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Abstract

This project was created as an extension of a previous IQP. The main goals were
to improve the design of an existing Doppler effect simulator and to be able to produce
reliable data such th#tis device can be used in the future for freshman laboratory
experiments. To meet these goals, the prototype model was completely redesigned to
improvestability, balance, and overall performandéth this new device, battery of
systematic tests wasaicied out in which each controllable variable was isolated. The
results of these tests indicated that if more time is dedicated to completing a full analysis
of all data, this device could indeed be used as an exciting new way to demonstrate the
Doppler dfect.



Executive Summary

Thetwo most importantjuestios that needed to be answered during the semester
were6 What i mprovements can be made on a prot ot
ef fect sinmuldéltacmr 7@ peat abl e atdsyntheszeifogener at e
the creationoAn undergraduate | aboratory experi ment
The motivation for this project was the continuance of a previous IQP from 2008.
This IQP group aimed to create a fun, interesting new experiment to demonstrate a well
known phyics concept and encouraged participation by keeping students engaged with
handson activities.
In fourteen weeks, the Doppler devisas reconstructed with new materials, and
subjected to numerous tests under constantly changing conditedosatory esting of
the new device during that period showed remarkable improvement in signal clarity and a
decrease in both vibration aaddiblenoise inherent in the syste@ne factor thahas a
potential to skevanytest results is the reflection of sound wagtthe solid walls and
floors of Olin Hall. Additionally, a set of Doppler equations tigaivernthe situation
created in this experiment were derived from known Doppler cases.
Overall, testing demonstrated the fundamental soundness of the new Doppler
device. Work should continue steadily on this project to push it towards becoming a
usable laboratory experiment. When considering the advancement of this project, the

following actions are recommended:

1 Obtain an independent confirmation of equation derivaitsfrom a reputable source

1 Perform a full observational and mathematical analysis of Spectrum Lab results

1 Characterize the properties of the resonant and harmonic frequencies of the buzzer
when subjected to different configations of the Doppler device

1 Make any additions or clarifications to the design or experimental procedure that could
not be made during the semester

1 Fnd a professopbr someoneghat isa professionain the field of ppdagogy and get some
expert suggestions on how to creatkear and neaningfullaboratory exercisg using the

new Doppler device



1. Introduction

The Doppler effect experiment was developed as part of an IQP by the Physics
Production Corporatica group of five WPundergraduate studentnd was presented
in January 2009. This group began to assembl
students grasp introductory physics concepts. The main goal of this IQP was to remodel
the freshmen level laboratories of the®W Physi cs Depart ment with t
created for the physics fitool boxo. Another o
in a way that would be ni nr(Rydyskowsky, eessard,d ex ci t
Perry, McGinley, & Jones, 2009)

The tools created i@ngoing Advancement of the Physics Toollvere intended
to lay a foundation that could be improved upon by future WPI project teams as well as
enhance the current state of the Physics Department. Thesel s ar e dfar di ffe
anything that has been seen by freshman taki
(Pydynkowski, Lessard, Perry, McGinley, & Jones, 20008 group, lead by Kyle
Pydynkowski, chosetodesig t hese experiments in a unique
attention of the students who otherwise would not be interested in an introductory level
physi cs(PwmkowskiclLessard, Perry, McGinley, & Jones, 2009)

1.1 Overview of previous project

Kyle Pydynkowskiand Konrad Perry wemesponsibldor creating Physics
laboratoresthat could be used in any of the freshman Physics colrgdgnkowski was
in charge of designing the device that would be used to carguohtexperimentd.he
goal of creating a lab such as the Doppler experiment was to presenkaovet
concept in a new and interesting way and to encourage student attendance and
participation.This particularexperimentvas intended tengage all of tl students
present for the lab sessidrhe topic of the lab shoullso complement the lectures and
existing curriculum of th@rofessors that teach the courses. In their repgtynkowski
and Perrns t a t evetytadent should have an equal amadimtork to do so that all
the students havanopportunity to learm (Pydynkowski, Lessard, Perry, McGinley, &
Jones, 2009)



The original concept for the Doppler lab involved using a frictionless cart on a
track. The cart wodl have a string attached to one end and hanging mass attached to the
end of the string. A pullewould beused to redirect the mass and use gravity to move the
cart along the track. A microphoneuld alsobeattached to the cart and was pointed in
the dilection of a speaker and a position sensor at the opposite end of the track. A
program called Data Studioonld thenbeused to emit a sound with a single waveform.

The configuration for this original idea is shown in Figure 1 below.

Speaker

Microphone

Position

c "
Cart \l Sensor \l

Figure 1 - Doppler Experiment Concept Using Frictionless Cart on Track

The microphone inputould then benalyzed with a program called Spectrum
Lab. So the idea was to drbpnging mass arglmultaneously release tioart while the
microphone records the sound coming from the speaker. Theoretically, students should
be able to visualize the Doppler effect arse the datto find the velocities and
frequencies of the speakamd microphone from thHeopplerequations thaarediscussed
in Chapter 2.

However, this IQP group soon realized that in order to detect and record Doppler
effects, the cart would have had to be moving at a much faster speed than they
anticipated. Even though the group recommended this as a good wawtthetooppler
effect, the idea was adapted to be usable in the space provided in the WPI physics labs.

After realizing that the original desigmasimpractical the team decided to create

a lab that used some type of aion of the Doppleeffect. After some brainstorming,

2



the group decided to create a spinning Doppler machine. The idea came from Astronomy
and is analogous to the rotation of a galaxy or a star. One can analyze the spectrum of
light emitted from a star in orbit, and just as easily a&the spectrum of sound emitted
from a buzzer spinning around in a circle. The basic experimental setup for the Doppler

effect experiment can be seerFigure2 below.

Buzzer and 3V Batte

Figure 2 - Experimental Setup for Doppler Effect experimant as of January 2009

An AC electric rotating motor is mounted in a square wooden box on top of a
piece of plywood. A long wooden arm is then mounted on the motor and fastened to the
motor mount with washers and screws. Buzzers were duct taped to daufittemarm
and connected to a 9V battery which was also duct taped to the arm several inches from
each from the buzzers. The motor was wired to an auto transforr@ariacwhich
allows the user to manually adjust the speed of the motor. A microphibres iplaced
just outside the spinning radius of the arm and used to receive the sound being emitted by
the buzzers. The microphone is wired into a computer which runs a program called
Spectrum Lab. This software can be used for spectrum analysis otoneimg sound.
The spectrum can then be displayed in numerous ways depending on user preference. The
default display plots frequency on the horizontal axis and amplitude on the vertical axis.
A vertically-scrolling waterfall display can also be used to fhetresulting spectrum



over time using prelefined time intervals as data reference points. A sample screenshot
is provided below to illustrate the setup of the Spectrum Lab interface. The data shown in
Figure 3 was provided by the previous IQP team apdesents data recorded using the

experimental setup in Figure 2.

( Spectrum Lab V2.72 b06 @@
Fle Start/Stop Options Quick Settings View/Windows Help @
Freq | Time | ROF | |

Min (18703  2Hz| .
Max [3070.3 j{Hz

0ffs|0.0 Hz |

2zl Az
Cursor [N}
2.786099 kHz
-53.168 dB
16:39:05.9

, il ‘n T !
STETCoN : ‘ SN 17 SV Y. | TS | Eu— peoloas L Lo oep SR
W "‘“"-M‘-‘“f"" o Yo b o T '.-."v'v"-/n,"'f*-'\\~‘,b,#|.r'...w‘-'m'“w»» R T e T

1500 Hz 2000 2100 2200 2300 2400 2500 2800 2700 2800 2500

Color Palette
sl o ml
- T T |

-100dB  -50

Analyzer paused

Capture now

Time: 16:47:29.1

peak at 1734.63 Hz

Panee |

Figure 31 Sample Spectrum Lab Screenshot from previous IQP group

Figure 3 represents a combination of steps. First, the team allowed Spectrum Lab
to pick upfive seconds of dead air which is the blank area at the bottom of the waterfall
display. Nextone of the buzzers was connectedne of thedV batteries This shows
the frequency emitted by the buzzer while at rest, which was previously referredéo as th
Anat ur al Thisseepisrepmesented. by the three straight lines that begin to form
aroundthe 16:39time interval markemm Figure 3. From this graph, it was observed that
the buzzer was not monoionbut rather consisted of a combination ifedlent tones

being emitted simultaneously. After approximately 30 sectmelsnotor was turned on



and slowlyincreased to an appropriately fast speed to record the Doppler effect. This can
be seen in Figure 3 above where the three frequencies begiteto. Wince the spectral

lines spread to their widest point, this indicates that the motor is at the maximum speed
for that time period. After less than one minute, the mets slowly tilted toward the
microphone to a ninety degree anglhis can also bseen in Figure 3 around the 16:41
marker as the spectrum appears to intensify at a central frequency which looks much like
the spectrum for the buzzer at rest. This result is to be expected sinstdhead
betweerthebuzzer and thenicrophone remasxconstantAt the top of Figure 3, around

the 16:43 marker, the motor was turned off and the rest frequétloy buzzecan be

seen again. Figure 4, below, isolated one of the buzzer frequencies and zoomed in to

show a closeip image of the same steps.
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Figure 4 - CloseUp of Highest Buzzer Frequency from Figure 3



Although a proof of concept was established with this demonstration, th@ddo
effect experimentvas never put into a laboratory fornmattested by studenttue to lack
oftme However, t he | QrPthetugcamimg wearadf thislongoihgdQP, ai
lab could be made quite easily from the ideas and findings of this expedment.
(Pydynkowski, Lessard, Perry, McGinley, & Jon2809)One recommendation the team
made for future project groups was that a louder buzzer would improve the system and
allow the microphone to detect the sound from farther away. @siogder buzzer and
placing themicrophone further awagduces nae in the system that can be created by
thesound of the motor running, as well as the winge created by the spinning arm
Anotherrecommendation was to find a buzzer with a singlerrastfrequency instead of
the multiple resnantfrequencies that we shown in Figure.3'he harmonic frequencies
of the buzzer complicate the spattinalysis. A buzzer with a single cemntfrequency
will show the exact same effects, but will be much cleaner and easier to analyze in
Spectrum Lab. The previous groupg@ktated that there were some problems with
ordering the parts, so our group took that as a recommendation to get all the necessary
parts ordered soon enough to leave us sufficient time in the lab to perform tests. It is the
opinion ofPydynkowski and Pyt hat fAHaving this machine
implement a laboratory experiment that has never been done before here at WPI. With
the use of the Doppler machine and the knowledge that was gained by this inaugural
Physics Production Compaay educational laboratory experiment is within reach with
only a | it t(Rydynkowski, eessartl, Parry, McGinley, & Jones, 2009)

fal)



2. Background

The Doppler effect is named after Austrian physicist Christian Doppler who first
proposed this theory for light waves in 1842. The Doppler effect describes the change in
wavelength of a light source when there is relative motion between the light sodirce an
observer. The Doppler effect also describes the change in frequency that is observed
when there is relative motion between a sound sourcaraslolserver. This effect was
observed by Dutch meteorologist Christophorus BBghot in a famous experiment.
Buys-Ballot assembled a group of musicians on a train and stood on the train platform.
The musicians were asked to play a single note while the train passed by the platform at
full speed and he was able to detect the Doppler effect or DopplefFsikift, 1997) A
similar phenomenon was documented independently for electromagnetic waves in an
experiment perfornteby Armand H. L. Fizeau in 184%erway & Beichner, 2000Y he
Doppler effect has amy gplications but in this case, only the acoustic variation is

considered

2.1 General Doppler Effect

One of the most common situations in which the Doppler effect can be noticed is
when an emergency vehicle with its siren on drives past a car contamotigserver. As
the ambulance approaches, the observed frequency is increased relative to the emitted
frequency. When the ambulance is passing byéfhécle of theobserver, the observed
frequency will be equal to the emitted frequency, and the obseemakehcy is
decreased when the ambulance is moving away from the otzpeehicle.

This Doppler experiment is concerned with sound waves which are longitudinal
waves. A longitudinal wave is a wave in which the particles of the medium move parallel
to the direction of the wave veloci{serway & Beichner, 2000)n contrast, a transverse
wave is a wave in which the particles of the medium move perpendicular to the wave
velocity (Serway & Beichner, 2ID). Longitudinal waves travel through a medium at a
speed that depends on the compressibility and inertia of that mé8ammay &

Beichner, 2000Q)Thus, the total Doppler effect may be a combination of motion of the

sourcemotion of the observer, or motion of the medium. For waves which do not require
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a medium, such as light, only the relative difference in velocity between the observer and
the source needs to be considered.
The most generalized form of the Doppler efisaiven in terms of the resonant
frequency and the appropriate velocity componeriis.dbserved frequendys related
to the emitted frequenayf the sourcé¢by the equation
0+ U

1" x="C —F
L+ U

wheres is the velocity of waves in the mediumjs the velocity of the source relative to
the medium and; is the velocity of the receiver relative to the medilmthe case of a

stationaryreceiver(or microphone), the equation reduces to

O
2 e @ —
L+ U
w h e gigpositivewhenthe soure is moving away from the observer, and negative

when moving towards the observéhese equations assume that the source is directly

approaching or receding from the observer.



2.2 Doppler Effect for Uniform Circular Motion

A slightly more complex case tdieDoppler effect involves a source in uniform
circular motion and a stationary receiver. During the literature review, an article was
discovered in a volume of Physics Teacher, a popular science journal. This article was
written by a group that conducted an experiment with a similar spinning Doppler
machine. In this experiment, a microphone was placed in the path of a spinning arm with
a buzzer attached. Images of the schematics for the experimental setup arbedbawn

in Figure 5

countsnweight battary

¢ & '
aluminum bar T-r:c-mphuna

(a)

®) Skl

Figure 5 - Schematic Side View (a) and Top View (b) of Experimental Setup
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Figure 61 Schematic Geometry for Calculating Approaching/Receding Speeds

This derivation begins with the assption that the observer is at rest, and the

Doppler equation is defined as:

U'
370" —— |
O+ ap

For this derivation, thauthorshave defined), as the speed of sound, aislas
the approaching and receding velocities. The quantity equal to the quantity from
the Equation 1, and the quantily is equal to the quantity from Equation 2.

To solve for finduy, as a function of time, geometric considerations are made

from Figure 6 resulting in the following equation:

4 (= w0k 9 ,

wherewis the tangential velocity of the buzzer anid the angle betweaebanday,. If T
is the period of rotation of the buzzer @& the radius of the circular path swept out by

the arm then,

L2y
B)w= =,

10



Substitutingthis value ofwwill result into Equation 4 will result in a new

expression foty, which takes the form:

6 o= 2" "Yco9(2)
»= ~ -
From the angles in Figure 6, itisfoundthat 2 = “and + [ = “/2.

Solving forf gives the result = —2. For a constarh—= 2“ & "Y making® = “d/"Y
Substituting this back into Equation 6 gives:
2"y “t

7 = ——COS —, .
00)) N v

Substituting this expression back into Equation 3 will lead to the new form of the

Doppler equation:

O

O + 2 Y !Ycos i
. ~ ~

This Derivationwas borrowedrom The Doppler Effect of a Sound Source
Moving in a Circle(Saba & Antonio da S. Rosa, 200Bhe next step is to generalize this
approach further by moving the microphone away fronptta of the arm to a rdom
point in space andllowing the rotational plane to vary B9 degrees. These subtle

changes in geometry make this problem much more complex.

11



2.3 Derivation of Doppler Effect for Tilted Platform
in Uniform Circular Motion

V/ V4
\/}Y\(’
W

2 h
Al

4>

y®

Microphone

L

Figure 7 - Schematic Side View of Experimental Setup Used for Derivation

Previous experiments involving the Doppler effect have focused on particular
geometriebut do not account f oHerettheebseed |t angl e o
frequency of the Doppler shiftisderivedfor r andom val ue of b and a
microphone positionThe knowledge gained from the literature review provided the
necessary background information to attempt this derivation. First consider a rotated
coordnate system defined by the transformation,

0% cosf 0 sint o
9 o%®= 0 1 0 o.
O sinf O cosf O
For this case, thé unit vector does not change and only &fendGaeomponent
need to be considered,

(10) 6*= cosy 6+ sinf 0,

11 6*= sinf 0+ cosy O.

12



Figure8-Schemati c Oblique View of Rotational Pl ane

The arm is rotating with scalar angular velocity aboutfeis.

df
12 9 =4,

such that the vector angular velocity is given by
13 =50%= 5 sinf 6+ cosf 0.
The vector location of the buzzer, with respect to the point of rotation, is given in
terms of the rotational positioFaxxisof the
14 »= Rsin[ 6+ Rcod o=
Substituting Equation 10 into Equati 14 leads to the result:
15 »= Rsinf 6+ Rcog o cos[ + oOsiny
Thisresult is thersimplified to:

16 »="Y cos| cosf 0+ sinf[ 0+ cog siny O .

13
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Figure 9 - Schematic Side View of Experimental Setup Showing Position Vectors L ahd

The relevant quantity to determine the Doppler shift is the component of the
buzzer velocity along the vect& which runs fromthe microphone to the buzzerhis is

given aghe following dot product:

-
17 Vp = EF 1= =

where

18 E= —E
CSEs

Already having defined thguantitieso and »; it is a simple matter to determine
the vector velocity of the buzzer:
19 "1= 0 x ».
Taking the cross product results in the following expressiofi:for
o 0 0
20 1='Y sinf O cosf

cos[ sinf sinr cos|

='Y zcosfsinf 0+ sin?[ cos[ + cos’[ cos[ O sinysinf o ,

14



21 1= RS cosf sinf 6+ cos[ 0 sinfsinf 6 .

The vectorEis the sum of a vecte,, from the microphone to the center of the
arm,
22 B{y=LO6+ h Jbo,

and the vector locatiomdetermined abovesuch that:
23 d=d,+ »
Substituting Equations 16 and 22 into Equation 23 and simplifying gives the
following expression foiE
24 'E= L+ Rcosr cosf 60+ Rsinf 6+ h Jb+ Rsiny cos[ 0.
The magnitude oE is then calculated as follows:

SE? = L2+ R2cos’[ cos’[ + 2LRcosy cosf + R?sin?|
+ h JB°+ R%sin’r cos’f +2 h JbRsiny cosf ,

=1+ R+ h Jb°+ 2Rcos[ Lcosf + h Jbsinf ,
25 ¢Bs= 12+ R+ h Jb2+ 2Rcos| Lcosf + h Jbsinf 2.
The dot producin the expression fov, is then:

EEl= RS cosr sinf L+ Rcosy cosf + RS cos[ Rsinf
+ Rdsinr sinf h Jb+ Rsiny cos| ,

E€l= LRS cosr sinf R2Y cos’r sinf cos[ + R?S cos[ sin|
RY h Jbsinr sinf R2Y sin?[ sinf cosf ,

E€I=R5cos[sinf 1 1 LRScosrsinf RS h Jbsing sinf ,
26 E£€1= RS sinf Lcosf + h Jbsiny
At last, a solution is reached artfinal expression fov; is found to be:

RS sinf Lcosy + h Jbsiny
12+ R2+ h Jb%+ 2Rcos| Lcosf + h Jbsiny ~4 |

27 VD:
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It can be seen from Equation 27 that moving the micropbanhef the path of the
arm and allowing the plane of rotation to be changeddsilted in a complex solution
for the appraching and receding velocities. This is to be expected when two extra
degrees of freedom are introduced to a system. Althoughdtieseemed to work out

perfectly,the tearmeededh wayto confirm the results.

2.3.1 Special Cases

Since no independent verification has been received regarding the validity of the
derived quantities from the previous section, three special casesomsrdered.
Checking the Doppler equations for these cases and comparing them with the expected
results should indicate whether or not the derivation makes sense. The three special cases

are configured as follows:

1) Doppler device spinning flar (= 0) with the plane of rotation at the same height as
the microphone g = J/B.

2) Doppler device spinning at 90 degregs= %) with the point of rotation a distanc®
above the microphon¢ h = /b R).

3) Doppler device spinning at 90 degreg;(%) with the point d rotation at the same
height as the microphoné h /&= 0).

Special Case 1

Figure 10- Side View of Configuration for Special Case 1
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