value is calculated using the angle between the transmitting beam and the 

centerline of the flow. Figure 7.2 displays the layout of these angles. This angle is measured 

using a rotational stage with one degree gradations. Simliar to the uncertainty calculations 

conducted with the ∆𝑂𝑃𝐿, an analysis of the sensitivty effect of 𝐶𝐷 is performed. 

 

∆𝑈 = √(
𝜕𝑈

𝜕𝐶𝐷
∆𝐶𝐷)

2

= √(
−

 𝐶0

2 𝜋 ∗   𝑁 [𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑉1 − 𝑉2
𝑉1 + 𝑉2) − ∆𝜑]

𝐶𝐷
2 ∆𝐶𝐷)

2

 

( 34 ) 

 

=

 𝐶0

2 𝜋 ∗ 𝑁
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2

) − ∆𝜑]

𝐶𝐷
2 ∆𝐶𝐷 

( 35 ) 

25° 

30° 

Flow Axis 

Receiving 

Beam 
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 𝐶𝐷 is calculated using geometry as it relates to the total axial velocity being measured. 

The equation is included below.  

 𝐶𝐷 = cos(𝜃1) + cos (𝜃2) ( 36 ) 

𝜃1 – angle of transmitting beam with centerline 

𝜃2 – angle of receiving beam with centerline 

 In the experimental setup used in this thesis, a 𝜃1 of 25 degrees and a 𝜃2 of 30 degrees are 

used. These numbers correspond to an overall 𝐶𝐷 = 1.7723. The case in which both of these 

numbers have an error of 0.5 degrees is evaluated. If 𝜃1 = 25.5° and 𝜃2 = 30.5°, 𝐶𝐷 + ∆𝐶𝐷 =

1.7642. 

 

∆𝑈

𝑈
=

 𝐶0

2 𝜋 ∗ 𝑁 [𝑎𝑟𝑐𝑐𝑜𝑠 (
𝑉1 − 𝑉2
𝑉1 + 𝑉2) − ∆𝜑]

𝐶𝐷
2 ∆𝐶𝐷

 𝐶0

2 𝜋 ∗  𝑁 ∗  𝐶𝐷
[𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑉1 − 𝑉2
𝑉1 + 𝑉2

) − ∆𝜑]
=

∆𝐶𝐷

𝐶𝐷
 

 

( 37 ) 

 ∆𝐶𝐷

𝐶𝐷
=

𝐶𝐷 − (𝐶𝐷 + ∆𝐶𝐷)

𝐶𝐷
= 0.00458 

( 38 ) 

Or about 0.4584%. The CD uncertainty is significantly lower than for all other components of 

uncertainty.  

7.3 ZERO PHASE SETTING 

 The source of error which created the most problems was an inconsistent change in the 

phase difference when reading phase shift corresponding to the lowest velocity setting. In the 

current system, a slow, seeded velocity jet flow was measured to set the intial phase angle. The 

system initial phase measurements were frequently changing phase without interference by the 
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users. As discussed earlier, the useable range of phase changes is 
𝜋

2
 when the initial phase 

difference is set to 
𝜋

2
.  When the initial phase difference changes from 

𝜋

2
, the useable range of 

phase change gets smaller. The case in which the maximum velocity (316.4  
𝑚

𝑠
) measured in this 

thesis’s scope is analyzed.  

 
𝑑(∆𝜑) =  2 𝜋  

∆𝑂𝑃𝐿

𝐶0
∗ 𝐶𝐷 ∗

𝑈

 𝜆𝑏
= 0.66198 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 

( 39 ) 

To accurately resolve this velocity, the maximum the phase can drift is to 0.66198 radians 

or 𝜋 − 0.66198 = 2.4796 radians, a fairly large range. The typical drift after refining the data 

collection process is 0.05 radians per zero measurement (within five minutes intervals). The data 

collection process with this setup can be conducted for over an hour before the initial phase 

difference would have to be equalized again.  

To quantify the uncertainty due to this phase shift, the previously discussed analysis is 

applied to the phase shift equation derived in Chapter 1.5 of this thesis. The error reflected by a 

drift of 0.025 radians is reflected in the calculations to represent a reasonable drift between a 

zero measurement readins and velocity measurement. 

 
𝑑(∆𝜑) =  2 𝜋  

∆𝑂𝑃𝐿

𝐶0
∗ 𝐶𝐷 ∗

𝑈

 𝜆𝑏
 

( 40 ) 

 
𝑑(∆𝜑) =  2 𝜋  

∆𝑂𝑃𝐿

𝐶0
∗ 𝐶𝐷 ∗

𝑈

 𝜆𝑏
 

( 41 ) 

 
𝑈 =

∆𝜑 ∗ 𝜆𝑏 ∗ 𝐶0

 2 𝜋 ∗ ∆𝑂𝑃𝐿 ∗ 𝐶𝐷
 

( 42 ) 
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∆𝑈

𝑈
=

√(
𝜕𝑈

𝜕(∆𝜑)
∆(∆𝜑))

2

𝑈
=

√(
𝜆𝑏 ∗ 𝐶0

 2 𝜋 ∗ ∆𝑂𝑃𝐿 ∗ 𝐶𝐷
∆(∆𝜑))

2

∆𝜑 ∗ 𝜆𝑏 ∗ 𝐶0

 2 𝜋 ∗ ∆𝑂𝑃𝐿 ∗ 𝐶𝐷

 

( 43 ) 

 ∆𝑈

𝑈
=

∆(∆𝜑)

∆𝜑
=

0.025

(
𝜋
2)

= 0.01592 
( 44 ) 

A typical phase drift in a controlled environment, using the refined methods discussed  

previously yields an uncertainty of 1.592% in the measurements. Factors which could affect 

phase drift include external sources of vibration on the optics board, failure to allow adjustment 

vibrations to dampen, and improper setting of the initial phase angle, and inconsistent laser 

frequency. The uncertainty and error caused by this phase drift is heavily dampened by taking 

zero measurements between each velocity reading. According to Holman, the total uncertainty 

can be estimated by compounding all the uncertainty contributions as in Equation 45. Equation 

46 describes how equations 33, 38, and 44 can be combined to represent the percentage of the 

velocity that can vary based on imperfections of the process. The total unavoidable uncertainty 

inherit in the system with the resources available yield an uncertainty of 7.48 %. (Holman, 1994) 

 

∆𝑈 = √(
𝜕𝑈

𝜕𝑁
∆𝑁)

2

+ (
𝜕𝑈

𝜕𝐶𝐷
∆𝐶𝐷)

2

+ (
𝜕𝑈

𝜕(∆𝜑)
∆(∆𝜑))

2

 

( 45 ) 

 

∆𝑈

𝑈
=

√(
𝜕𝑈
𝜕𝑁

∆𝑁)
2

+ (
𝜕𝑈
𝜕𝐶𝐷

∆𝐶𝐷)
2

+ (
𝜕𝑈

𝜕(∆𝜑)
∆(∆𝜑))

2

𝑈
 

( 46 ) 

 ∆𝑈

𝑈
= 0.03448 + 0.02438 + 0.01592 = 0.07478 

( 47 ) 
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CHAPTER 8 CONCLUSION 

An established and valuable technique for nonintrusive flow technique is improved and 

updated with modern technology and process improvements. This method draws inspiration from 

previous applications of the ILDV technique but eliminates the use of a Pockels cell and uses a 

high data rate data acquisition technique to obtain light intensity data which is further reduced to 

velocity data. The technique also eliminates the effects of the light intensity variation that might 

occur due to the laser beam intensity variation, or due to the variation in the seeding levels in the 

flow. A probe was successfully designed, manufactured and proven to operate by collecting high 

data rates of a free jet flow at various set velocities as well as transient velocity data. 

The data collected was compared to accepted calculations using compressible flow relations 

and found to be in agreement. An uncertainty analysis and accuracy assessment were conducted 

to attribute a tangible amount of confidence to the data collected by the technique. 
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APPENDIX 

A1. Comprehensive List of Equipment Used 

Company Product Part number Quantity 

FastPulse lasermetrics.com     

Quote 1613     

  Pockels Cell 3079FW-(450-650) 1 

  Pockels Mount MGV-145 1 

  Pockels Driver GA-21R 1 

        

Thorlabs       

Quote TQ0080042-1     

  12.5mm Linear Polarizer LPVISA050 1 

  Rotation Mount for Polarizer RSP05 1 

  Channel Rail Plate XT95P1 2 

  95mm One Sided rail XT95SP-1000 1 

  3" lens tube SM2L30C 2 

  SM2 to SM1 adapter SM2A6 1 

  ST Fiber Adapter Plate SM1ST 1 

  6 inch post holder PH6 1 

  8 inch post TR8 1 

  2 inch slip ring SM2TC 1 

  2 inch optical posts TR2 5 

  2 inch optical post holder PH2 5 

  3 inch optical posts TR3 5 

  3 inch optical post holder PH3 5 

  1.5 optical posts TR1.5 1 

  1.5 optical post holders PH1.5 1 

  PM tube V-mount VC3 1 

  1.5X10 optical post P10 1 

  1.5 thick post base  PB2 1 

  "O" post clamp C1500 1 

  "C" post clamp C1498 1 

  Polarizing Beamsplitter Cube PBS251 2 

        

Optosigma       

Quote 1135     

  1 inch Diameter Mirror 034-0550 5 

  Receiving Collimating 50.8X400FL 

Achromatic Doublet 

026-1710 1 

      

  Receiving Focusing 50.8X100.5FL 

Achromatic Doublet 

026-1660 1 

      

        

Newport       
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Quote online     

  Clear Edge Mirror Mount U100-A2K-NL 2 

  Gimbal Mirror Mount  U100-ACG-2K-NL 3 

  Beam Splitter Holder CH-1 1 

  Beam Splitter Rotation Stage RSP-2T 1 

  Beam Splitter Platform P100-P 1 

  Laser to Fiber Couplers F-91-C1 1 

  Fiber Coupler Chucks FPH-CA6 1 

  Microscope Objectives M-20X 1 

  2X3X1.1 in optical breadboard TD-13 1 

        

Edmund Optics       

Quote 20006673     

  Trans Collimating 4X6FL 

Achromatic Doublet 

NT63-690 2 

      

  Trans Focusing 25X400FL 

Achromatic Doublet 

NT45-216 1 

      

  4mm Thin Lens C-mount NT57-972 1 

  25/25.4mm Thin Lens C-mount NT56-353 1 

  15mm C-mount Extension tube NT54-630 1 

  C-mount ST insert NT63-947 1 

  8 inch optical post NT59-009 1 

  6 inch post holder NT58-975 1 

  30mm Ring Mount NT52-930 1 

  Prism Mount NT53-030 1 

  Optics Cleaning Kit NT62-535 1 

  Dust-off Compressed Air NT56-919 3 

        

Electron Tubes       

Quote 10312     

  29mm photomultiplier tube with 

magnetic shield 

9124SB 2 

      

  HV power base HV3020AN 2 

  5 volt power supply PS5 2 

  Housing QL30F/RFI 2 

        

Data Translation       

  DAQ Module 16-bit, 2 MHz, BNC 

connector 

DT9832A-02-0-OEM  1 

      

  quickDAQ software TB-2706-779183-01 1 

        

Thor Labs Single-Axis Translation Stage 1" 

(25 mm) translation stage 

PT1 or Pt1/M 2 
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Cole Parmer BK Precision® 5 MHz Function 

Generator with Digital Display 

WU-20018-55 1 

      

        

Behm Quartz 1.5" dia x 1" long   1 

quote number 1.5" dia x 3" long   1 

15155 1.5" dia x 7" long   1 

 

A2 Chauvenet’s Criterion 

 Data may be rejected if the probability of obtaining this data point is less than the 

Chauvenet’s maximum probability (𝑃𝐶). 

𝑃𝐶 =
1

2𝑁
 

where N is the number of measurements taken.  

Firstly the mean and standard deviation of a sample size are calculated. Using a normal 

distribution probability table, each value for standard deviation correlates to the probability of a 

random sample to fall beyond that distance from the mean. For instance, in this thesis an N of 40 

samples exists in the 70 kPa measurements which yields a 𝑃𝐶 value of 0.0125. Using normal 

distribution probability tables, a probability of 0.0125 correlates to a standard deviation of 2.24. 

Therefore, by Chauvenet’s criterion, all samples beyond 2.24 standard deviations from the mean 

are rejected as not representative data. 

 


