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I. PURPOSE

The purpose of this experiment is to verify the Stefan-
Boltzmann Law, investigate aspects of blackbody radia-
tion such as radiation rates from different surfaces and
measure their emissivity (£), investigating the absorption
and transmission of thermal radiation, as well as verify
the inverse square law with respect to the radiative power
of our Stefan-Boltzmann lamp.

II. ANALYSIS

A. Radiation rates from different Surfaces

the emissivity, where an emissivity of 1 is a perfect black-
body, and 0 < € < 1 is an imperfect or non-blackbody.

P=coT? (2)

Using the thermopile, several surfaces of different tem-
peratures were measured, and the data was compiled into
Table I. Using this data we can calculate the relative
emissivity of each face for all the Leslie cubes assuming
that the black face of the cube has ¢ = 1, these values
are compiled in Table II.

Cube| Thermistor |Temperature Sensor reading (mV) —
No. |Resistance ()| T (°K) |Black|White|Dull Al|Polished Al Cube Emissivity ¢
9 1692 378.6 174 160 26 09 No. |Black|White|Dull Al|Polished Al
8 5,500 3732|165 162 | 2.9 1.1 9 | 1 1092] 015 0.05
6 13,910 3456 | 89 | 90 | 26 0.9 8 | 1 |09 018 | 007
5 21,430 334.5 64 | 63 | 14 0.6 6 | 1 |101] 029 0.10
5 1 0.98 | 0.22 0.09
TABLE I: Thermistor measurements along with the calcu-
lated Temperatures for several Leslie cubes, as well as the TABLE II: Relative emissivity for all faces of Leslie cubes,

sensor measurements from the Thermopile for all 4 sides of
the cubes.

Sample calculations for T using row 1 of Table I

Using values from Table X in the Appendix, for a Ther-
mistor Resistance of 4692 (2, assuming a linear relation-
ship between two adjacent resistances corresponding to
a difference in 1 degree, using 4760.3 2 — 105 °C and
4615.1 2 — 106 °C we can correlate the difference in
resistance with the difference in 1 degree.

T =105°C + %D1f erence * 1°C + 273.15°C

T =105°C + 760021022 . 1°C + 273.15°C
78.

The distribution function as seen in Eq.1 for the wave-
length dependence of emission of thermal radiation by
a blackbody at temperature T using Planck’s theory of
quantization.

2mhc?

he
A5 . exkT

INT) = (1)

and integrating this over all wavelengths the total
power is simply defined as Eq.2 and including a term &,

assuming the black face has an emissivity of 1

Sample calculations for White emissivity using row
1 of Table I, and assuming black emissivity is 1

white Blackemission

Ewhite = 17,
Ewhite = Y.

po=IO

Emissivity in this case is independent of temperature,
as the temperature decreases the emissivity stays more or
less the same as seen in table IT with standard deviation
values in Table III. The dull and polished aluminium
have some slightly varying emissivity values as the per-
cent deviation values are around 28%, but this isn’t too
significant relative to radiative output compared to the
black surface. The data show that better absorbers are
better emitters, and poorer absorbers (better reflectors)
are poorer emitters like in the case of the aluminium and
even more extreme the polished aluminium compared to
the black or white surfaces.



Surface |Mean Emissivity| Percent
€ Deviation
Black 1 0
White 0.97 4%
Dull Al 0.21 29%
Polish Al 0.08 28%

TABLE III: Mean emissivity and relative percent deviations
from the mean for all the surfaces measured in Table II

Sample Calculations Averaging White Emissivity ¢
in Table II using column 3

g= Zift
~ _ 0.9240.9811.0140.98
€= 1
£=0.97

Sample Calculations for White standard deviation o,
in Table II using column 3 and a mean of 0.97

0. = \/ﬁ Yoi(ei —E)?
1

4-1

[(0.92 — 0.97)% + (0.98 — 0.97)%+
(1.01 — 0.97)% + (0.98 — 0.97)?%]

1
. = 1/10.0043

0. =3.8x1072

Oz =

Sample Calculations for White percent deviation
using a 0. of 3.8 x 1072 and mean emissivity & of
0.97 from Table III

o
%deviation = ?6 x 100
_ 3.8x10"2
%deviation - T 097 x 100

%deviation = 4%

B. Absorption and transmission of thermal
radiation

Cube| Io |[Igiass|Igiass
No. |(mV)|(mV)| I
9 16.3 | 0.0 0
9 13.8 | 0.0 0

TABLE IV: Intensity of thermal radiation of the black surface
measured through air and through a pane of glass

Sample Calculations for

using Table IV row 1

Iglass
Io

Iglass — 0.0 — 0

Io 16.3

In this case we didn’t have a strong enough signal to
have any transmission through the glass, but we con-
cluded that glass blocks most of the infrared radiation
incident on it, as seen in Table IV. In this case, it doesn’t
seem like 147455 is dependent on Io.

C. The Stefan Boltzmann law at low temperatures

The thermopile sensor can also be thought of as source
of thermal radiation since it operates at room tempera-
ture. So the net power read by the sensor is the difference
from the source of radiation it is measuring and the radi-
ation from the detector itself since it radiates away some
of the energy it is trying to measure. This is given by
Eq.3

Pnet = Prad - Pdet = €UT4 - edetaT;et (3)

We can try assuming that the Pj.; can be neglected
in this experiment because it is low and doesn’t account
for much difference. Assuming € = €4.; we can rearrange
Eq.3 as follows.

Proa = e0T* — £4e10T,
Proa= 50(T4 - Tget) = 80’(T];1 — T

rm)

Prad

M = &0 = COnSt (4)

Since our sensor measurement is directly proportional
to the power of the radiation, we can graph P,,q versus
(T% - T,m*) to confirm weather the Stefan- Boltzmann
equation is correct.

Cube Thermistor |Temperature| Sensor reading
No. |Resistance (2)| T (°K) |for Black (mV)
9 4,692 378.6 17.4
8 5,000 373.2 16.5
7 8,160 361.4 10.3
6 13,910 345.6 8.9
5 21,430 334.5 6.4
4 24,120 331.5 5.8
3 54,820 311.5 2.0
2 109,730 296.2 0.3
1 110,320 296.1 0.3
Cuberr 112,220 295.7 0.3

TABLE V: Thermistor measurements along with the calcu-
lated Temperatures for several Leslie cubes, as well as the
sensor measurements from the Thermopile for the black side
of the cube.
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FIG. 1: Thermopile sensor measurements versus the temper-
ature difference between the sample and the room.

As seen in Fig.1, we can see that this line fits the data
very well, with one outlier data point with row 3 of Table
V, but that withstanding, this proves the relationship of
power and temperature in the Stefan-Boltzmann equa-
tion even at low temperatures.

D. Inverse Square Law

Distance Sensor
(m) |Reading (mV)
2.2 0

10

20
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TABLE VI: Thermistor measurements of the Stefan-
Boltzmann lamp while it was off, for the average ambient
measurements of the lab.

The average measurements of the lamp from column
2 of Table VI was calculated to be 0 mV, there was not
enough infrared radiation in the lab to produce any sig-
nificant measurements to the sensor.

Distance Sensor
(m) |Reading (mV)
2.5 126.1

5 42.4
10 12.7
15 6.1
17 4.8
20 3.5
25 2.3
30 1.6
40 0.8
50 0.5
60 0.3
70 0.2
80 0.0
100 0.0

TABLE VII: Thermistor measurements of the Stefan-
Boltzmann lamp running at a voltage of 9.99 V, at various
distances.
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FIG. 2: Thermopile sensor measurements versus the inverse
square of the distance from the Stefan-Boltzmann lamp
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FIG. 3: Thermopile sensor measurements versus the inverse
of the distance from the Stefan-Boltzmann lamp

The radiative power of the lamp does scale with the



inverse square law as seen in Fig.2, however there is a
deviation at the closer distances, as the power seems to
fall off uncharacteristically. This deviates from the ideal
result probably because of the shape of the filament of
the Stefan-Boltzmann lamp not being a point source, as
you get farther and farther away the point source approx-
imation gets better.

One way the experiment could be changed is to have a
much brighter, or conversely, much more sensitive ther-
mopile such that the sensor can be put at a distance
where it cannot resolve the size of the light. Another
way could be to pass the light though a pin hole to ap-
proximate a really small source of light.

E. The Stefan-Boltzmann Law

As previously shown in Table V, the resistance of the
Leslie cube at room temperature was measured to be
112.22 kQ, T,y was calculated to be 295.7 °K. R ¢, the
reference resistance of the Stefan-Boltzmann lamp was
calculated to be 0.3 €.

Lamp Voltage|Lamp Current| Ry | Ry |Temperature
Viemp (V) | Tiamp (A) | (@) |Rrer| T (°K)
1.115 0.872 1.279| 4.26 972
2.000 1.090 1.835| 6.12 1320
3.001 1.308 2.294| 7.65 1590
4.000 1.508 2.652| 8.84 1800
5.001 1.687 2.964| 9.88 1970
6.001 1.8563 3.233|10.78 2120
7.00 2.010 3.482|11.61 2260
8.00 2.155 3.712(12.37 2390
9.00 2.285 3.939(13.13 2510
10.00 2.410 4.149|13.83 2620
11.00 2.534 4.341|14.47 2710
12.00 2.647 4.533|15.11 2820

TABLE VIII: Stefan-Boltzmann lamp running at various volt-
ages, with their associated current measurements, resistance
calculations, and temperature calculations. Temperature was
calculated with the same method as in Table I, except using
Table XI in the Appendix as the lookup table for resistance
to temperature values for the lamp.

Sample calculations for Ry using row 1 of Table VIII

RT _ Viamp

Ilamp

_ 1115V
Ry = 0.872A
Ry = 1.279Q

R

Sample calculations for R—Tf using row 1 of Table
VIII with R..; of 0.3

Ry _ 1.279

Rreyf 03

Al =4.26
Sensor Temperature

Reading (mV)| T* (°K*)

0.2 8.93 x 10*!
1.2 3.04 x 10*2
3.1 6.39 x 10'2
5.7 1.05 x 102
8.8 1.51 x 10'3
12.3 2.02 x 103
16.9 2.61 x 103
21.6 3.26 x 103
26.4 3.97 x 103
31.5 4.71 x 10'3
36.3 5.39 x 103
41.8 6.32 x 103

TABLE IX: Thermopile sensor measurements of the Stefan-
Boltzmann lamp and its Temperature T%.

As it can be seen in Fig.4, a power-regression shows
that our data fits an x*%° relationship which is close to
our predictions according to the Stefan-Boltzmann Law
(Eq.2) with power being dependent on T*.
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FIG. 4: Thermopile sensor measurements (mV) versus lamp
temperature T (°K) with a power regression line with a power
of 4.9578



“5 L the glass in the lamp absorbs and reflects some of the
e - infrared radiation from the filament, this effect will be
2% y=686E 13- 106:00 / more dominant at lower temperatures where the infrared
4 essmEd / is most of the radiation due to Wien’s Displacement Law,
§- / V= 887E L3 109EN00 where the peak of the output is in the lower wavelengths
¥ 0 3
% . / at lower temperatures.

i _~ As seen in Fig.6, when taking into account the room
E s el temperature, there is almost no difference since the
0 / ‘ . . temperature of the lamp is much higher than the am-
0 28413 LEEE BE+13 bient temperature, the radiative power at that low
Lamp Temperature 124 (4] temperature doesn’t account for any noticeable differ-
ammLincarRegression  — - - Standard Deviation ence. The Stefan-Boltzmann relation still holds in high-
temperature scenarios.
FIG. 5: Thermopile sensor measurements versus lamp tem- 43
perature T? (°K?) and the standard deviation line in red a0 ~*
(dashed for clarity) as /

¥ = 6.86E-13x - 1.0BE+00 /
R?=9.99E-01

w
o

r
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Even more significantly, when power is graphed versus
T4 as seen in Fig.5, the linear relationship confirms the
Stefan-Boltzmann Law at high temperatures.

Some sources of error in the calculation of Ry is some
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5
resolution in the measurement equipment, trying to mea- R /
suring a small resistance of the Stefan-Boltzmann lamp at o 2013 seen s
room temperature, having a more accurate device would Tempturature between Lamp and room Th"3 - Trm"4 (k")

give more accurate calculations (as it was said, a small
error in this measurement will lead to large errors in the
filament temperature). In this case I would estimate in a
higher bound, the error to be about half the resolution or
0.05, which in turn is about 17% error. In terms of equip-
ment resolution this is the only significant error. Also,

FIG. 6: Thermopile sensor measurements versus temperature
difference between the lamp and the room T} - T2, ¥

III. CONCLUSION

This experiment was able to confirm the Stefan-Boltzmann Law, at low temperatures using Leslie Cube’s at various
temperatures to measuring the infrared radiation of various materials at various temperatures and was confirmed to
be dependent on T*. Similarly by studying these various materials we were able to make calculations and predictions
about the emissivity of materials and discovered that materials which absorb radiation better also emit radiation
better, and poorer absorbers (better reflectors) make poorer radiators. Using the Stefan-Boltzmann lamp we were also
able to confirm the inverse square law and also found that the shape of the lamp filament influences the measurements
from the thermopile at closer distances as the filament at that resolution isn’t a point source. However, at larger
distances the approximation of the lamp as a point source gets better and better leading to confirmation of the inverse
square law. The Stefan-Boltzmann Law was also confirmed at high temperatures using the Stefan-Boltzmann lamp
and still dependent on T#. It was found to be in quite good agreement, with some slight deviations due to lower
temperature data points and amount of error associated with them. As the temperature of the lamp rises these errors
become more irrelevant.



Appendices

Therm.
Res. (£2)

207,850
197, 56
187 840
178,650
169,550
161,730
153,950
14y, 580
139,610
133,000
126,740
120,810
115,190
100G K50
104,500
100,000
05447
20,126
B7.022
B3 124
79422
75,903
72,560
9, 380

00K

1.0

1.43
1.87
2.34
285
336
3.84
4.4
4.95

Temp.

)

10
11
12
13
14
15
It
17
18
19
20
21
12
23
24
25
26
27
28
29
in
31
32

13

Temp
K

300
400
200
GO0
TO0
AO0
a0
1000
1100

Res. (€} (°C)
£, 156 34
63 AR 15
60,743 1h
58,138 37
S5,p58 i
53297 3
31,048 40
4 05 41
46,863 42
44017 43
43,062 44
41,292 45
39,605 i
37,5095 47
6,438 45
34,991 44
13,50 A0
32,253 51
30,976 £2
29,756 53
28,590 54
27475 55
26,404 56
25,390 57

Therm. Tcmrs.. Therm. TL"mp.i

Res. (12) (*C)

24 415
23483
22,500
21,736
20,919
20,136
19,386
18,608
17,980
17,321
16,685
16,083
15,502
14,945
14410
13,897
13,405
12,932
12479
12,043
11,625
11,223
1L B3T
10,467

58
59
il
61
i
i3
hd
fi3
fifi
&7
]
]
m
el
72
73
74
75
T
77
74
7
Sl
81

Therm.  Temp.
Res. (£2)  (°C)
10,110 B2
97672 83
94377 B4
91208 85
EE1G.0 By
B.522.7 &7
R24006 KR
T.949. 1 ko
T.007.7 ]
T.456.2 9]
T.214.0 a2
hOR0DG 93
6,7559 a4
65104 9%
6, 33008 k]
61295 97
59361 K
3, T49.% ke
5.569.3 10
53956 10l
52281 102
A066.6 103
49107 104
4. 7603 108

Res. (£1)

| 61510
| 44750
4,139.7
4,209.1
40829
39611
18434
| 37297
3o1%s
15136
3410
13118
3.215.8
31230
30333
2.946,5
2.862.5
2,781.3
27027
2.626.6
2,553.0
24817
24126
2,345%

Therm.  Temp.

Therm.

("°C) Res. (£2)

106
107
10K
1ne
110
11
112
113
114
115
116
17
118
19
120
121
122
121
124
125
126
127
128
129

2.281.0
22183
21576
2,098.7
2.041.7
1,986.4
1,538
1, EE0.9
1,830.5
1,781.7
1,743
| GER,4
1.643.9
1 6006
1,.558.7
L3180
1476
1,402
1.403.0
1,366.9
1.331.9

TABLE X: Resistance versus Temperature for the Thermal Radiation Cube

Reasistivity
ik em

565

B8.06

10.56
13.23
16.09
19.00
21.54
24.93
27 84

RIR A0aK

548
6.03
.58
7.14
7.7
B, 28
B, B
544
10.03

Temp Resistivity
K

ik cm
1200 30.598
1300  34.08
1400 3v.49
1500  40.36
iB00 4355
1700 A6.7TH
1800  50.05
1800 53.35
2000 56 .67

RRyox 5"
1063 2100
11.24 2200
11.84 2300
1246 2400
13.08 2500
13.72 2600
1434 2700
14.89 2800
1563 2900

Resistivity gy —

1kl em

60,06
G348
65,591
70.39
3.
I7.49
@1.04
B4. 70
88.33

TABLE XI: Temperature and Resistivity for Tungsten

16.29
16.95
17.62
168.28
168.97
10.66
26.35

Temp.
(*C)

130
131

132
133
114
135
136
137
138
139
140
141

142
143
144
145
146
147
144
149
150

Temp Resisfivity
™y

uidcm
3000 82.04
3100 53.76
3200 89954
3300 1033
00 1072
3500 1M1
3600 1150
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FIG. 7: Temperature and Resistivity for Tungsten
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