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Abstract

The gas-only 
ow �eld produced by an annular jet, close-coupled, gas-metal atomizer

is studied using numerical solutions of the compressible, Navier-Stokes equations. An
adaptive grid scheme is used to improve accuracy and convergence rate. The simulation is
validated by comparison with 
ow visualization and pressure measurements conducted in
a con�guration similar to the modeled one. The structure of the 
ow �eld is related to the
geometrical parameters of the atomization nozzle assembly, and criteria for the detection
of adverse atomization conditions are obtained from the numerical results.
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Introduction

The interaction between a high-speed gas 
ow and a liquid metal stream that occurs in
gas-metal atomizers is a problem of major technological importance, because it determines
the size and shape of the metal particles produced. Optimally, atomized powders have a
unique microstructure which enables the production of parts with improved chemical and
physical properties when compared with conventionally-cast parts.

Although the study of the full interaction between the gas and the liquid phases is beyond
the present capabilities of computational techniques, a numerical calculation of the gas 
ow
in the region preceding the gas-liquid interaction is nonetheless useful. Data resulting from
such studies can give insight into the geometric con�guration and 
ow parameters (plenum
pressure, temperature etc.) most likely to yield the desired 
ow pattern in the interaction
region. Correlation of the computational results with experiments is then required to
relate the 
ow topology to the particle size and shape distributions of the metal powder
produced.

This work documents a numerical study of the gas 
ow, which was computed by solving
the laminar Navier-Stokes equations in a number of geometrical atomizer con�gurations.
The study was carried out for close-coupled, annular jet atomization-nozzle assemblies.
The geometrical and operational parameters were selected to match those used in experi-
mental studies performed using an actual atomization nozzle assembly. Calculations were
performed on a CRAY Y-MP 2/216 at the National Institute of Standards and Technology
(NIST) in Gaithersburg, Maryland.

In the next section, the mathematical model used will be presented and the numerical

method will be described. Then, the results of the numerical simulations will be pre-
sented. Finally, some general conclusions will be drawn, together with their implications
for optimizing the metal powder production process.

Mathematical Formulation

In this section, the numerical approach utilized for the simulations of the gas 
ow �elds
will be discused �rst. Then, a brief description of the grid re�ndment scheme utilized

will be given. Finally, the physical domain considered, as well as the boundary conditions
applied to it, will be described.

Numerical Approach

The governing equations of the compressible, viscous 
ow of a gas are the Navier-Stokes
equations, which, can be written in dimensionless vector form1 as
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 is the speci�c heat ratio for a thermally- and calorically-perfect gas. The viscous stresses
are given by
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where � and � are the �rst and second coe�cients of viscosity, respectively. Sutherland's
law is used to obtain the viscosity as a function of temperature, T . The Reynolds number
is Re = a1xo=�1, where � is the kinematic viscosity. The heat 
ux vector is
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where K is the thermal conductivity, �
r
= a21=Cp1T1 (where C

p
is the speci�c heat at

constant pressure), and the Prandtl number is de�ned as Pr = C
p1�1=K1. In the present

study, both inviscid calculations (in which the viscous stresses and the heat 
ux are ne-
glected to yield the Euler equations), and viscous solutions were performed.
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where J is the Jacobian of the transformation.

Solution of (7) is accomplished using the PARC code [1], based on the ARC2D algo-
rithm [2]. In this algorithm the time advancement is performed using a backward Euler
scheme, and 
ux splitting is used to linearize the 
ux terms. Approximate factorization
is used to facilitate solution of the resulting equation and central di�erence discretization

of the resulting equation yields a block pentadiagonal system which can be solved directly
by Gauss elimination. Both second- and fourth-order arti�cial dissipation are introduced
to suppress dispersion errors near shocks

2 When indicial notation is used, summation over repeated indices is implied.



Adaptive Grid

The distribution of grid points throughout the computational domain will a�ect the ac-
curacy of the numerical solution. The arti�cial dissipation introduced by the numerical
scheme tends to smear discontinuities in the 
ow �eld (i.e., shock waves) over a �nite num-
ber of grid cells. This in turn, will produce weaker spatial gradients of the 
ow properties
in the numerical solution.

One way to reduce the errors due to an improper grid distribution is to relocate the
grid points, in the computational domain, based on an initial solution computed using an
unoptimized grid, and then generating a new grid based on the spatial distribution of a

selected 
ow property. The new grid will have a high point density in areas of the 
ow �eld
where sharp gradients are present, and more sparse point distributions in areas where the

ow is relatively smooth. Once an improved grid is generated, the solution obtained using
the initial grid is interpolated into the newly generated grid and the governing equations
are advanced in time until a new steady-state is reached. The procedure is then repeated
anew until the regridding procedure does not change the mesh any more.

The grid-adaptation technique used here is based on variational principles, and was devel-
oped by Gno�o [3] and Nakahashi and Deiwert [4]. The implementation of this method
by Davies and Venkatapathy [5] was used in this work.
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Figure 1. Schematic of azimuthal section of atomization nozzle assembly.

The geometry of the atomization nozzle assembly (or atomization die) examined and the
relevant nomenclature are shown in Figure 1. The 
ow was assumed to be axisymmetric.
The 
ow in the annular channel extending from the gas plenum chamber to the beginning
of the delivery tube was calculated to obtain realistic velocity, density and pressure pro�les
at the exit point where the wall jet begins its 
ow along the conical liquid delivery tube.



The walls were assumed to be adiabatic, and no-slip conditions were imposed on the
solid surfaces. At the inlet of the annular channel section, the stagnation pressure and
temperature of the gas plenum chamber were imposed. Along subsonic surfaces at the end
boundary of the computational domain, the static temperature and pressure were assigned,
while over supersonic surfaces all quantities were extrapolated from upstream.

Results

Although a variety of 
ow con�gurations were studied, initial grids similar to that shown
in Figure 2 were used for the discretization of the governing equations. This grid contains
25�25 points in the annular channel section, 24�43 in the section over the liquid delivery
tube, and 136�73 points in the far �eld section. For cases in which the liquid delivery
tube extension was reduced, the number of points over the delivery tube section (in the
x-direction) was reduced to maintain the same initial �x as in all other grids. The points
subtracted from the delivery tube section were added to the far �eld section, keeping the
overall number of points in the grid constant. In general, the distribution of points in the
initial grid was constant both in the x and y directions. An exception was made in the y
direction distribution over the delivery tube and in the far �eld, where the distribution of
points was stretched to re
ect the lack of signi�cant 
ow phenomena in these areas. The
initial grids did not a�ect the �nal results of the numerical simulations, since numerous
adaptation cycles were performed before convergence was attained.

Figure 2. Initial grid distribution.1

To assess the validity of the simulations, the 
ow parameters were chosen to match those
of the experiments carried out using the real atomization nozzle assembly [6, 7]. The
reference pressure and temperature were P

ref
= 101:4 kPa and T

ref
= 273:3 oK, while the

receiving chamber pressure and temperature were P
r
= P

ref
and T

r
= 1:0725 T

ref
. The gas

plenum chamber temperature was T
r
= 1:0725 T

ref
. The liquid delivery tube extension,

Z
dt
, was varied in the experiments from a minimum of 0:054 x

o
to a maximum of 0:112 x

o
.

1 Circular arcs in the �gure are a printing artefact, and should be ignored.



In the rest of this section, the e�ects of grid adaptation and viscosity on the numerical
results will be discussed. Then, the 
ow �eld for the standard operational parameters will
be described in detail. Finally, the 
ow �eld dependency on the liquid delivery tube length
will be assessed.

Inviscid Solution { E�ect of Grid Adaptation

When a grid distribution such as the one shown in Figure 2 is used to compute an inviscid

solution of the gas 
ow produced in an atomizer, the numerical simulation yields a 
ow
�eld with poorly resolved shear layers and smeared shock waves. To generate a better
solution, the grid was adapted several times before negligible changes occurred in the 
ow
�eld between successive adaptations. After each adaptation, the solution obtained using
the old grid was used as the initial condition for the integration of the solution to a new
steady state using the new grid. The numerical relaxation to obtain the steady state 
ow
�eld was carried out until the change in the static pressure distribution was less than 1%
of the previous value.

Figure 3 displays the �nal grid after the iterative process of relaxation-adaptation had
been repeated about �ve times. The grid in the �gure, which is a transformation of the
grid in Figure 2, reveals heavy concentrations of points in areas of the 
ow �eld containing
boundary layers, free shear layers, expansion fans, shock waves, and recirculation cells.
The grid is signi�cantly coarser in the far �eld, where the 
ow is nearly uniform.

Figure 3. Final grid distribution showing an optimized arrangement of the mesh points
to better resolve the 
ow structures in the jet produced at a pressure ratio,
P
o
=
P

ref
= 37 and Z

dt
= 0:112 x

o
.

The evolution of the grid from its original unadapted distribution (seen in Figure 2) to
its �nal adapted con�guration (seen in Figure 3) considerably e�ects the results of the
numerical simulations. Figure 4 compares the static pressure distributions along the axis
of symmetry of the jet, before and after the relaxation-adaptation process. The static
pressure on the axis of symmetry of the jet is made dimensionless by 
P

ref
. The line at



P �
r
= P

r
=
P
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= 1=
 is also shown to clarify the location of over-pressure and under-

pressure regions within the jet.
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Figure 4. E�ect of grid adaptation on the axial pressure distribution (P
o
=
P

ref
= 37

and Z
dt
= 0:112 x

o
).

The unadapted grid yields a pressure distribution which has a major peak in the vicinity
of X�

� 1:1, and displays two minor peaks in pressure (at X�
� 1:5 and 1:8), which are

typically associated with the presence of Mach re
ections (i.e., normal shocks). In contrast,

the distribution obtained in the adapted grid peaks in the neighborhood of X�
� 0:86, at

a higher pressure than in the unadapted grid case. The �rst minor peak in pressure has
moved upstream, to X�

� 1:2, and it has partially merged with the major pressure peak.
The second minor pressure peak now stands alone at X�

� 1:65, and its magnitude has
decreased from the one seen in the unadapted solution. The interpretation of these results
is perhaps more clearly seen in terms of pressure changes through these shock structures.

For the unadapted case the pressure rise to the major peak is �P �
� 1:9 while after grid

adaptation this di�erence is �P �
� 2:6. As noted above, the grid adaptation moves this


ow feature upstream. However, for the �rst minor peak in the unadapted solution, the
adaptation e�ect has merged this peak with the major peak. This obscures the observation
that the pressure rise is enhanced by adaptation; although it is apparent that it is moved
upstream. The second minor peak in the unadapted solution has a pressure rise that is
duplicated in the adapted solution while being displaced upstream.

It appears, therefore, that grid adaptation produces a sharpening of 
ow gradient e�ect
that generally elevates pressure peaks and pressure di�erences across shock structures.

It also moves these features upstream in the 
ow �eld. These results are due to the
fact that, in these supersonic 
ows, improvements in solution accuracy achieved by grid
adaptation lead to improved upstream 
ow features and these, in turn, lead to improved
downstream features. Although no quantitative comparisons have yet been completed
using experimental pressure surveys, the 
ow �elds obtained using grid adaptation compare
better with Schlieren images than the solutions using unadapted grids, [6].



Viscous Solution

The inviscid solution described above was used as an initial condition, and the full equations
(including the viscous stresses and heat 
ux term) were then integrated. Figure 5 displays
the computed axial pressure distribution for viscous and inviscid 
ow; the inviscid solution
is termed Euler and the viscous solution is labeled Laminar. For the laminar solution
(Re

xo
= 6:5�105), the major pressure peak is situated downstream of its original position;

furthermore, the �rst minor pressure peak has merged with the main pressure peak. This

made the initial pressure peak broader, and decreased its maximum value slightly. The
Mach re
ection also moves downstream. As was the case with the main pressure peak,
the magnitude of the discontinuity introduced by the Mach re
ection has been reduced by
almost 20%.
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Figure 5. E�ect of viscosity on the axial pressure distribution (P
o
=
P

ref
= 37:0.)

Gas Only Flow Field Under Normal Operational Parameters

It is common industrial practice to operate gas atomizers under conditions which yield a
maximum suction in the base region downstream of the end of the delivery tube. This

maximum suction condition (also known as maximum aspiration) has been experimentally
shown to yield the �nest powder for a given atomizer [8]. Searching for a deeper under-
standing of the 
ow topology which yields the optimal metal powder product, simulations
were carried out for the atomization jet operating at maximum aspiration.

For the atomizer geometry studied here, experiments [7] have shown that maximum aspi-
ration is obtained for Z

dt
� 0:1 x

o
and P

o
=
P

ref
= 37. Figure 6 displays the calculated

Mach number distribution for these operating conditions. In this �gure light gray denotes

regions of high Mach number, while dark gray denotes regions of low Mach number.

Initially, the gas resides essentially at rest in the gas plenum chamber. From this chamber
it exhausts through the annular channel (see Figure 1). By the end of the annular channel
the 
ow has accelerated to sonic conditions (i.e., Mach number = 1) and it streams over the
surface of the liquid delivery tube where, it forms an underexpanded wall jet. At the end of



the delivery tube the gas 
ow separates leaving a recirculation region trapped in the base
region beyond the delivery tube. This recirculation region varies in extent along the axis of
symmetry due to the expanding and contracting shapes of the two initial barrel shock cells
(segment of a supersonic jet composed of expansion fans followed by compression shocks
which has a shape similar to that of a rum barrel).

Figure 6. Mach number distribution for a pressure ratio, P
o
=
P

ref
= 37, and

Z
dt
= 0:112 x

o
.

In the center of the �rst of these two barrel shocks the 
ow achieves its maximum Mach
number of about 6. By the end of the second barrel shock the 
ow reaches the axis of
symmetry of the jet, thereby enclosing the recirculating base 
ow. At this location an
oblique shock wave is formed which satis�es the boundary condition imposed by the axis
of symmetry (the 
ow straightens its trajectory to 
ow parallel to the axis of symmetry).
The interaction between this oblique shock and the shocks at the end of the second bar-
rel shock system generates the large pressure discontinuity at X�

� 1:1 seen in Figure
5. Downstream of this point the 
ow essentially loses its annular nature and e�ectively
becomes a single jet. Within the �rst barrel shock structure of the newly formed single jet,

the 
ow re
ects from the axis of symmetry an incident oblique shock wave as a Mach re
ec-
tion (normal shock structure towards the end of Figure 6). This normal shock decelerates
the 
ow, forming a region of subsonic 
ow behind it (seen as the dark region at the right
side of the �gure). After this Mach re
ection, the gas eventually accelerates to supersonic
velocities and undergoes a succession of barrel shocks which eventually decelerate the 
ow
to subsonic speeds.

Naturally most of this picture will change when liquid metal is present, but due to the

supersonic nature of the jet some of these features will tend to remain in the annular region
surrounding the liquid stream. The formation of the wall jet over the surface of the delivery
tube can be expected to remain intact, given that the gas-liquid interaction takes place
downstream of it. Furthermore, it can be hypothesized that most of the liquid 
ow will
remain con�ned within the recirculating base region until it interacts with the gas 
ow at
the major pressure peak (i.e., the discontinuity describe above). Of course, interactions will



occur along the shear layer which surrounds the liquid 
ow, but, with its high momentum,
the gas jet should retain some of its features around the recirculation region (before the
main pressure discontinuity). Evidence of this can be seen in the accumulation of liquid
metal, within the base region at the end of the delivery tube that has been observed in
high speed movies of the atomization process [6].

Finally, there is some qualitative agreement between the numerical results shown in Figure
6 and the Schlieren image of the real 
ow shown in Figure 7. In both images the existence

of the predominant 
ow structures is apparent. To help clarify the 
ow structure in the
Schlieren image the main features of the 
ow have been labeled in Figure 7.

Figure 7. Schlieren photograph of the gas-only 
ow from an annular atomizer
(P

o
=
P

ref
= 37, and Z

dt
= 0:1 x

o
).

E�ect of Liquid Delivery Tube Length

The e�ect of the liquid delivery tube extension on the topology of the gas-only jets was
studied. Three cases were examined, Z

dt
= 0:054; 0:087, and 0:112 x

o
, while all other

parameters were held constant. Figure 8 compares the results obtained for these three
cases.

As seen in the �gure, for the longest delivery tube, the axial pressure distribution of this

jet shows a region of relatively constant pressure associated with the recirculating base

ow at the end of the delivery tube. Thereafter, the distribution peaks at X�

� 1:1 with
a pressure of P �

� 2:5. The Mach re
ection can be seen at X�
� 1:75, which causes a

pressure recovery to exceed P �
� 1:1. For the medium-length delivery tube, the constant

pressure section is followed by dual peaks in the pressure distribution with P �
� 1:7. Under

these conditions the shocks at the end of the second barrel structure do not coincide in axial



location with the oblique shock formed on the axis of symmetry. This has the tendency
of making the main pressure discontinuity broader. The Mach re
ection moves upstream,
and its intensity is increased. For the shortest liquid delivery tube, the major pressure
peak is displaced downstream relative to that for the other cases. In this case, the shock
waves at the end of the second barrel shock structures are further apart from the axial
shock wave. As the result, the e�ect of the shocks at the end of the barrel shock structure
are seen as the �rst mild peak in pressure at X�

� 0:87 and the presence of the axial shock
can be seen in the maximum pressure peak at X�

� 1:2. The Mach re
ection has moved

further upstream, but it has decreased intensity.
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Figure 8. E�ect of liquid delivery-tube extension on the axial pressure distribution
(viscous solutions for P

o
=
P

ref
= 37).

As Z
dt
is increased, the pressure at the base of the liquid delivery tube decreases. This

behavior is in agreement with experiments, as seen in Figure 9, which shows that the base
pressure decreases with increasing liquid delivery-tube extension up to a value Z

dt;max
,

where the e�ect is reversed [7]. The value Z
dt;max

is a function of jet pressure ratio, for a
given geometry and gas specie. For P

o
=
P

ref
= 37 experiments indicate Z

dt;max
� 0:1 x

o

(see Figure 9). The structure of the 
ow �eld over the delivery tube surface helps explain
this change in behavior.

Figure 10 shows the typical 
ow �eld over the face of the liquid delivery tube, for Z
dt
>

Z
dt;max

. The gas remains attached to the surface of the delivery tube up to Z
dt
� Z

dt;max
,

and then separates to form a recirculation region over the �nal stage of the liquid delivery
tube. This recirculation region increases the pressure at the end of the liquid delivery tube,
which, in turn, increases the base pressure, as observed in the experiments (see Figure 9).

When the liquid delivery tube is shorter than Z
dt;max

the 
ow does not separate, and the
base pressure is not a�ected by the formation of the separated 
ow region.

This 
ow separation occurs as the result of an adverse pressure gradient near the end of
the liquid delivery tube that may produce a reversed 
ow of liquid metal on the face of
the delivery tube. Given that the gas 
ow in this region has temperatures in the range



of 50 to 100oK, any 
ow of liquid metal onto this surface of the delivery tube will freeze
and attach itself to the surface. This build-up will deteriorate the external geometry of
the liquid delivery tube and degrade the aerodynamic conditions necessary for continuous
atomization, �nally resulting in a disastrous freeze-o�.
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Figure 9. Comparison between numerical and experimental results for the aspiration
pressure.

Figure 8 shows that for a constant pressure ratio P
o
=
P

ref
, elongation of the liquid de-

livery tube extension increases the intensity of the axial pressure distribution maximum.
This increase in the strength of the major pressure discontinuity could be responsible for
the reported production of �ner particles in atomizers with delivery tube extensions in

the neighborhood of Z
dt;max

[8]. It is hypothesized that the presence of strong pressure
discontinuities in the path of the liquid metal leads to enhancement of the liquid disruption
process, which, in turn, yields �ner particle size distributions.

Conclusions

The capability of an implicit, Reynolds-averaged Navier-Stokes solver for simulating the


ow �elds produced in a close-coupled, gas-metal atomizer has been demonstrated. The
use of adaptive-grid algorithms has been shown to help resolve the position and intensity
of the salient features of the 
ow structures contained in these processes. In addition the
use of adaptive-grid techniques yielded improvements in convergence rate in these compu-
tationally expensive calculations. The numerical predictions of the aspiration pressure for
di�erent conditions are in good agreement with experimental data.

Elongated liquid delivery tube e�ects were shown to enhance the overall intensity of pres-

sure discontinuities in the 
ow �eld. It is hypothesized that these strong pressure discon-
tinuities in the 
ow �eld may intensify the liquid disruption dynamics during the metal-
atomization process, leading to larger yields of smaller particles.

Extreme elongations of the liquid delivery tube were shown to produce adverse pressure
gradients that resulted in separated 
ows. This separation can produce a reversed 
ow of



liquid metal onto the delivery tube surface detrimentally changing the gas 
ow character-
istics and possibly deteriorating or terminating the atomization process.
liquid metal onto the delivery tube surface detrimentally changing the gas 
ow character-
istics and possibly deteriorating or terminating the atomization process.

Figure 10. Detail of velocity distribution over the liquid delivery tube for
Z
dt
= 0:112X� > Z

dt;max
and P

o
=
P

ref
= 37.
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