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ARTICLE INFO ABSTRACT

The spectral emissivity of an object is required to measure its temperature remotely, based on thermal imaging
from a high-speed digital camera. However, it is often difficult to obtain the spectral emissivity of objects under
transient conditions, as is the case with burning fuels; hence, the accuracy of the temperature measurement is
compromised. This manuscript describes a method of temperature measurement of objects with simultaneous
use of a spectrometer and a high-speed camera. The method was demonstrated by viewing the bead of an R-type
thermocouple heated by a premixed natural gas flame to temperatures in the range of 1450-1530 K, and by
comparing such remote temperature measurements with those obtained based on the thermocouple’s voltage
output. The spectral emissivity of the heated thermocouple was acquired from spectroscopic analysis of its
output radiation, in the wavelength range of 500-1000 nm. It was shown that the thermocouple approached
graybody behavior at the upper end of this band. It was also shown that spectral emissivity of R-type thermo-
couple is close to the emissivity of S-type thermocouple, reported in the literature in the wavelength range of
500-700 nm and, also, close to the emissivity of pure platinum. This suggests that the effect of rhodium on the
platinum emissivity is negligible. The temperature of the R-type thermocouple was measured at four different
flame conditions (by varying the fuel/air equivalence ratio) using the spectrometer and the high-speed camera,
and it was compared with the thermocouple temperature measurements. The flame was either steady or un-
steady; the latter condition was implemented to evaluate the transient response of the measurements. In both
cases, the comparison showed that the results of the three different temperature measurement methods have
very high consistency and were within 11 K in the explored temperature range. Hence, this method is suitable for
temperature measurements of objects of varying temperature and emissivity, such as solid fuel particles during
their combustion.
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1. Introduction

Temperature is a parameter of outmost importance in combustion,
affecting the efficiency of combustion and the generation of pollutants
therefrom [1]. Hence, the accurate measurement of temperature is of
great significance for improving the energy conversion efficiency of a
fuel and for determining reaction mechanisms and rates [2-5]. Ther-
mometry based on emitted radiation is a non-contact temperature
measurement method, hence, it does not interfere with an object and its
operation is simple and non-intrusive. As a result, this method finds a
wide range of applications in temperature measurement of hot surfaces
[6-9], solid fuel particles and particle-laden flames [10-20]. Image
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sensors or spectral sensors are typically used for collecting radiation
from metal or refractory surfaces, burning solid fuels or burning soot
particulates. Temperature is then calculated based on the functional
relationship between radiation intensity, temperature and emissivity of
the targeted object. However, as the emissivity of objects is often un-
known a priori, assumptions need to be made; thus the accuracy of the
temperature measurement is compromised. In this work, combined
spectrometric and thermometric techniques were used to measure the
spectral emissivity and the temperature of a heated thermocouple bead.
The accuracy of the thermocouple temperature measurement using
these techniques was assessed by comparison with temperature read-
ings based on the thermoelectric voltage output of this device. The
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Nomenclature S the output image intensity of the high-speed camera
E; the radiation intensity measured by high-speed camera
e(A) the spectral emissivity (W/m? sr)
n) the spectral response efficiency function of the camera’s i Ty one-dimensional temperature measured by the spectro-
channel meter (K)
M the lower wavelength limits of spectral response of high- J the number of measured effective wavelengths within of
speed camera the spectrometer
A the upper wavelength limits of spectral response of high-
speed camera Greek symbols
T the 2D temperature distribution of the measured object
) T the shutter time of the high-speed camera

purpose of this effort was to formulate a non-intrusive method for
conducting future measurements on combined spectral emissivity and
temperature of burning pulverized solid fuels.

Information on the two-dimensional (2D) radiation of an object can
be obtained by using the image sensor of a digital camera; therefrom
two-dimensional (2D) [21-23] or, even, three-dimensional (3D) tem-
perature fields [24-26] can be reconstructed. However, image sensors
can only detect radiation information at a limited wavelength range,
corresponding to their red (R), green (G) and blue (B) channels. Hence,
information on the object’s emissivity at those wavelengths is neces-
sary. Smart et al. [27] measured the temperature of an oxygen-rich
combustion flame using a color camera and analyzed the results with
the emissivity model of soot of Hottel and Broughton [28]. Kuhn et al.
[29] measured the temperature of a silicon carbide (SiC) filament using
an SLR camera to eventually obtain the temperature of an ethylene/air
diffusion flame. The SiC filament was regarded as a graybody in the
visible region, with a constant emissivity of 0.88 [30]. Vicariotto et al.
[31] also used a method similar to that of Ref. [29] to obtain the 2D
temperature distribution of a methane/air diffusion flame. Sun et al.
[32] used a color camera to measure the temperature of a heavy oil
flame; and calculated the flame emissivity using Hottel and Broughton’s
soot emissivity model. Draper et al. [33] used a broadband, RGB, two-
color pyrometry technique to measure the 2D distribution of tempera-
ture and emissivity of a pulverized coal flame and reported a difference
from the graybody model, in the temperature range of 2100-2660 K.
Khatami and Levendis [34] used a three-wavelength pyrometer [35] to
measure temperature profiles of single particles of pulverized coal,
during their entire combustion histories. They assumed that the emis-
sivity of pulverized coal char particles was either independent of wa-
velength (graybody) or a linear function of wavelength in the range of
650-1000 nm. They reported a temperature difference in the order
of 40 K between these two assumptions. Deep et al. [36] used an SLR
camera to measure the temperature distribution of the radiation shock
layer; they assumed that the measured object behaved as a graybody in
the wavelength range of 400-700 nm. It is evident from such studies,
which were based on thermal radiation sensors, that the accuracy of
temperature measurement depends on the assumptions made on the
spectral emissivity of the object as a function of wavelength.

In contrast to image sensors, radiation information from an object at
multiple wavelengths can be obtained based on spectral sensors. In this
case, the temperature and spectral emissivity can be measured si-
multaneously, assuming a spectral emissivity model [37]. Khan et al.
[38] used the least square method to simultaneously measure the
temperature and emissivity of a platinum (Pt) strip, in the temperature
range of 913-1255 K, based on the visible and near-infrared radiation
spectrum. They reported a relative measurement error in temperature
of less than 6%. They also reported calcualted Platinum strip emissiv-
ities to be in the range of 0.24-0.44, at wavelengths in the range of
400-1000 nm and temperatures in the range of 913-1255 K. Wen et al.
[6,7] measured the temperature and emissivity of stainless steel and
aluminum alloys using radiation spectra and discussed the effects of
different emissivity model assumptions. The spectral emissivity of

stainless steel at 700 K was expressed as a second-order polynomial in
the band of 2000-4700 nm, and the average emissivity was ~0.2. The
aluminum alloy behaved as graybody at 700 K with an emissivity of
0.1. Xing et al. [39] designed a multi-wavelength pyrometer using a
micro spectrometer and developed a spectral emissivity model that is
independent of wavelength but it is dependent on temperature. Their
experiments were carried out on a blackbody heated to 1260-1310 K
and viewed through filters in the band of 580-760 nm. The transmis-
sivities of these filters were known, so these transmissions were treated
as emissivity of a real body at the temperature of the black body. They
reported that their absolute error of measurement was less than 12 K,
and the relative error was less than 1%. Wang et al. [9] measured the
spectral emissivity of stainless steel using a Fourier transform infrared
spectrometer in conjunction with a polynomial emissivity model. Their
results showed that the emissivity of stainless steel in the wavelength
range of 2000-6000 nm increases from 0.357-0.456 to 0.439-0.491
with increasing temperature from 1073 to 1373 K ( = 2.8 K). Sun et al.
[40] used a portable fiber-optic spectrometer to measure the tempera-
ture and emissivity of a pulverized coal flame in a utility boiler. They
found that the pulverized coal flame was gray in the band of
500-1000 nm, however the flame temperature and emissivity varied
with the location in the combustion zone. They reported emissivities in
the range of 0.1-0.4 and temperatures in the range of 1360-1460 K. It
should be noted that this method was only suitable for measurement of
temperature and emissivity of graybodies. Yan et al. [15] measured the
temperature and emissivity of municipal solid waste incineration
flames in the wavelength band of 500-900 nm, using a method similar
to that of Ref. [40]. The flames were found to be gray in this band, their
emissivities were in the range of 0.2-0.45, and their temperatures were
in the range of 1000-1500 K. Nonetheless, there are characteristic
spectral lines of Na (590 nm) and K (767 nm), which could cause in-
terference to multi-spectral temperature measurements. Parameswaran
et al. [41] measured the temperature and emissivity of a coal gasifier
flame with a spectrometer. They reported that the flame was gray in the
band of 650-710 nm, but the emissivity was related to temperature (in
the range of 1200-2100 K) and varied from 0.1 to 0.7. In subsequent
research [42], the same authors reported that in a coal gasification
flame temperatures of petroleum coke measured by a spectroscopic
method were higher than those measured by thermocouples. In sum-
mary, one-dimensional measurements of temperature and emissivity
can be obtained simultaneously with spectral sensors. However, the
accuracy of the measured results can be affected if the temperature and
emissivity of the object are not spatially uniform.

Radiation from high temperature objects can also be detected by
hyperspectral sensors with spatial and spectral resolutions. Thus, it has
been possible to simultaneously measure the two-dimensional tem-
perature distribution and the spectral emissivity distribution. Liu et al.
[43] measured the temperature and emissivity of ethylene diffusion
flames using hyperspectral images in the visible band and reported that
the emissivity decreased at increasing wavelengths. Devesse et al. [44]
used hyperspectral images to measure the temperature of stainless steel,
at temperatures in the range of 1800-2000 K, and reported a
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measurement relative error less than 10%. Fu et al. [45] measured the
temperature of metal surfaces in a supersonic plasma jet environment
using a high-speed hyperspectral camera; however, the temporal re-
solution was not sufficiently high for recording rapid changes of tem-
perature. Si et al. [46] used a hyperspectral camera for simultaneous
measurements of temperature and emissivity of single particles of
pulverized coal. In their experiments, a stepper motor was used to en-
able the hyperspectral camera to follow the particle movement, since
the camera used in the experiment required scanning imaging. Com-
pared to spectrometer and color cameras, hyperspectral camera needs
more time to process the large amounts of acquired data, so it is cur-
rently difficult to obtain hyperspectral images at high sampling rates.
The high-speed camera only collects radiation images at three
channels: red, green and blue (R, G, B). Hence, by comparison with the
hyperspectral camera, it has a much higher sampling frequency, high
output image resolution, and lower cost. As a result, high-speed digital
cameras have been widely used for temperature measurements of dif-
ferent transient objects [47-52] and for morphological change mea-
surements of burning particles [53,54]. However, the radiation in-
formation conveyed by high-speed cameras is limited, and accurate
temperature measurement also must depend on the knowledge of the
spectral emissivity of the measured object. Hence, in this investigation a
2D temperature measurement method was implemented, combining the
advantages of spectrometers and high-speed cameras. The method was
validated with experiments carried out on a heated R-type (Pt-Rh)
thermocouple. The radiation spectrum and the image of the thermo-
couple bead were obtained simultaneously using a spectrometer and a
high-speed camera. Subsequently, the spectral emissivity and tem-
perature of the thermocouple were obtained by using a multi-spectral
temperature algorithm, based on the radiation spectrum collected by
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the spectrometer. As a result, 2D temperature distributions of the R type
thermocouple were generated by combining the spectral emissivity
measured by the spectrometer and the raw images collected by the
high-speed camera. Finally, the temperatures obtained by spectrometer
and high-speed camera were compared with, and validated by, the di-
rect temperature measurements of the thermocouple.

2. Principles for measuring temperature and emissivity

The sensor of a high-speed camera receives radiation information
from hot objects within its R, G and B response bands, and outputs two-
dimensional images from its analog-to-digital converter [12,29,33].
The radiation intensity of the targeted object received by the camera
sensor is given by Eq. (1):

Ei= [% e)n,() lyddt

i=R,G,B @

where (1) is the spectral emissivity of the object; 7,(1) is the spectral
response efficiency function of the camera’s i channel (R, G, B), which
can be calibrated by using a monochromatic light source [21]; 4; and 4,
are the lower and upper wavelength limits of the spectral response of
the high-speed camera, respectively; 7 is the shutter time of the high-
speed camera; I, is the blackbody radiation intensity. According to
Plank's law, the term I, can be expressed as:

Cl'/l_s

= ——
b= enr —

@

where C; and C, are Plank constants; T, is the 2D temperature dis-
tribution of the measured object. Substituting Eq. (2) into Eq. (1):

Measurement of the relative radiation intensity of the object

Radiation
calibration

Absolute spectral radiation
intensity of the object I,

Absolute image radiation
intensity of the object Ex

Spectral emissivity expressed as
a polynomial function

I(/'Lj)=(a0+al-/1]+a2-/1j2+---+an-ﬂjm)-m

C,-4,°

Newton-Newton
iteration method

Temperature T

)

Spectral emissivity

y

Two-dimensional temperature
field ¢

Fig. 1. Flow diagram of the iterative reconstruction algorithm.
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2 Cra~s
Ei = ‘//‘112 E(l)?]l (l)mdﬁf
i=R,G, B (3)

The function relation between the radiation intensity E; and the
output image intensity of the high-speed camera, S;, can be established
by calibration using with a known radiation source [12,15]. In this
paper, a tungsten ribbon filament lamp was used for radiation cali-
bration. The lamp was pre-calibrated by the US National Institute of
Standards and Technology (NIST). Its radiation intensity was regulated
by adjusting the input electric current, and it was monitored by the
spectrometer. The response wavelength of R channel is larger than that
of G which, again, is larger than that of B channel [21,55], as this
camera has a visible light sensor. Therefore, the signal-to-noise ratio of
the output image of the R channel is the highest under the same shutter
speed. As a result, the image output of the R channel of the high-speed
camera was adopted in the temperature measurement, so that calibra-
tion was only performed on the R channel. The following relation can
be established after radiation calibration of the camera using the
tungsten lamp:

Er = f(Sp) @
Considering Eq. (3) and Eq. (4), then:

-5
60 = [ e @y it ©

In Eq. (5), there is one known parameter: f(Sg) and two unknown
parameters: €(4), T, hence, it cannot be solved. Therefore, a spectro-
meter was used to simultaneously monitor the thermocouple bead, and
its spectral emissivity £(1) was measured in real-time based on spectral
analysis. The temperature T; of the thermocouple was then calculated
by substituting the measured emissivity €(1) into Eq. (5).

The monochromatic radiation intensity within the range of the re-
sponse wavelength of the spectrometer can be obtained from the fol-
lowing expression:

(GBI
I(4) = E(/lj)'iecmjjn .
j=1,2,3 ..n ©

where j is the number of measured effective wavelengths within the
spectral response range of the spectrometer; T; is the one-dimensional
temperature measured by the spectrometer. The spectral emissivity of a
high temperature metal solid surface can be expressed by polynomial
function [6,7,37]:

E(Aj) =ap+ a1~lj + a2-/ljz + “'+an'ljm @

where m is the series of polynomial. Substitution of Eq. (7) into Eq. (6),
gives:
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Crj~ 5

I(Aj) = (a() + a1~/1j + a2~lj2+-~~+an~ljm)-m

j=1,2,3 ..n 8)

The spectrometer can measure the radiation intensity in a wide
range of wavelengths with very small wavelength intervals. The spec-
tral emissivity of high temperature metal materials may be expressed by
a lower order polynomial (the order is usually no more than 4) function
[7,37,56,57]1, hence m <« n. The order m of the polynomial was de-
termined by evaluating the variation of the residual |f1?> at different
levels; m was assigned integer values bigger than unity. There is a
minimum value of |f] in Eq. (9) which can be obtained numerically by
the Newton iteration method:

n Crdi - 5 2
|f|2 = Z [I(ﬂ.j) - (ao + a1~/1j + a2~/1j2+-~~+an~/1j’”)-7j]

st eCz//leS 1
j=1,2,3n ©)

a;, a4, ---a, and Ty can be calculated when |fI? reaches the minimum
value, thereby the spectral emissivity ¢(4;) and temperature T; are ob-
tained. Substituting the measured ¢(4;) into Eq. (5), there remains only
one unknown parameter, T;, and thus the equation can be readily
solved. This enables the 2D temperature distribution of the object to be
measured. A flow diagram for this algorithm is shown in Fig. 1.

3. Experimental setup and calibration
3.1. Experimental set-up

The schematic diagram of the experimental setup is shown in Fig. 2.
A Bunsen burner was modified for the purposes of this experiment to
allow mixing fuel and air of measured quantities. For this purpose, the
air vents at the sides of the burner were surrounded by a sealed metallic
enclosure. Air was introduced to the burner through a hole drilled to
the side of the enclosure. The burner nozzle diameter was 50 mm. The
flowrates of natural gas and air were metered with calibrated Matheson
rotameters. Upon ignition of the mixed effluent gases, a premixed flame
was obtained. The Pt-Rh thermocouple used in the experiment was of
an R type, procured from Omega Engineering. The positive lead of the
thermocouple contained 13% Rh and 87% Pt. The negative lead of
thermocouple was pure Pt. The diameters of the positive and negative
filaments of thermocouple were both 0.5 mm. The junction was shaped
as a sphere, with a diameter of 1.34 mm. The thermocouple was in-
stalled 30 mm above the center of the burner outlet. The thermocouple
wires were connected to a data acquisition card by a thermocouple
extension cable. The generated voltage signals were processed with the
LabVIEW program. They were compensated by the cold end (room
temperature 25 °C), and then they were converted to temperatures
according to an appropriate function relation.

R type thermocouple

Collimating lens

Air

Bunsen burner

CHq

High speed camera

Computer

Fig. 2. Schematic of the experimental apparatus.
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An AvaSpec-ULS2048-USB2 spectrometer was used in these experi-
ments to measure radiation intensity. This spectrometer has a Charge
Coupled Device (CCD) sensor with a spectral response range from
200 nm to 1100 nm. The spectral resolution is 1.1 nm and the sampling
rate is 1.1 ms/scan. The transmission rate is 1.8 ms/scan (USB 2.0). The
spectrometer was calibrated using a Mikron M330 blackbody furnace,
derails of which are given in Ref. [15]. The resulting blackbody cali-
bration profiles of the spectrometer at different blackbody furnace
temperatures are shown in Fig. 3.

An Edgertronic SX1 high-speed camera was used in the experiments,
fitted with a Complementary Metal Oxide Semiconductor (CMOS)
sensor. The camera was coupled to an Olympus-Infinity Model K2 long-
distance microscope lens. The maximum frame rate of images acquired
by the high-speed camera is 17,791 fps. The relative spectral response
efficiency curve of the camera is shown in Fig. 4. The control software
of the high-speed camera can output 8-bit uncompressed AVI format
video files. Such raw image format (raw data) files contain minimally
processed data from the image sensor of the digital camera The MA-
TLAB code was used to read the AVI format video. After reverse Bayer
decoding, the AVI format video file was converted to TIF format images.
The camera was equipped with the aforesaid high-definition lens,
which can focus on the thermocouple junction clearly. The high-speed
camera has a 16 GB memory card. The collected video files are firstly
stored in the memory card, and then they are transferred to the hard
disk of a computer through the gigabit ethernet cable.

3.2. Radiation calibrations of the high-speed camera

The functional relationship between the image intensity of the high-
speed camera and the radiation intensity of the heated object (in this
case the thermocouple bead) is established through radiation calibra-
tion using the tungsten lamp. During the calibration experiments, both
the high-speed camera and the spectrometer collected images and
spectra from both sides of the tungsten lamp. Electric current was
supplied to the tungsten lamp in the range of 12.4-15.7 A, with an
interval of 0.3 A. The radiation spectral (counts and intensities) of the
NIST tungsten filament measured by the spectrometer at different
electric current inputs are shown in Fig. 5(a and b). The radiation in-
tensity spectra of tungsten filament are deemed to be smooth between
500 nm and 1000 nm. The radiation intensity increases with the wa-
velength at any given current, and the radiation intensity increases with
increasing current at any given wavelength.

High resolution photographs of the filament of the tungsten lamp
collected by the camera, under different electric current settings, are
shown in Fig. 6. As the electric current increases, the temperature and,
hence, the brightness of the tungsten filament increase gradually. The
notch in the filament denotes the location where the NIST calibration
was performed.

The functional relationship between the radiative intensity of the
lamp’s filament and the response of the R channel of the camera is
shown in Fig. 7. The relationship between image intensity of the camera
and radiation intensity of the lamp when raw data is used (“raw” de-
notes a not standardized format (unlike TIF, JPG, etc.), and it is a
lossless compression format). This is significantly different from the
calibration results using non-raw data [13,58]. Thereby, the functional
relation depicted in Eq. (4) was established.

4. Experimental results and analysis

Experiments to measure the temperature of the thermocouple re-
motely were conducted in two different flame conditions, a stable
quasi-steady state (stable) flame and an unsteady state (unstable) flame.
The latter flames were generated by blowing mild bursts of air sideways
to the flame, to momentarily disturb it. In both cases, the flow rate of
the natural gas to the Bunsen burner was kept constant, and the flame
temperature was adjusted by changing the air flow rate and keeping the
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fuel flow rate constant. Thus, both the total flowrate of gases and the
fuel to air equivalence ratio varied, the latter in the range of 0.82-1.36.
The detailed experimental conditions are listed in Table 1.

Flame images, collected by an SLR camera (SONY Alpha 6000) at
the four different combustion conditions listed in Table 1, are shown in
Fig. 8. All these premixed flames have a translucent light blue color.
Their spectral signal intensities were negligible when the flames were
observed at the absence of the thermocouple. The amount of soot
generated in these flames was very low and the temperature measure-
ment of thermocouple should not be affected by soot accumulation on
the junction. The oxygen content of the premixed flames decreased with
the decrease of the air flowrate, hence the gradual increase of the
equivalent ratio resulted in taller flames, as also observed in Ref. [59].

4.1. Remote measurements of the thermocouple temperature and emissivity
in steady flames using the spectrometer method

The spectral radiation intensities of the heated thermocouple, as
collected by the spectrometer at four different fuel to air equivalent
ratios, are shown in Fig. 9. It can be observed that the radiation in-
tensities of the R-type thermocouple are continuously smooth at wa-
velengths between 500 nm and 1000 nm, akin to the radiation intensity
of the tungsten filament of the NIST lamp, shown in Fig. 5. The stron-
gest spectral radiation intensity of the thermocouple was observed at
the equivalence ratio of 0.98, whereas the weakest intensity was ob-
served at the equivalence ratio of 1.36.

Eq. (9) is used for simultaneous calculation of temperature and
spectral emissivity based on the measurements of the spectral radiation
intensity. During the process of calculation, the series n of the poly-
nomial increases from values starting at n = 1. In fact, it was found that
Eq. (9) converges when n = 3. The calculated spectral emissivity of the
thermocouple is shown in Fig. 10. Therein, it can be observed that there
is a mild decrease of the spectral emissivity of R type thermocouple
with wavelength increasing from 500 nm to 1000 nm. In this band, the
decrease in emissivity is more pronounced than that in the band of
800-1000 nm, where the emissivity is nearly-constant. Hence, the
thermocouple behaves as a grey body in the latter band. Ma et al. [56]
measured the spectral emissivity of the S type thermocouple between
431 nm and 700 nm; the results of that study are also plotted in Fig. 10.
The measured spectral emissivities of the R- type thermocouple in this
investigation are very close to the values reported by Ma and co-
workers for the S-Type thermocouple in the wavelength band of
500-700 nm. For an S-type thermocouple, the Rh content in the posi-
tive end of thermocouple is 10% and Pt is 90%. The negative end is also
pure Pt. Hence, only the positive end of thermocouple is different

5000
aso0l | 1273 K
—1373K
40004 —1473K
— 1573 K
B0 —1673K
2 3000
=
3 2500
:Q
2000
1500
1000
500
0 : : ; . .
500 600 700 800 900 1000

Wavelength (nm)

Fig. 3. The blackbody calibration curve of the spectrometer.
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Fig. 4. Relative spectral response curves of the red (R), green (G), and blue (B)
wavelenght bands of the Edgertronic SX1 high-speed camera. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. (a) Counts of the NIST tungsten lamp, and (b) Spectral radiation in-
tensities of the NIST tungsten lamp under different electric current inputs.
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Fig. 6. Images of the filament of the NIST tungsten lamp captured by the high-
speed camera under different electric current settings.
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Fig. 7. Calibration of the red (R) response of the digital camera with the ra-
diation intensity, Eg, of the NIST filament lamp. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Summary of the prevailing conditions at four different combustion conditions
(flowrates and fuel to air equivalence ratios).

Case Natural Gas L/ Air L/ Total Flowrates L/ Equivalent Ratio ¢

min min min
1 0.30 3.50 3.80 0.82
2 0.30 3.30 3.60 0.87
3 0.30 2.90 3.20 0.98
4 0.30 2.10 2.40 1.36

between R type and S type. Ma et al. [56] also showed that the emis-
sivity of pure platinum is very close to that of Pt-Rh containing 90%
platinum. The spectrum of pure platinum and of Pt-Rh containing 80%
Pt reported by Neuer et al. [60] is also in line with that shown in
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Fig. 8. Images of natural gas flames, with an inserted type-R thermocouple,
under the four different combustion conditions listed in Table 1.
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Fig. 9. Spectral radiation intensity of the R-type thermocouple in natural gas/
air premixed flames of four different equivalent ratios.
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Fig. 10. Spectral emissivity of an R-type thermocouple in the wavelength range
of 500-1000 nm.

Fig. 10. Considering all of these results, it can be concluded that the
content of Pt in the Pt- Rh alloy has little influence on its spectral
emissivity. In the experiments of Ma et al. [56], the temperature range
of the thermocouple was 1597-1730 K, and the emissivity of the
thermocouple did not change much with temperature in this range.
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Fig. 11. Raw images of the thermocouple bead and wires heated by premixed
flames operated at the four different equivalence ratios of this study.

Worthing et al. [61] measured the spectral emissivity of platinum at
temperatures ranging from 1200 K to 1850 K. Their results showed that
the emissivity of platinum increased with increasing temperature, but
the influence of temperature on the spectral emissivity was found to be
modest. The temperature variation range of the four flame conditions
herein is 1483 — 1520 K, hence the temperature difference is only 37 K,
and the emissivity measured in this temperature range is nearly equal.
The spectral emissivity under the four flame conditions can be averaged
and the function of emissivity and wavelength can be obtained by
polynomial fitting:

) =

1.4000 - 3.6900 X 1073 x A + 3.9878 X 1070 x A2 - 1.4447 x 10~° x A3
where 1 is in nm.

>

4.2. Remote measurements of the thermocouple temperature and emissivity
in steady flames using the digital camera method

Raw images of the thermocouple bead under the four flame condi-
tions of this study are shown in Fig. 11. It can be observed that the bead
image first becomes brighter as flame stoichiometry is approached and
reached, and thereafter it becomes dimmer with further increasing the
equivalent ratio.

The image intensity recorded by the R channel can be converted
into the image of radiation intensity using a function relation between
the image intensity and radiation intensity obtained after calibration of
the R response of the digital camera with the tungsten filament lamp
(Fig. 7). The obtained radiation intensity images are shown in Fig. 12.
The radiation intensity of the thermocouple first increased and then
decreased with the increase of equivalence ratio, in line with the results
of Fig. 11. The radiation intensity was the strongest when the equiva-
lence ratio was 0.98. Moreover, the radiation intensity was not evenly
distributed along the filament. The radiation intensity at the spherical
bead was relatively uniform. The highest intensity detected at a bulge
near the junction. The image displayed in Fig. 12 has a sufficiently high
resolution (240 piexls x 220 pixels) to reveal spatial details. Such a
high resolution can be considered as an advantage of this method of
temperature measurement, which is based on an electronic camera.

The two-dimensional temperature distributions of the thermocouple
were calculated by Eq. (5), using the radiation intensity images of the R
channel, given in Fig. 12, and substituting the spectral emissivities
measured by the spectrometer. Results are shown in Fig. 13. The
thermocouple temperature distributions are not spatially uniform.
Temperatures at the thermocouple junction are higher than those at the
leads. The maximum standard deviation of the thermocouple bead
temperature variation in this case was less than 3.3%, throughout three-
minute-long sets of data. This temperature fluctuation in the bead was
small, hence the flame temperature is rather evenly distributed on the
surface of the 1 mm bead. The average temperature of the thermo-
couple junction denoted by the white square area in Fig. 12 was then
calculated to obtain the final temperature measurement by the high-
speed camera.
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Fig. 12. Radiation intensity images of the thermocouple bead and wires of Fig. 11, obtained from the R channel of the camera.

4.3. Comparison of the thermocouple bead temperature measurements in
stable flames by the spectrometer, the digital camera and the thermocouple
voltage output

Bead temperature measurements based on the spectrometer and
high-speed camera were compared with those obtained from the
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electromotive force (voltage) output of the thermocouple, and results
are shown in Fig. 14. Temperatures varied between 1490 K and 1530 K;
they increased first and then decreased with the equivalence ratio of the
flame and reached their highest value at ¢ = 0.98. Compared with the
thermocouple measurement results, the maximum absolute error and
maximum relative error of the spectrometer measurement results under
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Fig. 13. 2D temperature distributions on the surface of the thermocouple bead and wires obtained from the radiation intensity images of Fig. 12 and spectral

emissivity data.
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Fig. 16. Raw images of the thermocouple bead at the four different peak
temperatures denoted in Fig. 15.
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the four different equivalence ratios examined were 4.9 K and 0.32%
respectively; The maximum absolute error and the maximum relative
error of the temperature measured by the high-speed camera are 9.2 K
and 0.62%, respectively, based on 200 sets of continuously collected
data. These results show that the temperature measurements of the
spectrometer and the high-speed camera have good accuracy.

4.4. Remote measurements of the thermocouple temperature and emissivity
in unsteady flames using the digital camera method

In these experiments the flame was disturbed by ambient air flow
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and burned unsteadily. Photographic images and the radiative spec-
trum of the thermocouple in such unsteady flame combustion condi-
tions were recorded simultaneously by the high-speed camera and the
spectrometer. The sampling frequency of the high-speed acquisition
card of the thermocouple in this experimentation was 1.2 x 10° Hz.
The sampling frequency of the high-speed camera was 1.8 x 10° Hz.
The sampling frequency of the spectrometer was 0.75 x 10° Hz. Fig. 15
shows superimposed time-dependent temperature measurements with
the thermocouple, the spectrometer and the high-speed camera, during
a sampling period of 200 ms.

The signal output fluctuation of the thermocouple was larger due to
the higher sampling frequency of the high-speed acquisition card of
thermocouple. The results of temperature measurement by high speed
camera, spectrometer and thermocouple were in good agreement. By
comparison to the thermocouple, the maximum absolute error and the
maximum relative error of the spectrometer temperature measurements
in this timeframe were 8 K and 0.55%, respectively. Conversely, the
maximum absolute error and the maximum relative error of the high-
speed camera temperature measurements were 11 K and 0.75%, re-
spectively.

The four peaks in temperature shown in Fig. 15 correspond to
12 ms, 51 ms, 108 ms and 191 ms, respectively. The thermocouple
images recorded by the high-speed camera at those four instances are
shown in Fig. 16, and the corresponding calculated two-dimensional
temperature distributions are shown in Fig. 17.

5. Conclusions

A method for simultaneous measurement of temperature and spec-
tral emissivity of an R-type thermocouple with spectrometer and high-
speed camera has been presented. The results of spectral analysis
showed that there is a mild dependence of the emissivity of the R type
thermocouple on the wavelength in the band of 500-1000 nm. Hence,
the thermocouple bead it is not exactly a graybody in the entirety of this
band. However, the emissivity changes little with the wavelength in the
narrower band of 800-1000 nm, hence, in this range the thermocouple
behaves as a graybody. The spectral emissivity of the R-type thermo-
couple measured in this paper is consistent with the results of the S-type
thermocouple previously measured in the literature in the band of
500-700 nm. This shows that although the content of rhodium in the R-
type and S-type thermocouples is different, it does not affect the spec-
tral emissivity of platinum at these wavelengths.

The spectral emissivity of the bead was measured by the spectro-
meter and, thereafter, it was used to obtain the temperature distribution
of the thermocouple based on the readings of the high-speed camera.
Thereby, it was demonstrated that this method can also be used to
detect two-dimensional temperature field distributions of small parti-
cles. Maximum relative errors in thermocouple bead temperatures,
obtained under quasi-steady state heating, were 0.32% and 0.62%
when obtained by the spectrometer and the camera, respectively, by
comparison to the thermocouple output voltage. Maximum relative
errors in thermocouple bead temperatures, obtained under unsteady
state heating, were 0.55% and 0.75% when obtained by the spectro-
meter and the camera, respectively, by comparison to the thermocouple
output voltage.

These results show that the measurement method described herein
has significant measurement accuracy; hence, it is suitable for mea-
suring both steady and transient thermal radiation. In future work, this
measurement method will be applied to the combustion of single par-
ticles of solid fuels, to obtain their temporal spectral emissivity and
temperature changes.
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