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tation of the mean and standard deviation of the ensemble. The
acquisition of sufficient numbers of particles, typically several
hundred and preferably several thousand, requires observation
times of seconds to minutes depending on the rate of particle
passage (particle flux) and the duty cycle or dead time inherent
in the instrument. To characterize the entire (nonuniform tem-
perature) particle flow field, the small measurement volume
must be moved relative to the spray pattern and the spatial dis-
tribution of particle temperature mapped. Temperature differ-
ences of several hundred degrees from the top to the bottom of
the spray pattern typically exist. The spatial variation in temper-
ature is due to differences in the trajectory of the particles rela-
tive to the gas flow field and due to aerodynamic particle sizing,
where the larger particles have trajectories somewhat different
than that of the smaller particles.[1,2] For a fixed measurement
volume location, movement of the spray pattern relative to the
measurement volume results in an apparent change in particle
temperature due to the observation of a different region of the
spray pattern. Spray pattern position is a function of particle size
distribution, injection velocity and direction, and gun power and
gas flow rates. Thus, in control applications, where operating pa-
rameters are changing and a small, fixed position measurement
volume is used, care must be taken to ensure that apparent
changes in temperature are real and not due to spatial movement
of the spray pattern relative to the measurement volume.

Ensemble measurement techniques do not attempt to distin-
guish between individual particles and, in fact, are designed to
observe relatively large measurement volumes containing rela-
tively large numbers of particles at a given time. The measure-
ment volume generally consists of an approximately cylindrical
chord through the spray pattern. This chord is preferably ori-
ented in the plane of the injector so that the measurement is in-
sensitive to movement of the spray pattern relative to the
measurement volume. Ensemble techniques are not restricted to
lightly loaded thermal spray processes and work equally well for
heavily loaded high-velocity oxygen fuel (HVOF) and high-
powered plasma spray processes, where single-particle tech-
niques are not able to distinguish between individual particles.
That is, as the rate of powder injection increases, the probability
of observing a single, isolated particle in the measurement vol-

Introduction

In the thermal spray process, solid particles are injected into
a high-temperature, high-velocity gas flow field. The intent is to
melt the particulates and to subsequently deposit them onto a
substrate. At impact, the particle temperature, molten fraction,
size, and velocity along with substrate temperature and surface
characteristics control the morphology of the individual particle
splats. Particle temperature and mass flux control the rate at
which a deposit is formed and influence the cooling and solidi-
fication rate. These factors, in turn, control the adhesion,
strength, microstructure, and porosity of a coating. The in-flight
measurement of particle parameters provides information, which
is useful in the optimization of the coating process.

Particle temperature measurement can be characterized as
single particle techniques where each particle is observed “one
at a time” and ensemble techniques where the pyrometer ob-
serves an ensemble of particles simultaneously. Single particle
techniques require that the particle measurement volume be lim-
ited and that the number of entrained particles (powder feed rate)
be small enough that individual particles can be observed with-
out overwhelming interference from other, nearby particles.
Measurement volumes on the order of one mm3 are not un-
usual.[1–4] Particle velocities in the thermal spray process are gen-
erally on the order of 100 to 500 m/s or even higher in some
cases. This, coupled with the small measurement volume size,
results in single particle observation times on the order of 1 to 10
ms, necessitating the use of relatively high-speed detectors and
electronics with bandwidths on the order of 0.1 to 1 MHz or
greater. Temperature data on a sufficient number of individual
particles are required to ensure an adequate statistical represen-
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ume sharply decreases. Ensemble techniques yield an estimate
of mean particle temperature only.

Both ensemble and single-particle techniques have strengths
and limitations and are individually suited for different applica-
tions. Both techniques suffer from the fundamental problem in-
herent in all optical temperature measurement techniques: the
fact that the spectral emissivity is generally not well known, can
change due to surface oxidation or other chemical reactions, and
is generally a (unknown) function of temperature. In the discus-
sion that follows, prior work on the development of in-flight 
particle temperature measurement techniques, with special em-
phasis on the thermal spray process, will be reviewed. The errors
associated with unknown or changing emissivities and the in-
herent problems, strengths, and weaknesses of both single parti-
cle and ensemble methods will be examined along with the
sources of and realistic estimates of measurement uncertainty.

Historical Development

The in-flight measurement of the temperature of small parti-
cles has been successfully performed by a number of re-
searchers. Gurevich and Shteinberg[5] described a two-color
technique for measuring the temperature of burning droplets of
liquid fuel as early as 1958. Later, Kruszewska and Lesinski[6]

reported the first application of an absolute radiance technique
to the measurement of single-particle temperature in a plasma
torch. The sample volume consisted of a chord through the flow
field, defined by the back projection of the optical systems lim-
iting aperture through the imaging light collection optics. The
technique was further developed by Vardelle et al.[7] and ex-
tended to a two color-technique by Mihsin et al.[8,9] Jorgensen
and Zuiderwyk[10] investigated a similar technique applied to in-
dividual combusting particles. Because of the relatively large
depth of the field of the optics used, the measurement volumes
were roughly cylindrical and generally extended across the en-
tire spray pattern. Vardelle [et al.][11] overcame the limitations of
the chordal measurement volume by developing a coincidence
technique. In this technique, the plasma is viewed by two opti-
cal systems arranged perpendicular to each other. Each system
with its aperture forms a region in space where a particle, when
present, will produce a signal in the corresponding detector. The
intersection of these two regions forms a localized measurement
volume. By electronically restricting the data acquired to those
instances where coincidence of signals in each detector is ob-
served, the measurement volume size is consequently restricted.

Subsequent work enhanced the basic technique of single par-
ticle temperature measurement by the incorporation of a laser as
a particle illumination source. Observing the laser beam at an
angle restricts measurement volume size. The intersection of the
laser beam with the chordal measurement volume defined by the
instrument collection optics determines the measurement vol-
ume. Optics and apertures can be chosen to define measurement
volumes of arbitrary size. In Ref 12, single particle temperature
measurement was integrated with laser scattering for the simul-
taneous measurement of particle size and temperature. This
same idea was extended to the simultaneous measurement of
particle, size, velocity, and temperature by integration with laser
Doppler velocimetry and laser scattering[1,2] and later upgraded
by integration with phase Doppler laser velocimetry. When a

laser Doppler velocimeter (LDV) is incorporated, the crossing
of the LDV laser beams defines the measurement volume. The
integration with laser scattering, or with laser Doppler ve-
locimetry, has the advantage that relatively cold particles, or
very small particles, produce a signal from the laser illumination
even though they may not have sufficient intrinsic radiance to be
detected by the temperature measurement channels.[2] Subse-
quently, data on the velocity, size, and numbers of “cold” parti-
cles are acquired. These particles would be unaccounted for by
measurement techniques based purely on the measurement of
spectral radiance.

In spite of the inability to distinguish “cold” particles, meas-
urement techniques based purely on the observation of spectral
radiance or incandescent light emitted by the particles have
gained favor for the simultaneous measurement of particle ve-
locity and temperature in the thermal spray process. Particle size
can also be estimated from the measurement of the absolute ra-
diance emitted by a particle once the temperature is obtained. Si-
multaneous measurement of particle size, velocity, and
temperature of combusting coal particles was demonstrated by
Tichenor et al.[13] This technique used an image plane coded
aperture to obtain particle size, a transit timing technique to de-
termine velocity, and two-color pyrometry to determine temper-
ature. The technique was demonstrated at temperatures up to
1660 K on 100 to 500 mm coal particles at flow velocities of less
than 10 m/s. Sakuta and Boulos[14,15] have more recently applied
a similar technique to induction plasmas for velocities up to 100
m/s. A variation on these techniques is now commercially avail-
able as the DPV-2000 and is becoming widely used in thermal
spray research.[3,4] In this technique, the depth of field of the in-
strument optics and the limiting aperture generally define the
measurement volume.

The ensemble measurement technique is not nearly as well
represented in the literature. It is however, simpler; applicable to
heavily loaded thermal spray applications such a observed in
many HVOF processes; and, because the measurement volume
is a chord through the spray field, the measurement is relatively
insensitive to spatial movement of the spray pattern. The tech-
nique yields an estimate of mean particle temperature but can-
not provide information on the statistical distribution of
temperature. The insensitivity of the measurement technique to
spatial movement of the spray pattern and response times that
are generally significantly less than 1 s make the technique par-
ticularly attractive for application to monitoring and control in
the manufacturing environment. The ensemble measurement
technique has been applied to the thermal spray process since at
least 1973.[16] The measurement technique, which is periodically
rediscovered, 1988,[17] 1989,[18] 1995,[19] has been successfully
incorporated into a closed-loop controller for the plasma spray
process.[20,21]

Measurement Limitations

There are several fundamental limitations to the measure-
ment of temperature in the thermal spray process. The first is that
the particle temperature cannot be measured inside the luminous
plasma (or combustion jet) core. The radiated power of the
highly luminous plasma is much greater (brighter) than the light
emitted by a small incandescent particle. Practically, for typical



plasma spray conditions, this means that a particle’s temperature
cannot be readily obtained by measuring their emitted radiation
any closer to the nozzle exit than about 50 mm.[9] The second
limitation is that plasma light that is scattered by a particle, even
after the particle has exited the hot core, can influence the meas-
urement of temperature. Scattered light restricts the proximity to
the plasma in which temperature measurements can be obtained
and also determines the lower limit of the temperature that can
be measured. Practically, for standoff distances on the order of
100 mm, the lower temperature measurement limit is around
1500 K.[9,22] A third limitation, which affects the single particle
measurement technique, is the ability to observe the light emit-
ted by a single particle without overwhelming interference from
surrounding particles. For typical plasma spray conditions, with
particle loading of a few kg/h, this condition is generally met.
For many HVOF applications and high-power plasma spray sit-
uations, where the loading may be in excess of 10 kg/h, it is often
impossible to distinguish single particles.

The exact limits imposed by the issues described above are
dependent on the size and emissivity of the particles, the plasma
gases and power level, the detectors and wavelengths used, and
the particle feed rate. Obviously, for the same particle feed rate,
there will be a factor of 1000 more particles if the average parti-
cle size is 10 mm rather than 100 mm. Hence, for the same feed
rate, a powder with a relatively large average size may have few
problems with multiple particles in the measurement volume at
any instant in time, while a smaller average size powder may be
plagued by the problem. Also, the particle size distribution along
with temperature determines the dynamic range requirement of
the measurement electronics. For most situations, a dynamic
range of 1000 is probably sufficient. This is illustrated in Fig. 1.
If the particles size distribution is between 10 and 70 mm, and
the temperature ranges between 2000 and 4000 K, the required
dynamic range is approximately 2000. This suggests that for a
linear system the digitizers used to capture the signals should
have a minimum dynamic range of 12 bits and 14 or 16 bits
would be preferable.

The issues associated with multiple particles in the measure-
ment volume are absent when the ensemble particle temperature
measurement is used. The dynamic range requirement is also
smaller. For a given particle size, the relative magnitude of the

emitted radiation varies by a factor of 2 to 3 or so over a tem-
perature range between 1000 and 4000 K. The ensemble method
observes multiple particles in the measurement volume. For a
fixed particle feed rate in kg/h, the number of particles in the
measurement volume varies as 1/d3, where d is the particle mean
diameter. The projected area of a particle linearly determines the
magnitude of the radiated power of a single particle and is pro-
portional to d2. For a given particle feed rate, the total projected
area of the particle ensemble observed varies as 1/d for varia-
tions in particle size. Hence, a smaller mean particle diameter ac-
tually decreases the required dynamic range of the ensemble
measurement.

Calibration and Emissivity Correction

The basic premise behind all radiation thermometry is
Plank’s law, which describes the emissive power of a radiating
body as a function of wavelength, emissivity, and temperature.
Planck’s law is

where T is the surface temperature of the radiating body, c1 5
0.595 3 10212 W/cm2 and c2 5 1.4388 (cm)(K) are constants, «l

is the spectral emissivity, Ap is the area of the emitter, V is the solid
angle of the light collection optics, and h is the spectral bandwidth.
Dual-wavelength (ratio or two-color) pyrometry involves the
measurement of the spectral energy in two different wavelength
bands. Using Planck’s law, the ratio of radiant energy, R, in two
different wavelength bands, l1 and l2, is given by

where Wein’s formula valid for exp >>1 has been used.

In measurement systems, the ratio of the observed signal as-
sociated with each wavelength is

where the ration kl1
/kl2

is the ratio of detector responsivity and
optical efficiencies at the two wavelengths used. This relation-
ship is common to both single particle and ensemble measure-
ment methods.

By using the ratio, the measurement is insensitive to the ab-
solute magnitude of radiation falling on the detector and the field
of view need not be filled. The use of the ratio of two signals
means that a relative calibration, rather than a more difficult ab-
solute calibration, is required and that the projected area of the
particles(s) disappears from the result when the ratio is formed.
The technique, however, is susceptible to errors caused by vari-
ations in emissivity with wavelength and special precautions
must be observed to ensure that adequate signal strength (signal-
to-noise ratio) is available to obtain an accurate measurement. In
practice, the particles are often assumed to be gray body radia-
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Fig. 1 Relative spectral radiance as a function of temperature and par-
ticle diameter at a wavelength of 900 nm



tors, that is, the emissivities can differ from that of a blackbody,
«b 5 1, but are equal for the two wavelengths chosen, «l1

[ «l2
.

Under this assumption, the ratio of emissivities is unity. In fact,
the spectral emissivities generally differ significantly from the
gray body assumption. Additionally, emissivities are not well
known for many materials, can change due to surface oxidation
or other chemical reactions, and exhibit a (generally unknown)
dependence on temperature. In the following, we will briefly ex-
amine the magnitude of the potential errors associated with the
gray body assumption.

The calibration of high-temperature radiation pyrometers is
often performed using a tungsten lamp as the calibration source.
The actual materials sprayed range from pure metals, alloys, in-
termetallics, and refractories, to various ceramics, including spe-
cial composite materials, which can consist of oxides, carbides,
or other compounds in a metal matrix. The melting point of com-
mon coating materials ranges from around 1600 K for stainless
steel to around 3000 K for zirconia, and as high as ø3600 K for
tungsten. Tungsten ribbon lamp calibration sources are capable
of temperatures to 2800 K, a range that reasonably covers the
temperatures encountered for most common coating materials.
Tungsten is not a gray body radiator.[23] At a temperature of 2000
K, the spectral emissivity of tungsten varies from 0.42 at 800 nm
to 0.314 at 1.35 mm. The ratio of emissivities at two common
pyrometer wavelength pairs is 5 1.09 for l1 5 700 nm, l2 5

850 nm, and 5 1.23 for l1 5 950 nm, l2 5 1.35 mm. Many

metallic materials such as nickel, stainless steel, and inconel
have a spectral emissivity ratio that is similar, though not iden-
tical, to that of tungsten.[23,24] Many metal oxides and ceramics
behave more like gray bodies, i.e.,their spectral emissivity ratio
is close to unity.[25]

The problem is basically one of how to infer the true temper-
ature from the radiant energy sensed by the instrument. If the re-
lationship between emissivity and wavelength is known, it is
possible to estimate a correction to the apparent temperature de-
rived from the tungsten lamp calibration curve. The difference
between the temperature indicated using the tungsten source cal-
ibration, Tw, and the true temperature, Tx, of a material whose
spectral emissivity ratio differs from that of tungsten is found by
setting the ratio of emissive powers for material x equal to that
of tungsten, w, to arrive at

Figure 2 and 3 contain estimates of the true and apparent tem-
peratures using the above equation for various emissivity ratios,
including the gray body assumption when the instrument is cal-
ibrated using a tungsten source. Figure 2 uses the wavelength
pair l1 5 700 nm, l2 5 850 nm, while Fig. 3 uses the wavelength
pair l1 5 950 nm, l2 5 1.35 mm. The corresponding errors, ex-
pressed in percent of reading, appear in Fig. 4 and 5. The appar-
ent or color temperature is plotted on the abscissa, while the true
temperature is plotted on the ordinate. The gray body assump-
tion results in the largest discrepancy increasing from less than
50 K at temperatures less than 1500 K to as much as 600 K at
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Fig. 2 Actual or “true” temperature as a function of apparent or
“color” temperature and actual emissivity when calibration is performed
using a tungsten lamp. The wavelength pairs are 700 and 850 nm

Fig. 3 Actual or true temperature as a function of apparent or color tem-
perature and actual emissivity when calibration is performed using a
tungsten lamp. The wavelength pairs are 950 and 1350 nm

Fig. 4 Temperature measurement error in percent of reading corre-
sponding to the results of Fig. 2. The wavelength pairs are 950 and 1.35mm



3500 K (Fig. 3). That is, if the instrument using the wavelength
pair l1 5 950 nm, l2 5 1.35 mm is calibrated using a tungsten
lamp and reads 3500 K and if the observed particles are in fact
gray body emitters, their actual temperature is around 4100 K.
Under these conditions, the particle temperature is underesti-
mated by as much as 600 K.

For applications where the absolute measurement of temper-
ature is not required, such as controlling about a set point, or de-
termining relative changes about a known condition, an
emissivity correction may not be necessary. The temperature in-
dicated will be single valued for a given particle temperature.
That is, even if the spectral emissivity relationship is not known,
and is not accounted for, the desired condition can be repeated
by “setting” the spray device to produce particles that yield the
same temperature reading. For example, an increase in particle
feed rate may require an increase in operating power to produce
a particle stream at the desired temperature condition. Another
application would consist of maintaining the particle tempera-
ture within a quality control operating window. In this case, the
absolute measurement of temperature may not be necessary.
Since the major concerns are the ability to repeat a condition and
compensate for drift from that condition. If a quality control set
point has already been determined, then the measurement can be
used without emissivity compensation to ensure that this set
point is maintained. The accurate determination of absolute tem-
perature, however, requires that the spectral emissivities of the
calibration source and the departure of the particle from gray
body behavior be accounted for.

Single Particle Temperature Measurement

As was correctly pointed out in Ref 9, the measurement of
single-particle temperature is a statistical measurement. The sta-
tistical error is in addition to the “fixed” errors associated with
calibration, emissivity, and long-term drift. Statistical errors
arise from the statistical response of real measurement systems
and are largely due to random signal fluctuations or noise; how-
ever other sources exist. These additional sources can be due to
the location of the particle in the measurement volume, for in-
stance. Because of vignetting, chromatic (and sometimes spher-

ical) aberrations, or limited depth of field of the optical system,
the spectral radiant power delivered to a detector may change
due to the actual location of the particles, even if the particles
have uniform temperature. Thus, this source of measurement
error is also random, because the location of an individual parti-
cle in the measurement volume is random. This uncertainty is
largely avoided by systems that use laser illumination to define
the measurement volume, and can be minimized by the use of
“well-corrected” optics in other systems. Random signal fluctu-
ations result in the observed temperature having an apparent dis-
tribution width or standard deviation, even if the particles are
monodisperse and have uniform emissivity and temperature.

The actual statistical performance of a measurement system
is illustrated in Fig. 6. These data were generated using the tung-
sten lamp calibration apparatus, shown in Fig. 7. This system
simulates a stream of particles at a given temperature using a cal-
ibrated tungsten ribbon lamp and a chopper with a pinhole
drilled in its periphery. The high-speed chopper simulates the ve-
locity, or passage of particles through the measurement volume,
and the tungsten ribbon lamp produces a steady source of radia-
tion characteristic of the emissivity and temperature of the tung-
sten ribbon. The detectors are photomultipliers and the
wavelength bands are l1 5 700 nm, l2 5 850 nm. The digitiz-
ers have 12-bit resolution and the signal is ranged to use all 12
bits at a lamp temperature of 2800 °C. The random uncertainty in
the measurement is sI 5 68 °C at a mean temperature of 2430 °C.
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Fig. 5 Temperature measurement error in percent of reading corre-
sponding to the results of Fig. 3. The wavelength pairs are 950 and 1.35mm

Fig. 6 Apparent temperature distribution due to the statistical response
of the single particle temperature measurement system

Fig. 7 Schematic of a particle simulating tungsten lamp calibration 
apparatus



The shape of the distribution representing the instrument sta-
tistical response is approximately Gaussian. The measured par-
ticle temperature distribution therefore will be artificially
broadened by the instrument statistical response. If the measured
particle temperature distribution is also approximately Gaussian,
then the actual standard deviation of particle temperatures, sa,
will be related to the measured value, jm, and the inherent in-
strument broadening, sI, by sa

2 = sm
2 – sI

2 . This is illustrated in
Fig. 8 on an actual measured distribution of particle tempera-
tures. The sprayed material is nominally 50 mm NiCrAlY. The
measured mean temperature is 2119 °C and the standard devia-
tion is 296 °C. Shown in the figure is the measured distribution
and a Gaussian distribution with the same mean and standard de-
viation as the measured distribution superimposed (solid line).
Also shown is the Gaussian approximation adjusted for the sta-
tistical response of the instrument (dotted line). The mean tem-
perature remains unchanged and the distribution is slightly
narrowed. Also included in the figure is a third curve, which is
adjusted for both the statistical instrument response and the un-
certainty due to particle position in the measurement volume
(gray line).

The component of statistical uncertainty due to particle posi-
tion in the measurement volume is estimated in the following
manner for our LDV based integrated particle size, velocity, and
temperature instrument. The approach used to estimate the mag-
nitude of the uncertainty is general, and the exact numerical val-
ues will depend on the specifics of a particular instrument. The
crossing of the LDV laser beams defines the measurement vol-
ume. Using a small wire mounted on the rim of the chopper
wheel to generate an LDV Doppler burst, the effective length of
the measurement volume was obtained. This was measured to be
approximately 0.8 or 60.4 mm about the midpoint. Next, the re-
sponse of the instrument to the position of a particle in the meas-
urement volume was obtained using the chopper configuration

and particle simulating pinhole shown in Fig. 7. This was ac-
complished by mounting the calibration apparatus on a precision
linear stage and placing the pinhole at various locations in the
measurement volume. The data and the curve fit used to estimate
the resulting particle temperature distribution are shown in Fig.
9. The resulting statistical distribution is estimated by assuming
that particles are randomly and uniformly distributed in the
meas-urement volume between 60.4 mm. For each particle lo-
cation, a resulting mean particle temperature is measured. With
the assumption that the location of the particles is uniformly dis-
tributed within the measurement, the corresponding probability
of observing that temperature can then be obtained. The result
appears in Fig. 10. Because of the shape of the temperature-po-
sition response curve (Fig. 9), the effect of particle position in
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Fig. 8 Measured distribution of particle temperature with superimposed Gaussian distribution and distribution adjusted for statistical instrument re-
sponse and particle position in the measurement volume

Fig. 9 Instrument temperature response as a function of particle posi-
tion in the measurement volume



the measurement volume biases the temperature distribution to-
ward a value lower than the actual particle temperature. The ac-
tual particle temperature is 1855 °C, while the mean of the
distribution in Fig. 10 is 1835 °C, a bias of approximately 0.8%.
The standard deviation of the distribution is 22.7 °C and the third
moment or “skewness,” a measure of the asymmetry of the dis-
tribution, is 21.1, the negative sign indicating the bias toward a
lower temperature. The corrected distribution is shown in Fig. 8,
as the gray line. This correction, for the instrument analyzed, is
small and barely discernable on the plot. The estimated uncer-
tainty due to these two independent, random effects is approxi-
mated by the sum of the squares of the standard deviations, or
671.9 °C.

Ensemble Particle Temperature 
Measurement

In the ensemble temperature measurement technique, a rela-
tively large number of particles is simultaneously observed. This
ensemble of particles is characterized by a distribution of parti-
cle size and particle temperature. The particle size and tempera-
ture may be correlated with the larger particles having, on
average, a temperature lower than that of smaller particles.[1] A
typical measurement volume size might be 5 mm in diameter
and extend across the entire spray pattern;[19] hence, there may
also be a spatial variation in particle temperature from one end
of the measurement volume to the other. For a spray pattern with
a spot size on the order of 40 mm, the resulting measurement
volume is on the order of 1 cm3. At typical powder loading of a
few kg/h, the particle density is on the order of 100 to 1000 par-
ticles/cm3,[1] resulting in the simultaneous observation of several
hundred particles in the measurement volume at any instant in
time. In estimating the response of the two-color pyrometer to
the observed distribution of particle sizes and temperatures, it is
assumed that the number of observed particles is large enough
to avoid substantial statistical fluctuations in the mean and stand-
ard deviation and that the entire population is adequately repre-
sented in the measurement volume. It is also assumed that the
distributions of size and temperature are approximately normal,
and the mean temperature may depend on diameter in a linear

fashion. Calculations indicate that over a wide range of particle
sizes an approximately linear relationship between particle size
and temperature is a reasonable assumption.[26] Under these con-
ditions, the ensemble can be represented by a bivariate Gaussian
distribution. Note that the smallest particles, due to their high ve-
locities and limited residence times in the hot plasma, can actu-
ally be at a lower temperature than somewhat larger particles that
have longer residence times. For zirconia powder under typical
spray conditions, this divergence occurs at a particle size of ap-
proximately 20 mm.[26] Particles smaller than 20 mm can actually
have a lower temperature than particles that are slightly larger
than 20 mm. This effect is dependent on the specific material
being sprayed and on operating parameters; hence, we will not
attempt to account for this observation in the analysis of pyrom-
eter response. By not doing so, the results represent a worse case
estimate of the associated errors. In the following, the expected
instrument response to the statistical and spatial distributions of
particle sizes and temperatures will be calculated and compared
to the true mean temperatures.

Assume that the size distribution of the ensemble of particles
is adequately approximated by a normal distribution,

where dm and sd are the mean and standard deviation of the par-
ticle size distribution, respectively. Assume also that for a given
particle size the temperature distribution is also normal and that
the particle temperature may be linearly correlated with particle
size. Under these assumptions, the probability density function
for the particle ensemble is given by the bivariate Gaussian or
normal distribution

where

and mT is the mean particle temperature, sT is the standard devi-
ation of particle temperature, and r is a parameter describing the
degree of the correlation between temperature and diameter. The
right-hand side of the probability density function (PDF) is the
conditional PDF of temperature T, given that the particle diam-
eter is dp. That is, the conditional PDF of T is itself normal with
mean and variance sT

2(1–r2). Thus,

with a bivariate normal distribution, the conditional mean of
temperature, for a given diameter dp, is

For a given ensemble mean temperature, mT, correlation co-
efficient, r, and standard deviations of temperature and diame-
ter, sT and sd, this equation defines the relationship between
mean particle size and mean temperature. For r 5 0, the distri-
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Fig. 10 Intrinsic statistical temperature distribution due to the location
of the particle position in the measurement volume



butions of temperature and diameter are independent and uncor-
related; for r Þ 0, the mean particle temperature, as a function
of diameter, is given by

where

The response of a two-color pyrometer is estimated as follows.
As before, the intensity of light incident on the collection optics,
emitted by a particle of diameter dp, with temperature T, and
emissivity «(l), in a narrow wavelength interval is given by

For many particles in the measurement volume, the relative in-
tensity observed by a detector in the wavelength interval Dl is
given by

The intensity is assumed to be independent of particle velocity.
The justification for this is as follows. For a measurement vol-
ume of spatial extent lm, parallel to the particle velocity vector,
the observation time for a particular particle i with correspond-
ing diameter and velocity is ti 5 lm/ui. The radiant energy emit-
ted by the particle that is deposited in the detector is proportional
to ti. Hence, slower particles will have a longer dwell time in
front of the detector and will be more heavily weighted. How-
ever, the rate of arrival of particles with velocity ui is propor-
tional to the product of their population or number density ni and
velocity, yielding the rate of arrival in the measurement volume
R, R5 niui. While slower particles have a longer residence time,
their rate of arrival is less. The net result is that the power de-
posited in the detector by particles with velocity ui is propor-
tional to tin 5 niui (lm/ui) 5 lmni, which is proportional to the
particle density and is not weighted by their velocity.

In two-color pyrometry, the temperature is obtained from the
ratio of intensities in each of the two wavelengths bands l1, l2

and the temperature is obtained from

In the calculations and discussion that follow, the emissivity
ratio is assumed to be unity. Errors associated with departures
from gray body behavior can be found in an earlier section. The
double integrals are evaluated numerically.

Figure 11 and 12 contain a summary of calculated instrument
responses to an ensemble of particles, where the particle tem-
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perature is completely uncorrelated with particle diameter. The
plots compare the calculated temperatures (Fig. 11) and the tem-
perature error in percent of reading (Fig. 12), plotted against ac-
tual mean particle temperatures. The standard deviation or width
of the temperature distribution is treated as a parameter. The er-
rors increase with decreasing temperature and increasing stand-
ard deviation. The temperature is consistently overestimated
because the spectral radiance is a nonlinear increasing function
of temperature. Hence, the averaging implicit in the ensemble
temperature measurement tends to over weight the higher tem-
perature particles. Because the temperature and diameter are
completely uncorrelated in this calculation, the distribution of
particle diameters does affect the instrument response. For a par-
ticle ensemble that has no correlation between particle tempera-
ture and size, with mean temperature around 2400 K with a
standard deviation of 300 °C, similar to the measured distribu-
tion in Fig. 6, the mean temperature can be overestimated by 7%
of reading or approximately 150 °C. At 3000 K, approximately
the melting point of zirconia, the expected error is 5% or less,
even for relatively broad distributions of particle temperatures.
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Fig. 11 Calculated pyrometer response to an ensemble of particles
whose temperature and diameter are uncorrelated. Wavelengths are 950
nm and 1.35 mm

Fig. 12 Error in pyrometer response to an ensemble of particles whose
temperature and diameter are uncorrelated. Wavelengths are 950 nm
and 1.35 mm



The influence of the correlation between particle temperature
and diameter is included by choosing r to be nonzero. If r is neg-
ative, the size and temperature are inversely correlated, with the
smaller particles being at the higher temperatures. In performing
the calculation, the mean temperature and diameter are specified,
their standard deviation chosen, and the mean temperature dif-
ference between the smallest and largest particles assumed. For
the calculation shown in Fig. 13 and 14, it is assumed that the
mean particle diameter is 40 mm with a standard deviation of 15
mm. The mean temperature is a parameter and appears on the ab-
scissa of the plot. The standard deviation of temperature is as-
sumed to be 300 °C. The parameter r is chosen such that the
range of mean temperatures (DT) between the largest (105 mm)
and the smallest (5 mm) particles is between 0 and 1200 °C. The
inverse correlation between particle temperature and particle
size tends to reduce the error from that of the uncorrelated en-
semble. The tendency for smaller particles to be at higher tem-
perature increases their spectral radiance, while the decrease in
their projected area (and subsequent weighting) is less, some-
what compensating for the tendency to over weight the hottest

particles. The larger the difference in temperature between the
largest and smallest particles, the smaller is the error.

Figure 15 and 16 illustrate the effect of the width of the par-
ticle size distribution on pyrometer reading when particle tem-
perature is correlated with particle size. The standard deviation
of particle temperature is fixed at 300 °C and the width of the
size distribution is varied as a parameter. The particle tempera-
ture is assumed to be strongly correlated with size and is as-
sumed to change by 1200 °C between the largest (105 mm) and
smallest (5 mm) particles. Narrow distributions of particle size
result in consistent overprediction of temperature. At higher
temperatures, a broader particle size distribution can reverse the
trend and result in underprediction of temperature or a negative
temperature error. In general, for particle ensemble temperatures
on the order of 2000 K with distribution standard deviations of
300 °C or less, the errors are less than ,10% of reading. For
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Fig. 13 Calculated pyrometer response to an ensemble of particles
with sT 5 300 K and sd 5 15 mm and whose temperature and diameter
are correlated

Fig. 14 Error in pyrometer response to an ensemble of particles with
sT 5 300 K and sd 5 15 mm and whose temperature and diameter are
correlated

Fig. 15 Calculated pyrometer response to an ensemble of correlated
particles, illustrating the effect of particle size distribution. The standard
deviation in particle temperature is fixed at sT 5 300 K and the temper-
ature difference between the largest and smallest particles is 1200 K.
The wavelength pairs are 950 nm and 1.35 mm

Fig. 16 Error in pyrometer response to an ensemble of correlated par-
ticles, illustrating the effect of particle size distribution. The standard
deviation in particle temperature is fixed at sT 5 300 K and the temper-
ature difference between the largest and smallest particles is 1200 K.
The wavelength pairs are 950 nm and 1.35 mm



higher temperatures, on the order of the melting point of zirco-
nia around 3000 K, for instance, the errors can be expected to fall
in the range of 65% of reading.

The final source of error that will be examined is illustrated
Fig. 17. The ensemble temperature measurement technique im-
plicitly averages over all particles in the measurement volume.
The intensity contribution from each small disk-shaped slice or
subregion to the total measured intensity will be a function of po-
sition, the statistical distribution of particle temperature and size,
and the number of particles in the volume. The total intensity is
found by integration over the extent of the measurement volume
and over the particle size and temperature distribution. The total
intensity for wavelength l is given by

where Np(x) is the local relative particle number density. The
functional form of the solid angle V(x) is

The spatial distribution of particle number density is assumed to
be a Gaussian with standard deviation of 3.33 mm. This places
99% of the particles inside a spot size of 610 mm, a size con-
sistent with observations. Evaluation of the integral also requires
that functional forms for the spatial distribution of particle tem-
perature and size be specified. These are assumed to be linear
with magnitudes that are consistent with observation.[1,2,27,28] In
general, the particle size has been observed to vary by as much
as a factor of 2 across the spray pattern, with the larger particles
appearing the furthest from the injector. The particle tempera-
ture typically varies by a few hundred degrees across the pattern.
For purposes of estimation, temperature differences of as much
as 800 K have been assumed with the hottest particles nearest the
injector. In the following, the particle size and temperature are
assumed to vary with spatial position but are statistically uncor-
related with each other at a given spatial location. Exclusion of
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the temperature-diameter correlation results in a worst case es-
timate of error. It is also assumed that the particles are injected
from left to right in Fig. 17. In this configuration, with the above
assumptions, the hottest and smallest particles are nearest the
light collection optics and, consequently, have the largest solid
angle. A summary of the calculated temperature measurement
error with temperature difference across the spray pattern treated
as a parameter appears in Fig. 18. In developing this plot, it has
been assumed that particle size is uniform across the spray pat-
tern. For temperature differences of 400 K or less, the estimated
temperature error is less than 0.5%. The effect of including the
spatial distribution of particle size is shown in Fig. 19. Inclusion
of size tends to suppress the estimated error slightly. This is be-
cause the particles nearest the light collection optics are hotter
but are somewhat smaller in projected area, minimizing their
weighting and reducing the resulting error. The temperature
measurement error due to the spatial distribution of particle size
and temperature is relatively small, on the order of 1% or less for
most situations, which will be encountered in practice. The tem-
perature measured is heavily weighted toward the largest parti-
cle density portion of the spray pattern. When the statistical
distribution of particle temperature is included in the calculation,
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Fig. 17 Schematic of ensemble measurement technique optics and
measurement volume

Fig. 19 Effect of the spatial distribution of particle size and tempera-
ture on ensemble pyrometer response

Fig. 18 Effect of the spatial distribution of particle temperature on en-
semble pyrometer response



its contribution to the error is much larger than the portion due
to the spatial distribution of size and temperature alone. Because
these results are essentially identical to the results of Fig. 11 and
12, they will not be illustrated here.

Summary

Measurement techniques can be categorized as single parti-
cle and ensemble methods. Single particle methods use high-
speed pyrometry to estimate the temperature of individual
particles. The mean and standard deviation of the particle tem-
perature distribution can then be obtained from observations of
sufficient numbers of individual particles. Ensemble methods
observe large numbers of particles simultaneously and yield an
estimated mean temperature directly, but cannot provide infor-
mation on the shape or width of the particle temperature distri-
bution. Each technique has inherent errors, strengths, and
limitations.

Both techniques are susceptible to errors resulting from un-
known or changing emissivity. The effect of emissivity can be
large, resulting in errors in absolute temperature that can ap-
proach 20% in some cases. Both techniques suffer from stray
light interference and must, in general, be applied at some dis-
tance from the bright plasma or combustion jet. Fortunately, at
common standoff distances of 100 mm or so, the interference
from stray light does not overwhelm either measurement; how-
ever, the lower limit of temperature that can be sensed is af-
fected.

Single particle techniques require that the spray pattern be di-
lute enough that individual particles can be observed without
overwhelming interference from nearby particles. This condition
is met for many common thermal spray conditions. The meas-
urement of single particle temperature is a statistical measure-
ment. Sufficient data acquisition time must be allowed to acquire
a statistically significant number of particles. Depending on the
operating parameters and position in the spray pattern, this can
take anywhere from a few seconds to a few minutes. Instrument
noise artificially broadens the measured distribution of particle
temperature. The magnitude of broadening depends on the situ-
ation, but something on the order of 100 K is common. Depend-
ing on the specifics of the instrument, other sources of statistical
error can be present. These may not be normally distributed and
can result in a bias as well as artificially broadening the meas-
ured temperature distribution. Because of the spatial distribution
of temperature (profile) and the fact that the spray pattern is not
spatially fixed, care must be exercised when applying the single
particle temperature measurement technique to control or long-
term monitoring applications.

The ensemble measurement technique is not limited to lightly
loaded sprays and can be successfully applied to heavily loaded
HVOF and high-powered plasma spray applications. The ensem-
ble technique is insensitive to movement of the spray pattern and
typically has a response time of 1 s or less. Ensemble measure-
ment techniques, however, are influenced by the statistical distri-
bution of particle temperature and size in the measurement
volume. At temperatures on the order of 1500 K, this error can be
large, on the order of 20%. At higher temperatures, on the order
of 3000 K, this error is 5% or less. Ensemble techniques do not
yield information of the distribution of particle temperatures.

Both techniques have application in the thermal spray indus-
try. The single particle techniques yield additional information
on the statistical distribution of particle temperature and are
probably preferable for scientific investigation, but are some-
what more expensive, time consuming, and complicated to
apply. Ensemble techniques are prone to absolute temperature
measurement errors due to the statistical distribution of particle
temperature in the measurement volume but are less expensive
and insensitive to movement of the spray pattern. Insensitivity
to spray pattern position, coupled with fast response times,
makes ensemble techniques attractive for control applications.
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