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Novel Method for In-Flight Particle Temperature
and Velocity Measurements in Plasma Spraying
Using a Single CCD Camera

J. Vattulainen, E. Hdmélédinen, R. Hernberg, P. Vuoristo, and T. Méntyla

(Submitted 17 May 1999; in revised form 3 August 1999)

A novel, technically simple imaging system for individual, in-flight particle temperature and velocity
measurements for plasma and other thermal spray processes is described. A custom double dichroic mirror
is used to add spectral resolving capability to a single, black-and-white, fast-shutter digital charge coupled
device (CCD) camera. The spectral double images produced by the individual in-flight particles are
processed using specialized image processing algorithms. Particle temperature determination is based on
two-color pyrometry, and particle velocities are measured from the length of the particle traces during
known exposure times. In this paper, experimental results using the first prototype system are presented.
Laboratory tests were performed using rotating pinholes to simulate in-flight particles, and plasma spraying
experiments were performed with commercial, standard spraying equipment operated with AD; and
NiCrAlY powders. The prototype instrument can be readily used to determine velocity and temperature
distributions of individual in-flight particles from the imaged region of interest of the plume. Dividing the
imaged area into smaller sections, spatial distributions of particle temperature, velocity, and number of
detected particles can be studied. The study aims to develop a technically simple, single imaging instrument,
which can provide a visual overview of the spray plume in combination with quantitative evaluation of the
most important spray particle parameters.

Keywords CCD camera diagnostics, imaging in-flight particle

agnostics, temperature, and velocity measurement ution, and spatial distribution of particles in the plume.

Optical methods suitable to study the in-flight particles can
be divided into point diagnostics versus imaging techniques and,
1. Introduction further, into methods utilizing external illumination versus pas-

sive methods. The latter methods do not use additional light

In industrial applications of thermal spraying, the need to en- sources to detect the particles, but rely purely on the spontaneous
sure constant coating quality and also the desire to reduce théight emitted by the hot particles themselves. The recent devel-
overall process costs have generated a need for improved coropment of CCD cameras of reasonable cost and yet sufficient
trol of the process. The fundamental control parameters insensitivity and time resolution make these instruments very at-
plasma spraying are the flow rates of plasma and powder carrietractive for on-line monitoring purposes, especially in industrial
gas, torch electric power, and powder port spatial adjustmentsapplications where simple-to-use and rugged instruments are fa-
together with the powder feed rate. The quality of the coating vorable. The possibility to obtain a visual overview of the spray
and the deposition efficiency are also influenced by any varia-plume in combination with quantitative evaluation of spray par-
tions in the powder quality and in the condition of the electrodesticle parameters underlines the attractiveness of imaging meth-
and the nozzle of the spray gun. However, there exists no uniods in comparison to measurement techniques, which provide
versal and unambiguous coupling between these control paraessentially only point information from the plasma plume. The
meters and the final spray result that could be used to select thetrength of imaging lies in its capability to submit an overall in-
optimum process control parameters under given conditions.dication of anomalies in the spray pattern, which could be mis-
According to their nature, nonintrusive, optical measurement interpreted or not understood at all by point diagnostics. Such
techniques provide the only practical way of obtainmsituin- phenomena could include, for example, background radiation
formation from the individual in-flight coating particles. Much  from bursts of plasma, clouds of fume originated from evapo-
research is, therefore, being devoted to the development of optirating powder material, or collisions between in-flight particles.
cal diagnostic methods to monitor the state of the sprayingThe integrated information from an extended region of the spray
processi->l Among the parameters of most interest are the par- plume gives a more reliable indication of the trend of operational
parameters than a measurement from one point of the plume

ii' ticle temperature and velocity distributions, particle size distrib-
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processing can be used to determine the relative spatial particle Magnified image showing

sure times needed to freeze the motion of the particles. Exposure

times in the nanosecond range together with order of magnitude

higher optical magnification would be needed to reliably resolve . L
particle sizes directly from the images. At the current state of ™™ { |~[

concentration and particle velocities in plasma spraying and that®#hstre particle dowhle images (-P
these parameters correlate clearly with the coating qufaify. , :"“ L Plusma plhme e
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CCD technology, this requires heavily light-intensified camera >
systems and is, therefore, because of both technical and eco Custom ™ 2=l
nomical reasons, more suitable to special laboratory use than fo double e CCD camen Ingas Frame foo selocisd
. K R . . g : age fromee from selecicd

continuous use in an industrial environm@rh addition to the LN negion of wnterest (RRO0)
particle velocity information, knowledge of the in-flight particle -
temperatures is essential for control of the spray process. PyroFig. 1 CCD camera setup for spectrally resolved imaging of the in-
metric methods have been commonly adopted already in theflight spray particles
form of point measurements for the particle temperature deter-
mination{*-3°l

The object of this paper is to discuss the possibility of adding
spectral resolving capability to a single, black-and-white CCD
camera system, and in this way to enable the use of imaging two
color pyrometry for individual particle temperature determina- I :
S . . . mage from 'h,-\
tion in plasma spraying. The study aims to develop a technically | -_—— [ ——
simple imaging instrument, which could provide a visual Il surface
overview of the spray plume in combination with quantitative i : ——

evaluation of the most important spray particle parameters.

Uvertapping
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2. Instruments

2.1 Measurement Principle

Figure 1 shows schematically the measurement setup devel
oped in this work for spectrally resolved imaging of the individ-
ual in-flight spray particles based on their spontaneous light
emission. The particles are imaged onto a CCD camera senso
with the aid of a custom designed dichroic double mirror. The
front and back surfaces of the dichroic mirror are designed to re-
flect different spectral bands and the corresponding first and sec
ond reflections produce spectral two-color double images of
single particles onto the CCD sensor. The orientation of the dou-
ble mirror with respect to the CCD sensor is selected to produce
an axial shift in the direction of the particle movement between
the images from the first and second reflections. The mirrorFig. 2 Signals determined from a double image of an individual spray
thickness and camera exposure time are selected to make the diparticle for subsequent temperature and velocity determination. Thg

; P ; : upper curve shows an integrated line profile obtained from the doublg
ferent wavelength band images of individual particles partially inegge using procedure, wh?ch is explai%ed in detail in Section 3.2. Thd

overlap each other in the middle. The purpose of this overlap isjower curve showing peaks A-D is obtained from the upper integrated
to help the particle identification and signal determination dur- line profile curve using derivation

ing the subsequent image processing.
Figure 2 describes schematically the determination of the

double image signals needed for the quantitative particle paramdistances between the derivative signal peaks, Ato B, or Cto O
eter calculations. The upper curve in Fig. 2 shows an integratecgive the length of the particle trace during the known exposurg
line profile obtained from the double image using procedure, time and are used for particle velocity determination. The trace
which is explained in detail in Section 3.2. In this curve, signals of the particle in the image frame can also be used to determi

S, and $, measured at different wavelength bands, are used tathe direction of the particle movement with respect to the fixed
determine the particle temperature by applying the principle of position of the camera. The absolute values of the particle an
two-color pyrometry?319-1219The middle part of the curve (S  background signal levels together with the properties of the de
+S,) corresponds to the overlap of the images formed by the sin-rivative signal peaks are used for particle image classificatio
gle particle. The lower curve showing peaks A-D is obtained prior to temperature and velocity determination. This classifica
from the upper integrated line profile curve using derivation. The tion is needed to analyze only particles that have high enoug
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Table 1 Technical specifications of the digital CCD cam-
era used in the prototype system
Second surface
(visible band) Sensor format 2/3-inch CCD black-and-white
Number of pixels 1288 1024 (horizontak vertical)
= Unit pixel size 6.7 6.7 um
= Spectral range 290-1000 nm
g Exposure time 100 ns-10 ms
W .
= . Maximum frame rate 7 frames/s
b First surface Dynamic read-out range 12 bits, 4096 gray levels
g (near-IR band) Full well charge capacity 25,000 electrons
s AJD conversion factor 5 electrons/count
> Read-out noise 7-8 electrons/readout
&= Average dark charge 0.1 electrons/pixel in second
Signal nonlinearity <0.3%
(photons to charge)
Spatial nonuniformity in darkness typical 1 count

i i ' j j i Spatial nonuniformity in brightness  typical 0.6%
400 500 600 700 800 900 CCD temperature stabilization -12°C (Peltier cooling)
Wavelength, nm

Fig. 3 Reflectance spectra of the first and second surfaces of the
dichroic double mirror - . .
length bands shown in Fig. 3. In practice, it was found that the

path difference of the mirror could be used to compensate for the
signal-to-noise ratio, are sufficiently well focused, are isolated axial chromatic aberration of the lens. The performance of the
from any other nearby particles, and are not blocked due to othemirror and the lens together is better than that of the lens alone,
particles in the line-of-sight. and thus sufficient for this application.

2.2 Dichroic Double Mirror and Imaging Optics 2.3 CCD Camera Characteristics

The reflectance spectra of the first and second surfaces of th  During earlier studie;® different types of CCD cameras
dichroic double mirror are shown in Fig. 3. The mirror was cus- have been tested for the in-flight particle imaging in plasma and
tom manufactured (Oplatek Ltd, Lejypa, Finland) by de-  thermal spraying. A nonintensified, black-and-white CCD cam-
positing multilayer dielectric coatings onto a 0.9 mm thick glass era was chosen here, because this study aims to develop a tech-
plate substrate. nically simple and rugged imaging instrument suitable for

The thickness of the mirror was selected to generate suitableindustrial environments. The camera mainly used during earlier
image separation on the CCD sensor together with optical magwork was an analog video camera (Flashcam, PCO Kelheim,
nification of the camera lens, which was found appropriate for Germany) equipped with a fast electronic shutt¢rs(fio 10 ms)
the visualization of the in-flight particles during the earlier stud- and with 756x 580 pixel resolution. The need for accurate sig-
ies!®-8 The selected 0.9 mm thickness was also found to providenal determination required in this study for the pyrometric tem-
sufficient mechanical rigidity for the mirror. The spectral band- perature measurement cannot, however, be met by using analog
widths were designed to be wide to compensate for the limitedvideo signal transfer. When using an analog video signal, the
sensitivity of the CCD sensor. The relative transmission of the final effective read-out accuracy of the A/D conversion at the
wavelength bands was designed to produce close to a 1:1 signframe-grabber board in the PC computer is normally below 256
ratio at the typical temperatures found in thermal spraying, andgray levels (8-bit), and also the dark signal level and overall sig-
especially in plasma spraying processes, taking into account alsinal-to-noise ratio tend to be rather high. The signal fidelity of the
the effect of the camera lens transmission and the CCD spectrganalog transfer signal can be further affected by electromagnetic
sensitivity. interference produced by the high current plasma arc.

The camera lens used in the prototype system is a standar  The camera selected for this study is a 4096 gray level (12-
35-105 mm zoom lens (Nikon Nikkor AF, Tokyo, Japan) bit) digital read-out camera (Sensicam SVGA, PCO Kelheim,
equipped with additiona#2 or+4 diopter close-up lenses. The Germany), where the signal from the camera is transferred to the
close-up lenses are used to achieve wider lens-to-object distancPC computer in digital formatia a fiber optic link. The CCD
maintaining at the same time the required image magnification.sensor of the camera has 128024 pixels and is Peltier cooled
In typical plasma spraying experiments, the width of the imaged to reduce dark signal level, and also to stabilize the overall sen-
region of interest (ROI in Fig. 1) in the plasma plume has beensitivity of the CCD. Technical specifications of the camera and
from 20 to 30 mm, and the corresponding height 16 to 24 mm.the detector are given in Table 1.

When using a 2/3 in. format CCD chip having an effective opti-  The CCD sensor of the camera is an interline progressive
cally active area of 8.8 7.0 mm, this corresponds to optical scan CCD (Sony ICX085AL, Japan) together with lens-on-chip
magnification between 0.44 and 0.29. technologyi*®! Some prime features of this type of a CCD de-

The non-negligible thickness of the dichroic mirror gives rise tector are provided as background for the discussion concerning
to an optical path difference between the images from the firstthe accuracy limitations in single particle imaging (Section 3.1).
and second surface reflections. However, the camera lens als The major advantage of an interline progressive scan CCD
has an axial chromatic aberration when operated with the wave-detector, and the fundamental requirement in this application, is
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Table 2 Specifications of the computer and software used  tion, the number of particles accepted for final processing in §
in the prototype system single image taken from the ROI varies from a minimum of a
few particles to several hundred particles. In a typical plasmg

CPUs 2x 350 MHz Pentium I ; ; ; ; ; ; U ;

Memory 256 MB RAM/12.8 GB hard disk  SPraying situation, single particle information is obtained at 50,
Platform windows NT to 200 Hz.

Image processing software LabvieWMAQ Vision Toolkit

Frame processing rate typical 2 full frames/s

paMaINay 1984

3. Data Processing

. . . . 3.1 Single Particle Imaging onto CCD Pixels
that it provides simultaneous electronically controlled exposure

time over the full frame without any external shutter mechanism.  The selection of the magnification of the lens optics is a com
This feature is essential to be able to construct reliable, full promise between imaging a rather large and representative pd
frame, fast electronic shuttergs) CCD cameras at reasonable of the plasma plume and being, at the same time, able to resol
cost. As a drawback, due to the intermediate storage and contrcreliably the images of single particles using the available pixe
structure areas between the adjacent pixels, the complete sensresolution of the CCD sensor. Imaging a single particle onto §
area is not light sensitive. Typically, the light sensitive surface minimum number of pixels is advantageous in achieving maxi
covers approximately 30% of the area of a single pixel unit. This mum detectivity and high signal-to-noise ratio, because then {
effect can be compensated for by using a lens-on-chip techniqgueminimum portion of the available photons is used to reach th
where a microlens is placed over every sensor cell of the chip tcdetection threshold in those pixels. Before reaching the thres
capture the light, which would otherwise fall onto the inactive old, the photons are lost without creating measurable increase
areas of the pixel unit. Using this technique, the active area ofthe pixel signal values. Dividing the light onto a larger amount
the single sensor is roughly doubled from 30% to 60 to 70%. of pixels increases the number of ineffectively used photons cre

To sum up the most important nonideal features of a CCD de-ated in this way. On the other hand, if only a small number of
tector concerning this type of application, the sources of error pixels are used, then the lower-than-100% active area of the pi
can be divided into two main categories. First, an interline pro- els can affect significantly the signal determination. The ratio of
gressive scan CCD has less than 100% active pixel area. Seconthe spectral signals measured from the double image of a part
a certain minimum amount of photons are needed in each pixecle for the temperature determination can change depending @
to exceed the detection threshold due to the above discussed irhow these images are located with respect to the active areas
herent sources of noigé*° These characteristics of the sensor a few individual pixels. If the number of illuminated pixels is
have to be taken into account, when considering the optimumhigher, then the number of pixels on the edge of the image co
method of imaging small and fast moving single particles in pared to the number of pixels within the image becomes smal
thermal spraying applications. This causes the two spectral signal values to be reduced still b
a constant factor corresponding to the active pixel area divide
by the area of the entire pixel unit, but it leaves the ratio of theg
spectral signals effectively unchanged.

A single, full resolution CCD image recorded with the proto- Typical optical magnifications used in this study were be-
type setup contains a total of over 1.3 million pixels and occu- tween 0.29 and 0.44. When the magnification of the lens optic
pies 2.5 megabytes of memory space. When the information ofis, for example, 0.3, a stationary @ particle will, assuming
the individual particles contained in such images is processecideal optical imaging properties, produce a i@ diameter
on-line to make the real-time process monitoring possible, thisimage on the CCD sensor surface. With a unit pixel size o
requires use of efficient computer hardware and software solu-6.7 x 6.7 um, the light would then fall onto only a few pixels. In
tions. Taking into account both practical and economical points practice, the movement of the in-flight particles causes the ligh
of view, the prototype data processing was based on standard Pto distribute over a larger number of pixels when the images o
computer technology and commercial image processing soft-particles sweep over the sensor surface during the camera exp
ware. Table 2 shows the main specifications of the computer ancsure time. This effect also determines an effective exposure tim
software used in the prototype. for the individual pixels, which is shorter than the gate time sef

Labview (National Instruments Austin, USA) is a widely to the camera. For example, if a particle is moving 250 m/s an(
used graphical programming language for instrumentation ap-the camera gate is set tqus exposure, then using an optical
plications. IMAQ Vision Toolkit (National Instruments) con- magnification of 0.3, the particle image moves a distance of 37
tains additional high-level machine vision and image processingum across the CCD sensor during the exposure. This distang
functions. The main benefit of this approach was an effective ap-corresponds to approximately 56 pixels in the prototype syste
plication program development, which included a capability to used here.
create easy-to-use user interfaces. The in-house written applica In addition to the movement of the particles, the sharpness @
tion software employs parallel processing using two separatethe focus of the particle images also influences the amount of il
CPUs and enables remote control of all camera settings. luminated pixels per particle. In the actual measurements usin

Using the equipment specified here, the prototype systemthe prototype system, the individual particle images are thug
captures and processes two full image frames per second pefformed by a minimum of several dozen up to a few hundred pix
forming all necessary image processing together with on-line els. This decreases the significance of the effect of the nonacti
presentation of the particle parameters. Depending on the situaareas of the pixel units, but increases the portion of light neede!

2.4 Application Software and Computer

Journal of Thermal Spray Technology Volume 10(1) March 2001
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Fig. 4 Typical raw image frame from plasma spraying of3lshow- 1 :
ing double images of single particles Filtered and Blob analysis  Hlob box

thresholded rmage coordinates

to achieve the detection threshold in the numerous pixels. If theFig. 5 First phase processing of the single particle images in the frame
spectral images produced by a single particle have the same sizc,

the latter effect would not, in theory, change the ratio of the spec- . o

tral signals. However, due to the achromatic effects of the imag- ~ *Hasimum values along venical lines

ing optics, this cannot be realized in practice. These effects will
be discussed further in Section 4.1.

3.2 Particle Detection Algorithms

The orientation of the double mirror with respect to the CCD !
sensor is selected to produce an axial shift in the direction of the Particle trace cemterline
particle movement between the images from the first and second
reflections. It is also possible to produce a vertical lateral shift Fi9- 6 Locating the centerline of the double particle trace image
between the images, but in practice it was found that the axial
shift with some overlap in the single particle images is advanta-
geous during the subsequent image identification and signal dethe edges of the particles and for smoothing and noise reduction.
termination. Thresholding the frame after the convolution operation produces
The original frame taken from the plasma plume representsa binary image frame, where the particles have pixel values of
the raw data that have to be filtered and processed to extract thunity and the background intensity is set to zero. This binary
guantitative information. A typical raw image frame from image frame is then used for blob analysis, where well-defined,
plasma spraying of AD; powder is shown in Fig. 4. distinct constant value areag,, blobs, are classified according
The double images of the individual particles are clearly vis- to their area and length. Blobs with too small an area are rejected,
ible in the frame, but they differ in intensity, level of focusing, because they represent particle images that have been split into
length, and orientation. Particle image pairs are randomly dis-two or more parts during the filtering process. These patrticles are
tributed over the frame and may also be partially overlapping. In poorly visualized in the original images and are not appropriate
addition, there is a background due to out-of-focus particles andfor temperature and velocity determination. Very long blobs are
possibly, emitting gases. Thus, the image processing methodabandoned too, because they are likely to represent two over-
should first classify the particle images so that clearly overlap- lapping images from different particles. Coordinates of the ac-
ping and badly focused images are rejected. In the next phasecepted particles are derived from the blob box coordinates of the
the potentially valid particle images are further processed to rec-reduced frame by multiplying them with the same factor by
ognize different parts of the image to determine the signalswhich the original image was reduced.
needed for analysis of temperature, velocity, and orientation. After determining the coordinates of the potentially valid par-
Figure 5 shows schematically the first treatment of the imageticles in the original frame, each particle image is further exam-
frame used to determine the coordinates of the potentially validined separately. The double image of each particle is in the next
particles in the original frame. The single frame containing phase analyzed using signal line profile techniques described in
1280x 1024 pixels is resampled to produce a quarter size (640the following. First, the orientation of the particle centerline is
x 512 pixel) reduced frame. This is necessary because the sukdetermined by taking vertical line profiles from the ends of the
sequent convolution filtering and thresholding operations are particle image and by finding tlyecoordinates corresponding to
performed on every pixel of the frame and become very time the maximum values in those profiles. This is schematically
consuming if applied to the original large frame. Convolution fil- shown in Fig. 6.
tering is a form of spatial filtering, where the new value foreach ~ When the centerline is found, a wider integration border is
pixel is determined based on the intensity of the pixel and its created along the centerline and an integrated signal line profile
neighborhood. Here, convolution filtering is used for enhancing is calculated along the centerline. This is shown schematically
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in Fig. 7 for a sharply focused particle and also for comparison
for an out-of-focus particle. The profile is integrated in exery
position of the centerline over the width of the border inythe
direction area in order to measure the total light emitted by the
particle. The purpose of the integration is to make the signal de-
termination less sensitive to the state of particle focusing.

In Fig. 7, the signal line profile is shown together with the 7 Jr_,__/ ,l‘" I.f IXTTTT
background signal level. The algorithm determines the back- - i %2 e { l‘-.\
ground signal by averaging the signal values in the ends of the {1 Detivdarive .-'I
line profile outside the particle image. To accept the particle for .| . | -ur-llﬂ\ AEE p \
further processing, the background signal measured at bothend 77| ﬂ\ ol \ _ = 1
must be equal within a given tolerance, typically within a few ol ~.,__.f_"n:"- ] 'U’EL { Mm—""m__

percent. Typically, Fig. 7 shows also the derivative signal cal-
culated from the integrated line profile. The beginning and end
of the different spectral sections of the double image can be
found by identifying the locations of the corresponding peaks in

é
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Fig. 7
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Integrated single line profile and derivative signal from the dou-
ble particle image. On the left side signals for a sharply focused parti

L ol s

the derivative signal. To be accepted as a valid particle, resultscle, and on the right side for an out-of-focus particle

of peak detection must fulfill the following conditions. First,

there must be exactly four peaks exceeding a given threshold
level in the derivative signal. Second, the distance between
peaks A and B, and the distance between C and D (Fig. 7), mus
be equal within an acceptable tolerance. Finally, the peaks A anc
B, or similarly C and D, must not be too close to each other. In
practice, these criteria give an effective and reliable way to dis-
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criminate between good and unacceptable particle images. The i
conditions for the number of peaks and minimum distance be-
tween the peaks ensure that there are no overlapping particles i
the image. The condition for the peak height controls the focus-
ing level of the particle. For out-of-focus particles, the peaks in {alibruied
the difference signal become shallower than the sharp peaks promumsgsres rilsdsnn
duced by well-focused patrticles. lamp
For the finally accepted images, particle velocity can be
straightforwardly calculated from the distance between the
peaks A and B, or C and D, respectively, knowing the exposure
time of the camera and the magnification of the optics. The two-
color pyrometric signal needed for particle temperature deter-
mination is the ratio of intensiti&& andS,. SignalsS, andS, are
calculated by summing the integrated intensity values from com-
parable areas between the peaks A and C, and correspondinglFig. 8 Rotating pinhole simulator for particle detection algorithm de-
B and D, in the integrated line profile. The background signal is velopment and for testing the accuracy of the particle temperature dg

subtracted from these signals before temperature determination™mnaton

Oiff-axis
marTar

Shifi ing with
respect bo focus

L

off-axis (angle 60, aperture 50 mm, and focal length 68 mm)
mirrors were used to focus the filament onto the disk without
chromatic aberration.

The temperature calibration of the double mirror imaging

Preliminary development of the particle detection algorithms system was performed by replacing the moving pinholes with g
and testing of the particle temperature measurement accuracstationary rectangular slit @2 mm) to achieve optimal signal-
were performed in the laboratory using a simulator setup shownto-noise ratio. The ratio of the two spectral signals was deter;
schematically in Fig. 8. The image of the filament of a calibrated mined as an average over the area of the corresponding imag
tungsten ribbon lamp (Osram Wil4G, Miinchen, Germany) was of the slit. This signal ratio was further recorded as a function o
imaged onto a rotating disk. The double mirror imaging system the lamp current and, thus, as a function of known filament tem
was focused onto the plane of this disk from the opposite side perature. A polynomial was fit into the calibration data, and the
The disk was furnished with 50 to 10@n pinholes to simulate  resulting calibration curve giving temperature as a function of
hot spray particles. The size and the virtual temperature of thethe signal ratio was stored in the computer memory.
pinholes are effectively of the same order as those of the spray When testing the accuracy of the particle temperature mea
particles, but the velocity of the simulated particles is signifi- surement using the moving pinholes, the objective of the simu
cantly lower, being only on the order of 10 m/s due to the lim- lation was twofold. First, it was used to determine the effect off
ited rotational velocity of the disk. Lofvnumber, parabolic ~ small object imaging onto the CCD pixels discussed earlier i

4. Experimental Results

4.1 Laboratory Tests with Pinhole Simulator

Journal of Thermal Spray Technology Volume 10(1) March 2009
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Table 3 Results of the rotating pinhole measurements
performed with the imaging system focused onto the disk 2675 1
and with and without using the random delay in the cam- 2650
era trigger. Exposure time was 11Qus and values are from X 2625
200 simulated particles per measurement iy
= 2600 1
Calibration lamp With random delay With constant 3 2575
settings trigger trigger c
o 258504 L -+~ [ T ¢ [ 1 L1 1
Tpinhole (K) Tpinhole (K) o
Current Tiamp Tonnoe () standard — Tynnoe (K)  standard £ 2475( 14.0A
(A) (K) average deviation average deviation ﬁ 2450 | (2518 K)
12.00 2333 2305 44 2299 42 2425 |
13.00 2431 2415 39 2401 33
14.00 2518 2511 39 2508 33 y T T T y T T T T ; ;
15.00 2631 2622 42 2604 29 -0 6 -6 4 -2 0 2 4 6 8 10
16.00 2746 2724 41 2738 37 Deviation from focus, mm

Fig. 9 Results of the rotating pinhole measurements performed vary-
ing the focal plane of the imaging system with respect to the location of
Section 3.1. To test this effect, the camera was triggered using ihe rotating disk and pinholes. Average values from 200 simulated par-
random delay, which caused the pinhole images to be locateclicles per measurement are shown as black dots and corresponding stan-
o . P . S dard deviations are given as error bars. Exposure time wag<s10
randomly within a different group of individual pixels in differ-  Negative deviation values correspond moving closer to the disk and pos-
ent frames. Second, the imaging system was shifted paralleitive values vice versa
along the optical axis to move the focal plane with respect to the
location of the rotating disk and the pinholes. This was done to
determine the degradation of the temperature measurement ac-
curacy when measuring out-of-focus particles. To simulate a realbands originated from the single particle have similar sizes on
situation better, this experiment was performed using the ran-the CCD surface. In practice, this also means that neither of these
dom delay in the camera trigger. images have the smallest possible image sizethe focus is
Table 3 shows the results of the rotating pinhole simulation not optimum at this location. Therefore, when moving away
measurements performed with the imaging system focused ontdrom this zero point, the ratio of the area of the visible and near-
the rotating disk with and without using the random delay in the infrared particle images on the CCD changes. The solid angle of
camera trigger. For each temperatiiig, of the calibration the light collection changes also, but this change is similar for
lamp ribbon, the measured average temperature of 200 simulateboth spectral images. At negative displacements, the area of the
particles, Tynnole IS given together with the corresponding stan- infrared image is larger than that of the visible image, and at pos-
dard deviation. The exposure time used in these measuremeniitive displacementsiice versaln the case of an ideal detector,
was 110us. the change of the image size would be compensated fully by the
Table 3 shows that the recorded average temperatures of thintegration of the signal from all illuminated pixels, but in the
simulated particles correspond within a few percent accuracy tocase of a real CCD detector, this cannot be entirely realized.
the temperature of the calibration lamp. The systematic trend taWhen the light is divided into larger amounts of pixels on the
measure slightly underestimated average temperatures waCCD, a larger amount of photons is also required to exceed the
found to be due to the drift of the calibration lamp and current minimum detectable signal level in each pixel. Thus, a relatively
source properties between the calibration of the system and thdarger part of the photons is wasted without creating a measur-
actual pinhole measurements. The standard deviations recordeable increase in the signal integrated from the illuminated pix-
using a random delay trigger are slightly higher than thoseels. At negative displacements, this reduction of signal takes
recorded using a constant trigger. In this temperature range, thplace more severely in the infrared image, thus leading into a
uncertainties represented by the standard deviation values corslight increase in the two-color temperature. At positive dis-
respond typically to a few percent of the recorded temperaturesplacements, the same effect causes the visible signal to be un-
During the calibration measurements, using the larger area slitderestimated, which causes the temperature value to fall short of
the standard deviations corresponded on the ordes°af this the true temperature.
temperature range. In a real measurement situation, the relatively poor particle
Figure 9 shows results of the rotating pinhole simulation image quality produced by larger deviations than approximately
measurements performed by varying the focal plane of the imag-+5 mm leads to rejection of those patrticles using the methods de-
ing system with respect to the location of the pinholes. For ascribed in Section 3.2. Therefore, in practice, maximum errors
given constant temperature of the calibration lamp (2518 K), 200caused by the out-of-focus effects to the average temperatures in
simulated particles were measured for each point usinged10  this temperature range are of the ordet26 K. Because the
exposure time and the random delay trigger. final results are averaged over the line-of-sight, in practice, the
From Fig. 9, it can be seen that there is a trend in the mearesulting error in the average temperatures is further compen-
surement error of the average temperatures as a function of desated.
viation from focus. The cause of this trend is explained in the  To test the capability of the imaging system to resolve small
following. In the best focus condition (0 mm), the optics are ad- changes in the particle temperature, rotating pinhole measure-
justed in such a way that the two images at different wavelengthments were performed by changing the lamp current in 0.1 A
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Fig. 10 Results of the rotating pinhole measurements performed with Fig- 11 Spectra recorded at distance of 110 mm from the nozzle of a

the imaging system focused onto the disk and changing the calibratior™4 plasma torch without and with particle feed,().

lamp current in 0.1 A steps between 14.00 and 15.00 A. Exposure time

was 110Qus and measurements were performed using the random delay

in the camera trigger. Average values from 200 simulated particles per

measurement are shown as black dots and corresponding standard deomponents: the thermal radiation from the particles, the ligh

viations are given as error bars emitted by the plasma in the measurement volume, and the lig
scattered by the particles irradiated by the plasma arc and t
surrounding emitting gases and neighboring particles. The rati

Table 4 Plasma spray parameters used in the experi- between the intensities of these different sources of light influ
ments. Slightly different parameters were used during the ences the accuracy of the temperature measuréiéht.
spectral measurements and are given in the text Prior to the in-flight particle temperature measurements, this
Al,O, (A6060) effect was studied by_ p(_arforming spectral_ly resolved measure
fused and NiCrAlY (A962) ments using a transmission diffraction grating spectrograph (Im
Powder type crushed spherical Spector V10, Specim Ltd., Oulu, Finland) attached between thg
Powder sizey(m) 5-45 53-106 digital camera and the camera |€fsThe lens settings (magni-
Nozzle diameter (mm) 6 6 fication 0.38) were kept similar to the ones for typical plasma
Icnilerfé?]rt ‘(j":;meter (mm) 6c1>65 63'08 spray measurements. The spectrograph hadan6®ide en-
Power (kW) 42.6 40.8 trance slit located on the focus plan_e of the camera lens. Durin
Argon flow (slpm 41 65 the measurements, the entrance slit was aligned laterally acro
g (slpm)
Hydrogen flow (slpm) 14 14 the plasma plume at the spraying distance, thus determining
';‘g%’ge‘;"’f‘;%r:g:g (S/'r?]’i‘:])) 3;2 2670 130um wide measurement volume laterally across the plume
Measurement/spray distance (mm) 120 140 The spectral image of this measurement volume was forme

through the spectrograph onto the CCD.

During the spectral measurements, the spraying paramete
were slightly different than presented in Table 4. The powde
steps between 14.00 A (2518 K) and 15.00 A (2631 K). Resultswas ALO; (Amperit 740.1) with a particle size range of 22.5 to
of this test are shown in Fig. 10 using averaging over 200 simu-44 um, and the powder port diameter was 1.8 mm. The arc cur
lated particles per measurement point, random delay in the camrent was also slightly higher (610 A and 44.6 kW) than given in
era trigger, and 11fs exposure time. A 0.1 A change in the Table 4. The spectra were recorded at the distance of 110 m
lamp current corresponds to a change &f approximately, in from the nozzle exit.
the filament temperature. From Fig. 10, it can be seen that thes  Figure 11 shows the emission spectra recorded from thg
changes in the average temperature can be reliably detected iplasma with and without particle feed. The effective spectral res
this temperature range. olution of the measurement was 3.5 nm. The lower curve
recorded without particles shows a relatively weak continuu
together with two noticeable spectral peaks. The upper curvg
recorded with the particle feed on shows a strong blackbody co

Plasma spraying experiments were performed using F4tinuum originating from the hot particles together with some
plasma guns (Sulzer Metco, Wohlen, Switzerland) operatedclearly distinguishable spectral line features. When integrating
under the spray parameters presented in Table 4. the signal over the measurement bandwidths of the imaging sys

The application of pyrometric temperature measurement totem (Fig. 3), however, the portion of the signal coming from the
plasma-sprayed particles is based on the assumption that effecspectral lines is small compared to the continuum signal. Thg
tively only radiation, which is thermally emitted by the particles strongest spectral peak can be identified to be due to Na (589
under observation, is collected with the measurement device.and 589.6 nm), which is contained in the powder in small quan
However, in reality, the collected light is composed of different tities as an impurity. Even very small quantities of Na can causé

4.2 Plasma Spraying Experiments
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strong interfering spectral lines, and therefore, the change of the

reflectance of the dichroic mirror from the first surface to the sec-Fig- 13 Division of imaged region of interest (ROI) into smaller sec-

. . . tions for determination of lateral particle parameter distributions. X-
ond surface was designed to take place in this wavelength rangxis values of the lateral distribution are given in detector pixel values

to have minimum interference from the likely Na emission.
In theory, the use of wide measurement bands, a practical ne-
cessity due to the limited CCD sensitivity, decreases the accu- Carrine o ~20 % Standard AlD4 Carvier gus 430 %
racy of the two-color pyrometric temperature measurement, but  wn s - S
on the other hand, it makes the measurement less sensitive to ir; gt )T g .
terference from individual spectral lines. — s ne
Figure 12 shows an example of particle temperature and ve-: == - s
locity measurements from plasma spraying experiments Using ™. s s s s w8 oo e smoam 8 w0 s o e o
Al,O; and NiCrAlY powders. The spray parameters were given
in Table 4. The camera exposure time for fastgDAparticles res 200 L
was 5us and for NiCrAlY, it was {us. The imaged region in the
plasma plume was in both cases 2822.4 mm. The center of

1
the imaged region was located at the spray distance (Table 4). - [M , ‘
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In Fig. 12, the distributions are calculated from 200 frames T I . T o - T
for Al,O;, the corresponding total number of accepted particles e
being 4854. For NiCrAlY, the data are calculated from 100 % 3 o Il S | w3 g
frames and 341 particles. = i - e

Figure 13 shows schematically the determination of lateral = ‘= = -
particle parameter distributions by dividing the recorded image T R g B o s ol B i
vertically into smaller sections. Lameral posishon, plued walkc

Figure 14 shows an example of lateral temperature, velocity,
and particle count distributions for A,. In this figure, the cen- Fig. 14 Lateral temperature, velocity and particle count distributions
ter column shows results recorded with standard spray parame®! Plasma sprayed fD; powder. The centre column shows results for
Table 4), and the left and right columns show resultsStan-dard spray parameters given in Table 4. Left column recorded with
ters (Ta , _ g carrier gas flow reduced 20%, and right column with carrier gas flow
obtained when the carrier gas flow rate was chafg@® from rate increased 20%. Average values of temperature and velocity are
the standard setting. From Fig. 14, it can be seen that the carriemarked in the graphs together with the total number of the detected par-
gas flow rate clearly affects the total number of detected parti-gg'tessiﬁetargsgfgéﬁ;“gmj'?gmgggaﬁﬁg féi’:ﬁ?ﬁm@fﬁﬁ?%giﬂw?nblﬁgk
oo : ! Con e
cles . 'and also the qurespondlng lateral partlcl_e d|§tr|but|on. text. On x-axis scale 1024 pixels correspond to 22.4 mm in real phys-
In this case, the particle feed was from the direction corre-jca| dimensions.
sponding to the highest pixel values in #haxis of the graphs.
It should be noted that the lateral particle distribution is based
purely on the number of the detected particles and is thus more
informative than a simple brightness distribution of the plume. commercial optical in-flight particle sensor (DPV-2000, Tecnar
A clear effect of carrier gas flow rate adjustments can be seenAutomation, Québec, Canada). The measurement volume (<1
too, in the particle velocity distributions, the corresponding mn?¥) of this sensor was located in the center of the imaged area
change in the temperature values being not so distinct. and on the centerline of the plasma plume. The velocities mea-
The black dots marked in the temperature and velocity dis-sured by both methods show good correlation. The correlation
tributions in Fig. 14 show corresponding point measured aver-in the particle temperatures is not equally good, but it should be
age values recorded during the same test runs using eeptin mind that these instruments measure a different group of
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particles due to the differences in the validation of the detectedCCD detector characteristics described in Section 2.3. The fad
particles. The slightly lower detection sensitivity of the proto- development of the detector technologies is prone to give ne
type imaging system presumably excludes the smallest ancpossibilities to realize some improvements in this respect in thg
hottest particles, thus lowering the measured average temperefuture. Use of more sophisticated calculation algorithms could
tures. Measurement systems use different measurement wavealso be used to further compensate for those uncertainties in t
lengths and systems were also calibrated independently usindetermined signals, which are caused by the distribution of thg
different calibration sources. The prototype was calibrated single particle images onto varying amount of pixels. The future
against a tungsten ribbon lamp (Osram Wil7G, Mtinchen, Ger-progress in the power of personal computers can be used to i
many), and no additional correction for emissivity as a function crease significantly the frame processing rate even if more co
of wavelength or temperature was applied in these preliminaryplicated calculation algorithms are adopted. The performance o
tests. the optics of the prototype can also be significantly improved b
the use of a higher quality lens system, which is better optimize
to work together with the dichroic double mirror.
5. Discussion and Conclusions The approach to combine measurement of multiple in-flight
particle parameters in a single passive instrument is advantd
The aim of this work has been to investigate the possibilities geous considering industrial on-line process monitoring appli
of developing a rugged, simple passive imaging instrument, cations. The physical size of the equipment should be mad
which can provide visual information of the spray plume in com- compact, which is important in applications where the optical
bination with quantitative evaluation of the most important spray head should be attached directly to the torch manipulated by
particle parameters. Thus, the aims of the design have been trobotic system. The size of this type of an imaging system cal
achieve system simplicity and low cost rather than to achievebe made reasonably compact, the limiting factor being the siz
maximum scientific accuracy in the particle parameter determi- of the optical parts rather than the size of the camera and ele
nation. Large measurement area compared to point measuretronics.
ments provides an overview of the state of the process, anc The ultimate accuracy of the single, passive imaging instru
information from a representative group of particles, and thus ment in determining the various single particle parameters will
has potential for better sensitivity in detecting significant devia- fundamentally be more limited than the accuracy of method
tions in the spray process. specialized for a certain particle parameter or of methods usin
The instrument presented here can be readily used to deterexternal illumination. Nevertheless, the method developed i
mine velocity and temperature distributions from individual in- this work seems to offer some interesting and promising possi
flight particles. Spatial distributions of these particle parametershbilities for future on-line process optimization and monitoring
can be presented by dividing the imaged area into smaller secpurposes.
tions. Particle velocity and temperature information is compara-
ble between different spray processes and spray materials
However, it should be kept in mind that changes in the particle Acknowledgments
detection criteria also have an effect on the detection limits, and  The contribution of technician Antti Lepisto in constructing

this can further affect the recorded parameter distributions. the hardware of the prototype system is gratefully acknowl-
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velocity and temperature information. Empirical knowledge of
these parameters can be utilized to optimize the process, or thei
temporal behavior can be used to ensure continuous coatin(References
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