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In-Flight Particle Measurements of Twin
Wire Electric Arc Sprayed Aluminum
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(Submitted 3 August 1997; in revised form 17 October 1997)

A real-time, nonintrusive measurement technique was successfully applied to a Tafa Model 9000 (TAFA
Incorporated, Concord, NH) twin wire electric arc thermal spray system to simultaneously measure par-
ticle size, velocity, and temperature within the spray plume. Aluminum wire was sprayed with the cur-
rent varied from 100 to 300 amp, and the gun pressure (air flowrate) varied from 40 to 75 psia. For all
cases, the average sizes of the molten aluminum particles along the spray centerline range from 33 to 53
um. The particles accelerate to peak velocities between 130 and 190 m/s, then decelerate slightly as they
travel downstream. The average centerline particle temperature ranges from 2004 to 2056 °C, and the
temperature profile remains fairly flat throughout transport to the substrate. A stagnation pressure
probe was used to quantify the gas flow regime in the unladen jet. The wires were found to have a pro-
nounced effect on the flow, resulting in a complex three-dimensional flowfield with mixed regions of sub-
sonic and supersonic flow.

Keywords _aluminum atomization, inflight particle diagnostics nonintrusi\_/e optical probe volume defined by the intersgction of
inflight particle pyrométry, laser Doppler veIocimet’er, two argon ion laser beams. The measuremsent volume is oval, or
twin-wire electric arc football-shaped, and approximately 2Q@n°. As a particle

passes through the probe volume, it scatters light from the beams

and creates an interference fringe pattern.
A receiving lens is located at an off-axis collection angle of

The purpose of these experiments was to gain an under-30 and projects this fringe pattern onto 3 detectors. Each detec-

standing of the physics of the particle-laden spray flowfield pro- Ipr pﬁducgsda} I%op;laler ?ulrst S;gn.‘ill V_\I'_'rt]h ahfrequehr}f?{) ptrvt\)/por-
duced by a twin-wire electric arc (TWEA) spray system. The tlr?nall:) 0 aln |nb|V| tua. parllcfeve Odq;fy- fg tas? shitt between
design of this system consists of two electrically insulated wires € Doppler burst signals from different detectors IS propor-

brought together downstream of an orifice. An electric arc is f[ional to the size of the pa_rticle. Al op'Fics and the laser are rig-
struck between the wires, causing the wire tips to melt. A high idly mounted on a precision three-axis translatable table. The

speed gas, i this case air, flows past the wires, stripping off mol_position of the table is computer controlled, rt_esulting inaprecise
ten droplets and atomizing them. The air flow transports the movement of the measurement volume relative to the spray gun.

molten droplets to a substrate where the successive accumuldin argon |onllaser. qpera.tlng in the green at 514 nm is useq for
tion of droplet splats forms a coating. the LDV. Particle sizing with the phase Doppler method requires

The experiments were performed in the thermal spray Iabo-t)he me_asu:ement of tzebpha(;e_jhifr bet\.N?en paifrs of Doppler
ratory at the Idaho National Engineering and Environmental PUTStsignals generated by individual particles (Ref1).
Laboratory using a measurement technique originally designed The velocity and size of 1000 particles is measured at a single
for use with plasma spray guns (Ref 1-2). An Aerometrics , Inc. Ic_)catlon and then arlthr_netlcally averaged. The processing algo-
(Sunnyvale, CA) Doppler signal analyzer (DSA) Model 3120 la- n_thm assumes the particles Fo be smooth sph_eres. The count rate
ser Doppler velocimeter (LDV) was used to measure particle size91VeS @ measure of the relative number density. The phase Dop-
and velocity (Ref 3), and an In-Flight Particle Pyrometer (IPP) pler method requires no calibration because the particle size and

Model 2000 (TAFA Incorporated, Concord, NH) was used to meas- V€locity are dependent only on the laser wavelength and optical
ure particle temperature. configuration. Uncertainty in the size and velocity measurement

is estimated at5%. Further details of the size and velocity
measurement technique are available in the literature (Ref 4-6).
2. Measurement Technique Particle temperature is measured with a two-color pyromet-
ric technique. The ratio of light intensity emitted from the hot
A phase Doppler anemometer was used to measure the partiparticle at two different wavelengths is proportional to the tem-
cle velocity, size, and relative number density within the flow. perature of the particles. The measurement volume is pencil
The phase Doppler method is based on the principles of lightshaped, 5 mm in diameter, and approximately 50 mm long. This
scattering interferometry. Measurements are made at a smallmeasurement volume is projected coincidental with that of the
size and velocity measurements. The temperature read by the

1. Introduction

D.L. Hale, W.D. Swank,andD.C. Haggard, Lockheed Martin Idaho ~ |PP 1S @n average of all particles in this volume, heavily
Technologies Company, Idaho National Engineering and Environ- Weighted toward the high number density of the spray. For most
mental Laboratory, P.O. Box 1625, Idaho Falls, ID 83415. applications, this is the portion of the spray which forms the
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coating and is most indicative of gun performance. Standard200 amp/40 psi, 200 amp/60 psi, 300 amp/40 psi, and 300

band centers for the two colors aggy,= 0.95um andAcpo= amp/60 psi.

1.35um. Frequency response is limitedto 10 Hz. The IPPiscali-  For each case, data were taken axially along the gun center-

brated against a tungsten ribbon standard. The square of the rdine and at several downstream radial cross sections repre-

siduals for this linear calibration is <0.995. This end-to-end sentative of typical standoff distances used in industry. For the

calibration takes into account responsivities, area, and amplifierabove cases, downstream data were acquired at 6 mm (0.24 in.)

differences in the detectors, and when calibrated on a tungstermnd 76 mm (3 in.). Certain cases have additional downstream

lamp, includes the spectral emissivity variation of tungsten. data corresponding to standoff distances of 127 mm (5 in.) and
The minimum measurable temperature of 1000 °C specified 178 mm (7 in.). The factory-standard arc shield at the torch exit

by the manufacturer is dependent on the particle material, sizewas shortened to increase accessibility to the wires for this ex-

and number. For materials with a spectral emissivity ratio simi- periment. All downstream measurements are referenced to the

lar to tungsteng(= 1.29), the uncertainty in the absolute tem- end of the cap (Fig. 1).

perature read by the IPP is approximate®9s. Further details

of the temperature measurement technique are available in the ] )

literature (Ref 4-6). 4. Results and Discussion

The Mach number of the flow may be obtained from the
measurements of static pressupg)(and stagnation pressure 4 1 Relative Particle Number Density and Spray
(Pg). For subsonic flow, the stagnation pressure measured by the Divergence
pitot tube is the true stagnation pressure (Ref 7). The freestream
Mach numberN,,) can be obtained from the direct solution of For the 200 amp/60 psi case, the centerline relative particle
Eql.> number density reaches a maximum ~22 mm downstream and
quickly drops as the plume spreads out radially (Fig. 2). The

P s relative number densities for the 100 amp and the other 200 amp

00 D y_l 2
= +
So=d+tM2

(o]

(Eql)

oo™

whereV,, = My a

anda = VyRT. position
For supersonic flow, a shock wave will form in front of the (0 0 0) at

probe. The total pressure measured by the probe, however, is n(\~¥ 1%

the freestream stagnation pressure. Rather, the stagnation pre face of

sure indicated by the pitot tube is the stagnation pressure behint

a normal shock (Ref 8). The measured static pressure is a clos torch

approximation to the static pressure upstream of the shock. The

upstream Mach number can be derived from the Rayleigh super-

sonic pitot formula (Eq 2). Fd?./P, greater than 0.5283, the .
flow is subsonic and Eq 1 is employed, whereasfgP, less -y
than 0.5283, the flow is supersonic and Eq 2 is employed.
1/y-1
02y Mz_y—lﬂ v
P, B}+ 17 y+ l%
P, D Ea2)
+1 M 2D Fig. 1 Reference coordinates
g2 0
200 amp/60 psi
600 pop
3. Experimental Procedure 5 500 | .
. £
Spraying was performed by a Model 9000 TWEA (Tafalnc., 2 400 .
Concord, NH) spray system using aluminum wire with a 0.375 Ly . ‘.
in. orifice (blue cap) and a short cross wire positioner. Commer- £ £ 300 ..
cially available Tafa 01T aluminum wiré; in.) was sprayed 0 500 .
. . . (0] . -
at a voltage of 28 V. Particle size, velocity, and temperature were 2 T,
measured during flight for the following combination of process § 100 + R
parameters: 100 amp/40 psi, 100 amp/60 psi, 100 amp/75 psi © tee
0 ‘ :
0 50 1 15
*Atmospheric pressure at the 4500 ft altitude of the laboratory was X (mm) 00 0
12.43 psia during these experiments, and the ratio of specific eats (
was set equal to 1.4. Fig. 2 Centerline particle number density, 200 amp/60 psi
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cases peak from 16 to 22 mm downstream, whereas the 300 amipcalized, and the molten droplets are immediately blown away
case peaks at 32 mm downstream. For any given cross section dfy the atomizing gas flow, resulting in relatively small droplets.
the flow, the particle number density is the highest at the center-The higher melting rate at the cathode is thought to be due to a
line of the spray and declines rapidly with distance from the cen- more constricted arc attachment compared to the more diffuse
terline. Figure 3 shows the approximate shape of the sprayarc attachment at the anode.
plume and the coverage area produced by the spray gun at vari- Figure 5 shows the radial distribution of particle sizes at vari-
ous standoff distances. ous downstream locations for the 200 amp/60 psi case. The ra-
dial scans indicate that the largest particles remain along the
centerline. The average patrticle size decreases radially outward
4.2 Particle Size from the centerline. Size distributions at various cross sections

) . . for the other process parameter settings also exhibit this trend.
The drop size distribution is determined by a balance be-

tween aerodynamic shear forces, which tend to breakup the
drops, and surface tension of the molten aluminum, which tends4 3 Particle and Gas Velocity
to hold the drops together (Ref 9). For all cases, the average sizes
of the molten aluminum patrticles range from 33 tqub3 (2 For the cases shown in Fig. 6, the peak average velocity of the
pum). Figure 4 shows the range of average particle diametersparticles ranges from 130 to 190 m/s (approximat@ym/s).
along the spray centerline. In general, particle size decreaseJhis peak velocity occurs further downstream as current is in-
with decreasing current and increasing gas pressure. Averagereased. Higher air pressure causes a higher particle velocity at
centerline particle diameters range from 33.2 to gth@or the any given location in the flow since the smaller particles travel
100 amp cases, 40.0 to 524 for the 200 amp cases, and 42.6 faster. Conversely, a lower gas pressure causes a larger mean
to 52.9um for the 300 amp cases. Average particle size along theparticle size and lower mean particle velocity. Previous re-
spray centerline initially decreases to a minimum value at ap-searchers have also noted this effect during the gas atomization
proximately 20 to 32 mm downstream, then increases slightly asof aluminum particles (Ref 11). The particles accelerate to a peak
the particles travel downstream. Beyond this distance, thevelocity, then they slightly decelerate as they travel downstream.
smaller particles are flung to the outside of the spray. This effect is especially apparent for the larger particles. The prac-
One side of the spray plume had slightly larger particles, pos-tical implication is that, for all combinations of process parameters
sibly due to asymmetric melting behavior of the cathode and the
anode wire. Asymmetric melting behavior of the cathode and 60

the anode wire has been captured by high speed photography - oo o = = = _ .
and documented in the literature (Ref 10). The anode melts 50 el EETIR STt iites * L+ . .
slowly, resulting in elongated, relatively large droplets. Some 2 ;og.ii*é;..g.,mwﬁj R
large droplets are broken up by the atomizing gas. This uneven g 40 7= s -
melting leads to an asymmetry of the arc and affects the spray £ 1k
. ; : = 30 + 100 amps/40 psi
pattern and the coating structure. At the cathode, melting is more g ;
> = 100 amps/60 psi
£ 20 » 100 amps/75 psi
a o 200 amps/40 psi
; 10 | 200 amps/60 psi
T o i - 300 amps/40 psi
£ — i - | H + 300 amps/60 psi
= -20 WBO 0 . amPf psi
-40 — i 0 50 100 150 200
-60 ~ x(mm)  ____Data taken at X (mm)

cross-sections . ) ) )
Fig. 4 Centerline average particle size

Fig. 3 Spray plume divergence

250
50
45 1 200 ]
% 40 1 g el
c ~ .,
g3 2 150 M ST
£ 30 4 £ U ;*:'a“mg"ﬁunﬂs,,gnﬁ .o,
£ ; . oSBT  sezceecen,g 5. e,
T 25 A 2 wiyat T TTeieres oL L T
o S 100 +—uKote s + 100 amps/40 psil
3 20 - - @ gt = 100 amps/60 psi
E 15 - ~26 mm ax'aj > Prol + 100 amps/75 psi
A - 76 mm axial Red » 200 amps/40 psi
a 10 50 =2 .
— : a 200 amps/60 psi
5- =127 mm axial - 300 amps/40 psi
0+— : : : ‘ 0 + 300 amps/60 psi ‘ |
-60 -40 -20 0 20 40 60 0 50 100 150 200
y (mm) X (mm)

Fig. 5 Cross-sectional particle size profiles, 200 amp/60 psi Fig. 6 Centerline average particle velocity
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shown, the particle velocity at the center of the spray is essen-data obtained with and without the wires present in the flowfield
tially constant for standoff distances greater than 52 mm (2 in.). shows that the wires are causing a dip in velocity along the spray
The average particle velocity decreases at the edge of theenterline. Figures 9(a) and (b) compare the velocity profiles of
spray due to entrainment from stagnant, ambient air. The crossthe unladen air flow 26 mm downstream with and without the
sectional velocity profiles exhibit a dip in velocity along the cen- wires protruding into the airstream. The flow is highly nonuni-
tral region of the spray. The velocity dip is very pronounced nearform, and the effects of blockage by the wires is evident. The
the wires; then it gradually flattens farther downstream. The magni-stagnation pressure probe data indicate that the wires make the
tude of this dip in velocity is approximately 50 m/s for the 40 psi flow highly three-dimensional. The flow exits the gun into stag-
cases, 75 m/s for the 60 psi cases, and 100 m/s for the 75 psi casenant freestream air, causing the formation of an effective nozzle
Data taken with a stagnation pressure probe show that thisand permitting the flow to accelerate to a low supersonic ve-
dip is due to blockage caused by the wires protruding into thelocity. Since Mach numbers greater than 0.3 exist within the
flowfield. As shown in Fig. 7, the blockage effect is the greatest flowfield, the flow can be considered compressible. Schlieren
immediately downstream of the wires and becomes less farthephotography would be a useful tool to visualize the shock struc-
downstream. A stagnation pressure probe was used to determin&!re within the flowfield.
the effect of the wires and to qualify the velocity regime of the
gas stream without the presence of particle§. Both static and tota} 4 Temperature Measurements
pressures were measured along the centerline of the plume and at
various radial cross sections to provide an indirect measurementof The average centerline particle temperatures remain fairly
gas velocity. constant as the particles travel downstream and range from 2004
Figure 8 shows the axial velocity of the unladen airstream t0 2056 °C (approximately115 °C) for all seven cases (Fig.
(without the wires present) for a gun pressure of 75 psi and su-10). The particles exhibit 1345 to 1397 °C of superheat*. The
perimposes the particle velocity for the 100 amp/75 psi case.high degree of superheat indicates that the particles are fully
The particle velocity is evident on this plot merely for reference Molten upon impact at the substrate. The bright arc light inter-
since it is expected that coupling between the multiphase con-
stituents will have an effect on the air velocity. Comparison of *Melting point of aluminum is 659 °C.

250 ~6 mm axial 600 T
+§g mm ax!a: 500 |
200 | -+ 76 mm aX|a. .
@ =127 mm axial &E’ 400 +
£ 150 > 300 & .
> .*5 —wires present
'g 100 - § 204 /A L=z without wires
]
>
50 - 100 +
0 ‘ | | | ‘ | i 10 5 (; 5 1“0
-60 -40 -20 0 20 40 60
z (mm)
y (mm)
. . . . . . @
Fig. 7 Cross-sectional particle velocity profiles, 200 amp/60 psi
600 [ — wires present
600 500 L e without wires
500 + - —— Particle 2 400 I
75 psi velocity £
2 400 Z 300
= —Gas S
2 300 | velocity L 200
8 (unladen) 100
< 200 + JE— -
_~" 100 amps/75 psi 0~ “ ‘ ‘ ‘
100 - -20 -10 0 10 20
0 t t } y (mm)
0 50 100 150 200 ()
X (mm) Fig. 9 (a) Unladen air velocity with and without wires presgmt,0,
X = 26 mm. (b) Unladen air velocity with and without wires present,
Fig. 8 Centerline air velocity for unladen flow, 75 psi z=0,Xx=26 mm

Journal of Thermal Spray Technology Volume 7(1) March 1968



2400 T
2200 - -
O 2000 —Jﬁz&-—wﬁfﬁfgﬁﬁfﬁe Do
g 1800 [+ 100 amps/40 psi
® = 100 amps/60 psi
g 1600 + 100 amps/75 psi
(IEJ 1400 » 200 amps/40 psi
= o 200 amps/60 psi
1200 - 300 amps/40 psi
+ 300 amps/60 psi
1000 \ . :
0 50 100 150 200
X (mm)
Fig. 10 Centerline average particle temperature
2200 W
O 2000 - M
(1)
5 1800
o
2 1600 |
E 1400
76 mm axial
1200 1 -~ 127 mm axial
1000 ‘ ‘ ‘ : : ‘
-60 -40 -20 0 20 40 60
y (mm)

Fig. 11 Cross-sectional particle temperature profiles, 200 amp/60 psi

The largest particles at any particular cross section are at the
centerline of the spray.

Particle size decreases with decreasing current and increas-
ing gas pressure.

One side of the spray plume has slightly larger particles,
most likely due to larger particles coming off of the anode.

5.2 Patrticle Velocity

L]

feres with the incandescent light measured by the IPP detectors;

therefore, accurate particle temperature measurements cannot
be made near the wires. The cross-sectional temperature sca
show a Gaussian-type temperature profile, with the particle
along the spray centerline several hundred degrees hotter tham

S

the particles at the edges of the spray. As shown in Fig. 11 for the

200 amp/60 psi case, particle temperatures are highest at the

centerline and decrease by 200 °C from the centerline to the
edges of the spray. This is caused by convective cooling of the

particles from the entrainment of ambient air into the plume.

5. Summary

In-flight particle measurements show that there is more vari-

ation across the plume for a single case than in the downstream
direction for the different process parameter settings. From the

L]

representative results presented here, the following observa-

tions are made.

5.1 Particle Size

¢ Average particle diameters along the centerline range from

33.2to 52.um for all cases in this study.

¢ As the particles travel downstream along the centerline of
the plume, the average centerline particle sizes decreasdicle size, velocity, and temperature in plasma spray fields has
been successfully applied to the TWEA spray field. These data

and then increase as the flow proceeds downstream.

620 Volume 7(1) March 1998

Average particle velocities along the centerline peak at 130
to 190 m/s for all cases in this study.

Cross-sectional velocity profiles reveal pronounced blockage
caused by the presence of the wires in the airstream. This dip
in velocity is the greatest in the particle data taken atthe 26 mm
downstream location. Farther downstream in the flow, the pro-
file fills in partially, although the dip is still evident.

The side (most likely the anode) with larger particles had
slightly lower velocities. This can be attributed to asym-
metric melting at the wires (Ref 10).

Particle velocities are highest in the central region of the
spray, although along the centerline there is a pronounced
dip in the velocity profile. The magnitude of this dip in par-
ticle velocity is approximately 50 m/s for the 40 psi cases,
75 m/s for the 60 psi cases, and 100 m/s for the 75 psi case.

The slowest patrticles are located at the edges of the spray.

A lower gun pressure causes a larger mean particle size and
lower mean particle velocity.

The unladen air flow reaches low supersonic speeds within
the flowfield. Mixed regions of subsonic and supersonic

flow are present, resulting in a complex three-dimensional
flowfield.

'8 3 Particle Temperature

Radial temperature profiles showed the hottest particles ex-
ist at the center of the spray. The shape of the temperature
curve appeared nearly Gaussian. There was an approxi-
mately 200 °C temperature difference between the particles
located at the centerline of the spray and those at the edges.

Axial temperature measurements could not be taken imme-
diately downstream of the wires due to interference from
the bright arc light.

Particle temperatures along the centerline remain fairly

constant as they travel downstream. Superheat of the mol-
ten droplets ranges from 1345 to 1397 °C. For standoff dis-
tances of practical interest, the particles are fully molten

upon impact at the substrate.

Increases in current do not affect the particle temperature.
At a given downstream location along the centerline, the
particles produced by any of the three current settings are
within 100 °C.

6. Recommendations

A technique developed for the in-flight measurement of par-

Journal of Thermal Spray Technology



serve to further the understanding of the TWEA spray-coating
process and constitute a useful basis for the evaluation and de-
velopment of modeling and computational methods.

In-flight particle data provide the necessary link between the 2-
spray process parameters and the coating characteristics. Data
of this type will facilitate the development of more detailed and
physically accurate models of the spray-coating process. This
will result in better insight into the important process parameters
and, ultimately, to better coatings.

Future experimental work should include Schlieren photog-
raphy to visualize the shock structure within the flowfield. High
speed photography of the droplet impacts at the substrate would
provide information on the time evolution of the coating
buildup.

These experiments are part of the first phase of a three-phaseS'
program. The particle data will be used as input to a multiphase
thermal spray model under development. The second phase in-
volves spraying coupons and performing metallography. The
third phase involves corrosion testing of the coupons. The goal
of the program is to relate the corrosion performance of the coat-
ing to the spray process parameters.
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