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European cooperation for

Accreditation of Laboratories

Publication Reference EAL-G31

Calibration of Thermocouples

PURPOSE

This document has been produced by EAL to improve the harmonisation in thermocouple
calibration. It provides guidance to national accreditation bodies to set up minimum
requirements for the calibration of thermocouples and gives advice to calibration laborato-
ries to establish practical procedures and the calculation of uncertainties.
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Official language
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Copyright
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Guidance Publications
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0 Scope
0.1 This guidance document has been written to meet the need for a basic advisory

document for laboratories undertaking the calibration of thermocouples. It is valid
primarily for thermocouple types standardised in accordance with temperature-emf
reference tables EN 60584-1 : 1996 and covering the temperature range -200 °C to
+1600 °C, the calibrations being carried out in terms of the International Tempera-
ture Scale of 1990 (ITS-90). Although most of the topics covered may apply equally
to other 'non-standard' thermocouples there may be other important considerations,
outside the scope of these guidelines, that may have to be taken into account.

1 Introduction
1.1 A thermocouple consists of two dissimilar conductors connected together at the

measuring (or 'hot') junction, the other (reference or 'cold') ends being connected
either directly or by some suitable means, to a device for measuring the thermo-
electromotive force (emf) generated in the circuit.

1.2 The electromotive force (emf) generated by a thermocouple is a function of the
temperature difference between the hot and cold junctions but, more specifically, it
is generated as a result of the temperature gradients which exist along the lengths of
the conductors. Effective measurements and calibrations are possible only if the hot
and cold junctions are maintained in isothermal regions and at a depth sufficient to
overcome heat losses (or gains), thereby ensuring that each junction actually reaches
the temperature of its environment.

1.3 The magnitude of the emfs depends on the materials of the conductors used for the
thermocouple and their metallurgical condition. Subsequent changes in the material
composition and condition caused by contamination, mechanical strain, or thermal
shock, also influence and modify the emf and an associated calibration. However,
any such change is influential only if it is located within the region of a temperature
gradient and is not necessarily detectable by recalibration if, for example, a
degraded length of conductor is located within the isothermal region of a calibration
bath.

1.4 With time and use, degradation of the thermocouple and its calibration is inevitable
and, in the longer term, therefore a scheme of regular checks and eventual replace-
ment should be established and maintained. For base-metal thermocouples, at high
temperatures, however, replacement rather than recalibration is recommended.
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2 Influences to be taken into account

2.1 When the calibration is carried out, it shall be ensured that effects due to the influ-
ences listed below are minimised. These influences shall be taken into account for
calculating the uncertainty of measurement stated in the calibration certificate.

2.2 Essential influences are:

• poor contact or heat conduction along the thermocouple (lack of immersion)
• variation of temperature with time and spatial temperature distribution in

the thermal source
• temperature variation in the cold (reference) junction
• parasitic thermovoltages, e.g. when an extension or compensating cable or a

selector switch is used
• electromagnetic interference
• mechanical stresses or deformations
• inhomogeneities
• oxidation
• alloy effects
• insulation resistance.

These influences are discussed in the following sections.

3 Extension and compensating cables

3.1 If, for practical reasons, the length of a thermocouple has to be increased this shall
be made by the use of the correct extension or compensating cable. Extension cable
consists of conductors made of nominally the same materials as the thermocouple
conductors while compensating cable is made from a different pair of alloys. The
cables are manufactured to match the emf/temperature characteristic of the thermo-
couple itself but over a restricted temperature range, no wider than -40 °C to
+200 °C. (Manufacturing tolerances are specified in IEC 584-3.)

3.2 These cables should preferably be connected permanently to the thermocouple. Al-
ternatively, connections to thermocouple wires are often made using special plugs
and sockets (also made of compensating alloys). It is important to ensure that these
secondary junctions are not located in temperature-gradient regions, and they should
be shielded or insulated against draughts, radiation, and rapid changes in ambient
temperature.

3.3 The uncertainties of measurement associated with the use of extension and com-
pensating leads are usually not as small as those of continuous-wire thermocouples.
This is attributable to the minor mismatch of materials and, in practice, difficulties
in the measurement of the temperatures of the connections between conductors. The
uncertainty of measurement may become similar to that of a continuous-wire
thermocouple if the extension or compensating cable is included in the calibration.
In this case, the extension or compensating cable is part of the thermocouple and
should never be replaced by other wires even of the same type or batch. In order to
estimate these uncertainty contributions, it is necessary to use an experimental
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method that involves changing the thermal profile by cooling or heating along each
or both leads with the hot and cold junctions being maintained at a constant tem-
perature.

4 Reference (cold) junction
4.1 Thermocouple temperature-emf tables have the ice-point, 0 °C, as the reference

temperature and this traditional fixed point temperature is preferred for accurate and
reliable measurements. It is easily prepared using shaved or flaked ice mixed with
water. De-ionised water is best, but in many countries tap-water may be good
enough.

4.2 At the reference junction, each thermocouple conductor is soft or hard soldered or
twisted together with a copper wire. Intermittent or permanent electrical failure at
this connection can be caused by an oxide film forming on the thermocouple (base-
metal) conductor or the copper wire. In preparation of the connection, the wire
should be lightly cleaned with a fine abrasive paper. Each junction of wires should
be insulated and the wires mounted in a light close-fitting sheath before insertion in
ice/water baths. The copper wires should be taken from the same manufacturing
source. Automatic cold-junction devices are used especially when large numbers
and/or long-term thermocouple measurements are required. Their use should be
accompanied by careful checks that the depth of immersion is adequate and that the
total thermal loading does not exceed the capacity of the device. This may be
achieved by monitoring the performance of one or two thermocouples used in the
device, both with and without the full load of thermocouples, and comparisons can
be made with their performance in an ice-bath.

4.3 The same remarks apply to reference junction boxes which may take the form of an
insulated box containing reference junctions whose temperature is monitored by a
thermometer either at ambient or a temperature provided by a thermostatically
controlled heater. The effectiveness of the box's thermometer and controller should
be checked periodically.

4.4 Cold-junction compensation is widely used in electronic temperature controllers
and indicators. Electronic compensation modules are available either mains or
battery powered. These are not very well suited to systems using large numbers of
thermocouples and a separate module is normally required for each junction.

4.5 If a reference temperature other than 0 °C is used with a thermocouple having a
calibration referenced to 0 °C, the emf corresponding to the reference tempera-
ture chosen shall be added to the measured emf output of the thermocouple.
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5 Initial inspection
5.1 Thermocouples are available in various forms of insulation and protective sheathing

as well as in 'bare-wire' form. Initial inspection will therefore depend upon their
construction and use. Obvious signs of mechanical defects, contamination, etc. shall
be recorded and the client informed if the laboratory feels that the validity or un-
certainty of measurement in the calibration could be impaired. Any presence of
moisture, particularly around compensating/extension lead connections, shall be
investigated as this may reduce the leakage resistance and/or lead to the generation
of emfs by electrolytic action. Measurement of the insulation resistance is a con-
venient method to identify any moisture within the thermocouple.

6 Heat treatment
6.1 Every thermocouple which shall be calibrated should be homogeneous. Inhomoge-

neous thermocouples used under conditions different from which they were
calibrated, especially different temperature gradients, will give erroneous results
which could amount to systematic deviations of several degrees Celsius.

6.2 Heat treatment/annealing of a thermocouple should be seen as a kind of 'adjustment'
and, in the case of recalibrations, such heat treatment should only be carried out
with the formal agreement of the client.

6.3 For the best results, a thermocouple to be calibrated should first be annealed at
maximum immersion at the highest temperature of intended use. Type K thermo-
couples, which are subject to calibration changes on temperature cycling to 500 °C
or above, should be calibrated at increasing temperatures, and the first calibration
point repeated at the end as a check. The same considerations apply to a lesser
extent to other base-metal thermocouples.

7 Thermal sources
7.1 Thermocouples are calibrated by measurement either at a series of fixed point tem-

peratures, e.g. melting/freezing points or, by comparison with reference/standard
thermometers, in thermally stabilised baths or furnaces suitable for the calibration,
or by a combination of techniques, e.g. comparisons and fixed-point temperatures.
Fixed-point(s) and standard thermometer(s) shall be traceable to national standards.
Generally, fixed point calibrations are only required for the calibration of platinum-
rhodium thermocouples at the highest accuracy.

7.2 A thermally stabilised bath or furnace suitable for calibration is one in which spatial
temperature profiling using two or more standard thermometers at usually the mid-
point and both ends of the working temperature range and within the working
volume has been shown to be within required limits. The inclusion of this profile in
the calibration certificate may help resolve immersion problems, although the
profile in furnaces can depend greatly on the dimension of the thermocouple.



EAL-G31 - CALIBRATION OF THERMOCOUPLES

PAGE 8 OF 16 EA-10/08 EDITION 1 ®  OCTOBER 1997

7.3 Temperature gradients within thermally stabilised baths or furnaces can be reduced
or minimised by the insertion of a metal equalising block drilled with thermowells
to receive the standard and test instruments. Such a block is not always necessary
for example in multi-zone controlled furnaces and, without a block, stabilisation
may be achieved more quickly.

7.4 In liquid-filled baths, thermocouples should be loaded with a separation of about
1 cm and should not contact the enclosure bottom or sides which might be at a
slightly different temperature from the liquid.

7.5 Standard and test thermocouples can be protected from contamination in the
furnace by inserting them in close-fitting thin-walled recrystallised alumina tubes
with closed ends. However, longer immersion may be needed to compensate for the
poorer thermal coupling.

8 Immersion depth
8.1 When possible, thermocouples should be calibrated at the same immersion as

required in normal use. However, thermocouples shall be immersed to a depth
sufficient to overcome heat losses or gains at high and low temperatures, respec-
tively. Such effects are induced by large diameter wires, thick walled insulators, and
sheaths. Where possible a thermocouple should be progressively immersed into a
controlled calibration enclosure until further immersion shows no change in the
measured emfs indicating that an appropriate immersion depth has been reached. In
some circumstances, sheaths and linings may need to be removed and lighter more
suitable insulator substituted.

8.2 These considerations apply to both comparison and fixed-point calibrations. A
steady emf may be obtained, but this does not necessarily mean that the correct
temperature has been reached. Adequate immersion is only demonstrated if the
change in emf on withdrawing the thermocouple one or two centimetres is small
compared with the required uncertainty of measurement in the calibration.

9 Measurement procedure
9.1 In fixed point measurements, it is prudent to measure the melting or freezing point

of each realisation of temperature with a reference standard thermocouple which
should be dedicated for this purpose. An erroneous or false plateau can arise with
the use of three-term temperature controllers which may hold the furnace very
precisely near, but not at the fixed-point temperature. It is important, therefore, to
witness the melting/freezing curve, and the undercool that precedes the temperature
rise to the freezing point arrest.
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9.2 In comparison calibrations, it is advisable to use two standards which provide for a
cross check of one another and the calibration system. To reduce the effects of drift
in the thermal source, the following measurement sequence should be followed:

S1, X1, X2 .... Xn, S2, S2, Xn .... X2, X1, S1

where S1 and S2 are the two reference standards and X1, X2 .... Xn are the thermo-
couples to be calibrated.

This sequence may be repeated to give four measurements on each instrument. The
mean values are calculated and any corrections (for example, due to voltmeter
calibration) are applied. The temperature is taken to be the mean value calculated
from the results of S1 and S2.

10 Electrical measurements
10.1 Electrical measurements are normally made using digital voltmeters or direct read-

ing temperature indicators. Manual potentiometers are now rarely used but because
of their long term stability they can be useful for cross-reference and checking
purposes. All electrical measurement systems shall be traceably calibrated over the
whole of the required emf/temperature range.

10.2 Manual switchgear and dials on selector switches, reversing switches and manual
potentiometers should be gently exercised on a daily basis through about twenty
movements to clear oxide films and possible contact resistance.

10.3 When the closest accuracies are required measurements should be made of both
forward and reverse polarities by means of a reversing switch. The average value of
the measurements eliminates or minimises the effect of the stray thermal emfs in the
measuring system. Stray emfs can arise at any point in the measuring circuit where
there is a change of temperature and at the juncture of dissimilar metals, e.g. copper
wires and brass terminals. Suitable shielding and/or lagging and control of the am-
bient temperature should be provided. Digital voltmeters can behave differently in
the positive and negative modes so both polarities shall be calibrated if reversals
shall be made. The measuring circuit can be checked (and corrected) for any resid-
ual emfs by measurement of the circuit when it is closed by short-circuiting at the
thermocouple connection terminals.
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11 Recalibration
11.1 There are no formally specified frequencies for the recalibration of thermocouples

because their types, temperature ranges, construction, application, intensity of use
are so numerous and varied. It shall be expected that an in-house quality manage-
ment scheme evolves a checking and recalibration programme to meet with its
requirements and experience.

11.2 Where there are long-term installations of thermocouples, calibration checks are
best made in situ by providing for the insertion of a standard alongside the working
thermocouple(s) as and when required. Alternatively, a thermocouple can be tempo-
rarily substituted for a standard thermocouple and their emfs compared. In practice,
a programme of periodic replacement may be preferred.

11.3 A change in the emfs and calibration of a thermocouple as the result of use, or even
as the immediate result of calibration, can be quantified by immersing the thermo-
couple in a thermally stabilised bath or furnace held at an appropriate temperature
and measuring the output at a series of immersion depths spanning the normal
working depth. If, finally, the thermocouple is substantially over-immersed, i.e.
beyond any previous working depth, the measured emfs should closely approximate
the value shown on the (first) calibration certificate at the corresponding tempera-
ture and corroborate the validity of the two (possibly different) calibration systems.

11.4 For base-metal thermocouples, a replacement with a calibrated thermocouple rather
than a recalibration is often the best solution. Otherwise 'in-situ' calibration or
checks are advised. Careful heat treatment can sometimes improve inhomogeneity.

12 Reporting results
12.1 The calibration certificate in which the results of the measurements are reported

should be set out with due regard to the ease of assimilation by the user's mind to
avoid the possibility of misuse or misunderstanding.

12.2 The certificate shall meet the requirements of EAL publication EAL-R1 [8].

The technical content should comprise the following:

(a) a clear identification of the items subjected to measurement including the
thermocouple(s), any compensating or extension cables especially when
these are separate items and any other instruments (e.g. digital indicators)
that form part of the whole measured system;

(b) the temperature range covered by the calibration;

(c) a statement of any heat treatment carried out before the calibration;

(d) the depth of immersion of the sensor, possibly together with a temperature
profile of the temperature source(s) used in the calibration;

(e) the measurement procedure used (e.g. 'fixed' points, comparison with
standard sensor(s)), increasing or decreasing calibration temperatures;

(f) any relevant environmental conditions;
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(g) any standard or other specification relevant to the procedure used (e.g. ITS-
90 reference tables);

(h) an evaluation of the uncertainty of measurement associated with the results.

13 Uncertainty of calibration
13.1 Uncertainties of measurement shall be calculated in accordance with EAL publica-

tion EAL-R2 ‘Expression of the Uncertainty of Measurement in Calibration’ [9].
An example calibration showing likely sources of uncertainty is given in the appen-
dix.
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Appendix A
Example of an uncertainty budget

A1 Calibration of a type N thermocouple at 1000 °C
A1.1 A type N thermocouple is calibrated by comparison with two reference thermocou-

ples of type R in a horizontal furnace at a temperature of 1000 °C. The emfs
generated by the thermocouples are measured with a digital microvoltmeter through
a selector/reversing switch. All thermocouples have their reference junctions at
0 °C. The test thermocouple is connected to the reference point using compensating
cables.

A1.2 The temperature of the hot junction of the test thermocouple is
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(A1.1)

The voltage across the test thermocouple wires with the cold junction at 0 °C during
the calibration is
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(A1.2)

where

tS(V) temperature of the reference thermometer in terms of voltage with the
cold junction at 0 °C. The function is given in the calibration
certificate.

ViS, ViX indications of the voltmeter;

δViS1, δViX1 voltage corrections due to the calibration of the voltmeter;

δViS2, δViX2 voltage corrections due to the resolution of the voltmeter;

δVR voltage correction due to contact effects of the reversing switch ;

δt0S, δt0X temperature corrections due to the reference temperatures;

CS, CX sensitivity coefficient of the thermocouples for voltage at the measur-
ing temperature of 1000 °C;

CS0, CX0 sensitivity coefficient of the thermocouples for voltage at the reference
temperature of 0 °C;

δtD drift of the reference thermometers since last calibration;

δtF temperature correction due to non-uniformity of the furnace;
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t temperature at which the test thermocouple is to be calibrated (cali-
bration point);

∆t = t – tX deviation of the temperature of the calibration point from the tem-
perature of the furnace;

δVLX voltage correction due to the compensation leads.

A1.3 The reported result is the output emf of the test thermocouple at the temperature of
its hot junction. Because the measurement process consists of two steps — determi-
nation of the temperature of the furnace and determination of emf of the test
thermocouple — the evaluation of the uncertainty of measurement is split in two
parts.

A1.4 Reference standards: The type R reference thermocouples are supplied with cali-
bration certificates that relate the temperature at their hot junctions with their cold
junction at 0 °C to the voltage across their wires. The expanded uncertainty of
measurement at 1000 °C is U = °0 3, C  (coverage factor k = 2).

From previous calibrations, the drift of the values of the reference standards is
estimated to be zero within the limits of 0,3 °C.

A1.5 Voltage sensitivity coefficients: The voltage sensitivity coefficients of the
reference and test thermocouples have been taken from reference tables.

1000 °C 0 °C

reference thermocouple CS = 0,077 °C/µV CS0 = 0,189 °C/µV

unknown thermocouple CX = 0,026 °C/µV CS0 = 0,039 °C/µV

A1.6 Resolution and calibration of the voltmeter: A 4½ digit microvoltmeter has been
used in its 10 mV range, resulting in resolution limits of 0,5 µV at each indication.
The voltmeter has been calibrated and respective corrections to the measured volt-
ages are made to all results. The calibration certificate gives a constant expanded
uncertainty of measurement of U = 2,0 µV for voltages below 50 mV (coverage
factor k = 2).

A1.7 Parasitic voltages: Residual parasitic offset voltages due to the switch contacts
have been estimated to be zero within ±2 µV.

A1.8 Reference temperatures: The temperature of the reference point of each thermo-
couple is known to be 0 °C within ±0,1 °C.

A1.9 Temperature gradients: The temperature gradients inside the furnace have been
measured. At 1000 °C, deviations from non-uniformity of temperature in the region
of measurement are within ±1 °C.

A1.10 Compensation leads: The compensation leads have been tested in the range 0 °C
to 40 °C. Voltage differences between the leads and the thermocouple wires are
estimated to be less than 5 µV.
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A1.11 Observations: The voltmeter indications have been read in the following opera-
tional procedure, which gives four readings for every thermocouple and reduces the
effects of temperature drift in the thermal source and of parasitic thermal voltages in
the measuring circuit:

1st cycle:
1st standard, test thermocouple, 2nd standard, 2nd standard, test thermocouple,
1st standard.

Reversion of polarity.

2nd cycle:
1st standard, test thermocouple, 2nd standard, 2nd standard, test thermocouple,
1st standard.

The procedure requires the difference between the two reference standards not to
exceed 0,3 °C. If the difference is not within these limits the observations have to
be repeated and/or the reasons for such a large difference have to be investigated.

Thermocouple 1st reference Test 2nd reference

Indicated voltage,
corrected

+10500 µV +36245 µV +10503 µV

+10503 µV +36248 µV +10503 µV

-10503 µV -36248 µV -10505 µV

-10504 µV -36251 µV -10505 µV

Mean voltage 10502,5 µV 36248 µV 10504 µV

Temperature of the
hot junction

1000,4 °C 1000,6 °C

Temperature of the
furnace

1000,5 °C

A1.12 From the four readings on each thermocouple, one observation of the mean voltage
of each thermocouple is deduced. The mean voltages of the reference thermocou-
ples are converted to temperature observations by means of temperature voltage
relations given in their calibration certificates. These temperature values are highly
correlated. By taking the mean, they are combined into one observation of the
temperature of the furnace at the location of the test thermocouple. In a similar way,
one observation of the voltage of the test thermocouple is extracted. In order to
evaluate the uncertainty of measurement associated with these observations, a series
of ten measurements has been previously undertaken at the same temperature of
operation which gave pooled estimates of the standard deviation for the temperature
of the furnace and the voltage of the thermocouple to be calibrated.
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The resulting standard uncertainties of measurement are:

pooled estimate of standard deviation: sp(tS) = 0,10 °C

standard uncertainty: u(tS) = 
s tp S( )

1
= 0,10 °C

pooled estimate of standard deviation: sp(ViX) = 1,6 µV

standard uncertainty: u(ViX) = 
s Vp iX( )

1
= 1,6 µV

A1.13 Uncertainty budget (temperature of the furnace):

A1.14 Uncertainty budget (emf of the thermocouple to be calibrated):

quantity

Xi

estimate

xi

standard
uncertainty

u(xi)

probability
distribution

sensitivity
coefficient

ci

uncertainty
contribution

ui(y)

tS 1000,5 °C 0,10 °C normal 1,0 0,10 °C

δViS1 0 µV 1,00 µV normal 0,077 °C/µV 0,077 °C

δViS2 0 µV 0,29 µV rectangular 0,077 °C/µV 0,022 °C

δVR 0 µV 1,15 µV rectangular 0,077 °C/µV 0,089 °C

δt0S 0 °C 0,058 °C rectangular -0,407 -0,024 °C

δtS 0 °C 0,15 °C normal 1,0 0,15 °C

δtD 0 °C 0,173 °C rectangular 1,0 0,173 °C

δtF 0 °C 0,577 °C rectangular 1,0 0,577 °C

tX 1000,5 °C 0,641 °C

quantity

Xi

estimate

xi

standard
uncertainty

u(xi)

probability
distribution

sensitivity
coefficient

ci

uncertainty
contribution

ui(y)

ViX 36 248 µV 1,60 µV normal 1,0 1,60 µV

δViX1 0 µV 1,00 µV normal 1,0 1,00 µV

δViX2 0 µV 0,29 µV rectangular 1,0 0,29 µV

δVR 0 µV 1,15 µV rectangular 1,0 1,15 µV

δVLX 0 µV 2,9 µV rectangular 1,0 2,9 µV

∆tX 0,5 °C 0,641 °C normal 38,5 µV/°C 24,5 µV

δt0X 0 °C 0,058 °C rectangular -25,6 µV/°C -1,48 µV

VX 36 229 µV 25,0 µV
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A1.15 Expanded uncertainties

The expanded uncertainty associated with the measurement of furnace temperature
is

U = k × u(tX) = 2 × 0,641 °C ≅  1,3 °C

The expanded uncertainty associated with the emf value of the thermocouple to be
calibrated is

U = k × u(VX) = 2 × 25,0 µV ≅  50 µV

A1.16 Reported result

The type N thermocouple shows, at the temperature of 1000,0 °C, with its cold
junction at a temperature of 0 °C, an emf of 36 230 µV ±50 µV.

The reported expanded uncertainty of measurement is stated as the standard uncer-
tainty of measurement multiplied by the coverage factor k = 2, which for a normal
distribution corresponds to a coverage probability of approximately 95 %.


