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Abstract  

In Singapore, there is an increasing demand for calibration of Industrial Radiation Thermometers 

(IRTs), and the number of calibration laboratories providing calibration services from -20 °C to 

900 °C has surged in recent years, especially for the calibration laboratories providing calibration 

when the emissivity setting of the thermometer is less than 1. Nevertheless, the spectral response 

of these IRTs are usually from 8 to 14 µm and they are not adapted properly for the wider 

temperature range especially at emissivity setting of 0.95. A typical IRT was chosen, studied and 

investigated for this purpose, while circulating among 7 participating laboratories. The IRT was 

calibrated and characterized by evaluation of repeatability, reproducibility, stability and possible 

drift, before and after each measurement at each of the laboratory. The reference temperature, Tref, 

was obtained by using reference thermometer such as Platinum Resistance Thermometer (PRT), 

thermocouple or radiation thermometer at the corresponding blackbody source temperatures. The 

measurements were performed with IRT emissivity settings equal to 0.95 and 1.0, respectively. 

The reference temperature for emissivity setting equal to 0.95, T0.95, was determined by using a 

software developed by NMC. The final reference values for both emissivity setting of 0.95 and 1.0 

were calculated based on the average of the calibration results before sending to and after receiving 

from each participating laboratory. From analysis of the reference values and drift study, it is found 

that this IRT is more suitable for applications up to 200 °C due to small variance of the repeatability 

and reproducibility. On the other hand, even though a wider temperature range (- 30 °C to 900 °C) 

can be found from the instrument specification, larger variance of the repeatability, reproducibility 

and drift are observed in the temperature range above 200 °C from this study. Among the 7 

participating laboratories, only one laboratory shows inconsistency result with the reference value 

at one test point and all the other laboratories have demonstrated consistent differences with the 

comparison reference values in association with their measurement uncertainties. Some of the 

laboratories need to improve their measurement uncertainties in the near future.   
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1. Introduction  

Nowadays, the number of handheld infrared radiation thermometers keeps on increasing in the 

market and growing fast in the non-contact temperature measurement area, such as building, food, 

oil and gas, data center, and other low temperature application industries. The cost of the IRT also 

reduced significantly due to the improvement in thermal infrared sensor technology [1]. In an 

industrial environment, radiation thermometers normally offer more advantages over contact 

thermometers, because they react rapidly and the measurement is not influenced by heat 

dissipation or supply affected greatly by the contact thermometer. Temperature of objects, that are 

moving quickly, electrically energized or due to rapid temperature changes, can be detected and 

measured using radiation thermometers. A comprehensive survey on the study and usage of 

radiation thermometers in industry was conducted by Jörg H, etc in [2]. Temperature measurement 

of cutting tools has great technological importance in machining processes and industrial 

application. The relationship between the emissivity value of the object surface and on the 

temperature measurement using IRTs is a function of the oxidation state and the surface roughness, 

which is investigated in [3]. In addition, the growing industry need for traceable temperature 

measurements boosts the advancement of calibration technology for IRTs. At LNE-Cnam, 

Kozlova, O. etc [4] had evaluated various corrections of the radiation thermometer as a result of 

the different spectral wavelengths, different fields of view, and assessed the different uncertainties 

due to these corrections. In EURAMET, a transfer radiation thermometer was investigated in the 

EC-project Traceability in Infrared Radiation Thermometry (TRIRAT) to enhance the accuracy of 

infrared radiation thermometers [5]. In Physikalisch-Technische Bundesanstalt (PTB), which is 

the National Metrology Institute of Germany, a brief outline is given how exact and worldwide 

uniform radiation-thermometric temperature measurements are guaranteed via the International 

Temperature Scale [6]. Calibration of radiation thermometer and the measurement of the spectral 

and total emissivity of surfaces are developed in a wide range of instrumentation by PTB. Asides 

from the emissivity setting of IRTs, differences from ideal blackbody (BB) has to be studied and 

investigated by a BB's effective emissivity. Usually, the emissivity of the cavity is obtained 

through measurement directly (radiance) or indirectly (reflectance), and it also can be obtained 

through mathematical model with input of BB’s temperature uniformity. Hanssen.L.M, etc in [7] 

have performed a study on the emissivity of blackbody cavity using the reflectance method. The 

measurements and investigation have obtained higher emissivity value comparing with the 

modeling predications. In addition, the correlations among the emissivity measurement, emission 

angle, temperature and in situ surface characterization was investigated by Del Campo.L, etc. [8] 

in a controlled atmosphere environment with different gases. The experimental results revealed an 

excellent match between the theoretical emissivity values derived from the Hagen-Rubens relation 

and direct emissivity data from in the literatures. In the near future, there will be more and more 

request for accreditation by calibration laboratories in Singapore due to the strong market needs. 

However, the handheld IRT is not as easy as it appears due to the systematic error may present in 

almost all measurements.  The correct usage of IRT is also important for accurate measurement by 

users. Moreover, the awareness of the instruments’ capability and limitation is crucial for users as 

well. Furthermore, the measurement capability of these laboratories is another concern especially 

when the radiation thermometer is used for emissivity setting less than 1. Therefore, there is a 

strong need to verify the capabilities of accredited laboratories by NMC as a national metrology 

laboratory.  

https://www-sciencedirect-com.ejproxy.a-star.edu.sg/topics/chemistry/thermometer
http://apps.webofknowledge.com.ejproxy.a-star.edu.sg/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=E6BLCrif92HL3ciitUo&author_name=del%20Campo,%20L&dais_id=1298711&excludeEventConfig=ExcludeIfFromFullRecPage
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Based on this need, a national comparison on IRT in the temperature range from -20 °C to 900 °C 

for both emissivity settings equal to 1.0 and 0.95 was conducted by NMC. A commercially 

available handheld IRT, with reliable performance based on NMC’s previous experience, was 

selected as an artefact for this comparison. In this paper, the drift of the artefact, comparison 

reference values and measurement uncertainties are studied and presented.  

2. Circulating Instruments 

A typical IRT, Fluke model 572-2 [9], with a wide temperature range from -30 °C to 900 °C, 

rugged and easy-to-use function was chosen to be the comparison artefact. The distance-to-spot 

ratio of the thermometer is 60:1 and the spectral response is from 8 to 14 µm. The emissivity is a 

number ranging from 0 to 1 which characterizes how much radiation energy an object can emits. 

If an object with an emissivity of 1, it is referred to as a blackbody which is an idealized prefect 

emitter. If an object with an emissivity of 0.8, it means that this object can emits 80% of the 

radiation that a blackbody does. Therefore, different objects at the same temperature will produce 

different IRT signals and provide correspondingly different readings due to the influence of 

emissivity [10]. To account for this, IRTs have what is called an “instrument emissivity” setting. 

It is set by the user to the value of the emissivity of the target object’s surface. This artefact has 

the ability to adjust the emissivity setting in this study. However, some other IRTs cannot adjust 

the emissivity setting and such instruments may have limited applications. NMC did 

reproducibility and short term stability tests to confirm its suitability. Then, the artefact was 

circulated in a “star” pattern with NMC as the reference laboratory. It was recommended that all 

of the participants had to conduct the measurement based on their own calibration protocols during 

the calibration. This comparison was carried out among 7 accredited laboratories and 14 working 

days was given equally for each laboratory to complete the measurement. Both signed hardcopy 

and softcopy of the measurement results needed to be submitted to NMC within 3 working days 

after completing the measurement. A brief description of their calibration technique, equipment 

and reference standard used had to be provided by all the participants.  

3. Equipment Setup and Measurement Procedure  

 

3.1 Equipment Setup in NMC 

             

(a)                                                                    (b) 

T1: reference radiation thermometer, T2: thermometer under test 

Fig. 1. The schematic of the Equipment setup for this study (a) using reference contact thermometer (b) using 

reference radiation thermometer 

Fig. 1 shows the simplified schematic of the equipment setup. In general, there are 2 types of 

equipment setups in this study, which are using reference contact thermometer showed in Fig. 1(a) 

and using reference radiation thermometer showed in Fig. 1(b). The setup consists of blackbody 
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source, reference thermometer and thermometer under test. The details of the blackbody sources 

used for this comparison are summarized in Table 1. Each blackbody source has its own 

characterization as indicated as opening size, depth, emissivity value and temperature ranges. In 

Fig .1 (a), T1 is the reference contact thermometer used to measure the one point temperature of 

the blackbody cavity, for example, PRTs are used as reference contact thermometers blackbody 

sources up to 250 C. T2 is thermometer under test which measures effective area of the blackbody 

cavity. Fig .1 (b) shows that the reference radiation thermometer and thermometer under test 

measure the same target area in the blackbody source, such as the case of Land blackbody source 

P1200B. A larger temperature gradient can be tolerated in this type of measurement setup. 

Table1. Blackbody sources used in NMC 

S/N Equipment Opening 

(mm) 

Depth 

(mm) 

Emissivity Temperature 

Range (°C) 

Reference 

Thermometer 

1 Liquid circulating 

blackbody source 

40 250 >0.9995 -30 to 10 PRT 

2 Stirred water 

blackbody source 

50 350 >0.9995 20 to 85 PRT 

3 Water heatpipe 

blackbody source 

70 250 >0.999 50 to 250 PRT 

4 Cesium heatpipe 

blackbody source 

70 250 >0.9957 300 to 700 Type S 

Thermocouple 

5 Land blackbody 

source P1200B 

50 430 >0.998 600 to 1000 Infrared 

Thermometer 

 

 

3.2 Equipment Setup in the Participating Laboratories 
 

Table 2. Equipment used in the participating laboratories 

S/N Equipment Equipment 

Emissivity 

Temperature 

Range (°C) 

IRT 

Emissivity 

Reference 

Thermometer 

1 Infrared calibrators 0.95 -15 to 500 0.95 Infrared calibrator 

Blackbody cavities 0.997, 0.9994 -15 to 900 1.0 Infrared radiation 

thermometer 

2 Infrared calibrators 0.95 

0.99 

0 to 500 

0 to 500 

0.95 

1.0 

Infrared calibrators 

3 Blackbody cavities 0.995 10 to 500 

10 to 500 

0.95 

1.0 

PRT, Thermocouple, 

Infrared radiation 

thermometer 

4 Infrared calibrators 0.95 10 to 500 0.95 Infrared calibrators  

5 Infrared calibrators 0.95 35 to 500 0.95 Infrared radiation 

thermometer 

6 Infrared calibrators 0.95 35 to 500 0.95 

 

Infrared radiation 

thermometer 

7 Blackbody cavities - -20 to 900 

-20 to 900 

0.95 

1.0 

PRT, Thermocouple, 

Infrared radiation 

thermometer 
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The equipment used in the participating laboratories is shown in Table 2 for emissivity of 1 and 

0.95 respectively. In particular, for measurement at emissivity of 0.95, among all participating 

laboratories, 2 laboratories have blackbody cavities as blackbody sources and use the PRT, 

thermocouple and infrared radiation thermometer as the reference thermometers, which is in the 

similar way as NMC does. The equivalent reference temperatures at emissivity setting of 0.95 are 

obtained using their own calculation methods. Another 5 laboratories use flat-plate infrared 

calibrators as blackbody sources with claimed emissivity equal to 0.95. 

3.3  Measurement Procedures 

The circulated IRT was calibrated by NMC at the beginning and it was collected on the designated 

date by the participating laboratory. After the completion of the test, the IRT was sent back to 

NMC by the participating laboratory for closing measurements to check the stability. According 

to the technical protocol, participating laboratory was to calibrate the IRT by comparing its 

readings against laboratory’s reference thermometers using blackbodies as transfer sources and in 

accordance to their calibration protocol. The IRT should be calibrated from the lowest to the 

highest nominal temperature points, namely, -20 °C, -17 °C/-15 °C, 0 °C/10 °C, 100 °C/150 °C, 

300 °C/350 °C, 450 °C/500 °C, 700 °C, 900 °C, at emissivity setting of 0.95 and 1.0. During the 

measurements, at least 10 readings of the IRT were taken at each individual measurement point. 

After finishing the measurements, the list of reference standards used for the comparison, 

measurement results associated with measurement uncertainties were reported to NMC by each 

participating laboratory. At the end of the loop, the IRT was returned to NMC to evaluate its 

stability again. The IRT was studied and evaluated at all the common temperature points and at 

each special temperature point for individual participating laboratory.  

 

4. Results and Discussion 

 

4.1 Reference Temperature Determination when IRT emissivity equals to 1.0 at NMC 

 

As previously indicated, the IRT was calibrated by using various blackbodies in Table 1 as transfer 

sources and PRT, thermocouple or radiation thermometer as reference thermometers at NMC. 

When the emissivity of the IRT setting equals to 1.0, the reference temperature Tref of the 

blackbody source was given by the reference thermometer without any adjustment for 

temperatures below 300 °C as the blackbody sources have emissivity very close to 1. On the other 

hand, for temperature 300 °C and above, the reference thermometer’s readings were adjusted for 

emissivity of the blackbody sources used due to their slightly inferior emissivity value. The effect 

of the small departure from one or the residue of the correction of the blackbody emissivity was 

treated as one uncertainty component for the final measurement uncertainty analysis. 

4.2 Reference Temperature Determination when IRT emissivity equals to 0.95 

 

In industry, there is a need for the users to calibrate infrared thermometers when the emissivity 

setting of the thermometer is less than 1. Among all the different emissivity settings, 0.95 

emissivity is the most common one for the so called “dark” materials, such as rubber and fibers. 

Theoretically, for calibration of IRT with such emissivity setting, both emissivity of blackbody 
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source and infrared thermometer should be at 0.95.  Therefore, reference temperature of the BB 

source has to be determined when the emissivity of the infrared thermometer setting equals to 0.95. 

There are different approaches to handle this issue, such as calculation using thermometer 

formulae, varying BB emissivity by using an optical chopper [11] and using plate-flat calibrators 

with emissivity equals to 0.95, etc. NMC has adapted the calculation method and studied and 

verified that the calculation formulae used in various infrared thermometer is consistent with a 

published formula in Eq. 1 to 16 models of infrared thermometers in [12]:  

 

𝐵 =  𝜀𝜆 ∫ [𝐿𝜆(𝑇𝑡) − 𝐿𝜆(𝑇𝑏)]𝑑𝜆
𝜆2

𝜆1
          (Eq.1) 

 

Where B represents the detector’s body temperature, 

𝜀𝜆 is emissivity of the target, 

𝐿𝜆 is blackbody spectral radiance, 

𝑇𝑡 is temperature of the target, 

𝑇𝑏 is temperature of the background. 

 

So in order to know the reference temperature, T0.95, when emissivity, 𝜀 = 0.95, the reference 

temperature Tref of the blackbody source was used together with the spectral response of the IRT 

and ε value of 0.95 to calculate T0.95 using a software [13] developed by NMC based on Eq.1.  

 

4.3 Drift Analysis of the Artifact 

 (a) ε = 0.95 

 (b) ε = 1.0 

Fig. 2.: Drift analysis of the IRT at 500 °C when (a) ε = 0.95 and (b) ε = 1.0 
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Depending on the quality of the IRT’s detector and optical system and usage conditions, various 

factors such as body temperature, environmental humidity, drift of optical components, and etc., 

may cause a change of the IRT reading. In this comparison, drift of the IRT is studied by using the 

measurement results before sending out from NMC and after returning from each laboratory for 

both emissivity setting of 0.95 and 1.0 at a selected temperature of 500 °C. For 𝜀 = 0.95 the overall 

timeline is 263 days while it is 173 days for 𝜀 = 1 as less laboratories participated the comparison. 

The averages of before and after measurement results are given in Fig. 2 in terms of correction of 

the IRT. Fig. 2 shows that the temperature correction of the IRT is decreasing from the beginning 

till the end of the comparison. The drift rate is calculated as to be 1.34E-05 /day and 1.16E-05 /day 

for respective emissivity setting of 0.95 and 1.0 with the drift direction consistent among the two. 

The averaged drift rate of 1.25E-05 per day was then used to estimate the possible drift at each 

individual laboratory. The result of the estimated drift is considered as one of the uncertainty 

components. 

4.4  Determination of the Comparison Reference Value and Recommendation of the IRT  

 (a) ε = 0.95 

 (b) ε = 1.0 

Fig. 3.: IRT reference value when (a) ε = 0.95 and (b) ε = 1.0 
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Based on the comparison procedure as discussed in Section 3,  the comparison reference value was 

calculated as the average of at the beginning and at the end of each laboratory’s test as shown in 

the Fig. 3. It is found that the difference of comparison reference value varies from 0.05 °C to 

0.3 °C for the low temperature range from -20 °C to 150 °C, while it varies from 0.3 °C to 0.95 °C 

in the high temperature range from 200 °C to 500 °C. In temperatures higher than 500 °C, the 

difference is not very obvious as only one or two laboratories participated in the comparison.  In 

the low temperature range, it shows a higher liner and repeatable measurement results compared 

to the high temperature range. This implies that the selected artefact is more suitable for such 

exercise at low temperature range. While for high temperature range, there could be potential drift 

and close monitoring is needed. 

4.5 Measurement Uncertainty Analysis 

 

An example of the uncertainty budget of NMC measurements at 𝜀 = 0.95 when using Cesium 

Heatpipe blackbody is given in Table 3. The measurement uncertainty components are: (1) 

Uncertainty originated from reference thermometer taken from the calibration certificate; (2) 

Uncertainties originated from the resolution of the reference thermometer and test thermometer. 

(3) Uncertainties originated from the repeatability of the reference thermometer and test 

thermometer. (4) Uncertainty originated from the temperature coefficient. Usually a typical 

temperature coefficient value for industrial radiation thermometer is taken from manufacturer’s 

Manuel. (5) Uncertainty originated from the drift of the IRT, which is analyzed and calculated in 

the Section 4.3; (6) Uncertainty in calculation of equivalent radiation thermometer temperature at 

emissivity of 0.95, which is based on 16 radiation thermometers of different brands and models 

[12]. (7) The emissivity of the blackbody is calculated by using a commercially available software 

Steep 3 [14]. The uncertainty value is calculated based on the emissivity difference between the 

calculated value and the unity and the spectral response of the IRT. (8) Uniformity of the 

blackbody is measured to be less than 0.3 °C for the whole cavity.  

 
Table 3. Uncertainty budget of the measurement when using Cesium Heatpipe blackbody (350 °C to 500 °C) 

Sources of Uncertainty  Unit (°C) Standard uncertainty (°C) 

Ref. thermometer  0.40 0.20 

Resolution of the ref. thermometer 0.01 0.00 

Repeatability of ref. thermometer  0.00 0.00 

Resolution of test radiation thermometer 0.05 0.03 

Repeatability of test radiation thermometer  0.00 0.00 

Temperature coefficient 1.00 0.58 

Drift of test radiation thermometer 0.22 0.13 

Uncertainty in calculation of equivalent radiation 

thermometer temperature at emissivity = 0.95  
1.00 0.58 

Blackbody <> 1 (0.9957) 0.32 0.18 

Uniformity of the blackbody 0.30 0.17 

Expanded uncertainty (k=2)  1.77 

Expanded uncertainty (k=2) Round up   1.8 
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5. Summary  

Due to the increasing demand in accreditation requests for calibration laboratories to calibrate 

infrared thermometers with emissivity setting of the thermometer less than 1, NMC-A*STAR 

conducted a national comparison in the temperature range from - 20 °C to 900 °C for IRTs with 

emissivity setting at 0.95 and 1.0. The reference temperature, Tref, was obtained by using reference 

thermometer such as PRT, thermocouple or radiation thermometer at the corresponding blackbody 

source temperatures. The reference temperature for emissivity setting equal to 0.95, T0.95, was 

determined by using a software developed by NMC. The comparison reference values for both 

emissivity settings were calculated and evaluated, in particular, their drift was studied at a selective 

temperature of 500 °C.  

From analysis of the drift study, it is found that the drift rate is decreasing from the beginning till 

the end of the comparison at 500 °C for both emissivity settings. The averaged drift rate is 

calculated and applied to individual laboratory, which is an important uncertainty component in 

this study. Moreover, from analysis of the reference values, it shows that this infrared thermometer 

is more suitable for applications up to 200 °C where it demonstrates small variance of the 

repeatability and reproducibility. On the other hand, even though a wider temperature range (- 

30 °C to 900 °C) can be found from the instrument specification, larger variance of the repeatability, 

reproducibility and drift are observed in the temperature range above 200 °C from this study.  

The performance of the participating laboratories are generally good. In particular, for emissivity 

equal to 0.95, there is no significant discrepancy among laboratories using different type of 

blackbody sources. This ensures that calibration capability of the participating laboratories at such 

emissivity settings are satisfied. However, some laboratories need to put more effort into reducing 

the measurement uncertainty, in particular, those laboratories using infrared calibrators as 

blackbody sources and infrared radiation thermometer as reference. 
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