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The evolution of a course in computer-based data acquisition and analysis is described. The physics
of the sensors, the physics of the system under study, and practical electrical measurement
techniques are emphasized in this course, as well as computer hardware and software. Three
experiments of particular physical interest are described in detail: heat flow in a metal plate,
light-emitting diode characteristics, and the sounds generated by a speech chipo2 @merican
Association of Physics Teachers.
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[. INTRODUCTION pected. Many opportunities exist to discuss the physics of the
types of sensors that are availab{eemperature, force/

Jcceleration, radiatiorand the practical electrical problems

ﬁlpproaches to aKcorrr: rtéter-b%s%d data acqtlﬁs'tt'gn.Ifours(%lectroniclthermal noise, ground loops, amplification, alias-
ine years ago, Koc escribed a course that built on i, oncountered in using them.

preceding analog and digital electronics courses and used the-l-he course is a requiremetdt the senior levglfor all

IBM PC-AT and its serial/parallel input/output board with ,ents who choose the computer hardware option in our
QuickBASIC as the programming language; the experimenty oo -y ate major; it is also available to graduate students.
((a'g/]gr;asmed (_:ilgltal—tohanalhqgtl)/A)l ag_dhanalog—to—dlg'{%al The course began in 1980 when an equipment grant for an
conversions at the chip level. Eight years ago, Maps, g, 11 (PDP-11 mini :
: : i : Sl- - computer system was received. At that
described a course using an 80386-based PC with comm IIfme there was no data acquisition software available for this

cially available data acquisition boards and commercial dat
acquisition softwaréASYST). In this article we describ&) system and_ thgrefore assembly Ianguage had to be taught
the evolution of our data acquisition/analysis course over Qefore application programs °°”"?' be written. -
period of 20 years an¢b) three experiments which are of In 1984 the author began tgachmg the course and, within a
potential interest for traditional student physics laboratoried€" Y€ars, it had become obvious that the personal computer
as well as for teaching data acquisition techniques. (PO, in conjunction with plug-in boards, had replaced the
minicomputer in the science and engineering laboratory, at
least for most small laboratories. In 1989 the author received
Il. COURSE EVOLUTION an equipment grant that provided (then state-of-the-art

Since 1980 the Department of Physics at Kent State UniB0386-based PC with a Metrabyeow Keithley Metrabytg
versity has offered a course intended to teach students how ftata acquisition caréeight differential channels, 12-bit A/D
choose, set up, and utilize a computer in the physics labor&onvertey. Supporting software with this board included
tory for data acquisition, analysis, and presentation. This is ifioutines that could be called from the QuickBASIC high-
contrast with the usual student laboratory experiment wherével language so that meaningful physics measurements
a pre-existing computer with pre-existing sensors and softeould begin much earlier in the course. The textbook tised
ware is simply used by the student. Our course doesn't rewas a very useful manual, written specifically for the IBM
quire a digital electronics background and so is available t¢°C, and dealt with important aspects of sources of noise,
technology, computer science, and chemistry students, bgignal conditioning, and software analysis, as well as the
some prior experience in computer programming is exBASIC approach to data acquisitigBASIC affords direct
pected. However, in the last few years, because of the gemccess to the PC’s separate input/output address space
eral decline in programming skills, the computer prerequisitehrough the OUT and INP statements
has been interpreted to mean that an ability to navigate Since that time, of course, the amount of hardware and
through modern Windows point-and-click program is ex-software intended for laboratory use with PCs has increased

Past contributors to this journal have described variou
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by orders of magnitude. Many vendors vie for an instructor’s
full attention. However, the approach taken in the computer
part of this course has always been to expose students to a
wide range of software and hardware options, from the
simple and inexpensivéand time-intensive to the inte-
grated, complex, and expensive.

The very cheapest methods &agusing the parallel, serial
or game ports with one’s own hardware circuits @ydbuy-
ing a bare plug-in board and populating it with integrated
circuits, and then writing one’s own acquisition software.
These are still practical approaches for low rates of data ac- 0.0 20 38 59 7.9 929 117
quisition and literature exi s"to get the- NEW USer started. ig. 1. A 1/8-in.-thick aluminum plate with seven solid-state temperature
(Eventually, new PCs are. eXpeCteq to eliminate mtem.al SIOtgensors is used to study statistical errors and heat flow. The numbers are the
and_ the parallel and serial ports in favor of the lJr"vers""llocations in centimeters of the sensors, relative to the left-most sensor.
Serial Bus)

Our experiments begin by using QuickBASIC programs

that call subroutines from the library provided by the manu-g\olved from a 4.77-MHz 16-bit processor to a 1-GHz 32-bit
facturer of the Metrabyte board. Acquired data are analyzegrocessor. Throughout, the goal in this course has been to
and graphed with the help of scientific softwaggmaPloL. rovide students with enough background so that, in the fu-
This low-cost DOS approach is still viable because QBASICy e they can intelligently choose appropriate software and
is provided with the Windows operating system. An examplengrqware for a given experimental problem.
of an interesting heat-flow experiment that uses data ac- pany of the undergraduate students taking this course
quired and analyzed in this fashion is described in Sec. lllave found it to be one of the most immediately valuable
below. ) _ o ] courses they have taken because of the intensive use of
The next higher level of integration |s_ach|eved thrOUthomputer-based data acquisition in industry and because
the use of software such as National Instruments:competing” graduates will most likely not have this back-
Labwindows’, which assists the user in generating a tradi-ground. Graduate students in physics mostly prefer to sit in
tional high-level prograniwith click-down subroutine calls o the lecture part or learn the data acquisition in use from
for combined data acquisition, analysis, graphing, and reakhejr predecessors when they begin their experimental re-
time checks This approach has been used to obtain audigearch. But graduate students in computer science and tech-
data from a speech chip and to generate the frequency spegology have always formed a significant percentage of the
trum, as described in Sec. V below. Initially LabWindows enrollment. The course is a continuing challenge for the in-
supported both the QuickBASIC and C programming lan-structor, both for the daily demands of maintaining the hard-
guages; now only C is supported. ware and software and assisting students and for keeping
More recent data acquisition boards typically come withapreast of this rapidly advancing field.
some supporting Windows-based software, thus allowing the For physics instructors at other schools and universities,
user to configure the boasdhoosing which channels to use whether they wish to offer such a course or not, some of the
and adjusting the polarity and gain of the amplifier for theexperiments we do are physically interesting and emphasize
AID convertey in software as well as displaying the data the experimental advantages and gains made possible by

graphically immediately after obtaining it—a great help in connecting sensors directly to computers, and thus lend
checking the quality of the data.
The most populafand most expensiyesoftware now

available offers integrated data collection, analysis, and pre- 76.6 T T T T T
sentation through what the vendors describe as “graphical” [ 35 ”ci
programming. This involves constructing a program by 76.4} '
graphically patching together, in flowchart form, symbols
that represent the flow of information from input to analysis 76.2
to presentation output. A long program can challenge the g 1
available screen “real estate!” Even though the result of © 760
graphical programmingsia C language program, the user p
almost never has to peer below this graphical level. The two -.’; 7581
most popular graphical programming languages are National o [
Instruments LabViey and Hewlett—Packard’s HPVBe 2'75'6 C
Even though these languages are growing in populHtity, 2 754:
they are proprietary and quite expensive, so the course only ’
presents an introduction to them. 7820
Handouts from the current data acquisition literature are X
used to introduce students to the physics of sensors and elec- oFE— - ] :
trical considerations as well as trends in hardware and soft- 780 :’i“rﬁﬁ - '-°' SR U— 0
ware. In this course we have observed the decline of DOS 0 2 4 6 8 10 12

and the gradual ascension of Windows as the preferred soft-
ware platform; the 20-Mbyte hard drive and 64-kbyte seg-

m?nted memory space have evolved into gigabyte harglig. 2. Temperature as a function of time along the aluminum plate, while
drives and 128-Mbyte memory; also, the processor haseing heated by a warm hand between sensor six and seven.

Position On Aluminum Plate {cm)
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Fig. 5. Regulated 10-V supply for the circuit of Fig. 4.

Fig. 3. Circuit for measuring LED current—voltage characteristiogh
manual adjustment of LED currentusing a standard laboratory powered
breadboard.

] » ) tions. For these inexpensive sensors, the standard deviation
themselves to use in the more tyad|t|onal phyS|c.s laboratoryrom the mean is typically 0.5 mV or 0.05 °F.
courses where the emphasis is just on the physics. Second, the average voltagend temperatujefrom each
sensor is compared with the overall average for all seven
sensors an¢for lack of a more accurate, calibrated thermom-
lll. HEAT FLOW IN A METAL PLATE etep this overall average, subtracted from an individual av-
One of the first experiments we do involves measuring th&€'@9€; iS used later as a correction factor for that sensor, in
changes in the temperature of a metal plate, initially at roomdecognition of the fact that all the sensors are |n_|t|aIIy at the_
temperature, as a function of time and location, when weame temperature, and we are only interested in changes in
place a warming hand on it. This experiment serves to introt€mperature. . o
duce (a) the use of averaging to reduce noigb) sensor After discussing and analyzing the fluctuations in sensor
calibration considerations, ard) an example of how new ©utputs and their different calibrations, an experimental run
insights into common physical phenomena are made possibﬁé’ns'StS of obtaining 100 temperature readings from each
by computer-based data acquisition. sensor every 5 or 6 s, for an elapsed time of 35 or 42 s. Heat
| have epoxied seven solid-state temperature sensors to:j%t applied after the first measurements are made, so these
small aluminum platéFig. 1). The inexpensive sensors are ata can be used to qallbrate the sensors to their average
the LM34DZ from National Semiconductor. They require aV&lué while they are still at the same temperature. Figure 2
5-V supply and their output varies linearly from 0 V at 0 °F Presents a typical graph of analyzed data, showing the varia-
to 1.0 V at 100 °F with a “typical” accuracy of-1°F. (A tion of temperature with _both time and location on the plate.
Celsius version is available as the LM35DZhe sensors are F_or these data the warming har]d was placed between sensors
connected directly to seven of the eight multiplexeiffer- ~ Six @nd severil.8 cm apajt Notice the very good tempera-
entia) inputs of the 12-bit A/D converter on the MetraByte tUre resolution, for a maximum temperature gain of only
board. We first take 100 or more measurements of the output F.
from one sensor in order to determine the amount of electri-
cal noise/thermal fluctuations present under ambient condi-
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Fig. 4. Programmable current generator circuit for automatically measuring
LED current—voltage characteristics. A D/A converter is used to control theFig. 6. Dynamic resistance characteristics of five LEDs, measured with the
LED current and an A/D converter is used to measure the LED voltage. circuit of Fig. 4.
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Fig. 7. “80-Hz" tone produced by National Semiconductor Digitalker
voice synthesizer measured with a sampling rateap899 samples/gb)
1000 samples/<c) and(d) 10 000 samples/s, ar(d) 100 000 samples/s.
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IV. LIGHT-EMITTING DIODE CURRENT —-VOLTAGE age to obtain a LED current of 20 mA and then reduces the
CHARACTERISTICS exciting voltage carefully in steps. Initially the steps are best
chosen by reference to the curréas measured by the volt-

ics behind their liah ductiofincludi h e ; age across the precision 632X%resistoy; at the knee of the
ics behind their light productiofincluding the variation of e it is better to use the voltage across the LED. The

turn-on voltage with wavelengttas well as for the practical o000 of the precision resistor is large enough to help
consequences of their nonlinear resistance. They can there= : .
fore be used to provide a good introduction to measurin rotect the LED from excessive currents while small enough

both dependent and independent parameters in a physic minimize the voltmeter currertess than 0.01% with a

system. Also, a LED'S -V curve is required for precise Voltmeter input impedance of 11 8.

calculations of the current-limiting resistor required in any Another recently devised circuiFigs. 4 and phas been

actual circuit.(More qualitatively, Walkiewicz and Kirk have ~ used to automate the entire process, taking thousands of data

shown that —V curves for LEDs are readily generated on anPoints in a few seconds. This is a voltage-controlled current

oscilloscopée?) generator circuit. The applied control voltageom the data
Each student is required to characterize at least two differacquisition board’s D/A convertggenerates a nearly propor-

ent LEDs. Typically this experiment has served to introducetional LED current, independently of the type of LEOhe

the use of IEE-488/HP-IB/GPIB instruments as well. Usingproportionality constant varies smoothly from 3.96 V/mA of

the circuit shown in Fig. 3, the student first adjusts the volt-current at 1.0 mA to 4.01 V/mA of current at 20.0 mA.

Light-emitting diodeqLEDs) are interesting for the phys-
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voice synthesizer with a sampling rate of 80 645 sampléa/she voltage
(b) Frequency (Hz) waveform.(b) fast Fourier transform.

Fig. 8. Fast Fourier transform of the “80-Hz” tone produced by National

Semiconductor Digitalker voice synthesizer; sampling rate of 100 000

samples/s(a) Full spectrum.(b) Fundamental and lower harmonics. The speech processor chip | use is based on a 4.0-MHz fre-
quency generator circuit, so many frequencies can be ex-
pected to be present.

National Semiconductor's DIGITALKER™ DT1050
speech synthesizer Kiavailable from Jameco Electront€s
provides for a circuit that generates 137 separate words, or
parts of words, as well as two different tongisted by the
| max= Viet/ (2R), manufacturer as an 80-Hz tone and a 400-Hz tofke ap-

whereRis the resistance of resistor R3 avig is the voltage plication notes for the chip set include a bandpass filter cir-

; : . -~ .cuit to produce maximum frequency response. | use this cir-
at the junction of resistors R2 and R3. Because our circuif : .
uses a regulated-10.0-V supply forV,., our maximum gwt except with an added 1Qkvolume control just before

. _ _ the specified LM386 audio amplifier. The input voltage to
curr.ent Is 10.0 V/(22500) =0.020 '.A‘_.zo mA.. . this volume control is measured by the A/D converter in the
Figure 6 shows thé—V characteristics for five different

. : R PC; it has a variation of about0.3 V and therefore no
LEDs determined using this circuit. The curve for “blue

. X . additional amplification will be required for many data ac-
(old)” is for one of the earliest blue LEDs; its threshold quisition boargs. q y
voltage is significantly less than that for a new generation™, normally provide students with measurements | have

blue LED, “blue (new),” as well as being much less bright. | 24e of the “80-Hz” tone and let them do all their work

with the “400-Hz” tone. If the “80-Hz" tone exhibited a
purely sinusoidal variation with time, the Nyquist criterion

In this circuit, for a control voltage between 0 and 5.0 V,
the LED current varies from 0 to a maximum given by the
relationship

V. OUTPUT VOLTAGE AND FREQUENCY tells us that a sampling rate of twice that vali®60
SPECTRUM GENERATED BY A DIGITAL SPEECH samples/sis the minimum required to verify the stated fre-
SYNTHESIZER quency. However, the actual voltage output from the circuit

sampled at a rate of 399 samples/s shows us that many
Another system of intrinsic interest is a sound generator. Ihigher frequencies are preséfig. 7(a)].

affords an opportunity for discovering the misinformation Fortunately, we can easily increase the sampling rate until
obtained(aliasing when the sampling frequency is less thanwe see no change. A sampling rate of 1000 samples/s, Fig.
twice the highest frequency present in the souffdgquist  7(b), is still much too low. At 10 000 samplesfEigs. 7c)
criterion). A standard signal generator could be used for thisand 7d)], the basic waveform emerges, but obviously there
kind of experiment, but it is far more interesting to use aare still some unresolved higher frequencies. At the highest
speech chip which can produce any harmonic-rich soundavailable sampling rate of 100 000 sampld$/gy. 7(e)], all
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of the overtones appeared to be resolved. This provides sSt&dCKNOWLEDGMENTS
dents with a good idea of what to expect when they make

measurements of the “400'HZ.” tone, ar_1d emphasizes th‘i’his course was made possible through NSF Instrumentation
importance of an adequately high sampling rate when meazq Laboratory Improvement Program Grant No. PHY-

suring a complex waveform. 8851629. The programmable current generator circuit shown
Of course, we can now estimate the fundamental fre;, Fig. 4 was designed by Alan Baldwin.

quency of this “80-Hz” tone. From Fig. (&), the first two
cycles required nearly 0.005 s and so that the frequency iSgjectronic mail: hubin@physics.kent.edu
f=1/T=1/0.0025s-400Hz. However, there is a longer . Maps, “A computer-based data acquisition laboratory for undergradu-
time between the third and fourth cycles and this represents gfgeslv;AE- JH Ph¥2?15651t_655(1993'- o teriacing and inct
low frequency modulation that occurs every five cydles. arl A. xocher, “A‘aoratory course In computer interfacing and instru-
. . mentation,” Am. J. Phys60, 246-251(1992.
7(C)] and this allows us to estlmat_e(\aery Weak fundamen- 3Stephen C. Gates with Jordan BecKeaporatory Automation Using the
tal frequency of 400 Hz/5 80 Hz, just as the manufacturer IBM PC (Prentice—Hall, Englewood Cliffs, NJ, 1989
claims. (The bandpass circuit preceding our Vo|tage mea-‘Dhananjhay V._(_;adrd?rogramming the Parallel Port: Interfacing the PC
surement presumably reduces the amplitude of this funda_for Data Acquisition and Process ContrdR&D Books, Lawrence, KS,
1998.
mental) d il admi havi h d of the f 5Jan AxelsonpParallel Port Complete: Programming, Interfacing, & Using
~ Some students will admit to having heard of the fast FOU- the pcs Parallel Printer Port{Lakeview Research, Madison, Wi, 1996
rier transform(FFT) but none has ever admitted to using it. ®Jan AxelsonSerial Port Complete: Programming and Circuits for RS-232
This experiment is a perfect opportunity. Figur@8shows and RS-485 Links and Network&akeview Research, Madison, WI,
the frequency spectrum up to 13 kHz; FigbB at lower &999- 2. Hoskins. “Add Analog /0 Channels to a Serial Port” Test
; : JKevin R. Hoskins, nalog annels to a Serial Port,” Tes

.fre;T]U(inSC(I)eSH, SEOWS clear:ly t?ﬁt tl‘]le fundamental frequenC{r:SMeas. World17, 29—-33(September, 1997 Program code is in C; 12-bit
n ac; Z pecause all other frequencies present are Q‘esolution, 3300 samples’s.
possible odd and even overtones of 80 Hz. 8Jerry Steele, “Interface 12-Bit ADCs to Laptops or PCs,” Electron. Des.

When students make their measurements and do their3, 89-92(October, 1995 Three circuits are given; high speed can be
analysis of the “400-Hz” tone, they expect a similar situa- achieved by using a cache memory IC next to the A/D converter.
tion to prevail. It doesiot—in two interesting ways—but | John S. Jacono, “Programming Serial Ports,” Pop. Electf).63—-87

’ . . (August, 1993

alwa_ys let the students dlscov_er“that for ,:[hemselveS! Flgure’Bruce Thomas, “Inexpensive parallel-port interface controls power-strip
9(a) is the voltage output for this “400-Hz" tone; the lowest  oytlets,” Personal Eng. Instrum. Newt§, 50-55(October, 1998
frequency appears to be about=1/T=1/0.00156s ™Alexander Eisen, “Data Acquisition Made Easy,” Electron. Dé4, 111

~640Hz. The FFT[Fig. 9(b)] confirms the fact that this 112 (May, 1996. Program code is in C; 12-bit resolution, sampling to
100 000/s.

‘f‘unda”lemal frequepcy '.S ?XaCt'y 640 ('f greater than _the 12Clayton B. Grantham, “Capture Fast Analog Signals with Your PC’s

80 Hz") and that in this instance only thed harmonics Printer Port,” Test Meas. World 6, 9—14 (December, 1996 Uses a 2k

are present! external memory IC to achieve 16-bit resolution at 100 000 samples/s,
In recent years wavelet analysis has joined the fast Fouriggith output to a spreadsheet. . o .

transform as a tool for studying periodic phenomém.For (I?SisFiet%mnsldser;,(s -Asgggégourse Data Acquisition Card,” Sens. Data Ac-

gxamplg, wavelets are_ belng Used to compress flng‘:"r,p”,mEd Baroth, Chris Hartsough, Amy Holst, and George Wells, “An Evalua-

information. In general, it can be said that wavelet analysis is tion of LabVIEW 5.0 and HP VEE 5.0,” Evaluation En@8, 64-75

better than FFT analysis when a signal is changing (April, 1999.

rapidly—as in the pressure waves generated by speecﬁj'homas A. Walkiewicz and James R. Kirk, “Characteristic Curves,” Phys.

When wavel war m mor ffor | he.Teach.32, 90-92(1994.
c avelet software becomes ore affordable, t QﬁJameco, 1355 Shoreway Road, Belmont, CA 94002-4100.

bundmg-blpck parts of words that are produped py this1rgjpert Strang, “Wavelets,” Am. Sci82, 250—255(May—June, 1994
speech chip should lend themselves to study with this newekvatt perry, “Wavelets help resolve uncertainties associated with FFTs,”
analysis tool. Personal Eng12, 50-53(March, 1995.

The purchase of the first PC and data acquisition board for
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Investigating vortical dipolar flows using particle image velocimetry:
An experiment for the advanced undergraduate laboratory

Yakov Afanasyev®
Department of Physics and Physical Oceanography, Memorial University of Newfoundland, St. John’s,
Newfoundland A1B 3X7, Canada

(Received 8 May 2001; accepted 15 August 2001

This paper describes a laboratory experiment designed to study vortex dipoles, fascinating structures
that occur in geophysical and industrial turbulent flows. A particle image velocimetry measurement
system is used to measure the velocity and vorticity fields in the flow. The apparatus required for the
experiment is inexpensive and easy to construct.2082 American Association of Physics Teachers.

[DOI: 10.1119/1.1410952

[. INTRODUCTION the analysis of the correlations. A complete description of the

proposed experiment together with sample images and vid-
A vortex dipole is a jet flow with a system of two vortices eos can be found at the author’s web pge.

of opposite sign at its front. Vortex dipoles are fundamental

elements of complex chaotic flows usually denoted by the

term “two-dimensional turbulence” and occur in the ocean,!l. EXPERIMENT

the atmosphere, and in industrial processesese structures . - . .

are a fascinating subject of current research in geophysicxia:l_-rhe experimental apparatus is illustrated sctlsmatlcally In

fluid dynamics. Figure 1 shows a typical example of a vorte 9. 2_' The flows are generated in a PIeX|g_IaS tank. of di-

dipole as observed in a satellite image of the ocean surfadg@€nsions 25 ci¥10 cmx 10 cm. The sharp tip of an epider-

temperaturé.The dipole is formed by cold water shown as a Mi¢ needie of internal diameter 0.05 cm is carefully cut off.

darker color in the image. Although these flows are described NiS needle is then connected by plastic tubing to a burette

in general by nonlinear equations of motion which are notVith @ stop-cock. Any 15- to 25-ml burette graduated in

easy to analyze, their global properties can be described ul&nths of a milliliter can be used for this purpose. A PC video
ing the conservation laws for mass and linear momentumc@MeraUSB version is used to record the video sequences
Simply put, the dynamics of these structures can be unde@f the flow. This camera captures video and snapshots with
stood from straightforward application of Newton's second? CA resolution(640x480 pixels. The video can be saved

law of motion. This makes vortex dipoles an attractive subin AV! format, or alternatively, individual frames can be
aved in common bitmap formats. Polyamid seeding par-

ject for study in an undergraduate experiment. The goal of . .
this paper is to describe a simple, low-cost experiment fofiCleS (mean diameter 5gum and density 1.03 g/chsup-
the advanced undergraduate laboratory. plied by Danteéare used for PIV measurements. The flow is

Vortex dipoles translate through the fluid and can therefordluminated either by a fluorescent lamp placed below the
be characterized by their net linear momentum. This means
that the action of a force is required to generate the dipoles.
In the ocean the wind can often apply such a localized force
on the ocean surface. Another condition is essential for the
generation of dipoles: The flow must be planar. Dipoles
readily occur in a density stratifietayered fluid where the
gravitational force suppresses vertical motion. To make the
flow visible some indicator(passive traceris usually
needed; in the ocean it is most often a temperature contrast,
while in the laboratory we use a dye. The images of the flow
can be used to reconstruct the velocity field in the flow, most
often by using the maximum cross-correlation method. In
this method, the displacements of small regions of the pat-
terns of the passive tracer are estimated between sequential
images using cross correlations between small rectangular
sections from each image. This is a technique that is widely
used in experimental fluid dynamig¢ahen small particles
of neutral density are seeded in the fluid to create the texture
of the image this technique is called particle imaging veloci-
metry (PIV). In this experiment we use smatliameter=50
um) plastic spheres of almost the same density as water to
visualize the flow. Commercial PIV systems are usually very
expensive. Quite accurate measurements, however, can be
obtained using a personal computer equipped with suitable
mathematical softwarge.g., MATLAB %) and an inexpensive Fig. 1. Satellite image of the eastern Black $Baf. 2. A vortex dipole is
computer video camera. We usedTLAB code€ to perform  formed by cold water as shown by dark color.
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100+
tank, for the experiments with the flow visualized by dye, or 5

by a slide projector placed at the side of the tank, for PIV %[ =
measurements. 0 . . . . : .

A general outline of the steps involved in the experiment °©  '© 20 30 40 50 600
follows.

Fig. 4. Typical frame from a video of the flow with seeding particles.

A. Density stratification

able to keepAh almost constant so that the intensity of the

The simplest case of stratification is a two-layer system. Ao,y from the nozzle is constant. The ratio of this volume to
Plexiglas tank is filled with two layers of fluid with differing 16 measured time interval gives the mean volume §ux

degsit&es.k;l'he Io_werfle;}yer cafr|1 't()je relar;[ively ”I“CK 2-3 _Crr]n’The recorded video is then used for measuring the dimen-
and should consist of heavy fluid, such as salt water with ;55 of the dipoldD andL in Fig. 3 at different times
salt concentration of 50—-100 g/I. The upper layer should be. Ipold in Fig. 3 I I '

as thin as possible, 0.3—0.5 cm, and consist of a light fluidC- Particle image velocimetry

such as fresh water. To prepare a two-layer system without | this part of the experiment, a new two-layer sample is

mixing the fluids, one can float a sheet of paper on top of th‘arepared using salt water and fresh water, with the fresh

salt water. Thg fresh water is carefully poured onto the sheefyater layer containing seeding particles. Fresh water, con-
and the latter is thefvery carefully removed. taining no particles or food dye, is used to generate a jet from

the nozzle. A sheet of black paper is placed under the tank.
B. Observation of vortex dipoles The flow is illuminated from the sid€A slide projector is

: . ! . . well suited to this purpoge Two strips of black paper are
The nozzleepidermic need}eis placed horizontally in the fixed to the side of the tank to create a slit so that only the

upper layer. Fresh water that has been dyed by blue or blag terface between the two layers is illuminated. It is impor-

food dye IS used to generate a horizontal jet flow frqm thetant to eliminate unwanted light so that neither the surface of
nozzle. This submerged jet is used to produce the action of flater nor the bottom of the tank is illuminated. The devel-
localized force on the fluid. Figure 3 shows the developmen ping flow was recorded in the same manner as above using

of the vortex dipole. By lowering and raising the bure.tte, ON€ frame rate of 5 frames/s. A sample video frame is shown in
can vary the differencé&h between the water level in the Fig 4

tank and that in the burette and thereby vary the intensity o
Ill. DATA ANALYSIS

the flow from the nozzle. The height of the burette is ad-
justed so that the flow is laminar. A movie of the developing
flow is then recorded for 1 min using a video frame rate of 5 Using the camera software, individual frames from the
frames/s. The time required for the level of the water in therecorded video of the flow of dye in the first experiment can
burette to fall at certain amourié.g., 0.5 or 1.0 mlis also  be saved and then analyzed using the standard MS Windows
measured during the experiment. Note that the level of wateimage tool “Paint.” The position of the cursor in pixels is
in the burette should not change too much since it is desirsed to measure the lendtrand widthD of the dipole(Fig.
3) at different frames. A centimeter scale placed under the
tank prior to recording the video can be used to determine
the resolution of the image@n pixels/cm) so thatL and D
can be calculated in centimeters. The dimensions of the di-
: pole, namelyL andD, are then plotted as functions of time.
} Dimensional analysis can be used to show that the time de-
‘ pendence of both andD is given by (t)¥2 wherev (cn¥/s)
- , Nozzlei is the kinematic viscosityfor water »=0.01cnt/s). This

Mﬁ - implies that the flow is governed mainly by the viscous

‘ force, which is to say that and D depend only on the

coefficient of kinematic viscosity and timet. Previous

L_Jlcm

e studie$ show that dipoles develop self-similarly, which im-
L g plies thatL is proportional toD, i.e., L=aD, where the
coefficient of proportionalityr is a function of the Reynolds
Fig. 3. Typical videoframe of the developing vortex dipole. number(Re) of the flow. The coefficientr is plotted as a
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Fig. 6. Grayscale version of a typical colored vorticity map for the dipole

obtained in the experiment. Vorticity in units of’s Velocity field is shown
by arrows. Distance is in pixels, 1 pixeD.034 cm.

Fig. 5. The proportionality constat for different values of the square of in the MATLAB code. These arrays are kept in memory and
the Reynolds number. . .
can be used for further analysis. It is easy for students to
write simple MATLAB commands in order to verify that the
total vorticity in the flow is almost zer sum of all positive
function of Ré in Fig. 5. The curve in Fig. 5 represents the and negative elements of the arrayis smal) and to esti-
best fit to the data obtained in previous experimériiie  mate thex andy components of the total momentum of the
Reynolds number can be determined fragnwhich is typi-  flow (sums of the elements of the arrays andV,, respec-

cally about 2, corresponding to a Reynolds number of aptjvely). This gives the momentum per unit height of the up-
proximately 20. At this value of Re the flow is laminar and per Jayer of fluid.

the dipoles are well formed.
The Reynolds number can also be estimated from the mo-
mentum f_qu from _the nozzle. _an_5|der a jet from a rpundlv. CONCLUSION
nozzle of internal diametet that is injected into surrounding
fluid. If the mean velocity at the nozzle exit i$ then the
mass fluxpq is proportional toq= 7d?U/4. Hereq is the
volume flux measured in the experiment gne 1 g/cn? is
the density of water. If a kinematic quantidyis defined as

We have presented a laboratory experiment to study vortex
dipoles in a density stratified fluid using particle image ve-
locimetry. Its principal pedagogical value is that it demon-
strates how basic conservation laws can be applied to a com-
J=nd?U%/4=4q% (wd?), plex fluid flow. Learning the main principles of the operation

then the momentum flux transported by the jet from the(?f the PIV system, in particular the analysis of the cor.rela-
nozzle is given by the produgt). According to Newton's tion between two patterns, exposes students to the kind of

second law of motion, the rate of change of the momentungiata processing that is often encountered in advanced re-

of the system is equal to the magnitude of the force appliedS€arch-
Thus the source acts on the fluid with a total foFce pJ. It
can also be showrthat the Reynolds number defined using
the appropriate scales of the flow is relatedtams R& ACKNOWLEDGMENTS
=J/12. The value of Re that is calculated using this relation
can then be compared with that obtained previously from the This work was supported in part by the Natural Sciences
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This paper describes a relatively simple laboratory exercise enabling students to find the melting
temperature of a solid with a low melting point, and to estimate its heat of fusioreoo®American

Association of Physics Teachers.
[DOI: 10.1119/1.1412722

[. INTRODUCTION sharp. Additionally, while the temperature at which the solid
) o ) _ becomes liquid(melting poiny should be identical to the
The melting of solids is a topic of considerable generallemperature at which the liquid becomes solfdeezing
interest. A theoretical prediction of the melting temperaturepoint), disorder in the atomic and molecular lev@r ex-
must take into account a large number of factors, includingample, in alloy$ can cause the two to differ. A more detailed
structures at many level@tomic, molecular, and intermo- discussion of the current state of melting point measurements
leculap, electric charges, bond strengths, and the size angan pe found in Refs. 1—3.
mass of various atoms, etc. In addition, it involves the sta- The |ab exercise presented in this paper does not require
tistical mechanics of a many-particle system, thus makingyure samples, uniform heating, or a noninterfering probe,
theoretical calculations of the melting point rather difficult. and should allow students to see results that demonstrate the
Experimental determination of melting temperature isgeneral form of the melting curve.
equally problematic. To get an accurate value for the melting
point of a solid, one needs a pure sample, uniform heating,
and a probe that does not interfere with the property it idl. EXPERIMENT
measuring.
If the above conditions are met, as thermal energy is apA. Apparatus
plied to a solid, its temperature will rise according to the

following relationship: This laboratory exercise uses PASCO’s Data Studio soft-
ware and related hardware, including the PASCO signal in-
Q=mCcAT, 1) terface (CIl-6560 and two temperature probé€1-6505A).

whereQ is the amount of energy absorber js the mass of One needs the following equipmeitt) hot plate heater(2)

the solid,c is the specific heat of the object iNkig K), and ~ Pyrex™ beakers, 100-259 n{B) ring stand and clamps to
AT is the change in temperature. Once the melting temperdtold the temperature probg4) a known quantity of paraffin
ture is reached, the solid will continue to absorb energy, bui@x; and(5) safety goggles.

its temperature will not rise until it has completely liquefied. ~ Prior to the class, the instructor should prepare the beakers

Melting is the transformation from the solid state to the lig- Py melting a known mass of wax in each beaker, making

the change in energy will be equal to the heat of a fusionthe temperature probes into the beakers of molten wax, with

H, . The energy content of a liquid is always greater than that"® Probe tips roughly halfway between the surface of the

of a solid from which it forms. When a liquid freezes, energy W@ and the bottom of the beaker. Then allow the wax to
is released to the surrounding. The amount of Heate- cooI.(Be_ careful to use a low heat setting whlle_meltmg the
iquidvax, as it may boil at the bottom of the beaker if heated too

when it freezes, therefo®=H;. Once the solid has lique- rapidly, with unpleasant resuljs.

fied completely, the temperature of the material will continue
to rise in accordance with Eql) but the specific heat ca- g Setup
pacity ¢ is now that of the liquid.

In practice, pure samples are very difficult to obtéérs- Place the beaker containing the desired sample on the hot
pecially pure samples that melt at temperatures safe for ugdate, and then secure a temperature probe with a clamp
in an undergraduate laboratorperfectly even application of mounted on a ring stand. The probe should firmly touch the
heat is almost impossibléeven under research lab condi- surface of the wax, making a slight indentation. Plug the
tions), and no probe is completely noninterfering. As a resulttemperature probe into the signal interface, and select the
the substance is likely to undergo a slight change in tempergrobe in Data Studio. Set the probe to take data every sec-
ture as it melts, and the division between regular heatingnd. Create a graph in Data Studio, with time along the
(before or after meltingand melting will not be particularly horizontal axis and temperature along the vertical axis.
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Fig. 1. Plot of temperature vs time for melting 50 g of paraffin wax on a hot

. ; Fig. 2. Plot of ime f Iting 1 f ffi h
plate at a setting of heating curve ig ot of temperature vs time for melting 10 g of paraffin wax on a hot

plate at a setting of Bheating curvi

C. Procedure

1. Heating: (&) Turn the hot plate on to a low setting, . o
roughly a third of the maximum. The instructor should per-gone down by 20° or so, then stop data collection. This is
form the lab in advance to determine the optimum settingshown in Fig. 3 for wax cooling in a water batfd) Using
but it is better to use a low setting and wait longer for thethe cursor in Data Studio, determine the time and tempera-
results than to use a high setting and have hot wax spit outure for the following eventstA) the beginning of data col-

(b) After a few seconds, start collecting data as the sampléection, (B) roughly where the graph starts to almost flatten
heats slowly. As can be seen from the sample graph in Fig. gut, (C) roughly where the graph starts to drop agéi), the

the heating process will take some time if the sample is largend of data collection.

(over 20 g. It is a good idea to have an auxilliary exercise

available to keep the students occupied during the 20-30

min of data collection(c) Once the graph has started trend-

ing upwards again after a stretch of relative flatness, continue

to take data until the temperature has increased by anothe 0 ——————— 7 T "~ " T T
10° or so, then stop data collection and turn off the hot plate.
(d) Using the cursor in Data Studio, determine the time and
temperature for the following event§A) the beginning of

data collection(B) roughly where the graph starts to almost
flatten out,(C) roughly where the graph starts to rise again,
(D) the end of data collection. PoinBand C require some
guessing, as there is not a sharp transition p@stseen in

Fig. 1, for paraffin. The wax is undergoing a phase transition &
from solid to liquid betwee8 andC. For a smaller sample, 3
the graph may more closely resemble the one in Fig. 2; in §

. . -
which case point®8 and C are nearly the same.

2. Cooling: (@) Turn the hot plate on to a low setting,
roughly a third of maximum. Take solid wax in a metal can
(aluminum or any and place on the hot plate. Heat until the % 7
wax is completely melted and heat a little bit more. Then 3 ]
take away the hot plat¢b) Transfer the metal can of melted
(liquid wax) into a styrofoam cup containing 100 ml of wa-
ter. After a few seconds, start collecting data as the sample
cools slowly.

Place one temperature sensor inside the molten wax, an
use the second temperature sensor to measure the tempeia-
ture of the surrounding Water batfr) Once the temperature Fig. 3. Plot of temperature vs time for 50 g of paraffin wax cooling in a
graph has started trending downwards after a stretch of relggater bath(cooling curvé. The upper curve represents the cooling of 50 g
tive flatness, continue to take data until the temperature has wax. The lower curve shows the temperature of the 100-ml water bath.

50

| n " n 1 L L L 1

0 1250 2500 3750 5000
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[1l. ANALYSIS =548.3s), from Fig. 1 one can estimate the heat of fusion

1. Melting (fusing) temperature and rate of heat absorp-Hf' The product of the time interval petwe@ and C
tion (loss) by the waxFirst, students should find the approxi- (Atec=548.3s) and the average of solid cooling rate and
mate melting point of the wax. Taking the temperatures atiquid cooling rate gives totaQ= 1065 cal for 50 g. Thus,
points B and C of F|g 3 and a\/eraging them can do this. the heat of fusion of paraffln wax21 cal/g. This value lies
Compare this result to the accepted value between 52 argbmewhat below the valués$; = 25 cal/g—42 cal/g quoted in
60°C for most commonly available paraffin. For small Refs. 3, 5, and 6 for different commercial waxes.
samples, there may not be a flat region during which the
phase transition occurs; the transition may take place fairl
abruptly, over the course of only a few seconds, as seen ?(1\/' CONCLUSION
Fig. 2. In that case students should examine the graph for a |n summary, we have presented a simple experiment to
sharp “kink” in the line, where the heating curve shifts be- measure the melting temperature and heat of fusion of a
tween the solid and liquid phases. Next, students can estig|ig. This lab can be performed with any solid that melts
mate the rate at which thermal energy is absorbed by thgetween room temperature and the boiling point of water,
solid wax and the liquid wax while heating. although it is recommended that one use only low melting

Equation(1) can be used to calculate the energy absorbegomperature substances for safety reasons. Different types of
Qs by the solid wax between poinfsand pointB (see Fig. wax such as beeswax and carnauba wax with different melt-
1), using that the specific heat of wax is approximately 0.69ng points and specific heats may also be substituted.
cal/g °C*® Dividing this value ofQ by the time interval It might also be useful to give different amounts of wax to
Atppg between pointsA andB, one can estimate the average each student group, so that some get graphs like Fig. 1 and
rate of energy absorption by the solid w&¥;/Atag. others get graphs like Fig. 2. Then the class as a whole can

Similarly, one can determine the energy absorbed betweetliscuss these differences.
pointsC andD (see Fig. 1 Q,;, assuming that the specific
heat of liquid wax is the same as that of the solid. Divide this
value of Q, by the time intervalAt.p betweenC andD to ACKNOWLEDGMENTS
get the average rate of energy absorption by the liquid wax, One of the authors, MSJ, is thankful to the American
Qq/Atcp. Physical Society Kilambi Ramavatara®PS-KR) Commit-

2. Estimating the heat of fusioifo estimate the heat of tee, the Fulbright Foreign Scholarship Board, the Michigan
fusion, H;, one can assume that the rate at which thermaBtate University, East Lansing, and the University of Ne-
energy is taken away from the wax during the meltingbraska Lincoln for their financial support. He is also thankful
(where solid and liquid coexists the average of the cooling to Dr N. Anantaraman, chairperson, American Physical So-
rate of the solid and the cooling rate of the liquid. ciety Kilambi Ramavataram.

Taking the average of,/At,g=1.725call/s and) /At o _ o
=0.299 cal/s and the time interval betweBrand C (Atge ,Electronic mail: mahjogad@rediffmail.com

. . . Electronic mail: mahanti@pa.msu.edu
=1517 S)' from Fig. 3 one can estimate the heat of fu5|on1D. S. Barnby, L. G. Bostwick, and J. A. Huston, Jr., “Some Studies on the
H¢. The product of the time interval betwedh and C Physics of Paraffin Wax and Wax/Polymer Systems,” Proceedings of the
(Atgc=1517s) and the average of liquid cooling and solid Sixth World Petroleum Congress 161-178(1963.

cooling rates gives totaD = 1535 cal. Since the mass of the li/lgaghgantappa S. Jogad, Ph.D. thesis, Gulbarga University, Gulbarga, India,

paraffln WaX is 50 g, the heat OT fusion per gram is 30.7 3M. G. Broadhurst, “An Analysis of the Solid Phase Behavior of the Nor-
cal/lg. This value agrees well with the measuremets mal Paraffins,” J. Res. Natl. Bur. Stand., Sect6®A, 241—249(1962.

=25-42 CaI/g quoted in Refs. 3, 5, and 6 for different com- “Concise Encyclopedia of Science and Technol@gdgGraw—Hill, New

mercial waxes. York, 1984, p. 58.

. . . : 5J. M. Power, R. G. Craig, and F. A. Peyton, “Calorimetric analysis of
Slmllarly, from the heatmg graphsee Fig. J'takmg the commercial and dental waxes,” J. Dent. Ré8.(6), 1165—11701969.

average of Qg/Atpg=1.861lcalls and Q;/Atcp %David R. Lide, CRC Handbook of Chemistry and Physi@RC Press,
=2.024 call/s and the time interval betweBrand C (Atgc Boca Raton, FL, 1995-9676th ed.

A simple demonstration of Mie scattering using an overhead projector
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Light scattering by small particles is a complicated andample, Rayleigh scattering by particles that are small com-
sometimes counterintuitive subject. In particular, the depenpared to the wavelength is responsible for the red sunset and
dence of the scattering cross section on wavelength of lightlue sky, while scattering by larger particles can lead to the
can be quite different for different particle sizes. For ex-opposite effect: the so-called “blue moon” or “green sun”
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occasionally seen after forest fires or volcanic explostons. 4 4

Straightforward classroom demonstrations of light scattering Q=2— —sinp+ —(1—cosp), 1
exist: The Rayleigh scattering regime can be created by us- p p

ing a dilute suspension of milk in water, while demonstra-whereQ= C.,/7ma?, Cq. IS the scattering cross sectiaa,
tions involving larger particles can be created using cigarettgs the particle radiu$250 and 870 nm, respectivejyand p
smoke'* However, the problem with both of these methods = 4+(m—1)na/\. Here,m=1.19 is the relative index of
is that one cannot effectively control the si@ shapg of  refraction,n=1.33 is the index of the medium surrounding

the scatterers, or even say much about the distribution ghe particles, and is the wavelength of the incident light in

particle sizes. _ o air. In the words of van de Hulst, “this is one of the most

A simple demonstration of the particle-size dependence Ofisefy| formulae in the whole domain of Mie scattering, be-
Mie scattering can be performed using an overheaq Projectiyyse it describes the salient features of the extinction curve
and two suspensions of polystyrene microspheres: one Wit 1y for values ofn close to 1, but even for values of
500-nm-diam particles and the other with 1740-nm-diam,q large as 2.2

Widoly available: the partices are amost parfoct Spherical, . 'dure 2 ShowS a graph a vs p for n=1.33 andm
y ' b b Y SP =1.19. We show both the exact Mie theory cross section and

: " o
and the particle radii vary by no more than abau% in a %%e approximation of Eq(1). The chief differences between

typical suspension. The range of available sizes is also quit; . 0

large; one can purchase suspensions with mean particle si £ two are that Eq(._l) underestimate® by about 20% for_
from under 100 nm to greater than 1@@n. The refractive L€ Values o examined here, and does not have the high-
index of the particles is about 1.59 in the visible region of thel"€dUency ripple for large values gf As is seenQ is an
spectrum, leading to a relative refractive index of 1.19 wherPSCillatory function ofp. For fixed particle radius, increasing
the particies are suspended in water p implies decreasing wavelength, while for fixed wavelength,

For the demonstration, an overhead projector is set ug increases as the particle size increases. For largeap-
with a transparent tray on the platei clear plastic plate, roaches 2, meaning that for particles very large compared to

like the kind used for picnic lunches, is idealhe tray is ;heazvgag/eleng}h, the sc;’:lttherlng [Cross section agpro%ches
filled with water to a depth of 2 or 3 mm, and the image of 27&-" S€veral regions of the extinction curve are boxed in

the tray is projected onto a screen, as shown in Fig. 1. ThE!9- 2. The boxes enclose the region of the scattering curve
500-nm-diam scatterers are now mixed in with the water, and" Visible wavelengths of light400-700 nm for four dif-
the image on the screen turns a brownish-red! To make th{erent particle diameters. Regi¢a represents the cross sec-

demonstration more dramatic, the micropsheres should bgn for light scattering by particles with a fixed diameter of
dripped into the water directly from their original plastic 200 "M, and regioitb), a fixed diameter of 1740 nm. Note
at for region(a), the center of the scattering region in Fig.

squeeze bottle. The bottle can be passed around to the s h . . :
dents before or after the demonstration to show that the paf IS @Pproximately at the point where the slope of the extinc-
tion curve is greatest, implying the greatest difference in the

ticles are not colored in any way. After this, a new tray is . ! .
placed on the overhead and the 1740-nm-diam particles aR¢attering cross section for blue and red light. Because the
cross section is greater for shorter wavelengths than for

dripped into the water. This time, the image turns a vivid, : ; .
dark blue! longer wavelengths, the image of the suspension will appear

Here's what's happening: Some of the light from the over-red, as more blue light is scattered out of the system than red.
head lamp that passes through the suspension is scattered byshould be noted that the wavelength dependence of the
the polystyrene microspheres. The scattered light misses the
imaging optics of the overheator a description of how an

overhead projector works, see Goodman’s wonderful little 4 e T
X , X . (c)
book?) However, the scattering cross section of the particles 5 - ™ ]
is strongly wavelength dependent. For transparent spheres 1
with relative index of refraction close to 1, the scattering 3r ) h @ -
cross section can be approximated by 25 |- . \ " 4
Q 2+ I \\ \/ o A\
\
) (b) s / N
1.5 - .
1k |
0.5 @ ]
unscattered light 0
0 5 10 15
scattered light p

scattered light Fig. 2. Scattering cross secti¢@) as a function of size parametgs). The

dashed line was calculated using E#), which is valid for smallm, while
the solid line was calculated using Mie theory. The boxes on the graph
transparent tray enclose the scattering curve for wavelengths in the visible region of the
spectrum for the following particle diametefs) scattering cross section for
500-nm-diam particles as a function pf (b) scattering cross section for
overhead projector 1740-nm-diam particles as a function @f (c) scattering cross section for
1000-nm-diam particles as a function @f (d) scattering cross section for
Fig. 1. Demonstration setup. In our demonstrations, the tray is a small4000-nm-diam particles as a function @f The entire scattering region for
transparent plastic plate. this particle size extends slightly beyond the end of the gaph=15.8.
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scattering cross section for the smaller particles cannot bthis extends from just before one maximum in the scattering
explained by Rayleigh scatterifigRayleigh scattering is cross section to near the next maximum, implying that inter-
only valid for particle radii small compared to the wave- mediate wavelength lighyellow and greenshould be scat-
length, which is not true here. tered least, and long- and short-wavelength light scattered
The situation is reversed for the 1740-nm-diam particlesmost. Part of the scattering region is enclosed by @bxn
Here, the center of regiafb) in Fig. 2 lies where the slope of Fig. 2, although it extends beyond the end of the graph. We
the extinction curve is near its minimum val(iee., strongly  have performed this experiment: The resulting image looks
negativg. This means that the scattering cross section igjark grayish green. It may be possible to make the coloration
greater for longer wavelengths, leading to the blue imagemore vivid by a better choice of particle si#300-nm-diam
Note that the two particle sizes were chosen so thaslitiee 1 rticles would probably work bettetbut we have not tried
of the scattering curve would be extremal, not the scattering,;q yet. If any readers make the attempt, we would be very

curve itself. . . ) !
. . . . . interested in learning the results of their work.
The scattering region for particles with a diameter of 1000 The one drawback with this demonstration is the relatively

221r1tf<(e)rr tﬂ?lrlb;esggngisnghc%\y\?elﬂezorfg;rotfhilgr']:kigﬁrrﬁ’vgﬁe o;Iigh cost of polystyrene microspheres—roughly $200 for a
Q. This means that the image should be essentially unco _.5-ml bottle. One _bott'le is good for at least 20 demonsira-
pns, however, which is probably good for a few yed@ur

ored, as the scattering cross section is almost the same f .
visible wavelengths. Doing the demonstration using thes ottles are usually depleted because we do this demonstra-

particles confirms this—no coloration of the image is seen, 1N quite often} One can mix the suspensions ahead of time

One can perform similar demonstrations using larger parSC that they can be used again, although this robs the dem-
ticles. However, there is a complication: For larger particles®nstration of a good deal of drama. Finally, if any readers are
the range ofp values corresponding to visible wavelengths'”tereSFed in images we have made from the scattering dem-
increases as the particle diameter increases. This can be se¥strations listed here, they can contact the authors.
by comparing the two regions for the 500- and 1740-nm-a) o
diam particles: The range @f values is over three times as | =ectronic mail: cladler@osprey.smcm.edu.
large for the larger particles as it is for the smaller ones. Clrf'gf"hren’c"’“ds in a Glass of BeefWiley, New York, 1987, pp.
gr?(;”gll?giguhstev\t/zlrsé tgt:;)m%?;esgagg;telglel es:izcﬁnvg\;/ht%rilr?ci)margee Douglas S. GoodmarQptics Demonstrations on the Overhead Projector

) (Optical Society of America, Washington, DC, 200p. S-6.

which was colored yellow or green? The rangepofalues 3H.pC. van de Hﬁlstl_ight Scattering b)? Small ParticlS:WiIey, New York,
for a 4000-nm-diam particle lies between about 9.1 and 15.8;195%, pp. 176-178.

GORDON CONFERENCE ON PHYSICS RESEARCH AND EDUCATION:
QUANTUM MECHANICS

The 2002 Gordon Conference on Physics Research and Education will focus on quantum
mechanics and will be held on June 9-14, 2002 at Mount Holyoke College, South Hadley,
Massachusetts. The goal of the conference is to bring together researchers who study and apply
guantum mechanics, physics education researchers, and college and university level instructors of
guantum mechanics for the purpose of promoting innovation in all aspects of teaching quantum
mechanics throughout the undergraduate curriculum. The conference will include sessions and
discussions about the desired content and outcome of courses, curriculum development using
research on student understanding of topics in quantum mechanics, ways of approaching non-
intuitive aspects of quantum theory, and the results of current research in physics that can he used
to increase undergraduate student understanding of the concepts and applications of quantum
mechanics. More information can be found at http://www.grc.uri.edu/programs/2002/physres.htm.
Questions or suggestions about the Gordon Conference can be addressed to the organizers, Beth
Ann Thacker (batcam@spudhammer.phys.ttu.gdidarvey Leff (hsleff@csupomona.egiu or
David Jackson(jacksond@dickinson.eglu
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