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ABSTRACT 

An inexpensive substitution for calibrated thermocouples, linearizing 

electronics, and the N. B.S. thermocouple tables i's obtained 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-cons tan tan ., iron-constantan, 
' and chromel-alumel thermocouples. 
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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 we have deyis~d a simple thermocouple conyersion with a hand­

held prograrrunable calculator whi.ch .fits the copper-constantan N.B.S. 

tables to an accuracy of+ 2 ~eV. We have made a similar fit to the 

iron-constantan· and ·chromel-al umel· ~hermocoup·les to less accuracy~ The 

calculator program also allows a linear correction for experimentally 

_introduced diode effects, the~mal E.M.F. 's, and individual wire discre~ 

pancies. It is ideally suited for a linear amplifie-r following a thermo-

c~uple and a less expensive digital voltmeter. The correction allows 
\ 

calibration at three known tempera~ures: T1 < T2 < T3 .. The reference 

temperature may be user chosen. .J f any of these. standard temperatures 

are used in the process of routine measurements, run to run calibration 

may be easily incorporated into the routine. In principle, any thermo­

couple may be used in any temperature range. 

Prograrrunable calculators with· as few as 16 program steps and three 

addressable memori~s may-be used for one way conversion over a limited 

temperature range. If as. many as nine addressable memories are available, 

the calculator may be programmed to choose the appropriate set of constants 

from the storage r_egi sters for- three different temperature ranges. With an 

HP 67 or 97 calculator, sufficient memory is aVailable to allow storage of 

copper-constantan or iron-constantan constants for all temperature ranges 

and the flexibility of one button conversion of thermocouple voltage to 

Kelvin, Centigrade, m· Fat·enheit ternJ.ler·atur·es and vice versa. 

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

EMF = aT + bT2 + cT3 (1) 
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with Tin degrees Centi_grade and with a, b, and c as,chosen from Table I. 

Tnese constants were obtained via a fit to the standard N~B.S. EMF tables 

with an ice bath reference "at 0°C.'. . . ' ~. ~ ' . : ~· . ~ 

• :, • •• /·: '·: ~ :~: 0 .;: • 

For the inversion of the cubic expression, ~he relation 

or 

T = 21 (.1?_) 2 
3c 

if b2 
> 3ac (2) 

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 T~ble I, Eq. 2 is us~d 

for all negative values of c, and Eq. 3 is used for positive values of 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 (T1, T2, T3) is encountered in the process 

of routine measurement, and small variations may be observed in the corres-

pending measured voltage (E1,E2 ,E3) due to fluctuations in junction E~M.F. •s or 

diode effects from a low input impedance voltmeter. The program can be designed 

to incorporate these variations ·from run-to-run or long-term discrepancies as 

uesh·ed. Multiple thermocouple conversions may be handled by correcting 

(E1, E2 , 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.~.S. conversion of Eqn. (2) as ~allows: 

•. . 
: .. ~' ... ' EMF2 + (EMF3-EMF2) 

EMF = 

EMF2 + (EMF1-EMF2) 

Here EMF1, EMF2, and EMF3, correspond to N.B.S. Table va1ues (or values· 

from Eqn. ( 1)) for the temperatures T 1' T 2 , and T 3, whereas E1, E2, and .Ej ·. 
. . ' 

correspond to the values given by the voltmeter. ·An example of a typical 

data set from one of our copper-constantan thermoc.oupJes using a liquid 

nitrogen reference bath and calibration temperatures at liquid helium, 

liquid nitrogen, and ice water is: 

T1 = ·-268.96 EMF1 = -6.256 El = -0.707 

T2 = -195.76 EMF2 = -5.536 E2 = 0.001 

T = 3 0.00 EMF3 = 0.000 E ~ 
3 5.518 

Note the discrepancy for this thennocouple in E1, E2; 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 invverse·of Eqn. (4), the inverse linear correction 

may be applied to find the voltmeter reading the thermocouple should produce. The 

magnetic· card stored HP-67 program provides this one button calculation. 

The validity qf the linear correction function for the copper-constantan 

thermocouple has been examined via the magnetic susceptibility of Gd2o3. 

The thermocouple was placed in contact with the same in-sulated gold wire 

which held the Gd2o3 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. 
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· Table I. Constants Used in the Conversion of Thermocouple EMF to Degrees 

Centigrade and Vice Versa . 

. 2 . . 

b x 105 in·· ··c x-·108 in 
Maximum Error 

Thennocouple 
and range 

Cu-Cons. · .. , 

I ron-Cons. 

-210°C<T<-90°C 

-90°C<T<l00°C 

l00°C<T<380°C 

380°C<T<760°C 

Chrome1-A1umel 

-270°C<T <-180°C 

-180°C<T~ooc 

0°C<T<160°C 

160°C<T.<330°C 

Chrome1-Alume1 

0°C<T<230°C 

230°C<T <540°C 

540°C<T<l000°C 

1000"C<T<1360 11 C 

a x 10 in 
mV/(°C) 

3.216970697 

3.876312865 

3.857506506 

3.890598291 

4.954454004 

5.039733333 

5.109821543 .. 
5':690834936 

3.888185185 

3, 9!13333333 . 

3.938333333 

4. 25879.49 83 . 

4.023155310 

4.015003899 

3.876908274 

4.049500892 

mV/(°C) 2 · mV/(°C),3 

-1.393084143 -17.49237660 ·1 

. 4. 592192982 - 3. 909356725 .· 1 

4.462402402 - 2.674674675 

4.220512821 - 2.260208927 

1. 397429654 -18.27110390 

3. 120000000_ - 9.333333333 

1 . 904402864 . .2.622307242 

-1.144906052 1.428921"782 

2.346141975 -11.83641975 

2.958333333 -10::4166666.6 

2.660000000 -10.93333333 

-1.573022959 ... 3.1.17772109 

0.9805827409 - 3. 639591742 

0. 1391316958 0.1698108365 

0. 7670126334 - 0.5170209075 

0.3838205128 - 0.3064214047 

2 

2 

3 

2 

10 

15 

2 

1 

2 

5 

13 

9 

12 

3 

0.15 

. 0.05 

0.05 

0.03 

0.13 

0.04 

0.18 

0.27 

0.67 

0.04 

0.05 

0.12 

o. 32 

0. 21 

0. 30 

0.08 
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Program Title _Ihermocou~le-EMF-t=t-.Jemperature-Conversi on,---. ..:..:.-----:---·-·---------.:­
Name __p_au]-G.-Huray ' , ... _D_ate---:...__ __ 

Address -Irans uran-i-um-R~se_arch_-l:aboratory....-:Oak-:.-Ri:dge-Nati·on~ l~l~bora.tory ·, , ; . . . . , 
.. City--O_ak_Rt,.dge · ·. . : ·:_· ... _, .. state-Tenn_ ·.~: .· ·. ·.· Z.:ii)coo~:-37?30-·--

Program Description, Equations, variables, ~tc. ; Th_e_p_r_o·g~am_~r:ovi.des. __ a_two_way~on~~j on_between_·_ 
the_rm_o_co_upleJ:MF~(.i.n.~m~)_:_and_temperatur:e_JiJl·-~c~-·oE.,_j).rJ.)...:-,--Jhe:.:p:rogr.arn=als{):::al-lows-·-... -.. 

a-linear ~or..r.e cti on-t.or-expe r-i mental-ly-=i-nduced-di-ode-€-t-fects-~-th~ nna1-£MF-.!.S-an d--:_:_­
-indi-v:i-dua-1-W:i..re-discrepanc~he-r-eference-temperature-and-three-i:al-i:bration-temp-­
eratures~l'_I2~_and....I3..Jilay.-be-l.lser-eh~sen-.--In.:..pr-i.nci p-1 e~--any-thennocoup le~ay-be-· -·­
·used_ irf-.any---temperatur-e-r-ange-.-Constan.ts-have-been--found-for~opper-cons-t-antan.,.--1 ron--. . . ... . . 

constantan,-and-chromel-a1umel-thermocouples-and-are-provi~ed-on-data-card~~n=---­
Yersion_equatiDns_are...Jis.ted_jn_the-eonunen.ts-ef--the-program-l:isting.--A-r.eference--­
~rti cle may___Q~_fo_und i_n_t.h...e__Bey_i_ew_o_LS_cj_entj.fj_c_lns_tr::umenis~.~---------:--:---· ~,....--,--------. ~ ' 

:• 

·-· ..... .!, 

-------~~-~-~-~----~~-------~--------~---------------·----~------------

-------------~---- ---='--~ .. ---.:....-....,...:-.----------------------

--------------.. ---------------------------:-------_________ __:_.;..,.---------~------~-----------------------
· Operating Limits and Warnings _L_I.he_functionaL..fJ.t_to . .....the_N~.B-.S .__.ref.e r.ence_tab 1 e_data_j ~-;-­

appr{)Ximate _ _Ihe_:_quali-ty--Of--the.Ji..Lv.aries_wj_th-ther.mocouple-type_buL.always_pr.oduces_ 
an_er.ror-less......than_-t_Q..J.°C.-Eor_the-copper.-constantan-ther.mocoupJ.e_the_er.r.o.r_is_a]ways .. 
~ +_Q .J 5~C-~o.r. < + 2-+t\l_)_.: __ -.,-----~-
2._for_J nput_temper.atur.es_or_EMF_above_the..Jile lt1_ng_poi nt_(or_the _v~JJ.di.ty _of....:....eons tant_ 
fits_in_the._case_of_one_chr:omeJ.=.alumeJ _ data_set)_the_cal cul ator_wiJJ,_gtve_.ERROR_or_an_ 

enormous_answer:~---~--------------~----~------:-------



IX] New Program 

0 Revision to 
Program No. 

HP-67 Serial No. II r 7 10 r· 6 1 A 1 0 1 3 1 4 1 2 1 5 I HP-97 Serial No. Ll--l._L....L.-L--L.-..JL.....L-....L...-L.......J.I 

Program Tille I 17,- 1 T 1H 1 E 1R 1M10 1C 10 1U 1P 1L 1 E 1 1 E 1 M1 F 1 
+ 

1-+ I 

Under!ir.e 1 or 2 

Keywords .I T 1 E 1M 1 p r E 1 R 1 A 1 T 111 I R 1 E 1 1 C I 0 1N IV 1 E I R I T IE I R I 

Keyword(s) 
Underlined 

in Title 

1 I T I H IE I R ll-f I 0 I c ,I 0 I u I p I L IE I 

2jT
1
E,M

1
P 1E ,R,A 1T 1U,R

1
E 

No. of Steps I 2 1 2 1 2 I 
Category No. I 0 1 2 r 1 14 

Category Name I S 1 0 1 L r I 1 D 1 1 S 1 T 1 A 1 T 1 E 1 1 D 1 E 1 V 1 I 1 C 1 E 1 S 1 

"I 

Ab t t 75 w dM 
. The N.B.S. thermocouple tables of temperature vs. thermocouple 

s rae - or axrmum ___________ -=---------~'-------------~-

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

linear corrections of voltmeter E~W 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 

cons-tantan and Chromel-Alumel thermocouples. 

Name Paul G. Hura;y 
Firs! lnirial Las! 

Address Transuranium Research Laboratory, Oak Ridge National Laboratory 

City ____ .....:O:...:a:::k..:......::Rc:..:i::..;d::.g"'"e=------------- StateTennessee Zip Code _ _,3~7~8:.>!3..l,!.O __ 

Acceptanc~ Choice: 0 Four Programs or !Xi Two Programs and 10 blank cards. 

I 0 I 0 I 5 I 7 I 8 ID I . I 0 I 0 13 I 5 I 3 I D I 

Submittal Checklist: Please use the checklist below to insure submittal of a lithe proper program documentation. 

[!J Program Submittal 

lXI Program Description I 

00 Program Description II 

IX] User Instructions 
IX] Program Form(s) 

• 
IX] Magnetic Card (s} 

ACKNOWLEDGMENT AND AGREEMENT 
To the best of my knowledge, I have the right to contribute this program material without breaching any obligation concerning 
nondisclosure of proprietary or confidential information of other persons or organizations. 1 am contributing this program material on 
a nonconfidential nonobligatory basis to Hewlett-Packard Company ("HP") for inclusion in its program library, and I 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 ay publish my name and dress, as the contributor, to facilitate user inquiries pertaining to this program material. 

Sog\ature ---L:.~~.__~d!~~~~~-------------Date '1/IS'/'1? 
~ ~ 
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Program Tille 
THERMOCOUPLE EHF t TEflfPERATURE CONVERTER ----------------

Paul G. Huray Contributor's Name- -~-------------...:_ _____________________________________________________ _ 

Address 
Transuranium Research Lab, Oak Ridge National Laboratory 

City ___ o_a_k_R_i_d-=g:-e _____________ State Tennessee Zip Code _3_7_8_3_0 __ _ 

Program Description, Equations, Variables The program provides a two way conversion between 

thermocouple E~W (in mV) and temperature (in °C, oF, or K). The program also allows 

a linear correction for experimentally· induced diode effects, thermal E~fF 's and 

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

eratures T1, T;2, and T3 may be user chosen. In principle, any thermocouple-may be 

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

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 1 • The functional fit to the N.B.S, reference table data is 

a;eproximate. The gualitl of the fit varies with thermocouple type but alwa~s produces 

an error less than± 0,7°C. For the copper-constantan thermocouple the error is 

always < ± O.l5°C (or < ± 2 pV). 

2. For input temperatures or BfF 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 

enormous answer. 

This program has been verified only with respect to the numerical example given in Program Description II. User accepts and uses 
this pmyram material AT HIS OWN RISK, in rP.Iiance solely 1,1pon his own inspection of the program material and without reliance 
upon any representation or description CO!lcerning 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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Sample Problem(s) A dry ice bath is used ( -78.4 °C) as a reference wj th a Copper-Con stan-

tan thermocouple as shown. The sample 

water CT 2 = 0°C). and boiling water (Ta 

E1 = -2.790 mv, E2 = 2.735 mv. and E3 = 

2.738 mv, and 7.015 mv as expected from 

is immersed in Liq. -N2 (Tl = -195.76° C), ,.._·c""'e""--­

= 100°C) for calibration The voltmeter reads 

7.010 mv respectively (instead of -2.797 mv. 
. . . 1 . 

the N.B.S. reference table). The program and 

data cards are read into the HP-67 calculator. The following changes are made: 
a RC = -2.790, R8 = 2.735, RE = 7.010, S1 = -5:535, Sa= 0, Sq = 4.277. Suppose that 

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

sample temperature to +58°C and \~ish to know voltmeter reading. cSame probl~m. as b 

except 100.3 K. 

a 
Solulion(s) Push 0. 362. Push button D. Result: temP-erature = -66.9°C. b Push 58.0. 

Push button f, d. Result: Voltmeter shoul.,_,d=--=r,__,e=a=d=--.,5'-'.~1~1,_,6'--'-'m'""V_,. __ c..._P_,u""'s-'-'h'-"'l"""0-"'0_.,.~3_._._.._P,u"""s.._.h ___ _ 

button f,c. Result: Voltmeter should re~d_~~'-'-~3~8~2~m~V_,. _______________ _ 

1 
Reference(s) N.B.S. thermocouple table as given in the 1979 Temperature Measurement· 

(I llandbook of Omega Engineering Inc. for P.xample, 

of 
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STEP 

1 

2 

3 

: 

4 

User Instruetions 

EMF-THERMOCOUPLE CONVERSION 

~1r-----=--· ----r--=[J=-----==-----=~=-----, 
~ ·~~-*~~--~~~~~~~~~~~~~~~~-c~~ ~ .... 

INPUT KEYS INSTRUCTIONS DATA/UNITS 
Load program side 1 and side 2 t I 

: I 
Load data card side 1 and side .2 (use data card I I 
corresponding to the thermocouo le tvoe used) 

~ ..... --·- . 
I 

: 

Calibrate owner thermocoup-le' at three user cho~ ) .• 

sen tenioeratures T1<T?<T~. Load corresDondina · 
voltnPtPr EMF f, ** .E') ** .E~** intn R .. Rn R,... 

I - ' 
c.. .., .... .. . 

Tf' r;~lihr~tinn r:h~nnE>~ frnm run tn r11n rh::~nm> -' I 
-

R,. .Rn .Rr .aooroori ate lv ... .. 
-

Check the values EMF,*. EMF?* and EMF~*. in 
.. 

reaisters 57.58. and 59. If these do not corr-
. =:=1 

P<:nnnci tn thP NR.S rPfPrPnrP t::~h 1"' v::~ 1 lit:><: -fnr th 
IJ<:t:>r rhnc:t:~n T, .T, ;~nci T.., rh:::onnt:~ 't-ht:~m 

I '- .... oJ 

Enter EMF* in mV from NBS table -5.603/mV 
Enter °C -?00.0/°C f 
Enter EMF* in mV from NBS tab 1 P -~.4~Q/mV 

IFntt:~w- 0 !:' _·o:nn n1or: f. I 
'I : 

I 
" Enter EMF"'"' in mV from vo 1 tmeter -0.500/mV L.=:J 

Enter : 'K · :iq F. I K f. I 

I 

I 

A 
ll .. 
a 
a 

c 
G 

Enter EMF** in mV from voltmeter -0.500/mV I Lo._ 
Ent~r °C -?~~ F,JO(' f I D 
Enter EMF"'"' in mV from vo 1 tmeter -0.500/mV. I E 
Enter °F . : ~38i{sJ°F= f E 

'. 
* Assumes - !'eference junction at 0°C . 
**Assumes reference .i unction· at user chosen • 

temoerature 
( 

-~ 

J 

All examole: inDut-outout data. is for thE> 1 I I I 

lrnnnt:~r-rnnc:t::~nt::~n f"ht:~rmn.rn••nln ..... 1 - ••o-F'o•·e>l'lrP . 
liundi~ri ~t T') = -1QI\ A0 r ... 

t; • •• 
• t • 

OUTPUT 
DATA/UNITS 

I 
l . 

-

-200.0JO( 

-'> h.O~/m\ 

_·:nn n/ 0 1= 

_c:; ·li.~Q/m\ 

~39~:6/-' K·. 

· ~a· J:;OO /m\J 

-?~~ F./oc 

· -0 500/mV 
-388.5;oF 

-0 500/mV 

I 
I 
I ! 
I J 
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ST!!:P KEY ENTRY KEY CODE 

001 f' .I Rl A 11 ?'i 11 
STO fl 11 11 

0 # nn 
h.ST I 11:i 11 
h .CF 0 35 61 no 
h.GSB.O 11 ·??-00 

RCL .A -:- 34 11 
f DSZ 31 33 
RC:I (i\ "::ll ?4 

010 ~ n~ 

X 71 
C::TO l1 ~~ 11 

. . 8i 
f DSZ 31 33 
RCL (;) 34 ?4 
Rrl· A'· 14 11 

- R1 
STO.R 11 J2_ 
h RV 35 ll_ 

020 f ns7 11 1-:t 
RCL .. (;) 34 24 
RCL A 34 11 

- Rl 
STO A 33 11 
RCL .B 34 12 

X 71 
+ 61 
1 01 
. 83 

030 5 05 
X 71 

RCL B 34 12 
_3 03 

h VA 35 63 
- 51 

RCL B 34. 12 
n xZ 1? 54 
~C:I .A "::ll 11 

- 1:\1 
040 f ll<07 11 71_ .. 

h.SF .2 t35 51 02 
h .ARS 35 64 
f rx 31 54 
STO A 33 11 

_3' 03 
h vX 15 fi1 

·I- Rl_ 
h.F?.? R.ti 71 0? 

r,Tn.? ?? n? 
050 o .cos-1 32 63 

3 03 
~ R1 
? n? 
4 nti 
n nn 
+ ~1 

0 1 2 
273. 16 al b] 

so b3 S1 C3 S2 E34 
T14"m 

A Work IB Work 

COMMENTS STEP KEY ENTRY KEY CODE COMMENTS 

oF rnc: 11 111 .....-.. 
~Tri r ?? ])5 ..al~ 
f I Rl ? 11 ?!; 0? -* Converts EMF . 060 h 1/Y -,~; 11? I 

(in mV) from N.B~s. n TAN-1 1? 114 ~ 
reference table tc ? 0? -~ 

.T (in °C) vi a ·+ R] I M I . "-.~ .. 
of TAN . 11 6.1 _· To 

- ..OM 
~ 01 ........ 

h 1 ,,;· ~!:; {;.? I 

.....-.. h vX ~~ 61 N 

~T 
-

..al~ o. TAN-1 3? 64 
........ 
M ........ 

02 
:EO 

2 ,J~ 
L1J M 

I 
070 ')( 71 MlN-... 

' ' f TAN 31 fill 
........ 

I I + 
M 

h. 1/x 35 6? 
I -· -..al~ f~RI r:; 11 ?i:i 01:\ N 101~ N 

·..0~ ........ ........ 
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