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Abstract

Many industrial processes require reliable temperature measurements in harsh environments with high temperature, dust,
humidity, and pressure. However, commercially-available conventional temperature measurement devices are not suitable
for use in such conditions. This study thus proposes a reliable, durable two-color radiation thermometer (RT) for harsh
environments that was developed by selecting the appropriate components, designing a suitable mechanical structure, and
compensating environmental factors such as absorption by particles and gases. The two-color RT has a simple, compactly-
designed probe with a well-structured data acquisition system combined with efficient LabVIEW-based code. As a result,
the RT can measure the temperature in real time, ranging from 300 to 900°C in extremely harsh environments, such as
that above the burden zone of a blast furnace. The error in the temperature measurements taken with the proposed two-
color RT compared to that obtained using K-type thermocouple readouts was within 6.1 to 1.4°C at a temperature range
from 200 to 700°C. The effects of absorption by gases including CO,, CO and H,O and the scattering by fine particles
were calculated to find the transmittance of the two wavelength bands of operation through the path between the mea-
sured burden surface and the two-color probe. This method is applied to determine the transmittance of the short and long
wavelength bands to be 0.31 and 0.51, respectively. Accordingly, the signals that were measured were corrected, and the
true burden surface temperature was calculated. The proposed two-color RT and the correction method can be applied to
measure temperatures in harsh environments where light-absorbing gases and scattering particles exist and optical
components can be contaminated.

1. Introduction

In many industrial applications, real-time tempera-
ture measurements play an important role in improv-
ing product quality, reducing operating costs, and
ensuring safety®.

The majority of commercially existing temperature
measurement devices are made using thermocouples,
RTDs and RTs. These conventional devices have

been in use for several decades. However, due to the
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harsh environment suffering high temperature, dust,
hot gases and high pressure, such as in blast furnace
for pig iron production, commercially available tem-
perature measurement devices are not applicable, or
the performances achievable by these conventional
devices regarding their sensitivity, accuracy and
durability®®.

Several approaches for measuring temperature in
such environments have been studied in the past “®.
One such method is to implement two-color radiation
thermometry, which is a non-contact method that can
measure the temperature of inaccessible objects, moving
objects, and objects with changing emissivities"'".

However, a two-color radiation thermometer (RT)
must operate in atmospheric windows with a high
atmospheric transmission, and it is difficult to employ
these as durable and reliable temperature measure-



ment devices in some cases with harsh measurement
environments because the thermal radiation emitted
by the measured object is continuously influenced by
the environment itself®. Thermal radiation is absorbed
and scattered in some wavelengths over a wide tem-
perature range due to the presence of CO,, water
vapor and hydrocarbons. Particulates such as pulver-
ized coal in a furnace, soot, dust, and aerosol in the
atmosphere also scatter and absorb thermal radiation?.
Thus, the effect of the measurement environment on
the thermal radiation of the object at different wave-
lengths should be considered to reliably measure the
temperature, and corrections should be made to min-
imize or eliminate the effect of such environment.

Additionally, conventional RTs are not viable for
use under harsh measurement conditions due to their
sensitivity and durability.

Recently, the demand has increased for reliable,
durable RT devices tailored to measure the tempera-
ture in harsh conditions, and such applications also
demand automated RTs comprised of a compact
probe coupled with efficient software and reliable
error-correction.

The objective of the current study is to investigate
the feasibility of developing a remote-controlled two-
color RT with reasonable accuracy and a fast response
to measure the temperature of objects with unknown
emissivity located in a harsh environment.

2. Theoretical Background

The proposed two-color RT operates according to
Planck’s law!"?, This law states that the spectral radi-
ance (S) of the thermal radiation emitted from an
object when its temperature is above absolute zero is
a function of the object temperature (7) and the ther-
mal radiation wavelength (4). For a blackbody, Wien's
approximation describes the relationship between S,
T, and 4 as follows:
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where, C, is the first radiation constant, C,= 2mhc?,
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where, 4 is Planck’s constant, ¢ is the speed of light
in vacuum. While, C, is the second radiation con-
stant, C, = hc/k. where, k is Boltzmann’s constant.

In accordance with Eq. (1) the intensities, /;, and
I, of the thermal radiance at the two wavelengths, 4,
and /4, represent the intensities of the two-color
bands and can be given by Eq. (2) and Eq. (3) as fol-
lows:
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where, K is the device factor that depends on the
geometrical design of the device and the component
specification®'?,
Then, the ratio (R) between [,, and I, can be given

as follows:
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The temperature (7) in Eq. (4) is known as the
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For a blackbody, the ratio is given by:
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The main advantage of this method is that the tem-
perature is measured independently of the emissivity,
and the main source of error occurs when the mea-
sured object does not behave like a gray body"*'*. In
addition, the two-color RTs can also be subjected
sources due to a limited atmospheric transmittance,
differences in the radiation emitted by the optical
components, detector noise, amplifier noise and other

system noise for internal electronic sources!'*”,

3. Development of Two-color RT

3.1 Optical system

The optical system (objective lens and detector) of
the proposed two-color RT was selected according to
the desired temperature measurement range, which is
between 300 and 900°C. At the lower and upper lim-
its of this temperature range (i.e., 300 and 900°C),
the peak wavelengths of Planck’s radiance are given
as 2.3 and 5.1 pm, respectively.

The radiance and temperature are related in a non-
linear manner. To measure temperatures above
150°C and below the freezing temperature of silver
(961.78°C), the wavelength of the employed detector
should be shorter than the peak wavelength of
Planck’s radiances for the temperature of interest!®.
Accordingly, an uncoated infrared-grade calcium flu-
oride (CaF,) lens and Hamamatsu two-color detector
K11908-010K were selected to produce the optical
system of the RT.

The CaF, lens has a diameter of 50.8 mm and pos-
sesses a high transmittance in the range from 0.3 to
5.5 um. Also, CaF, lenses can endure temperatures
of up to 800°C in dry environments. Furthermore,
CaF, is inert when in contact with most acids, metal
vapors, and gases.

The Hamamatsu two-color detector K11908-010K
is composed of a short-wavelength (SW) InGaAs
PIN photodiode mounted over a long-wavelength
(LW) InGaAs PIN photodiode along the same optical
path. The spectral responses of the SW and LW are
0.9to 1.7 and 1.7 to 2.55 pm, respectively. The noise

and dark current delivered by this detector is very
low, and the K11908-010K detector allows for a sim-
ple probe design because only one optical path is
required to simultaneously detect the thermal radia-
tion at the two photodiodes. Also, this design decreases
the attenuation caused by the optical filter that would
otherwise be used to separate the thermal radiation
into two spectral bands for two separate detectors.

3.2 Mechanical chopper

A mechanical chopper was employed to interrupt
the incident radiation from the measured object to the
detector. The chopper was mounted on a wind mill
driven by supplied air. This technique was found to
be more efficient than using an electric motor to
rotate the mechanical chopper because using an elec-
tric motor can result in interference. Also, the sup-
plied air was used to cool the detector to maintain the
temperature within recommended values (i.e., -40 to
+70°C). In addition, the supplied air was driven
through a passage designed in the probe housing to
generate an air flow in front of the objective lens and
protect it from contamination, especially in a dusty
measurement environment.

3.3 Probe housing

The internal probe housing was made from black
anodized aluminum, and the objective lens, mechan-
ical chopper, detector and wind mill were assembled
together within. Black anodized aluminum is a low-
refractive material that minimizes internal reflection
and stray radiation that can become a secondary
source of radiation. The outer housing of the two-
color probe was made from steel to endure the harsh
conditions. The final probe design is shown in Fig. 1.

3.4 Photocurrent preamplifier

The photocurrent generated by the detector is very
small and needs to be amplified, so an SR570 low-
noise current preamplifier was implemented. This
amplifier possesses a wide dynamic range consisting
of 28 gain levels from 1 pA/V to 1 mA/V. Also, all
amplifier functions can be controlled through an RS-
232 interface, facilitating the integration and opera-
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Fig. 1. Two-color probe: 1. Probe outer housing, 2. Probe inner housing (black anodized aluminum), 3. Honey comb, 4. Objec-
tive lens, 5. Mechanical chopper, 6. Two-color detector, 7. Wind mill, 8. Air supplying tube

tion of the amplifier with the other elements of the
two-color RT.

3.5 Data Acquisition devices

Data was acquired with an NI 9222 data acquisi-
tion module and NI 9213 thermocouple module.
Both modules were mounted on an NI ¢cDAQ 9184
Ethernet chassis that was used to digitize the acquired
analog data.

3.6 Data processing algorithm

The signal processing routines required for this
application were developed using the Laboratory Vir-
tual Instruments Engineering Workbench (LabVIEW)
software. The routines were developed to:

1. Control the operation of different devices (amplifi-
ers and data acquisition system).

ii. Perform signal-processing routines required to
calculate the object temperature.

The sampling rate and sampling frequency of the
data acquisition devices were optimized for the soft-
ware to acquire data and transform it into a digital
format.

A simple median filter was applied to remove the
noise, and the signal base line was set to zero to
facilitate signal intensity calculations. The validity of
the signals was decided according to their intensity
and width. Therefore, a wavelet of amplitude ranging
from 0.01 to 5 V with a minimum width of 5 points
was developed as reference for valid signals. The

valid signals were normalized considering the gain
level of the two amplifiers. The ratio, R, between the
normalized signals was calculated and compared
with the calibration curve obtained by the blackbody
calibrator, and the object temperature was then calcu-
lated.

4. RT Measurements Experiments
(Laboratory scale)

4.1 Two-color RT optical characteristics

The optical characteristics of the proposed two-
color RT were studied using an OMEGA BB-4A
Blackbody Calibrator. The two-color probe was per-
pendicularly placed 6 m from the blackbody calibra-
tor, and a laser beam was used for alignment. The
blackbody temperature was set to 200°C, and the fre-
quency of the mechanical chopper was adjusted to
approximately 50 rotations per second. The probe
output, including the SW and LW band signals, was
connected to the first and second amplifier using
short coaxial cables to reduce excessive capacitance
in the measurements, and the gain of the amplifiers
were manually set. The amplified signals, /,, and [,
were acquired in the first and second channels of a
Tektronix TDS2024C digital storage oscilloscope.

This procedure was repeated every 20°C from 200
to 900°C. The ratio (/,,/1,,) was calculated for each
temperature, and the characteristics of the calibration
curve were obtained by plotting the blackbody tem-
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Fig. 2. Normalized output signals of the SW and LW chan-
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Fig. 3. SNR for the SW and LW channel as a function of
the blackbody temperature

perature (7) versus the calculated ratio (R). The
results are shown in Fig. 2.

The temperature as low as 200°C can be mea-
sured using the setup described above. The result-
ing signals were analyzed with the mean signal-to-
noise ratio (SNR) calculated based on the ratio of
the signal amplitude to the root mean square of the
signal, and the mean SNR results are shown in
Fig. 3.

The mean SNR calculated at the minimum mea-
sured temperature reached 2.3, and as the blackbody
temperature increases, the mean SNR also increases
for both SW and LW channel. The results of the
mean SNR calculation were consistent with those
presented by Hobbs ez al.®V.

4.2 Radiation thermometry measurements for
unknown emissivity object
To assess the performance of the proposed two-

color RT, the blackbody calibrator was replaced
with a test specimen consisting of a carbon steel
plate of unknown emissivity with a diameter of 80
mm and thickness of 4 mm. The two-color probe
was at a 6 m distance from the test plate. The plate
was electrically heated and the back side of the
plate was insulated with a ceramic fiber insulating
material to stabilize the plate temperature. A solid
state relay device (SSR) was used to set the plate
temperature.

The setup used in Section 1 was used, except that
the output of the two amplifiers was connected to the
first and second channel, A0 and A1, of an NI 9222
module. Short coaxial cables were used to transfer
the signal from the two-color detector to the amplifi-
ers and from the amplifiers to the NI 9222 module. A
K-type thermocouple of special limit of error of
1.1°C was attached to the center of the plate and was
connected to the NI 9113 thermocouple module.
Both modules were mounted in an NI ¢cDAQ 9184
chassis connected to a computer through an Ethernet
cable, and the computer was equipped with the Lab-
VIEW software.

The RRS was set to 700°C, and the electric source
was then turned on. When the plate temperature
reached 700°C the electric power source was turned
off and the plate was cooled down using a fan. The
signals acquired from the two-color probe were pro-
cessed in real time and stored. The plate temperature
was simultaneously measured using the attached
thermocouple, and the results were recorded. The
temperature data obtained from the two-color RT
were compared to that obtained from the thermocou-
ple, and the difference between them was maintained
within the temperature measurement error of the
two-color RT.

5. Temperature Measurements
Error Analysis

The radiation thermometry measurements were
carried out in an ambient temperature of 23°C, and in
such conditions, the measurement environment has a



negligible influence with the main error in the tem-
perature measurement arising from the detector and
amplifier noise.

The error in temperature measurements due to
detector and amplifier noise is determined by apply-
ing the method described in Ref.***. This method
calculates the temperature error from the ratio of the
percentage error in the output signal amplitude to the
percentage of change in the output signal due a
change in the blackbody temperature of 1°C, which
is the Percent-Per-Degree (PPD)®*%),

The error in the output signal amplitude for each
sensor was determined using the following formula:

(MA = MAin)/2
MA

mean

100 (8)

where, MA__, MA
shown in Fig. 4.

The PPD for each sensor was calculated as fol-
lows:

and MA
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Fig. 4. Output voltage fluctuations during radiation ther-
mometry measurements. (a) Raw signal, (b) Output
voltage fluctuation zone
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PPD(%/°C) = ;'\%25 x 100 ©)
where 1 isthe effective wavelength for each sensor,
taken as the peak sensitivity wavelength given by the
detector manufacturer.

At laboratory scale, the detector and amplifier are
the dominant noise sources at a low temperature. As
the temperature increases, the shot noise induced by
the photocurrent generated from the detector becomes
more significant.

When measuring at temperatures from 200 to 900°C,
the temperature error ranges from 2.4 to 0.2°C for
the SW channel as a single RT and ranges from 1.3
to 0.1°C for the LW channel. The temperature error
that is calculated is larger relative to the temperature
error resulting from the SW and LW channel as a
single RT. These results are consistent with the fact
that the error of a single-wavelength thermometer is
smaller compared to two-color RT®?,

The proposed two-color RT is used to record plate
temperatures of 200, 300 and 400°C with a tempera-
ture error of 6.1, 3.2 and 2.1°C, respectively. The
temperature error from the ratio of the output error
percentage and the PPD and that resulting from the
two-color RT compared to the thermocouple were
calculated and are shown in Fig. 5.

The acceptable temperature error is assumed to be
2°C, as is recommended for high quality infrared
thermometry®. Regardless of the higher temperature
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Fig. 5 Comparison of temperature error resulting from the
SW and LW channel as a single RTs and that result-
ing resulting from the two-color radiation thermom-
eter compared to a k-type thermocoupe
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error in two-color RT compared to that for a single
RT, the two-color RT has the advantage of being able
to measure the temperature of the object without
having previous knowledge of its emissivity. Also
this error can be neglected when the two-color RT is
used for temperature monitoring in industrial applica-
tion in which the process is not influenced signifi-
cantly by such temperature measurement errors.

6. Radiation Thermometry Measurements
(Blast furnace)

The real-time performance of the proposed two-
color RT by using it to monitor the temperature of
the burden surface in a blast furnace used for pig iron
production, which is considered as one of the harsh-
est industrial environments. Monitoring the tempera-
ture of the burden surface in real time provides
valuable information to operators because it has a
direct relationship with the gas permeability and raw
material feeding rates. Radiation thermometry mea-
surements were performed and data was stored for a
two-month duration. Fig. 6 shows the signal trend for
Is.

The objective of this work is to obtain a tempera-
ture measurement every 33 ms, and the timing of the
data acquisition system was optimized to this end.
Fig. 7 shows the signals, calculated ratio, and tem-
perature obtained during 33 ms.
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Fig. 6. Signals obtained from the SW band (black), and LW
band (gray) channels during 1s

7. Temperature Correction Method

In ambient conditions in a laboratory, the transmit-
tance of the SW and LW bands of the detector are
assumed to be equal to each other. For a blast fur-
nace, on the other hand, gases and dust are present in
the field of view (FOV) of the RT. In such condi-
tions, the thermal radiation emitted by the burden
surface can be scattered and absorbed by the constit-
uents of the measurement environment, resulting in a
different transmittance for the SW and LW bands
and thus leading to a significant error in the mea-
sured temperature. Therefore, a method was devel-
oped to determine the transmittance of the SW and
LW band through the path between the burden sur-
face and the two-color probe.

The effect of the absorption by the above burden
gases and scattering by the fine dust particles were
studied, and the transmittance of the SW and LW
bands were determined as follows:
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Fig. 7. (a) Signals obtained from the SW and LW band
channel and (b) the ratio of the two signals and the
calculated temperature during 33 ms



i. Transmittance of the SW and LW bands through
above burden gases:

First, the absorbance of the SW and LW bands due
to each gas fraction were calculated using the HITRAN
code assuming a gas temperature of 300°C*”. Each
band was represented by an effective wavelength of
AM equal to 0.1 um, and the central wavelength of
each band is the peak sensitivity wavelength of the
color band, in this case 1.55 and 2.1 um for the SW
and LW band, respectively.

The transmittance of the SW and LW bands for
each gas fraction were calculated from the absor-
bance results using the following formula:

Absorbance = 2—Log(%rt) (10)

Then the effective transmittance of the medium, 1,
was calculated based on the sum of the volume aver-
age transmittance of the gas/gas mixture in the
medium, which is given as follows:
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different gas constituents, and v, v,......... v, corre-
spond to the volume fractions of the different gas
constituents.

Above burden gas is composed of 22 vol% CO,,
23 vol% CO, 4.6 vol% H,O and 44 vol% N,**.
Based on this method, the transmittance of the SW
and LW bands through above burden gases were
found to be 0.93 and 0.91, respectively.

ii. Transmittance of the SW and LW bands through
above burden fine particles:

Coal particles are the main component of gas dust
in a blast furnace. These particles form during the
pulverized coal injection process (PCIH)*®. 5 kg of
fine dust are collected in the dust catcher from 1 ton
of iron ore, and coal particles ranging in size from
0.01 to 0.4 pm were characterized, revealing a mean
particle diameter of 0.2 um.

The total volume of the gases in the above burden
zone is 449.4 m’. Assuming that the density of the
collected coal particles is 3.12 g/cm® and that the
mean particle size is 0.2 pm, then the number of
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Fig. 8. (a) Extinction efficiency, Qext, (b) Effective extinction cross-section, cext, (c) Extinction coefficient, Cext, and (d)
Extinction coefficient based on the coal particle distribution for the SW and LW bands
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particles per cm® is approximately equal to 69x10°
particles.

The size parameter, x, was determined based on
the size of the coal particles as follows®”:

rm,

x= T (12)
where, r is the radius of a single particle (assumed to
be a sphere), 4, is the incident wavelength with respect
to vacuum, and m,, represents the refractive index of
the surrounding medium.

The size parameter of the coal particles was found
to be 0.01 <x < 10, and so Mie theory was used to
determine the extinction coefficients of the coal par-
ticles for the thermal radiance at SW and LW bands
in the above burden zone.

The calculation of extinction coefficient in Mie
theory can be summarized as follow:

(1) For a particle with radius » and refractive index
of m,, the scattering efficiency (Q,,), absorption effi-
ciency (Q,,), and extinction efficiency (Q,,,), were
calculated for the SW and LW band where Q,,, is
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equal to the summation of Q,, and Q. (Q.e Qus
and Q,
(2) Then effective extinction cross-section (o,,,) for
each color band was calculated.
(3) Finally, the extinction coefficient (C,,) is
by N, where N is the
number of particles with radius 7.

are dimensionless)

obtained by multiplying o,,,

The results of the extinction coefficients calcula-
tions for the SW and LW band are shown in Fig. 8
below.

The objective of these calculations is to determine
the transmittance of the SW and LW bands through
the path between the burden surface and the two-
color probe. Therefore, the Beers-Lambert law that
describes the attenuation of radiation through the
atmosphere was applied ©V.

—Cpl
n=llj=e

(13)

where 7, is the transmittance of the medium, / is the
measured intensity, /, is the initial intensity emitted
by the object, C

ext

is the total extinction coefficient,

and L is the path length.
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Accordingly, the transmittance of the above
burden zone of the BF was found to be 0.311 and
0.508 for the SW and LW bands, respectively. This
result is consistent with the fact that long wavelengths
suffer fewer atmospheric attenuation than short
wavelengths®'=?,

The signal measured at the two color bands was
corrected according to the values obtained for the
above burden zone transmittance for the SW and LW
bands to determine the true burden surface tempera-
ture, as shown in Fig. 9.

8. Conclusions

In this study, a real-time two-color RT was pro-
posed as a viable device to measure temperature in
harsh environments. The RT has a simple, compact
probe design that is combined with a powerful data
acquisition system and efficient LabVIEW code. As
a result, the developed two-color RT can take reliable
measurements of temperature ranging from 300 to
900°C in harsh environments, with long-term dura-
bility and stability.

The efficient LabVIEW software was developed to
harmonize the operation of the different elements and
to execute the signal processing routines and calcula-
tions required by this application.

In ambient conditions in a laboratory, the measu-
rement environment has negligible effect, and the
error in the measured temperature is mostly due to
detector and photocurrent amplifier noise. The error
obtained when comparing the temperature obtained
by the proposed two-color RT to that obtained by a
k-type thermocouple readouts was determiend to be
within 6.1 to 1.4°C for the temperature range from
200 to 700°C.
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