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Definiţia actuală a unităţii temperaturii termodinamice, kelvin, bazată pe temperatura punctului triplu al apei, va fi înlocuită, foarte probabil, în anul 2011 cu una bazată pe constanta Boltzmann, k. Lucrarea prezintă consideraţii privind necesitatea, elemente definitorii şi consecinţe ale redefinirii kelvinului. Totodată, sunt prezentate consideraţii privind temperatura termodinamică ca element al mulţimii parametrilor „temperatură adevărată” şi „temperatura practică” ca noţiuni suport pentru trecerea la noua definiţie.

The actual definition of the kelvin, measurement unit of the thermodynamic temperature, based on the temperature of the triple point of water, will be replaced probably by the year 2011 with a definition based on the Boltzmann constant, k. This paper presents considerations regarding the necessity, defining elements and consequences of the redefinition of the kelvin. It also contains considerations regarding the thermodynamic temperature as an element of the set of „true temperature” parameters and „practical temperature” as supporting notions for a new definition.

1. Introduction

The international metrologists community has proposed redefining the base units of the International System of Units (SI), the kilogram, ampere, kelvin and mole, taking into consideration the fundamental physical constants [1], [2]. The proposals will be presented for adoption by the member states of the Metre Convention at the 24th General Conference on Weights and Measures (CGPM) in 2011. The kelvin will be defined in terms of the Boltzmann constant, k, by fixing an exact value for it. As the only intensive quantity of the base quantities of the International System of Quantities (ISQ), the thermodynamic temperature has particularities which make its definition be influenced by the unit redefinition. Therefore, before presenting the aspects regarding the new definition of the kelvin and the necessity of its implementation (chapters 3 and 4), chapter 2 refers to the temperature concept and the temperature as quantity.

2. The temperature as quantity and concept

2.1. General

The temperature concept is very old and was identified for the first time probably two thousand years ago. People noticed  by touching that an object may be warmer while another one may be colder than his own body and that, if put in contact, the first one would become colder while the second one would become warmer until both would be equally cold or warm. Based on these observations, people could determine mainly temperature variations.

Taking into account the relation of „thermal equilibrium” among states, the zero principle of thermodynamics led a few hundred years later to a better understanding and definition of the temperature concept. According to this principle and the arguments pointing out the ordered set of disjoint equivalence classes (isothermal states) of the states of a system or of an arbitrary set of systems whose states are in thermal equilibrium among them, the temperature parameters referred to at point 2.2 and 2.3 [3], [4] are highlighted. 

2.2. „True temperature”
a) Thus, it is revealed the existence of an intensive, scale parameter of state generally named temperature or, according to other scientific documents, empirical temperature, which takes the same value for all the equilibrium states of an equivalence class, irrespective of the thermodynamic system to which they belong. The states belonging to different equivalence classes have different values of the respective temperature. There are more such temperature parameters that we note with Θ(t), (t
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R+). Each of them takes the same unique value for all the equilibrium states of an equivalence class. Consider the set Θ={Θ(t)( t
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R+}. Defining such a quantity implies the use of idealized concepts and models. An element of the set Θ represents true values of the temperature of a system from an arbitrary set of systems whose states are in thermal equilibrium among them, or of a total system, which are unknown and can not be determined by real measurement procedures. Some elements of the set Θ are described at letters b) and c).

Throughout the paper, the plural „temperatures” signifies more values of the same temperature parameter, while the notion true temperature represents a quantity belonging to the set Θ.

The notion empirical temperature represents the set Θ better than any common element, Θ, of it and therefore its use in relations between quantities should be avoided. 

b) True temperature defined in a thermodynamic manner and confirmed by statistical mechanics.

The developments to the thermodynamic theory brought by Clausius and Thomson, who later became Lord Kelvin, at the middle of the 19th century, contributed to defining the true temperature parameters on which the present thermodynamic temperature definition is based. First, based on the conceptual device of ideal heat engine, Thomson issued the well-known relation:
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where Q1 is the heat transferred to the heat engine from a thermostat at 
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, Q2 is the heat transferred from the heat engine to another thermostat at 
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 are the values at a certain moment, corresponding to the two different equivalence classes which the states of the thermostats belong to, of the same temperature parameter 
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. This is a true temperature. Thermodynamics show that 
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 identifies with the absolute temperature defined by the perfect gases law which establishes its proportionality with the product between pressure and volume:
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, r(R+ confirm this equation and the relation (1), are absolute temperature parameters and may constitute the sub-set 
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Another thermodynamic method to define 
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 was established by the mathematician Caratheodory whose research studies led to the relation 
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In the relation (2) valid for any type of system, U is the internal energy of the system and S is identical with the quantity S = Q/( observed and named enthropy by Clausius; starting from the relation (1), he found that 
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, the equality with zero being valid only for reversible ideal processes while the sum is positive for real processes.
In statistical mechanics, the enthropy of a system is related to the system probability by the relation 
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. This relation, introduced in the equation (2), leads in the case of idealized systems to relations that may be used for temperature measurement. In the case of a perfect gas the equation of state becomes 
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. The second term of it represents the internal energy of a perfect gas mole and gives a microscopic, kinetic molecular interpretation of temperature which is a measure for the thermal agitation of gas molecules. The Boltzmann constant, k, is the term relating the statistical interpretation with the thermodynamical one.

c) Thermodynamic temperature

Taking into account those described at chapter 3, the thermodynamic temperature is considered an element of the sub-set (. Starting from the relation (3), this status will be strengthened by the new kelvin definition referred to in chapter 4.

2.3 „Practical temperature”
The thermal equations of state are specific to the system they describe and the temperature parameter Θ. They will not lead to a unique value of temperature parameter as indicated at point 2.2, even if the systems are presumed to be in thermal equilibrium among them. One reason is the  inaccurate knowledge about the thermal equations of state. For real gases, for instance, and Θ ≡ thermodynamic temperature T, numerous approximative forms of the thermal equation of state were proposed, such as renown van der Waals equation. Another reason is the fact that the equilibrium states for which the true temperature notion is valid are limit states for the real systems.


Beside the true temperature parameters where the definition functions may be made valid for the whole M set of equivalence classes, the thermal equations of state are usually valid only for a sub-set of M, simply because the respective system may not exist outside the limits of this sub-set.

However, the thermal equations of state have a great practical importance because they allow the definition of practical temperature parameters which approximate the true temperature Θ, as well as the definition and realization of some practical temperature scales used to measure the temperature of the bodies/systems in the real world. T90 and T2000 are examples of practical temperature parameters approximating the thermodynamic temperature while the corresponding practical temperature scales are the International Temperature Scale of 1990, ITS-90 (actually this is a union of practical scales) and the Provisional Low Temperature Scale from 0,9 mK to 1 K, PLTS-2000 respectively [5], [6].

Beside the thermal equations of state, there are also other equations which make it possible for the practical temperature parameters to be defined. Some of them are used in the thermometries mentioned in chapter 3, paragraph 2.

2.4 Temperature concept

The identification of empirical temperature and the determination of the properties of its elements resulted from arguments reflecting correctly the reality and, at the same time, the temperature concept was clarified. The refinement of the concept is achieved by defining temperature as a quantity, i.e. by defining the relevant temperature parameters of the set Θ. It means to establish rules for assigning values to the elements of the ordered set M for each of the respective temperature parameters [4]. 

3. The necessity of a new definition of the kelvin

A quantity is known to be expressed usually under the form [7]:
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where V is the quantity (quantity value), [V] is the measurement unit for the V quantity, while {V} is the numeric value of V. The quantity, which in the cases from point 2.2 may be a temperature parameter, once it was defined, becomes indepenedent from the unit. The passing from one unit to another modifies the numerical value inversly proportional with the unit modification.

The present definition of the measurement unit for the thermodynamic temperature was decided by the 10th CGPM which by Resolution 3 declared the triple point of water as the fundamental fixed point which was assigned by definition the exact value of 273,16 degrees Kelvin. The 13th CGPM (1967/68, Resolution 3) adopts the name „kelvin”, symbol K, instead of „degree kelvin”, symbol oK, and decides (Resolution 4) to define the thermodynamical temperature unit as follows: „the kelvin, a thermodynamic temperature unit, is the fraction 1/273,16 of the thermodynamic temperature of the triple point of water”. It follows that the thermodynamic temperature of the triple point of water is equal to 273,16 kelvin, TTPw = 273,16 K, exactly.

One can see that the kelvin unit is defined by reference to a thermodynamic state of water which is an invariant of nature, but whose thermodynamic temperature depends on the impurity content and the izotopic composition of the used water sample. It restricts the accuracy of the unit and complicates the definition of the thermodynamic temperature as a true temperature parameter.

The thermodynamic equilibrium state of water at its triple point may belong to an equivalence class interval ranging from M(1 to M(2 and not only to a singular equivalence class, such as M( (figure 1). Thus, there are more absolute temperature parameters belonging to the set Θ, from ((1 to ((2, which correspond to the present definition of kelvin, i.e. which are assigned by definition the value of 273,16 K. If only one of these parameters is fixed at the numerical value of 273,16, let’s say (( ( T, instead of the sub-set consisted of the parameters from ((1 to ((2, then a variability interval is generated around the numerical value of 273,16 from {((1} to {((2}. It generates upon the unit of kelvin an uncertainty resulting from its own definition and not from its practical realization.

However, in order to simplify things and identify the thermodynamic temperature T as a unique parameter and not as a set of parameters, a solution was found to maintain it among the elements of the set Θ, establishing by the definition that the uncertainty associated to the temperature of the triple point of water is null. This compromise of ignoring the kelvin variability given by its own definition, is a weak point of the present definition of this unit.







Fig. 1

If the present definition of the kelvin is subject to improvement so that it tends to the limit case of a complete definition, then the difference ((1(M() - ((2(M() will tend to zero while the sub-set {((1, …, (((T, …, ((2} will restrain and tend to a sub-set consisted of only one parameter T.

The amendment of 2005 [8] to the definition of the kelvin brings additional information on the isotopic composition of the water sample which can be used to realize the fixed point, is an important improvement of the definition, but it is only a limited step toward the previously mentioned limit case. As long as the definition refers to an artifact, this limit case will remain unaccessible.


For an unequivocal determination af the thermodynamic temperature parameter and taking into consideration the relation (3), then the defined unit must be exact, without any compromise to its definition. Therefore, when defining the unit of the thermodynamic temperature, also the SI unit of a base quantity in general, the particular quantity used to define the unit tends to be a true invariant of nature which is related to an exactly known fundamental constant of physics, and invariant both in space and in time. At present, of the seven SI base units, only the second and the meter are directly related with true invariants [9]. Because of some aspects related to the practice of realization and the use in various fields of activity, this desideratum has not been accomplished yet [10], [1] for the other five SI base units (kilogram, ampere, kelvin, mole and candela).


Scrutinizing shortly the temperature history, one can see that temperature is a typical example of physical quantity whose measurement preceeded its understanding, and that there were attempts to establish some units definitions in terms of invariants of nature which, at that moment, displayed acceptable stability degrees, but proved in time to be unsatisfying for the increasing need of accuracy [11]. Here are a few examples of such invariants: the rapport between the greatest „summer heat” and the „greatest cold” in Paris, whose approximate value was determined at 6/5 (Amantons, in 1700) – for practical temperature parameters defined by the gas volume pressure, inferring the absolute temperature; the two fixed points of ice melting and of human blood (Romer, in 1708, who determined the arbitrary zero point of the practical scale under the ice point at a number of units equal to half of the units between the two fixed points, and Fahrenheit, in 1724 and 1726, who used a similar principle, dividing the temperature interval between the two fixed points in 64 units and assigning the numerical value of 32 to the fixed point of ice) or the fix melting point of ice whose value was established at 0 units, and the boiling point of water with the value of 100 degrees (Celsius, in 1742) – for practical temperature parameters defined by thermal expansion of liquids such as alcohol and mercury, with the arbitrary zero.

4. A new definition of the kelvin and change consequences

The new definition of the kelvin in terms of the Boltzmann constant, k, will be independent of any measurement artifact, technique or range and will lead to an accurate definition of the kelvin and, by the effect of the relation (3), of the thermodynamic temperature T as an element of the Θ set from point 2.2. The present value of the Boltzmann constant and the associated standard relative uncertainty was not the result of direct measurement, but of calculation starting from the molar constant of gas R and the constant of Avogadro NA, the uncertainty of the latest being undetermined. According to CODATA 2002, it is 
k = 1,380 650 4(24)(10-23 J/K, while its relative standard uncertainty determined by NIST (the national metrology institute in the USA) is ur = 1,8(10-6. If fixing the present value of k and transferring its uncertainty to the thermodynamic temperature of the triple point of water TTPw, then TTPw will still be 273,16 K, but the associated uncertainty, instead of being zero, will be ur(TTPw) = 1,8(10-6, i.e. u(TTPw) = 490 μK. Reducing to ur = 1(10-6 it will result u(TTPw) = 250 μK, an acceptable value to change the unit definition. This low uncertainty is expected to be reached in 2010.

The main measurement principles used in primary procedures for the determination of the Boltzmann constant are those pertaining to: (a) gas thermometry based on the accoustics principle, (b) gas thermometry based on the thermal equation of state of the perfect gas with the determination of the dielectric constant and (c) radiation thermometry. The primary thermometers available for materializing these measurement principles will allow by the year 2010 to reach the following standard uncertainties at the temperature of the triple point of water: 1(10-6 for (a), 2(10-6 for (b) and 5(10-6 for (c).


The new definition will probably be as follows: „The kelvin, unit of thermodinamic temperature, is such that the Boltzmann constant is exactly 1, 380 65X X(10-23 joules per kelvin”, where XX will be replaced by adequate numbers to be established until the adoption of the definition. This is not in the favor of any primary thermometer to realize the kelvin, does not impose the ITS-90 replacement and allows its improvement or extension by decisional procedures and methods simpler than those used for the adoption of the previous scales.


At present, the temperature parameters subject to the highest accuracy measurements are not thermodynamic temperature, but practical temperature parameters T90, defined by ITS-90 and T2000 defined by PLTS-2000. The recent developments of thermometries [12], [13] and the recommendations from [14] will encourage the national metrology institues to realize national references in the shape of primary thermometers, mainly for those temperature ranges in which their accuracy will be higher than the accuracy of ITS-90 or PLTS-2000. For instance, at high temperatures, the use of absolute radiometers will lead to uncertainties lower than those achieved by the ITS-90 materialization.

The primary thermometer is any primary temperature standard, i.e. a standard whose quantity value and measurement uncertainty are determined by a primary temperature measurement procedure. This is a procedure which produces a measurement result without reference to another temperature standard. The main particular quality of a primary thermometer is that its thermal equation of state or the one specific to the measurement principal on which it is based, may be written explicitly without any unknown temperature depending terms. Thus, the result of a temperature measurement performed with a primary thermometer counts on itself and is independent of any other thermometer even though the primary thermometer uses the results of previous temperature measurements independent from it. This refers both to the quantity value and the associated measurement uncertainty.

The direct measurement of thermodynamic temperature is performed when a primary measurement procedure is employed. In fact, the primary thermometers materialize practical temperatures which approximate the thermodynamic temperature, but the uncertainty associated to their indications will take into consideration all the known sources affecting the thermodynamic temperature and not only the T90.


The triple point of water loses its reference statute for the unit definition, but keeps the particular statute in ITS-90 for interpolar functions.


As to the uncertainties, the future situation seems paradoxical. The change of the unit definition will lead, in general, to an increase of measurement uncertainties. The reason is that, in the case of ITS-90, at present, the uncertainties refer to the  realizations of the T90 and not to the realizations of the thermodynamic temperatures, i.e. T90 – T deviations and the uncertainties associated to the corresponding corrections are considered null by convention. Tabel 1 shows the present situation of the standard uncertainties for most of the fixed definition points of ITS-90 [10]. Theses uncertainties are the best estimates that may be achieved for: (a) thermodynamic temperature values considering, on the one hand, the present kelvin definition - u(T) and, on the other hand, the new kelvin definition assuming that the value of the constant k is that given in CODATA 2002 with an uncertainty of 1,8(10-6 - u(T)kfix; (b) the values of the International Kelvin Temperatures T90, defined by ITS-90 - u(T90).


5. Conclusions

The redefinition of the kelvin in terms of the Boltzmann constant, k, by fixing an exact value for it, will stregthen the statute of absolute true temperature parameter for the thermodynamic temperature.

The national temperature standard of Romania, held by BRML-National Metrology Institute, represents the ITS-90 materialization in the range (83,8058 … 933,473) K. In the future, it can maintain its statute of national reference assuring traceability to the re-defined SI unit kelvin provided that the measurement uncertainties will be adjusted properly. However, the national metrology institues will mostly realize national references in the shape of primary thermometers and traceability schemes to these instruments.

The unit change does not seem to influence significantly the measurement uncertainties determined by the calibration laboratories for the traceability routes to the national temperature standard.








     Table 1

	T90/K


	Fixed point
	u(T) 
/mK
	u(T90)
/mK
	u(T)kfixed
/mK

	1
	2
	3
	4
	5

	13.8033
	e – H2
	0.5
	0.1
	0.50

	24.5561
	Ne
	0.5
	0.2
	0.50

	54.3584
	O2
	1
	0.1
	1.00

	83.8058
	Ar
	1.5
	0.1
	1.50

	234.3156
	Hg
	1.5
	0.05
	1.55

	273.16
	H2O
	0
	0.02
	0.49

	302.9146
	Ga
	1
	0.05
	1.15

	429.7485
	In
	3
	0.1
	3.11

	505.078
	Sn
	5
	0.1
	5.10

	692.677
	Zn
	13
	0.1
	13.1

	933.473
	Al
	25
	0.3
	25.1

	1234.93
	Ag
	40
	1
	40.1

	1337.33
	Au
	50
	10
	50.1

	1357.77
	Cu
	60
	15
	60.1
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