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The tungsten filament of a light bulb was used in a thermal experiment as an approximate blackbody
to verify the Stefan-Boltzmann law. The resistance of the filament at room temperature was mea-
sured to be 0.30940.002 2. This was then used in conjunction with tabulated CRC resistivity values
to calculate the temperature of the filament for different power inputs. Two analysis techniques were
employed to confirm that the radiation from an object is proportional to the fourth power of its
absolute temperature. The first method used a three parameter, fourth-order polynomial function
and determined the proportionality constants ceAs and kA, to be (5.80 & 0.09) x 10~"*(1%;) and
(1.18640.068) x 10> (%), respectively. The second method used a log-log plot of the inputed power
as a function of the absolute temperature and determined oeAs to be (6.32 & 0.09) x 107 "* (%)
which is in agreement with the first method’s value to 30. The exponent was determined to be

4.00 £ 0.55 which strongly supports the Stefan-Boltzmann law.

I. INTRODUCTION & THEORY

In 1879 Josef Stefan experimentally observed
that the power per unit area of a blackbody is pro-
portional to the fourth power of its absolute tem-
perature. This same relationship was theoretically
derived from Maxwell’s theory and classical ther-
modynamics in 1884 by Ludwig Boltzmann and is
therefore called the Stefan-Boltzmann law.

However, classical thermodynamics broke
down when Lord Rayleigh and Sir James Jeans at-
tempted to use electromagnetism to describe the en-
ergy density distribution for a blackbody. Although
their theory worked relatively well for low frequen-
cies, it failed when applied to high frequencies; the
intensity diverged to infinity! This unfeasible result
was dubbed the wultraviolet catastrophe because ul-
traviolet light was the highest frequency radiation
known at the time.[1] In 1900, Max Planck boldly
proposed a solution to the problem. By making the
ad hoc assumption that atoms behave like electri-
cal oscillators, absorbing and emitting only discrete
amounts of energy for a range of frequencies, Planck
was able to accurately describe the energy density
distribution observed for blackbody radiation. Fur-
thermore, the Stefen-Boltzman law can be indepen-
dently derived from Planck’s equations.[2]

Planck remedied the ultraviolet catastrophe
with an energy distribution function now called
Planck’s law:
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Where u()\) is the energy density (%), h is Planck’s
constant (6.626 x 10734 - s), c is the speed of light
(299,792,458 %), X is the wavelength of the radi-
ation (m), k is the Boltzmann constant (1.381 x

10722 ), and T is the absolute temperature (K).
The total energy density (U) is obtained by
integrating Eq. 1 over all wavelengths.
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This is the result that Stefan originally observed in
1879; for an ideal blackbody, the radiation per unit
area is proportional to fourth power of the absolute
temperature:

U=oT" (3)

Where o is a proportionality constant know as Ste-
fan’s constant equal to 5.6705 x 108 (#) Note
that U is solely dependent on the temperature.|[2]

However, the radiation per unit area for non-
ideal objects is decreased by factors such as surface
composition and color. These contribute to a new
emmissivity factor, e:

P
U= A—S = eoT?
P = eccAT! (4)

Where P is the power, Ay is the surface area of the
object (m?) and ¢ is the unit-less emissivity with a
value < 1. Thus, Eq. 4 is the power emitted by an
approximate blackbody.

Consider the filament of a lightbulb: an ap-
proximate blackbody. For an object in thermal equi-
librium, the inputed power must be equal to the out-
putted power. A filament has two sources of power
input and output. Power into the filament is pro-
vided from the electrical current running through
the resistor (P,) and the radiation absorbed from



ambient room temperature (P,). Power out of the
filament includes electromagnetic radiation (P,) and
any power lost to conduction (P,).
Py, = Pout
P.+P, = P.+ P, (5)

P. can be expressed in terms of the current of the
circuit and the potential difference across the fila-
ment. Eq. 4 relates P, and P, to the absolute
ambient temperature (7,) and the absolute equilib-
rium temperature (T ), respectively. The power lost
to conduction (P.) can also be related to these two
temperatures using:

P. = kA, (T —T,). (6)

Where k is a thermal conductivity constant depen-

dent on the material (-2) and A, is a constant

dependent on the physicai ontact with other mate-
rials (m).[3] Substituting these equations into Eq. 5

and rearranging to solve for P, gives
P. =1V = 0e AT} — 0eAT) + kA (Ty —T,) (7)

Where the T;} term is the blackbody radiation, the

T? term is the blackbody absorption, and the (T’ ' —
T,) term is the power lost to conduction.

II. EXPERIMENT

This experiment utilized a Pasco Stefan-
Boltzman Lamp (TD-8555), a Keithley auto-ranging
voltmeter (197), a Keithley auto-ranging ammeter
(197), a Hewlett Packard DC Power Supply (6290A),
and a Hewlett Packard Power Supply (6214A). The
lamp is a light bulb with a tungsten filament and
has a threshold of up to 13 volts or 3 amps. The
power supply (6290A) is capable of providing 0-40
volts and up to 3 amps. The power supply (6214A)
has considerably more precision and is capable of
providing 0-12 volts and up to 1.2 amps. Fig. 1is a
schematic diagram of the experimental setup.

The first part of the experiment determined
the resistance of the tungsten filament at room tem-
perature by sending small currents (= 0.1 —3.0 mA)
through the lamp using the 6214A power supply.
After the readings on the voltmeter and ammeter
settled (= 10s) their values were recorded. In the
second part of the experiment the 6214A power sup-
ply was removed and the 6290A power supply was
used to send relatively large currents (=~ 0.5 — 3.0A)
through the filament. The lamp illuminated at ~ 1.1
amps. The readings on the voltmeter and ammeter
were allowed to quickly settle (= 5s) before their
values were recorded. The lamp was allowed to cool
for about 30 seconds between measurements to help
reduce systematic error caused by conduction.
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FIG. 1: A circuit schematic of the experimental setup.
The resistor (filament) is in a Pasco Stefan-Boltzman
lamp, the ammeter is connected in series, and the volt-
meter is connected in parallel to the lamp electrodes to
ensure an accurate measurement. The two power sup-
plies, 6214A and 6290A, were interchanged into the ex-
perimental setup; only one was used at a time.[4]

ITII. RESULTS AND ANALYSIS
A. Measuring Filament Temperature

The resistance (R) of an object is related to
the resistivity (p) of the object’s material according
to

L
R=p 1 (8)
where L is the object’s length (m) and A, is the
object’s cross-sectional area (m?).[3] It is important
to note that resistance is object-specific while re-
sistivity is a temperature dependent physical prop-
erty of a substance. The dependence of resistivity
on absolute temperature for tungsten has been well
tabulated.[5] Consequently, if the resistivity of the
filament is known, its temperature can be deter-
mined. That is to say that the the resistivity can
act as a type of thermometer for the filament.

Dividing Eq. 8 at Ty > T, by Eq. 8 at Ty =T,
produces
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This is based on the assumption that A, and L are
constant, but these terms increases as the tempera-
ture increases due to thermal expansion. The change
in length due to expansion compared to the total
length is equal to

A
Tl = aAT . (10)

where « is the thermal rate of expansion for tungsten
equal to 5 x 1075(K 1), and [ is any dimensional



length of the filament. For the maximum change
in temperature for this experiment, AT =~ 3000K,
% ~ 15x 1073 = 1.5%. This effect is negligible and
therefore the assumption that L and A, are constant
is justified.

Manipulation of Eq. 9 produces

Po Vf
=Lo2f 11

where p, and py are the reference resistivity at room
temperature and the final resistivity at some final
temperature (mf2-cm), respectively, R, is the refer-
ence resistance of the filament at room temperature
(Q), and Vy and Iy are the voltage and current at
the final temperature in V' and A respectively.

At room temperature (300K), p, for tungsten
is 5.65 mS2 - cm, but R, is unknown and must be de-
termined. This was done by sending a very small
current through the filament. Such a small current
produces very little power such that Ty ~ T,. By
plotting these voltages as a function of current (Fig.
2), a weighted best fit line was produced with a slope
equal to the reference resistance (R,) at room tem-
perature.

With the value of R, firmly established, the
resistivity of the filament can be calculated using
Eq. 11 by varying the current and voltage. This
resistivity value can then be used to determine the
temperature of the filament using the tabulated val-
ues in the CRC. [5]

A best fit to the tabulated values was created
(See Fig. 3) using a quadratic function of the form:

y=Cox® + Cra + C,. (12)
The fit yielded the equation
Ty = —0.0498p% + 35.84pf +129.1  (13)

where py is the final resistivity (m€Q - cm) and T} is
the final temperature of the filament (K).

B. Testing Stefan-Boltzmann Law

By plotting the power inputed into the fila-
ment as a function of the absolute temperature, the
Stefan-Boltzmann law can be tested using Eq. 7 (See
Fig. 4). A fourth order polynomial of the form

y = Cyz* + Csa® + Coz® + CLz + C, (14)

was fitted to the data. The x® and z? terms were
forced to zero to put the function in the form of Eq.
7.
This fit yielded the equation
P, = (5.80 x 107"3)T} + (1.1861 x 1072)T —
—0.41811 (15)
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FIG. 2: Small currents were used to probe the filament
at room temperature. The slope of the weighted best
fit line is equal to the resistance of the filament at room
temperature and has a value of 0.309 £ 0.0022. This
value did not change appreciably (< 0.3%) when the
intercept was forced to zero.
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FIG. 3: The tabulated dependence of resistivity on abso-
lute temperature was fitted to a quadratic function. The
values of the coefficients were recorded with appropriate
uncertainty and used to determine the temperature of
the filament.
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FIG. 4: As expected, the inputed power as a function
of absolute temperature data fits well (x? = 1.41 for 21
points) to a three parameter, fourth order polynomial.
The systematic increase in uncertainty for the larger val-
ues of the temperature can be attributed to a systematic
increase in the random error of the temperature.



The values of the coeflicients of Eq. 15 were used to
determine the value of the constants ceA, = (5.80+
0.09) x 107" (%) and kA4, = (1.186 + 0.068) x
1073 (%),

Looking at Eq. 15, it becomes apparent that
for large values of the absolute temperature (77 >
2200K) the radiation term (77) dominates. The
other two terms contribute < 17%. Therefore Eq.
7 becomes

P. ~ 0eAT}. (16)
Taking the natural log of this approximation
In(P.) =~ In(oeAy) + 4in(Ty) (17)

Thus if the Stefen-Boltmann law holds, then In(FP,)
should be a linear function of In(Ty) with a slope of
four. (See Fig. 5) The slope yielded a value for the
exponent of 4.00+ 0.55 while the intercept yielded a
value of oed, = (6.32 £ 0.09) x 107 3(7%).
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FIG. 5: As expected, the natural log of the input power
as a function of the natural log of the absolute tempera-
ture fits well (x* = 0.0084 for 8 points) to a linear func-
tion. The slope is equal to the exponent of the power and
has a value of 4.00+£0.55.This relatively large uncertainty
can be attributed to the large error in the temperature
but the close proximity of the best fit to the data gives
supports to a higher level of certainty.

IV. DISCUSSION AND CONCLUSION 4

The first method used to confirm the Stefan-
Boltzmann law employed a three parameter, fourth-
order polynomial function to described the behav-
ior of the filament. The function fit well to the
data with a x2 value of 1.41 for 21 points. Since
there was a good fit to the data, the coefficients
had relatively low uncertainty. This allowed the
proportionality constant ceA; to be determined to
be (5.80 & 0.09) x 10~'*($%) with an uncertainty
of < 2% and the constant kA, to be determined
to be (1.186 & 0.068) x 1073 () with an uncer-
tainty of < 6%. The second method used a log-
log plot of the inputed power as a function of the
absolute temperature and determined ceAg to be
(6.32£0.09) x 10~'*($) which has an uncertainty
of < 2% and is in agreement with the first method’s
value to 30. The power exponent was also deter-
mined to be 4.00 £ 0.55 which has an uncertainty
< 14%.

The observed systematic increase in uncer-
tainty for the larger values of the temperature can be
attributed to a systematic increase in the random er-
ror for large values of temperature. Additionally, for
the first method, the data appears to systematically
increase for large T values above the best fit curve.
An explanation of this could be thermal expansion.
Thermal expansion would increase the surface area
as the filament’s temperature increased. This in turn
would cause the curve to become more steep. The
effect, however, appears slight. In addition, the tem-
perature of the glass bulb is not the same as the room
temperature. The bulb’s temperature increases as it
is turned on and off. This in turn will make the ab-
sorption term in Eq. 7 a larger factor. Nonetheless,
the increased room temperature would have a min-
imal effect on Eq. 7 for large values of T and can
therefore be considered negligible.

The quality of the fits for both methods, the
agreement of the exponent in the second method,
and the correspondence of the two values of the con-
stant o€ A, creates a strong argument for the support
of Stefan-Boltzmann’s law.
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