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Particle Temperature and Flux Measurement
Utilizing a Nonthermal Signal Correction Process
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In-flight measurement of the surface temperature of plasma-sprayed particles is important for the cor-
relation of particle characteristics to coating structure and properties. However, the use of optical py-
rometry for particle surface temperature measurement has inherent uncertainties due to nonthermal
emission signals in the plasma/particle plume. This nonthermal signal is especially pronounced near the
torch exit and in regions of the plume where there are few particles. This work shows that both plasma
and particle vapor signals in the form of line emission and continuum emission can be compensated for
when calculating particle temperatures from the emission of the plasma/particle plume. The nonthermal
signals have been estimated and removed from the raw spectral data, producing a more accurate calcu-
lated particle temperature. Using spectral shape fitting to determine the particle temperatures allows the
radiant intensity to be used for particle flux estimation, thus providing more information on the state of
the particle plume. Additionally, the spectral emittance of molybdenum particles sprayed in air was

found to more closely resemble the emittance of pure molybdenum than the emittance of MoOs.

Keywords diagnostic, flux, multi-color pyrometry, nonthermal
correction, particle

1. Introduction

The in-flight temperature of plasma-sprayed particles is an
important parameter to be measured to better understand the
plasma-spraying process. Particle temperature has been shown
to be an important parameter in predicting particle flattening
(Ref 1), and is thought to play a major role in coating formation
(Ref 2). Therefore, an accurate measurement of particle tem-
perature is needed in order to determine a reliable correlation be-
tween in-flight particle temperatures and coating structure and
properties.

The measurement of particle temperature by optical py-
rometry has been accomplished by researchers using various
methods. For example, see Ref 3 to 5. Inherent in the optical py-
rometric method are sources of error in the temperature calcula-
tion. The error arises from the collection and analysis of the
optical emission signal. Along with the particle thermal emis-
sion signal, other “nonthermal” emission signals are collected.
Failure to identify and remove the nonthermal signals leads to
errors in calculated particle surface temperatures. The effect of
nonthermal signals is especially large near the plasma torch exit
or in regions where there are few or relatively cool particles.
Therefore, the need exists to identify the nonthermal signals and
to devise a way of subtracting them from the collected optical
signals used for particle pyrometry, in order to improve particle
surface temperature measurements.

An accompanying paper (Ref 6) presents a method for iden-
tifying and quantifying the nonthermal signals present in the
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spectra collected from an argon/helium plasma plume laden
with molybdenum particles. That work, along with earlier re-
sults from this investigation (Ref 7), has provided the under-
standing needed for the work presented in this paper. The work
presented here describes a method for estimating the nonthermal
signals present in collected emission spectra from the
plasma/particle plume. Once identified, the nonthermal signals
are subtracted from the raw data to give a more realistic repre-
sentation of the thermal emission of the particles, resulting in
more accurate particle surface temperature calculations. Addi-
tionally, because the spectral shape of the thermal emission sig-
nal is used to determine the particle temperatures, the radiant
intensity is used for particle flux estimation and thus provides
more information on the state of the particle plume.

2. Background

An optical pyrometer uses a measurement of the thermal ra-
diation emitted from an object to determine the temperature of
the object’s surface. The relation between the spectral thermal
emission and the temperature of the particle is determined by the
specific thermal radiative properties of the material and the laws
of thermal radiation heat transfer. The spectral or wavelength
distribution of the emitted thermal flux is given by the Planck
equation

M, = s(}",}\»)cl?»'S[exp(c2 /ATy - 17171 EqD

where M, is the spectral thermal emission intensity, ¢y is the first
radiation constant, c, is the second radiation constant, A is the
wavelength of the radiation, T is the absolute surface tempera-
ture, and £(7 ) is the proportionality factor for non-blackbod-
ies, known as the emittance, which is a function of wavelength
and temperature. Collecting the emitted thermal radiation at a
known wavelength from a particle with a known emittance al-
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lows for the calculation of the particle surface temperature from
the Planck equation.

When collecting the thermal emission signals from particles
in a plasma plume, several nonthermal signals are also collected,
including:

e The line and continuum emission from the plasma sur-
rounding the particles in the detector sampling volume

e  Theline and continuum emission from the intensely bright arc
and plasma in the throat of the gun which is reflected into the
detector by the particles that act as radiation scatterers

e  The line and continuum emission from the vaporized parti-
cle material that is spread throughout the plume

Several authors have pointed out that the primary limitation
in measuring particle emission is the presence of the bright
plasma near the exit of the plasma torch (Ref 3-5). Sakuta and
Boulos (Ref 8) have calculated the relative intensities of plasma
and particle emission in the detector field of view in an effort to
determine where the plasma signal drowns out the particle ther-
mal emission. Gougeon and Moreau (Ref 9) have calculated the
amount of particle-reflected plasma radiation that is collected
with the thermal emission. Their calculations showed that the
particle-reflected radiation can represent a significant source of
temperature calculation error. The smaller, cooler, and closer to
the torch exit plane the particle is, the more significant the error.
However, from a simulated particle signal reflection measure-
ment, Prucha and Skarda (Ref 10) concluded that the plasma
light scattered by the particles does not need to be considered for
in-flight particle pyrometry. Clearly, more accurate measure-
ment of the nonthermal signals present will help to better under-
stand the limitations of in-flight particle pyrometry.
Furthermore, if the nonthermal signals can be subtracted from
the raw collected signals, more accurate temperature measure-
ments can be made.

In order to gain an understanding of the influence on particle
temperature measurements of the various sources of radiation
present in the plasma/particle plume, optical sampling must take
place over a broad spectral range, with sufficient precision
within the range to identify characteristic line emission. For this
investigation, radiation in the range of 340 to 640 nm was sam-
pled with a spectral resolution of 0.36 nm. Longer wavelengths
were avoided due to the numerous argon lines present. Quickly
collecting data over such a range necessitates the use of multiple
detectors. Here, an intensified 1024 element linear diode array
detector was used for data collection. However, the low sensitiv-
ity of the diodes precluded the resolution of single-particle emis-
sion spectra. So, the emission from many particles passing
through the sampling volume was recorded for each location in
the plume. Thus, the method of optical sampling used for this in-
vestigation is best described as multicolor, multiparticle. The
method is similar to that used by Kuroda et al. (Ref 4).

Radiation emission observed from a particle-laden plasma-
spray plume emanates from matter in the solid, liquid, vapor,
and plasma states. The emission from the solid and liquid phases
is due to the thermal emission from particles and is treated in this
paper. Analysis of the radiation emitted from the vapor and
plasma states, along with a description of the sources of the ob-
served radiation, are given in an accompanying paper (Ref 6).
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3. Data Collection

The experimental conditions are the same as listed in the ac-
companying paper (Ref 6) and will be described only briefly
here. The plasma torch used for this experiment was the com-
mercially available Miller Thermal, Inc. SG-100 (Appleton,
WI). The torch parameters used are listed in Table 1. The powder
used was Miller Thermal, Inc. AI-1013 molybdenum which was
cut to a 63 to 75 pm diameter size distribution. The powder feed
rate was a relatively low 10 g/min. Spraying was carried out in
the local atmospheric pressure of 90 kPa (Albuquerque, NM).
The optical sampling equipment setup is shown in Fig. 1. The
light shield, light trap, and tubes covering the optic path were
used to reduce detection of room-reflected light. The optical de-
tection system chosen for this experiment was a 1/3 m focal
length spectrograph (Thermo Jarrell Ash 82-498; Franklin,
MA), with an intensified 1024 element linear diode array (Tra-
cor Northern; Middleton, WI). The signals from the diodes were
fed into a detector controller and then into a personal computer
for storage. Also shown in Fig. 1 are the optical components
used in collecting the radiation to be analyzed. The collection
lens was a 209 mm, /4.5 photographic lens. When recording
spectra, five exposures were taken sequentially and averaged.
This averaged data was used for all subsequent analysis. The in-
tegration time of the sampling was between 0.01 and 1.1 s/expo-
sure, so many particles were detected in a single spectrum.

The optical system was calibrated for both wavelength and
spectral sensitivity. The diode signals were calibrated for wave-
length using calibration lamps which provide line emission at
known wavelengths. The spectral sensitivity of the optical

Table1l SG-100 torch parameters

Parameter Value
Torch current 795 A
Torch voltage 6.6V
Argon arc gas flow rate 40.1 slm(a)
Helium arc gas flow rate 24.1 slin(a)
Argon powder gas flow rate 3.8 slm(a)

Anode/cathode/gas injector 720/730/112(b)

(a) Standard liters per minute. (b) Miller Thermal, Inc., part numbers
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Fig.1 Experimental setup for optical sampling

Volume 7(3) September 1998—393



detection system was determined using a tungsten strip lamp
traceable to a National Institute of Standards and Technology
calibration. With the known lamp output, the instrument re-
sponse function (IRF) for the optical components and the detec-
tion system was determined.

The spatial data sampling coordinates are shown in Fig. 2.
Data were taken between x = 50 and 200 mm. Spectra were re-
corded at vertical y-coordinate increments of 1.09 mm. Two
types of spectra were recorded. The first type was recorded with
particles in the plasma and is referred to as a “with-particle”
spectrum. The second type of spectrum was recorded at the same
location as the with-particle spectrum, but no particles were in-
jected into the plasma during data collection. This type of spec-
trum is called a “without-particle” spectrum.

4. Analysis and Discussion

4.1 Separation of Nonthermal Signals

The with-particle spectra show that the plasma and vapor sig-
nals present are easily observed by identifying the plasma gas or
particle vapor characteristic emission lines. In addition to the
lines which are easily visible, there is some combination of
plasma and vapor continuum emission in the collected spectra.
The continua represent another nonthermal radiation source
which will cause errors in the particle temperature calculation if
not removed from the with-particie spectra. Therefore, for the
most accurate results, the line and continuum nonthermal radia-
tion must be separated from the thermal signal before calculat-
ing particle temperatures.

An accompanying paper (Ref 6) identified the primary con-
tributors to the nonthermal signals in the with-particle spectra
as: 1) the radiation emitted by the plasma surrounding the parti-
cles in the detector sampling volume (designated the ““perpen-
dicular plasma signal”); 2) emission from material vaporized
from the surface of the particles; and 3) where many particles are
in the detector sampling volume, the particle-reflected plasma
signal. With this information, a methodology has been devised
whereby an approximation of the nonthermal signal is sub-
tracted from the with-particle spectrum. This yields an improved
estimate of the particle thermal emission spectrum from which a
particle surface temperature can be calculated.

AY

Particle Plume

Torch

Torch Exit Plane

Powder Feed Tube

Fig.2 Axes for spectral measurements
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The general method for estimating the nonthermal compo-
nent of the with-particle spectra includes the following steps.
Various recorded spectra are chosen as subtraction spectra. The
subtraction spectrum is used as an estimate of the nonthermal
spectrum. The subtraction spectrum is subtracted from the with-
particle spectrum, leaving an estimate of the particle thermal
emission spectrum. This corrected thermal emission spectrum is
then used to calculate the particle surface temperature. Because
of the existence of nonthermal continua and line radiation, the
subtraction spectrum will be a signal containing all wavelengths
used for the temperature calculation. So, entire spectra will be
subtracted instead of, for example, subtracting out only the line
radiation that is easily identified.

The selection of possible subtraction spectra was based on
information describing the signals which constitute the with-
particle spectra presented in the accompanying paper (Ref 6).
One component of the nonthermal signal collected by the detec-
tor is the plasma signal. This signal is a combination of the per-
pendicular plasma signal (plasma light normal to the spray
direction) and some amount of particle-reflected plasma light in
regions of high particle density. However, the perpendicular and
particle-reflected plasma signals have been observed to be spec-
trally very similar (Ref 6). It is therefore expected that the per-
pendicular and particle-reflected plasma spectra, as seen in the
with-particle spectra, will be very similar and can be treated asa
single plasma signal for purposes of subtraction spectrum selec-
tion.

The other proposed source of nonthermal signal in the with-
particle spectra is the vapor signal. This signal cannot be ob-
served independently but only in combination with the plasma
and particle thermal emission signals. A method for estimating
the vapor signal has been devised. The particles undergo rapid
surface heating when injected into the plasma. This rapid heat-
ing can cause evaporation of the surface material of the particles.
The vapor spreads out in a cloud that surrounds the path of the
particles. Beyond the region through which particles pass is the
“no-particle” region. This is found directly above and below the
path of the particles (Ref 6). Because there are no particles pre-
sent, there is no particle thermal signal, nor is there any particle-
reflected plasma light. There is, however, a signal from the
particle vapor and a signal from the perpendicular plasma emis-
sion. Because an estimate of the perpendicular plasma signal is
available from the without-particle spectra, the perpendicular
plasma signal can be accounted for. Therefore, if the without-
particle spectrum is subtracted from the with-particle spectrum
(taken from the no-particle region), the result should closely ap-
proximate the vapor spectrum. The vapor spectrum determined
in this way shows both peak and continuum radiation.

One choice of subtraction spectrum would contain only the
plasma signal, and another choice would contain only the vapor
signal. A third possible subtraction spectrum is a combination of
the plasma and vapor signals. This would be especially useful in
regions where neither the plasma nor vapor signals is clearly the
dominant nonthermal signal present in the with-particle spectra.
This combination spectrum could be constructed by combining
the without-particle plasma signal with the vapor signal.

Before the various subtraction spectra can be evaluated to
determine which one best represents the nonthermal signal in
the with-particle spectra, one more unknown quantity must be
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compensated for. The goal of subtracting the nonthermal signal
from the raw data is to yield a spectrum that can be fit with a
blackbody curve, from which to determine the temperature of
the particles emanating from the thermal radiation. However,
since the particles are not perfect blackbody radiators, compen-
sation must be made for their spectral emittance. In many cases
of thermal-sprayed particle temperature measurements, invesii-
gators have assumed that the particles exhibit gray body behav-
ior where the spectral emittance is constant across all
wavelengths (e.g., see Ref 11, 12). In this analysis, an effort was
made to estimate the particle emittance and include this informa-
tion in the temperature calculation.

The spectral emittance of polished pure molybdenum at vari-
ous temperatures is readily available in the literature (Ref 13).
However, itis likely that oxidation is occurring on the surface of
the particles in view of the high affinity that molybdenum has for
oxygen, especially at elevated temperatures. Even if oxidation is
taking place, however, the oxide may not be clinging to the sur-
face. If the particle surface is above the vaporization tempera-
ture of the oxide (Tyyp= 1530 K for MoOg3) there may be no
surface oxides of molybdenum. Additionally, oxidation may
take place at different rates for different particles, depending on
the temperature of the particles and the local availability of oxy-
gen. The oxide layer may be forming faster or slower than the
evaporation rate of the oxide. Therefore, the extent of surface oxi-
dation is hard to determine and may vary from particle to particle.

The approach used to determine the particle emittance in this
analysis was a simple one. Two spectral emittance values were
used to see which gave a better blackbody fit of the corrected
thermal emission data. The one with the better fit was chosen as
the more accurate value. Only molybdenum and molybdenum
oxide spectral emittance values were considered because the
particle surface mainly consists of one of these materials. The
spectral emittance value used was for solid molybdenum at 2800
K as given in the Thermophysical Properties of Matter Hand-
book (TPMH) (Ref 13). Spectral emittance values for various
oxides of molybdenum are not readily available in the literature.
The only spectral information found in the TPMH for molybde-
num oxides is for MoOj3 at room temperature and is reported as
the spectral reflectance. An estimate of the spectral emittance
can be obtained by subtracting the spectral reflectance values
from unity. However, whether MoOj is the primary oxide
formed on the surface and how the reflectance values change as
the temperature increases are not known.

4.2 Method for Evaluation of the Subtraction
Spectra and the Emittance Values

After the particle surface spectral emittance had been chosen,
the postulated subtraction spectra were evaluated to see which
combination most closely approximated the actual nonthermal
signal. The subtraction spectrum to be evaluated is subtracted
from the with-particle spectrum. The resulting spectrum is then
curve fit using a blackbody radiation curve which has been cor-
rected for the emittance of the particles. The quality of the black-
body fit is an indication of how well the chosen subtraction
spectrum matches the shape and intensity of the nonthermal sig-
nal. The subtraction spectrum is then multiplied by a constant
and again subtracted from the with-particle spectrum. The mul-
tiplying constant is determined by observing the quality of the
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blackbody fit and postulating whether more or less intensity
must be subtracted for a better fit of the data. This new difference
spectrum is again curve fit using a blackbody radiation spec-
trum. This process is repeated until the multiple of the proposed
subtraction spectrum that gives the best blackbody fit is found.
This entire process of subtraction spectrum multiplication and
blackbody curve fitting is repeated for all of the proposed sub-
traction spectra. The quality of fit for each of the proposed sub-
traction spectra are compared, to determine which of the spectra
most closely resembles the nonthermal signal present. The sub-
traction spectrum that gives the best blackbody fit is then sub-
tracted from the with-particle spectrum, yielding a difference
spectrum that represents the thermal signal upon which the par-
ticle temperature calculation is based.

In order to determine which spectral emittance value (that for
molybdenum or that for MoOj3) most closely rescmbles the ac-
tual particle spectral emittance, the quality of fit of the with-par-
ticle spectra to the blackbody curve was considered. Because
more accurate spectral emittance data are available for the pure
molybdenum than for the oxides, the metal spectral emittance
was used as the first estimation. Once the best subtraction spec-
trum has been determined, the emittance is evaluated. If the use
of the oxide emittance substantially changes the quality of the
blackbody fit, then the better value for spectral emittance can be
determined. As seen in Fig. 3, the two values for spectral emit-
tance are quite similar except for wavelengths less than 450 nm.
This low wavelength region should be a good testing region to
see if the data better fits the molybdenum or the MoO3 emittance
values.

4.3 Blackbody Curve Fitting for Subtraction
Spectrum Determination

The first step in blackbody curve fitting is to choose the spec-
trum to be subtracted from the with-particle data. Next, each
spectrum is corrected for emittance using the molybdenum
spectral emittance value at 2800 K. Finally, the curve fit is per-
formed by finding the least squares blackbody fit to the given
spectrum.

The curve-fitting routine finds the temperature of the blackbody
spectrum which best fits the shape of the given collected spectrum.
The computer software package KaleidaGraph (Synergy Software,
Reading, PA), which utilizes the Levenberg-Marquardt algorithm
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Fig.3 Spectral emittance values for Mo and MoOj3 (Ref 13)
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for general nonlinear curve fitting, is used. The absolute inten-
sity of the spectra has no effect on the fitting process because the
shape of the spectra alone is used to calculate the temperature.
The best fit temperature along with the quality of the fit indi-
cated by the Pearson’s r value are given for each spectrum fit.
Pearson’s r value is calculated:

N
2 (-0, )
r= N N
\/2 x —E)Z\/Z 0;-y?

where x; is the calculated intensity value, y; is the actual intensity
value, x is the mean of the calculated intensity values, y is the
mean of the actual intensity values, and the index i goes from
one to the total number of data points used in the curve fit, N. A
Pearson’s r = 1 means that the fit and the raw data perfectly co-
incide. The Pearson’s r value using one subtraction spectrum is

(Eq2)
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Fig. 4 With-particle and blackbody curve fit (smooth curve) spectra
atx = 80 mm, y = 5.5 mm. The curve fit yields a temperature of 3185 K
with a Pearson’s r = 0.9988.
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Fig. 5 Without-particle and corrected thermal emission spectrum
(plotted on different scales) with blackbody fit (smooth curve) for loca-
tion x = 80 mm, y = 5.5 mm. The curve fit yields a temperature of 2990
K with a Pearson’s r = 0.99940.
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compared to the Pearson’s r value using another subtraction
spectrum for the same with-particle spectrum. The subtraction
spectrum which gives the better fit (larger r value) is assumed to
be more representative of the nonthermal signal. By continuing
this process for all postulated subtraction spectra, the subtrac-
tion spectrum which most closely represents the nonthermal sig-
nal is determined. The spatial location chosen for the initial
subtraction spectrum determination is at x=80 mm, y=5.5
mm. This location is near the maximum intensity, which indi-
cates that it is near the maximum particle flux y-location for this
x-location. Each of the proposed subtraction spectra were tested
using the with-particle spectrum taken at this location.

As areference case, the with-particle spectrum was fit to the
blackbody spectrum without any subtraction spectrum. The
with-particle and best fit blackbody spectra are shown in Fig. 4.
The quality of fit is given by a Pearson’s r = 0.9988. The tem-
perature of the best fit blackbody was found to be 3185 K. The
melting point of molybdenum metal is 2880 K.

The first subtraction spectrum tested was the without-parti-
cle plasma signal. This spectrum is shown in Fig. 5. The quality
of fitis given by a Pearson’s r = 0.99940. The temperature of the
best fit blackbody was found to be 2990 K. This quality of fit
represents an improvement over the reference case of the raw
with-particle spectrum. This means that the effort to decrease
the nonthermal signal by using a subtraction spectrum in the
data is likely working.

The subtraction and fitting process was repeated, this time
using the vapor signal for the subtraction spectrum. The vapor
signal was determined by subtracting the without-particle spec-
trum from the with-particle spectrum at a location just outside
the edge of the trajectory of the particles (no-particle region)
closest to the torch centerline (x = 80 mm, y = 0 mm). The vapor
signal is shown in Fig. 6. The quality of fit is given by a Pear-
son’s r = 0.99917. The temperature of the best fit blackbody was
found to be 3125 K. Figure 6 also shows the final subtraction
spectrum and the final curve-fit temperature spectrtum. Using
the vapor signal as the subtraction spectrum gave a better fit than
the raw data but was not as good as using the without-particle
plasma signal as the subtraction spectrum.

( Comected SpectrumJ [ —e— Vapor Spectrum
5
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Fig. 6 Vapor and corrected thermal emission spectrum (plotted on
different scales) with blackbody fit (smooth curve) for location x = 80
mm, y = 5.5 mm. The curve fit yields a temperature of 3125 K with a
Pearson’s r = 0.99917.
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A third spectrum, which consists of a combination of the
plasma and vapor signals, was proposed for use as the subtrac-
tion spectrum. This combination of signals is found in the with-
particle spectrum in the no-particle region. Because it was
shown in the accompanying paper “ Analysis of the Non-Ther-
mal Emission Signal Present in a Molybdenum Particle Laden
Plasma-Spray Plume” that the vapor signal can vary with posi-
tion away from the torch centerline (Ref 6), it is likely that the
plasma-plus-vapor signal on the side of the particle trajectory
opposite the torch centerline has a different shape than the corre-
sponding signal near the torch centerline. The plasma-plus-va-
por signals for positions in the no-particle regions on the torch
centerline side (y = 0 mm) and the opposite side (y = 15.3 mm)
are shown in Fig. 7. From the figure it is evident that the spectra
vary significantly with position. Since the particles lie between
the positions where these two spectra were recorded, it is likely
that the nonthermal signal in the vicinity of the particles varies
from the spectrum near the torch centerline to the spectrum on
the opposite side. A linear combination of these two plasma-
plus-vapor spectra may be a better representation of the nonther-
mal signal than any single subtraction spectrum used across the
entire y-range. In the temperature-fitting process, the linear
combination subtraction spectrum that best fit the data was used.

L i ! i i

| —— y=0 mm plasma + vapor spectrum
|| —=—y=15.3 mm plasma + vapor spectrum
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Fig.7 Plasma-plus-vapor spectra above and below the particle
trajectories
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Fig. 9 Best blackbody fit (smooth curve) and corrected spectrum us-
ing the spectral emittance of MoO3. The curve fit yielded a temperature
of 3168 K with a Pearson’s r = 0.99714.
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This process requires more iteration, but yields the best fit sub-
traction spectrum, the temperature, and the Pearson’s r for each
location in the plume. The best fit subtraction spectrum for the
spectrum taken at x = 80 mm, y = 5.5 mm was found 1o be the
linear combination of one part of the y = 15.3 mm subtraction
spectrum and three parts of the y = 0 mm subtraction spectrum.
The corresponding temperature was calculated to be 3074 K
with a Pearson’s r = 0.99953. The final corrected spectrum and
the best blackbody curve fit are shown in Fig. 8. This linear
combination subtraction spectrum which accounts for both
plasma and vapor nonthermal signals achieved the best
blackbody fit of the spectra tested. Figure 8 also shows a
slight line absorption of the thermal radiation near 538 nm.
This is assumed to be due to absorption from an unidentified
plasma or vapor species.

4.4 Particle Emittance Evaluation

Using the linear combination subtraction spectrum to ac-
count for the nonthermal signal present, the question of particle
emittance can again be addressed. The MoOj3 emittance, instead
of the molybdenum emittance, was used to determine which
gives the better blackbody curve fit. The same with-particle
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Fig. 8 Best blackbody fit (smooth curve) and corrected spectrum
using the linear combination plasma plus vapor subtraction spec-
trum. The curve fit yielded a temperature of 3074 K with a Pearson’s
r=0.99953.
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Fig. 10 Representative subtraction spectra for x = 80 and 110 mm
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spectrum that was used for determining the best subtraction
spectrum (x = 80 mm, y = 5.5 mm) was used to determine the
better emittance value. Using the MoO3 emittance value and the
linear combination of plasma-plus-vapor signal as the subtrac-
tion spectrum, the temperature of the best fit was 3168 K, witha
Pearson’s r=0.99714. The spectrum corrected for emittance
using the MoO3 value along with the best blackbody fit are
shown in Fig. 9. A comparison of this fit to Fig. 8, which uses the
same subtraction spectrum but the emittance of molybdenum,
shows a much better fit using the emittance value for molybde-
num. The blackbody fit to the MoQ; corrected spectra is espe-
cially poor in the spectral region below 450 nm where the two
emittance values diverge. This divergence from the blackbody
shape indicates that the sharp rise in the MoO; emittance below
450 nm is not consistent with the thermal signal recorded.
Therefore, the spectral emittance value for molybdenum is the
better one to use for the reduction of the data collected in this ex-
periment. There may be some amount of oxide on the surface of
the particles, but it appears from the emittance comparison that
either it is not MoO; or that there is significantly more metallic
molybdenum than oxide on the surface. The gray-body relation
for spectral emittance was also evaluated. It gave about the same
quality of fit as the molybdenum emittance. Therefore, the lit-
erature value of emittance for molybdenum and the gray-body
assumption are about equally accurate for the data investigated.
However, for the analysis presented here, the molybdenum
emittance was used.

4.5 Applying the Subtraction Spectrum and
Emittance to the Data

The linear combination of the plasma-plus-vapor subtraction
spectrum, along with the molybdenum emittance value, gives

the best blackbody fit to the with-particle data as evidenced by a
comparison of the Pearson’s r values. Representative subtrac-
tion spectra determined for x = 80 and 110 mm are shown in Fig.
10. The subtraction spectra for x = 140, 170, and 200 mm are
nearly identical to each other. They are also very similar to the
subtraction spectrum for x = 110 mm except that they have far
less intensity for line emission at 589 nm. The subtraction spec-
tra at these locations (x = 140 to 200 mm) closely resemble the
perpendicular plasma signal indicating that the plasma signal is
the dominant nonthermal signal present. The subtraction spec-
trum for x = 110 mm is also similar to the perpendicular plasma
signal except for the strong sodium line at 589 nm. Therefore,
both the plasma and the vapor signals contribute significantly to
the nonthermal signal at x = 110 mm. The subtraction spectrum
at x = 80 mm shows an even stronger sodium line. In addition,
chromium and molybdenum lines in the 350 to 400 nm region
are clearly visible. Therefore, for the purposes of achieving the
best temperature fit, the x = 80 mm subtraction spectrum can
probably best be described as vapor-signal dominant. In deter-
mining the subtraction spectrum as a function of distance down-
stream from the torch exit, it becomes clear that the vapor signal
dominates near the torch exit and the plasma signal dominates
far from the torch exit. In between these extremes, both compo-
nents contribute significantly to the nonthermal signal.

Using the method described above for determining the best
linear combination subtraction spectrum of plasma-plus-vapor
signal, the other spectra at the x = 80 mm location were fit to a
blackbody curve. The resulting temperatures are shown in Fig.
11. Pearson’s r values are shown in Table 2. The consistency of
the Pearson’s r values represent a reproducible quality of fit,
supporting the notion that the subfraction spectrum is being
changed in a way consistent with the change of the nonthermal
signal in the data. The temperatures at the other x-locations were

Table2 Pearson’s r values for the corrected fit thermal spectra as a function of x and y position and for the uncorrected

spectra atx = 80 mm

y-Position, x =80 mm x = 80 mm x =110 mm x =140 mm x =170 mm x =200 mm
mm corrected uncorrected corrected corrected corrected corrected
y=33 0.99939 0.93968 0.99953
y=44 0.99951 0.99821 0.99957 0.99970 0.99957 0.99915
y=55 0.99953 0.99873 0.99955 0.99967
y=6.5 0.99962 0.99919 0.99966 0.99975 0.99972 0.99976
y=76 0.99944 0.99901 0.99959 0.99971 0.99967
y=87 0.99959 0.99887 0.99960 0.99976 0.99977
y=98 0.99947 0.99512 0.99958 0.99968 0.99971 0.99976
y=109 0.99947 0.96241 0.99960 0.99981 0.99976 0.99977
y=11.9 0.99952 0.99968 0.99973 0.99978
y=13.0 0.99965 0.99971 0.99974 0.99978
y=14.1 0.99958 0.99976 0.99973 0.99974
y=152 0.99958 0.99976 0.99979 0.99974
y=16.35 0.99979 0.99977 0.99975
y=174 0.99974 0.99977 0.99968
y=185 0.99984 0.99980 0.99976
y=19.6 0.99977 0.99978
y=20.7 0.99979 0.99982
y=218 0.99980 0.99985
y=228 0.99977 0.99980
y=239 0.99976 0.99985
y=251 0.99943 0.99981
y=262 0.99982
y=213 0.99982
y=283 0.99955
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determined in a similar way. The temperatures at x =110, 140,
170, and 200 mm, are shown in Fig. 12 to 15. Because the spec-
tra were not smoothed before fitting, the good quality of fit seen
in Table 2 represents good physical coincidence between the
corrected with-particle spectra and the blackbody radiation
curves.

Using the various subtraction spectra and the uncorrected
data for the location x = 80 mm, y = 5.5 mm gives temperatures
which are within 6% of each other. This may seem small given
the assumptions made in the analysis, but when the uncorrected
temperature values are compared to the corrected values for all
y-locations, the corrected data begin to differ to a larger degree.
Figure 11 shows the corrected and uncorrected data for the loca-
tion x = 80 mm. Near the center of the particle distribution,
where the particle signal is strongest (y = 7.6 mm), the error be-
tween the two temperatures is smallest (1.5% or 45 K). At the
edges of the distribution where there are fewer particles (y =
10.9 mm), the error is largest (14% or 420 K). A similar trend in
ternperature difference is observed for the other x-locations. In
all cases, the Pearson’s r values for the corrected spectra are
much higher than the values for the uncorrected spectra, as seen
in Table 2 for the data at x = 80 mm. Therefore, the nonthermal
correction process is most useful where there are fewer particles
(or comparatively more nonthermal signal) in the detector field
of view. It is also expected that at locations closer to the exit of
the torch where the nonthermal emission signal is stronger, the
correction process will significantly improve the accuracy of
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Fig. 11 Corrected and uncorrected temperature and particle flux at
x =80 mm

3080 —o— T(K) ——Particle Flux}~ 2 10*
°
n
3060 | =
40
< 115 10*%
S 3040 n
El g
® 3020 | 11 10* _
o
H 2
G 3000} g
- {5000 8
2980 | 3
e
2960 T T T T T 0

T T
4 3 8 10 12 14 16 18 20
Y position (mm)

Fig. 13 Particle temperature and particle flux for x = 140 mm
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particle temperature data. This hypothesis will be tested in fu-
ture work.

The error in the temperature data comes from several
sources. The data pointatx = 170 mm, y = 14.2 mm will be used
as an example of error calculation. The first error source comes
from the IRF calculation. The calibrated lamp used had an accu-
racy of 1% at 2500 K which is the temperature used for deter-
mining the IRF, The 25 K uncertainty in the lamp temperature
carries over into the particle temperature uncertainty. The next
source of error is the particle emittance. As shown in the preced-
ing discussion, the temperature determined for the data point at
x =80 mm, y=5.5 mm using the emittance for molybdenum is
3074 K, whereas the temperature determined using the emit-
tance of MoOs is 3168 K. A similar temperature difference is ex-
pected for the data point at x = 170 mm, y = 14.2 mm. However,
as was shown above, the emittance of molybdenum is much
closer to the actual emittance of the particle than is the emittance
for MoOj3. The estimated temperature error due to emittance is
~25 K. The final source of error for the temperature measure-
ments is the choice of subtraction spectra. At x= 170 mm, y =
14.2 mm, using the linear combination subtraction spectrum, the
temperature is 3010 K. If the without-particle signal is used for
the subtraction spectrum, the resultant particle temperature is
3020 K. If no subtraction spectrum is used the calculated particle
temperature is 3075 K. Since the careful choice of subtraction
spectrum can reduce this source of error, it is estimated that the
uncertainty added to the data point at x = 170 mm, y = 14.2 mm
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Fig. 12 Particle temperature and particle flux for x = 110 mm
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Fig. 14 Particle temperature and particle flux for x = 170 mm
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is about 30 K. Combining the squares of these three errors and
then taking the square root of the sum gives a combined tem-
perature error of 46 K which corresponds to a 1.5% uncertainty.
Figure 14 shows a representative temperature error bar on the
point used as an example here.

4.6 Treatment of High-Temperature Edge Particles

The high temperatures recorded on the edge of the particle
plume for x > 110 mm were not expected (Fig. 12-15). Because
there are very few particles in the edge region, the high tempera-
tures may erroneously result from some unknown nonthermal
signal which is insignificant at locations with more particles.
However, the consistent Pearson’s r values out to the edge, as
seen in Table 2, indicate that the blackbody match remains good.
Also, at x = 80 mm, the edge particle temperatures do not rise.
The data also indicate a trend of increasing edge particle tem-
peratures as distance from the torch exit increases.

To determine the extent to which the selection of the subtrac-
tion spectrum affects the rise of calculated particle temperatures
on the edge of the plume, all subtraction spectra were utilized for
fitting the temperature of the particles at x = 170 mm, where a
large temperature rise was noted. The various subtraction spec-
tra and emittance values used changed the absolute value of tem-
perature determined for each point but did not significantly
change the rising temperature of particles at the edge of the
plume. Therefore, it is concluded that the choice of subtraction
spectrum and emittance value is not causing the high calculated
temperatures on the edge of the particle plume.

It seems likely that there may be some particles on the very
edge of the plume that are getting much hotter than the other par-
ticles. These hot particles may be due to increased in-flight oxi-
dation occurring on the surface of these particles. Because the
edge of the plume has fewer particles, there is less competition
for the oxygen that is present. As the particles move down-
stream, they encounter higher oxygen partial pressures and have
had more time at elevated temperatures to undergo oxidation,
which leads to higher surface temperatures. The increase in local
oxygen partial pressure is due to two factors. First, as the parti-
cles travel downstream, they fan out away from the torch center-
line into areas where there is more air and less of the inert torch
gas. The other factor is the entrainment of air into the plasma jet
after the onset of turbulence some distance downstream from the
torch exit. Thus, the closer to the torch (smaller x), the less oxi-
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Fig. 15 Particle temperature and particle flux for x = 200 mm
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dation is expected to take place. This trend is confirmed in the
temperature measurements in Fig. 12 to 15 which show an in-
crease in edge particle temperatures as the distance from the
torch exit increases.

4.7 Particle Flux Calculation

As demonstrated above, the multi-color temperature meas-
urement technique determines the particle temperature by the
shape of the thermal spectrum emitted by the particles. Although
the absolute intensity of the collected spectra has not been used,
it contains important information which need not be discarded.
Assuming a constant emittance for all particles at a given x-loca-
tion, the absolute intensity of the thermal spectra for particles of
a narrow size distribution is a function of the particle tempera-
ture and the number of particles observed. Therefore, the meas-
ured intensities and the calculated temperatures can be used to
give an estimate of the number of particles passing through the
sampling volume. The equation relating these values is again the
Planck equation, rearranged to give particle number, but only a
single wavelength of radiation is needed for the calculation:

IVlexp(C,/AT) - 1]

2nC,; ®a3)

n

where n is the relative number of particles observed, I is the de-
tected intensity at a given wavelength, A is the wavelength, T is
the absolute temperature, and ¢ and ¢, are the first and second
constants in Planck’s spectral energy distribution.

The previously determined particle temperatures along with
the intensity at a given wavelength (472 nm, chosen arbitrarily
for this analysis) are sufficient o determine the relative particle
flux for each location in the plume. This relative particle flux
figure can be turned into the actual particle flux since the actual
mass feed rate, particle size, and material density are known. As-
suming that all of the particles are detected, the actual number of
particles passing through the sampling volume per unit of time
was calculated. Figures 11 to 15 show the results of the particle
flux calculations for x = 80, 110, 140, 170, and 200 mm. As
shown in the figures, the particles are most numerous in the cen-
tral portion of the plume and decrease in number toward the
edges. Also, the peak particle number decreases, and the spread-
ing of the particle plume in the y-direction increases, as the dis-
tance from the torch exit increases. These optical measurements
are consistent with the spray patterns observed in spraying at
various x-distances with the torch held stationary relative to the
substrate. The sprayed samples showed a broadening of the deposit
as the distance from the torch exit plane increased, just as the optical
measurements show. Also evident in the figures are locations of un-
expectedly low particle flux, such as atx = 140 mm, y= 11 mm (Fig.
13). These are due to fluctuations in the particle feed rate and repre-
sent the particle flux when the spectrum was taken. However, if av-
eraged over a longer signal integration time, the particle flux
distribution would vary smoothly with the y-coordinate.

The primary error in the particle flux measurements comes
from the uncertainty in particle temperature. For the data point
atx =170 mm, y = 14.2 mm which has a particle flux of ~1.5 X
104 particles/s, the uncertainty in temperature was previously
shown to be 46 K. The error in particle flux which results from
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this temperature uncertainty is 1800 particles/s. This corre-
sponds to an error of 12%. Figure 14 shows a representative par-
ticle flux error bar on the point used as an example here. The
particle flux values represent only the hot particles because the
cool particles are not detected by this technique.

4.8 The Averaged Nature of Temperature
Measurements

At this point the exact nature of the particle temperature and
flux measurements should be explained in more detail. As Fig. 2
shows, the optical emission is sampled through chords in the
plasma/particle plume. Therefore, the observed thermal signal is
not for particles at a single location, but for all particles in the
line of sight of the detector.

Because it is unlikely that all particles in the sampling vol-
ume have the same temperature, the calculated particle tempera-
ture is not the temperature of the particles at any one location
along the detector line of sight. Instead, the calculated tempera-
ture is a weighted average of the temperature of all particles de-
tected. The calculated temperature is not a linear average of the
actual particle temperatures; instead, it is more heavily influ-
enced by the higher-temperature particles present. This weight-
ing is demonstrated most easily by example. Figure 16 shows
the blackbody emission spectra for 2800, 3000, and 3200 K. Be-
cause this is the general range of particle temperatures calcu-
lated previously, the majority of actual particle temperatures
likely fall within this range. A thermal spectrum was constructed
by adding together the thermal signals of single “particles.” The
“particles” ranged in temperature from 2800 to 3200 K in 25°
intervals for a total of 17 particles. This combination spectrum is
similar to what is actually detected from the particle plume. The
combination spectrum was fit using the blackbody function to
give a temperature of 3040 K, which is higher than the average
temperature of the “particles” of 3000 K. The deviation from
the true average in this case is 1.3%. Higher-temperature parti-
cles emit more radiation than lower-temperature particles, as
demonstrated in the Stefan-Boltzmann law. The larger amount
of radiation gives the hotter particles more weight when averag-
ing, thus the fit temperature is higher than the unweighted aver-
age temperature. Because this calculation is close to the actual
experimental conditions, it is expected that the measured tem-
peratures differ from the average temperature of the particles by
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Fig. 16 Blackbody spectra for particles at 2800, 3000, and 3200 K
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less than 2%. The blackbody fit to the combination spectrum has
a Pearson’s r value of 0.999999 indicating a very good fit. This
good fit indicates that even though particles of various temperatures
make up the combination spectrum, the resultant signal closely re-
sembles that of a single blackbody radiator at the fit temperature.
This means that the particle thermal measurements should fit an
emittance-corrected blackbody curve quite well, even though the
signal is made up of thermal signals of various temperatures.
Because the particle flux calculation is based on the calcu-
lated temperature values, it, too, is not an exact representation of
particle flux. Instead, it varies slightly from the actual particle
number because all of the particles are not at one single tempera-
ture, as the calculation method assumes. Following the example
in Fig. 16, the difference in actual and calculated particle flux
can be seen. The actual number of particles in the example is 17
(one particle at each temperature). The calculated number as-
sumes that all particles are at the same temperature determined from
the curve fit (3040 K). The calculated number of particles, using Eq
2,1s 15.9. Therefore, the error in the particle number calculation is
6.5%. Although the error is not particularly large, itis representative
of the fact that it is not the actual number of particles that is calcu-
lated, but some quantity that is closely related to the actual number.

5. Conclusions

The research presented here yielded the following results.

e  The presence of vapor and plasma signals in spectra col-
lected for particle pyrometry can cause significant errors in
temperature calculations using two-color or multi-color py-
rometry. Therefore, to minimize temperature errors, both
plasma and vapor lines should be considered when select-
ing wavelength bands for pyrometry.

e  The nonthermal signal present was found to be best ap-
proximated by a combination of the plasma and vapor sig-
nals present. The vapor signal is strongest near the torch (80
mm downstream from the torch exit), while the plasma sig-
nal dominates further downstream (140 to 200 mm from the
torch exit).

e  The spectral emittance of the molybdenum particles in
flight was found to resemble the spectral emittance of mo-
lybdenum more than the spectral emittance of MoOz3. The
gray-body assumption for the spectral emittance of the par-
ticles was shown to give about the same results as the spec-
tral emittance for molybdenum.

e The line-averaged temperature of particles in the region
from 80 to 200 mm downstream of the torch exit was calcu-
lated from the corrected raw spectra.

o  The line-averaged particle flux was calculated for the region
from 80 to 200 mm downstream of the torch exit. The meas-
ured distribution agrees with the spray pattern produced on a
substrate held stationary with respect to the torch.

e A new technique was developed for the measurement of
particle temperatures. By subtracting the nonthermal signal
from the collected spectra, more accurate particle tempera-
tures could be calculated. The ability to estimate and re-
move nonthermal signals may allow for temperature meas-
urements to be made closer to the exit plane of the torch
than are now possible, thus allowing exploration of pre-
viously undocumented areas.
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