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Abstract: The gas-
ow in a close-coupled gas-metal atomizer was experimentally and
numerically studied. Numerically, a method previously employed to model ballistic

ows was used to model the atomization gas 
ows over a range of operational pressures.
Experimentally, the jet was examined using schlieren photography searching for the
location of predominant 
ow features. Using these data, the numerical results were
validated and a parametric study was conducted to determine the e�ects of jet pressure
ratio on the structure of the gas-only atomization 
ows. The results obtained explained
the observed base-pressure behavior on the basis of the resulting jet structure and 
ow
separation.

Introduction

For the last two decades, the process of gas-metal atomization has gained popularity due to the chemical
homogeneity and re�ned micro-structures exhibited by the powders produced using this technology. How-
ever, gas-atomized powders have traditionally been used in high-tech applications where the low yields and
high costs of the atomization processing can be justi�ed. Trying to make the process more cost e�ective,
atomization research has focused on the control of the process with aims to increase yields at selected
particle sizes.

The control of a molten stream of metal at a temperature near 1700 K(4) is di�cult; historically,
this has led to atomization control strategies that predominantly focus on the gas-delivery-system of the
atomizers. In most atomizers, the gas-delivery-system is an integral part of the atomization nozzle assembly

{ geometrical structure which forces the interaction between a high-speed gas jet and the liquid stream of
molten metal. Atomization nozzle assemblies can be of two types: free-fall, or close-coupled. In free-fall
atomizers, the stream of molten metal is allowed to fall unrestricted until it interacts with the gas jet.
In close-coupled atomizers, the stream of molten metal is delivered by a ceramic conduit (named liquid-

delivery-tube or LDT) to the interaction zone with the gas jets. Close-coupled atomizers are more di�cult
to operate, but they tend to produce �ner powders than free-fall atomizers. Given that the properties of
metal powders generally improve with smaller particle sizes [1], close-coupled atomizers are in high demand
and the physics of their gas-only 
ows (i.e., no liquid metal present) have been the focus of many studies.
The reader is referred to reference [2] for a detailed review of gas-only studies of close-coupled gas metal
atomizers.

The study here presented makes use of computational 
uid dynamics (CFD) to study the gas-only

ow produced by a generic close-coupled atomizer. By \generic", it is implied that the geometry of the
atomization nozzle assembly was selected to be representative of numerous designs used by other researchers
and industry. The operational parameters are based on those typically used for the production of metal
powder [3].

Both experimental and numerical results are presented. Experimentally, the atomization gas-only 
ow
is examined using schlieren photography to identify the position of prominent 
ow features. These data
are used to validate the CFD results over a wide range of conditions. A parametric study is conducted to
determine the e�ects of jet pressure ratio on the structure of the gas-only 
ows and to explain the observed
base-pressure at the end of the LDT (i.e., aspiration pressure).
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Numerical Method

The axisymmetric, steady, compressible 
ow in an atomizer is governed by the non-reacting Navier-
Stokes equations. In this work, the solution to the Navier-Stokes equations was accomplished using the
NPARC code [4] while the solution to the turbulence equations was obtained using a compressible imple-
mentation of Chien's k-� model [5]. However, in this investigation, the production of turbulence kinetic
energy dissipation in the k-� model was reduced 10% to correct for its over-prediction in this type of jet as
suggested in reference [6].

The computational domain used in this investigation (Figure 1) is an annular jet implementation of the
close-coupled atomizer used in reference [3]. The computational domain was segmented into three separate
blocks: Block 1 { annular channel (discretized using 42 � 41 points in the axial and radial directions
respectively), Block 2 { volume over the LDT (57� 161), and Block 3 { volume after the axial-end of the
LDT (289 � 215). Blocks 2 and 3 extend radially to a distance of 10R, while block 3 extends axially to
a distance of 14:7R from the exit-plane of the annular channel. Within each block, the mesh points were
distributed using the SAGE grid adaptation program [7]. Complete details regarding the various aspects of
the numerical method here used can be found in references [6, 8].

Liquid
Delivery

Tube

Annular
Channel

Coordinate
System
Origin

Coordinate System
r

x

(Po , To , γ)

Gas
Plenum

Chamber

Computational Domain

Axis of Symmetry

Block 2 Block 3

Liquid
Delivery
Channel

(Pr , Tr)

Ldt

αdt

(Pe , Te)
Block 1

(Pdt)R

Figure 1: Schematic diagram of the computational domain used to model the gas-only 
ow in a close-coupled
atomizer.

Results

Some of the parameters controlling the performance of close-coupled atomizers are typically �xed by the
design (e.g., R and �dt in Figure 1). Others can be changed prior to the initiation of the atomization process
(e.g., Ldt and the gas specie). However, a number of parameters can be changed in situ, providing the ability
to modify the atomization process output based on some product quality measurement (e.g., Pr , Pe, Tr, and
Te). In this work, we study the combined e�ect of both jet pressure, Pe, and receiving chamber pressure,
Pr, on the structure of the gas-only 
ow produced by the atomization geometry shown in Figure 1. This

combined e�ect is captured as a function of the dimensionless jet pressure ratio, Pe=Pr = Po=Pr
�

+1
2

� 


1�
 ,
in the results that follow.
{ E�ects of Jet Pressure Ratio: To investigate the e�ects of the dimensionless jet pressure ratio we chose
to model �ve jets at pressure ratios of Pe=Pr = 6.6, 20, 33, 46, and 53 (although only the results for the
lower four pressure ratio jets are discussed in detail due to the similarities between the Pe=Pr = 46 and 53
jets). Numerical density contours are compared to experimental schlieren images in Figure 2. Overall, good
agreement can be observed between experimental data and numerical results; the 
ow structures (shock
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waves, expansion fans, shear layers) observed in the experiments are also present in the calculations, and
their locations are generally correct.
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Figure 2: E�ect of jet pressure ratio on the structure of gas-only atomization 
ows: experimental schlieren
pictures (upper images), numerical density distribution, �� = �=�r (lower images): ��� = 0:5.

Regardless of pressure, a signi�cant number of features in these close-coupled atomization gas-only 
ows
remain unchanged. Initially, as the gas exits the plenum chamber (see Figure 1), it accelerates from a
quasi-stagnated state to sonic conditions (i.e., Mach Number = 1) along the length of the annular channel.
At the exit of the channel, the 
ow emerges with a pressure higher than the receiving-chamber pressure
and forms an underexpanded wall-jet over the outer surface of the LDT (see Figure 2). For most pressure
ratios of interest to atomization, this wall-jet separates somewhere along the surface of the LDT forming an
annular underexpanded jet that entraps a volume of 
uid at the base of the LDT. The resulting base 
ow
has characteristics similar to those seen in other axisymmetric supersonic base 
ows [6], and its structure
has a direct in
uence on the pressure sensed at the base of the LDT (i.e., aspiration pressure). At the
end of the separation region, the jet 
ow looses its annular character and becomes a single supersonic
jet. Thereafter, the jet continues downstream through a series of barrel-shocks(5) until it looses enough
momentum to become subsonic.

The most predominant change associated with a variation in jet pressure ratio is the variation in size
and shape of the separation region at the base of the LDT. At low pressure ratios, Pe=Pr ' 6:6 (top
image in Figure 2), the annular 
ow encapsulates a conically shaped region at the base of the LDT which
is relatively short (x=R < 2:05). For Pe=Pr ' 20 (second image from the top in Figure 2), the middle

(5)A \barrel-shock" is a repetitive barrel-shaped 
ow structure initiated by an expansion fan and terminated by an oblique

shock wave. The resulting 
ow pattern is often seen in supersonic jets as a series of diamonds.
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portion of the initial barrel-shock in the annular jet pinches the separation streamline, giving the separation
region a longer (x=R < 2:80) hourglass shaped form. At Pe=Pr ' 33 (third image from the top in Figure
2), the previous trend is accentuated as the middle portion of the initial barrel-shock further pinches the
center of the separation bubble, leading to a longer (x=R < 3:65) and narrower separation region than those
seen before. However, with further increases in jet pressure ratio, Pe=Pr > 33 (bottom image in Figure
2), the initial barrel-shock in the 
ow grows to a size which forces the inner shear-layer very close to the
axis of symmetry at an early stage along the path of the jet. This, in turn, renders short, conically shaped
separation regions (x=R < 2), with encapsulated 
ows that lead to signi�cantly di�erent aspiration pressure
behavior from that seen at lower pressure ratios.

Figure 3 shows experimental and numerical results for the aspiration pressure as a function of the jet
pressure ratio. The experimental results, which are typical of this type of atomizer [3], have uncertainties
no larger than the size of the symbols used in the plot. In general, the numerical calculations miss the
prediction of the aspiration pressure by 10-20% (a result consistent with similar numerical data obtained
from supersonic base 
ow simulations [6]). However, the simulations capture accurately the trends observed
in the experimental data thus enabling the correlation of the 
ow �eld structure with the observed aspiration
behavior.
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Figure 3: E�ect of jet pressure ratio, Pe=Pr, on aspiration pressure, Pdt=Pr, for the selected atomization
geometry. 	 : experimental data, Prexp = 98:574 kPa; � : numerical results.

At low pressure ratios, Pe=Pr < 5, as seen in the experimental data, the LDT experiences a high
aspiration pressure, Pdt=Pr > 1, that can lead to a \blow-back" condition (i.e., gas 
owing into the LDT
and bubbling through the liquid metal in the crucible, generally leading to a freeze-o�). For mid-range
pressure ratios, 5 < Pe=Pr < 25, the LDT records ever decreasing aspiration pressures that plateau near
Pe=Pr ' 20. For a narrow range of pressure ratios thereafter, 25 < Pe=Pr < 30, the aspiration pressure
decreases rapidly, leading to its minimum value, or maximum aspiration condition. Further increases in
jet pressure ratio lead to linear increases in aspiration pressure, eventually leading to a second blow-back
regime.
{ Flow Separation and \Freeze-O�": An important feature of these jets is the 
ow separation that may
occur over the outer surface of the LDT for some conditions (see Figure 4). The occurrence of separation,
which is a function of jet pressure ratio and LDT extension, has been suggested [9] to cause liquid metal to
be drawn from the end-face of the LDT into its outer surface, where it is exposed to the very cold expanding
gas of the annular wall-jet. The extreme temperature di�erence between the metal and the gas promotes the
solidi�cation and accumulation of metal, leading to a shape alteration of the LDT. Typically, this sequence
of events induces a freeze-o� that ends the atomization process prematurely.
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Figure 4: Schematic diagram of the 
ow separation phenomenon at the end of the LDT. Left: early
separation at low values of Pe=Pr; Right: secondary expansion process at high values of Pe=Pr.

Figure 5 shows the skin friction coe�cient, Cf ,
(6) over the surface of the LDT as a function of surface

distance, s = x=cos(�dt), for four pressure ratios. At all pressure ratios, the friction coe�cient increases
early in the length of the LDT due to the 
ow acceleration caused by the expansion fan emanating from
the end-lip of the annular channel (see Figure 4). From there on, the friction coe�cient decays smoothly
as the wall-jet boundary layer looses momentum to friction. For pressure ratios, Pe=Pr, lower than 33, the
simulations predict that the 
ow will separate before it reaches the end of the LDT. However, at the high
pressure ratios (Pe=Pr ' 46), the 
ow never separates before the end of the LDT.
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Figure 5: E�ect of jet pressure ratio on 
ow separation over the LDT : Cf = 2 �w=�ra
2
r. : Pe=Pr ' 6:6;

: Pe=Pr ' 20; : Pe=Pr ' 33; : Pe=Pr ' 46.

The observed behavior leads to the following model of the aspiration phenomenon that describes the
trend experimentally, shown in Figure 3. For mid-range pressure ratios, Pe=Pr < 20 (decreasing Pdt=Pr
range), the 
ow over the LDT separates early on along its trajectory over the LDT. In this range, the

(6)Ratio of the shear stress imposed by the 
ow on the wall to the 
ow inertial forces. Cf = 0 denotes the point where the


ow separates from the wall.
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decrease in aspiration pressure with increasing pressure ratio results from an ever larger expansion level
due to the increasing underexpansion of the wall-jet (i.e., as the pressure ratio increases the separation
point moves downstream allowing for more expansion in the wall-jet and thus, lower pressures in the 
ow
encapsulating the base region). At pressure ratios between 20 and 25 (plateau in Pdt=Pr range), the 
ow
separates close to the end of the LDT, leading to an aspiration pressure level that is controlled by the
dynamics of the 
ow in the hourglass shaped separation bubble. Given that the structure of the hourglass
shaped separation bubble does not change signi�cantly in this pressure ratio range, then it follows that
the aspiration pressure remains fairly constant. For higher pressure ratios, Pe=Pr > 25 (increasing Pdt=Pr
range), the 
ow never separates from the face of the LDT and a second expansion fan forms at its end-
corner. This second expansion controls both the shape of the separation region and the aspiration pressure.
As pressure ratio increases, so will the pressure upstream of the second expansion process. Given the
aerodynamic conditions present, the second expansion process will yield ever smaller separation regions
with ever increasing aspiration pressures.

Conclusions

The gas-only 
ow �elds in close-coupled gas-metal atomizers were computed using methodologies previ-
ously tested in similar con�gurations [6]. Simulations were carried out to determine the e�ect of jet pressure
ratio on the gas-only atomization 
ow. Five jet pressure ratios were considered, Pe=Pr = 6.6, 20, 33, 46,
53. The numerical results showed that, although the aspiration pressure was not predicted with satisfactory
accuracy, the resulting jet structure was in good qualitative agreement with experimental schlieren pictures.
The wall-jet 
owing over the LDT separated for a certain set of conditions leading to a possible freeze-o�
condition. Given the severe consequence of 
ow separation over the LDT for the atomization process, it is
advisable to make use of short LDTs to avoid 
ow separation. The separation behavior seen, in conjunction
with the observed jet structure, lead to a phenomenological model which describes the aspiration behavior
observed experimentally. Our results suggest that the operation of the atomizer in the increasing Pdt=Pr
range reduces the chances of separation at the end of the LDT, thus avoiding the possibility of a freeze-o�.
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