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Summary and purpose of document

This document presents an example of calibration uncertainty for resistance thermometer calibration.
Action Proposed  

The meeting is invited to review this document and make recommendations towards the completion of this task. 

1. Introduction

The measurement uncertainty in the calibration of a thermometer depends on the calibration method used, the uncertainty contribution of the standards, the characteristics of the measuring equipment used and the characteristics of the device under calibration. No general instruc​tions for the measurement uncertainty of certain thermometer types can therefore be given. The examples of measurement uncertainty calculation cannot be directly implemented to any calibration actually carried out but uncertainty contributions must carefully be evaluated in each individual case. 
Platinum resistance thermometers are calibrated by the com​parison method or in defined fixed points in the appropriate temperature scale. Combination of the two methods is also permissible. Comparison calibration of the resistance thermometers are calibrated in temperature-stabilized baths using reference/working thermometers, suitable elec​trical measuring devices must be used (ohmmeter, resistance measuring bridge, standard resis​tors) which must also have been traceably calibrated..
Comparison calibration is performed by measurement of the resistance of the instrument under calibration while it is exposed to a temperature. Fundamentally, four instruments are required as follows:  

· Reference standard

· Data acquisition for the reference standard

· Data acquisition for the instrument under calibration

· Temperature source 

The technical requirements for the readout are the same for the instruments under calibration and the reference when calibrating PRTs against a reference PRT. If a multiplexing system is available, one readout device can usually be used for both. If the readout is designed for temperature calibration (not just temperature measurement) and has variable settings (current, timing, etc.), then certainly it can be used for both. If the readout is not designed for temperature calibration and/or a switching system is not available, then two or more readouts will probably be required. Before selecting a readout, review the information presented in the readouts section with regard to current settings, timing, multiplexing, etc. Best results will be obtained with readouts designed specifically for thermometer calibration.

A calibration bath/chamber cannot be considered as completely stable in time and homogeneous all over its volume, especially when temperature calibrations by comparison are performed at the best level of uncertainty. This represents a major contribution to the total uncertainty of a calibration procedure. In order to decrease this uncertainty contribution equalizing blocks can be used in calibration baths. The dimension of the block depends on the bath dimension.

· Homogeneity: A gradient is observed as a change of a temperature reading of a thermometer according to a change of its position inside a calibration bath. Basic gradients that can be observed are vertical and horizontal gradient. Because a lot of calibration baths have either a cylindrical shape or equalizing blocks inside it is sometimes more appropriate to define axial and a radial gradient. Uncertainty contribution of an axial gradient is determined as maximum temperature difference between two different positions in axial direction of an equalizing block. The radial gradient is a maximum temperature difference between two different positions in a radial direction.

· Stability: important characteristic of a bath is also short-term stability of a medium temperature. It strongly depends on type of regulation and flow of medium inside the bath. Since the calibration measurements are taken within short time interval, the short-time stability is relevant (cca. 30min). For the time stability of a bath, temperature deviations of a reference thermometer are observed.
2. uncertainty calculation Exapmle

Pt100 resistance thermometer is used as the working temperature standard in the calibration laboratory. Stable temperature medium is a liquid bath with a working range from -40C to 50C. Data acquisition is performed via multimeter and GPIB interface or RS232 interface in the personal computer data base. Ambient temperature and relative humidity is monitored during calibration in one place and its influence appropriately evaluated. Reference Pt 100 four-wired is connected to the multimeter. In many cases, the requirements for the ambient conditions - especially the ambient temperature - are given in the specifications of the electrical devices. A calibrated thermometer is also needed for the measurement of the ambient temperature. The instrument of ambient temperature is fixed close to the measuring equipment where such influence is effective. A corresponding chart is presented in figure 1.
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Figure 1: PRT calibration with platinum resistance thermometer as a reference

The temperature, at which the calibration item is calibrated, is determined by measurement with the standard thermometer and by additional corrections:
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where: 

· Tc: temperature of the thermometer to calibrate

· Tr: temperature of the reference thermometer
· Tacq Tr: correction linked with the acquisition of reference thermometer (bridge , multimeter…)

· Tacq Tc: correction linked with the acquisition of reference thermometer (bridge, multimeter…)

· Tbath: correction linked with the bath (homogeneity, time stability).
The corrections given in this list are in most cases not known and presumably very small. As best estimate a correction of 0K is usually assumed which is, however, affected by an uncertainty.

2.1 Uncertainties components linked to reference standard -  Tr

· uTrc: standard uncertainty in the calibration of the reference standard. It presents information on expanded uncertainty of reference standard in the appropriate temperature range. It calibration certificate of reference standard holds information on corrections, then they should be applied but normally only expanded uncertainty is calculated:
Example: calibration expanded uncertainty: 0.020 °C (k=2)
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· uTrd: standard uncertainty uTrd is estimated from the maximum drift over all the drift values between successive calibrations. If instrument is new one, the manufacturer’s data for stability is taken into account for uncertainty budget calculation. If no manufacturer’s data is available the drift is estimated as standard uncertainty in the calibration of reference standard.

Example: drift between calibrations is 0.010 °C (k=2)
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· uTra: repeatability of measurements during a calibration. We assume at least 50 measurements of reference standard was made at each calibration point. Standard deviation of mean is calculated.
Example: uTra= 0.002°C
· uTrcon: uncertainty contribution due to a possible heat conduction by the reference standard. Tests should be made at different immersion depths.

Example: pulling the reference standard 20 mm out of the bath led to a temperature change of 2 mK (which due to the temperature variations of the bath could be estimated only inaccurately).
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· uTrsh: uncertainty component due for self-heating of the reference standard. The measurement of resistance involves passing a current through the resistor and, therefore, heating of the resistor. For the highest accuracy measurements, corrections are applied by measuring at two currents, I1 and I2, and extrapolating to zero current. For the determination of the electrical resistance, an electrical measurement must be carried out for which a measurement current must be fed through the sensor. The measurement cur​rent leads to the sensor being heated (self-heating) and thus to the measurement result being falsified. This effect is dependent not only on the magnitude of the measurement current but also on the measurement conditions themselves. In the calibration, the self-heating mechanism is to be investigated or a measurement current is to be chosen at which this effect is negligi​ble. 

Example: The calibration certificate states that a meas​urement current of 1 mA in a water triple point cell has led to a heating of 2.1 mK. This contribution is neglected in the following as the thermometer is both calibrated and used now at a measurement current of 1 mA. 

· uTrInt: uncertainty component due to interpolation of reference function

2.2 Uncertainties linked to instrument under calibration  -  Tc
· uTca: repeatability of measurements during a calibration. We assume at least 50 measurements of instrument under calibration was made at each calibration point. Standard deviation of mean is calculated.

Example: uTca= 0.002°C

· uTch: uncertainty component due to hysteresis. In general, hysteresis is a phenomena that results in a difference in an items behavior when approached from a different path. In 
PRTs, thermal hysteresis results in a difference in resistance at a given temperature based on the thermal history to which the PRT was exposed. More specifically, the resistance of the PRT will be different when the temperature is approached from an increasing direction vs a decreasing direction, and the magnitude of the difference will depend on the magnitude of the temperature excursion and the design of the PRT.
Example: uTch=0.002°C

· uTccon: uncertainty contribution due to a possible heat conduction by the instrument under calibration. Tests should be made at different immersion depths.

Example: pulling the instrument 20 mm out of the bath led to a temperature change of 2 mK (which due to the temperature variations of the bath could be estimated only inaccurately).
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2.3 Uncertainties linked to data acquisition

Two multimeters sre used for data acquisition for reference thermometer and instrument under calibration, so the uncertainty contribution must be accounted for reference thermometer and device under calibration (DUC):
· uRohm: uncertainty contribution due to measurement uncertainty in the calibration of the ohmmeter: 
Example: Ac​cording to the calibration certificate, the measurement uncertainty of the multimmeter is 0,020 Ω (k = 2) and the standard uncertainty thus is 10 mΩ.
· uRts: uncertainty contribution due to time stability of multimeter (user manual)
Example: uRts=0.5mΩ

· uRt: uncertainty contribution due to ambient temperature influence (user manual). Outside certain ambient temperature interval, the component is significant and can be accessed using user manual. Within prescribed temperature interval the component is negligible.
· uRres: uncertainty component due to multimeter resolution – least significant bit LSB. Example: The limited resolution of the ohmmeter of 0,001 Ω allows a reading within ±0,0005 Ω. From this a standard uncer​tainty of 0.5 mΩ / √3 = 0,29 mΩ.
· Multimeter additional noise if multiplekser is used.
· Uncertiainty linked to the connection: The reference probe is four wire connected to multimeter and the uncertainty associated with this connection type is taken to be negligible.

2.4 Uncertainties components linked to temperature bath - Tbath
The spatial and tempo​ral temperature distribution in the working space of temperature stabilized bath must be quantitatively determined and taken into account for uncertainty budget evaluation. Method for the determination of the temporal and spatial distribution involves calibrated thermometers of identical type, positioned on the boundaries of the working space (horizontal, vertical) of the temperature bath. After thermal stabilization, the temperatures measured with the thermometers are continuously recorded (typically over a period longer than 30 min). The 
maximum tem​perature difference between the thermometers is used for as uncertainty component in the uncertainty budget (rectangular distribution). 

Temperature gradients in temperature-stabilized baths or furnaces can be reduced by provid​ing a metallic stabilizing block with holes to accommodate the standards and calibra​tion items. The thermometer calibration may begin after both the temperature is stabilized bath and the thermometer itself have reached thermal equilibrium.
Uncertainty contribution of an axial gradient is determined as maximum temperature difference between two different positions in axial direction. The radial gradient is a maximum temperature difference between two different positions in a radial direction.

· ubath h: Spatial homogeneity is a gradient is observed as a change of a temperature reading of a thermometer according to a change of its position inside a calibration bath.

· Basic gradients that can be observed are vertical and horizontal gradient but

· sometimes more appropriate to define axial and a radial gradient. Uncertainty contribution of an axial gradient is determined as maximum temperature difference between two different positions in axial direction. The radial gradient is a maximum temperature difference between two different positions in a radial direction.

Example: 
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· ubath s: Temporal stability: important characteristic of a bath is also short-term stability of a medium temperature. It strongly depends on type of regulation and flow of medium inside the bath. Since the calibration measurements are taken within short time interval, the short-time stability is relevant. For the time stability of a bath, temperature deviations of a reference thermometer are observed.

Example: 
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2.5 Combined standard uncertainty 
The combined standard uncertainty of a measurement result is taken to represent the estimated standard deviation of the result. It is obtained by combining the individual standard uncertainties ui, whether arising from Type A or Type B evaluation. 
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The quantity ui (i = 1, 2, …, N) is the contribution to the standard uncertainty associated with the output estimate y resulting from the standard uncertainty associated with the input estimate as described in sections 2.1 to 2.4.

The calculation of the degrees of freedom drives the uncertainty analysis in terms of confidence. The greater the degrees of freedom the higher is confidence in the parameter. The degrees of freedom are used to calculate the coverage factor.
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Calibration laboratories should state an expanded uncertainty of measurement U, calculated by multiplying the standard uncertainty uc(y) by a coverage factor k.
	Quantity
	Brief description
	Correction
	Standard uncertainty
	Distribution
	Sensitivity coefficient
	Uncertainty contribution

	Tr, uTra
	Standard deviation
	0 K
	2 mK
	normal 
	1
	2 mK

	uTrc 
	Calibration PRT
	0 K
	10 mK
	normal 
	1
	10 mK

	uTrd 
	Drift - reference thermometer 
	0 K
	10 mK
	rectangular 
	1
	5.8 mK

	uTrcon
	Conduction - 
reference thermometer
	0 Ω
	1.2 mK
	rectangular
	1
	1.2 mK

	uTca 
	Standard deviation
	0 K
	2 mK
	normal 
	1
	2 mK

	uTch
	DUC Hysteresis 
	0 K
	1.2 mK
	rectangular 
	1
	1.2 mK

	uTccon 
	DUC Conduction
	0 K
	1.2 mK
	rectangular 
	1
	1.2 mK

	uRohm
	Calibration multimeter
	0 K
	10mΩ
	normal 
	2.5
	20 mK

	uRts
	Time stability multimeter
	0 K
	0.5mΩ
	rectangular 
	2.5
	1.25 mK

	uRres
	Mulrimeter resolution
	0 K
	0.5mΩ
	rectangular 
	2.5
	1.25 mK

	uRohmDUC
	Calibration multimeter
	0 K
	10mΩ
	normal 
	2.5
	20 mK

	uRtsDUC
	Time stability multimeter
	0 K
	0.5mΩ
	rectangular 
	2.5
	1.25 mK

	uRresDUC
	Multimeter resolution
	0 K
	0.5mΩ
	rectangular 
	2.5
	1.25 mK

	ubath h
	Bath homogenity
	0 K
	18.4mK
	normal
	1
	18.4mK

	ubath s
	Bath stability
	0 K
	3.2mK
	normal
	1
	3.2mK

	Expanded measurement uncertainty U (k=2)
	72.2mK


The above example relate to the calibration of a thermometer at one temperature only. Usually, a thermometer is calibrated at several temperatures (calibration points) for which, as a rule, different measurement uncertainties result. As the user also employs the thermometer to carry out temperature measurements between the calibration points, it is, how​ever, helpful if the calibration certificate also contains statements on the use of the thermome​ter in the whole temperature range. 

At the customer's, the thermometer is possibly used under conditions which are different from those under which the calibration was carried out. So contributions to the measurement uncer​tainty might dominate which could remain unaccounted for in the calibration. The measure​ment uncertainty in use can therefore considerably exceed the measurement uncertainty in calibration. 
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