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Characterization of Spray Atomization of 3003 Aluminum
Alloy during Linear Spray Atomization and Deposition

YIZHANG ZHOU, STEVEN LEE, VINCENT G. McDONELL, SCOTT SAMUELSEN,
ROBERT L. KOZAREK, and ENRIQUE J. LAVERNIA

Linear spray atomization and deposition is an attractive technique to produce near-net-shape deposits,
such as aluminum sheet and strip. In the present study, phase Doppler interferometry (PDI) was used
in a backscatter mode to characterize, in situ, the droplet size and velocity distributions during linear
spray atomization and deposition of a 3003 aluminum alloy. The PDI measurements were obtained
along axes corresponding to the direction parallel to the nozzle slit and to the direction perpendicular
to the slit. The PDI results delineate the temporal and spatial distribution of the droplet size and
velocity during the metal spray. Both point and ‘‘line’’ measurements were obtained and are reported.
The line measurements resulted from the integration of measurement made along a line scan obtained
in real time (i.e., not ensemble averaged). Postrun analysis of the droplet size distribution using laser
diffraction and sieving techniques is also reported. The PDI point measurements revealed that droplet
size and velocity distribution were relatively invariant with time. The line measurements of droplet
velocity showed that the droplet axial velocity exhibits a bimodal behavior, which becomes more
apparent with increasing atomizing gas pressure, a result of droplet recirculation inside the spray
chamber. In addition, the peak in the droplet axial velocity distribution increased as atomizing gas
pressure increased. The line characterization also showed that the droplet size distribution became
more homogeneous with increasing gas pressure, and that the distribution characteristic diameters of
droplets decreased consistently with increasing gas pressure. Postrun characterization of the droplet
size distribution of the entire metal spray using diffraction and sieving methods indicated that the
mass (volume) median diameter D50 and the Sauter mean diameter (SMD) D32 decreased with in-
creasing gas pressure in a manner consistent with PDI results.

I. INTRODUCTION

SPRAY atomization by an inert gas is a fundamental
step in spray forming, a manufacturing technique in which
metal droplets are sprayed onto a substrate to produce a
fine-grained, microstructurally homogeneous material.[1,2,3]

In order to produce near-net-shape deposited materials, in-
vestigators are exploring methods to control the spatial dis-
tribution of droplets in the spray. For example,
experimental results indicate that, for metal sprays pro-
duced by circular atomizers, the droplet mass distribution
exhibits either (1) a Gaussian distribution centered about
the spray axis[4–7] or (2) a bimodal distribution.[8,9] The de-
posit shape resembles the spatial distribution of droplet
mass arriving at the deposition surface.[5,7,10] To circumvent
this apparent limitation, a variety of novel experimental ar-
rangements have been developed, and it is now possible to
spray form a variety of geometries, including rings,[11,12] bil-
lets,[12,13,14] tubes,[12,15–17] and cylinders.[12] More recently,
however, the application of spray forming technology using
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a linear atomizer arrangement, also defined as linear spray
atomization and deposition, has attracted considerable in-
terest for the continuous production of Al sheet and strip
as a result of economic incentives, such as reduced energy
requirements, reduced costs, and improved mechanical
properties compared to conventional ingot casting and hot-
rolling process.[18,19] Figure 1 illustrates an approach for lin-
ear spray atomization and deposition. Potential benefits de-
rived from the atomization of metals using a linear spray
deposition approach are as follows:
1. improved droplet spatial distribution;
2. high productivity;
3. high aspect ratio (i.e., wide sheets can be produced); and
4. low overspray yields.

Droplet size and spatial distribution in the spray will also
significantly affect (1) the solidification behavior of indi-
vidual droplets, (2) the solidification behavior of the spray-
deposited materials, and (3) the porosity volume distribu-
tion in the spray-deposited materials. In addition to size and
spatial distribution, droplet velocity is also important since
it determines the droplet flight time and heat transfer char-
acteristics. Therefore, characterization of droplet size and
velocity distribution may ultimately feed back to operating
variables that control a metal spray. Among the techniques
used to simultaneously determine droplet velocity and size
distribution, phase Doppler interferometry (PDI) is the most
mature.[20] Spatially resolved, in situ, measurement of drop-
let size and velocity using PDI provides detailed informa-
tion regarding the structure of a spray,[21,22,23] enabling
additional insight into the mechanics of the process to be
gained. Although PDI is well established for the character-
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Fig. 1—Schematic of spray deposition of aluminum alloy using a linear
atomizer.

Table I. Experimental Variables and Physical Properties

Atomizing air pressure differentials 310 kPa (45 psig)
345 kPa (50 psig)
379 kPa (55 psig)

Gas flow rate, m3/s (31022) 2.01 at 310 kPa
2.22 at 345 kPa
2.44 at 379 kPa

Slit width of liquid delivery nozzle 508 mm (0.02 in.)

Slit length of liquid delivery nozzle 50.8 mm (2.0 in.)

Slit width of linear gas atomizer 508 mm (0.02 in.)

Slit length of linear gas atomizer 50.8 mm (2.0 in.)

ization of sprays produced by a variety of techniques,[20] it
has not been widely applied to sprays of the type that are
of interest in spray forming metallic materials. Inspection
of the literature revealed some examples of PDI measure-
ments of droplet velocity and size distribution, as well as
gas velocity, for water sprays (typically used to simulate
metal sprays) produced by the circular atomizer arrange-
ments typically used in metal spray processes[4] and for
metal sprays produced by the circular atomizer arrange-
ments.[24–27] It has been reported[9,27] that PDI characteriza-
tion of the spray behavior for circular atomizer conditions
showed reasonable agreement with predicted results using
one- or multidimensional mathematical models. Moreover,
in the case of metal sprays, evidence also suggested that
conventional signal processing methods (e.g., counter pro-
cessors) may not be adequate for the noisy environment
encountered in metal sprays due to surface imperfections,
spray density, and optical effects such as beam steer-
ing.[28,29,30] Therefore, state-of-the-art signal processing is
desired for difficult environments, such as those typically
associated with molten metals. In previous studies,[31] a fiber
optic–based frequency domain system was applied to char-
acterize water sprays produced by linear atomizers. Prelim-
inary results[31] showed that frequency domain processing
was less sensitive to detector gain than counter-based sys-
tems especially in backscatter operation as required for siz-
ing opaque metal droplets.

The overall goal of the current study was to use PDI to
characterize and establish the relationship of spray perform-
ance to spray-formed aluminum sheet during the linear
spray atomization and deposition process. The objectives of
the current effort are (1) acquisition of PDI measurements
of the droplet velocity and size distribution in metal sprays
produced by linear atomization; (2) analysis of the influence
of process variables, such as atomizing gas pressure, on
droplet velocity and size distribution; and (3) comparison
of the powder droplet size distributions obtained by PDI,
laser diffraction, and mechanical sieving.

II. EXPERIMENTAL PROCEDURES

The UCI linear spray forming facility used in the present
experiments is comprised of a spray chamber (1060 mm in
diameter and 2500 mm in height), linear atomizer unit, in-
duction unit, dynamic substrate for deposition, gas mani-
fold, gas exhaust, and powder collection system. For the
atomization of 3003 aluminum alloys (Al-1.12Mn-0.57Si-
0.69Fe-0.15Cu, wt pct), the ingot alloys were remelted and

superheated using a 25-kW induction unit to a temperature
of 150 7C above the equilibrium liquidus, and melts were
maintained for 15 to 20 minutes to ensure uniform temper-
ature. The weight of alloy charged for each experiment was
2.25 5 1 pct kg. The melts were then allowed to fall
through a liquid metal delivery nozzle by lifting the stopper
inside the crucible and atomized into a distribution of mi-
crometer-size droplets using nitrogen gas. For the present
study, gas pressure drops from 310 to 379 kPa were con-
sidered. The corresponding gas flow rates were measured
with a laminar flow element (Mariam Instrument, Cleve-
land, OH), and a summary of the measured gas flow rates
is listed in Table I. To reduce oxidation, the experiments
were conducted inside an environmental chamber, which
was evacuated and backfilled with nitrogen to a pressure of
6895 Pa (1 psig) prior to melting and atomization. The pri-
mary atomization variables used in the present study are
listed in Table I. A phase Doppler interferometer (Aero-
metrics RSA, Sunnyvale, CA) was used to characterize, in
situ, the metal spray behavior, droplet size, and velocity
simultaneously. The atomized aluminum powders were col-
lected and sampled, and postrun analysis of droplet size and
distribution of the collected powders was carried out. The
droplet size distributions were determined by (1) mechan-
ical sieving according to ASTM standard B214 and MPIF
standard 5 and (2) an ensemble laser diffraction technique
(Insitec EPCS, San Ramon, CA).

Phase Doppler interferometry is a single droplet counting
technique which can, in principle, be used for on-line mea-
surement of the atomized powder size and velocity. The
technique is an extension of laser Doppler anemometry, in
which two laser beams are intersected at the region of in-
terest, forming an interferometric sampling volume. When
a droplet passes through the sampling volume, it scatters
the interference pattern into space. This scattered light is
collected by a pair of detectors that are used to determine
spatial and temporal frequency of the pattern. The spatial
frequency is related to size and the temporal frequency is
related to velocity. Figure 2 illustrates the facility setup (top
view) used for the experimental measurements of droplet
velocity and size using PDI. The Real Signal Analyzer
transmitter and receiver were set with a 145 deg collection
angle aligned with the optical view ports designed on the
chamber. The laser beams passed through the optical view
ports and were focused at the center of the liquid metal
nozzle in line with the nozzle slit. A 750-mm focal lens
was used with a 56.9-mm beam spacing resulting in an
optically limited minimum measurable size of 4 mm. Note
that the minimum size could be further reduced if the beam
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Fig. 2—Diagnostic layout on spray deposition facility.

Fig. 3—Schematic of liquid delivery nozzle and a pair of linear atomizers,
also showing the interaction of the atomizing gas jets with the liquid
delivery nozzle.

Fig. 4—Schematic of linear liquid delivery nozzle with X and Y
measurement directions.

spacing were further increased or shorter focal length lenses
were used. In view of the optical access limitations asso-
ciated with the spray chamber, the PDI sample volume was
located at an axial distance of Z 5 152.4 mm down from
the tip of the linear liquid delivery nozzle, which was the
nearest distance at which measurements could be obtained
for the current setup.

Since (1) PDI is inherently a point measurement and (2)
each metal spray experiment run lasted only about 20 sec-
onds, applying PDI in the conventional operating mode of

one measurement point per experiment run created obvious
challenges. Previous studies[32] indicated that the PDI mea-
sured Sauter mean diameter (SMD) varied in the spray
plane. As a result, an alternate way of taking data was ex-
plored and an approach in which the sample volume was
scanned through the spray in real time was established and
implemented. During the metal spray run, the sample vol-
ume was scanned through the spray along either the X or
Y direction (Figure 1) by using an X-Y motorized traverse
system. The actual scanned locations, such as starting and
terminating positions of measurements, were recorded by
an X-Y digital readout. Due to the optical access limitations,
data acquired during the experiments were from X 5 180
mm to X 5 240 mm along the liquid delivery nozzle slit
opening direction (X traverse) and Y 5 170 mm to Y 5
230 mm along the direction perpendicular to the liquid
nozzle slit (Y traverse).

Figure 3 shows a schematic of the linear atomizer assem-
bly used in the present study. Although the nozzle was de-
signed to provide flexibility in the relative angle and axial
location of the atomizing gas jets to the liquid, the baseline
atomizing angle was chosen as 45 deg for the present study.
The dimensions of both the linear gas atomizer slit and the
liquid delivery nozzle slit were 0.508 3 50.8 mm. The rel-
ative distance between the gas atomizer exit and the liquid
nozzle tip was about 7.6 mm.

Figure 4 shows the geometry of the liquid delivery noz-
zle and the X, Y coordinate system (also shown in Figure
1) used for the study. The X corresponded to the direction
along the slit opening, Y corresponded to the direction per-
pendicular to the slit opening, and Z (not shown in Figure
4) represented the vertical distance away from the exit of
the liquid delivery nozzle.

III. RESULTS AND DISCUSSIONS

As discussed in the previous sections, metal powder
droplet size distribution and velocity significantly influence
the shape of the deposited material, solidification behavior
of the droplets, and microstructural evolution of the depos-
ited material. In the sections that follow, results of size and
velocity distributions of metal powder droplets obtained by
PDI and size distribution of powder droplets established by
laser diffraction and sieving are presented and discussed.

Droplet size characteristics can be described in various
representations. The phase Doppler particle analyzer di-
rectly measures the diameter of individual droplets, result-
ing in a size distribution. Various characteristic diameters
such as numerical (arithmetric) mean diameter (D10), ‘‘sur-
face mean’’ diameter (D20), ‘‘volume mean’’ diameter
(D30), and SMD (D32) can then be determined. Unfortu-
nately, some of the characteristic diameters are referred to
as means, when some are, in fact, not means in the statis-
tical sense. For example, D20 and D30 are not means based
on a statistical definition but are useful characteristic di-
ameters, as explained subsequently. The general expression
for characteristic diameters was given as[33]

1/(p2q)N N

qpD 5 D / D [1]Σ Σpq i i@ #i51 i51

where N is the measured particle number. The term Dpq is
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Fig. 5—Measurements at a fixed position of X 5 20 mm, Y 5 0, and Z
5 152.4 mm for an atomizing gas pressure of 310 kPa (run 13): (a) droplet
count, (b) droplet volume histogram, and (c) the axial velocity (PVC 5
probe volume correction).

Table II. PDI Results of D10 , D20 , D30 , D32 , Mean Velocity,
and rms

Run
13

Run
17

Run
18

Run
19

Run
20

DP, kPa 310 379 345 310 310
D10 , mm 71.55 24.3 24.42 43.6 37.17
D20 , mm 83.4 36.32 38.1 58.7 52.8
D30 , mm 94.25 51.3 55.6 74.6 69.29
D32 , mm 121.1 102.2 118.1 120.4 119.4
Mean V, m/s 47.1 56.4 51.5 47.3 47.3
rms, m/s 8.9 22.8 21.1 21.3 17.6

a characteristic diameter with dissimilar orders of p and q.
The distribution D20 represents the diameter of a droplet
whose surface area times the total number of droplets, N,
is equal to the total surface area of the entire spray. The
distribution D30 represents the diameter whose volume
times the number of droplets, N, is equal to the total volume
of the entire spray. The SMD, D32, is used to represent the
size of a droplet that has the same ratio of surface area to
mass (or volume) as that of the entire spray.[10] The SMD
is often quoted in the characterization of metal powders,
because its surface area dependency provides a useful drop-
let shape dependency and its volume dependency charac-
terizes heat content of the droplet.[10]

A. Single Point Characteristics of Droplet Size and
Velocity

Figure 5 shows the results of droplet size, volume his-
togram, and velocity distributions obtained at a fixed mea-
surement position of X 5 20 mm, Y 5 0, and Z 5 152.4
mm for an atomizing gas pressure of 310 kPa. Figure 5(a)
shows a typical droplet size distribution represented by the
number frequency against droplet size. Droplet diameters
D10, D20, D30, and D32 were 71.55, 83.4, 94.25, and 121.1
mm, respectively (also listed in Table II). The volume his-
togram plot illustrates that the smaller size droplets do not
contribute much to the volume. From Eq. [1], it is obvious
that the characteristic diameters D30 and D32 are heavily
influenced by the larger droplets. The mean axial velocity
for the spray, as shown in Figure 5(c), was about 47.1 m/s
with a root mean square (rms) of 8.9 m/s, although the
droplet velocity ranged from 20 to 70 m/s.

Phase Doppler interferometry has the ability to provide
a time history of the droplet size and velocity measure-
ments.[34] Time-resolved measurement of the droplet veloc-
ity is critical in modeling prediction of droplet solidification
behavior, because it can impact the heat transfer between
the droplets and the surrounding gas phase. Figure 6 gives
the results of droplet axial velocity and size with time and
the correlation between the axial velocity and size at a sin-
gle point for a single run. The relatively invariant time-
dependent responses of the droplets and velocities, shown
in Figures 6(a) and (b), indicated that the droplet axial ve-
locity and size distribution were relatively invariant
throughout the atomization run. The correlation between
the axial velocity and droplet diameter (Figure 6(c)) indi-
cated that the smaller droplets had a higher axial velocity
than the larger droplets at this measurement point.

B. Line Characteristics of Droplet Size and Velocity

Phase Doppler interferometry is a spatially resolved sin-
gle droplet counting technique. As a result, extensive and
tedious measurements would be needed if characterization
of the entire spray were required. In the current experiment,
the luxury of continuous flow is not available, so this prob-
lem is further exacerbated. To improve efficiency, line
scanning through the spray was used to characterize the
droplet size and velocity and to provide more understanding
of droplet size and velocity variation trends throughout the
metal spray. The relatively invariant time-dependent re-
sponses of the droplets and velocities, as discussed in Sec-
tion A, help support the validity of this application. Figures
7 and 8 show the results obtained from X-direction scanning
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Fig. 6—Function of (a) the droplet size and (b) the axial velocity with
time, and (c) correlation between axial velocity and size under the same
conditions as in Fig. 5.

Fig. 7—Measurements along the X direction (Y 5 0 and Z 5 152.4 mm)
for an atomizing gas pressure of 310 kPa (run 19): (a) droplet count, (b)
droplet volume histogram, and (c) the axial velocity.

of the spray (along liquid nozzle slit opening, Y 5 0, and
Z 5 152.4 mm) and Y-direction scanning of the spray (per-
pendicular to liquid nozzle slit opening, X 5 0, and Z 5
152.4 mm) for atomizing gas pressure of 310 kPa. In each
case, the sample volume was traversed through the spray
at 5 mm/s. Figures 7(c) and 8(c) present the axial velocity
number frequency distributions along the X and Y direc-
tions. As listed in Table II, the PDI measured mean velocity
and corresponding rms for the entire sample were 47.3 and
21.3 m/s in the X direction (Figure 7(c)) and 47.3 and 17.6
m/s in the Y direction (Figure 8(c)), respectively. Figure 9,
however, shows the droplet axial velocity distribution with
position along the X direction (Figure 9(a)) and along the
Y direction (Figure 9(b)), indicating a narrower distribution
range of velocity in the X direction. Since the sampling
period at any given location was constant, a broader distri-

bution indicated larger gradients; that is, the axial velocity
distribution along the X direction was more homogeneous
than that in the Y direction. In Figure 9(b), it was apparent
that the distribution along the Y direction was truncated on
the left side due to physical limitation of the optical win-
dow. Because the spray was geometrically symmetric in
both the X and Y directions, it can be predicted on the basis
of the comparison of Figures 9(a) and (b) that the geomet-
rical spread of the metal spray was wider in the Y direction
than that in X direction at the location of Z 5 152.4 mm.
This was attributed to the atomizing gas flow spreading in
the Y direction due to the linear atomizer slit geometry and
the spray atomization direction.

Comparison of the characteristic diameters obtained
along the X and Y directions is shown in Table II. The D10

(43.6 mm) in the X direction (Figure 7(a)) was larger than
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Fig. 8—Measurements along the Y direction (X 5 0 and Z 5 152.4 mm)
for an atomizing gas pressure of 310 kPa (run 20): (a) droplet count, (b)
droplet volume histogram, and (c) the axial velocity.

Fig. 9—Comparison of the droplet axial velocity distribution with position
at 310 kPa (a) along X direction (run 19) and (b) along Y direction (run
20).

the D10 (37.17 mm) in the Y direction (Figure 8(a)), indi-
cating that the relative fraction of small size powder in the
Y direction of the spray is higher than that in the X direc-
tion. The ratio of D30 to D10, an indicator of the spread of
the size number distribution,[10] showed that the droplet size
along the X direction (D30/D10 5 1.713) exhibited a nar-
rower distribution than that along the Y direction (D30/D10

5 1.864). This is attributed to the breakup process, which
results in a long core of material along the X direction,
which gives rise to larger droplets. Along the Y direction,
the greatest shear is available, thus leading to the finest
droplets at the edges of the spray. As in Figure 5(b), the
volume histogram plots in Figures 7(b) and 8(b) revealed
isolated events in the diameter size contributing a signifi-
cant amount of volume to the sample. After extensive eval-
uation, it was concluded that the isolated events appeared
to be actual droplets. This illustrates a need to carefully

assess the statistics of the process to ensure that adequate
samples are obtained. With more sampling time, the like-
lihood of observing these infrequent droplets increased.
This must be considered in the current applications since
the run duration was inherently short. Figure 10 shows the
correlation between the axial velocity and the size of drop-
lets in both scanning directions. The results indicate that
the axial velocity for the larger droplet size range, for ex-
ample, for the droplets with sizes larger than 100 mm, in
the Y direction exhibited a broader distribution than that in
the X direction. Note also the bimodal nature along the X
direction (Figure 10(a)). This was attributed to the global
motion of the gas inside the spray chamber, which tended
to recirculate metal powders.

Characteristics of PDI point and line scanning measure-
ments can be summarized with a comparison of character-
istic diameters and mean velocities. This was carried out
for run 13 (X 5 20 mm, Y 5 0, and Z 5 152.4 mm) and
run 19 (along X direction, Y 5 0, and Z 5 152.4 mm) at
a pressure of 310 kPa. Based on Table II, droplet size and
velocity distribution for both point (run 13) and line (run
19) can be compared. The SMD and mean axial velocity
were similar for both conditions. The mean velocity, for
example, was 47.1 m/s (run 13) and 47.3 m/s (run 19),
respectively. Other parameters, such as D10, D20, D30, and
the rms of the axial velocity, however, were significantly
different. The axial velocity rms, for example, was 8.9 and
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Fig. 10—Comparison of correlation between axial velocity and size
obtained along (a) X direction (run 19) and (b) Y direction (run 20).

Fig. 11—Mean diameter variation with atomizing gas pressure.

21.3 m/s for runs 13 and 19, respectively. Note also that
the numerical mean diameter D10 was 71.55 mm (run 13)
and 43.6 mm (run 19). The ratio of D30 to D10 indicated
that line measurement (D30/D10 5 1.713) exhibited a
broader distribution of droplet velocity and size than point
measurement (D30/D10 5 1.32). This is not surprising and
illustrates that the particle size distribution varies through-
out the spray. This must be accounted for in a proper model
or optimization process.

C. Influence of Atomization Pressure on Droplet Size and
Velocity

Results of powder droplet size, volume histogram, and
axial velocity distributions and correlations between axial
velocity and size along the X direction for different atom-
izing gas pressures of 310, 345, and 379 kPa are summa-
rized and compared in this section. Note that the data at
379 kPa were obtained over the range of X 5 240 to 165
mm rather than 240 to 180 mm.

1. Droplet size and distribution
Figure 11 shows the numerical mean diameter (D10), vol-

ume mean diameter (D30), and SMD (D32) obtained at at-
omizing gas pressures of 310, 345, and 379 kPa (also listed
in Table II). The D10, D30, and D32 decrease with increasing
atomizing gas pressure. Figure 12 shows the number fre-
quency distribution of powder sizes for three atomizing gas
pressures. The standard deviation for the number distribu-
tion can be calculated to characterize the spread of droplet
sizes using the following equation:[10]

2 2 2s 5 D 2 D [2]n 20 10

where sn is the standard deviation for the number distri-
bution. The terms D20 and D10 are the surface mean diam-
eter and numerical mean diameter, respectively (listed in
Table II). The standard deviations at atomizing gas pres-
sures of 310, 345, and 379 kPa, calculated using Eq. [2],
were 39.3, 29.25, and 26.99 mm, respectively. This shows
that not only does the average size reduce with increasing
gas pressure but so does the width of the size distribution.
Figure 13, the droplet size distribution with position for
different gas pressures, can provide a direct comparison that
the width of the size distribution reduced with increasing
gas pressure. As gas pressure increases, the relative fraction
of the smaller size range of droplets in the spray increases
(Figure 12). Further comparison of the droplet size distri-
bution between Figures 12(a) and (b) indicated that the
maximum droplet diameter was decreased at high atomiz-
ing gas pressure.

Figure 14 presents the volume histogram distribution at
three atomizing gas pressures. It is apparent that the posi-
tion of the peak of the volume histogram plot shifts to
smaller values as the atomizing gas pressure increases.

2. Droplet velocity and distribution
Figure 15 presents the results of the axial velocity, which

showed that the bimodal axial velocity behavior increased
with increasing atomizing gas pressure. A small peak in
axial velocity formed around zero. This was attributed to
the larger gas momentum for the higher gas pressure cases,
which resulted in more pronounced large scale motion
within the spray chamber and in turn allowed droplets to
be recirculated more easily. This phenomenon was verified
by video recordings, which revealed more severe droplet
recirculation at higher atomizing gas pressures. In Figure
15, it can also be seen that the position of the large peak
of the mean axial velocity was shifted toward the right,
indicating that the mean droplet velocity increased with in-
creasing atomizing gas pressure. The peak velocity in-
creased from about 45 to 55 m/s as the atomizing gas
pressure increased from 310 to 379 kPa. Figure 15 also
indicated that the atomizing gas pressure had little influence
on the shape of the primary distribution of axial velocity.
To further understand the influence of atomizing gas pres-
sure on the droplet axial velocity and distribution, a com-
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Fig. 12—Comparison of droplet size distribution at different atomizing
gas pressures: (a) 310 kPa (run 19), (b) 345 kPa (run 18), and (c) 379
kPa (run 17).

Fig. 13—Comparison of the droplet size distribution with position for (a)
310 kPa (run 19), (b) 345 kPa (run 18), and (c) 379 kPa (run 17).

parison of mean axial velocity and corresponding rms was
carried out, as shown in Figure 16. The results show that
the mean axial velocity increased as the atomizing gas pres-
sure was increased. The rms, however, remained almost
consistent, suggesting little change in the spread of the axial
velocity distribution.

D. Postrun Analysis of Spray Droplet Size Distribution
Using Sieving and Diffraction

The droplet size distribution in the atomization process
has been extensively investigated. The spread of the droplet
size determines the yields of powders within a specified
size range.[35] It has been documented that atomized pow-
ders can exhibit monomodal, such as log-normal or normal
distribution,[35,36,37] bimodal,[9] and multimodal[38,39] size dis-
tributions. In general, however, metal powders produced by

gas atomization obey log-normal distribution statis-
tics.[35,36,37]

1. Powder size distribution by sieving method
Figure 17 shows the cumulative undersize distributions

of powders produced at various atomizing gas pressures.
The results demonstrated that the curve shifted toward the
finer size value as the atomizing gas pressure increased,
which indicated that the powder size was refined with in-
creasing atomizing gas pressure. The mass median diameter
(d50), determined from Figure 17 and listed in Table III,
showed that the mass median diameter decreased as at-
omizing gas pressure increased. Figure 18 presents the cor-
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Fig. 14—Comparison of volume histogram distribution at different
atomizing gas pressures: (a) 310 kPa (run 19), (b) 345 kPa (run 89), and
(c) 379 kPa (run 17).

Fig. 15—Comparison of axial velocity distribution at different atomizing
gas pressures: (a) 310 kPa (run 19), (b) 345 kPa (run 89), and (c) 379
kPa (run 17).

Fig. 16—Mean velocity and rms variation with atomizing gas pressure.

relation of powder weight percentage with powder size
range. In Figure 18, it can be seen that the percentage of
the smaller powder size range increased with increasing at-
omizing pressure, whereas for the larger powder size range,
the weight percentage was higher for lower atomizing gas
pressure. The sieving distribution of powder sizes indicated
that bimodal or multimodal distribution of powder size oc-
curred on the basis of the weight percentage with powder
size. Because the size of the sieving screens is not equally
discretized, the frequency distribution of the powder weight
percentage obtained by the mechanical sieving method may
not accurately represent the actual continuous distribution
of the number frequency of powder weight percentage
against powder diameter. Another form of representation of
the cumulative number with powder size, as shown in Fig-
ure 19 for atomizing gas pressure of 310 kPa, showed a
straight line behavior. This was consistent with previous
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Fig. 17—Comparison of the weight cumulative undersize at different
atomizing gas pressures for aluminum alloy.

Table III. Sieving and PDI Results for SMD at Different
Atomizing Pressures

Average Weight Percentage

Size Range
(mm)

Diameter
(mm), x

379
kPa (17)

345
kPa (18)

310
kPa (19)

0 to 38 19 2.17 — —
38 to 53 45.5 4.63 — —
(0 to 53) 26.5 — 5.83 3.17
53 to 75 64 8.13 7.25 4.63
75 to 90 82.5 6.12 6.27 4.57
90 to 106 98 12.64 10.27 6.88

106 to 125 115.5 15.87 14.07 17.69
125 to 150 137.5 14.08 14.44 14.65
150 to 180 165 10.56 11.57 11.67
180 to 250 215 14.79 16.61 22.32
250 to 300 275 4.97 5.92 6.92
300 to 425 362.5 4.75 5.82 5.77
425 to 600 512.5 1.29 1.98 1.76
d50 126.6 135.5 147.9
Σ (df /x) 0.9524 0.8537 0.796
SMD (d32) 105.0 117.1 125.6
SMD (PDI) 102.4 118.2 120.4

Fig. 18—Comparison of the variations of powder weight percentages with
different powder size ranges at different atomizing pressures for 3003
aluminum alloy.

Fig. 19—Cumulative number with powder size for atomizing gas pressure
of 310 kPa (run 19), which shows a straight line behavior, suggesting that
powder size exhibits a log-normal distribution.

results suggesting that the powder size exhibited a log-nor-
mal distribution.[10,36,40]

2. Powder size distribution by laser diffraction
Alternatively, another optical technique, laser diffraction,

can be applied to the collected sample. Laser diffraction is
a technique that measures a group of droplets as a whole
distribution, and so it is also referred to as ensemble laser
diffraction.[41,42,43] In laser diffraction technique, the diffrac-
tion component of scattered light, generated as the droplets
move across the laser beam, is collected to determine the
size of a droplet.[41,42,43] Among the three forms of the scat-
tered light (diffracted light, reflected light, and refracted
light), diffracted light exhibits the least sensitivity to droplet
shape and optical properties. For characterization of the
droplet size and distribution in the entire spray, a commercial
unit Insitec Ensemble Particle Concentration and Size
(EPCS) system was used in the present study. Figure 20
shows the off-line laser diffraction measurement of the pow-

ders produced in run 17 at 379 kPa. The cumulative volume
and volume frequency of the droplets were presented, indi-
cating a monomodal distribution. A laser diffraction instru-
ment measures the diameters relating to the volume of
droplets such as Dv(10), Dv(50), Dv(90), and D32. For ex-
ample, volume median diameter Dv(50) is a diameter at
which 50 pct of the total droplet volume is in droplets of
smaller diameter.[33] Figure 21 gives the laser diffraction re-
sults of the preceding diameters for runs 17 through 19 at
the gas pressure of 310, 345, and 379 kPa, respectively. It
can be seen in the figure that the diameters of Dv(10),
Dv(50), Dv(90), and D32 decrease with increasing gas pres-
sure, consistent with the PDI and sieving results.

E. Comparison of SMD

The Sauter mean diameters obtained, in situ, by PDI and
postrun laser diffraction and sieving can be compared. The



METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 29B, AUGUST 1998—803

Fig. 20—Size distribution of aluminum powders (run 17) for atomizing
gas pressure of 379 kPa using light diffraction (Insitec EPCS).

Fig. 21—Diameter variation with atomizing gas pressure obtained using
light diffraction (run nos. 17 through 19).

Fig. 22—SMD at different gas pressures obtained using sieving, PDI, and
light diffraction, respectively (run 17 through 19).

sieving results of powders obtained at different atomizing
pressures are presented in Table III. In order to characterize
the entire spray, the Sauter mean diameter was calculated,
on the basis of the sieving results, using the following equa-
tion:[36]

3Σx dN Σdf 100
d (SMD) 5 5 5 , [3]32 2 3Σx dN Σ (df/x)x dN

Σ~ !x

where df is the content (weight percentage) of powders in
the size range, and is the average diameter of powders inx
the size range. The calculated results using Eq. [3] are also
summarized in Table III. The SMDs from laser diffraction
and sieving methods were compared in Figure 22, indicat-
ing a consistent variation with gas pressure. The difference
between the SMDs obtained by diffraction and sieving may
be attributed to the influence of droplet shape on the mea-
surement results.[44] Sieving measures the narrowest droplet
cross-sectional area as droplets randomly pass through the
square mesh opening. Laser diffraction, however, allows a
statistical sampling of all possible orientations of the drop-
lets as they pass through the laser beam in a turbulent flow.
This method, therefore, statistically randomizes the effect
of droplet shape on the size distribution.[44] Note also that
the Insitec EPCS diffraction instrument has the ability to
measure spherical droplets and irregularly shaped droplets
with an aspect ratio up to 2:1.[41]

In Figure 22, the SMDs obtained by PDI are also shown,
and it can be seen that the SMDs obtained by PDI, diffrac-
tion, and sieving techniques exhibited a reasonable agree-
ment and a consistent variation with gas pressure. Note that
the PDI results were obtained, in situ, along a single line
scanning through the spray (along the liquid nozzle slit),
whereas the diffraction and sieving results accounted for
the postrun analysis of the entire powder distribution. Due
to the basic difference in sampling technique, some differ-
ences in SMD should be expected. The PDI results indi-
cated that the finer droplets were present away from the X-
and Y-axes. Therefore, it might be anticipated that the siev-
ing results of SMD should be smaller than the PDI results
of SMD, since the sieving would account for all the finer
droplets in both the X- and Y-axes. The results in Table III
do not, however, show a significant difference between the
PDI and sieving methods. This may be explained by some
larger droplets not being accounted for by PDI due to their
irregular shapes. Of course, the PDI provides the opportu-

nity for significantly more information about the spray than
does the sieving.

F. Measurement Uncertainty

1. Spray repeatability
As discussed in previous sections, it is useful to assume

little run-to-run variation in the experiment. In order to un-
derstand the repeatability of the experiment, different linear
atomization runs at an atomizing gas pressure of 310 kPa
were carried out and characterized by droplet size distri-
bution using the mechanical sieving method. Figure 23
gives the results of cumulative percentage undersize distri-
bution of powders obtained by the sieving, indicating that
three distribution curves were well matched. Table IV sum-
marizes the variation in mass median diameters (d50) and
the calculated SMDs using Eq. [3]. The values of the mass
median diameter and SMD for different experimental runs
under the same experimental conditions were similar.
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Fig. 23—Sieving results for two runs at atomizing pressure of 310 kPa.

Table IV. Mass Median Diameter and SMD at 310 kPa
Atomizing Pressure

Run Number
Mass Median Diameter

(d50), mm
Sauter Mean Diameter

(d32), mm

6 150.4 122.7
10 147.2 121.5
19 147.9 125.6

Fig. 24—Characteristic diameters and corresponding averaged values with
standard deviations for different experimental runs at a gas pressure of
276 kPa (X 5 15 mm, Y 5 212.5 mm, and Z 5 175 mm).

Table V. Mean Diameters Obtained by PDI at a Gas
Pressure of 276 kPa (corresponds to Fig. 24)

D10 ,
mm

D20 ,
mm

D30 ,
mm

D32 ,
mm

Run 1 52.8 64.3 79.2 120.4
Run 2 53.0 65.2 80.8 124.3
Run 3 57.7 70.9 88.2 136.8
Run 4 66.6 77.4 91.1 126.2
Run 5 58.5 69.8 83.8 120.5
Mean 57.7 69.5 84.6 125.6
Standard

deviation 5.6 5.2 5.0 6.7

2. Phase Doppler Interferometry

Measurement of the relatively infrequent large droplets
and/or variation in average signal-to-noise ratios at the dif-
ferent atomizing pressures can affect the measurement. To
resolve this issue, extensive experimental runs should be
taken at the same position to determine the uncertainty as-
sociated with sampling limitations. Precise determination of
the PDI measurement uncertainty, however, is not straight-
forward. In the current research, experiments were carried
out to characterize the uncertainty relating to run-to-run

measurements at the same location and same atomizing gas
pressure. Figure 24 shows the results of the D10, D20, D30,
and D32 for five different runs obtained by PDI at atomizing
gas pressure of 276 kPa and at a location of X 5 15 mm,
Y 5 212.5 mm, and Z 5 175 mm. The mean value of
these parameters and standard deviations about the mean
are also shown in Figure 24. The results provide a measure
of the expected variation in measurement of D10, D20, D30,
and D32, from run to run. The SMD D32, for example, has
an average value of 125.6 mm with a standard deviation of
6.7 mm for five experimental runs. Figure 25 gives the re-
sults of the droplet axial velocity and corresponding rms
for the runs presented in Figure 24. The averaged value
(67.2 m/s) of the droplet mean axial velocities and statis-
tical standard deviation (3.97 m/s) are also shown in Figure
25. In general, the experimental measurement uncertainty
resulting from run-to-run variation was approximately 55
pct. Possible reasons for the observed variations in the mea-
sured mean diameter and velocity include the following:
(1) slight variations in gas pressure from experiment to ex-
periment; and (2) slight changes in sampling location, since
the metal spray experiment exhibited a certain degree of
spatial variation due to reassembly.

IV. SUMMARY AND CONCLUSIONS

For many years, PDI has been successfully used for si-
multaneous droplet size and velocity measurements in com-
bustion and other environments. This article provides
extensive PDI measurements of the droplet size and veloc-
ity in metal sprays. Uncertainties associated with the metal
spray repeatability and PDI measurements were established
at 55 pct through a series of tests. Key findings are sum-
marized below as follows.
1. The PDI point characteristics of the metal spray dem-

onstrated that the droplet axial velocity and size as a
function of time were relatively consistent throughout
the experimental run at a given measurement point.

2. The PDI line measurements provided the variation of
droplet size and velocity with position (or time), delin-
eating the spatial characteristics of the droplet size and
velocity in the metal sprays. The droplet axial velocity
showed a bimodal behavior and this became more ap-
parent with increasing atomizing gas pressure, indicating
that droplet recirculation became more common at
higher atomizing pressures. The peak position of the ax-
ial velocity distribution was shifted toward the right,
showing that the mean velocity increased with increas-
ing atomizing gas pressure.
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Fig. 25—Mean axial velocity, corresponding rms, and an averaged value
with standard deviation bars for different experimental runs at a gas
pressure of 276 kPa (X 5 15 mm, Y 5 212.5 mm, and Z 5 175 mm).

3. The characteristic diameters, D10, D20, D30, and D32 ob-
tained by PDI, showed that powder droplet size de-
creases with increasing atomizing gas pressure and
exhibits a monomodal distribution. The line character-
istics of the droplet size and distribution can also be
delineated by using the ratio of D30 to D10, an indicator
of the spread of the droplet size distribution. Compari-
son of the ratio of D30 to D10, for example, indicated that
the spread of the droplet size distribution along the X
direction exhibited a narrower distribution than that
along the Y direction. This illustrates that the size dis-
tribution varies throughout the spray and using ensemble
and overall averages may be misleading.

4. Laser diffraction and mechanical sieving methods were
used for the postrun analysis of the powder size and
distribution. The results indicated a consistent variation
with gas pressure. The mass (volume) median diameter
and the SMD, for example, decreased with increasing
atomizing gas pressure. A difference resulted from dif-
fraction and sieving may be attributed to the influence
of the powder shape.
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