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Abstract  

Noncontact technique like radiation thermometry is used to determine the target temperature by measuring the 
radiation leaving the target surface. Spectral radiation thermometry (SRT) is a technique by which temperature 
can be evaluated accurately if emissivity is known. But in case of both temperature and emissivity being 
unknowns, ratio thermometry and multispectral radiation thermometry (MRT) techniques are implemented. In 
these techniques, radiance need to be measured at more than one wavelength and emissivity is approximated by 
a mathematical function with wavelength as variable. In this work, aluminium alloy AL 6061 is used as target. 
Four different samples are prepared by polishing with SiC abrasive sheets of different grit sizes and each sample 
is heated at 833 K in air for 3 h. The radiance is measured at 8 different heating times by pyrometers operating at 
wavelengths of 3.9, 5.14 and 7.8 μm. All the three measurement techniques are implemented on the measured 
radiance and the corresponding temperatures determined from the techniques are compared. In some cases, 
difference of nearly 130 K is found between the true temperature and the temperature determined from MRT for 
two emissivity models. Further improvements need to be done in MRT by increasing the number of 
measurements done at other wavelengths and including another set of emissivity models. Temperatures 
determined for some of the samples using two color ratio thermometry are very close to the true temperature (< 
20 K). It is found that two color ratio thermometry can be used to determine the temperature of the alloy under 
the established conditions. 
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1.  Introduction 
 
AL 6061 alloy is known for its high strength, toughness and good surface finish which makes 
it useful in aircraft, marine and electrical fittings [1]. In last few decades, a broad range of 
emissivity data are made available for different aluminium alloys. Tsai et al. [2] discussed 
about the emissivity of aluminium alloys 2224 and 5052 at temperature of 740 K. The sample 
surfaces were given different roughness and the measurements were done at 2.18 and 2.4 μm. 
Emissivity of polished alloys AL 1110, AL 2024, AL 7050 and AL 7150 surfaces were 
measured by Wen et al. [3] over a spectral range of 2.05 – 4.72 μm. The samples were heated 
at 600, 700 and 800 K. In their other work [4], they determined the emissivity of the same 
alloys but with different surface roughness. Significant variations in emissivity were found 
because of the changes in surface properties. 
Emission of electromagnetic radiation is a characteristic property of any object at nonzero 
absolute temperature. This property makes possible to determine the temperature of an object 
from noncontact technique. This measurement technique helps in overcoming the limitations 
of contact based temperature measurements. Spectral radiation thermometry (SRT) is a 
noncontact technique to evaluate temperature from known emissivity or vice versa from the 
measured radiance at a single wavelength. But due to the effects of various factors like 
wavelength, angle of emission, temperature, impurities, surface roughness and contamination 
on emissivity [5,6], it is difficult to determine the temperature precisely from SRT technique 
using the published emissivity data unless the measurements are done in exactly same 
conditions. There is also no such mathematical function of emissivity which would describe 
its behaviour with all the variables. 
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Ratio thermometry and multispectral radiation thermometry (MRT) are techniques which are 
used to determine temperature by making certain assumptions about emissivity as a function 
of wavelength. Depending on the proposed emissivity models, measurements are done at 
different number of wavelengths. Coates [7] suggested to increase the number of wavebands 
to n or higher for an emissivity model having (n - 2) unknown coefficients. Otherwise it 
would result in errors due to overfitting of the measured data. Khan et al. [8] applied the 
algorithms of two color and three color techniques on several metals like Pt, Cr, Mo, Fe etc. 
to determine the temperature with emissivity being unknown. Wen et al. [3] proposed two 
suitable emissivity models after testing 18 different mathematical functions using MRT 
technique on polished aluminium alloy surfaces. 
In this work, emissivity of an alloy AL 6061 having different surface roughness are 
determined at high temperature by SRT at wavelengths of 3.9, 5.14 and 7.8 μm. Temperatures 
of the samples are evaluated from ratio thermometry and MRT and the temperature measured 
from thermocouple is used as a reference. Four emissivity models, each having one unknown 
coefficient, are fitted with the measured data under MRT technique. 
  

2.  Measurement methods 
 
The radiation emitted from the surface of an object depends on its directional spectral 
emissivity. It is defined as the ratio of radiation intensity emitted at an angle (θ,φ) by an object 
and a blackbody, both of them being at the same temperature T. 
 

       (       )     (       )   (   )      (1) 

 
where   (       ) and    (   ) are the radiation intensities emitted by the object and the 
blackbody respectively. Mathematically, the radiation intensity emitted by a blackbody is 
given by the Plancks’s equation. For λT < 3000  μm K, Wien’s formula can be used as a good 
approximation for Planck’s equation as it would result in less than 1% error [5]. On equating 
the intensity of radiation emitted by an object at temperature T with that of blackbody at 
temperature Tb, the expression for obtaining emissivity of the object   (       ) can be 
evaluated. 
                  (       )                 (2) 

 
 where    is a constant and is equal to 0.014388 m K. In SRT technique, Eq. (2) is used to 
evaluate emissivity from known temperature or vice versa. The other techniques by which 
temperature can be determined even for unknown emissivity are ratio thermometry and MRT.  
 
2.1 Ratio thermometry 
 
Radiance is measured at more than one wavelength and emissivity at the operating 
wavelengths of detector are approximated by certain relations. In this work, we will be using 
two color and three color techniques for determining the temperature. The assumptions made 
in two color and three color techniques are          and              respectively where         and     are emissivity at three different wavelengths λ1, λ2 and λ3 respectively. In the 
notation, the dependence of emissivity on parameters like λ, θ, φ and T has been omitted for 
simplicity. Temperature of sample can be subsequently evaluated without emissivity using the 
algorithms. 
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Two color:     ( (             ) (          )  (          ) )         (3) 

 Three color:   (            ) (                     )                              (4)  

 
where         and     are blackbody temperatures at wavelengths       and    respectively, 
corresponding to radiance equivalent to that of sample at temperature T.  
 
2.2 MRT 
 
In this technique, temperature and emissivity of sample are determined simultaneously by 
measuring the radiance at three or more number of wavelengths. By the implementation of 
suitable mathematical models for emissivity, the temperature of sample can be estimated with 
good accuracy. There are few analytical models like Hagen-Rubens model and several 
empirical models proposed so far for describing the variation in emissivity with variables like 
wavelength, temperature etc. In this work, we will be using four models as shown in Table 1 
for our assessment. Model 1 is Hagen – Rubens relation whereas the rest are empirical 
models.  
 

Table 1. Mathematical form of emissivity models examined in this study 

 

 Mathematical functions 

Model 1       (   )    
Model 2         (     ) 
Model 3         (    ) 
Model 4         (     ) 

 
Least squares method is commonly used to fit the measured data to the emissivity models for 
finding out the temperature and unknown coefficients present in the model. Since there is only 
one unknown coefficient i.e.    present in the model, so we will try to fit the data obtained by 
measuring the radiance at three different wavelengths. The summed square of the reciprocal 
of evaluated temperature by radiation thermometer i.e.    is minimized according to the 
fitting technique. 
    ∑ (                   )            (5) 

 
where n is the number of wavelengths at which radiance is measured and      are the values 
of    obtained from experiment.   
 

3.  Experimental setup and procedure 

 
An experimental setup has been fabricated which facilitates in measuring the radiance of a 
metallic sample at high temperature using pyrometers operating at three different wavelengths 
as shown in Figure 1. The surface characteristics of the samples are altered by polishing from 
SiC abrasive papers. Along with the surface roughness, the sample surfaces are contaminated 
due to the formation of metal oxide scale while heating for long duration [9]. 
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Figure 1. Schematic diagram of the (a) emissivity measurement experimental setup; and (b) test sample and 
sample holder. 

 
 The main components of experimental setup include sample, sample holder, thermocouple, 
heating coil and pyrometers. The stainless steel sample holder has two parts i.e. head and stem 
part. The temperature of sample holder is increased by moving the stem part inside the helical 
shaped heating coil. The current passing through the coil is adjusted by induction heater 
controlling unit. The sample is placed over the head part of sample holder and the temperature 
at its center is measured by a K-type thermocouple which is inserted into a hole drilled just 
below the top surface of the sample. Three IMPAC pyrometers operating at wavelengths of 
3.9, 5.14 and 7.8 μm are fixed at a distance of 30 cm above the top surface of the sample. 
They measure the radiance from a circular area of 6 mm diameter at the center of the sample. 
 

Table 2. Emissivity of samples evaluated from SRT technique 

 
Wavelen-
gth (μm) 

Sample 
No. 

Normal spectral emissivity measured at different heating time (min) 
1 5 15 30 50 75 120 180 

3.9 

1 0.059 0.059 0.059 0.059 0.059 0.059 0.06 0.06 
2 0.071 0.075 0.077 0.078 0.078 0.079 0.08 0.081 
3 0.082 0.083 0.085 0.089 0.093 0.096 0.102 0.107 
4 0.1 0.101 0.106 0.11 0.113 0.117 0.121 0.125 

5.14 

1 0.06 0.06 0.06 0.061 0.062 0.062 0.063 0.063 
2 0.082 0.082 0.082 0.084 0.086 0.088 0.091 0.093 
3 0.099 0.1 0.102 0.104 0.107 0.111 0.118 0.123 
4 0.106 0.107 0.109 0.113 0.118 0.122 0.124 0.127 

7.8 

1 0.091 0.091 0.091 0.091 0.091 0.092 0.093 0.092 
2 0.084 0.085 0.085 0.087 0.089 0.089 0.091 0.093 
3 0.113 0.114 0.116 0.119 0.123 0.127 0.132 0.137 
4 0.11 0.111 0.113 0.115 0.116 0.119 0.12 0.123 

 
The surfaces of the alloy AL 6061 are given mirror finish by polishing with a series of SiC 
abrasive papers of 320, 400, 600, 800 and 1500 grit sizes and diamond paste. Three other 
samples are prepared from the same alloy by roughening the surfaces using 80, 220 and 600 
grit sizes SiC abrasive papers. The samples are cleaned with acetone and ethanol to remove 
any sort of oil, dust or grease from the surfaces. The surface roughness of the samples are 
characterized by surface profilometer. The root mean square of surface profiles of samples 1, 
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2, 3 and 4 are 0.045, 0.34, 1.22 and 1.95 μm respectively. The samples are heated at 833 K in 
air and the radiance is measured from pyrometers after heating the sample for 1, 5, 15, 30, 50, 
75, 120 and 180 min. 
 

4.  Results and discussion 
 
SRT technique may be used to determine emissivity accurately when the temperature is 
known. Emissivity of the samples are evaluated from the technique and are shown in Table 2. 
The measurements are done by pyrometers at 3.9, 5.14 and 7.8 μm at different heating times. 
Due to surface roughness and formation of oxide layer during the process of heating, some 
differences in emissivity are found at different heating times among all the samples. These  
 

Table 3. Error in the estimated temperature from ratio thermometry technique 

 
Heating 

time 
(min) 

Sample 
no. 

ΔT = TTrue – TEstimated (K) 
Wavelengths incorporated in two color 

Three color 3.9, 5.14 μm 5.14, 7.8 μm 3.9, 7.8 μm 

1 

1 8.74  131.67  
2 34.26 -13.26 10.35  
3 122.76 77.17 99.87  
4 40.67 25.41 32.85  

5 

1 2.57  132.05  
2 32.02 -9.96 10.83  
3 119.62 75.9 97.65  
4 38.85 21.24 29.83  

15 

1 3.56  131.06  
2 14.77 -3.09 5.62  
3 112.62 77.6 94.91  
4 20.38 19.24 19.79 3.31 

30 

1 17.87  132.59  
2 24.44 -8.64 7.65  
3 101.28 79.49 90.16  
4 17.77 10.22 13.88 -110.1 

50 

1 22.63  131.08  
2 43.06 -9.03 16.93  
3 94.64 81.52 87.91 -162.3 
4 27.69 -8.26 9.48  

75 

1 27.69  132.51  
2 52.24 -21.22 15.88  
3 95.99 80.27 87.94  
4 34.56 -17.51 8.44  

120 

1 37.52  134.32  
2 60.53 -24.92 18.55  
3 98.42 75.82 86.89  
4 23.32 -14.48 4.19  

180 

1 35.01  133.54  
2 69.25 -25.23 23.11  
3 97.46 69.94 83.47  
4 18.95 -22.26 -1.87  
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values can be used to analyze the results to be obtained from other two radiometric 
techniques.   
 
4.1 Assessment of ratio thermometry algorithms 

 
Two color and three color ratio thermometry techniques are applied on the data obtained from 
measurement of radiance at three wavelengths. The effectiveness of the algorithms is tested 
for all the four samples at different heating times. For two color technique, three combination 
of wavelengths i.e. (3.9, 5.14 μm), (5.14, 7.8 μm) and (3.9, 7.8 μm) are possible whereas all 
three wavelengths are used in three color technique. The temperatures are evaluated from Eqs. 
(3) and (4) and the difference between measured and estimated temperatures are shown in  
 

Table 4. Error in the estimated temperature from MRT technique  

 
Heating 

time 
(min) 

Sample 
no. 

ΔT = TTrue – TEstimated (K) 
Emissivity models 

Model 1 Model 2 Model 3 Model 4 

1 

1     
2 120.13 162.55 171.88  
3 187.68 186.73   
4 139.55 159.76 174.48  

5 

1     
2 120.95 162.22 171.82  
3 186.14 185.1   
4 137.1 157.67 172.31  

15 

1     
2 119.07 161.48 170.7  
3 184.79 183.27   
4 130.97 153.54 167.61  

30 

1     
2 119.32 159.9 169.62  
3 182.29 180.31 199.98  
4 126.04 149.56 163.4  

50 

1     
2 124.64 160.98 171.86  
3 181.9 177.79 197.74  
4 120.44 145.12 158.75  

75 

1     
2 122.08 158.96 169.76  
3 181.1 175.67 196.02  
4 118.34 142.75 156.48  

120 

1     
2 123.06 158.43 169.65  
3 179.73 172.76 193.45  
4 116.37 141.41 154.93  

180 

1     
2 123.06 158.37 170.3  
3 176.71 168.67 189.6  
4 111.61 137.43 150.74  
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Table 3. In the table, only the absolute temperature differences of less than 200 K are 
mentioned. The values for which estimated temperature is nearly equal to the true temperature 
(|ΔT| < 20 K) are enclosed in a box. 
There are many cases in which two color technique has worked well in estimating the 
temperature. The combination of 3.9 and 5.14 μm has estimated temperatures very close to 
true temperature in most of the cases whereas the estimation obtained from 5.14 and 7.8 μm 
are very different from the measurement. It seems like 3.9 and 5.14 μm pair can be used to 
determine temperatures at different heating times for sample 1 i.e. the polished surfaces. On 
the other hand, temperature of sample 4 i.e. most rough surfaces are better estimated by the 
combination of 5.14 and 7.8 μm. In three color technique, the addition of one extra measured 
data does not seem to be a good approach as the estimated temperatures are very different 
from the true temperature.  
 
4.2 Assessment of MRT emissivity models 

 
The radiance measured at three different wavelengths are fitted with four emissivity models, 
given in Table 1. The temperatures so evaluated for all the samples are compared with true 
temperature as shown in Table 3. The models for which the temperature differences are larger 
than 200 K are skipped in the table. 
Among the models implemented, only model 1 has been able to estimate the temperature 
somewhat closer to the true temperature even for which the absolute difference is nearly 120 
K. The best inferred temperature is by model 1 for sample 4 after heating for 180 min. The 
estimations made by model 4 are very different from the true value as none of them even lies 
in the range of 833 ± 200 K. Similarly for sample 1, the choice of models used in this work is 
probably not appropriate. Overall some improvements need to be done in terms of picking a 
suitable emissivity model for fitting the measured data.   
 

5.  Conclusions 
 
In this work, we have estimated the temperature of AL 6061 alloy at 833 K from the radiance 
measured by pyrometers at wavelengths of 3.9, 5.14 and 7.8 μm using the ratio thermometry 
and MRT techniques. The estimation has been done for the samples having four different 
surface roughness. The effect of oxidation has also been considered by heating the samples 
for 3 h and the radiance is measured at 8 different times during the heating process. The 
results obtained from two color is found to be better than three color ratio thermometry 
technique. In the present case, two color technique has even made good estimation than MRT. 
Although the combination of 5.14 and 7.8 μm has shown marginally better result than the 3.9 
and 5.14 μm pair for sample 4, overall the combination of 3.9 and 5.14 μm can be chosen to 
determine temperature from two color technique for all the samples. 
Infrared detectors present in camera work in a wide bandwidth like 3 – 5 μm for MWIR and 8 
– 12 μm for LWIR. It is assumed that the object shows gray characteristics in those 
wavelength ranges. It has been found that the gray body assumption for AL 6061 alloy is 
valid at wavelengths of 3.9 and 5.14 μm which cover a big segment of MWIR detector. 
Similar study can be carried out for LWIR in order to verify the gray characteristics of an 
object. 
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