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Effect of Spray Particle Trajectory on the
Measurement Signal of Particle Parameters
Based on Thermal Radiation
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The influences of the dimensions of optical components and the trajectories of spray particles on the varia-
tions of the waveforms of the radiation signals from the spray particles were studied both theoretically and
experimentally for correct simultaneous measurement of the particle parameters including particle velocity,
surface temperature, size, and spatial distribution. Two types of filtering masks, including single-windowed
and dual-windowed, were used as models in the current study. The evolution of the radiation pulse from a
moving thermal spray particle was simulated through the change of the projected area of the particle image
spot on the filtering mask window. The experimental detection of the thermal radiation pulses was per-
formed for the high velocity oxygen fuel (HVOF) process using an optoelectronic measurement system.

The theoretical simulation clearly showed that the characteristic waveforms of the thermal radiation
signals from the spray particles are varied with the distance and orientation of the trajectories of thermal
spray particles with respect to the ideal image plane of the filtering window plane. The typical variations of
the characteristic waveforms obtained theoretically have been observed experimentally with HVOF spray-
ing. The waveforms expected theoretically were correlated well with those observed experimentally.

The characteristic waveforms of the radiation signals from the spray particles in a trapezoid shape with
a saturated top platform contain the information for spray particle parameters including velocity, surface
temperature, size, and spatial distribution. With the dual-windowed filtering mask, the particle velocity can
be correctly measured with the bi-peak radiation signal in triangle- like shape, and the surface temperature
may be estimated reasonably. However, the particle size cannot be estimated correctly. It was revealed that
the characteristics of the waveforms were remarkably influenced by the image spot size. Therefore, the
expansion of the image spot based on the relation between the image spot size of an in-flight particle and
optical lens parameters obtained optically was discussed. The influence of the image spot size on the wave-
form characteristics was examined.

locity within the bright core of a plasma jet with a high accuracy.
Those techniques generally required precise alignment of opti-
cal components. Moreover, it was difficult to apply those meth-
ods to a dense stream of particles under conditions for coating
production.t

From the middle of the 1980s, a novel method to simulta-
neously measure particle temperature, velocity, and size using
an optical diagnostic technique was proposed.[**! This method
was based on the detection of thermal radiation emitted by the
in-flight particles at a high temperature. Based on the work of
Moreau et al., the commercially available particle condition
monitoring system, the DPV-2000 system (Tecnar Automation,
QC, Canada), was developed.[®! During the measurement of
spray particle parameters, a well-separated bi-peak pulse was
selected for the evolution of particle parameters that corresponds
to the particle passing near the focal plane; other types of signals
were not taken into consideration and were completely ne-
glected.[! With this selection of signals, only the signal from
particles near the focal plane were sorted out, which yielded par-
ticle velocity with good accuracy and surface temperature with

Keywords in-flight particle velocity, particle size, radiation pulse
signal, simultaneous measurement of particle param-
eters, spatial aberration, spray particles, surface tem-
perature, thermal radiation

1. Introduction

The properties of a thermally sprayed coating are generally
influenced by a number of spraying parameters. Most important
are those parameters that influence the particle condition, such
as in-flight velocity, surface temperature, and particle size.
Therefore, control of the particle condition parameters is essen-
tial for the optimization of coating properties and study of the
coating deposition process.!'! During the late 1970s, with the
development of optoelectronics, several methods based on laser
velocimetry such as LDV and L2V were applied to measure
the velocity of in-flight particles in the thermal spray process.
Those methods were able to measure the in-flight particles’ ve-
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reasonable accuracy assisted by the calibration. Therefore, the
system has been applied more widely to the measurement of
particle condition parameters from plasma spraying,!’-'*!
HVOF,!"*'") and the arc spraying process.['®) Practically, vari-
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Fig.1 Schematic diagram of the setup of the optical components in the measurement system

ous types of pulses, from a well-separated one to a considerably
superimposed pulse, are detected during measurement.

A system based on a principle similar to DPV-2000 with
more rapid evolution of particle parameters aiming at on-line
control of the spray process was recently developed.!'®! Another
recent investigation illustrated that an offset of in-flight particle
trajectory from the focal plane not only results in the decrease in
magnitude of the signal, but also in the variation of the signal’s
waveform from a rectangular shape to a triangle-like one.*”!
The result implies that the selection of a valid signal may influ-
ence measurement accuracy of particle parameters, especially
with the measurement of particle size. This is because the mag-
nitude of the signal from a particle at the same condition may be
changed owing to the change of trajectory with respect to focal
plane. But the particle size is determined by the magnitude of the
signal detected from a spray particle. However, up to now, there
has been a lack of theoretically comprehensive analysis of pulse
signal evolution, subsequent pulse configuration, and variations
of pulse waveform. The current study into the evolution of the
pulse waveforms emitted by thermal spray particles revealed
that the pulse waveforms could be altered by the design of an
optical system and the spatial trajectory of the spray particle in
the measurement region. Consequently, variations of the pulse
waveform occur, which significantly influence the evolution of
particle parameters.

Here we describe a model system comprised of single or dual
transparent window filtering masks with dual color-filtering
channels. The system was used for the detailed theoretical analy-
sis of the evolution of the optoelectronic signal waveforms and
experimental investigation to clarify the factors that influence
the evolution of particle parameters through thermal radiation.

2. A Theoretical Model of the Radiation
Signal by a Thermal Spray Particle

2.1 The Optical Model

The general setup of the optical sensor head in the measure-
ment system is depicted in Figure 1. A filtering technique was
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used to obtain optoelectronic pulse signals associated with par-
ticle movement. The optical sensor head consisted of an aperture
diaphragm, a set of lens L, and a filtering mask placed onto the
front-end plane of a transmitting optical fiber. The effective in-
cident diameter of the fiber was 2 mm. Two types of square
transparent windows were used as a filter mask; the first with
one window and the other with two windows, as shown in Fig.
2(a) and (b), respectively.

Figure 3 schematically shows the geometrical relation be-
tween the lens set L, inside the optical sensor head and spraying
jet. Based on the principles of geometrical optics, the filtering
mask plane in the sensor head will form an image plane outside
the sensor head. When the radiation from a hot in-flight particle
carried by a jet is transmitted through the optical lens set L, it
will form a corresponding image spot at the plane where the
filtering mask was placed. Through the modulation by the win-
dow(s) on the filtering mask, the movement of such an image
spot is converted into an optical pulse signal.

Since the size of the spray powder is smaller than 200 pm in
diameter, an individual particle can be considered as a dot-sized
lamp-house. Therefore, its image can be considered as an image
spot. On the other hand, the depth of the focus of the lens set
leads to the spatial expansion of the image of the filtering mask
as shown in Fig. 3. Moreover, most particles will randomly pass
through the expanded image area of the filtering mask rather
than the theoretical image plane. This implies that the positions
of the image spots of most spray particles will be apart from the
ideal filtering mask plane at the direction of primary axis of the
optical lens set. The intersected area of the radiation beams from
the image spots and the plane of filtering mask present a series of
“ellipse” zones. Because the offset of the image spot to the mask
plane and the diameter of filtering mask are much smaller than
the distance from the optical center of the lens set to the mask
plane, the length of the long axis of the “ellipse” is approxi-
mately equal to the length of the short axis. It can thus be con-
sidered as a circular zone.

When a particle passes through the measurement zone and
the radiation from the particle passes through this circular area,
a pulse of light intensity will appear behind the filtering mask,
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Fig. 2 Schematic diagram of the models of filtering window: (a) single-window model, (b) dual-window model
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Fig. 3 Schematic diagram of the effective flame zone where the radiation can reach to the filtering mask from the in-flight particle

with time. However, only the particles passed through the image
plane of the filtering mask correspond to the theoretical image
spot size on the filter mask. The image spot on the filter mask
from other particles, without passing along the image plane, cor-
responds to an expanded spot. Such a spot carries the maximal
effective thermal radiation energy that can be transmitted to the
mask plane by the lens set, due to the limitation of the aperture
diaphragm. The expansion of the image spot will influence the
characteristics of the waveform of the modulated pulse signal.

2.2 The Radiation Signal by a Single-Window
Filter Model

For the radiation of a hot particle, it can be reasonably sup-
posed that the thermal radiation energy from the dot-sized lamp-
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house is uniformly distributed on the image spot expanded on
the filtering mask. Compared with the distance from the particle
to the front-end of the lens set, the offset of the particle from the
image plane of the filtering mask is quite small, which does not
remarkably change the thermal radiation energy from the par-
ticle entering the lens set. Consequently, the intensity of the sub-
sequent radiation pulse modulated by the window will be pro-
portional to the projected area of the image spot on the masking
window, as shown by Fig. 4. As aresult, the final intensity of the
pulse signal converted optoelectronically from the original op-
tical pulse must be proportional to the projected area of the im-
age spot on the masking window. Therefore, the evolution of the
radiation pulse from the spray particle can be theoretically simu-
lated through the change of the projected geometrical area of the
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Fig.4 Schematic diagram of the projecting effect of an expanded im-
age spot corresponding to the evolution of radiation pulse signal with
the single-window filtering mask

expanded image spot on the masking window against the dis-
placement along the x axis as shown in Fig. 4. For the compari-
son, intensity of the pulse peak was normalized using a maxi-
mum spot area in the following simulating calculation.

Supposing that H and B are the height and width of the trans-
parent window on the mask, respectively, and H is much larger
than the diameter of the light image spot D, the variations of
pulse signals can be divided into four types depending on the
relative ratio of B to D,. Those four types correspond to the fol-
lowing conditions:

Typel: Dy<B

Type II: B = Dy

Type III: D,/2 <B <Dy
TypeIV: B<D,/2

Using the maximum projected area in each case mentioned
above as an indication of corresponding maximum intensity to
normalize the pulse signal, the characteristic waveforms repre-
senting the pulse signals in each type can be expressed as shown
inFig.5.8s and S, represent the total effective radiation and
the maximum radiation in each type. It can be found that the four
types of signals show different characteristic waveforms. Type I
and Type II are referred to as a curve-sided trapezoid and a
curve-sided triangle, respectively. Type III and Type IV are re-
ferred to a rounded hill shape.

With a Type I signal, when the image spot enters the window
area, with an increasing exposure of the spot in the window, the
intensity of radiation from the particle becomes strong gradu-
ally. After the spot fully enters into the masking window, the
whole effective radiation of the particle passes through the win-
dow and the most intense radiation is obtained. This maximum
will be maintained at a saturated level (S5 ) until the image spot
reaches the other side of the masking window. With a Type II
signal, as soon as the spot enters the window area and the inten-
sity of the pulse reaches the maximum Sg_, it reaches to the
other side of the window wall. Therefore, a symmetrical tri-
angle-like pulse is formed.

With Type I and Type II pulse signals, the half-width at full
maximum (HWFM) of the signal peak corresponds to the width
of the transparent window on the filtering mask. The maximum
level of the pulse is proportional to the radiation from all of the
effective surface area of the spray particle. Therefore, the par-
ticle velocity, surface temperature, and particle size are directly
related to the HWFM, and the maximum height of the pulse,
respectively. Moreover, it is evident that Type II is an ultimate
case of Type I.
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With Type III and Type IV pulse signals, as shown in Fig.
5(c) and (d), the HWFM of the pulse signal becomes larger than
the width of the masking window and the maximum of the pulse
becomes less than the maximum (Ss ), which is proportional to
the effective surface area. Therefore, the current maximum ra-
diation does not contain information of particle size and the
HWFM is not associated directly with the particle velocity. On
the other hand, the full width of the pulse at ground level corre-
sponds to the width of the masking window plus the diameter of
the image spot. However, it is rather difficult to obtain the char-
acteristic values practically, such as the total width of those
peaks at ground level, due to the background noise involved in
practically signal. As a result, it is difficult to obtain particle
velocity and impossible to obtain the particle size with those
types of pulse signals. Therefore, when a single transparent win-
dow-filtering mask is used, it is necessary to use a window with
a width larger than the image spot size of the particles.

2.3 The Radiation Signal by a Dual-Window Filter
Model

With a dual-window filter, besides the effect of the relative
ratio of the width of the window to the image spot size on the
variations of pulse signals similar to the single-window model,
the interval (A,) between two windows relative to the image spot
size (D) also has a significant effect on the characteristics of the
waveforms of the pulse signal. Figure 6 shows a model of a dual-
window filter for the investigation of the variations of signal
pulse waveforms. For simplicity, the calculation was performed
for typical combinations of the masking windows’ dimensions
and the image spot sizes.

Figures 7-9 depict the effects of A, and D, on the simulated
waveforms of the pulse signals under different masking win-
dows’ dimensions. It can be found that when the interval is
larger than the image spot size, a couple of separated curve-sided
trapezoid pulse signals are formed. With the decrease in the in-
terval to less than Dy, as shown in the first columns in Fig. 7-9,
the dual peaks approach close gradually, to become overlapped.
The degree of such overlapping becomes more remarkable as A
becomes much less than D. In the ultimate case of A, = 0, the
dual peak becomes one single peak. On the other hand, with the
increase in the image spot size, the fraction of the projected area
of the spot size on the window relative to the whole spot size is
decreased. This means that the effective radiation from the spray
particle will be decreased. Moreover, the overlapping of the dual
peak occurs at a larger window interval. Consequently, the vari-
ous pulse signals in various waveforms can be obtained. Figures
8 and 9 show the effect of the interval of dual-window on the
waveforms of pulse signals under the condition of B < Dy/2. All
pulse signals give a maximum much less than the saturated level
of effective radiation corresponding to the area of the image
spot. The effect of the overlapping on the patterns of the wave-
forms becomes more remarkable. Comparing signals in Fig. 9
with those in Fig. 8, it is clear that the height of the windows
mainly influences the overall level of the signal when the image
size becomes larger than the height.

Therefore, it is clear that with the dual-window filtering
mask, the dimension of transparent windows (B,, H,, B,, H,)
and the window interval will significantly influence the subse-
quent waveforms of the pulse signals. The effects of those pa-

Volume 12(1) March 2003—83

Y
o
o
Y
S,
S
o
Q




3
2
2
]
c
L
8
Q

mrin

{a) Type T X

S

(¢) Type IIT x

S (5. )

Ty Smiay

itk

nrin

(b) Type 11 X

b mm i e

[
moer

eff
=
Il
=
u
t":
R

/ HWFM of the e
i

(d) Type IV x

Fig.5 Schematic illustration of typical waveforms of four types of radiation signals: (a) Type I: B> Dg; (b) Type Il: B=D; (¢) Type lll: D;> B >

Dy2; (d) Type IV: B< D2

rameters should be taken into consideration during the design of

the windowed filtering mask to obtain near dual trapezoid-
shaped peaks.

3. The Effect of the Particle Offset From
the Theoretical Mask Image Plane on
the Expansion of the Image Spot

The previous results clearly show that the image spot size has
significant influence on the resulting waveforms of the pulse
signals. When the image spot size expands to over the interval
between the windows, overlapping of the dual peaks becomes
significant. Such overlapping will make the extraction of useful
information from the waveform pattern difficult. Regarding the
expansion of the image spot, as shown in Fig. 10, there are two
factors that influence the size of the expanded image spot. Those
factors are the offset of particle position to the ideal mask image
plane along the axis of the optical lens set and the effective op-
tical aperture of the lens set.

In the spatial zone where the radiation from the particle can
be transmitted partially or entirely to the mask, when the trajec-
tory of an in-flight particle is not in the ideal image plane of the
mask, field aberration will occur. As a result, the image spot will
be expanded on the mask plane independent of spray particle
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Fig. 6 Schematic diagram of the projecting effect of an expanded im-
age spot corresponding to the evolution of radiation pulse signal with
the dual-window filtering mask

size. The radiation from the spray particle will be transmitted
onto the mask plane through an expanded image spot zone in-
stead of an ideal image spot of spray particle.

Under this condition, the diameter of the expanded image

Journal of Thermal Spray Technology
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Fig. 7 Effects of A and D, on the simulated waveforms of the pulse signals. The signals in the top row were calculated for single-window filtering
mask under B = H = 1.4 mm. All other signals were for dual-window filtering mask under B, = H, = B, = H, = 0.6 mm

spot of the particle can be derived optically as the functions of
the offset (Ax) and the effective aperture (D) as follows:
When Ax >0,

Dy=D %« Ax Eq 1l
s .(f+x(’))(x0+Ax)—x(’)-Ax (Eq 1)
When Ax <0,

Ds=D % Ax Eq2
ST .(f+x('))(x0+Ax)—x(’)-Ax (Eq2)

where fis the focus length of the main lens set, x, the object
distance, and x,,’ the image distance, respectively. In the present
system, D, f, x,, and x,,’ were set to 20 mm, 35 mm, 70 mm, and
17.5 mm, respectively. Under these geometrical conditions, the
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effects of the offset and effective aperture on the diameter of the
expanded image spot were estimated.

Figures 11 and 12 show the variations of D, with the effective
aperture and offset of the particle under both Ax >0 and Ax <0,
respectively. The D, was plotted as lines of equivalence.

From the above results, the diameter of the expanded image
spot is determined from the combination of the offset and the
effective aperture. It can also be recognized that the expansion of
the image spot is more remarkable under the condition Ax < 0
compared with that under Ax > 0.

Under the condition Ax > 0, when the offset is given a value
of 20 mm and the dual-window filtering mask shown in Fig. 2(b)
is used, the effective aperture of the lens set should be controlled
below 7.4 mm to ensure that the diameter of the expanded image
spot is smaller than the width of the masking window. When a
single-window mask is used, the diameter should be controlled
below 16.8 mm. On the other hand, under the condition Ax <0,
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Fig. 8 Effects of A  and D, on the simulated waveforms of the pulse signals under B, = B, =0.2 mm and #, = H, = 0.6 mm

the apertures for dual-window and single window masks are re-
quired to be less than 5.1 mm and 11.2 mm, respectively.

However, it should be noted that the total intensity of the
radiation, which can pass through the lens and reach the mask
plane, is proportional to the square of the effective aperture. The
decrease of the effective aperture will result in a significant de-
cay of the intensity of the radiation from the hot in-flight par-
ticle. For the practical optical system, the selection of an aperture
large enough to ensure the intensity of the radiation signal is
necessary.

4. The Effect of Spatial Distribution of
Particles on the Characteristics of
Radiation Signals

The previous results clearly show that the offset of particles
from the ideal mask image plane leads to significant expansion
ofthe image spot on the mask plane. The degree of the expansion
is increased with the increase in the offset. On the other hand,
this expansion leads to the variations of the waveforms of the
radiation signals. Because an in-flight particle may travel with a
certain angle to the axis of the flame jet, the offset of the particle
may vary during its passing through the effective measurement
zone. Therefore, it is necessary to study the effect of particle
trajectories on the expansion of the image spot and subsequently
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on the waveforms of the radiation signal. Figure 13 schemati-
cally shows the spatial zone that spray particles pass through
during HVOF spraying. To reveal the significance of the influ-
ence, the following four cases were considered. In all cases the
trajectory of a spray particle is regarded as a straight line. The
effective projected area of the image spot on the masking win-
dow is still taken as an indication of the radiation intensity from
the spray particle.

1) Case . The trajectory of a spray particle is parallel to the
torch axis y, and the particle only has an offset. Such an
offset will influence the subsequent waveforms of the radia
tion signals through the expansion of the image spot size.

2) Case II. The trajectory of the particle is in the plane par-
allel to the yoz plane and is inclined by an angle (o) to the
xoz plane. In this case, the offset of the particle Ax is still
a fixed value, but its vertical position varies with distance
due to the inclination of the particle trajectory with the
xoz plane. From most HVOF conditions, it was estimated
experimentally that « is generally less than 6.8° with the
HVOF system used in the current study.

3) Case III. The trajectory of the particle is in the plane par-
allel to the xoz plane and inclined by an angle ($3) to the
yoz plane. In this case, the offset of the particle is varied
with traveling owing to the inclination of the trajectory
to the yoz plane. The angle 3 was also generally less
than 6.8°.

Journal of Thermal Spray Technology
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Fig. 9 Effects of A, and D on the simulated waveforms of the pulse signals under B, = B, = 0.2 mm and H, = H, = 1.0 mm

4) Case IV. The trajectory of the particle is an arbitrary
straight line inside the cone of jet flow. This condition can
be considered as the superimposition of the Cases (2) and

3.

4.1 Asymmetrical Deformation of the Signal
Peaks by a Single-Window Filter Model

Using a single-window filtering mask as shown in Fig. 2(a),
the variations of the pulse signal from the radiation of the spray
particle were simulated for the above mentioned Cases 2, 3, and
4. Figure 14 shows the typical results for each case.

From these results, it can be found that the characteristic sig-
nal peaks in the trapezoid shape are deformed due to the incli-
nations of particle trajectory to the torch axis. It is clear that the
inclination o mainly causes the deformation of the height of the
trapezoid peak for the particle, the image of which is partially
shielded owing to the encounter of the image spot with the top or
bottom border of the masking window. The inclination 3 will
cause an asymmetrical elongation of the signal. Those results
indicate that the pulse signal from the radiation in the trapezoid
shape will experience certain deformation owing to the arbitrary
trajectory of the spray particle in the flame jet.

Based on the estimated values of a,,,, and B, for the
present HVOF flame jet mentioned previously, the deformation
will not significantly affect the extraction of the characteristic
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parameters from the radiation signal for the estimation of par-
ticle parameters. However, for a particle stream with a large di-
vergent angle, such an effect would be significant for the deter-
mination of particle parameters.

4.2 Asymmetrical Deformation of the Signal
Peaks by Dual-Window Filter Model

With the dual-window filtering mask as shown in Fig. 2(b),
when both the width and height of each window and the interval
gap between the two windows were set to 0.6 mm, the typical
waveforms of the radiation signals obtained by numerical simu-
lation are shown in Fig. 15 to correspond to the three different
cases.

It is clear that the asymmetrical deformation of the signal
waveforms occurs more significantly owing to the inclination of
the particle trajectory to the axis of the flame jet. The waveform
of'the second peak in the bi-peak signal becomes more dissimilar
to the first one. This asymmetrical deformation of the peaks
causes the difficulty to determine characteristic peak parameters
and leads to the occurrence of a serious error in the determina-
tion of spray particle parameters. Compared with the deforma-
tion of the radiation signal with the dual-window filtering mask,
the deformation of the radiation signal obtained by the single-
window filtering mask is reasonably tolerated under the condi-
tions in the current study.
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5. Experimental Correlations

5.1 System Set-Up

Figure 16 schematically shows the setup of the integrated
system for the experiment. The distance from the theoretical im-
age plane of the mask plane to the front end of the optical sensor
head was 70 mm, following the optical lens system design to
protect the optical sensor from the effect of the hot jet plume.
The light beam emitted by the in-flight particle was projected on
the mask plane by the optical lens set. Subsequently, an image
spot of the particle was formed on the mask plane. After being
filtered by the transparent window(s), the light beam was guided
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Fig.12 Effects of offset Ax and effective aperture D on the diameter of
expanded image spot D, under the condition Ax < 0 (unit: mm)

along an optical fiber and split into two light beams of equal
radiation intensity by a half-mirror. Two beams were filtered by
two monochromatic filters with 650 + 5 nm and 770 + 5 nm pass
bands, respectively. The two beams were then transmitted by
two optical fibers into two channels of optoelectronic conver-
sion/preamplification modules with the same electronic param-
eters. The photosensitivity can be adjusted by an adjustable pre-
amplifier in three gain levels: 30, 300, and 3000 mV/pW.
Subsequently, electric pulse signals with a magnitude of (100
~999) mV were output by two channels. The signals were re-
corded by a personal computer through an Industry Standard
Architecture (ISA) bus sampling card. The acceptable signal
voltage level of the sampling card is £1 V, and the maximum
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Fig. 13 Schematic illustration of the spatial zone where thermal spray particles pass in straight trajectories

sampling frequency of the card was 30 MHz. Because there were
four basic frequency clock options (30, 20, 2, and 0.2 MHz) and
four frequency divider options (1, 2, 4, and 8), an appropriate
working mode of the sampling board could be easily accommo-
dated.

5.2 The Determination of Particle Parameters
From the Thermal Radiation Signals

5.2.1 The Particle Velocity. With the present system, the
time (¢) for an in-flight particle to pass through the image area of
the filtering windows in the image plane of the mask is equal to
the time for the particle’s imaging spot to pass through the real
transparent windows on the mask plane. The moving speed of
the image spot of a particle and the actual moving velocity of the
particle fulfill the optical leverage relationship. This yields the
expression v,/l; = v/l = t, where [ is the characteristic length of
the image of filtering mask, /, the characteristic length of the real
masking window, v, and v; the particle velocity and image spot
moving speed on the filtering mask plane, respectively. With the
single-window filtering mask, [, is actually the width of the
transparent window; while with a dual-window mask, /, corre-
sponds to the interval between the centers of two windows. Un-
der an ideal imaging situation, /;//, = M,,, where M, is the mag-
nification of the optical lens set. Therefore, the following
equation can be used to calculate the particle velocity:

Vp = M0 . Vi (Eq 3)

when the image spot of an in-flight particle moves on the mask
plane, the intensity of light radiation from the particle is modu-
lated into a pulse signal through masking window(s) as shown in
Fig. 17. From such pulse signals, the characteristic time can be
obtained and the velocity of image spot v;, and subsequently,
particle velocity v, can be calculated.

5.2.2 The Surface Temperature. The surface temperature
of the in-flight particle is obtained by using the technique of
two-color pyrometry with two monochromatic radiations from
two-color filtering channels as shown in Fig. 16. The radiation
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intensity from an objective is the function of its temperature and
the wavelength of the radiation. The ratio of the radiation inten-
sity at two different wavelengths can be expressed as follows:

E, € MY (it
R _ﬂ=£.<_2> a5 (Eq4)

If two close wavelengths \; and A, of the two-color filters are
properly chosen, the ratio of &, /e, is reasonably equal to the
unit. As aresult, the particle temperature is related to the ratio of
radiances as follows:!!

11 | ST
T,=c,- VY | In Rg — 5In N, (Eq5)

Here T, is defined as the two-color radiation ratio tempera-
ture, where ¢, is the second radiation constant of Planck’s Law.

5.2.3 The Particle Size. According to the Stefan-Boltz-
mann’s law,?? the total radiation per unit area from a gray body
(E) at temperature (7)) can be expressed as follows:

E=¢-E,=¢-0c-T* (Eq 6)

where ¢ is the blackness coefficient of a gray body and o is the
Stefan-Boltzmann’s constant.

From the shielding effect of the filtering mask to the ex-
panded image spot discussed previously, when the diameter of
the expanded image spot is smaller than the width of the filtering
window, the waveform from the radiation signals will take the
shape of a curve-sided trapezoid. Ideally, the top of the trapezoid
forms a platform and reaches to a maximal “saturated” level that
is proportional to the radiation from the whole effective particle
surface. With a spherical spray particle, the saturated maximum
level of the radiation signal E,,, can be expressed as follows in
diameter d,;:

Epp <dy- T (Eq7)
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Fig. 14 Numerical simulation results for the radiation signals of in-
flight particles in the different trajectories with the single-window fil-
tering mask: (a) Case II: ¢ =7.5°, B=0°, D,=0.5 mm, B=1.4 mm, H
=1.4mm; (b) CaseIll: a=0°,B=7.5°, D;=0.5mm, B=1.4mm, H=
1.4 mm; (¢) Case [V:a=7.5°,B=7.5°,D;=0.5mm, B=14mm, H=
1.4 mm

This gives

d=K-E2 T (Eq 8)
where £ is a constant related to the setting of the measurement
system. It should be noted that the above relation is valid only for
the particles that their images completely enter the filtering win-
dow. Otherwise, the maximum intensity of the radiation peak
from the particle is not proportional to the radiation from the
whole particle effective surface, and Eq 8 becomes invalid.
5.2.4 The Offset of the Particle to the Ideal Image Plane
of the Filtering Mask. When the diameter of the expanded im-
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(b)

()

Fig. 15 Numerical simulation results for the radiation signals of in-
flight particles in the different trajectories with the dual-window filter-
ing mask: (a) Case Il: a=7.5°, B=0°,D,=0.5mm, B, =H,=B,=H,
=0.6 mm, D, = 0.6 mm; (b) Case IlI: a = 0°, B=7.5°, D,=0.5 mm, B,
=H,=B,=H,=0.6 mm, D,=0.6 mm; (¢) Case IV:a=7.5°, B=17.5°,
D,=05mm,B,=H,=B,=H,=0.6 mm, D, =0.6 mm

age spot is smaller than the width of the single-filtering window
by an appropriate selection of the effective aperture, a trapezoid-
shaped pulse peak can be observed as the Type I shown in Fig.
5(a). The ascending time or the descending time of this peak can
be easily measured; it corresponds to the time that the expanded
image spot accomplishes a displacement of D,. Thereafter, the
D, can be obtained by particle velocity. According to Eq 1 and 2
or the results shown in Fig. 11 and 12, the offset can be estimated
when the image plane of the filtering mask is controlled to fulfill
the condition Ax <0 or Ax > 0. With the offsets of spray particles,
the spatial distribution of the spray particle can be estimated if
the ideal image plane of the filtering mask is placed at one
boundary of the flame jet.

5.3 Experimental Correlation

To correlate the theoretical simulation results with the ex-
periment, the practical detection of the radiation signals was per-
formed using the system setup shown in Fig. 16, with both the

Journal of Thermal Spray Technology



Optical

sensor Optoelectronic
head conversion &
pre-amplification
module 1

Splittingffiltering
optical module

“(E_, ...... =
o
2 I
g Optical
2 fiber
l e Coaxial
Optoelectronic cable
conversion &
pre-amplification ! ;
module 2 ‘et

Computer

el

30MHz, 8Bit
2-channel ISA bus
sampling card

Fig. 16 Schematic diagram of the system set-up for the detection of the radiation signal from thermal spray in-flight particle

single-window and dual-window filtering masks as shown in
Fig. 2. The measurement was performed with the HVOF spray-
ing process (CH-2000 Model, Xi’an Jiaotong University, Xi’an,
China). Table 1 shows the typical experimental conditions.
W-20Ni powder with a 10 ~ 44 pm particle size was used in the
experiment as a model material.

Figure 17 shows the typical waveforms observed in one ex-
perimental run using a dual-window filtering mask. Compared
with the theoretical waveforms shown in Fig. 7-9, it was found
that all typical waveforms similar to those theoretical ones were
observed as two separated trapezoid-shaped dual peaks with a
saturated maximum level (Fig. 17a), two characteristic peaks
with a little superimposition (Fig. 17b), two distinguishable
peaks with substantial superimposition (Fig. 17¢c), and an appar-
ent one superimposed large peak (Fig. 17d). The effect of the
trajectory on the waveform was also evident from the difference
in the saturated peak level of two peaks as shown in Fig. 17(a).

Therefore, it is clear that the experimentally observed varia-
tions of waveforms from the radiations of the spray particles
were consistent with those obtained by theoretical simulation.
This result evidently proves the significant influences of the spa-
tial distribution of particles including trajectories, offsets from
the ideal image plane of the mask plane, and system design.

When a dual-window filtering mask is used for the measure-
ment of particle parameters, all three parameters including ve-
locity, surface temperature, and particle size can be correctly
estimated only by the waveforms as shown in Fig. 17(a). Al-
though the waveforms illustrated in Fig. 17(b) and (c) can be
used to give correct velocity and a rough estimation of the sur-
face temperature, the particle size cannot be estimated correctly.
This is because the expansion of the image spot size becomes too
large to allow all effective radiation from the particle to be trans-
mitted through the masking window. As a result, the maximum
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level of the signal only corresponded to the fraction of total ef-
fective radiation of the particle and Eq 8 becomes invalid. On the
other hand, the accuracy of the measurement of surface tempera-
ture is difficult to ensure owing to system noise in those peak
signals without the saturated maximum. With the peak shown in
Fig. 17(d), the measurement of particle parameters becomes im-
possible because two original peaks can hardly be separated.
Therefore, for a reasonable simultaneous measurement of all
particle parameters, it is necessary to ensure the evolution of the
trapezoid waveform with a saturated maximum level through
system design and to process only those peaks in the trapezoid-
shape with a saturated maximum level during subsequent data
processing.

With the single-window filtering mask, the observed typical
waveforms of the radiation signals from the spray particles are
illustrated in Fig. 18. Generally, two typically characteristic
shapes were observed that were a single peak in trapezoid shape
with a saturated flat top segment and a single triangle-like peak
without a flat top segment. These waveforms of the radiation
signals are consistent with those expected theoretically as shown
in Fig. 5 and 14. These results further prove the significant in-
fluences of the size of the image spot and the spatial distribution
of spray particles.

As mentioned previously, for the triangle-like single peak,
the general characteristic value of the HWFM is not related sim-
ply to particle velocity. Therefore, it cannot be applied to the
estimation of particle velocity. On the other hand, the unsaturat-
ed characteristics of the maximum height in the peak do not con-
tain the particle size information either. Therefore, the peak only
in a trapezoid shape can be used to measure simultaneously the
particle velocity, surface temperature, and size. The measure-
ment of the spatial distribution of particles can also be expected
with the assistance of the experimental setting technique.

Volume 12(1) March 2003—91

o
o
o
Y
S
S
)
Q




- 1000 1000 ———————
o - S T Y Y YU oo
s E L e T E 600
S ~ r P | P g o ~
3;" 2 200 2 200
§ g 2009 10 20 3:0 40 50 g 2000
Q 1000 T — 1000
> S5 T T N NN N B B >
~ A 1 N R ~.
£ 200 s 200
> >
_20()0 -2000
(a) (b)
1000 : T 1000 : . . . . .
,:; o ’>'\ I
g 600 = 600
= TR = T
~ 200 1;0 | 20 3%0 | 4%0 50 g 2005 i 150 | zio 3i0 | 4i0 50
~ 1000————————————— ~ 00—
> . > R
E 600F E 600t f
~ | = T
E 200 e R i
> 2200 ; i 3 i 3 i 3 i ; > 200 3 i ; i : i i i i
0 10 20 30 40 50 0 10 20 30 40 50
© Time (ps) @ Time (ps)

Fig. 17 Typical pulse waveforms from the radiation of in-flight particles observed with the dual-window filtering mask

Table 1 HVOF Spraying Conditions and Measuring
Settings

the spray particles would be varied owing to the spatial
distribution of thermal spray particles around the ideal
image plane of the filtering mask. The typical variations

Parameters Settings of the characteristic waveforms obtained theoretically
Oxygen Pressure (MPa) 0.55 have been observed experimentally with HVOF spraying.
Propanc IF’iz‘legi: H(li\r/l[)Pa) 448.3 s The waveforms expected theoretically correlated well
Flow (/min) 35 with those observed experimentally.
Powder carrier gas (N,) Pressure (MPa) 0.35 2) The characteristic waveforms of the radiation signals
Flow (I/min) 10 from the spray particles that were trapezoid in shape with
Measuring settings Measuring distance (mm) 60 a saturated top platform contain the information of spray
Aiming distance (mm) 70

As for the peak in the trapezoid shape, there are enough data
to eliminate the signal noise by averaging the data in the flat
segment range. Consequently, a more accurate and reliable
“saturated” maximum can be obtained for the captured particle.
At the same time, the post-signal processing can be simplified
and rapidly performed, which is of significance for the quasi-
real-time measurement.

6. Conclusions

1) The theoretical simulation clearly showed that the char-
acteristic waveforms of the thermal radiation signals from
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3)

particle parameters including velocity, surface tempera-
ture, size, and spatial distribution. With the dual-window
filtering mask, the particle velocity can be correctly mea-
sured with the bi-peak radiation signal in triangle-like
shapes, and the surface temperature can be reasonably es-
timated. However, the particle size cannot be estimated
correctly.

The waveforms of the thermal radiation signals from the
spray particles were remarkably influenced by the image
spot size. The waveform in a trapezoid shape can be ob-
tained only when the image spot size is less than the width
of the window on the filtering mask. A spot size larger
than the width of the masking window leads to the forma-
tion of triangle-like peaks without the saturated top plat-
form.
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Fig. 18 Typical pulse waveforms from the radiation of in-flight particles observed with the single-window filtering mask

4) With the dual-window filtering mask, the characteristics
of the bi-peak were significantly influenced by the inter-
val gap between two adjacent window walls. A small in-
terval gap leads to the significant superimposition of two
characteristic peaks.

5) The expansion of the image spot occurs due to spatial dis-
tribution of the spray particles around the ideal image
plane of the filtering mask. The effective aperture of the
lens set and the offset of the particle from the ideal image
plane of the filtering mask were two main factors to sig-
nificantly influence the expansion of the image spot. The
inclination of the particle trajectory to the axis of the lens
caused the deformation of the waveform of the radiation
signal from the spray particle.
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