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Abstract. Object temperature diagnostics by means of infrared temperature measurements as well as measurements of
temperature gradients are considered. Values of the surface temperature carry information about the internal structure, defects and
their location of measured object. This information becomes quite important for preventive measures and repairs of technical
objects.

The world production of infrared thermometers and pyrometers, thermal imagers and infrared cameras is quite significant.
These measuring devices are small-sized, with low power consumption a comparatively high performance and the possibility of
real-time processing information. It contributes to expanding the radiation thermometers and infrared cameras application in
industry. However, low accuracy of infrared temperature measurements can lead to inadequate decisions caused by inefficient
anayze of thermograms. The lack of correct information about values of impact factors including an emissivity coefficient in
industrial conditions becomes a decisive.

Therefore, enhancing the accuracy of temperature/temperature gradient measurements of object surface and devel oping of
temperature measurement methodol ogy in production cycles becomes more and more important.
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Anoranisi. [3 METOI0 TEXHIYHOrO IIarHOCTYBaHHS 00 €KTiB IPOAHAJI30BAHO PE3YNIbTaTH BHMIPIOBAaHHS TEMIIEPAaTypH 3a
iH}ppauepBOHUM BHUIPOMIHEHHSM Ta BH3HAUCHO IPAJi€HT TEMIIEpAaTypu MOBEpXHi 00’ exra pociivkeHHA. OOHaBa IOKa3HUKU
iH(OpMYOTh PO 0COOIMBOCTI 30BHIIIHBOI Ta BHYTPIIHBOI Oy0BH 00’ €KTiB, HasBHI Ae(eKTH Ta iX po3rauryBaHHs. SIK pe3ynbrar,
Taka iH)OpMallis € BaXIIMBOIO I1i/l Yac IUIAHYBaHHS Ta IIPOBEIEHHS NMPOGIIAKTUYHUX 3aX0/1iB, BUKOHAHHS PEMOHTY UM OpraHizawii
MOJANIBIINX YTOYHIOBAJIBHUX J0CHiPKEHb.

Ha cBitoBoMy puHKy Oarato KoMmaHiii BupoOisie paiiaiiiiHi TepMOMeTpH, TEIUIOBI30pH Ta iH(pauepBoHi kamepu. Lle
3yMOBJIEHO BUKOPUCTAHHSAM JIOCTYIHHUX Ta BUCOKOTEXHOJIOTIYHUX MaTPUYHUX JIETEKTOPiB BUIIPOMIHIOBAaHHS 1 MiKpOIIPOLIECOPIB, a
TaKOK MOXJIUBICTIO PO3POOJICHHS IHTEPAKTUBHOIO Ta JIOCTYITHOTO KOPUCTYBadeBi IpOrpamMHoro 3abesneueHHs. Biacne tomy mi
BUMIpPIOBAJIbHI NIPWJIAZM MAIOrabapuTHi, XapaKTepU3YIOTbCS HHU3BKHM E€HEPrOCIIOKHBAHHSM i3 BHUCOKOIO IPOLYKTHUBHICTIO i
MOIIMBICTIO OIpalfoBaHHS iHpopMallii y pexxumi peasibHoro uyacy. Lle crpusie po3ImUpeHHo iX BUKOPUCTaHHs y IPOMUCIOBOCTI.

Ilpore HU3bKA TOYHICTH BUMIPIOBAHHS TEMIIEPaTypu 3a iH(PaYEPBOHUM BHIPOMIHEHHSM MOXKE IIPH3BECTH 10 XHOHOro
TPaKTYBaHHS TepMorpaM, (hJOpMyBaHHsS MOMMIIKOBUX BHUCHOBKIB Ta NPUHHSTTA HENpaBIIBHKX pillieHb. Lle NoB's3aHO 3 BiACYTHICTIO
JocToBipHOI iH(popMalil mpo 3HaueHHA (aKkTOpiB BIUIMBY B pEallbHUX yMOBaX (DYHKILIOHYBaHHS 00'€KTiB JOCII/DKEHHS, a came
KoedillieHTa BUPOMiHEHHS IOBEPXHI JIOCII[PKYBaHOIO 00’ €KTa, MPOITYCKaHH IPOMIXKHOIO CepEeIOBHILA Ta (JOHOBOro BUIPOMIHEHHS.

Came TOMY Ba)KJIMBUM € ITiIBUILIEHHS TOYHOCTI BUMIpIOBAHHS TEMIIEpAaTypH Ta IpajiieHTa TEMIIEpaTyp y IPOMHCIIOBOCTI,
30KpeMa, 3a JIONIOMOT'O0 PO3POOIECHHS METO/IiB BUMIPIOBaHHS, SKi MOXXHA BUKOPHCTOBYBATH B PEalIbHUX YMOBAX.

Korouosi cioBa: pagiauiifiHuii TepMOMeTp, BUIPOMIHIOBAJbHA 3/1aTHICTb, (JOHOBE BHUIIPOMIHIOBaHHS, iH(pauepBoHE
BUIIPOMiHIOBaHHSI, TOUHICTh BUMipIOBAaHb

Introduction ability of moving objects measurements
including the measurements in aggressive environment
and under high electrical potential.

However, the problem of radiation temperature

measurement seems to be insufficient accuracy.

In industry, medicine and research, the
application of infrared radiation thermometers and
infrared cameras for temperature measurement and
temperature gradient analysis is expanding. It allows also
therma monitoring, state diagnostics, and detection of

defects. The advantages of using the infrared radiation
thermometers and infrared cameras[1] arefollowing:
wide range of measuring temperatures —
50+2500 °C;
short duration of measurements—~10°s;

Purpose of the article

The aim of the current work is to improve the
accuracy of infrared temperature measuring means while
operation by studying their peculiarities.
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1. Radiation temper atur e measur ements.
Analysis of accuracy problem

1.1. Difference of radiation
temper ature measur ement processin different
measur ement conditions

According to the Planck’s law the output signa of the
radiation thermometer in ideal operating conditions

S, (I, T,,) ispresented by equation [2-5]:
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where t(l,T,,) is the transmisson factor of

intermediiate environment in real conditions; €(l , Ty,.) is
thereal emissvity factor of the reference black body cavity;
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where | . - | . isthe spectral band of optical system of
1 2

infrared thermometer; R(l ) is the spectra sensitivity;

T, is the temperature of black body object; C, and C,

arethe congants.

However, in conditions of calibrating and measuring
processes such factors influence on results obtained with
hep of radiation thermometer and infrared camera [6] as.

the lack of reliable information about the
surface emissivity factor;

the effect of background radiation;

the impact of intermediate environment.
The output signal of the radiation detector in calibration

condition S, (I ,Ty,.) ispresented by:
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Tbg is the temperature of background radiation in operation
conditions.

The output signal of the radiation detector in this
condition S,_(I ,T,,) lookslike:
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where €(l ,T,,) istheemissivity of the object’ s surface.
Redly, the temperature T, the emissivity factor

e(' ,Tob) of object’s surface and the transmission factor

of intermediate environment t (I ,T,,;,) are unknown.

Vaues of different impact factors of radiation temperature
measurements, presented in Table 1, concerned the pro-
bable operation conditions.

Table 1
Values of different influent factors of radiation temper atur e measur ements
" L Temperature of Transmisson coefficient
Radiation temperature Object’s emissivity factor background radiation of intermediate environment
measurement condition e(l ,T) T oc t(,T.)
by  Tamb
Ideal condition of radiation Blackbody surface o 100
temperature measurement e(l ,T,)=100 :
Blackbody cavity surface
Condition of radiation o
thermometer calibration e(l ’Tbbc) 20x2°C 1.00
0.99
Redl object’ ssurface
Real condition of radiation o o
temperature measurement e(l \T) 07C < Ty <5000°C 08<r<l
03<ex<l1




58

Difference between ideal output signas in
calibration and real measurement conditions causes the
significant errors of measurement results. This fact
restricts the widespread use of the radiation thermo-
meters in practical temperature measurements in
industry, scientific research and medicine

1.2. The simulation results of output
signals depending of values of the influence
factors

The simulation results of temperature depen-

dence of output signal (for radiation detector of
SAT)
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radiation thermometer or infrared camera) depending
of deference values of the influence factors (emis
sivity factor ¢, temperature of background radiation
Tpg and transmission coefficient of intermediate
environment 7) are presented in Fig. 1. It demonstrates
that due to the influence factors, the value of the
signal deviates from the ideal.

There fore, under the influence of emissivity
factor ¢, temperature of background radiation Typg and
transmission coefficient of intermediate environment ¢
the measured temperature differs from the true value.
The temperature error somewhere is at least tens of
percent.

I
=50

+
170

225

335 300 445 500

280

T, °C

Figure 1. Temperature dependency graphs of the detector's output signal for different conditions:
S0, : ¢=1.00, 7=1.00, Tpg=0 °C;
Sl : ¢=0.85, 7=0.95, Ty,=100 °C;
&2, : ¢=0.95,7=0.97, Tpg=0 °C;
S3; : ¢=0.85, 7=0.99, Ty,=250 °C;
$4; : £=0.75, 1=0.97, T,;=250 °C.

1.3. The uncertainty component of type B
of radiation temper ature measur ement method

The influence of uncertainty parameters of type B
of radiation thermometry is examined in [7-9]: the
instrument uncertainty components (the noise of
detector; the spectral sensitivity changes in optical
receiving system and non-linearity of conversion; the

influence of external temperature; changes in spatial and
temperature sensitivity) and the uncertainty components
of measurement method.

The main uncertainty components of type B,
caused by the peculiarities of the infrared radiation
measurement method, are described by the equation

[7], [10]:

Ungrarog (S0 . T)) = [CEU2 ({1 T,)) + GAUP( (1, T, )) +C2 U(1 Ty)

where Ce is the sensitivity coefficient of the influence

of the object's surface emissivity;, Q is the sengitivity

coefficient of the influence of the intermediate

environment  transmission; C,

. is the sendtivity
]

coefficient of the influence of the background radiation;
ue( ,T,,))is the uncertainty component of infrared

radiation temperature measurement of the influence of

the emissvity; ut(l,T,,) is the uncertainty
component of infrared radiation temperature
measurement of the influence of intermediate

environment; u(l , 7, bg) is the uncertainty component of

4)
radiation temperature measurement of the influence of
background radiation.

We have investigated the uncertainty of the
infrared radiation temperature measurements in
operating conditions. The modelling of uncertainty of
non-contact  temperature  measurement  method
demonstrates that in the range 50-500 °C the uncertainty
can reach tens and hundreds of degrees. Fig. 2 presents
separate  results of the simulation of radiation
measurement uncertainty. It makes possible to give the
guantitative assessment of the accuracy, to compare the
results and to evaluate the influence of various factors on
the obtained results.

The multiband measurement methods [11-15] and
testing methods [16] enable to process the spectra
information on the influential factors and to determine
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them. The application of multiband measurement
methods allows the increasing the accuracy of infrared
radiation temperature measurement. Unfortunately, these
methods make it possible to determine only the value of

Ulnethod, %
I=0°C
6.337
I=25°C
3.6 "\\
st . I=100"°C
S
413 R I=250°C
.
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Figure 2a. Graph of relative uncertainty dependence on the

influence of background radiation at &=0.75 and ==0.95

Thus, for increasing the accuracy of radia-
tion temperature measurements explorer has to
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emissivity, but ignore the information about the influence
of background radiation and the intermediate
environment on the temperature measurement results
[17, 18].
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Figure 2b. Graph of relative uncertainty dependence on the
influence of the radiation coefficient at Tpy =250 °C and
7=0.99

While operating the values of these factors
are unknown. As a result, a new approach is
needed.

Thefirst stage of radiation temperature measurement

know full information about impact factors.
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OBJECT OF INVESTIGATION

Figure 3. Scheme for implementing the method of increasing the infrared radiation temper ature measurement accuracy

2. Method of increasing
of IR temper ature measurement accuracy in
oper ating conditions

We propose the method of temperature
measurement in two spectral bands. It is implemented
with using the temperature information-measuring
system, which consists of radiation thermometers, a
system of externa filters, a computer and a reference

grey body.

2.1. Scheme for implementing the method
(Fig. 3)

2.2. Sequence of implementation of the
method

The researched method the method is two-step.

1. First, we determine the transmission coefficient
of intermediate environment and the temperature of
background radiation. Two color (or two spectral bands)

radiation thermometer measures the temperature T, ;, of

the reference grey body with emissivity factor €,4,. The
values of transmission coefficient t and background

radiation temperature are calculated by the values of the
output signas of the radiation detector in the mentioned
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bands. The system of output signals equations in both  research conditions. Then, we carry out the calculation
11 21 . i =
spectral bands S; (1) and S, (1) looks like (5). and enter into the radiation thermometer the data on

it} q .. ..
When the system of equations is solved, we obtain transmission coefficients and temperature of back-

the values of theinfluential factors that characterize the ~ 9round.

‘I I'21 G, I'21 G
(S, =t (e 6R1 (™ - D7 41 ) U (™ - D7)
l 11 l 11
i | . | N NG

%s;%q ()=t (e &F: °(€™ - D7l +(1-e,) &5 °(€™ - D'dl)
I l'12
Implementation of the first stage of the method - formation of equations (5);

involves the following actions: - solving the equations (5) and determining the

formation of a measuring system: areference  transmisson coefficient of intermediate environment t
grey body, a filter installation with two spectral bands
AM1+A1 and Ao+ a radiation thermometer or infrared )
camera, a computer; measurng. _

hesting the reference grey body to a 2. Second, we determine the vaues of the
emissivity coefficient e and the object's surface

and the temperature Ty, . of background radiation while

temperature T gy ;

process of measuring the surface temperature temperature T, for two color radiation thermometer

of the reference grey body in two spectral bands A1;+4,;  that measures the surface temperature of the object. The
and A1o+A; values of the emissivity coefficient and surface

registration of output signals of the radiation  temperature are calculated by the output signals of the
radiation detector in two spectral bands. As a result, we

. 11
thermometer in  two spectral  bands  Spq(l)  Gpin the system of two equations of output signals for

and SFZ)}q(| ): both spectral bands S%fq(l ) and SFZJ,ZQ(I ) :
‘| I'21 & ha =
(S = (00 (5™ - 1701+ e, 01 (€T - D7)
|11 lll
! I 2 C, I'2 & . (6)

[SZ0)=t @y o1 @™ - DM +(1- e, ¢F1 ST - D7)
t

I15 l'12

Implementation of the second stage involves the  To determine the true temperature value Tob, the
following actions:

process of measuring the surface temperature

of the object in two spectral bands Au1-+o1 and A1rzo] influential factorst |, bg!eOb' Herewith, it is important

registration of output signals of the radiation  to use a linear or linearized calibration function IR

; 12 detector of radiation thermometer [18].

thermometer in two. spectrdl bands Sgq(l ) and When this method is applied to IR camera, the

ngq (): true val ues of the object’ s surface point temperatures can

' be calculated. As a result, it provides the possibility to

receive a thermogram with the temperatures distribution

of the object’s surface temperature field. It enables not

values of the emissivity coefficient €, and of object's only to carry out a qualitative analysis of thermo grams,

and also a quantitative analysis of the object’s surface
surface temperature T . thermal field.

microprocessor automatically enters the values of the

formation of a system (6);
solving this system (6) and determining the

While solving the appropriate system (6), we The results of simulation confirming the
obtain the value of the emissivity €, and temperature ~ POSSibility of the studied method are presented below

) ] - ] (Table 2). We can see that the algorithm of the
Ty, in operating conditions. The solution of these proposed method gives the possibility of obtaining
equations systems is carried out by a microprocessor, Vvalues that are in line with the actual values of the
which controls the operation of the measuring system.  temperature.
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Table 2
Results of simulation of the method of increasing accur acy of IR temper atur e measur ement
: . Calculated
T\?;Jn S:;aitge ve U&sfoafcltr(;frlslfencI " ter\rllgjir;ure Absolute deviation, °C Rel ati(\flird%i ation
B T Tog, °C °C
-20 0.80 | 0.90 21 —15.3999 4.6001 18171
10 0.95 | 0.93 250 28.8647 18.8647 6.6625
30 0.99 0.95 -10 26.2828 -3.7172 —1.2262
100 0.75 0.97 0 78.1421 -21.8579 —5.8577
250 0.90 | 0.99 100 235.9553 —14.0447 —2.6846
470 0.85 | 1.00 50 4235431 —46.4569 —-6.2514
-20 0.75 0.90 250 80.5711 100.5711 39.7279
L(4,T)
A

All 112

A2

> A
A2

Figure 4. Working spectral bands based on the “ band in band”
principle on the example of the radiation intensity according to Planck’s law

The studied method of can increase the accuracy
of contactless temperature measurements by one order in
comparison to the exiging measurement methods
indicated by the manufacturers.

2.3. Spectral channels for mation principles

To implement the measurements in two spectral
bands, it is necessary to select them. We propose to
choose these bands basing on the “band in band’
principle. The meaning of this approach is graphically
depicted in Fig. 4.

It can be achieved in the following ways by
using:

the thermal imagers operating in severa
spectral bands or by conducting the measurements using
two therma imagers (for example, IRE Cooled IR

Cameras — IRE-320M and IRE-640M / BB) that operate
in different spectral bands;

an additional bandpass filter to reduce the
width of the working spectral band of the thermal imager
optical system (for example, if the spectral band of the
radiation thermometer is 8+14 um, the bandpass filter
can be used to narrow it to 8+10 um).

During the calculation of the output signas of the
radiation receivers in the range of 8+14 um and
8+10 um, the difference between the values of the
signals is sufficient and increasing with the temperature
of investigated object's surface (for the ideal value of the
output signal of the therma imager according to
Planck’s law). The results of calculations are presented
in Fig. 5.
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Figure 5. Graphs of the output signal values S, and S; of the thermal imager
radiation receiver according to Planck’s formula for spectral bands 8+14 xmand 8+10 um

So, performing of measurements based on the
“band in band” principle that means simultaneous
observation of the object in different spectral bands,
gives more information about object.

2.4. Reference grey body

For the realization of this method, we developed
the design of reference grey emitter [19]. It has the
following characterigtics: plane design; the properties of
surface  emissivity  e(ALAT)<1, &(AL,AT)=const,
&(t)=congt; and homogeneity of surface temperature. Itis

a

possible to correct the surface emissivity of the extended
area grey emitter by the following methods: oxidation of
the metal surface or deposition of coatings with different
emissivity, mechanical surface treatment, and selection
of geometry of the surface. For example, the formation
of a surface can be implemented by creating the cone-
shaped cavities on the plane of the extended area grey
emitter or by 3D printing of such surface (Fig. 6).

Achieving a stable surface structure provides
the minimum drift of emissivity values at a wide its
range.

b

Figure 6. The surface of an extended area grey emitter with drilled
cones: a—thetop view; b —the side view

The expediency of using such shape is due to the
cone property to provide multiple reflections of radiation
that enters in its cavity. It helps to sustain the high
emissivity coefficient by reducing the reflection
coefficient of the area of grey emitter surface.

The considered emissivity coefficients of the grey
emitter surface with cones can be altered due to the
choice of different materials for this surface, changes in
the number of drilled conical cavities, in the radius and
depth of cones.

Conclusions
The considered method can be used for IR
temperature measurement under  the  operating

conditions. It provides the correction of the emissivity
and the transmission coefficient as well as the
background radiation temperature can be inputted into
the output signal of radiation receiver. The application of
this method for infrared cameras provides the possibility
to obtain a thermogram with the rea temperature
disgtribution of the thermal field of investigated object’s
surface and to conduct a quantitative analysis of the
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results of thermal imaging research at increasing the
accuracy of IR temperature measurements. The
formation of spectral bands based on the principle of
“band in band” alows using only one additional filter for
the implementation of two-band filtration in this method.
The development of method in thermal imagers and IR
cameras supplemented by output signals of the object
and reference grey body in two spectral bands processing
gives the possibility to introduce the temperature
corrections to each point of the temperature field,
obtaining the red values of the temperatures. This
achieves the trangtion from qualitative to quantitative
measurements with definite accuracy.
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