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ABSTRACT
An inexpensive substitution for calibrated thermocouples, linearizing
electronics, and the N.B.S. thermocouple tables isobtained through the
use of a hand-held calculator. Automatic offset corrections and inter-
polations to an output temperature are possible in a one button operation
beginning with voltmeter EMF. The inverse operation is also given.

Appropriate constants have been found for the Cu-constantan, iron-constantan,

and chromel-alumel therﬁbcoup]es.
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Need to determine sample temperature over hundreds of degrees K?

Lack the funds to purchase calibrated instruments? Faced with this
problem Qe haveldeyised a simp]e thermocouple conversion with a hand-
held programmable ca]cu]ator wh1ch f1ts the copper -constantan N.B.S.
tables to an accuraqy of + 2 ueV We have made a similar fit to the
iron-constantan- and- chrome] alumel- thermocoup]es to 1ess accuracy: The
calculator program also allows a linear correction: for exper1menta1]y

. introduced diode effects, thermal E.M.F.'s, and individual wire discref
pancies. It is idea]]y suited for a linear amp]ifie? fo]]owing'a:tﬁermo-b
couple and a less expensive digital voltmeter. The correction allows
calibration at three known temperatures: T] < T2 < T3. -The reference
temperature may be user chosen. If any of these stendard temperatures
are used in the process of routine measurements, run to‘run calibration
may be.easily incorporated into the routine. ih principle, any thermo-
ceuple may be used in any temperature range.

Programmable ca]cu]aters with as few as 16.program steps and three
addressable memories may be used for one way cenversion over a limited
temperature range. If as many as nine addressable memdries are available,
the calculator may be prpgrahmed to choose the aepropriate set of constants
from the storage registers for- three different temperature ranges. With an
HP 67 or 97 calculator, sufficient memory is'aVailable to allow storage of
copper-coﬁstentan or iron-constantan constants for all temperature ranges
and the flexibility of one button conversion of thermocouple voltage to
Kelvin, Centigrade, or Farenheit tenperatures and vice versa.

The functional form of the fit for table EMF in wV is:

EMF = aT + bT2 + ¢T3 (1)
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with T in degrees Centigrade and with a, b, and c as chosen from Table I.
These constants were obtained via a fit to the standard N B.S. EMF tab]es
with an ice bath reference at 0°C‘ - fA;;'“‘ﬁ;;,fg,g"ﬁ’”“

For the inversion of the cubic expression, the,re]ation

L o ' EMF* . b (3T) .
_ (b y2  jay1/2 1 . -112 3c)(3c)+§( 3¢ )" (E) b
T = 2|(§EJ - 3c)| cos 249 t3 eos |(——- __0'3/2 ' - (3E9
~3c 3c
if b2 > 3ac - (2)
or . -
172 ] 7 .'1 (505 1% ]
= a - TANT c c!
T = 2|(-3—c- '(ﬁ)l /TAN | 2TAN TAN 7 TAN EMF* - (ja
- )( )+—( )- ( -
if b2 < 3ac (3)

gives the appropriate'root (with the calculator in the degrees mode) over the
entire range of temperatures. For the.values given_in Tabje I, Eq. 2 is used
for ali negative values ot c, and Eq. 3 is used for positive values df c.

For many measurements, it is convenient to have a reference bath at a
temperature other than 0°C. The program may be written to incorporate this
possibility. In some experiments it is also possible that one or more
of the calibration temperatures (T], Té, T3) is encountered in the process
of routine measurement, and small variations may be oBserved in the corres-
ponding measured voltage (E],E2 E3) due'to fluctuations in junction E.M.F.'s or
diode effects from a Tow input impedance voltmeter. The program can be designed
to incorporate these variations -from run-to-run or long-term discrepancies as
desired. Multiple thermocouple conversions may be handled by correcting

(E], E,y» E3) in three storage registers.
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We have chosen to linearly correct voltmeter readings E to provide an
EMF for the N.B.S. conversion of Egn. (2) as fO]]OWS'
| Lo EE e
i EMF,, + (EMF3 EMF) (E E) ij>"[‘2 o (4)
EMF = '

E- E T

EMF + (EMF] EMF ) (E ) - T.<,:T2
Here EMF], MF2, and EMF3, correspond to N.B.S. Table va]ues (or va]ues: ‘
from Eqgn. (1)) for the temperatures Ty» Ty, and T4, whereas E,, E ) and E3
correspond to the va]ues g1ven by the voltmeter. " An example of a typ1ca1
data set from one of our copper-constantan thermocouples using a liquid
nitrogen reference bath and caTibration temberatures at liquid helium,

liquid nitrogen, and ice water is:

T] = .-268.96 EMF] = -6.256 E.I = -0.707
T2 = -195.76 EMF2 = -5.536 E2 = 0.001
T3 = 0.00 EMF3 = 0.000 E3 = 5.518

Note the discrepancy for this thermocouple in E], EZ; E3 from expected values
-0.720, 0.000, 5.536 with_a liquid nitrogen reference bath.

In some cases it is desired to stabilize a sample at a chosen temperature
T. By using Eqn. (1) and the {nvverse“of Eqn.A(4), the inverse linear correction
may be app]ied to find the voltmeter reading the thermocouple should produce. The
magnetic'card'étored HP-67 program provides this one button calculation.

The va]idity of the linear correction function for the copper-consfantan
thermocouple has been examined via the magnetic'susceptibility of Gd203.
The thermocouple was placed in contact with the same insulated gold wire
which held the Gd203 sample. The measurements were made over the range
15 K to 100 K and were found to agree within our experimental error of + 0.2°K.

The program and constant cards have been submitted to the Hewlett-Packard

Corporation for distribution thru its user library facility.



* Table I. Constants Used in the Conversion of Thermocouple EMF to Degrees

Centigrade and Vice Versa.

5 Maximum Error

Thermocouple a x 102 in b x 10 2ih:"'.‘c'x~108 fn
and range ~mV/(°C) omv/(°c)s - T mV/(°C{3 +uV +°C
Cu-Cons. - .~ -
-270°C<T<-220°C 3.21697069% . -1.393084143  -17.49237660 -1 '0.15
" .-220°C<T<0°C - 3.876312865 .  4.592192982 - 3.909356725 1 005
0°C<T<220°C 3.857506566 | 4,462402402 - 2;674674675 2 0.05
220°C<T<410°C 3.850598291 _4.2205i2821 -42.260208927. 2 0.03
Iron-Cons.
-210°C<T<-90°C 4.954454004 ' 1.397429654 .—]8.27110390 3 0.13
-90°C<T<106°C : 5.039733333 3.120000000. - 9.333333333 = 2 0.04
100°C<T<380°C h 3~~,5.109821543 1.904402864 - - 2.622307242 10 0.18
380°C<T<760°C ‘§2690834936 -1.144906052 1.428921782 15 0.27
Chrome1-Alumel _
-270°C<T<-180°C 3.888185185 2.346141975 -11.83641975 2 0.67
-180°C<T<0°C '3,953333333 - 2.958333333 —10541666666 1 0.04
0°C<T<160°C 3.938333333 2.660000000 -10.93333333 2 0.05
160°C<T<330°C 4.258794983 . -1.573022959.. 3.117772109 5 0.12
Chromel-Alume]l
0°C<T<230°C 4.023155310 0.9805827409 - 3.639591742 13 0.32
23OTC<T<540°C 4.015003899 0.1391316958 0.1698108365 9 0.21
540°C<T<1000°C 3.876908274 . 0.7670126334 - 0.5170209075 12 0.30
1000°C<T<1360°C 4.049500892 0.3838205128 - 0.3064214047 3 0.08
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Program Title __The rmocoup]e_EMF tr_T empe rature_Convers1 on-
Name — Paul_G._Huray. ‘

Address —Transurani. um-Research Laboratory,—Oak—Ra dge—Nati ona]—Laboratory
City Oak R1  dge: State _-T enn.—

- Date

. -
q-

- Zip Code 47830—-

v

Program Description, Equatlons, Variables, etc

thermocoup]e EMF hn m\)_and_: temperature_(m:ic _F_,_or_K),_The-pmgram;a]so.a]Jows.__

indi vuiua'l—wwe—m s crepancyﬁ——T he—reference—tempera ture-and—th ree—cahbrah on—temp
eratures_T. ,_T p»—aN dT 3_may_be_user_ch osen._In_pr_m ciple,—any—thermoco uple-may-be—

used. in_any_temperature-range. —-—Constants-have—beeno—found—for—copper-constantan——1 ron-—
constantan

article may be found in_the ReMi.ew_o_f_s.cj_en.t]'ﬁ_c_lns_trﬁumenis :

_The program_ prov1 des_a two_way_conye:sl on_between__

—an d—chrome ’l-a’l ume] —thermoco up]es—and—are—p rovide d*on—data"cards—ﬁonr—— |

Operating Limits and Warnings —1-—Ihe_functional fit to_the N.B.S. reference_table_data_is.____
approximate.__The quality_of the fit varies_with_thermocoupl e_type_but always_produces
an_error_less_than_+ 0.7°C.__ For_the copper-= constantan.i.hermocoup]e_the_err:or_1s always.
<+ 0.15°C_(or < + 2_yV)_
2._For_input_temperatures_ or_EMF_above_the_me1t1ng pmnt _(or_the _validity_of constant__
fits_in_the_case_of one_chromel-alumel. data_set)_the_ ca]cu]ator w1]'l_,glve ERROR or_an__
enormous_answer.




 Program Submit(al

—

X] New Program

[ Revision to I I
Program No. I DR N S

HP-67 Serial No. []_LL;Q_Lﬁ_LA_Lﬂ_L.‘iLA_LZ_LSJ HP-97 Serial No. I N O I N N IO B .-]

<
Program Title ll7l-lTlHlElR1MJOLCIOlUIPlLlEl tE,MFy 4y TR N N SO B |

1 Abstract- 75 Word Maximum

Underlire t or 2 . J :

Keywords -ITIEIMIPIEIRIAIILULRlFl 1C10 N 1V;E:R1T1E1Rl [E WS O I I | 1:1

Keyword(s) 1|T|H1E1R1MnolcgolulplLlEl I N N T B |

Underlined

in Title ZITIE ,MlplEanAnTIUIRJE \

1 J -} 1 1 1 1 ]

l No.of Steps [ 212:2] . o R

Category No. 0,2,14

CategoryName[SlolLlIlDl S TATE, DEZVITICIESSY ¢+ 3 3 403 1 3 ]

The N.B.S. thermocouple tables of .teniperature vs. thermocouple

EMF are approximately reproduced through four ranges of cubic fits. Offsets and

linear corrections of voltmeter EMF are made using three calibration points to

produce temperature in °F, °C, and K. The inverse operation is also produced.

Appropriate constants are given on data cards for the Cu-constantan, Iron

"~ constantan and Chromel-Alumel thermocouples.

Name : Paul ~ G, . Huray

First . Initial Last
Address _lransuranium Resgarch Laboratory, Oak Ridge National Laboratory

" City Oak Ridge L. . 'sgate'-l‘ennéssee_ Zip Code___37830

Acceptance Choice: O Four Programs or X Two Programs and 10 blank cards.

|01015|718|Dl '101013151310J I Lo J I 1ot ]

Submittal Checklist: Please use the checklist below to insure submittal of all the proper program documentation,

To the best of my knowledge, | have the right to contribute this program material without breaching any obligation concerning
nondisclosure of proprietary or confidential information of other persons or organizations. | am contributing this program material on
a nonconfidential nonobligatory basis to Hewlett-Packard Company (HP") for inclusion in its program library, and | agree that HP
may use, duplicate, modify, publish, and sell the program material, and authorize others to do so without obligation or liability of

any kind. HP Yay publish my name and 3ddress, as the contributor, to facilitate user inquiries pertaining to this program material.
Sgnature

2t o L ome_I/8/72

4 o

—_~—

[X] Program Submittal - K3 User Instructions
[X] Program Description | X] Program Form(s).
{X] Program Description I X] Magnetic Card (s)
N ' _J
s - . )
ACKNOWLEDGMENT AND AGREEMENT -

— .
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: Program Description 1

r

. THERMOCOUPLE EMF % TEMPERATURE CONVERTER
Program Title ... .7

Contributor’s Name: Paul G. Huray

Transuranium Research Lab, Oak Ridge National Laboratory

Address
City Oak Ridge State lennessee _ Zip Code 37830

\_ A -

SN
The program provides a two way conversion between

Program Descripﬁon, Equations, Variables
thermocouple EMF (in mV) and temperature (in °C, °F, or K). The program also allows

a linear correction for experimentally- induced diode effects, thermal EMF's and

individual wire discrepancy. The reference temperature and three calibration temp-

eratures T,, T,, and Tz, may be user chosen, In principle, any thermocouple may be

used in any temperature range. Constants have been found for copper-constantan, irom

constantan, and chromel-alumel thermocouples and are provided on data cards. -Conver-

sion equations are listed in the comments of the program listing. A reference

article may be found in the Review of Scientific Instruments.

Operating Limits and Warnings L« The functional fit to the N.B.S, reference table data is

approximate. The quality of the fit varies with thermocouple type but always produces

an error less than * 0,7°C. For the copper-constantan thermocouple the error is
always < * 0.15°C (or < + 2 V),

2. For input temperatures or EMF above the melting point (or the validity of constant

fits-in the case of one chromel-alumel data set) the calculator will give ERROR or an

€Nnormous answer.

_/

7 ~ ' —

This program has been verified only with respect to the numerical example given in Program Description 1. User accepts and uses
this proyrain material AT HIS OWN RISK, in reliance solely upon his own inspection of the program material and without reliance
upon any representation or description concerning the program material.

NEITHER HP NOR THE CONTRIBUTOR MAKES ANY EXPRESS OR IMPLIED WARRANTY OF ANY KIND WITH REGARD TO THIS
PROGRAM MATERIAL, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS
FOR A PARTICULAR PURPOSE. NEITHER HP NOR THE CONTRIBUTOR SHALL BE LIABLE FOR INCIDENTAL OR CONSEQUEN-
TIAL DAMAGES IN CONNECTION WITH OR ARISING OUT OF THE FURNISHING, USE OR PERFORMANCE OF THIS PROGRAM

MATERIAL. )
- _
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Program Deseription 11 -

Sketch(es); © | [ " Voltmeter— S R I N B )
T : T | - : _ 5
‘ S = —0.,-362—-mV. ’
: i :
! i r K
: , i CODpET
{ 3
! . constdntan Coprer
L] = s [ -
T T
; ] (| i
L Ofmple 3t : £€>iﬁf"4 \|— |Reference¢ Temperature Bath
Unknown iTemperature S '
(i | ! y
(" . _ . - , )
Sample Problem(s)__A_dry ice bath is used (-78.4°C) as a reference with a Copper-Constan-.
tan thermocouple as shown. The sample is immersed in Lig. N, (T; = -195.76° C), ice
water (T, = 0°C), and boiling water (T3 = 100°C) for calibration. The voltmeter reads

E}7= -2.790 mv, E2 ='2.735 mv, and E3 = 7.010 mv resneétiyelv (instead of -2.797 mv,

2.738 mv, and 7.015 mv as expected from the N.B.S. reference tablel). The program and

data cards are read into the HP-67 calculator. The following changes are made:
R. = -2.790, R, = 2.735, R, = 7.010, S; = -5.535, Sg = 0, Sq = 4.277. aSuppose that

A>3

an unknown sample temperature now produces 0.362 mV. AbSuppose you wish to raise

sample temperature to +58°C and.Wish to know voltmeter reading. “Same problem.as b
except 100.3 K.

Solution(s) ®push 0.362. Push button D. Result: temperature = -66.9°C. bPush 58.0.
Push button f,d. Result: Voltmeter should read 5.116 mV; CPush 100.3, Push
button fJé. Result: Voltmeter should read -2.382 mV.

\_

( 1

Reference(s)
llandbook of Omega Engineering Inc. for example.

N.B.S. thermocouple table as given in the 1979 Temperature Measurement




User Instructions

EMF-THERMOCOUPLE CONVERSION

= THERMOCOIIP] E

STEP INSTRUCTIONS o A,'r'f,’l‘j’;”s KEYS . DS,‘ZS:,T.I.S
1 |Load program side 1 and side 2 : ! I | ] :
- [ I ]

2 |Load data card side 1 and side .2 (use data card ' C ]
corresponding to the thermocouple type used) j ] L] E:::]'

3 |{calibrate owner thermocouple at three user cho- 1 10T -
sen_temperatures T1<Tp<T3. Load corresponding I
volimeter EMF Eg**.Eg**.Eé** into Re,Rp,Rp : . . C 10T
If calibration changes from run to vun, rhangp: I 1]

Re,Rp.Rr appropriately, ' LI ]
C T , . 1]
Check the values EMFy*, EMF,* and EMF3", in | [ (]
registers S7,58, and S9. If these do not corr-]" 1]
espond to the NBS reference tahle values for the [ JC
user chosen Tq,Ta, and 13, rhangp.tham*, [::::][:::j
' [ ]

4 [Enter EMF* in mV from NBS table -5.603/mv| [ J[_A] | -200.0/°@
Enter °C -200.07°¢| )L al | -5 603/my
Enter EMF* in mV from NBS table sazamv| 10 g1 | _310.0z°8
Enter °F ' 310, 0/°F [::;:] [:1;] =5.439/mV/

- |Enter EMF  in mV from voltmeter -0.500/mV [:?:] [:IZ] |_-39:6/- K|
Enter K 39.6/ K Lell ] | =0..500/mV]
Enter EMF*™ in mV from voltmeter -0.500/my LI p1 -233.6/°C
Enter °C 233 psoc| £l nl | -0.500/my
Enter EMF™ in mV from voltmeter -0.500/mv.| [ 1 E] -388.5/°F
Enter °F ' -388.5/°F] [£JC el | -0.500/my

* Assumes reference junction at 0°C .

**Assumes reference junction at user chosen

temperature,’

-

#

__)_ |

All examp]er input-output data.is for the

capper-constantan fhprmnnnuplp and a reference

-195.8°C

- .0 b
Junction at Ty =

INTRNRLEIAN

JHoddpOdoud
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GG e R n it e W A oy < e— oY

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 fJABLLA 131 25 11 £ __C0S 31 63 —
STOLA 331 cT0, 5 22 05 als
0 00 * f,lRL,2 {31 25 02 ~
h,ST I 35 33 | Converts EMF. 060 h, 1/x 35 62 '
h.CF. 0 [35 61 00 | (in mV) from N.B.S.l-. lg, TAN-! 3264 | A
h,GSB,0 _}31-22 -00 reference table to 2 o] |[——
RCILA |- 341 T (in °C) via T gl | Tl
f, DSZ 31 33 A f, TAN 31_Ad ald
RCl, () 34 24 3 __ 03 N
010 3 03 h, 1/x 35 _62] | '
X 71 To h, yX 35 63 | LT :
STO,A 33 1] ale g. TAN-! 32 64] | @ [x],
+ 8] , 2 02] | o[l
£, DS7 31 33 | | —a 070 X 71| | =S
RCL, (i) 34 24 o f. TAN 31 64 LT
RCL, A 34 11 5 h, 1/x 3B 62l |l | 7o
= 81 nvl"’g f,LBL,5 |31 25 05} | ~,)ele
ST0.B n1zl| LB RCL. A 30 1] | 28] =
h, RV 35 53 | *L,_IU T" X gi — |al»
020 £,0S7 31 3 = | m|e> 2 2l |
RCL, (1) | 34 22 L:’f“ g X 71 ol
RCL, A 34 11 ol RCL, B |- 34 12 —
= 81 <I8 To - 8] =
STO, A 33 11 et {I,"’ 080 _DSP, 1 23 M e
RCL B 34 ] ol = h, RTN 35 22 —lev
X 71 §-!~: £.BL,0 31 25 oo | ——
+ 61 ) 4 . 04 =
1 01 - h, RCI 353 | ~——
. 83 0 3) __+ 6] — Tl
030 5 05 S B h, STI 3533 = ¢
X 1 —~1en A 1 01 = v
RCL, B 34 12 + o~ 8 08] | —=— %
3 03 ) - 1 - 51 = «
h, y 35 63 ~ — £.X >0 31 8] = -
= 81 ' b, RTN 3522 o~
RCL, B 34 12 a RCL A 34 13 —
_q. X 32 54 © RCL (i) 34 24 =
BCL,A 34 11 N h, E2, 0 38 71 00 |
- 51 — GI0. 1 22 01 =
040 f,x<07 31 71 e g, ERAC 32 83 !
h,SF,2 5 51 02 e EEX 43 .
h,ARS 35 64 . - 3 03 a8
f, VX 31 54 ~ _ X 7] =
ST0, A 33 11 0 - 100 f, IBl, 1131 25 0] o
3 03 L2 - 51 "
h, yX 35 63 —_ f. X <0 31 71 —
1 81, o~ _ 1 h, RIN 35 22
h,E?,2 RS 71 Q2 " « GT0, 0 22 00
GI0,2 22 02 - g,Bl ,a |32 25 1]
050 g.cos™! 32 63 STO, A 33 11| Converts T (in
3 03 0 00} °C) to N.B.S.
= 81 h. ST 1 35 33
2 02 hiSE—g-32 5l 00 Eﬁ:sr??ﬁem\t/?blg?a
4 04 or 110 £26887 0 131 22 00
0 00 RCL, A |~ 38 1
+ 61 f_DS7 3] 3
BEGISTERS - - -

0 1 2 3 4 5 6 7 9
273.16 ] by Q) T]z'ﬁt’)jﬁ' az b2 €2 ~Qr23‘1(21% a3
S0 b3 S1 c3 s2 E S3 S4 b S5 S6 E]imS7 . |58 « | N

T?d"m a4 - Y4 Ca T'Hm SVaTaTall EMF] EMFZ EMF3
c *k D i *k 1 :
Work Work Eq E_** E. I Addrecc
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COMMENTS

" STEP I KEY ENTRY  KEY CODE COMMENTS STEP  KEY ENTRY  KEY CODE
8 RCL, (i 34 24 - 51 — ™
; X (1) 7 = 170 X 71 L‘N Ay
f, DSZ 31 3 'S RCL, C 3 13|[% |'» Wb i
RCL, (d) 34 24 + GI0, 7 - 22 Q7| —
+ 6] ~ fABL.6 31 25 06l —~ . &
RCL, A 34 11 5. RCL, 9 - 34 Yo B o
, X 7] . RCL, 8 38 o8l & 4 ¢
i |, DSz 31 33 = - ~ o Mo Y
: RCL, (i) B2 o X nll £ - 5 7
1 + 61 L RCL, F 38 15|l B 5% &
: RCL, A 3411 *, £1R1..7 31 25 B
? X 71 = 180 RCl ;D 38 |l ¥ - 5
: DSP, 3 23 03 - M |t N—
; h, RIN 35 22 + 81 L
: f,IBL,B |31 25 12 RCL, 8 34 08 &
! f.GSB,A 131 22 11 ’ + 61 W
. f.ABL,3 {31 25 03] Same as A with fP2s - 31 42] and then to T -
130 1 - o1l T in °F. f,GSB,A B1 22 :-11] (in °C).
) , 83 h, RIN 35 22 -
1; 8 08 q,LBL.d, 32 25 14 -
X 7 q.GSB.,a 32 22 11 : S
3 03, 190 f,p2s 31 42] Converts T (in °C)
| 2 % ' RCl, 8 34 (5)4]3 ?o EmFB éin m¥)'
4§ + - or N.b.o. retrver-
! h, RTN 35 22 f. x>0 31_81] ence,table and thep
i 1g,lBL,b {32 25 12 GT0, 8 22 to E° (in mV) for|
! f.GSB.4 {31 22 04] Same as a with T RCL, 7 34 07] voltmeter via
1140 1a.6GSB.a {32 22 11} in °F. RCL, 8 34 Q08 '
! h,RIN 3/ 2 : - 51
i f,lBL,4 31 25 04 = 8] =
{ 3 03 RCL, C 34 13| L L
f 2 200 GI0, 9 22 09w s Bl
; - f,ABL,8 B1 25 08w [', = v [—%|]
3 1 01 RCl , 9 3_poflw e W= Y]
: 8 RCI . 8 34 _0gljni 5 A — v
. 8 08| = S ~ e
; i 81 - gl &~ W ow i
150 h_RTN 35 RCL, E 3415 Y 5 5
f.lBL.C {31 25 13 o £,UBL.9 Bl 25 09 w' % - 4
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