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0
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19 William Thomson

Lord Kelvin

Kelvin

°C = 5/9 (°F - 32) °F = 9/5°C + 32

k = °C + 273.15 °R = °F + 459.67

°R

W. J. M. Rankine

ITS

ITS 1990 17

1

RTD's

1

ITS-90

K °C

(H
2
) 13.8033 K -259.3467°C

(Ne) 24.5561 K -248.5939 °C

(0
2
) 54.3584 K -218.7916°C

(Ar) 83.8058 K -189.3442°C

(Hg) 234.315 K -38.8344°C

(H
2
O) 273.16 K +0.01°C

(Ga) 302.9146 K 29.7646°C

(In) 429.7485 K 156.5985°C

(Sn) 505.078 K 231.928°C

(Zn) 692.677 K 419.527°C

(Al) 933.473 K 660.323°C

(Ag) 1234.93 K 961.78°C

(Au) 1337.33 K 1064.18°C

RTD

T < 250°C

3



Thomas Seebeck 1821

2

Seebeck

3

28

Seebeck

 e
AB

 = αT

α Seebeck

α
9

4

Seebeck

T

4

V1

J1

J2 J3

J3

e.m.f. V3 = 0 J2

V1 e.m.f.

V2 V J1 J2

J2 J1

J2

0°C J2

e.m.f.

J1 J2

5

V = (V1 - V2) ≅ α(tJ1 - tJ2)

TJ1

TJ1(°C) + 273.15 = tJ1(K)

V

V = V1 - V2 = α[(TJ1 + 273.15) - (TJ2 + 273.15)]

= α(TJ1  - TJ2) = (TJ1 - 0)

V = αTJ1

2
Seebeck

3

A A

B

A

B

e
AB

 = Seebeck

4
DVM



V2 0V

0°C V

NIST

NIST V

TJ1

5

J

6

Cu-Fe

J3 J4

7

8

J3 J4

Cu-Fe

V = α (TJ1 - TREF)

5

5

6

8
DVM

7



8

9

TREF

J3 J4

V = α (T1 - TREF)

Cu-Fe J4 Fe-C JREF

LO Fe

9b

V

V = α (TJ1 - TREF)

10

LO Fe 11

V = α (T1 - TREF) α
Fe-C Seebeck

J3 J4

6

9a

9b

10

11

TREF

@TREF

A B C A C

9b



TJ1 12

RT

J3 J4

DMM

1. RT TREF TREF

VREF

2. V VREF V1 V1

TJ1

RTD

RTD

RTD

7

13

RT

12

13

= TREF



0°C

14

e RT

V 0°C

NIST

6

8

2

15 2

14

15



3
E

°C (ITS-90)

mV .00 .01 .02 .03 .04 .05 .06 .07 .08 .09 .10 mV
0.00 0.00 0.17 0.34 0.51 0.68 0.85 1.02 1.19 1.36 1.53 1.70 0.00
0.10 1.70 1.87 2.04 2.21 2.38 2.55 2.72 2.89 3.06 3.23 3.40 0.10
0.20 3.40 3.57 3.74 3.91 4.08 4.25 4.42 4.59 4.76 4.92 5.09 0.20
0.30 5.09 5.26 5.43 5.60 5.77 5.94 6.11 6.28 6.45 6.61 6.78 0.30
0.40 6.78 6.95 7.12 7.29 7.46 7.63 7.79 7.96 8.13 8.30 8.47 0.40
0.50 8.47 8.64 8.80 8.97 9.14 9.31 9.48 9.64 9.81 9.98 10.15 0.50
0.60 10.l5 10.32 10.48 10.65 10.82 10.99 11.15 11.32 11.49 11.66 11.82 0.60
0.70 11.82 11.99 12.16 12.33 12.49 12.66 12.83 12.99 13.16 13.33 13.50 0.70
0.80 13.50 13.66 13.83 14.00 14.16 14.33 14.50 14.66 14.83 15.00 15.16 0.80
0.90 15.16 15.33 15.50 15.66 15.83 16.00 16.16 16.33 16.49 16.66 16.83 0.90
1.00 16.83 l6.99 17.16 17.32 17.49 17.66 17.82 17.99 18.15 18.32 18.49 1.00
1.10 18.49 18.65 18.82 18.98 19.15 19.31 19.48 19.64 19.81 19.98 20.14 1.10
1.20 20.14 20.31 20.47 20.64 20.80 20.97 21.13 21.30 21.46 21.63 21.79 1.20
1.30 21.79 21.96 22.12 22.29 22.45 22.61 22.78 22.94 23.11 23.27 23.44 1.30
1.40 23.44 23.60 23.77 23.93 24.10 24.26 24.42 24.59 24.75 24.92 25.08 1.40

9

16

Seebeck

17

17 α
K

0°C 1000°C

K

Seebeck

NIST 4 NIST 175 

3

t90 = c0 + c1x + c2x2 + c3 x3 + ... + cnxn

t90

x

c

n

16 17
Seebeck

°C

+ -

E

J
K

R

13%

S
10%

T

°C



10

4
NIST ITS-90

J K
-210°C O°C O°C 760°C -200°C 0°C 0°C 500°C
± 0.05° C ± 0.04° C ± 0.04° C ± 0.05°C
8 7 8 9

C0 0 0 0 0
C2 1.9528268 x 10-2 1.978425 x 10-2 2.5173462 x 10-2 2.508355 x 10-2

C1 -1.2286185 x 10-6 -2.001204 x 10-7 -1.1662878 x 10-6 7.860106 x 10-8

C3 -1.0752178 x 10-9 1.036969 x 10-11 -1.0833638 x 10-9 -2.503131 x 10-10

C4 -5.9086933 x 10-13 -2.549687 x 10-16 -8.9773540 v 10-13 8.315270 x 10-14

C5 -1.7256713 x 10-16 3.585153 x 10-21 -3.7342377 x 10-16 -1.228034 x 10-17

C6 -2.8131513 x 10-20 -5.344285 x 10-26 -8.6632643 x 10-20 9.804036 x 10-22

C7 -2.3963370 x 10-24 5.099890 x 10-31 -1.0450598 x 10-23 -4.413030 x 10-26

C8 -8.3823321 x 10-29 -5.1920577 x 10-28 1.057734 x 10-30

C9 -1.052755 x 10-35

t90 = c0 + c1x + c2x2 + . . . + c9x9

 t90 = c0 + x(c1 + x(c2 + x(c3 + c4x)))

n

4

4

8

18

5

K

4µV

0.1°C DMM

18

5
DVM

25°C Seebeck 0.1°C DVM
µV/°C µV

E 61 6.1

J 52 5.2
K 40 4.0

R 6 0.6
S 6 0.6

T` 41 4.1



19

11

20

A/D

19

20

20

1

2

2

20:1

20



21

220V

AC

22

120 VRMS 23

LO

24

12

23 120 VRMS

±170 V

FET

±12 V

21

220 VAC

22

23 24



1. 

2. 

3. 

4. 

5. 

6. 

7. 

25

5

13

NIST

Robert Moffat

9

26

25 26

Pb,Sn

: Fe - Pb,Sn - C ≅ Fe - C

500°C



27

RL

28

RS

RL << RS

RL

T1 T2

Seebeck

14

7

Seebeck
DC DC

DC

27 28

DVM DVM



NIST

NIST

15

10

PC

R.P. Reed

10

29
3 18
10:43

10:47

11:05 M821 K
13:51

16:07 M821

#M821 J

J

#M821 K



30

V = 0

TJ

V = α (TJ - TREF)

V = 0 TJ

0 = α (TJ - TREF)

TJ = TREF

V = 0 DVM

TJ TREF

TJ

16

31

300°C 1200°C

32

30

31 32



33

TS T1

17

34 8

33 34



Seebeck

Humphrey Davy

50 William Siemens

-259.3467°C 961.78°C

PRTD

C.H. Meyers 1932

RTD 12

35

Meyer Evans

Burns 16

36

18

RTD

37

RTD

RTD

35
Meyers RTD

37

36

PRTD RTD

RTD



RTD

RTD

RTD

RTD

RTD

6 RTD

RTD

RTD

120°C

19

RTD

RTD 10

RTD

0°C 100

DIN 43760

α = .00385 100

0° C +0.385 α / °C α
0°C 100°C

α +.00392

°C

38

10

10/.385 α 26°C

39

38 39

6
Ω / CMF

(cmf = circular mil foot)
Au 13.00
Ag 8.8

Cu 9.26

Pt 59.00
W 30.00

Ni 36.00



RTD

RTD

RTD

40

41

A B

C

41

RTD

RTD

20

40 42
4

41
3

4

IR

DVM RTD

RTD

42

4

3

RTD

Callendar-Van Dusen

RTD 11,13

RT = T

R0 = T = 0°C

α = T = 0°C

 + 0.00392Ω/Ω/°C

δ = 1.49 .00392

β = 0 T > 0

0.11 T < 0

RT=R0+R0α[ T-δ(         )(      )−β(         )(     )]T
100

-1
T

100
T

100
-1

T3

100



RTD

α δ
β 1968

20

RTD

43

RTD

DMM

RTD

RTD

RTD

I2R

1/2°C

21

RTD

1°C RTD

1/10°C 6

RTD

RTD

RTD

EMF RTD

43

S
RTD

°C

RTD RTD



RTD

PRTD

TC

TC

RTD

RTD

44

Steinhart-Hart

18

   1  = A + B(ln R) + C (ln R)3

T =

R =

A,B,C =

A, B C

100°C

±02°C

22

T = (ln R) - A -C

R,T

A, B C

Steinhart-

Hart

RTD

25°C

5000Ω
4%/°C TC 10Ω

.05°C

RTD 500

RTD

RTD

44

T

1



1 µA/K 10

mV/K F 45

23

45

DVM

DVM



46

IC

Agilent 34970A

B, E, J, K, N, R, S T

2.2kΩ, 5kΩ

10kΩ RTD

Agilent 34970A

61/2 DMM

RTD

ITS-90

300 V

Agilent 34970A RS-232

GPIB 50,000

PC Agilent Benchlink

Data Logger

24

46
Agilent 34970A

47
Agilent 34970A



Agilent DAC1000

48

E1419A ADC

64

56,000

SCP ADC

SCP

RTD

RTD

25

48
Agilent DAC1000

VXI

DAC1000

E1419A 6 VXI GPIB

PC Agilent VEE Agilent

VEE

Agilent VEE

VXI



26



2

27

A

V V Fe-C

T1

V Fe-C

T

V Fe-C T

Fe-Pt Pt -Fe



ASTM

NIST 175

B R S

S

630.74°C 1064.43°C

28

B

B B

Seebeck B 50°C

0°C 42°C

B

0° 40°C

3

E 0°C

E Seebeck

58 V/°C

E

E Seebeck

J J

J

J

Seebeck

760°C

760°C

J

B



T 0°C

E

Seebeck

T

T

DVM

K N K

N K

K N

Seebeck

N

NIST 175

Nicrosil-Nisil
14

29

ANSI

G W W-26% Re

C W-5% Re W-26% Re

D W-3% Re W-25% Re

T



Ω Seebeck NIST

@20°C                      °C

+ - + - 20 (µV/°C)@T(°C) (°C)

B - - 0.22 5.96 600 870 - 1700 ± 0.5% ± 0.25% 0 - 1820

30% 6%

E - 0.71 58.67 0 0 - 900 ±1.7 ± 0.5% ±1 ± 0.4% -270 1000

10%

J 0.36 50.38 0 0 - 750 ± 2.2 ± 0.75% ±1.1  ± 0.4% -210 1200

K - 0.59 39.45 0 0 - 1250 ± 2.2 ±0.75% ±1.1  ±0.4% -270 1372
10%

N 0.78 25.93 0 0 1250 ±2.2 ± 0.75% ±1.1  ± 0.4% -270 1300

R - 0.19 11.36 600 0 1450 ±1.5 ±0.25% ±0.6 ± 0.1% -50 1768
13%

S - 0.19 10.21 600 0  1450 ±1.5 ±0.25% ±0.6 ± 0.1% -50 1768
10%

T 0.30 38.75 0 0  350 ±1  ±0.75% ± 0.5 ± 0.4% -270  400

30

† 8
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