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Abstract

A method for calibrating a glass thermometer is investigated and a procedure for measurement uncertainty evaluation
based on the kurtosis method is developed. The correlation between the indication of the reference and calibrated thermometers
at uncertainty evaluation is taken into account. The effectiveness of the reduction method applying in calculating the
uncertainty of correlated measurements is demonstrated. Uncertainty budgets have been drawn up, which can be used as the
basis for developing software tools to automate the uncertainty evaluation. A real example of the measurement uncertainty
evaluation at glass thermometer calibration is considered. It is shown that taking into account the correlation between
the measurement results of the calibrated and reference thermometers allows to reduce the values of the combined and
expanded measurement uncertainty by almost 1.5 times. The coincidence of the results obtained by the proposed method

and the Monte Carlo method is shown.
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Introduction

Glass thermometers are widespread in laborato-
ry and industrial practice due to the high accuracy,
cheapness, ease of use [1]. Their measurement range,
depending on the thermometric fluid used (mercury,
toluene, ethyl alcohol, kerosene, petroleum ether, pen-
tane), extends from —200 to +750 °C.

Glass thermometers, like other measuring instru-
ments, need periodic calibration. In this case, in ac-
cordance with the requirements of the standard ISO/
IEC 17025 [2], it is necessary to evaluate the meas-
urement uncertainty. The main method for calibrating
these thermometers is to compare them with a refe-
rence thermometer using a transfer device (thermostat).
In the process of calibrating a thermometer, the diffe-
rence A between the indications of the calibrated ther-
mometer and the reference thermometer is estimated,
thus determining the systematic error of the calibrated
thermometer at the calibration point [3].

Since the measurements by both thermometers are
carried out simultaneously under the same conditions, the
instability of the temperature of the thermostat causes a
statistical interrelation (correlation) between their indica-
tions, which must be taken into account when developing
the procedure of measurement uncertainty evaluation.

Analysis of literary data and problem statement

Currently, the efforts of Working Group 1 (WG-1)
of the Joint Committee for Guides in Metrology
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(JCGM) are focused on revision the Guide to the Ex-
pression of Uncertainty in Measurement (GUM) [4].
The reason for the revision is the inconsistency of the
uncertainty estimates obtained by the GUM method
[5] and estimates obtained by the Monte Carlo Method
(MCM) in accordance with Supplement 1 to the GUM
[6]. Since [6] is based on the Bayesian approach to
the measurement uncertainty evaluation, this approach
should also be used in the revised Guide (NewGUM).
In this case, it is necessary to consider the issues of
taking into account correlation in the measurement
uncertainty evaluation [7].

The purpose and objectives of the study

The article considers the procedure for measure-
ment uncertainty evaluation based on the Bayesian
approach [4], which implements the kurtosis method
proposed by the authors [8]. To determine the relia-
bility of the developed procedure, one should compare
its results with the results obtained by the Monte Carlo
method [9].

Measurement Uncertainty Evaluation Algorithm

1. Measurement model.
The error of indication E, of the calibrated ther-
mometer obtained from the relation:

E =T +A)-(T, +A)+A,, (1)
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where TC is the temperature indicated by the
calibrated thermometer; TS is the temperature
indicated by the reference thermometer; AS is the
correction due to calibration error of the reference
thermometer; Ac is the correction due to the finite
resolution of the calibrated thermometer; A, is the
correction due to the temperature unevenness inside
the thermostat.

2. Input quantities evaluation of the equation
(1).

Estimates I, and 7, are obtained according to
expressions:
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where T, T are indications of calibrated and
reference thermometers; 7 is the number of
indications.

All corrections in expression (1) are centered va-
lues, so their estimates are zero:

A =0; A, =0; A =0. )

3. The estimate of the measurand E, is obtained
by substitution of input quantity estimates (2)—(4) in
the equation (1):

E =T +A)-(T.+A)+A =T -T. (5

A similar estimate of the measurand can also be
obtained by the reduction method [10]:
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4. Standard uncertainty evaluation of input
quantities:

— standard uncertainty caused by the dispersion
of calibrated thermometer indications:

_ [n-1 1 _,
T)= T.-7); @7
u(@)=\"— n(n_l);( VBN

— standard uncertainty caused by the dispersion
of the reference thermometer indications:
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— standard uncertainty due to the finite resolution
of the calibrated thermometer:

u(A,) = A )

2.3’

where d is the resolution of the calibrated ther-
mometer;

— standard uncertainty of the reference ther-
mometer:

Z’l(As) :%9

S

(10)

where US and ks, respectively, the expanded
uncertainty and coverage factor taken from the
reference thermometer calibration certificate;

— standard uncertainty associated with the tem-

perature unevenness in the thermostat:
A

b
3

where O, is the limit of temperature unevenness in
the thermostat.

7. Determination of pairwise correlation of input
quantities

The change in temperature in the thermostat
leads to a correlation between the indications of
the reference and the calibrated thermometers.
Estimate of coefficient of correlation is made by
the formula:

u(A;)= (11)

> (T, T, - T)

. (12)
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With a small number of measurements, it is nec-
essary to check the significance of the coefficient of
correlation according to the Student’s criterion:

r
Vn—22 10.95:(n-2)>

13)

where to,gs;(n_z) is the Student’s coefficient for the
probability of 0.95 and the number of degrees of
freedom #—2 . If inequality (13) is performed, the
correlation between the 7, and 1. is considered to
be established and should be taken into account at
measurand uncertainty evaluation.

The standard uncertainty of the measurand is calculated according to the formula:

u(Ey) = \/[uz(fc) =21, (T )u(T)+u* (D)) + u’ (A )+’ (A) +u’ (A).

(14)
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If there is a correlation between the reference 9. Calculating expanded uncertainty:
and calibrated thermometer indications, the reduction
method and a simpler expression to calculate u(E,) U=k-u(Ey), (17)

can be used:
where the k coverage factor for the confidence level

u(Ey)= \/uz(Z)+ w (A )Fu’(A) +u’(A,), (15 s 0.95 calculated by the formula [7]:

_ 3 .
where u(A) is standard uncertainty of observed 0,1085n" +0,In+2, at n<0;
dispersion of the varying indications of thermometers k= 3+ M

will be determined like that: Z 955(6/n+4)

, atn=>0, 18
3+2n N (1%)
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u(A)_\/n_g,\/n(n_l);(Ai_A) - 19 and M is the kurtosis of the distribution of the

measurand, determined as:

_ T (1) = 2, a(Tu(T) e (T + (A’ (A)Hn(A)u’ (A) +n(AJu (A,)

, (19
u'(Ey)

or when evaluating by the reduction method:
_n(A)ut (D) +n(A u’ (A) (A (A) +n(Au' (A,)
n= 4
u (Ey)

(20)

2

where the kurtosis values of input quantities are taken from Table 1 in accordance with their distribution laws.

With this n(A) =n(T,) =n(T;) = 6/(n-5).

Table 1
Kurtosis values for different input distribution laws

Distribution law | Arcsine | Uniform | Triangular | Normal | Student’s with the number of degrees of freedom v

Kurtosis -1.5 —1.2 —0.6 0 6/(v-4)

10. Uncertainty budget
All above obtained information on input quantities and measurand is summarized in Table 2, which is an

uncertainty budget.

Table 2
Uncertainty budget of measurement at thermometer calibration

. The values of St.andard. Kurtoms Sensitivity Uncertainty

Input quantities | . . uncertainty of input of input . L
input quantities - . coefficients contribution

quantities quantities

T, c u(T,) n(7) I u(T,)

A, 0 u(A,) n(A,) ! u(A,)

T, T u(T) n(T) - ~u(T)

A, 0 u(A,) n(A;) 1 u(A;)
The value of the Combined Kurtosis of Coverage Expanded

Measurand . .
measurand standard uncertainty measurand factor uncertainty

The uncertainty budget is convenient to use as a basis for building a software tool to automate the process
of measurement uncertainty evaluation. The uncertainty budget with applying the reduction method is shown
in Table 3.
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Table 3
Uncertainty budget of measurement at thermometer calibration (reduction method)

Input The values of | Standard uncertainty Kurtosis of Sensitivity Uncertainty
quantities input quantities | of input quantities | input quantities coefficients contribution
A A u(A) n(4) I u(A)

A, 0 u(A,) n(A,) ! u(A,)
A, 0 u(A,) n(a,) I u(A;)
The value of the Combined Kurtosis of Expanded
Measurand . Coverage factor .
measurand standard uncertainty measurand uncertainty
£y E, u(Ey) n u(A,) U(E,)

An example of measurement uncertainty evaluation

Indications of calibrated and reference glass ther-
mometers are shown in Table 4.

Table 4

Calibrated Tci and reference Tsi thermometer

The resolution d of calibrated thermome-
ter is 0.1 ¢C. Expanded uncertainty US =0.05 °C
and coverage factor kS =2 are taken from the
certificate of calibration of the reference ther-
mometer. The limit of temperature unevenness
0, =0.004 °C is taken from the passport of the

indications thermostat. The uncertainty budget for these data
I 1 2 3 4 5 6 is listed in Table 5.
i The uncertainty budget for the reduction method
TCi’ C | 997 | 9.95 1 9.94 | 9.95 | 9.96 | 9.97 is presented in Table 6. The results of the measure-
T . ' 97 ' 97 ' _ ment uncertainty evaluation for this example, ob-
si, 'C | 998199 996 | 99 998 | 9.98 tained by the Monte Carlo method, are presented in
A oc |=0.01]-0.02|-0.02|—0.02] —0.02 | -0.01 Table 7 and completely coincide with the results of
v Tables 5 and 6.
Table 5
Uncertainty budget when calibrating the thermometer at point 10 °C
Input The values of |Standard uncertainty Kurtosis of Sensitivity Uncertainty
quantities input quantities | of input quantities | input quantities coefficients contribution
7:: 9.956667 0.006383 6 1 0.006383
Ac 0 0.002887 —1.2 1 0.002887
T 9.973333 0.004303 6 -1 —0.0043
AS 0 0.0025 0 —1 —0.0025
AT 0 0.002309 —1.2 1 0.002309
The value of the Combined Kurtosis of Expanded
Measurand . Coverage factor .
measurand standard uncertainty measurand uncertainty
E, —0.01667 0.005227 0.283619 1.97597 0.010329
Table 6
Uncertainty budget when calibrating the thermometer at point 10 °C (reduction method)
Input The values of | Standard uncertainty Kurtosis of Sensitivity Uncertainty
quantities input quantities | of input quantities | input quantities coefficients contribution
A —0.0167 0.002722 6 1 0.002722
Ac 0 0.002887 —1.2 1 0.002887
AS 0 0.0025 0 -1 —0.0025
A, 0 0.002309 —1.2 1 0.002309
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The value of the Combined Kurtosis of Expanded
Measurand . Coverage factor .
measurand standard uncertainty measurand uncertainty
EX —0.01667 0.005227 0.283619 1.976 0.01033
Table 7
Monte Carlo measurement uncertainty evaluation results
Measurand | The value of the measurand Combined ;tandard Coverage factor | Expanded uncertainty
uncertainty
EX —0.01667 0.005227 1.974 0.01033
Conclusions

1. The procedure of the measurement uncertain-
ty evaluation at glass thermometer calibration, based
on the Bayesian approach and the kurtosis method,
is described.

2. Applying the reduction method to process cor-
related measurements makes it easier to calculate the
measurement uncertainty.

3. The procedure is illustrated by a specific exam-
ple, the results of which showed a complete agreement
with the results of the calculation by the Monte Carlo
method.

4. Taking into account the correlation between the
measurement results of calibrated and reference ther-
mometers allows to reduce the values of combined and
expanded measurement uncertainties by almost 1.5 times.

OuiHiOBaHHA PO3MIMPEHOI HEBU3HAYEHOCTI
npy KaaiOpyBaHHi CKJISIHOTO TepMOMeETpa

I.1M. 3axapos, O.A. boutopa, A.l. bpikmaH, O.0O. 3axapos

XapkiecbKull HaujoHanbHUl yHisepcumem padioenekmpoHiku, np. Hayku, 14, 61166, Xapkie, YkpaiHa
newzip@ukr.net

AHoTauis

JocmimkeHo MEeTOOMKY KajiOpyBaHHS CKJISTHOTO TEPMOMETpPa METOIOM 3BipeHHSI 3 €TaJTOHHUM TEPMOMETPOM 3a
JIOTIOMOTOI0 MpUIany MopiBHSAHHS (TepMmocTaTa). 3rinHo 3 BumMoramu cranaapty ISO/IEC 17025 po3pobjeHo npolenypy
OlIIHIOBAaHHSI HEBM3HAYE€HOCTiI BUMipIOBaHb. B OCHOBY 1ii€i mpouenypu rnoxkjaaaeHo 0afeciBCbKUA Miaxil Ta po3podaeHu
aBTOpaMM METOJ eKcleciB. 3aCTOCYBaHHS LIMX MPUNMOMIB 103BOJISIE HAOIM3UTU OLIHKM HEBU3HAYEHOCTI BUMipIOBaHb,
OTpPUMAaHi 3ampPOTIOHOBAHUM METONOM [0 OLIHOK HEBU3HAYEHOCTi BUMipIOBaHb, OTpUMaHUX MeTonoM Monte-Kapio
BinnosinHo no lomatky 1 no HacrtaHoBM 3 momaHHs HeBM3HA4YEHOCTi BUMiproBaHHs. [lim yac oO4yMcieHHsT cyMapHOi
CTaHAApPTHOI HEBM3HAUEHOCTI BUMipIOBaHb IMPOBOAMTHCS OOJIK KOpEisilii MiX IoKazamMu TepMOMeTpa, 10 Kaliopy-
€ThCSI, Ta €TAJJIOHHOTO TepMoMeTpa. HasiBHiCTh Kopessiii BUKIMKaHa OJHOYACHUMU BUMIiPIOBAHHSIMU B OJHUX YMOBax
TeMIepaTypu odboMa TepMOMeTpaMU Ta HeCTaOUIbHICTIO TeMIlepaTypu TepmocrtaTa. IlpomeMoHCcTpoBaHO e(PeKTUBHICTh
3aCTOCYBaHHSI METOMY PEeAyKIlii MpU PpO3paxyHKy HEBM3HAUYEHOCTI KOpeThbOBaHUX BUMiploBaHb. CKIIaleHO OM0IKeTH
HEBU3HAYEHOCTI, Ki MOXHa BUKOPUCTOBYBATU SIK OCHOBY JUISI pO3pOOKM MPOrpaMHOro 3aco0y 3 METOI0 aBTOMAaTM3allii
OLIIHIOBaHHSI HEBU3HAUE€HOCTI BUMipioBaHb. OTpuMaHO (GopMyau I OOYMCICHHS €KCIeCy BUMIipHOBaHOI BEJIMYUMHU
3 ypaxyBaHHSM KOpeslii MiX BXiITHUMHU BEJIMYMHAMU TPU BUKOPUCTAHHI 3arajJIbHOMPUINHATOrO METOIY OOYMCIIEHHS
HEBM3HAYEHOCTI Ta METONY penykilii. Po3misiHyTo peaibHMii MpUKIIaA OLIIHKM HEBM3HAUYEHOCTI BUMIipIOBaHb IiJ 4ac
KayiopyBaHHsI CKJISIHOro tepmometrpa. IlokazaHo, 110 00K Kopessuii MiX pe3yJbTaTaMyd BUMIipIOBaHb TepMOMETpa,
110 KaJiOpyeThCs, i €TaJJOHHOIO TepMOMeETpa J03BOJISIE 3HU3UTU 3HAYEHHS CyMapHOI Ta PO3LIMPEHOI MOXMOOK BUMi-
ploBaHb Maiixe B 1,5 pasa. [IpomeMoHCTpoBaHO 30ir pe3y/bTaTiB, OTPUMAHUX 3alIPONTOHOBAHUM METOJOM i METOIOM
Mownte-Kapio.

KiouoBi cjioBa: TepMOMETp CKIISIHUMIA; KaJiOpyBaHHS;, KOpeJisiiisd; HEeBU3HAYEHICTh BUMIpIOBaHb, Oal€CiBChbKUI MiaXis;
METOJ €KCLEeCiB; OO/ KeT HEBU3HAYEHOCTI.
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OnennBanye paclIMPeHHON HeompeneJIeHHOCTH
Np¥ KAJUOPOBKE CTEKJISHHOTO TEPMOMETpa

N.T1. 3axapos, O.A. boutopa, A.WN. bpukmaH, A.A. 3axapoB

XapbKkosckuli HayuoHarbHbIU yHUgepcumem paduo3anekmpoHuku, np. Hayku, 14, 61166, Xapbkos, YkpauHa
newzip@ukr.net

AHHOTAIMSA

HccnenmoBaHa MeTOAMKA KaJIUOPOBKY CTEKJIIHHOIO TEPMOMETpA M pa3paboTaHa IPOLEeaypa OLIEHUBAHUS HEOIPEIeIeH-
HOCTH M3MEpPEHMII Ha OCHOBE MeTOnIa 3KCILIeCCOB. [IpM OlleHMBAaHMM HEONPEICJCHHOCTH IPOM3BOIUTCS YUeT KOPPEIALIMK
MEXIy MOKA3aHUSMM STAJIOHHOIO M KaauOpyeMOro TepMoMeTpoB. IIpomemoHcTpupoBaHa 3()GEKTUBHOCTD MPUMEHEHUS
METOJ/Ia PEMYKIIMK TIPU pacdyeTe HeOolpeleIeHHOCTH KOPPeJIMPOBaHHBIX 3MepeHUi. CocTaBIeHbI OIOIKEeThI HEOpeaesIeHHOC-
TH, KOTOPBIE MOXKHO MCIIOJIb30BaTh B KA4eCTBE OCHOBBI [JIsI pa3pabOTKU IIPOrPaMMHOIO CPEACTBA C LE/IbI0 ABTOMATU3ALIMI
OLICHMBAaHUSI HEOIpeAeIEHHOCTH. PaccMOTpeH peajbHBI TTPUMEp OLIEHKU HEOIpeneJeHHOCTH U3MEPEHUI MpH KaauOpoBKe
CTEKJISIHHOTrO TepMoMeTpa. [lokazaHo, YTO y4eT KOppesILMK MEXIY pe3yJbTaTaMu M3MEPEHMI KaJInOpyeMOoro U 3TalOHHOIO
TEPMOMETPOB TIO3BOJISIET CHU3UTh 3HAUYCHUS CYMMAapHOW M pacIIMPeHHOW IOTPEIIHOCTell M3MepeHuii moutu B 1,5 pasa.
[loka3aHo coBIageHKe Pe3yJbTaToB, MOJYYEHHBIX IpenjaraeMbiM MeTOOoM U MeTtomoM MonTte-Kapiio.

KnwoueBbie ciioBa: TepMOMETP CTEKISIHHBIM; KaJMOpOBKA; KOPPEISILMsS; HEOMPEAeJeHHOCTh W3MEPEeHUil; MeTon
9KCIIECCOB; OIOIKET HEOIpPeaeTeHHOCTH.
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