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Abstract 

The goal of my E-90 was to build an accurate active flow measurement system that could 

be mounted onto a pipe. I was able to produce a prototype of such a system, with two transducers 

mounted on a pipe that could transmit and receive signals through the pipe, with moderate 

frequency resolution. This measurement system relied on concepts of fluid dynamics, acoustic 

transmission through different mediums, electrical circuit design, and some digital signal 

processing to clean the data collected. The most expensive components purchased for this project 

were the surface mount high frequency op-amps. The remaining components are already owned 

by the engineering department or were incredibly cheap, so this project did not exceed the 

provided stipend. I relied heavily on published academic papers for an introduction into the 

language surrounding ultrasonic metering, my electrical analysis course notes for the circuit 

designs and methodology, and regular advice from professional manufacturers of ultrasonic 

meters for troubleshooting unforeseen difficulties. The companies and papers consulted in the 

design and construction of this project are cited and enumerated in the appendix of this report. 
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Introduction: 

The goal of this capstone engineering project was to build a functional ultrasonic flow 

meter that could identify water flow rates through a pipe by analyzing the effects that the flow 

had on a transmitted pulse. The motivation for this endeavor draws from the ways in which this 

project applies and addresses my academic interests in electrical design and data analysis with 

my personal interest in sustainable development and energy management. 

On a larger scale, according to the United States E.P.A., by 2025 l.8 billion people will 

be living in countries or regions with absolute water scarcity. This means that the cost of water 

will most likely increase as time passes, as the availability of the resource decreases. It follows 

that optimizing our water management and meter in existing infrastructure will continue to grow 

as an extremely important field of research and development. Currently, according to the US 

EPA, 70% of the global freshwater in the world is used for Agriculture, and one of the most 

common pipes used to distribute this water is a pipe known as "schedule 40 piping". Focusing on 

the United States, the percentage of freshwater allocated to agriculture grows to 80% of the total 

available amount. The remaining 20% is allocated to all other processes that require freshwater, 

including but not limited to: Renewable Energies, Public Supplies, Self-Supplied Industrial Uses, 

Mining, and Self-Supplied Domestic uses. 

As issues surrounding water availability continue to be exacerbated by drivers such as a 

changing climate and an increased demand for the resource, reliable and cost effective water 

metering and controls could become a huge demand for industry. The cost effective aspect of this 

problem is why I chose to focus on Ultrasonic Metering as opposed to a more invasive approach 

of cutting a pipe and installing a mechanical flow meter. The rationale was that with some 

directed research and careful signal processing, the cost of the non-invasive ultrasonic approach 

could cost less that the invasive installation of a mechanical system; something that usually falls 

within the ballpark of costs of $1,700.00 - $3,000.00. The total cost of the components utilized 

for the existing prototype I produced for this project is less than $100.00, so while it does not 

currently function in the capacity required for reliable flow metering, there is still a strong 

argument to be made for the savings that could be realized if this system were further improved 

and optimized. 

On Swarthmore's campus, this project could be implemented in multiple settings to help 

provide insights into fluid flow rates. One example of this in the Crum Creek where the correct 

installation of this system could provide reliable flow rate calculations for the river. The flow of 

the river would have to be directed into a controlled flow through an cross-sectional area with 

known dimensions. Then, this ultrasonic system could be installed to send pulses with and 

against the creek flow across this cross-sectional area. This system could provide approximations 

water flow rates throughout the day, which could be used to better understand the behavior of the 

river with respect to time. If a water level sensor were installed with this system as well, an 

3 



approximation for the volumetric flow rate of the creek water could also be provided. It is 

important to note that the 1 MHz noise that this system would produce will not disturb any 

known living things in the creek. 

Creek Flow Measurements 

* Controlled flow through a known 
cross-sectional area. 

* Animal sensitivities to the spectrum of 
frequencies. 

Another possible application of this project is in the water distribution and management 

systems that already exist on campus. This academic year, I was able to participate in a program 

called the President's Sustainability Research Fellowship, which allowed me to gain familiarity 

with the ways that water is utilized and managed to heat and cool the campus. Ultrasonic 

metering has the potential to have a positive impact on our existing energy management practices 

at Swarthmore because the additional flowrate information that a functional ultrasonic metering 

system would provide would allow the Facilities staffto not only test for leaks in the network 

more easily but also to calculate the energy transmission of heat exchangers throughout campus. 

To achieve leak detection, an ultrasonic metering system could be installed at regular intervals 

along the supply and return lines of the water management system. The energy transmission 

calculations for the heat exchangers throughout campus only require flow rate measurements at a 

consistent frequency; something that can be achieved with the installation of one ultrasonic 

meter on the supply of a heat exchanger coil. It is important to note that this additional flow rate 

information is necessary for any further optimizing the interface between the chilled water loops 

and the chillers regardless of whether or not this project is ever utilized. 
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Building Efficiency 

* Ultrasonic Flowmeter Meters along 
supply and return lines of Chiller for 
leak detection. 

* Ultrasonic Flowmeter on the supply of 
Heat Exchanger Coils for energy 
transfer rates. 

Methodology: 

In designing this metering system, I broke the project into four parts; Signal Generation, 

Transducer Type & Mounting, Signal Processing, and the Measurement Technique. Each part 

was completed through a careful process of hypothesizing and testing until the desired results 

could be produced. The block diagram below reveals each part's relationship to the other. 

ULTRASONIC BLOCK DIAGRAM Omodayo Ongunwa I May 6. 2018 

r'-. 
Pipe 

'--' 

Signal Generator -C b Signal Processing Measurement Technique 

V V 
r'-. 
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This system was realized through the combined efforts of Carr Everbach (Chair of the 

Engineering Department), Tom Cochrane (Retired Facilities Manager and College Consultant), 

Jay Johnson (Campus Mechanic & Woodsmith), and myself (Omodayo Origunwa). See the 

finished test table and water circulation system below: 

Before this system was assembled, the test table and water circulation systems had to be 

designed. The water circulation system was the model of the piping that the ultrasonic flow 

meter would be expected to operate on. Tom Cochrane, a consultant for Swarthmore College, 

helped me design and construct this system. The following parameters were considered when 

designing the water circulation system: 

Fluid Flow Profiles 

The velocity profile of the fluid is integral to interpreting the fluid speed measurements and 

calculations correctly. 
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Turbulent Flow is the most compatible flow profile for 

most implementations of ultrasonic flow-metering 

because the velocity profile is relatively consistent 

throughout the majority of its cross-sectional face. 

The system was designed to easily maintain a turbulent 

flow as it circulated water. This was achieved by 

monitoring the Reynold's Number (Re) via calculations 

using the average fluid velocity, the coefficient of 

viscosity, pipe diameter, and fluid density throughout the 

system. 

Laminar 

ttftt 
1 ttftt 

ttftt 

Turbulent 

( V . D . p) 

1] 

R e ~ 4212.94V 

To accurately calibrate the system for the given fluid flow rate, it was necessary to 

calibrate the the system for each given input setting ... 

The Pump Curve 

The velocity of the turbulent flow through the 
water circulation system was calculated using 
measurements of the differential pressure on 

the input and output of the pump. 

Commercial Pump Curve 
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This computational ability was later utilized 
to calibrate the flow settings for testing the 
ultrasonic flowmeter. We selected 100%, 
75%,50%, and 25% of the full maximum 

pump output as the four designated flow rates 
for testing. We then measured the flow rate at 
those four settings a total of 6 times each and 

then averaged these values to use as the 
standard to test the ultrasonic flow meter with. 
This ensured that the flow rate, and therefore 
velocity profile, could be easily identified by 

at any time. 

-!Flow 

~Flow 

Calculated Averages 

= 75.66'.!Jl.. 
s iFlow = 826.295'.!Jl.. 

s 

= 305.295'.!Jl.. Full Flow = 1080.4 
s 

Electronic Testing Equipment 

The interferometer we utilized was an 
implementation of a phase-locked-loop, 
which measures the change in frequency 

between two signals; the transmitted and the 
recieved. 

A LeCroy WaveRunner was used to observe, 
measure, and compare signals during these 

experiments. 

Reference 

Reference 

frequency 

\ 
veo signal for 

phase detector 

J Phase 
Voltage 

controlled ~ 
detector oscillator 

RF 'gnal 

put 

Sl 

out 
~ 

Error volta ge 
Error voltage from ...-

phase detector~ 
Loop 
filter 

- - - - - - 0- • _ _ _I 

- - -- - - - -

-- --- -----.-~ 
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The first signal generator we used was the Agilent 33120A 15Mhz Function Generator. Once 
the system was operating properly I programmed an msp430 to generate the transmission 

signal. 

Agilent 33120A 15MHz Function Generator MSP430g2xxx 

Three Measurement methods were under consideration for implementation in this project. 

They were Time of Flight, Interferometry, and Doppler Shift. Each of these measurement 

methods were experimented with during this selection process, with consistent collaboration and 

support from Professor Carr Everbach. 

Testing: Time of Flight 

Time of flight measurements send a sound pulse with and against the flow of the fluid and then 
compare the difference in the times. The difference in the measured flight times allows you to 

calculate the speed of the fluid .. 
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Pros & Cons of Time Transit 

£=. 0&. 

> Simple deSign > Dependent on Reynolds Numb er 

> Ideal for clean fl ow 0 (r eqU1r es turbul ent flow OR 

0 < 5% phySical particl es mu! Ii pIe m easur em ent pom!s) 

(r efl ections) > D ependent on cl ean flow 

0 < 1% bubbl es (dampmg) > R eqUlr es m1cropro cessor W1th Ghz 

resolution 

0 (Averag e tJ.T z 90ns) 

T esbng: Interferometry 

Inl elf erom etry m easure , f1 U1d f1 ow rates by supenmpoS1ng the transmitte d Signal W1 th the 
return Signal. It achi eves this by utilmng a te chnology cal led a "phase-Ioc lrud loop." We 

1 0 



llllfortllllately designed our tests for the Interferometer llllder the assumption that the 
interferometer would display the different frequency measurements, which would allow us to 

calculate the change in wavelength, and therefore time that the wave traveled. The 
interferometer we used couldn't provide the desired information when compare two input 

signals . 

........... .... .... .......... . 

........ .... .. ... ........ .. 

...... ....... .. .... ......... .. 

_ Ef9InHrtngTooBooc.oom 

I'I:lw. J:&m 
> Functions in the deadband of aeration > Dependent on correct density of 

densities for Time of Transit and particles. 
Doppler teclmiques. > There is an upper bOlllld as well as a 

> Large amount ofinforrnation lower bOlllld of particle density for 
sUITollllding implementations. the system's accuracy. 
(Professor Everbach's Dissertation) 

> Microprocessor can be slower than > Fllllctional design is not fully 
Time Transit. (kHz range) understood Calibration will be 

difficult for different materials. 

Testing: Doppler Effect 

The Doppler Effect describes a relativistic property of waves that causes them to compress if 
the meditun they are traveling through is moving in the opposite direction of the wave, and to 

expand if they are moving with the wave. Comparing the measured frequency of one pulse 
sent with the fluid flow direction and the measured frequency of one pulse sent against the 

fluid flow direction provides a value proportional to the speed of the fluid. 

11 



~ 
.......... ••• 7-_ - 0 

. ..... ...... ... r '0 , 
........ ...• , , :0 .... ....... ... 

0 0 
..... .......• ............ ... 

w.NI, EngineeringT oo lBox,com 

11,1 2 = Supply & Return wavelengths l j =c*f 1 
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C~ Velocity of sound in fluid 
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L = Path length between nodes 
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After numerous tests, it became clear that the Doppler Effect would provide the best results 

given the tools available. 

To build the accompanying electronics and sensors required to realize this design, I relied 

on the publication in Analog Dialogue! to begin my circuit design for the doppler approach. 

Below is an overview of the control flow of the doppler shift sensor. Approaching this circuit 

design in steps allowed me to successfully incoIporate all required parameters. 

Design Criterion 

, Ke andColm Slattery. Li "Electromagnetc Flcm Meters Achieve H k)h Accuracy in Industrial 

Applications ' Electromagnetc Flcm Meters Achieve H k)h Accuracy in Industrial Applc ations I Analog 
Devices. Analog Devices. Feb. 2014. 
WVNI.ana b g.com/en/analog-dialogue/articlesielectromagnetic-flcm-meters-achieve-hk)h-accuracyhtml 
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• The transducers for the signal 
transmission and sensing is driven by 
a mICroprocessor. 

o To ensure signal is out of most 
animal's hearing range, the 
transducers will have to be 
above 100 kHz. 

o Trans ducers will require 
mounts in order to provide 
reliable measurement. 

Microprocessor 

• The Microprocessor will need to be 
able to generate and recieve signals up 
to I mHz. The ADS58J64 offers this 
capability and is sold by DigiKey. 

• The IDT 8V97051 is also held by 
Digikey and offers an even wider 
frequency production and receiving 
range. 

• The MSP430 provides 1.1 l\1Hz signal 
output capabilities, and is readily 
available for programming. 

Pros & Cons of Doppler Shift 

Pros C&l:Js. 
• Easy installation. • Dependent on correct density of 

• Ideal for lightly aerated flow particles. 

• Design can allow for a microprocessor • There is an upper bound as well as a 
that is slower than it would be for lower bound of particle density for the 
Time of Flight measurements. (kHz system's accuracy. 
range) • Particle size is also important: 

0 P >.1 
size 4 

• Particle velocity can differ noticeably 
from fluid speed depending on the 
application. 
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The final transduces that were selected for implementation were a pair of 1.1 MHz PZT 4 

piezoelectric crystals whose resonant frequencies we verified through a series of tests in which 

the two crystals were positioned a fixed distance from each other while one transmitted pulses to 

its twin at varying frequencies. As the frequency changed, the amplitude of the receiving crystal's 

output also changed because the incoming frequency was approaching the resonant frequency of 

the crystal. After sweeping the transmission frequency from 0-15 MHz three times, the resonant 

frequency of the crystals was verified to be 1.1 MHz. 

The ideal mounting orientation for the implementation of the Doppler Measurement 

technique was identified through an iterative process of hypothesising, testing, and adjusting. 

The final design required the understanding and incorporation of a variety of phenomenon and 

was selected to position the two transducers on opposite sides of the pipe, each angled at 45° 

from parallel from the pipe with a calculated linear distance separating them. The mounts were 

positioned a set linear distance from each other to account for Snell's law; the diffraction of 

waves with respect to the medium that they are transitioning through. The mounts for each 

transducer were manufactured by Jay Johnson, a skilled metal and wood worker at Swarthmore 

College, and the 1.1 MHz transducers were bonded with the mounts via a conductive epoxy. 

Wires were soldered to the transducers and their mounts for signal propagation and sensing. The 

calculations for the construction of this design are below: 

Metal Mounts, Transducer Bonding, & Wire Soldering: 

The stainless steel mounts were designed to attach to the 
pipe with a looped screw with nuts that could be used to 
tighten the mount's connection to the pipe. A conductive 

gel used for ultrasonic signal transmission was also 
applied region of the pipe touching each mount to ensure 

optimal signal propagation between the mediums. 
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Each transducers was bonded to its mount via a 
conductive epoxy, with a wire soldered onto its positive 
face to allow signals to be transmitted to and from the 

microprocessor. The electric grounding of each 
transducer-mount pair was the mount itself. 

While these calculations increased the accuracy of the system, the error due to the 
placement of the transducers was still very influential in the amplitude of the received signal. 
Due to this phenomenon, the placement of each transducer mount was carefully placed with 
respect to the expected emission angle of each signal. As a result of these calculations(Snell's 
Law), the transducers were placed a set distance of 14.17cm from each other. This allowed for 
accurate & reliable flow-rate measurements from any point in the fluid flow. 

Application of Snell's Law in calculating pulse path: 

'V .• L J 

Snell's Law states that the angle of incidence and the angle of refraction are proportional to 
each other, and this relationship is dependent on the material that the signal is transmitted 

through. For this application, the diagram above expresses the path of the sound as it travels 
from mount and into the pipe. V 1 was the speed of sound through steel, 81 was the angle of 

incidence of the sound wave, V 2 was the speed of sound through water, and 82 was the angle 
that the sound wave was refracted once it passed from the air, through the metal pipe, and into 
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the water. It is important to note that this relationship of incidence and refraction was mirrored 
as the sound wave traveled from the water and back up into the receiving mount on the 

opposite side of the pipe. 

sin(8 1) = sin(8 2 ) 

V 1 V 2 

S 1 ~ 45°, V 1 ~ 5890 (mls), V 2 ~ 1500 (mls) 
:. S 2 ~ 10.37° 

Given the pipe dimensions: 

tan(S)"'" (internal pipe diameter ~ 2.5cm) - 14.17cm -

Another adjustment required for the accurate measurement of fluid flow rates was the 
material that the signal was propagated through. Propagation through less dense materials 
provided exponentially less noise that signal transmission through metal materials like the metal 
piping initially selected provided. Switching the mounted pipe material from steel to PVC plastic 
allowed us to view the desired delay in signal propagation, telling us that the transversal 
vibrational waves traveling through the steel that was initially interfering with our measurements 
were sufficiently dampened by the drop in density of the material. 
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Steel pi pe to PVC pi pe 

The adjustment from steel to plastic was an 
effort to remove some of the noise being 

measured by our system. This noise was a 
symptom of our transmission signal 

travelling through the body of the steel pipe 
faster than it could travel through the water 

inside the pipe. Because the signal 
transmitted through the steel arrived before 
the signal transmitted through the water, it 
was relatively impossible to implement any 

of the three measurement techniques 
discussed with the tools and expertise 

available. After consulting with some of the 
engineers at Flexim, a commercial 

manufacturer of ultrasonic meters and 
sensors, I learned that the adjustment we 

made from steel to plastic could have been 
achieved by placing padding on the 

transducers to reduce their ring-down, as well 
as improved signal filtering and processing 

once it was measured. 

Received Signal Improvements 

The problem of the transmitted wave 
saturating the receiving transducer can be 

easily viewed in the image above. The vertical 
dotted lines measure the calculated expected 

In this graphic, there is still noise in the 
receiving transducer due to electromagnetic 
interference, as well as signal transmission 
through the PVC piping. The difference is 
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delay ofthe signal through the pipe. Because 
sound travels faster and more efficiently 

through steel than it does through water, the 
receiving transducer is triggered early, and all 
measurement capabilities are lost. Attempts 

and filtering out this signal through high-pass, 
low-pass, and bandpass approaches were not 

effective in removing tIns issue. 

that the received signal amplitude is 
sufficiently dampened in the plastic in 

comparison to that oftlle steel to allow for us 
to discern when the received signal 

propagating through the water arrived. Tbis 
made flow rate calculations possible. 

Signal generation for testing was achieved through an Agilent 33l20A l5Mhz Function 
Generator with necessary amplification and variability in signal frequency, phase, and amplitude 
for the calibration of each component. Once the transducers were selected, mounted, and 
positioned, I programmed the msp430 to produce a 1.1 MHz square wave to drive the 
transducers. This signal had to be amplified to 20V pk-pk to ensure optimal signal transmission. 
The code for the msp430 can be found in the appendix. 

MSP430g2xxx 

Signal generated by script. 
Tbis is the 1.1 MHz square 
wave before amplification 

which was used to drive the 
transmitting transducer. 

The received signal was passed as an input to the oscilloscope during testing, but once we 
sbifted to the msp430 for signal generation and processing, we realized that the Analog:Digital 
converters for the msp430 do not have a bigh enough resolution to reliably measure changes on 
the nanosecond size of step. This was solved by the implementation of the Doppler Effect to 
measure the changes in frequency of the transmitted and received signals. This was achieved by 
passing both the received and transmitted signals first through an adding circuit, and then 
low-pass filtering this sum. The output of this operation was a measurement of the envelope that 
captures the beat fi·equency of the combination of the two signals. This beat frequency provided 
us with insights into tlle changes in phase ofthe two signals. With this information, calculating 
the speed of the flow of the flow within the pipe is just plugging data into the formulas below. 
This approach was a solution for the msp430 because using the beat fi·equency as a method to 
measure the change in flow rate gave us a range of 0-1 00 mls of sensitivity with respect to the 
flow rate. This range of flows is obscenely large for most pumps and pipes in commercial and 
residential applications, so this solution was very useful. 
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F... 

Signal Processing 

>- Yellow 
o Input Square wave at 1.1 MHz 

(top) 
>- Pink 

o Received signal at and 
adjusted frequency. (2nd 
Channel) 

>- Blue 
o Summed signals; (Top + 2nd) 

>- Green 
o Low-Passed sum (Bottom) 

This is the circuit diagram for the summing 
circuit and the corresponding 

implementation. Every component was 
soldered into a vector and tested with 

function generators and an oscilloscope to 
ensure reliability. The OPA320 was used to 

manage the high frequency signal. 
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This is the circuit diagram and the 
corresponding implementation for the low pass 
circuit. Every component was soldered into a 
vector and tested with function generators and 

an oscilloscope to ensure reliability. The 
OP A320 was used to manage the high 

frequency signal. 

Results & Analysis: 

The output of this project was a prototype of an ultrasonic flowmeter that utilized the 

Doppler Effect to measure flow rates. This was realized through the combination of multiple 

circuits, tools, and mathematical models of physical behavior. The photos below are screenshots 

of the system taking a square wave input, measuring the corresponding received signal, and then 

low-pass filtering the sum of those two signals to provide a measurement of the influence that 

fluid flow had on the signal's propagation. 

Qualitative Results 
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~ Yellow 
o Input Square wave at 1.1 MHz 

(top) 
~ Pink 

o Received signal at and adjusted 
frequency. (2nd Channel) 

~ Blue 
o Summed signals; (Top + 2nd) 

~ Green 
o Low-Passed sum (Bottom) 

This was the final orientation of the 
transducers for our system. 

~ Yellow 
o Input Square wave at 1.1 MHz 

(top) 
~ Pink 

o Received signal at and 
adjusted frequency. (2nd 
Channel) 

~ Blue 
o Summed signals; (Top + 2nd) 

~ Green 
o Low-Passed sum (Time step is 

too small in this photo to see 
fluctuations.) 
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Table of electronics being utilized during the 
testing stages of this project. 

Discussion: 

The issues in the final design of this system were due primarily to the mechanical noise 

propagation of the pipes, electromagnetic interference from transducer to transducer, and 

physical imperfections in transducers. The Mechanical noise propagation through the pipes was 

problematic because the transmitted signals were saturating the receiving transducers before any 

reliable measurements could be made. This could have been solved by more specific and 

fine-tuned signal filtering and processing at the receiver, as well as improved padding on the 

transducers to remove the vibrational noise in the surrounding pipes. John, an engineer at Flexim 

recommended that we place teflon strips on the transducers to remove the noise due to their 

ring-down after each impulse. This solution was never implemented because we adjusted 

measurement techniques from Time of Flight to Doppler Shift, but this still would had helped 

greatly in increasing the resolution of the received signal. 

The electromagnetic noise could have been addressed by housing each transducer mounts 

that rejected electromagnetic noise from outside, but this level of design was out of my expertise 

given the time constraints on the project. 

The issue of the physical imperfections of the transducers would have been solved by the 

application of dampers or padding on the actual transducer, as well as on the mounts supporting 

them. 

While these issues were difficult to solve and ultimately hindered the performance of the 

prototype, none of them were impossible to solve. With a more clearly defined project scope, 

regular testing/working, and a consistent system of feedback with professionals or professors, I 

think the initial of having this project function as a reliable ultrasonic flow meter could be 

realized within the time span of a capstone engineering project at Swarthmore. 
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Addbonallmprovements 

Mounbng Options 

According to Krohn Industries Ultrasonic M~l<iring Technologi~?, due t o th e range of 

fl U1d vel ociti es m a p1 pe wh en com panng turbul ent and lammar flow profiles, th e mounting 

te chmque for Tim e of Flight Ultrasom c M etenng great! y mfluences the accuracy on the meters 

ConSlder the diagram below 

Mounting Measurem~nt Points 

• 1 Mount produces up t o 30% error 
between Lammar and Turbulent flows, 
as seen m the disparity between th e 
two pomts specifi ed m the diagram to 
th e left 

• 2 Mounts removes th e majority of the 
error 1n this sensor measurements, 
bnngmg the error down t o 0.5% 

• 3 Mounts even further reduces 
me asurem ent error down to 15% 
error, as 1t encompass es a greater 
rang e of the flow profile 

Temperature Rm ges 

The speed of sound through flU1ds is largely dependent on th e t emperatur e offlU1d 

passmg through it. As a result, a ballpark estimate as to th e temperature of th e flU1d floW1ng 

through the p1pe W1ll greatly r educe the error that can be produced from 

Sound Velocity vs. Water Temp 

2 Friedrich HofmaM. Fundamentals of U ~rasonicf!cm mea&Jremen< for industn·ai appiications. Krohoo 

industries, 2001, pp. 1-31, Fundamen<ais of U~r&oonicf!Ow measuremen< for indusriai appiications 
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• • 

Conclusion: 

• The slop, ofth. velocity graJl:t begin' 
t o decre."" greaUy iller . oout50 'C 00 
,moiler 'pF<",;m.t1cm can be m.de if 
flud temper.ta, i , knOO"n to .t.y 
. bove 5O 'C 

• S oJl:Uoticat,d Ultnooruc Meter, r ely 
on t.mp,,,ta, >en""" for cilib,,\ion 
Tl:i , d,,,gtl rull1"k, th, "p.bilily, 
IUld Cllftmt h~, to olipa 
m """,.m.nt, with corfidence better 
thm ,,20m" for the fl"d 'V"d 
witholt the .. noo" 

I j.lIffi.d 00 much cruing th, F<ci eel the! u,.,oc,ibing it 011 dOO"n irto one "poc! wculd 

tok, me IUlOth" morth .1 1 .. ",. I re/'re m.d my cnderstarrling of electric.! circuit>, on beth tho 

d,si~ IUld t,,;Iing side, . Concept' of linear phy":c .J 'Y"'.m, were .J"" vi,ited in Uldm'lIficing 

the behavior rf the tran,ducer~ .. well" fluid dynamics in the de ,,~ of the c1o .. d loop w.ler 

circulation system S rot , simpl. cow ol theory w .. 'Wli.d in learning to u '"' the int.rt'erom.ter 
lind Jl:t."., d loci;.d loop during teoting. .. well .s IG>K_l,v, l coding in C foc the m,;p430 I 

enjoyed famililli'ing myself with thi, rang. of prott.ro, IUld per'l"'ctive, on Jl:ty":co.1 syst. m" 

puticu ar1y the way in wl:i ch tl:i, J'<ci eel ir.:;orponl.d 00 mllny differ.d Iype ' of . ngineering to 

oolve • proth m th.1 i , "l.tively ":mpl . 10 uti",!.I •. Th •• ccuncy lind thoughl behirrl $Ching 

.. ch p c<tion cJ' thi, flow_m .. """.m.d ,yst.m rou;;! b. ojXimiud .1 .very l.y.l fr om d.';gn to 

impl.m.nt.ti m in order for the .nti" J'<ojeel 10 com . 10 fruitim. If the ..:Ijustm .d, m. ntioned in 

the Diocus": on cJ' thi, p"per are im ]:i.m. nled, I thili; thi, proj eel will be f=timo.1, or very do .. 

10 ".oon.tty ""'HI •. I am very thankfu for tho oworturily to .pply m y ".clemic inl",;;!, 10 

• ,,0.1 J'<ojeet, .. w.ll .. the con,;stenl "'pport ""d di"ction provid.d to m . by Pr cJ'"oor Cliff 

Ey.rb"h, Tom C ocmlln', J.y J omoon, and the .y.ryone . 1,. who cortributed 10 tl:i, "o.1it.tim 

of \hi, prolotype 



Appendices: 

1. 

Msp430g2xxx script 

#include <msp430g2553.h> 

#define TIMER_OUT BIT2 

int main(void) 
{ 

} 

WDTCTL = WDTPW + WDTHOLD; II Stop Watchdog Timer 
if (CALBC1_1 MHZ==OxFF) II If calibration constant erased .. 
{ 

while(1); II do not load, trap CPUll 
} 

DCOCTL = 0; 
BCSCTL 1 = CALBC1_1 MHZ; 
DCOCTL = CALDCO_1 MHZ; 
BCSCTL 1 1= XT20FF + DIVA_O; 

II Select lowest DCOx and MODx settings 
I I Set range 
II Set DCO step + modulation *1 

BCSCTL3 = XT2S_0 + LFXT1 S_2 + XCAP _1; 

P1DIR = Ox11; 
P1 SEL = Ox1 0; 

II P1.0, 1.4 output; 
II P1.4 is SMCLK 

IIP1 SEL = CALDCO_1 MHZ; 
BCSCTL2 = OxOO; 
_BIS_SR(CPUOFF); II Enter LPMO 

2. Link to information on rnsp430 A:D's: http://www.ti.com/litlrnVslapI23/slapI23.pdf 
3. Link to OP A320 OP-Amp: https://www.digikey.com/products/en?keywords=296-40464-1-ND 

4. Research Paper: http://www.sice.jp/e-trans/papers/E2-18.pdf 
5. Research Paper: http: //ijiset com/voI4/v4s8/IJISET V 4 lO8 22.pdf 
6. Research Paper: 

http://www.investigacion.frc .utn.edu.arlsensores/CaudaIlHB ULTRASONIC e 144.pdf 
7. Research Paper: https· //www.omega.com/manuals/manualpdf/M4504.pdf 
8. Research Paper: Fundamentals of Time and Frequency 
9. Research Paper: Terzic, Jenny, et al. "Ultrasonic Fluid Quantity Measurement in Dynamic 

Vehicular Applications. " Springer, 2013, doi: 10.1007/978-3-319-00633-8. 
10. Research Paper: Bo, Yang, and Cao Li. "Flow Measurement and Instrumentation. " 

ELSEVIER, 15 Feb. 2013. www.elsevier.com. 
II. Research Paper: Ke andColm Slattery, Li. "Electromagnetic Flow Meters Achieve High 

Accuracy in Industrial Applications. " Electromagnetic Flow Meters Achieve High 
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Accuracy in Industrial Applications I Analog Devices, Analog Devices, Feb, 2014, 

www.analog.comlenlanalog-dialoguelarticleslelectromagnetic-flow-meters-achieve-high

accuracy, html, 

12, Research Paper: Friedrich Hofmann Fundamentals of Ultrasonic flow measurement for 
industrial applications, Krohne Industries, 2001, pp, 1-31, Fundamentals of 
Ultrasonic flow measurement for industrial applications, 
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