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Abstract. The work is directed on accuracy increasing of the thermodynamic temperature measurement of heated objects by
their own thermal radiation, utilizing no more than two monochromatic channels for the spectral density of radiance measurement.

The classification of the methods of one- and two-color thermometry with emissivity correction have been proposed. It has
been determined that these methods are based on generalized measurement equation originated from the spectral density of radiance
approximation by the Wien’s formula. Temperature measurement equations have been reformulated basing on the set of common
input quantities. This set includes conditional one-color (radiance) temperatures, wavelengths and correction parameters, that account
for spectral emissivity of controlled object. The number of input quantities for one-color methods is 4, and for the most part of two-
color methods — 6.

Taking into consideration the specific of hardware realization of thermometry system (microspectrometer with multielement
CCD-sensor of radiation), uncertainty components of input quantities have been researched and systematized, as well as the formulas
for input quantities uncertainties evaluation basing on these components have been obtained. The uncertainty budget of indirect
temperature measurement by the methods of monochromatic one- and two-color thermometry has been formed on the base of the
input quantities set. The formulae for evaluation of combined standard and expanded, with confidence level 0.95, uncertainties of
temperature measurement result have been obtained. They account for the possible correlation between correction parameters. For
expanded uncertainty evaluation the kurtosis method has been utilized. It has been shown, that under conditions of the same
uncertainties of input quantities, the accuracy of thermometry methods depends on the corresponding sensitivity coefficients only. The
necessity of obtaining analytical expressions for sensitivity coefficients have been argued. This will allow analyzing the complex
influence of input quantities uncertainties on temperature measurement accuracy by investigated thermometry methods, in order to
determine the method, which demonstrates minimal possible uncertainty under specified measurement conditions.

Key words: thermodynamical temperature, methods of monochromatic one- and two-color thermometry, conditional
temperatures, correction parameters, uncertainty budget, sensitivity coefficients.

one- and two-color operation regimes are available by the
all multiwavelength thermometers (one can choose pairs
of two wavelengths on the registered part of spectrum).

1. Introduction

When spectral density of radiance [1] is not being

measured on the multitude of spectral channels (wavelen-
gths), in order to minimize instrumental component of
uncertainty of thermodynamic temperature measurement,
it is reasonable to utilize thermometry methods with
minimal number of wavelengths — one- and two-color. On
the modern stage of development of science and techno-
logy, sensors of thermal radiation with monochromatic
(width up to 10 nm) and quasimonochromatic (10-25 nm)
spectral channels are rather widespread [2, 3]. Due to the
simplicity of construction and comparatively low cost,
thermometers with mentioned sensors consist of
considerable part of the market of contactless means of
temperature measurements for industry applications, in
particular, for metallurgy [4]. Also, it is worth saying, that

This possibility is important when strong wavelength
selection is required [5]. For example, under conditions of
unstable transmission of intermediate medium due to the
existence intervals of selective absorption of substances-
pollutants (water vapor, gases, smoke from metal melts
surface, etc.).

2. Drawbacks

Nowadays, despite of the numerous studies in the
field of contactless high-temperature measurements,
systematization of methods of monochromatic one- and
two-color thermometry with emissivity correction is
absent. They belong to the methods of indirect measu-



Measuring equipment and metrology. Vol. 86, No. 2, 2025 19

rements, because the thermodynamic temperature being
determined on the base of measurement equations. These
equations include some input quantities, particularly,
conditional temperatures, proportional to the spectral
density of radiance on corresponding wavelengths. The
questions, dealing with measurement equations reduction
to the set of joint input quantities, systematization of the
sources of these quantities uncertainties, as well as
metrological analysis of input uncertainties transformation
into uncertainty of the result of temperature measurement
by known thermometry methods are being still not solved.

The consideration of instrumental and systematic
errors of some methods of monochromatic one- and two-
color thermometry, given in publications [6-8] is not
sufficient for comprehensive characterization of their
accuracy. To achieve this, it is necessary to estimate root-
mean-square or limit errors of temperature measurement
or standard / expanded uncertainties, under the same
conditions. So, in the work [6] the dependencies of
instrumental root-mean-square temperature measurement
error on errors of dimensionless intensities of radiation on
one / two wavelengths, for the methods of radiance (brig-
htness), spectral ratio and cross-correlation conditional
temperatures without emissivity correction have been
obtained. Mentioned methods are relevant only for the
objects, which are “absolute black body” (ABB) with
values of spectral emissivity & and & on corresponding
wavelengths to be identically equal to 1. For thermometry
methods, corrected on the emissivity of a colored (“non-
black”) object, it is claimed that the estimates of
instrumental error remain the same. Obviously, it is not
correctly, due to the sensitivity coefficients, calculated at
&1#1, e,#1 differs from those ones, obtained at ¢;=¢,=1.

Formulae for instrumental and methodological
components of temperature measurement errors, for some
methods of two-color thermometry with emissivity
correction, presented in paper [7], take into account the
signs of absolute errors of intensity measurement (Alj;
AL) and emissivity determination (Aegy; Agp). It is
acceptable only in that case, when these errors are
systematical. Moreover, (Ae;; Ag;) can be considered as
systematical, but for the (Al;; AL) such assumption is
incorrect due to their random nature, caused by the sensor
and measurement channels noise.

In paper [8] systematical methodological errors of
temperature measurement by the methods of radiance
(brightness), spectral ratio and two-color compensative
thermometry with emissivity correction have been studied.
It has been found that the last method has minimal
methodological error if significant (>>1)relations of syste-
matic errors of selectivity coefficient and average
emissivity are observed.

Presented in work [9] comprehensive analysis of
uncertainty sources of temperature measurements by infra-
red radiation thermometers is performed for the method of
one-color thermometry with wide (not monochromatic)

channel of spectral density of radiance measurement. So,
this analysis can be adopted only for monochromatic one-
color methods of temperature measurement, but not two-
color. In addition, the transfer to the uncertainty of
temperature measurement result (in Kelvins) is not obvious
from obtained generalized formula for standard uncertainty
of infrared thermometer measurement signal.

3. Goal of the article

The goal of the current article is to form the uncer-
tainty budget for temperature measurement by the
methods of monochromatic one- and two-color thermo-
metry with emissivity correction. To achieve this, it is
necessary to reduce measurement equations to the set of
common input quantities and systematize the uncertainty
sources of these input quantities. The uncertainty budget
characterizes contributions of uncertainties of the input
quantities in total uncertainty of temperature measurement
result by one or another method. It is the base for estima-
tion (by the B-type) of combined standard and expanded
uncertainties of temperature measurements by different
thermometry methods.

4. Review of the methods of monochro-
matic one- and two-color thermometry

It is known, that the task of thermodynamic tempe-
rature determination on the base of measured spectral
density of radiance, without any a priori information about
controlled object, is ill-posed (incorrectly formulated) [10,
11]. This fact results in existence of multitude solutions
with respect to the sought thermodynamic temperature.
Such conclusion can be obtained due to the number of
unknowns in the system, which includes, for example, 3
one-color pyrometric equations, exceeds on unity the
number of equations [12]. Respectively, for this task to be
correctly formulated, it is necessary to equalize the
number of unknowns and equations in the system. For
one-color thermometry the only way is a priori setting of
monochromatic value & of spectral normal emissivity
(coefficient of thermal radiation, emission coefficient,
degree of blackness) [1] of the object on wavelength 4;. As
for two-color pyrometry, obtaining of the unique solution
with respect to the thermodynamic temperature can be
possible realized by two ways:

— with the help of setting of some model emissivity
dependence on wavelength — &,,,4(4), which is required to be
identical with the real dependence &(2) of controlled object.
Such dependence is described by the exponential-power
function [6, 13], with index of power to be specified
through the wavelength 4, and 4, of spectral channels;

— by means of setting of monochromatic values & and
& of spectral emissivity on corresponding wavelengths.
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Disadvantage of the first way is that fact, that there
are only 3 thermometry methods [6], which provide
equality of measured conditional temperature and sought
thermodynamic temperature, for predetermined &,,,4(4). For
example, the method of conditional spectral ratio
temperature. This conditional temperature is equal to the
thermodynamic temperature only in case of “gray” spectral
distribution of the object emissivity (e(1)=const — &/e,=1).
In other cases, the unknown systematic error of thermo-
dynamic temperature measurement will take place. There-
fore, mentioned methods have very restricted application
and will not be considered in this article. The methods,
which realize the second way, are more universal, by the
authors opinion (obviously, they can be adapted for the
objects with any &,#1, &,#1).

As a result of literature analysis [6-8, 13—15] it has
been found that all methods of monochromatic one— and
two-color thermometry with emissivity correction can be
reduced to the next generalized equation of temperature
measurement

I =1/ (1 8o +Aicac) » @)

where 77, K — calculated, in accordance with chosen
thermometry method, thermodynamic temperature of the
object; Sic 2c, K — conditional one- or two-color tempe-
rature, basical for chosen thermometry method; Aicxe,
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K" — correction due to the systematic methodological
error of chosen conditional one- or two-color temperature.

Systematic methodological error is caused by the
deviation of unity of product (the result of multiplication)
of spectral emissivity of controlled object and trans-
missivity of intermediate medium, for one or two wave-
lengths. Mentioned product is equal to unity only when
the thermometry system is sighted on thermodynamically
equilibrium radiation of ABB-model, under condition of
ideally transparent intermediate medium.

The equation (1) follows from pyrometric equati-
ons for conditional one- and two-color temperatures,
presented in work [12], when spectral density of radiance
is approximated by the Wien’s formula. It is correctly for
visible and near infrared parts of heat radiation spectrum,
particularly, for wavelengths 5001100 nm and tempe-
rature of the object above 1200 K. Temperature control of
ferrous-carbon melts in metallurgy usually is performed
under such conditions [12]. It is necessary to say, that if
Planck’s formula for spectral density of radiance will be
utilized, generalized equation (1) becomes incorrect.

The classification of the methods of mono-
chromatic one— and two-color thermometry with emissi-
vity correction is presented on Fig. 1.

I Methods of monochromatic one- and two-color thermometry with emissivity correction I

A |

1. One-color — using measurement equation of the form

Tiep =1/ (1/ S +AL) atAuc

1.1 Method of condilional one-color radiance temperature Sy with correction on £, |

.

1.2 Method of conditional ene-color radiance temperature Sy: with correction on &:. |

2. Two-color — using measurement equation of the form 7, =1/[1/ 8, + A, . (C,, A, 4,,£..5,. )], where:

¥

Y

2.1 Az #0, for conditional
temperatures Syc(A13423.5p3.5mh

2.2 Ay- =0, using correction parameter B(& 810414 ), introduced in formulae for
conditional temperatures Ssc(4) A2.501:55,8):

. . ) . 2.2.5 Method of conditional power
2.1.1 Method of conditional spectral ratio 2.2.1 Method of conditional power temperature Sgr, which is proportional «to
temperature Sog, corrected with e1./63. temperature S (Snapko) radiation tluxes raised to powers, variant
1T (Poskachei, Charikhov)
2.1.2 Meth f  conditional cross- ”
_ - 5 cthod D_l wndj mna. _m_]q" 2.2.2 Method of conditional exponential- 2.2.6 Method of conditional temperature
Le correlation temperature Sepc, corrected " 5 oo saloulated by etwo bishtness
it G power temperature St at a=var (Snopko) DTRWE, ) ¥ g I -
Yot e temperatures with weight coetticients»
i = T = (Poskachei, Charikhov)
2.1.3 Method of conditional average- 2.2.3 Method of conditional exponential-
- brigthness temperature S.q. corrected [ power temperature Syvpowy at =2 2.2.7 Method of conditional spectral ratio
with 862 [9] (Watari) temperature Sep.ry, corrected by «Foleys  [*
(Foley)
214 Method of conditional color- 224 Mel!wcl of l?OHC.ﬁliUI)E]l POwEL
(> brigthness temperature Sc.ap, correcled ») lem;)ergture Sean, whlch 15 propmuona! i 2.2.8 Method of conditional temperature of
with & .65 radiation fluxes raised to powers, variant «Imverse Spectral Baflos S (Anderson) ™
T» (Poskachei, Charikhov) L B
2.1.5 Method of conditional color-cross- 2.2.9 Method of conditional two-color
* correlation temperature Sie.cpe, corrected compensative temperature Stecr (Zhukov, [
with & .62, Petrenko)

Fig. 1. Methods of monochromatic one— and two-color thermometry with emissivity correction
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Classification is built on conditional temperatures
nomenclature, which can be utilized in generalized equation
(1). As can be seen, conditional temperatures for two-color
methods are the most numerous. These methods have been
divided on 2 subgroups, with 5 and 9 methods, respectively.
So, for two-color thermometry it is possible to made
temperature correction Ayc equal to zero (see p. 2.1.2). This is
achieved due to the additional correction parameter B to be
introduced in measurement equation of conditional tempe-
rature. The consequence is the measured conditional tempe-
rature is equal to the sought thermodynamic temperature.

In order to correct systematic methodological error
of any conditional temperature in accordance with
generalized equation (1), we should apriori know
estimates of the product of spectral emissivity of the
object and spectral transmissivity of intermediate medium,
for one and/or two wavelengths — i.e. &;.71. and/or )¢ 7.
To simplify the analysis in this paper, let us consider, that
71=0=1. Reasoning from the practice of contactless
temperature measurements, the estimates of spectral
emissivity can be either fixed, or being calculated in
accordance with special algorithms, adapted for chosen
object of control. Moreover, for some controlled objects,
for example, metal melts, ¢ and &, are usually correlated
with coefficient, equal to 1 (in other words, there are some

2025 21
dependencies of the form &,=f(¢1)) [6]. Respectively, if we
apply the algorithms of correction, which account for
these dependencies, we will obtain correlated estimates of
g and & — i.e, & and & As a result of significant
nonlinearity of such dependencies, the average
Eav.e—(€16T620)/2 and ratio Ks.=¢;c/¢5. can be either mutually
correlated or no. So, proposed quantities are more infor-
mative, than ;. and &, for comprehensive uncertainties
analysis, where influence of different algorithms of cor-
rection parameters calculation should be considered.
Further, we will use just averaged level of emissivity &,
and selectivity coefficient Ks. as a parameters of correc-
tion of systematic methodological error of conditional
temperatures. In the simplest case (apriori averaged
adjustment [8]), they are determined as arithmetical means
of boundaries (€4y.min, Eav.max) ANA (KSmin, KSmax) and mutual
correlation is absent. The mentioned boundaries belong to
the apriori information about controlled object.

Formulae for conditional temperatures calculation,
as well as corrections for them are presented in the Tab-
les 1-3. At the same time, the mathematical models,
presented in works [6-8, 13—15] have been transformed in
such a way, that all thermometry methods utilize the set of
common input quantities, including proposed two
correction parameters.

Table 1. Mathematical models of the methods of one-color thermometry with emissivity correction

Method in . i
. Measurement equation for conditional temperature
accordance with . . Formula for A;¢
. by the spectral density of radiance
the Fig. 1
1.1 S ==C, /[A-In(m -1’ E, /C))] Ay =-(4/C)-In[ -, -Ke,/ Ke,+)
1.2 S, ==C, /[A, - In(z-A;-E, /1 C)] A =—(4, /C)-In[ ¢, .-Ke. | Ke,+)

Table 2. Mathematical models of the methods of two-color thermometry with emissivity correction in accordance

Method in Measurement equation for
accordance Measurement equation for conditional conditional two-color

. Formula for A,

with the temperature temperature by one-color

Fig. 1 temperature

2.1.1 AW A mAE A A, mA-E A _ A
Sqp =——2—-11 L)+ 222 S =1/ (—2—— — A = -In(Kc,)

R e e e I i T ",

2.12 b b mAE. A Ay mdiE A1 A 1 A4 45 Ke
Sepe = 2 22 nc -1 2 L L A =S ave 2Ce
a= e e e | See VG s A 5y =7, ke, 47 )

2.13 1 A A E . 1 A . mA-E _ 1 1 _ 1 1 2K,
S =y O Ty e ) S G s sy ey ke

2:-€,,
*h ’]n(ch l

2.14 _y3hh A mhE A 3h A 13-, o 3AA L A3 ] = 1 TA -G A =)l LN

L TG e T | GG T s, | T R T
280, K,
(- A =4 ) I Ko+l )

2.1.5 o Mo mAE K Dy e E, Ao A A e

Sere [Ai—/ﬁ ing c ) TEC In( ¢ )| scmzl/(ﬁ_212 'S:Jr&z—zf's;) Accre G2 -10 [ ]n(KcL,Jrl)
i e Ry
Ke, +1




22

Measuring equipment and metrology. Vol. 86, No. 2, 2025

Table 3. Mathematical models of the methods of two-color thermometry with emissivity correction in accordance with

p22 (AZCZO)
Method in Measurement equation for conditional two-color
accordance temperature by one-color temperature and additional Formula for B
with the Fig. 1 correction parameter B
221 _1/[7 A\ )'2 ln()'z )'2 1 — 4 A\ Bleogﬁ.z/i.,(ch)
Chd h hh Sy kol Su
222 Bl Foel 1 Eue KC,
=1/ lf”)f‘ =T Wﬁ %w ) By =log, [ln( )/1< )
223 A,,S 1 &3 BEXP(W)=2
S =1/ ;*
o (A 3 Su & = )
224 A, (- ) 1 2o Ko 28, A 28, K
Spm:l/( )27?1)'?#» )175:") S—) BP(n [In( Ke, +1 ) ln(KcEJrl)]/[l? In( Ke 11
R1 R2
2.2.5 B, 1 A By 1 2 Eme Koo 28 A 26Ky
Sy =110+, S )'STQ] By = I 25~ =] 2 Ing KCE Ke.) (KcH)]
2.2.6 m\\c A’Z 1 A’\ a e Kce
Srawe =1/[ T 4 Bryw [ln( 2P/ n (7)]
e Bmwc A’z Aﬂ Sm Aﬂ7 TBWC A’z S ‘ +1
2.2.7 it 137111312 B =—In(K An(EBae n(% Eus Ke,
Sqp = 1/[)12 - /’MSRI 7S )] n(Ke,)/[2, n( A In Ke.+1 )
2.2.8 1 —1
S =Vl1-Bg) 2By T B =
Bk Su A S Se (G 2a) G =) (1= “)/u Lo Moy
2.2.9 ST((Tzz/(iJr 1 ) Skz-ln( ) (lh=h)+Cr Sy e ) (A= 2)=C,
SSR BT((“I‘ Breer = }L SA c, + A‘z Sm G ]

In Table 1-3 the next notes are introduced:

A1, A, m — effective wavelengths of monochromatic spectral channels;
E,, E,, (W/m’)sr ! — spectral density of radiance on wavelengths A, A;
Sri(E)), Sra(E>), K — conditional one-color (radiance) temperatures to be measured on wavelengths 1;, 4,;

C=(3.741771070.00000029)-107'® W-m>

— the first radiation constant;

C>=(1.4387752+0.0000025)-10~> K-m — the second radiation constant.

B=f(j~laj'2a8av.cal(cc) -

5. Sources of uncertainties of temperature
measurement equations input quantities

As can be seen from Table 1-3, all temperature
measurements equations include the set of common input
quantities. For one-color methods there are 4 input quantities
(radiance temperature Sk, or Sk, wavelength A, or 1, and
correction parameters &,,., Ks.), for two-color methods — 6
(Sr1, Sr2s A1y A2y €aver K5e). Among the last methods exception
is only for methods according p. 2.1.1 and 2.2.1, because of
their measurement equations include 5 input quantities, due
to the only one correction parameter K.

The Ishikawa diagram for the uncertainty com-
ponents of temperature measurement by the methods of
monochromatic one— and two-color thermometry is
presented on the Fig. 2. It takes into account hardware
realization of thermometry system — microspectrometer-
based, with multielement radiation sensor on the base of
charge coupled devices (CCD) [16].

Microspectrometer application is explained by the
requirement of high degree of monochromatizating of
spectral channels (width up to 10—12 nm) to be guaranteed
[17]. The chain of input quantities transformation in CCD
sensor is following: spectral density of radiation—
— charge — direct voltage — digital value of voltage—

the additional correction parameter, which provides Syc=T.

—radiance temperature [16]. This process is accompanied
by accumulation of the uncertainties, caused by the
specific sensor noises. So, in papers [16, 18], for the CCD-
based radiation sensors the next types of noise are
determined:

— readout noise, caused by the integrated schemes
of signal processing in each spectral channel of the sensor
(charge and voltage amplifiers) and independent on the
integration time;

— photoelectron or shot noise, caused by the
statistical variation of the photon accumulation speed due
to the quantum nature of falling electromagnetic emission;

— dark noise, caused by the thermal energy of
electrons in semiconductor structures and, correspon-
dingly, proportional to the integration time and tem-
perature of the sensor;

— quantization noise, caused by the finite resolution
of the built-in analog-to-digital converter of the micro-
spectrometer.

For quantitative characterization of mentioned
types of noise we will use the corresponding root mean
square values 0an(N),  On(N),  G4n(N),  04(N).
Probability density function for readout and dark noise is
described by normal law, photoelectron noise — by
Poisson law and quantization noise — by uniform law [16].
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Fig. 2. Ishikawa diagram for the uncertainty components of temperature measurement by the methods
of monochromatic one— and two-color thermometry with emissivity correction

Yet another source of radiance temperature measurement
uncertainty is calibration procedure of microspectrometer output
signal with the help of ABB-model. This component of
uncertainty depends on the calibration scheme for radiance tem-
perature obtaining [17]. Usually, the impact of next destabilizing
factors of ABB-model should be taken into consideration:

— instability of the spectral emissivity of the cavity;

— uncertainty of the measurement or instability of
the setting of the cavity temperature;

— non-isothermality and time instability of the
cavity temperature.

Typical estimations (“normal” and “best”) of
calibration uncertainties of radiation temperatures for
different calibration schemes are presented in report [17].

The standard uncertainties of radiance temperatures
measurement for each spectral channel being calculated
using the following formulas (type B evaluation)

oS
= u(Sy) =J(6—A;')2 [0 (N3, )+ 0 (N, ) + 07 (Ny, ) +07 (N 1+ G (S ) )

1

oS
u, =u(SR2)=\/(a—]\;2)2 02 (Ng) + 02 (N )+ 02 (N ) + 02 (N, T+ 12 (Se) » A3)

2
where C, ambient temperature, etc. [13]. Influence of these factors
SR](N]): ’ e g . .. .
A -In(C, K, -t/ ((N,-B)-m)) are usually minimized by stabilizing conditions of radi-
SN C, _ measurement  2NC€ temperatures measurement. In cases, when impact of
ro\UV2) =

A - In(C,-K, -t/ ((N, - B,) 7))

equations for radiance temperatures of the first and the
second spectral channels of the CCD-sensor; N;, N, —
obtained, during integration time ¢, digital counts of
voltage signal for the corresponding spectral channels of
CCD-sensor, which are proportional to the measured
values of spectral density of radiation; K, K,, By, By —
calibration constants for the corresponding spectral
channels of the CCD-sensor, obtained at ABB-model [16];
t — integration time; uq(Sg1), ua(Sz2) — calibration uncer-
tainties for the corresponding spectral channels, which can
be evaluated (by A type) on the base of calibration
procedure in accredited metrological institution.

It is necessary to say, that uncertainty of radiance
temperature measurement can be additionally affected by
such factors, as instability of spectral coefficient of
transmissivity of optical system, instability of converting
coefficients for the spectral channels due to the changes of

mentioned factors is significant, the total standard uncer-
tainties of radiance temperatures measurement should be
evaluated “in-situ” (by A type).

Uncertainties u3=uq(4;) and wus~uy(4,) of corres-
ponding wavelengths setting is determined as a result of
calibration procedure. For this purpose, standard lamp
with gaseous operating environment is usually utilized —
for example, Ocean Optics HG-1 Mercury-Argon
Calibration Source [19]. Such lamp generates emission
with accurately known wavelengths, which correspond to
the narrow spectral lines of the gases. Typical uncertainty
of wavelength setting for Ocean Optics microspect-
rometers consists 0.4...0.6 nm [19].

Let us consider, that quantities &, Ks, which
characterize spectral emissivity of the object, have
uniform law of distribution with boundaries [€4y.min, Eav.max]
and [Ksuin, Ksmax] and their estimates, i.e. &,,,., K., are the
arithmetic means of boundaries. So, the standard
uncertainties of ¢,,.., Ks, can be expressed as
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— _ Cavmax ~ Eavmin @)
us =u(g,,,)=—2ms__wmn ,
=ule, ) =S
u =M(KS6) — Ksmz\x — Ksmin . (5)
243

Also, if only &, & with their standard
uncertainties  u(ere), u(ey) are predetermined, the
uncertainties of correction parameters will be calculated as
following [20]

=, =y 1)+ 3 6 ) ) () (©)

ub:u(Ksc):\/ 12 A (8,) =2 K810, 82) 1 () -6y, ) + vuz(ah)’(7)

>2e *2e ?2e

where r(e).,62.) — correlation coefficient between &, and
&, dependent on algorithm of correction parameters
calculation.

6. Uncertainty budget of temperature
measurement result

On the base of Fig. 2, it is possible to form the
uncertainty budget of temperature measurement by the
methods of monochromatic one- and two-color thermo-
metry with emissivity correction (Table 4).

For convenience of the next studies, it was decided
to separate instrumental and methodological components
of uncertainty. It is known, that the first component is
determined only by the hardware part (radiation sensor) of
thermometry system. The second is dependent only on
applied algorithm of correction parameters calculation. It
was supposed that all input quantities, excepted correction
parameters, are mutually independent.

Table 4. Uncertainty budget of temperature measurement result

Standard . .
. . s . Sensitivity coefficient C;;
Estimate of | uncertainty | Probability Kurtosis of . i .
) . . o . of j-th thermometry Contribution of uncertainty
i i-th input of i-th input | distribution probability . o .
. . o method to the uncertainty of i-th input quantity
quantity quantity law distribution law C .
of i-th input quantity
1. Instrumental component of temperature measurement uncertainty
1 SRI, K up, K 7]1:0 qj :87'}1 /8SR1 C]j'ul
2 Spa K U, K 12=0 G, =0T, /85, Cytty
3 j~1a m Uz, M Normal 7’]3:0 C}j =87}/ /8)"1 ng'uz
4 Ay, M Uy, M 74=0 C4j :87}/ 104, C4j~u4
2. Methodological component of temperature measurement uncertainty
5 Eave us , ns=1,2 G, =0T, / e, Csits
Uniform
6 Ks, ug ne=—12 G =0l / K, Cojuts
Correlation coefficient between correction parameters: —1.0<rs-¢=7(€4y,e,K5.)<1.0
3. Characteristics of accuracy of temperature measurement result by the j-th thermometry method
Estimate of temperature Confidence
measurement result by Combined standard . . Coverage Expanded
. . Resulting kurtosis level .
the j-th thermometry uncertainty, K factor k uncertainty, K
P conf.
method, K y
T/ (Sr1sSr2 1258 av.es u (T Cyjs....Ces 1570156, Cs Colhssth, 0.95 ks U=
Kis,) Ui, . .U T's.6) 756U T17)) Peont) =fulTp).k)

The data, given in Table 4, are sufficient to
estimate (by B type) the uncertainty of the temperature
measurement result by any of mentioned above thermo-
metry methods. In general, the laws of distribution of
input quantities uncertainties can differ from presented in
Table 4. This fact is accounted by the corresponding
kurtoses setting. Also, the existence of correction para-
meters mutual correlation can be taken into consideration
by setting the coefficient rs..

Accuracy characteristics [20] of temperature
measurement result by the methods of monochromatic
one- and two-color thermometry with emissivity correc-
tion are estimated in the next way.

1. One can obtain the temperature measurement
result by the j-th thermometry method in accordance with
generalized measurement equation (1), after substitution
in this equation formulas for specific conditional tempe-
rature via one-color radiance temperatures, wavelengths
and corresponding correction parameters (see Tables 1-3).

2. The combined standard uncertainty of tempera-
ture measurement result is calculated on the base of instru-
mental 4 _(7;) and methodological 4 (7;,) components

U (Tr;) =\t (Ty)) + i (T3, » ®)

where

Uy () =\ G 3+ 3w+ Gyt » )
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um(nj):\/cszj '”§+C62j UGH2 Ty Gy Gy - (10)

3. The expanded uncertainty of temperature mea-
surement result (at predetermined confidence level P,,y)
is calculated as a product of coverage factor on combined
standard uncertainty

U(Ty) = k(B ) - 1 (T7;) - (11)

At the same time, to evaluate correctly the
expanded uncertainty, it is necessary to determine in right
way coverage factor at predetermined confidence level
P.on In order to solve this task, let us use the kurtosis
method, which was specially adapted for evaluation of
expanded uncertainty of indirect measurand at confidence
level 0.95 [21]. So, the coverage factor for resulting law of
uncertainty distribution of measuring quantity is calcu-
lated on the base of resulting kurtosis of measuring quan-
tity, using some proposed approximation dependency. In
order to evaluate the resulting kurtosis of the measured
temperature, let us use the rule of summarizing of input
quantities kurtosis. If the correlation coefficient between
the correction parameters is equal to zero, the following
formula can be used

Tk (C;, '”:+C:/ ) .
Y ' (Ty)

If correction parameters are mutually correlated

(r5.670), the formula (12) becomes the form

(12)

4
an (C;/ 'uf)A s (Csz/ ~u§+2~rH 'CS/ 'q)/ 'us'uo"'cz/‘ ”f,)z
_ =l

o . (13)

u'(Ty)

In the formulae (12) and (13) the next notes are
introduced:

n=n=n=n,=0 - the kurtoses
quantities 1-4, which are normally distributed;
— the kurtosis of correction

of input

N5 =N =1 =—1,2
parameters, which have the same distribution law —
uniform.

Coverage factor, at confidence level 0.95, is
calculated as following [21]

k(11 Pryp =0,95)=0,1085-13 , + 0,175, +1,96.  (14)

It can be concluded, that the uncertainty of tempe-
rature measurement result by one or another thermometry
method will be affected by the corresponding sensitivity
coefficients (partial derivatives of the measurement
equation of specified thermometry method by the input
quantities), as well as the presence of correlation between
the correction parameters.

It is obviously, that the first stage of temperature
measurement accuracy increasing is to minimize the
uncertainties of the input quantities in measurement equa-
tions. To achieve this, it is necessary to more accurately
measure one-color radiance temperatures, as well as to
determine the correction parameters, choosing the most
relevant, to the specified object, algorithm of correction
parameters calculating.

On the second stage of temperature measurement
accuracy increasing, it is necessary to choose the thermo-
metry method, which demonstrates the minimal possible
uncertainty under specific measurement conditions. In
particular, the necessity of such choose is concluded by
the author of the paper [7]. Relying on the presented
above uncertainty budget, the transformation of the
uncertainties of input quantities into the uncertainty of
temperature measurement result by the different thermo-
metry methods, should be investigated. Correspondingly,
the analytical expressions for sensitivity coefficients
Cyj,..., Cg; for each j-th thermometry method, are required.
Substituting these expressions into formulae (8)—(11), one
can obtain quantitative and qualitative regularities of
influence of one-color radiance temperatures uncertainties
and the correction parameters uncertainties on the
uncertainties of different thermometry methods, under the
same measurement conditions. Analyzing these influence
regularities, the conditions when the certain thermometry
method demonstrate minimal uncertainty, should be
estimated. Or, under determined measurement conditions,
characterized by estimates of input quantities, their
standard uncertainties and possible correlation between
correction parameters, we should know, how to choose
thermometry method which provides minimal uncertainty
of temperature measurement — the best accuracy.

7. Conclusions

Thus, it has been determined, that monochromatic
methods of one and two-color thermometry with emis-
sivity correction rely on generalized equation of tempe-
rature measurement. This equation originates from appro-
ximation of the spectral density of radiance of emitting
object by the Wien’s formula. Measurement equation of
the specific thermometry method consists of basic (by
which method is named after) conditional temperature
with corresponding correction parameters to compensate
the spectral emissivity of controlled object.

As a result of next analysis of temperature measu-
rement equations, it has been confirmed, that all investi-
gated thermometry methods utilize the set of common
input quantities. To characterize radiative properties of the
controlled object, two correction parameters (average
level of emissivity and selectivity coefficient), to be
calculated by monochromatic spectral emissivity values
on two wavelengths, have been proposed. The factors,
which impact on input quantities uncertainties have been
determined and the formulas for their evaluation have
been derived. The uncertainty budget of indirect
temperature measurement has been formed. The formulae
for evaluation of the combined standard and expanded,
with confidence level 0.95, uncertainties of thermometry
methods have been obtained. It has been concluded, that
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under conditions of the same input quantities uncertai-
nties, the accuracy of thermometry methods depends on
quantitative estimations of the corresponding sensitivity
coefficients only. The necessity of analytical expressions
obtaining for sensitivity coefficients have been showed.
This will allow analyzing the complex influence of input
quantities uncertainties on temperature measurement
accuracy by investigated thermometry methods, in order
to determine the most accurate (with minimal possible
uncertainty) method under specified measurement con-
ditions, or to determine quantitatively such measurement
conditions, when the certain method is the most accurate.
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