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Abstract
In order to study the conditions under which Ohm’s Law (voltage drop across a resistor is
proportional to the current passing through it) is valid, we measured the voltage-current relations
for a lamp filament and a metal-film resistor. The filament showed obvious resistance variations
as the power through it was increased, while the metal-film resistor showed a much smaller effect.
The differences reflect temperature differences in the objects themselves, which trace back to the

different insulation present for the filament and metal-film resistors.



I. INTRODUCTION

Ohm’s Law, V = IR, states that the voltage drop V across a resistor is proportional to
the current I passing through the resistor [I]. The proportionality constant, R, is known
as the resistance and is determined by both material properties (the intrinsic resistivity)
and geometry (length and cross-sectional area of the active material). This law is one of
many with a similar form, “potential drop” oc “current,” that include Fourier’s law of heat
conduction (temperature gradient o< heat current) and Fick’s law of diffusion (chemical-
potential gradient o« mass current) [2]. All of these laws are expected to hold when “close
enough” to equilibrium — that is, when the currents that pass are “small enough.” However, it
is not obvious just what “small enough” means in practice, nor what happens if the required
conditions are not met. In this study, we examine this question in the context of Ohm’s
law, by measuring the electrical resistance of a lamp as the current through it is increased.
The drastic change in temperature of the bulb’s filament — from room temperature with no
current to white-hot at full current — leads one to anticipate that out-of-equilibrium effects

will be important. For comparison, we also look at an ordinary metal-film resistor.

II. PROCEDURE

In order to examine Ohm’s Law, we need a setup that allows us to vary the current
passing through the studied resistor. Here, we rely on a voltage divider, hooked up to a data
acquisition device, or DAQ [3]. In Fig. 1, the top resistor R; is an ordinary carbon resistor
with a nominal resistance of 221 2, as measured by a digital multimeter [1]. We used the
DAQ to measure the voltage drop across this resistor and converted it to a current using
Ohm'’s law and the nominal resistance of the carbon resistor. The lower resistor, R, in the
figure, was either a lamp [5] or a metal-film resistor, as discussed below.

We controlled the current through the lamp by setting an overall voltage across the circuit.
The current was controlled by our computer, using one of the DAQ’s analog out circuits to
control the analog input of a Xantrex analog-programmable power supply [6]. The power

supply had an internal gain of 6, so that the maximum voltage of the DAQ, 5V, corresponded
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FIG. 1: Schematic of the experimental setup, showing the voltage divider, with R; the reference
resistor and Rs either the lamp or metal-film resistor. Connections to the voltage inputs of the

DAQ and the analog output that controls the power supply are also shown.

to 30 V on the power supply. We wrote several different but similar programs in National
Instruments LabVIEW [7] to measure the response of the lamp under different conditions.
The recorded data were graphed and analyzed using the Igor-Pro software package [3].

In initial work, we used a knob control to set (and change) the current through the lamp.
Qualitatively, we noticed that the voltage measured across the bulb drifted after changing
the current. We confirmed this by taking a time series of the bulb voltage while making
small step increases or decreases to the current through the bulb (Fig. 2). We see that
the temperature relaxes to the new steady-state value as the current is either increased or
decreased. In Fig. 2, we have fit an exponential curve to one of the segments and found a
decay constant of roughly 0.9 s (0.8884 +0.0005 s). (Exponential cooling and heating curves
are typical of systems described by Newton’s law of cooling, where the relaxation rate to the
current equilibrium is proportional to the distance from equilibrium [9].) Since the relaxation
time is just under 1 s, we expect that waiting 10 s should be sufficient for transient effects
to relax.

We looked at the question of drift in a slightly different way, as well. In the measurement
of IV curves (current-voltage), we stepped through a series of currents, with a set time
between each measurement. At the end of that time, 100 points were collected at 1 kHz.
Fig. 3a shows one such measurement taken 1 s after changing the current. One can easily
see the drift superimposed on top of statistical fluctuations. Fig. 3¢ shows similar data

collected 10 s after changing the current. No drift is discernible. (However, quantization
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FIG. 2: Transient response of the lamp. Current was cycled between 64 and 80 mA. Heavy line
overlaid on left-most segment is a fit to an exponential relaxation. Data collected at 30 Hz. The

individual markers are not resolved.

effects are clearly visible [10].) Likewise, Fig. 3b shows 100 current measurements, also with
no discernible drift. On the other hand, plotting voltage against current, in Fig. 3d does
show a (negative) correlation. The sign of the correlation is puzzling, in that one expects
a true current fluctuation to correlate positively with voltage (a higher current implies a
higher measured voltage). In any case, we averaged the 100 points offline, after the data
were saved to disk, using Igor Pro’s Decimate procedure. From Fig. 3¢, we estimated that

the standard deviation of the average of 100 measurements is 0.5 mV.

III. RESULTS

Figure 4a shows the voltage measured across the lamp as a function of applied current,
as measured using the 10-s waiting protocol described in Sec. 1. The statistical errors (error
bars) are not shown because they are smaller than the markers used to show the points. Fig-
ure 4b shows the resistance as a function of the applied power. We computed the resistance
by fitting a polynomial through the voltage-current curve of Fig. 4a and then calculating the
local slope via the derivative of the fit polynomial. (One could also directly differentiate the
data using finite differences, but this amplifies the effects of noise.) We plotted the resistance

vs. power by calculating VI, the product of the voltage across times the current through



=3 17.24
& o um
o o
@ 1723 - R b
I ® ® emsm o
o o @ @ee
©  17.22 e o ° @
] ° o
jo2]
S
12.52 g 17.21
T T T T
12.51 -. 89.95 90.00 90.05 90.10
o
< [ XX .
= time (s
< 1250 o = (s)
2 ®e
3 .o )
o 1249 o S 1290
172 apes <
a) g - ° S 1289 Y o aw
8 o > ° o Y )
( © 12487 v K ’ emeo @ o oo
& °S » ®@e em®@eo (C)
g b @ o e» cumm
2 1247 S 1288 o etete om
9o : - 5] » oo )
> ® © o o ™o o
o= S 1287
12.46 o o 12
1s 3§ 10s
12454 : | : > 12861 : : |
8.95 9.00 9.05 9.10 89.95 90.00 90.05 90.10
time (s) time (s)
g 12.90
fe} [ X ]
S 12.89 ° : : o
3 . (d)
o 1288 eeo0e00
o [ X J
© 3
S 1287
ol
o
> 12.86

1721 1722 1723 17.24

Voltage across R1 (V)

FIG. 3: Statistics of voltage measurements across the lamp. (a) Data collected 1 s after transient.
(b)-(d) Data collected 10 s after transient. (b) Current data. (c) Voltage data (to compare directly

to (a)). (d) Voltage-current plot shows a negative correlation.

the examined resistor at each value of R the local resistance. We note how the resistance
increases from just under 50 2 at 0 power to about 250 Q at 1.5 W — a five-fold increase.
We also evaluated the sensitivity of the resistance dR/dP to power changes at powers of 0
and 0.5 W. We found values of 2400 £+ 500 /W and 110 £+ 2 Q/W, respectively.

Because the change in resistance was so large, we wondered whether it was possible to
detect changes in the resistance of an “ordinary” resistance. In Fig. 5a, we plot a voltage-
current plot analogous to that measured for the lamp in Fig. 4a. To the eye, the relationship
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FIG. 4: (a) Voltage-current profile for the lamp. (b) Resistance vs. power (inferred from curve fit,
see text). Dotted lines are fits to local slopes at P = 0 and 0.5 W, giving dR/dP = 24004500 /W
and 110 + 2 /W, respectively. Plot at top of (a) shows fit residuals.

is indistinguishable from a straight line, but a more careful analysis shows otherwise. In
Fig. 5b, we plot the normalized statistic x*/v against the number of fit parameters N for
polynomial fits of order N. Here, v is the number of degrees of freedom in the fit Ny — N,
with Ny, = 89 the number of data points. We fix the constant term in the polynomial
fits to be zero on physical grounds (no voltage is expected if no current flows through the
resistor), giving NV fit parameters for an Nth-order polynomial. We use a standard deviation
of 0.5 mV, as discussed in Sec. II. In Fig. 5b, we see that the estimated standard deviation
decreases rapidly until it reaches unity at N = 4. (We recall that for v > 1, which is the

case here, the distribution of the x?/v statistic is nearly Gaussian, with mean 1 and standard
6



deviation \/2/_1/) This standard is first met for N = 4, where x?/v = 1.05, within one o of
unity (1/2/v = 0.15). The residuals shown in Fig. 5a are actually for N = 5, which is the
lowest-order fit with residuals that, to the eye, look random. (For N = 4, we see a small
systematic oscillation, the x? statistic notwithstanding.)

The main point of Fig. 5b is to demonstrate that the data in Fig. 5a are not well-described
by a straight line, so that the variation of resistance with power is statistically significant.
(For N = 1, a straight line, the normalized x? is 10*, which is significantly different from 1!)
Figure 5¢ shows the resistance of the metal-film resistor as a function of power dissipated, in
analogy to Fig. 4b. The resistance varies from 60.4 to 68.5 2 as the power is increased from

0 to 0.5 W. The local slopes dR/dP are 22.1£0.2 Q/W and 14.22+0.02 /W, respectively.

IV. DISCUSSION

We have seen that the filament of a lamp undergoes a dramatic 5-fold increase in its
resistance as the power is varied from 0 to 1 W (still much less than its rated power of
25 W). At the same time, even an ordinary resistor varies by nearly 15% when 0.6 W is
dissipated through it. An immediate conclusion is that it is quite easy to drive currents
through a resistor that are large enough that Ohm’s Law becomes invalid. We still have not
answered our original question, however, of what determines the limits of validity of Ohm’s
Law (and other laws like it). For example, in this work, we have measured the variation of
two resistors that have nearly identical zero-power resistance (60 and 47 €2, for the lamp and

metal-film resistor, respectively). Yet the coefficients of variation of resistance with power,

dR/dP vary greatly (Table I.)

4B (oW) | 4E (0.5W)

lamp |2400 £500{ 110+2

metal-film resistor | 22.1 £+ 0.2 {14.22 4+ 0.02

TABLE I: Resistance sensitivity, in units of /W, for a lamp and a metal-film resistor.

An obvious factor that might explain the difference is the change in temperature. At 0.5 W
7
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FIG. 5: (a) IV curve for the metal-film resistor. (b) Estimated standard deviation of curve-fit
residuals vs. the number of terms N in a polynomial fit. (c) Resistance vs. power. Dotted lines are

fits to local slopes at P = 0 and 0.5 W, giving dR/dP = 22.1 + 0.2 Q/W and 14.22 £+ 0.02 Q/W,

respectively. Plot at top of (a) shows fit residuals.

dissipation, the lamp’s filament was red hot. The colour of a heated object is linked to its
temperature approximately through a black-body relationship, and “red hot” corresponds to

temperatures of 500-1000 °C [11]. Taking a temperature of 750 °C, we can try to estimate the



resistance change from measured variations of the resistivity of materials with temperature.
From standard tables of the resistance of platinum resistors, we see that the ratio of resistance
at 750 + 250 °C to that of 20 °C is 3.3 £ 1.2 [12]. This is consistent with the ratio of the
lamp’s resistance, 4.38 + 0.05, as deduced from Fig. 4b: at P = 0.5 W, R = 221 + 2 Q),
while at P =0 W, R =50.7 4+ 0.5 €. It is not clear what metal the metal-film resistor uses.
If we assume that its characteristics are similar to platinum, a resistance ratio of 69.0/60.4
= 1.14 corresponds to about 50 4+ 5 °C. This is consistent with the qualitative observation
that the metal film resistor was warm when dissipating P = 0.5W. Because the element is
insulated by plastic, it is quite possible for it to be at 50 °C while the outside is only at
about 40 °C.

In thinking more about the effect we observed in the metal-film resistor, we realized that
our experiment had a flaw insofar as the analysis of the metal-film resistor is concerned. If
there is a temperature rise that changes its resistance, we may expect a similar rise in the
reference resistor, R;. Indeed, since its nominal resistance is 221 §2, we expect the effect to be
more than three times as large! Thus, our inferences about the metal-film resistor are only
qualitative. Because the reference resistor also warms and thus also increases its resistance,
we expect the true effect to be larger than what we have measured. In any case, the main
point remains valid, that ordinary resistors also show measurable deviations from Ohm’s
Law at modest power dissipations (0.5 W here). In retrospect, we could have eliminated
the first resistor by programming the power supply to regulate current rather than voltage.
The literature of the power-supply claims that the current would be accurate to 1% [0]. Any
follow-up work should use this method.

Having argued that the difference between the behaviour of the lamp and of the metal-
film resistor is linked to differences in temperature, we can now ask why the temperature of
a lamp’s filament varies so much while that of the metal-film resistor varies so little, even
though the zero-power is similar and similar currents are passed through. The relation P =
I’R implies that the same amount of power is dissipated; yet the temperature rise is quite
different. An obvious difference between the two objects is that a lamp’s filament is encased

in a vacuum (or low-pressure) bulb while a metal-film resistor is encased in plastic. Since the



plastic will conduct heat much more efficiently than the low-pressure gas (where, presumably
radiative heat transfer dominates), it is plausible that the difference in temperatures may
be linked to the differences in isolation of the dissipating element. More precisely, in steady
state, we expect that the power dissipated by the resistor is balanced by the heat flows
to the external environment. The temperature rise is then determined by the rate of heat
evacuation needed to balance the input by the lamp filament or resistor. While a detailed

study is beyond the scope of this report, the explanation is qualitatively plausible.

V. CONCLUSION

In this report, we have tested the range of applicability of Ohm’s Law. We constructed a
circuit to test Ohm’s Law for a lamp filament and for a metal-film resistor and wrote software
to collect and analyze current-voltage data. After a preliminary study of drifts and statistical
errors, we found that the voltage-current plot of a resistor was obviously nonlinear. A similar
study of the metal-film resistor showed that, although the current-voltage plot was a straight
line to the eye, it showed statistically significant curvature, corresponding to a variable
resistance effect that was similar to — but much weaker than — the effect observed with the
lamp filament. We then argued that the variations of resistance may be plausibly explained
by temperature differences in the two objects. Moreover, the very different temperatures
achieved by the filament and the metal-film resistors at identical power dissipations may
be traced to differences in the insulation (near vacuum for the filament and plastic for the
metal-film resistor).

We thus conclude that one way for Ohm’s Law to break down is that the current leads
to a temperature rise and the temperature rise changes the material properties (i.e., the
resistivity). But this is still not a complete answer to the question of what sets the limits
of validity of Ohm’s Law. We can imagine an experiment where we dissipate large amounts
of power through a resistor while minimizing the temperature rise. For example, we could
break open the lamp and immerse its filament in a bath of flowing oil to carry away heat.
Would Ohm’s Law then apply for arbitrarily large currents? Such questions require further

study.
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As a final parenthetical remark, the data collected — and the conclusions reached — depend
in an essential way on the computerization of the data acquisition and subsequent processing.
We would not have been able to come so convincingly to the same conclusions — particularly
for the metal-film resistor — had we depended only on manual measurements with current-

and volt-meters.
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based on the referenced table of values.

12


http://hypertextbook.com/facts/2000/StephanieLum.shtml
http://content.honeywell.com/sensing/prodinfo/temperature/lit.htm

VII.

COMMENTS

e Notice that the report has an overall narrative structure — the exploration of how

Ohm'’s law fails when currents are too high. Reports (or journal articles) are always

about something, and their structure should support their overall message.

There is no Theory section in this report (nor are there any display equations) because
the theoretical issues are so simple that it is clearest to bring them up as needed in
the Procedure and Results sections. If you needed to make a longer discussion of
some theoretical points, you should by all means have a section devoted to them. The
“rules” that we give on how to prepare a report are really just guidelines. While there
are good, general reasons for following these guidelines, you should not be afraid to

break them — if you have a good reason for doing so.

Active vs. passive voice. You may notice that I mostly use the active voice. In general,
the active voice is more direct and forceful and leads to a more readable paper. On
the other hand, the passive voice puts more emphasis on the results from an action
as opposed to the doer. (Example: “the temperature was measured to be 20 °C”
vs. 71 measured the temperature to be 20 °C.”) In a scientific paper, this may be
more appropriate. Normally, a report will use both active and passive voices in its
exposition. In general, I feel that students tend to overuse the passive voice; however,

it is also true that opinions differ as to where the correct balance lies.

The report has both quantitative and qualitative parts. For example, in the discus-
sion about the temperature rise, we turned a qualitative observation (“the filament
is red-hot”) into a quantitative prediction for the temperature rise. Admittedly, the
uncertainty in the estimate is large (about 30%), but it is good enough to be useful.
On the other hand, while it is good to be quantitative when possible, there is no point
in being quantitative just for its own sake. The estimate for the metal-film resistor had
so many uncertainties — due to the difference in the “felt” temperature on the outside

and the resistive element on the inside and due to the systematic error in neglecting the
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effect of Ry — that there seemed little point in being as quantitative as we were for the
other estimate. But in some parts of the report, such as the observation of deviations
from Ohm’s Law for the metal-film resistor, careful use of quantitative arguments is

essential.

There are several unresolved points in this report. These include small technical points
such as the discrepancy between the estimated and measured voltage quantization
levels (2.44 vs. 2.55 mV, the discussion being hidden away in an endnote) and the
negative sign of the correlation between current and voltage measurements after a 10
s wait. Since these points are not important for the main message of the article, it
is ok to leave them unresolved. Choosing what to talk about and what not to talk
about is part of the art of writing a good paper. Other points — redoing the metal-
film measurements to eliminate the systematic errors due to R; — were left unresolved
because we did not have time to go back and redo the experiment better. Had this been
a “real” article, we would have been forced to go back and redo the experiments the
right way. Journal editors and referees will not tolerate easily fixed mistakes. Finally,
deeper points — like what happens if you keep the temperature fixed but increase the

current — would require a completely different set of experiments and a discussion of

them. Knowing when to stop is important, too.

The issue of the systematic error in the calculation of currents using R; could have
been eliminated through better planning. The measurements of R(P) for the metal-
film resistor were only qualitative because we compute the current by measuring the
voltage drop across Ry, which must also be showing a similar effect. Anticipating such
issues is part of what makes up experimental skill. Dealing with the issues that you did
not anticipate takes a different kind of skill. Good reports will show one or the other,
or both. In my defense, this mistake would not change the qualitative conclusions of

the report and, in that sense, is not of great importance.

One could argue that, in places, the report includes too much information and that

shortening it would clarify the main narrative (about the limitations of Ohm’s Law).
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For example, does one really need two figures (Figs. 2 and 3) to explain that one needs
to wait 10 s after changing the current? Probably not. On the other hand, having
taken both measurements (and having prepared both figures), I wanted to get a return
for my work! In a real publication, that is not a good enough reason, and one would
cut one or both of these figures or combine them in some way; however, in a report
aimed at an instructor or professor, letting them know that you did the work (and
thought about the issues) may not be a bad idea.... In the end, you have to balance
the clarity of a short, direct presentation against the completeness and thoroughness

of a report that shows that you worried about various issues. It’s your call.

One strategy for dealing with side issues is to put them in the endnotes, as we did in
several places. Use this sparingly, as readers tend not to bother to look at the endnotes!
(Instructors are another story...) But if there is something that should be on paper
somewhere and it would distract from the main flow of the narrative, the endnotes are

a good place to put them.

Notice that none of the captions refers to the colours of lines. You should do this if the
report will be printed out on a laser printer that prints only black. If you have access
to a colour printer, then it’s clearer and easier to use colours both in the figure and in
the caption. (Colour figures can clarify a plot or sketch greatly. Another fallback is to

use shades of grey, as in Fig. 1.)
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