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Publishiggatially resolved solid-phase temperature characterization in a sillimanite
tube furnace using a broadband two-color ratio pyrometry

Sneh Deep?, Gopalan Jagadeesh
Department of Aerospace Engineering, Indian Institute of Science, Bangalore-560012, India

Tube furnaces are heating devices used for the synthesis of inorganic and organic cdmpeunds. It is essential to predict
the spatially-resolved temperature of solid substances placed inside tube furnacesfin.contaet with its walls, for a fixed
steady temperature of the furnace walls. This enables efficient study of tramsport Jphenomena and control of the
fabrication process in the furnace. In this work, the two-color ratio pyrometry(TCRP) using a digital single lens reflex
camera has been used for the temperature characterization of a stainless steel (S§) metal sheet placed at the center of a
1000 mm long tube furnace. Temperature was measured for furnace walls set betwgen 1000 K- 1426 K. The TCRP
technique accounted for intensity from the heated target over the broadband visible region. The camera was calibrated
and tested for signal linearity in its color channels, for a fixed source illumination. The technique yields a mean sheet
temperature of 979.5 K + ~24% (attributed to camera noise and uncertainties ingray level intensity, calibration lamp
output; and monochromator and photodetector efficiency) and 1391%K + 6.7% for a furnace wall temperature of 1000
K and 1426 K respectively. Experiments showed that the effect of distance between the target and the camera on
temperature measurement was negligible. Emission spectroscopy in«the Vis-NIR region (650-1100 nm) was also
performed to predict sheet temperature. It yields results within 4.5% of TCRP at low furnace temperature but deviates
by about 8.6% for temperature above 1150 K, most likgly due'tg experimental errors in spectroscopy. Analytical heat
balance on the sheet, IR imaging and numerical simulationg yield temperatures within 5% of TCRP. This work shows
that the TCRP technique can be used for spatially resolyed temperature measurements of metals in tube furnaces and
can readily be extended to ceramics or other class @f solid materials whose emissivity can be shown to be invariant with
wavelength in the visible region.

1. Introduction

Tube furnaces are heating devices based,onsthe heating effect of electric current, used mainly for the syntheses of
compounds, both organic and inorganic.\lany“fabrications involve placing the reactants on the heated wall (working
tube) of the furnace under a controlled environment. Che et al. deposited a thin film of Ni catalyst in the pores of an
alumina template membrane By placing the latter in a sealed tube furnace at a pre-adjusted temperature.! Hu et al.
fabricated tubular structuresiof SnO2 byi oxidation of elemental tin placed in a horizontal tube furnace in the presence
of a catalyst.? Furnace temperature was ificreased to a high value, maintained constant for about 30 min and then allowed
to cool to room temperature tofyield the required compound. Wu et al. synthesized faceted hexagonal aluminum nitride
(h-AIN) nanotubes by/simplynitriding aluminum powder and keeping the mixture in a tubular furnace.’ Here too, the
furnace was heated {o a predetermined temperature critical to the synthesis process in an inert argon atmosphere. Liu et
al. performed solid-phase reaetions under administered temperature and time in a tube furnace for synthesizing organic
1D nanomaterialsy As/clearly evident from the above text, temperature is one of the most important factors dominating
the performance of Cetamic tube furnaces. It is of utmost importance to know the spatial distribution of temperature of
the solid-state substance'placed in contact with the walls of the furnace, for a given final temperature of the heating
coils in the furnace, often set manually and displayed on a screen. This not only helps in the proper control of the
chemical synthesisprocess, but also enables intelligent study of mass transport and chemical processes occurring after
attainment of an'gquilibrium temperature at the end of the heating cycle.

Forureactants‘that form gaseous molecules, the rate of atomization depends on the gas phase temperature in tube
furnaces. Atomic absorption spectroscopy is commonly performed to study the characteristics of the synthesized
products and the bulk crystals, with gas temperature playing a major role in the formation and detection of atoms.® It is
for this“reason that temperature evolution of the gas phase in tube furnaces has been studied extensively in open
literatuse. Sperling et al. used coherent anti-Stokes Raman scattering (CARS) to study gas phase temperature
distribution in a transversely heated graphite tube atomizer® and demonstrated its superiority over longitudinally heated
atomizer for attaining isothermal wall conditions. Welz et al. also reported the longitudinal gas phase temperature
difference between the tube center and its ends in a Massmann-type graphite tube furnace.” Frech and Baxter carried
out measurements of characteristic masses of various elements using an isothermal atomizer and compared them with
theoretical data to determine the effect of temperature on atomization efficiency.® For effective atomization conditions,
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Pub||sh||[]gl issmann-type furnace was used. L’vov et al were the first to report gas phase temperatures in a graphite furnace
using a “two-line method”.® Although sufficient gas phase measurements exist, solid phase temperature characterization
of the analyte in a tube furnace has hardly been reported by researchers. For reasons mentioned in the previous
paragraph, knowledge of the latter is as important as that of the gas phase temperature and hence deserves a study. This
will also facilitate characterization of the furnace from time to time, thereby establishing a relation between the
displayed temperature and the solid substance temperature.

Several temperature measurement techniques have been developed and improved over time for temperature
measurement in both gaseous and solid media.'*'* Thermocouples and gas-sampling pfobes are examples of the former
type, i.e., instruments for measurement of gas temperatures. Although easy to manufacture and use, they have several
disadvantages such as poor response time, prone to damage in severe flow enviropment andssingle point measurement.
Optical technique such as planar laser-induced fluorescence (PLIF) is also limited only to gaseous media and requires
expensive equipment. Two common temperature measurement techniquesgin tubg’ furnaces for gaseous phase are
coherent anti-Stokes Raman scattering spectroscopy (CARS)®7 and a “two-line. methed based on atomic absorption
measurements at two lines of an element.>!> CARS offers several disadyAntages- generation of background radiation,
expensive hardware, and test sample susceptible to damage with high-pOwer lasers to name a few.!® Two-line method,
on the other hand, is a line-of-sight (which is a heterogeneous temperature*zone) integrated technique and may often
yield imprecise results owing to ratioing of small absorbance with high signal-tosnoise (SNR) ratio.

A well-known technique for measuring temperature of solids is infgared radiometry using infrared (IR) cameras and
based on the relation between radiant intensity of the sourgé in the ‘mfiared regime and its temperature. Infrared
radiometry however necessitates knowledge of the emissivity<(g)«of the source as a prerequisite for accurate
measurements. This is seldom a constant and difficult to determine in reacting media such as those in tube furnaces.
Another technique for temperature measurement in solid phasess niulti-wavelength pyrometry- which records radiant
intensity from the source at two or more discrete wavelengths, computes a ratio between them and relates them to
temperature via a suitable calibration of the pyrometer."® ASmindr, recent variant of this technique uses a commercial
digital camera as a pyrometer.2>?2 The technique i relativély inexpensive, does not require the source emissivity to be
known, and is non-intrusive to the source. Known ‘as_the two-color ratio pyrometry (TCRP), the usage of a camera
introduces another advantage- spatially resolvéd temperature measurement. Different types of tube furnaces have slowly
made their way into research laboratories, across the world, viz., top-fired co-current tube furnace, vacuum furnace
heated by radiant tube burners, graphite tibe furnace, rotary furnace, Massmann-type furnace, multizone furnace, etc.
They have been used for several types of fabhication purposes as stated above, including some smart gauge preparations
such as that done recently, which inv¥qlved symthesis of large carbon cluster layers (LCC) by a single-step pyrolysis
technique for development of thermally Stable heat flux gauges.”* This and many other analyte preparations sometimes
require careful temperature measurement at seyeral points on the surface of the analyte for gradient measurement which
in turn enables knowledge of heat conduction in the analyte. Thermocouple measurements on smart gauges are few in
literature, and those existing measure temperatures at a single point. Hence, the requirement of a spatially-resolved
temperature measurementtechnique,cannot be overemphasized.

In this work, we use,the TERP technique with a Digital Single Lens Reflex (DSLR) camera as the pyrometer to
measure temperature 0f a thiny flat&Stainless steel (SS) plate placed in contact with the wall of a tube furnace. To the
best of our knowledge, for the first time temperature has been measured for a representative solid state substance in a
tube furnace. Steady-state, spatially resolved 2D temperature measurements of the solid plate are carried out for different
set temperature$wof the working tube of the furnace, ranging from 1000 K-1426 K. This permits ascertaining the
difference between the actual solid temperature and the temperature on the furnace display. The TCRP technique was
developed ifidependentlyuin the laboratory by the authors. The camera was pre-calibrated with a calibration light source
before being used as afpyrometer. A separate experiment was also performed to test the linearity of the intensity signal
with exposure duration, for a fixed illumination. A fact that forms the backbone of the technique is that the radiating
solid behaves as\a gray body in the wavelength range of interest (visible, 400-700 nm).2* A gray source is one whose
emissiyity“temaifis constant with wavelength. Raj and Prabhu'® used a CCD camera working in the visible region to
measure temperature and emissivity of stainless steel using the colorimetric ratio method. By dividing intensity obtained
in the green channel by the black body intensity and comparing the ratio with that in the red channel, they concluded
that thesgray body assumption is valid for stainless steel in the visible region. Their experiments were also conducted
for plate temperatures close to 1000 K. Zander?! used TCRP to measure the surface temperature of a heated C-C ceramic
material assuming gray body radiation and showed the results to agree reasonably well with those obtained from a
pyrometer measurement. This helped conclude that the particular ceramic material behaves as a gray body in the visible
regime. The TCRP technique using a DSLR camera may be extended to other metals and ceramics if they can be shown
to behave as a gray body in the visible region through conclusive measurements.
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Publishingext, the results were compared with emission spectroscopy performed in the tube furnace. An analytical heat
balance was also performed on the SS sheet for various furnace wall temperatures to obtain the steady state temperature
of the plate. To complement experimental results, 2D numerical simulations were performed in Ansys Fluent.
Calculations are also influenced by a large number of uncertainties creeping up from the measurement principle, test
conditions and the experimental set up. An analysis of the measurement uncertainties is also provided. All the
experiments were conducted at the Laboratory for Hypersonic and Shock Wave Research (LHSR), Indian Institute of
Science (IISc). Details of the work outlined in this paragraph are furnished in devoted sections and sub-sections that
follow, together with the results and discussion.

2. Experimentation 3\

2.1. Test Facility and Test Sample

The experiments were performed in an inhouse Lenton horizontaldtu ¢?, LTF 12/100/940, having a
maximum operating temperature of 1473 K and a maximum power of 4000 W working tube has an inside diameter
of 100 mm and a total length of 1000 mm, of which only 940 mm gonstitutes the heated length. The ends of the tube
are open to the atmosphere, with 30 mm on each end unheated, as y the manufacturer. A wire element with
high resistance is wound around the work tube and heats it up when pewer 1ss1pplied. Electronic controls are provided
at the base of the furnace. A photograph of the furnace has bee(i‘bwn inEig. 1, for reference. Also shown in the figure

is a photograph from the front, showing the white colored workingtube, inside which samples are placed for synthesis.
The working tube is fabricated from an aluminosilicate miftetal called sillimanite (AL,SiOs).

A stainless steel rectangular metal sheet was used as the tes p‘wat has a thickness of 0.32 mm, a height of 69.85
mm and a width of 50.8 mm. Since the TCRP tech icm%nde endent of the emissivity of the heated sample, the

experiments may be repeated with any other class of %&{ia ike‘ceramics to determine its temperature.

Sillimanite working tube

N

Heating wire

Electronic
controls

y: Aa) (b)
the Lenton horizontal tube furnace with the electronic controls marked; (b) A front photograph of the same
¢ hollow working tube inside which samples are kept.

Fig. 1. (a) Photogr
furnace, showing

2.2. Two-color ratio pyrometry (TCRP) equipment and physical model

A Capon E 750‘13' DSLR camera, provided with a lens system of 18-55 mm focal length was used as a pyrometer

to acq re the radi
ra has} CMOS sensor, sensitive in the visible region (in conjunction with an IR filter) and possesses a high
tialresolution of 24 megapixels. On top of the sensor lies a color filter array (CFA) or a ‘mosaic’ sensor- a collection
of filters i&three different color channels (red, green and blue)-which facilitates production of color images from the

1 ach pixel. Also, since the camera sensor has a large bit-depth of 14 in each color channel, it enables high
wbisiqn in expressing the intensity magnitude.
ny real body with an emissivity € and at an equilibrium temperature T emits energy in the form of radiation spanning
the entire wavelength range of the electromagnetic spectrum. The spectral radiance per unit area of the body, per unit
solid angle, per unit wavelength A, denoted as L, is accurately described by the Planck’s Law proposed by Max Planck
in 1900. It is given by Eq. (1) as
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where C; = 3.74 X 1071® W/m? and C, = 1.44 X 1072 mK are constants based on the Planck’s constant h, the speed
of light ¢, and the Boltzmann constant k. € for real bodies is always less than 1.
The equation relating the spectral radiance to the camera’s sensor response R is given in the general form by Eq. (2)%

(M

At (A .
R; = fibAgpiAwq ,112 xiMLdA+n;,  i=RGB 2

on the original input, L; is the spectral radiance given by Eq. (1), x;(4) is the speetral sensitivity of the optical system
including the color filter array in channel i, AA, is the pixel area, Aw, is the solid angle subtended by the pixel, ¢; is
the gain of the electronics in the i*" channel, At is the exposure duration, F igthe aperture, n; is the dark signal in
the i*" channel, and f; is the intensity response function in channel i. 1; and 1, avelength limits beyond which
the sensor output is almost zero (in our case, the limits are 400 nm and 7

In order to determine the intensity response function f; of the C
methodology was adopted. A dark signal, n; was first obtained in each:cglor
the camera lens. It was then subtracted from the sensor response in(the respecti

Eq. (3)
AAd(PLAwd .
I = I i(/l)‘&l > 3)

Therefore, R; —n; = fil. At - 4)

Experiments were performed to determine the r \sgp\;t? ween (R; —n;) and (At) by acquiring irradiance
images of a calibration lamp of fixed illuminatio a&e(en mera exposures. Since the luminous intensity of the
lamp was too high, neutral density filters (NDFs) effectivednthe entire visible region were used to diminish the intensity,
so as not to saturate the pixels. NDFs ideally, ion, possess constant spectral transmittance in the visible region
nsidered in this work. All post-processing options on the
efuncompressed, raw images. The aperture was fixed at F5.6 for
s ISO) level was maintained at the lowest value of 100 to prevent a
‘grainy’ image. The raw images weredater processed’ in MATLAB with just the optimum steps so as not to adulterate
the source intensity information. Imag cquired at shutter speeds ranging from 1/4000 sec to 1/5 sec for a fixed
lamp illumination /. Fig. 2 is an illustratio the relationship between (R; — n;) and the exposure normalized with the
highest value of 1/5 sec and ra etween 0-1. The simple linear regression model was used to obtain the parameter
estimators after minimizing t uared residuals by the method of least squares. Once the parameters are known,
the best fit straight line is ined, for the scattered data in each colour channel and have been shown. The equation of
the best fit line is also ig. 2. The coefficient of determination (R?), indicating the quality of the linear
regression model was xpe 0.9998, 0.9988 and 0.9994 for the R, G and B channels respectively. These value
are very close to 1, indi atmg eXcellent linear relationship between (R; — n;) and (At) for a fixed illumination I;. If
the proportionalit coe%&{be taken as c; in color channel i, Eq. (2) may be rewritten as

where R; is the pixel value in channel i in arbitrary units obtained after the optical s twit:rms an A/D conversion

color camera, the following
annel by acquiring an image after closing
channel. Defining illumination as in

R -n; = AAdAwd 72 f,l @ic lXL(A)Lﬂ.d/‘{ i=RGB (5)

i = = AMyAwg o (L(/I) A, T2 dl, i=RG,B (6)

A5 exp(Cz/AT) 1

n to the linearity test just elucidated, in order to relate the noise corrected pixel output (R; — n;) to the
ter:Serature T, it is imperative to know the effective spectral responsivity {;(1) of the color channels, the
issivity of the source €, and other constants appearing in Eq. (6) before the integral. A blackbody calibration of the
era“performed on the basis of the above equation will clearly be inaccurate. This is because the constants depend
he exposure duration and the distance between the camera and the source, which cannot be guaranteed to be the
same during the calibration and actual experimentation. Moreover, the emissivity varies significantly from one material
to another and must be eliminated. TCRP overcomes this complication by taking a ratio of detector signals for two
different channels i, and i, to yield Eq. (7)
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Fig. 2. EOS 750D camera linearity test in each color channel with respect t(ﬁ:posure for a fixed source illumination.
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All the constants get cancelled in the ratio and ne@own explicitly. Also, with the gray body assumption
id

mentioned in the introduction, the emissivity for the etal in our experiments vanishes. The ratio may be readily
obtained for different temperatures by evaluating the'tegralsin Eq. (7) numerically (by discretization of the equation

for sampled wavelengths) after determining t ctral responsivity {;(4) of the optical system in each channel. This
is done by calibrating the DSLR camera against ?sou,rce of known spectral radiance, the procedure for which is
ay

explained next. The transmissivity of the 1 &m\ o have an effect and has been included in the calibration procedure.

2.3. Canon EOS 750D Camera calibration-utilization of full visible spectrum

The optical set-up used in this.work for camera characterization uses a calibration tungsten-halogen light source
(lamp) with a known intensity vs. Wavelength curve (provided by the manufacturer), a suitable hand-operated
monochromator, the camera and a silicon-biased photodetector with known quantum efficiency. For technical
specifications of the opticél components, the reader is referred to the work of Deep et al.>” Monochromatic light stimuli
were presented to the S 750D in steps of 10 nm in the visible region of 400-700 nm. Monochromatic stimulus
was obtained by passi m¢the calibration lamp through a monochromator, an optical device that splits incident
ispersion. By manually operating a diffraction grating, a very narrow band of
wavelengths ce ific wavelength can be obtained at the output slit. The calibration lamp was left switched
on for about 10 minutes to obtain a stable output. All the images were obtained in the “RAW” format. After following

by the lamp’s intensity at the respective wavelength independently to determine the spectral
responsivity ¢;(4) in /ach channel. Next, the product of the responsivity and Planck’s analytical spectral output for a
temperature was computed at sampled wavelengths. This yields three simulated response curves, one for each color
NThe total area under each curve was calculated and ratio obtained for each combination of color channel. By
eating t ocess for many temperatures, a look-up table (calibration curve) between source temperature and pixel
value ratiofwas obtained. The calibration curve for each combination of color channel has been shown in Fig. 3. A
orth(yspoint is that the calibration has been limited to the visible wavelength range of 400-700 nm. This is because
DSLR"camera is internally provided with an infrared cut filter just before the CFA, which prevents any light in the
egion from falling on the sensor. Due to the IR filter, the effect of radiation above 700 nm will be negligible.
he monochromator efficiency was determined by replacing the camera with the photodetector of known spectral
response. Fig. 4 illustrates the simulated response curves in each of the RGB color channels for a temperature of 2000
K, along with the Planck’s spectral radiance. The set-up for determination of monochromator efficiency is also shown.
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2.4. Data Processin \
The Canon S}OD has*a provision for acquiring images in the raw format and the compressed, internally

taneously. Therefore, we procured images in the raw *.cr2 format for TCRP and in the processed
tion purposes. The *.cr2 image was converted into a different format, *.dng using Adobe’s

image contains intensity information of any one of the three color channels (R, G or B) in each
pixel, de i n its position with respect to the CFA. In that sense, it is a gray-scale image. It was converted into a
with a bit-depth of 14 in each channel, by a demosaicing technique®®- one that interpolates the missing

:?ation for each pixel from its neighbors. The resulting color image was then cropped to the region of interest
to sa putational time and color value ratio was obtained on a pixel-by-pixel basis and mapped to the corresponding
eere based on the look-up table generated from calibration. This yields the final 2D temperature field.
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Publishih §i Experimental configuration

The stainless steel (SS) sample, described earlier, was placed at the center of the heated walls of the ceramic working
tube. The working tube is open at both ends. The flat surface of the sample faces the camera directly, through one of
the open ends, as illustrated in Fig. 5. The furnace is connected to a power supply, which heats up the walls of the
ceramic tube as per the temperature setting done by the experimentalist. This in turn heats the metal, the radiant intensity
from which is acquired by the camera. The effect of distance between the sample and the camera on the temperature is
also studied, by varying the camera’s distance from the furnace open end from 250 -1000 mm. For spectroscopic
measurements, the camera was replaced by a spectrometer, equipped with an optical fiber. The optical fiber was used
so that it could be held very close to the radiating metal, so as not to intercept any r. diatiNthe walls of the furnace.

Ceramic 250-1000
working tube 500 | /

S| Air flow 0.32 ~ [ Stainless steel |
= — sheet S
I S \1""- Laon tube
1000 (heated length=940) e R
SIDE VIEW \& ensions are in mm. FRONT VIEW

Fig. 5. A schematic of the experimental configuration s vﬁi&gﬁh@zangement of the test sample, the tube furnace and the camera.

2.6. Numerical model w
The experimental temperature results were co en}nted with numerical simulations performed in Ansys Fluent.
wi

2D, planar geometry was generated to sav M ional time and the flow field was discretized with about 176,000
elements. The working tube was modgle thesstainless-steel plate modeled at the geometric center. The governing
conservation equations were discretize ds}gﬁ,h‘e cell centered finite volume approach. A density-based, steady state
solver was used as the temperature after inment of steady state conditions on the metal plate were of interest.

Calculations based on non-di usib%numbers showed that free convection dominates over forced convection and

that the free convection botmdary layer was laminar. Hence a laminar viscosity model was specified for the
computations. The Surfac
walls of the working tub
isobaric specific he\:a)?fp), rmal/éonductivity (k) and viscosity (u).

Suitable boundary.conditions (BCs) were allocated to the flow domain, as illustrated in Fig. 6. Both inlet and outlet
were maintained emperature of 300 K. A velocity-inlet BC was used at the inlet, with an air velocity of 0 m/sec as
only natural cofiyection exists during experimentation. A pressure-outlet BC was used at the outlet with normal
atmospheric ptessure specified. An isothermal, no-slip boundary condition was specified at the furnace walls, with an
internal emi 3, for sillimanite. The temperature of the wall was specified values ranging from 1000 K-1426
S wepe run for each temperature separately. The metal sample surface was also specified as a wall with

5.“which allows specifying inputs for both convective and radiative heating. The heat transfer

“to-Surface (82S) radiation model was chosen to account for radiation between the heated

e stream temperature was fixed at 300 K and the emissivity was specified as 0.73 for steel. Since air is
nonpolar gases O, and N, which are essentially transparent to incident thermal radiation,? its temperature
to not rise too much from the initial room temperature of 300 K. As for the convective heat flux also, the
re¢ stigam temperature was assumed to be 300 K. Since the actual temperature of air was unknown, 300 K was used

ith the intention of allowing maximum convective heat loss from the plate to the air. The simulation was run until all
the'tesiduals (continuity, x-velocity, y-velocity and energy) fell to at least 1x10%,
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Fig. 6. Modeled domain with appropriate boundary conditions. \

3. Results and Discussion

3.1. Images of the heated SS plate in the tube furnace and TCRP to determine spatially. resolved temperature

The tube furnace was heated to temperatures ranging from 1000 K-1
value. Separate experiments were performed for each temperature.
the set temperature (indicated on a screen), approximately 10 se¢onds were
between the participating media to reach an equilibrium state, which was ‘also obtained analytically and has been
discussed briefly in Section 3.2. Thereafter, 50 continuous images of the metal plate were acquired by the camera.
The lens aperture f-stop can be set between F5.6-F32. It was fixed aQ-SO for all the experiments in the tube furnace.
The ISO was maintained at the lowest possible value of 100%The exposute was fixed so as not to saturate the pixels and
depended on the temperature of the working tube, withshighertemperatures requiring a lower exposure duration. The
lens focal length was maintained at 55 mm. For eachfurnace temperature, the distance of the camera was varied from
250 mm-1000 mm in multiples of 125 mm. This Wamﬁi e'the effect of distance on the final temperature result
from TCRP. An average intensity image was obtai m the 50 continuous images to account for any small variations
of plate surface temperature after attainment of a s%ﬂimde. The 50 images were also separately analyzed to
check the variation in mean surface temperat om one image to another. It was found that the mean temperatures
were within 12 K between images for a a Hstemperature of 1426 K, further consolidating the fact that the
metal temperature reached equilibrium. F %s a photograph of the averaged image for a distance of 375 mm for

at'the

inQﬂtlples of 50 K, except for the last
xperiment, as the working tube reached
ovided for the heat transfer process

a few selected furnace wall temperatutes. The exposure duration is mentioned below each image.
1}9\ same exposure with the camera lens closed. This was then subtracted
from each raw image to eliminate the t al*noise generated in the camera due to its compact body. The Canon

MATLAB, to obtain RGB valdes at ¢ach pixel. The R/G ratio was procured at each pixel and mapped to a temperature

based on the characterization curve shown in Fig. 3. For the R/G ratio, as evident from Fig. 3, the curve reaches a
t4500 K. This is the maximum R/G ratio obtainable from the Canon EOS 750D

filter/sensor combination.

in Fig. 8. The tempe?g:e sc

erature map corresponding to the images shown in Fig. 7 have been illustrated
right of each map is chosen so as to show the values of interest in detail.

0004, Exposure: 4

1100 K, Exposure: 1/2 1250 K, Exposure: 1/10 1426 K, Exposure: 1/50

@.{{ﬁensity-averaged photograph of the heated SS plate for selected furnace wall temperatures. The images are for a distance of
mm between the camera and the end of the furnace.
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A mean temperature of the surface of the metal plate was calculated. It was inferred from Biot number calculations
apacitance method is valid, according to which the temperature of the solid is uniform

small temperature gradients were expected on the solid surface. For a furnace
temperature of 1000 K, t an samplé temperature was 979.5 K + 24% (due to camera noise and other uncertainties,
elucidated in Section 4 thghig furnace temperature of 1426 K, the mean surface temperature of the sheet was
found to be 1391 K l_zgﬂ%. ¢ unicertainty is found to be lower as the temperature of the SS sheet increases, due to
reduction in noise. Higheértemperatures in the circular region behind the metal plate in Fig. 8 is due to the fact that the
xtre low SNR, leading to unrealistic temperature values. A filtered plot of temperature vs.

al sheet, both in the horizontal and vertical direction is shown in Fig. 9 for a furnace wall
The temperature along the line in the vertical direction oscillates about a mean value of 1393 K

surface obséned from using the R/B and G/B ratio is about 1354.3 K and 1481 K respectively. These values are close

to 1 K gbtained from the R/G ratio, thereby increasing confidence in the results. The corresponding figures of the

e map obtained from the R/B and G/B ratio have been shown in Fig. 10. The noise in the temperature map

05 the G/B image is higher than its counterparts, perhaps due to multi-valued nature of the G/B vs. temperature curve.

wever, it does yield a mean temperature close to that from the other ratios. The agreement between these temperatures
alsowsuggests the accuracy of the gray body assumption for the SS sheet.
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Fig. 9. Temperature variation along the vertical and the horizontal line for the heated SS t‘:bnen the furnace wall temperature is
1426 K.
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Fig. 10. 2D temperature map correspondi M}; ratio; (b) The G/B ratio. The outline of the SS sheet has been shown in
the,ima.

(b) based on an edge detection algorithm, as is quite noisy.

As mentioned earlier, the diStancebetween the camera and the tube furnace was increased from 250 mm-1000 mm.
The focal length was maintained constant at 55 mm. The variation in temperature of the SS sheet with distance was
found to be negligible. Sinée TCRPis an'intensity ratio-based technique, it may be inferred that as the distance increases,
the intensity in both ;?r nd green channels, while passing through the cold atmosphere, attenuates in a manner that

the ratio remains essentially the same. Hence, similar temperature results are obtained.

3.2. Comparison

'Ahj)the chniques- Emission spectroscopy, analytical heat balance and numerical simulations

In the emissio

ctra of metals, there are wavelength regions where the radiance closely follows the blackbody

spectrum. B co;nf)ar the spectra to a Planck spectrum as described in Eq. (1), the temperature of the subject may be
determined. cean Optics STS-NIR miniature spectrometer with photodetector arrays, operating in the visible-NIR
(650-1 gefwas also used to acquire emission spectra from the heated SS sheet. The spectrometer offers a

high SNR (>1500:1)and a high dynamic range (4600:1). It has a slit with adjustable width ranging from 10-200 um, an
i ($ of 1.5 nm for a 25 pm slit, is thermally stable and provides easy connectivity and usage. The
infegration time ranges between 10 ps-10 sec. The spectrometer is provided with a grating of 600 lines/mm. Since a
ariant temperature was expected on the SS surface, a single integrated, continuous spectrum covering 1024
n the metal surface was sufficient to ascertain it. The quality of the ‘fit’ or similarity between the experimental
}?the theoretical spectra is obtained by the classic method of least-squares. The technique minimizes the sum of the
ared*residuals, i.e., the difference between the recorded value and that obtained from the Planck model at discrete
wayelengths.
e relative spectral sensitivity of the spectrometer was first determined using the same calibration lamp that was
used to characterize the camera. A dark, background signal was first recorded and subtracted from the spectrum of the
lamp as recorded by the spectrometer. The known intensity of the lamp (provided by the manufacturer) was divided by

10
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Publish i1|hgs vectrum to get the calibration ratio. Since the calibration ratio showed an abrupt increase beyond 975 nm, the long-
wavelength portion of the spectrum beyond 975 nm was discarded. The temperature was determined for a spectral
region of 650 nm-975 nm. After the calibration, emission spectra were recorded for each of the 10 furnace wall
temperatures (1000 K-1426 K) and the corresponding dark spectrum, obtained with the same integration time, was
subtracted. A 1 m long optical fiber with lens arrangement was maneuvered very close to the SS sheet to concentrate
light from the metal only, and no stray light from the furnace walls. In other words, the optical fiber was focused on the
SS sheet and its field of view did not include the furnace interior walls. The spectrum was then corrected with the
calibration ratio to get the actual intensity values in the NIR range. The final experimental spectrum was again
normalized between 0-1. Likewise, the Planck’s portion of the spectrum betwe 0 nm and 975 nm was also
normalized for various temperatures. The least-squares method was then e Efi\htennine the ‘best fit’
temperature for a given furnace temperature.

It is to be noted that since the knowledge of temperature necessitates recording
wavelengths, factors such as target dimensions and distance from it do not affect
spectrum along with its best fit Planck’s curve for wall temperatures of 1
quality of fit. Planck curves have also been plotted for 850 K and 1050
best fit was obtained (937 K). The Planck’s curves for 850 K and 1
signal, thus explaining the large uncertainty in temperature, as

the relative radiation at different
results’!. Fig. 11 shows the emission
and426 K. The R? values indicate the
wo(?;: eratures close to the value for which
alsg agree to a good degree with the spectral
ointed out m the uncertainty analysis later. The

coefficient of determination (R?) indicating the quality of fit. ( =

1 T T T T F
—Emission spectra of SS sheet for furnace at 1000 K y J —Emission spectra of SS sheet for furnace at 1426 K
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Fig. 11. Graph showing t it{ of fitbetween the experimental spectrum and the theoretical spectrum from the Planck’s law for
(a) Furnace wall tempegdture at 1000 IJ

(b) Furnace wall temperature at 1426 K.

Table 1
SS sheet temperaé fr}l emission spectroscopy for different furnace wall temperatures.
Furnate wa Temperature of SS sheet from Temperature of SS sheet from TCRP
temp atury(K) emission spectroscopy (K) R? (K), for a distance of 375 mm between
y. the camera and furnace
/9000 £ 937 0.985 979
L 1050 1014 0.958 1042
. N_1100) 1079 0.993 1084
{ S0 1130 0.994 1112
41200 1108 0.998 1160
N 1250 1148 0.998 1212
&?\ 1300 1176 0.998 1288
/4 w1350 1223 0.998 1338
L\ 1400 1270 0.998 1387
1426 1290 0.998 1391

It is clear from Table 1 that emission spectroscopy yields result similar to those obtained from TCRP at low furnace
temperatures up to 1150 K. The temperatures are within 4.5% of that obtained from TCRP. However, as the furnace

11
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Publishhqg] erature is set to values beyond 1150 K, the spectroscopy results start differing from that of TCRP by a larger
pereentage, reaching as much as 8.6% for 1426 K. Since the form of the theoretical and experimental curves are
compared to obtain the best fit, emissivity of the source need not be known for emission spectroscopy. In that sense, it
is similar to TCRP except that there are hundreds of data points to ascertain the temperature, and not just a single ratio
like in TCRP. Thus, emission spectroscopy is expected to be a lot more accurate than TCRP as it incorporates more
data points. However, there is no spatial resolution as spectroscopy yields only one temperature for the entire plate
surface. On the contrary, TCRP yields a temperature at closely spaced points all across the plate, which is what makes
it so valuable.

A rough, analytical estimate of the SS sheet temperature for various furnace wall témperatures was also done. Fig.
12 shows a schematic of the sheet and the furnace wall, along with the various Mransfer to the SS sheet.
A simple heat balance has been performed on the SS sheet to determine its stea s:‘:% temperature.

’ @ raa Furftace wall, Tr
As.c Ta:'r: h y T

" Leq" T._o =T 300 K
qs | 4 conv t=0 i
h'

-

Fig. 12. Schematic of the SS sheet (blue) and the furnace wall (black), with.various modes of heat transfer to the SS sheet shown.

A j, 1s the cross-sectional area of the thin SS sheet, A . Tsithe surfag area of the SS sheet, g is the conductive heat
flux into the sheet, q;ad is the net heat exchange betweén the sheet m the furnace walls due to radiation, oy, is the
heat exchange between the sheet and the surroundin M vection, Ty, is the temperature of the surrounding
air, h is the heat transfer coefficient and T is the furi%b*a perature. Performing a heat balance of the SS sheet,
one may write the general form of the heat balanc iol as

q;As,h - [h(T -

p = 7999.5 kg/m? is the density of stainl teel,
e = 0.73 is the emissivity of stainles stees}d\o
value of h was calculated to be 10.6 ﬁ'Km,d

As stated earlier, a lumped capacitance'method was chosen for the calculations, i.e., the temperature of the SS sheet
was taken to be spatially invariant. The justifieation of this assumption is based on the Biot number, Bi, which in our
case was 8.5x107. Since it ig less t 0.1, lumped capacitance approach is valid.?® Table 2 lists the steady state
temperature of the SS she ined analytically for all the furnace wall temperatures. The term (dT/dt) was also
equated to zero since a steady temperatire of the metal sheet was required. T, was equated to the corresponding furnace

wall temperature forQ\?dic d equzion was solved. In order to determine the time required for the metal plate to reach

ar
it eo(T* = TH)]As . = pVe o (8)
S

= 510 J/(kg-°C) is its specific heat, V is the volume of the sheet,
5.67 x 1078 Wm?K™* is the Stefan-Boltzmann constant. The

an equilibrium température e instant the furnace reaches its set temperature, the following procedure was
adopted. The temperature'of the furnace wall, starting at room temperature, was noted at regular intervals and was found
to increase linearly %h timeThe corresponding linear expression was substituted for Ty in Eq. (8) and the equation
was numerically Selvéd marching forward in time, starting at the initial condition that the metal sheet temperature,
Ti—o =300 ace wall temperature of 1426 K, calculations yielded a sheet temperature of 1400.4 K (just at
the instant ack reaches 1426 K). At this instant, (dT /dt) was calculated for T =1400.4 K and Ty =1426 K and was

about 2 sec. Similar calculations were done for all furnace wall temperatures, and the maximum time
S§1€tal sheet to attain steady state was about 4 seconds for the furnace wall at 1000 K. Therefore, while
rature equilibrium images of the metal sheet, a sufficient lead time of 10 sec was employed.

12
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SS-sheet temperature from analytical calculations for different furnace wall temperatures.
Furnace wall temperature (K) Temperature of SS sheet from analytical heat
balance (K)
1000 955.04
1050 1008.34
1100 1061.32
1150 1114.02
1200 1166.47
1250 1218.7
1300 1270.7 Vi
1350 1322.54 & )
1400 1374.2 & N
1426 1401.05 P \ \

PR

—left face of SS sheet
——right face of SSgheet

o
o
N

840 950 970 980
Te%
Fig. 13. Temperature distribution on the left and rig }?cq{f e SS sheet, for a furnace wall temperature of 1000 K.

Fig. 13 is a graphical representation of thi Xgrv re variation on the left and right faces of the metal plate, obtained
from computations for a furnace wall temperaturesof 1000 K. The temperature along the length of the plate is nearly
constant, the average on the left and rige%w(the SS sheet being 948 K and 949 K respectively. The mean right (or
left) surface temperature of the metal plate for different furnace wall temperatures is reported below in Table 3.

Fig. 14 is a consolidated plof of'the SS plate temperature obtained experimentally, analytically and numerically for

tures.
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Vertical position along the SS sheet (m)

different furnace wall tem e figure suggests that the analytical solution and numerical calculations
complement TCRP resultsfvery . Emission spectroscopy follows TCRP up to 1150 K and then deviates. All the
results show a linear incréase in/SS sheet temperature, as the furnace wall temperature is linearly increased. In principle,
emission spectroscoys expected }6 yield the most accurate results as the temperature is inferred from a large number
of data points. The ion of “LCRP results from emission spectroscopy beyond 1150 K may be most likely due to
experimental errors.i Nr. As a final check of the accuracy of TCRP, a calibrated IR thermal imaging camera
(single point m sur)%ent) was aimed at several locations on the heated SS sheet and the mean temperature was noted.

i a temperature of 940 K, 1340 K and 1353 K for a furnace wall temperature of 1000 K, 1400 K
These values are within 4% of that of TCRP.

Table 3

2D SS eé?;neaq temperature from numerical simulations for different furnace wall temperatures.
Furnace wall}mperature (K) Mean temperature of right surface of SS sheet from
£ =~ numerical simulations (K)
L < 1000 949.1
AN 11050 999.77
G S 1100 1048.7
S 1150 1100
A 1200 1151.2
1250 1200.4
- 1300 1253.5
1350 1301
1400 1347.45

13


http://dx.doi.org/10.1063/1.5088149

E I P | This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record.

Publishing 1426 | 1377 |

== TCRP
—&- Emission spectroscopy
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=»= Furnace wall temperature
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Furnace wall temperature (

Temperature of SS sheet from various methods (K)

Fig. 14. Comparison of steady state temperature of the SS sheet frogin TCRP, emission spectroscopy, analytical heat balance and
numerical simulations, for 10 different furnace wall temperatures between IOGO)K and 1426 K.

4. Error and Uncertainty analysis =

The experimental equipment used in this work, viz\&l R eamera presents uncertainty in the results, mainly by
way of noise. Several types of noise exist for color digital eras, such as read noise which is negligible for commercial
high-end cameras as used in our work, thermally gener ark noise which was minimized by subtracting a dark
background image acquired by closing the lens_cap, fixed pattern noise which occurs due to variation in pixel
sensitivity based on its position on the sensor\an s addressed by repeating the camera calibration for different
positions of the sensor intercepting light fi rxthge\hbratlon lamp. The maximum difference in R/G ratio for two sensor

positions for any temperature (1000 K-15 in‘the calibration curve was a nominal 0.37% and hence has been

neglected

The variation in temperature on the \Ims.qs obtained from TCRP was also calculated. It varied from as high as
+22% on a mean plate temperature of 979.5%, to 2% on a mean plate temperature of 1391 K. This may be attributed
to noise. The variation there re‘mdu)ﬁels to negligible levels as one uses TCRP for relatively higher temperature

measurements. Apart from an analysis was performed to estimate the influence of radiation measurement
uncertainties on the TCRPcalcul temperature on the sheet. Since the camera produces discrete intensity counts, an
average uncertainty of £0.5% 1}{ grey level intensity was estimated while procuring the intensity count for each sampled
wavelength (in the V?‘le regime) 9¢ﬁd for each colour channel during the calibration process. Due to the uncertainty in
camera intensity an cfore odified intensity value, the color channel ratio vs temperature curve (also called
calibration curve Me, i.e., for a given ratio, the temperature would now be different than that previously.
Also, while ac irvif?image f the source (SS sheet) during actual experimentation, the R and G intensities are
.5% uncertainty. Likewise, the modified R and G levels were used to evaluate a new R/G ratio

off from the modified calibration curve. This was compared to the actual temperature and
rged. The maximum absolute uncertainty in temperature thus obtained was 5.8% on the base
temperdture-of 1 and 3.9% on the base temperature of 1426 K. These uncertainties, as evident, are those for the
measurements of the SS plate surface. Regions that fall outside the plate surface emit negligible radiation and will
ealistic SNR. Hence, uncertainties in such regions have not been reported. Apart from this, the uncertainty
p intensity is 0.05%, as provided by the manufacturer. For this uncertainty, the previous method was
followed and the corresponding uncertainty in temperature thus obtained was 2.4% on the base temperature of 1000 K
and "% on the base temperature of 1426 K. The uncertainty in photodetector efficiency has not been provided by the
manufacturer and hence a value of +0.5% was assumed. This was first used to obtain the uncertainty creeping into the
onochromator efficiency (as the latter is dependent on photodetector efficiency and was obtained during the
determination of efficiency of the optical system) and then the obtained uncertainty in monochromator efficiency was
used to determine the uncertainty in temperature. The exercise yielded a temperature uncertainty of 4.9% on the base
temperature of 1000 K and 3.4% on the base temperature of 1426 K. Finally, an inherent uncertainty of 0.5% was
assumed in the monochromator intensity output, which yielded a temperature uncertainty of 4.7% on the base
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Publish in] erature of 1000 K and 3.7% on the base temperature of 1426 K. The uncertainty in emissivity and filter transmission
would not affect the TCRP temperature as it is a ratio based technique and independent of both emissivity and
transmissivity.

The cumulative uncertainty of a derived quantity is obtained as a root sum square of the corresponding uncertainties
due to all quantities it is dependent upon. This is the standard method of computing uncertainties and was formulated
by Moffat.*? The cumulative uncertainty thus obtained from the individual uncertainties due to noise, camera intensity
levels, the calibration lamp, the photodetector and the monochromator was ~24% for a base temperature of 1000 K and
6.7% for a base temperature of 1426 K.

Error in the presented analytical method of temperature estimation is also analy re. Simplification of Eq. (8),
after assumption of negligible conduction and attainment of steady state gives Eq«( d\

—[h(T = Toip) + €0 (T* — T#)]|A5c = 0 (10)

In order to ascertain the influence of varying furnace wall temperature, surrounding«air temperature, emissivity of
the metal sheet, and heat transfer coefficient on the temperature of the SS8heetya totakdifferential of the above equation
was taken and is given by Eq. (11) ~y

[€)

3 4 4 —
T = 40eTFdT p+h dTqir+0(TH-T*)d ~(T—Taip)
- h+40eT3 )

)

dT; is the uncertainty in the furnace wall temperature ava@ from manufacturer of the furnace, dT,;, is the
uncertainty in the surrounding air temperature, dh is the uncertainty in heat transfer coefficient as it depends on several
factors such as air velocity, sheet geometry, temperature, etc:wand finally de is the uncertainty in the emissivity of the
metal which may depend on temperature and wavelength. It is difficult to know the uncertainty value in each of the
quantities. Therefore, a maximum uncertainty of +£10%,is €stimated in the values of Tf, T, € and h. The uncertainty
in metal plate temperature due to this range of u ceor?thiqs in the quantities on the right hand side of Eq. (11) were
computed. A maximum uncertainty of +107.8 K 0 obtained for an SS sheet mean temperature of 979.5 K

when the furnace wall temperature was 1000 K. The cotegsponding uncertainty for a furnace wall temperature of 1426
K was +156.8 K (+11.2%) for the mean sheet t Mwe f 1391 K.

5. Conclusion \

The aim of this work was to charact '\eﬁawmperature of solid phase substances placed in the heated working tube
of furnaces for their synthesis. Knowing thesdemperature of such substances for a given fixed temperature of the heating
coils of the tube furnace enable apg%r)iate control of the fabrication process and study of various transport phenomena

during synthesis, as temperatdire is ong,of the most crucial parameters governing the entire process. A stainless steel
(SS) metal sheet (69.85 m mm %0.32 mm) was used as the representative solid for temperature characterization,
placed at the geometric 00 mm long tube furnace, open at both ends. A new, broadband two-color ratio
pyrometry (TCRP) techhique Was developed independently in the laboratory and used for temperature characterization,
with a cheap, commgg111 1 DS cglvlera used as the pyrometer. This is the very first time that solid state temperature
characterization has been performed in tube furnaces. Following are the major conclusions:

ce was'set to temperatures between 1000 K and 1426 K. After attainment of steady state, a total
ous images were acquired for intensity averaging and temperature measurement. TCRP yielded
of 979.5 K + 24% for a furnace temperature of 1000 K and a value of 1391 K + 6.7% for a

up to 1150 K, but the difference shot to a higher magnitude and reached as high as 8.6% for 1426

it gave a metal temperature of 1290 K as opposed to TCRP’s 1391 K. Although the most accurate

ue in principle, this discrepancy may be attributed to experimental errors in emission spectroscopy.

Analytical heat balance performed on the metal sheet, gave temperatures very close to that from TCRP, within

+2.5% to be precise. Numerical simulations performed in Ansys Fluent yielded temperature values within 5%

w of that of TCRP, thereby validating the accuracy of TCRP. As a final check of the accuracy of TCRP, a

““calibrated IR thermal imaging camera was aimed at several locations on the heated SS sheet and the mean

temperature was noted. The IR camera yielded a temperature of 940 K, 1340 K and 1353 K for a furnace wall

temperature of 1000 K, 1400 K and 1426 K respectively. These values are within 4% of that of TCRP. The
comparisons increase confidence in the accuracy of TCRP.
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Publishin g (3) This work shows the high precision and appropriateness of TCRP for temperature characterization in tube
furnaces. It can very easily be extended to ceramics or other class of solid materials that can be shown to
behave as gray bodies in the visible region through measurements.
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