Faraday’s law, Lenz’s law, and conservation of energy
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We describe an experiment in which the induced electromotive force in a coil caused by an
accelerating magnet and the position of the moving magnet are measured as a function of the time.
When the circuit is completed by adding an appropriate load resistor, a current that opposes the flux
change is generated in the coil. This current causes a magnetic field in the coil which decreases the
acceleration of the rising magnet, as is evident from the position versus time data. The circuit
provides a direct observation of effects that are a consequence of Lenz’s law. The energy dissipated
by the resistance in the circuit is shown to equal the loss in mechanical energy of the system to
within experimental error, thus demonstrating conservation of energy. Students in introductory
physics courses have performed this experiment successfully200@American Association of Physics
Teachers.
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[. INTRODUCTION are collected by a computer as functions of time. Data taken
i ) oy with the load resistor in the circuit verify the discussion in

Many excellent demonstratiohs and experiments™®in-  the previous paragraph. For comparison, the coil is con-

volving Faraday's law of electromagnetic induction havenected directly to the voltage probe with no load resistor in

been discussed during the last several decades. In many @e circuit. Because of the high impedance of the voltage

these experiments, relative motion between a conductor angope, the induced current and its resulting magnetic field are

a magnetic field occurs, and the subsequent induced electrgggigible. Therefore, the magnetic retarding forces do not

motive force is studied as a function of the relative velocity,measurably affect the motion of the magnet.

the number of turns in a coil, and the strength of the mag-

netic field’~'® Some experiments have used ac-driven pri-

mary_ coils and detected the induced emf in a secondary}. EXPERIMENTAL DETAILS

coil. Eddy current damping and magnetic braking also In our experiment, four small neodymium magnets

have been studied. See Refs. 18 and 19, and referencagASCO model EM-8648° are combined to form a single

therein for further discussions of this aspect of Faraday’s Ianagnet that acts as a single masef an Atwood’s machine.

We describe an experiment in which the induced emf in a,

coil caused by an accelerating magnet and the position of tHg‘ counFt_erwelg?Lht hOf mass&;ll (tM >m)h s?rt\r/]es as th? otr}‘\elr d
moving magnet are measured simultaneously as a function ass. Figure L shows a photograph of the apparatus. A loa

the time. From these data, we show how the magnetic forcerses.iStor can be added to or removed from the circuit W?th a
caused by the induced current in the coil affect the motion oﬁw'tt‘:h "it /thelzl bottortn Ol;\ggoappzra}tll\lﬂsé ggg _'?_lrj]”e%/ IS a
the magnet, and show that the energy dissipated in the circ otogate/pulley syster mode -6838 The top

equals the mechanical energy loss in the system. Our expe _Ithe rza:cgnet is itnif;ﬁ”y placedt 0.10 m tt%elow ktuhti coil .f‘nd
ment is conceptually similar to that of Fox and Reibearho released from rest. The magnet passes through thésemi

allowed a moving coil on an air track to pass through a2ndary coil of PASCO's coil set, model SE-8658nd in-
duces an emf in the coil. The emf is measured by an analog

magnetic field and found experimentally that the kinetic en-
ergy loss of the air cart was equal to the Joule heating in th@ort of the PASCO 6510 Interface, and the photogate status

circuit. Our experiment differs from theirs in that we also Is monitored by a digital port of the same interface.

record the position of the magnet as a function of time. These '€ Values for the relevant quantities used for these ex-
data give us access to features not discussed elsewhere. periments are shown in Table |. The uncertainties reported

In the experiment, a load resistor is connected to the cojldre not statistical, but are determined by instrument resolu-

According to Lenz's law, the current induced in the coil op- tion. (In a single 3-h laboratory, there is not sufficient time

poses the change in the flux caused by the moving magnef” tS?t'St'Cal measurellgecr;)tzw ?ﬁ” no ufnc?rta|nt}|/_h|s re-
As the magnet’s north pole enters the bottom end of the coilPorted, none was provided by thé manufacturer. the uncer-

the induced current sets up a magnetic field with its nort ainties in these quantities are reported for completeness.

pole opposing the north pole of the magnet, thereby reducing €Y aré not, however, the major contributers to the uncer-

the flux increase and causing a repulsive force on the mag= inties in the final results, as we will discuss.

net. As the south pole of the magnet leaves the top end of the

coil, the induced current opposes the flux decrease by cauii. RESULTS AND ANALYSIS

ing a current whose magnetic field at the top of the coilisa o

north pole, thereby causing an attractive force on the magnet. Figure 2 shows a graph of the potential difference versus

The small ratio of the magnet length to the coil length cause§ime for the voltage probe connected across the small load

the flux change to be small while the magnet is inside thgesistorRs(Rs=8.51+0.01(2), the voltage probe connected

coil, and the induced emf and current are correspondingljacross an intermediate load resis®yr(R,=74.9+0.1(Q)),

small. and the voltage probe connected directly across the coil with
The induced emf in the coil and the position of the magneino load resistor(approximating the open circuit voltage
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Fig. 1. Photograph of the apparatus. The magnet, coil, photogate/pulley Time (s)
system, and counterweight are shown. The load resistor is connected by a ) ) ) )
switch at the back of the apparatus. Fig. 2. Potential difference across the coil vs time R¢=8.51Q, R,

=74.9Q, and open circuit. The increased time between the peaks as the
load resistance decreases is cl€¢@he first peaks were aligned to illustrate

. N . learly the time int | diffi .
Notice that the open circuit voltage is the largest, the voltagé: early the time interval differencos

acrossRg is the smallest, and the voltage acrégslies be-
tween the two. In our apparatus, the magnitude of the in-
duced emf as the magnet leaves the coil is greater than that Figure 3 shows a graph of the total flilN&d through the
when the magnet enters the coil because of the magnet®il as a function of time, calculated by integrating the graph
increased velocity. This greater velocity creates a more rapf the potential difference with time for the open circuit.
idly changing flux and a larger emf in accordance with FaraHereN is the number of turns on the coil, adalis the flux
day’s law. through a single turn. Straight lines have been constructed to
Also notice that the time interval between the maximumindicate the slope where the flux change is maximum and
voltage and the minimum voltage increases as the resistangehere it is minimum. The times for the maximum and mini-
decreases. This observation indicates that the average velatum flux change are 1.28 and 1.64 s, respectively. As ex-
ity for the magnet decreases as the load resistance decreagescted, these results correspond to the times for the maxi-
The decrease in the average velocity indicates the presenaeum and minimum values of the potential difference in Fig.
of forces that oppose the motion. These forces are the repu®; the slopes are equal to the maximum and minimum poten-
sive force upon entering the coil and the attractive forcetial difference values. Near the center of the coil, the flux
upon exiting the coil, as discussed in Sec. I. varies slowly, and the corresponding induced emf is close to
zero. As a consistency check, the integral of the emf over all
time is zero to within the resolution of the equipment. Be-
Table 1. Summary of experimental parameters. yond these comments, many of the features of these curves
depend on the specific geometries of the coil and the magnet.

Mass of the magnetn 19.0420.02 g Figure 4 shows a graph of current versus time for the load
Mass of the counterweighiy! 20.28+0.02 g . . . .
Resistance of the coiR, 74.9401 O resistorsRg andR, . (The current with no load resistor in the
Inductance of the coill_, 0.063+0.001 H circuit is very nearly zero because the internal resistance of
Small load resistorRg 8.51+0.01 Q the voltmeter is~10°Q.) The current is given byl (t)
Intermediate load resistoR, 74.9:0.1 él =V_/R_ (notV _/R; because of inductive effe¢gtavhereV,
Pulley's moment of inertial,, 1.8x10 kg[“; is the potential difference across the load resigtwrcoil),
String’s linear mass density, (7.020.1)x10 *kg/m  ang R, is Rg or R,. Again, note that the time interval be-
Length of the stringlL 1.300+0.002 m t th . t d th . ti
Diameter of the pulleyd 50 cm ween the maximum current and the minimum current in-
Length of the magnet 2 060.05 cm creases as the resistance decreases.

Length of the coil 11.80.1 cm The observation of the time interval change caused by the

retarding forces on the magnet leads naturally to a consider-
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ation of the kinetics of the system and energy changes in the

system. The retarding forces on the magnet cause the kinetﬁg- 5 Velocity sqgared vs position. Closed triangles r(_apresent the open
energy to be less than that with no load resistor present. ThfF‘é{“:“E'st ;i‘?f ‘;';’]Z“;:E'Sez tregrleg?;%gg'ma’;‘(’)rcr'é’ssefng'rtc(')efhfprg:ifigtns
lO.SS. n k'”e“c energy musft be conS|sten_t with the energ}(/vliere the magnet enters the coil and where it Ieavez the caoil. NoFt)e that for
d|_$S|pated 'n the _CO”_and in the load resistor. Because Wéhe closed circles, the acceleration and velocity decrease as the magnet
wish to consider kinetic energy losses and forces on the magesaves the coil. The solid lines are least-squares fitted straight lines over the
net, we choose to plot the velocity squared versus the digangey=0.29m toy=0.50m. The slopes of the fitted lines ai@548
placement, that isy?= Vg_g_ 2aAy, wherev is the velocity, =~ *+0.004 m/s’ whenRg is in the circuit,(0.548-0.003 m/s’ whenR, is in

v, is the initial velocity,a is the acceleration, andly is the 1 cireuit, and0.5480.006 mis’ for the open circuit.

displacement. The slope of this line represents twice the ac-

0.003 . . . . .
celeration, which is directly proportional to the force on the
L — Small Load Resistor
""" Intermediate Load Resistor m ag net.
0.006 Figure 5 shows a graph of vs Ay with no load resistor,

an intermediate load resistét,, and a small load resistor
Rs. With no load resistor, the induced current in the coil is
very small due to the large resistance of the voltage probe.
The magnetic field is so small that there is no detectable
change in the acceleration of the magnet as it passes through
the coil. For the intermediate load resistor, the induced cur-
rent in the coil produces a larger magnetic field that opposes
the flux change, thereby producing a repulsive force that
measurably decreases the acceleration of the magnet as it
enters the coil. While the magnet is inside the coil, the flux
change is small, almost no current exists, and the magnet
resumes its nearly constant acceleration. As the magnet
leaves the coil, the induced current again opposes the flux
change, this time resulting in an attractive force that again
decreases the acceleration of the magnet. The two kinks in
Fig. 5 (open circles and closed circleat x=0.1m andx
=0.22m correspond to the magnet entering the coil and
leaving the coil. While the magnet is far from the coil on
either side, no significant induced currents or forces exist,
Lo L2 14 L6 12 20 and the system behaves as a conventional Atwood’s machine
Time (s) with nearly constant acceleration.
. . For the circuit usingRg, the situation is very much the
Fig. 4. Current vs time folRg=8.51Q and R;=74.9(). Note that the N .
magnitude of the current for the smaller load resistor is the larger of the woSaMe as for the CIrC_UIt using, , _except tha_t the smaller
(The first peaks were aligned to illustrate clearly the time interval differ- Value for the load resistor results in a larger induced current,
ences). larger repulsive and attractive forces, and a greater change in
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the acceleration. In fact, fdRg (closed circles the second Power versus Time
kink (x=0.22m) clearly shows that the retarding forces are 0.005
larger in magnitude than the accelerating forces on the At- L
wood machine, and that they produce a negative acceleration L
for a short distance, that is, the velocity decreases, reaches a | S e R
minimum, and then increases within a short distari@ée
expanded view in Fig. 5 shows this feature more clearly.
These kinks are clear evidence that forces arising from the
induced currents cause measurable effects on the motion of B
the magnet. B
Our analysis of energy conservation relies on the fact that 0.003 —
the apparatus behaves as a ordinary Atwood machine when
no load resistor is in the circuit. When a load resistor is in the
circuit, the retarding forces discussed earlier decrease the
kinetic energy of the system, and the currents generated give
rise to Joule heating in the load resistor and in the coil. If
frictional losses and potential energy changes are the same
for each case, the kinetic energy differences with and without B
a load resistor can be simply related to the energy dissipated -
by Joule heating. 0.001 |—
To analyze energy conservation quantitatively, we use the L
work-energy theorem, which states that

W=AU+AK, (1) -

whereW is the work done by nonconservative forcekjs 10
the gravitational potential energy, akds the kinetic energy.

The most dominant nonconservative forces in our experi-

ment are friction in the pulley bearing and dissipative forcesFig. 6. Power vs time foRs=8.51Q andR,=74.9Q. The energy dissi-
that ultimately convert mechanical energy into Joule heatingpated in the circuit is calculated by numerically integrating each of these
Therefore, the work-energy theorem may be written as two curves.(The first peaks were aligned to illustrate clearly the time inter-

val differences.
Wy(RL) +Wr=AU+K(Ry), 2

whereWy(R,) is the work done by the material dissipative

force, W; is the work done by the frictional force in the lines in Fig. 5 all cover the same distance from 0.29 m to
pulley bearing,AU is the change in potential energy, and 0.50 m, soAy=0.21m for each data set. The slopes of the
K(R,) is the change in kinetic energgThe initial kinetic ~ fitted lines in Fig. 5 arg0.548-0.004 m/s’ whenRg is in
energy for each data set is zerdlote thatW, andK are the circuit,(0.548-0.003 m/s* whenR, is in the circuit, and
functions of R, which can beRg, R,, or an open circuit. (0.548-0.009 m/s? for the open circuit(The uncertainties
Our experiment is carried out such thak andAU are the in the slopes are those reported by the fitting progrdrhis
same whether or not the load resistor is in the circuit. Therel€vel of agreement means that the velocity dependence of the
fore, if we subtract Eq(2) without a load resistor from Eq. frictional forces is negligible for this experiment and that the

0.004 —

Power (W)

0.002 —

(2) with a load resistor present, we obtain frictional forces overall are approximately the safadout
one-third the value of the resistive losses R as deter-
Wy(R) =K(R.)—K(0), (3 mined from a separate calculatjon
where K(0) is the change in kinetic energy with no load If we substitute numbers into E¢4) and use th(_ese results
resistor in the circuit andlV4(0) is approximately zero. in Eq. (3), the result forWy(R,) fro_n; the k|£1et|c energy
The kinetic energy of the system is given by difference is Wq(R,)=—(2.11x10"%) [»(0)"—»(R)"],
5 ) 5 wherev(0) is the velocity with no load resistor in the circuit
K=(1/2(M+m)v°+ (121w, + (LI2NLv° (4 andw(R,) is the velocity with a load resistor. By averaging

Herew is the velocity of the magnet after traveling a distanceth® point-by-point differences in the actual data between 0.29
Ay, L is the length of the connecting stririg, is the moment ™M and 0.50 m in Fig. 5, the kinetic energy difference when
of inertia of the pulley is the string’s linear mass density, RsiS in the circuitis (-6.76+0.44)x 10" J, whereas when
andw, is the angular velocity of the pulley. Only (and w, R, is in the (iII‘CUIt, the kinetic energy difference is-8.73
through its dependence on will vary with a change in the *0.34)<10°"J. . _
load resistance. The first term in Ed) is the kinetic energy ~ To obtain the energy loss from Joule heating, we first cal-
of the counterweight and magnet, the second term is theulate P(t)=i%(t)(R_+R.). Recall that the current(t)
kinetic energy of the pulley, and the third term is the kinetic=V_/R_. Figure 6 shows the power dissipated in each cir-
energy of the connecting string. cuit as a function of time. As expected, the larger power
For each data set, the magnet is released from rest 0.1 dissipation in the entire circuit occurs for the smaller of the
below the coil and is tracked through the same distancéwo load resistors because the current is nearly doubled,
(~0.50 m. Therefore, the change in the gravitational poten-whereas the resistance is approximately haly@dain, the
tial energy is the same whether a load resistor is present donger time between the peaks for the larger current is evi-
not provided thatAy is the same for each case. The fitted dent) The total dissipated energy, the integralR{t) overt,
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Table Il. Experimental results. position resolution were used, a more detailed analysis of the
accelerations and forces could be performed and compared to
the calculated forces. We note that this experiment resembles

Electrical energy

Load resistance Kinetic energy loss dissipated . .
the standard example of pulling a loop of wire through a
8.510.01 (6.76-0.44) X lO’jJ (6.78+0.17)x 10 *J  magnetic field at constant velocity, where it is shown that the
74.9 £0.1 Q (3.73+0.34) X 10°%J (3.91+0.01)x 10°*J  power dissipated in the resistor is equal to the mechanical

power required to pull the loop through the region of the

magnetic field? In our experiment, an otherwise nearly con-

is calculated numerically using PSI-PfdtFor the small load stant. accgleratlon is changed by the magnet moving through
a coil as induced currents develop, creating forces that op-

resistor, the total dissipated energy is (6:@17) ) . . .
! . : . ._pose the magnet’s motion and decrease its acceleration.
x107*J, and for the intermediate load resistor, the total d|s—p 9

sipated energy is (3.910.01)x 1074J. The uncertainties in  agjectronic mail: lwood@uh.edu

the energy dissipated for each load resistor are calculated b$gr. sutton,Demonstration Experiments in Physit¥lcGraw—Hill, New

determining the average fluctuation in the potential differ- York, 1938, pp. 339-344.

ence when the magnet is not near the c@ihese fluctua- H, Lemon gnd F. Mgrshalr[h_e De_monstra_tion Laboratory c_)f Physics at

tions are too small to be observed in Fig. Phe first 0.5sis  the 1llemvsezrsny of ChicaggUniversity of Chicago Press, Chicago, 1939

used for this purpose, and the average fluctuation@0016 pp. 94=92. ) ) )

Vis observeg tOpbe approximately c%nstant for all values Of3H' Meiners, Physics Demonstration ExperimentRonald, New York,
S 1970, Vol. 2, pp. 932-948.

the potentlal d_lﬁere,nce' The current,'power, and er_‘erg}’ for“R. Sc;nkovich,p“pl):araday’s law demonstration,” Am. J. Ph§3.89(1985.

each load resistor is recalculated using the potential differ-sg. Enriich, Tuming the World Inside OutPrinceton U.P., Princeton,

ence in Fig. 2 with 0.0016 V added to or subtracted from 1990, p. 165.

those values. The average energy differences are reported &s A. Fox, “An experiment on velocity and induced emf,” Am. J. Phgs,

the uncertainties in Table Il. The smaller uncertainty for the 7408—41_0(1965- o _

intermediate load resistor results from its larger potential dif- J. Fredrickson and L. Moreland, “Electromagnetic induction: A computer-

ference, which, for a constant fluctuation, yields a smaller 2SSisted experiment,” Am. J. Phy&0, 1202-12051972.
; ! Y 8J. N. Fox and D. G. Reiber, “Magnetic induction and the linear air track,”

uncertainty. Am. J. Phys41, 75-77(1973.
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We have used this experiment for students in our a|gebral_9K. D. _Hahn, E. M. Johnson_, A. Brokken, ar_1d S. Baldwin, “Eddy current
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example, students in an advanced laboratory could consider, .. . cimilar items
additional aspects of this experiment such as calculating theps)_piot s a registered trademark of Poly Software International.
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