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Analysis of the Two-Phase Flow in a de Laval
Spray Nozzle and Exit Plume

Y.-M. Lee and R.A. Berry

One method used in spray forming and coating technology involves transonic/supersonic gas-droplet
two-phase flows through a de Laval nozzle and subsequent subsonic freejet flow from the nozzle to the
sprayed surface. To the first-order approximation, this complex phenomenon can be treated in a quasi-
one-dimensional manner to simulate the entire converging-diverging nozzle flow field (with particle in-
jection at the throat) as well as the plume (freejet) region. The basic numerical technique and computer
model solve the steady gas field equations through a conservative variable approach and treat the droplet
phase in a Lagrangian manner, with full aerodynamic and energetic coupling between the droplets and
the transport gas handled via source terms. These analyses are simple and economical to execute. The
one-dimensional models are valuable in constructing algorithms for automated process control. Finally,
these one-dimensional models give direction to two- and three-dimensional simulations and serve as a
test bed for models based on particle dynamics and energetics.

1. Introduction

THE controlled atomization process is a thermal spray process
that atomizes liquid metals in the flow of a de Laval nozzle (Ref
1). Modified Idaho National Engineering Laboratory (INEL)
quasi-one-dimensional nozzle and plume computer codes (Ref
2) were used to examine the experimental data and nozzle con-
figurations at MSE, Inc. During this test period, the computer
codes were modified and simulation runs were performed to
support the new pressurized nozzle design and data analyses.
This paper describes the modeling effort, the modification and
improvement to the code, and the simulation results.

2. Modeling Methodology

The process of spray-casting technology involves transonic
gas-particle (droplet) flows through de Laval nozzles and sub-
sonic freejet flow from the nozzle to the sprayed surface. De-
tailed derivation of the modeling equations can be found in
References 2 and 3; this section presents a description of the
equations used.

2.1 Flow Conservation Equations

Flow in a duct having a slowly varying cross section, where
the duct height is small compared with the radius of curvature of
the axis of the duct, is termed a quasi-one-dimensional flow. The
quasi-one-dimensional flow of a particle-laden gas in a duct of
uniformly varying cross-sectional area where a typical control
volume (computational cell) is bounded by the walls of the duct
and by stations 1 and 2 is shown in Fig. 1. The entire flow-field
is divided (axially) into such control volumes. For the control
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volume shown in Fig. 1, the mass conservation equation for
steady gas flow is

Py, = Py, (Eql)

where p is gas density, u is gas velocity, and 4 is cross-sectional
area, and the subscripts refer to stations 1 and 2. Applying the
momentum principle for the control volume in terms of the flow
properties gives (Ref 3):

2, _ 2
pyAy +p3A, =p Ay +puid +

1 .
201 +P)(Ay =~ A)) + AM, —F (Eq2)

where p is the gas pressure at stations 1 and 2, AM,, is the
“source” term for momentum due to the presence of the particles
(evaluated from the equations of motion for the particles in the
flow field), and Fy, is the shear force at the wall opposing fluid
motion. The energy conservation principle for the contro] vol-
ume is

1 1 S
Py Ay (hy + 1) = pyuydy(y +2u) + AE,+ QO (Bq3)

computational cell (control volume)

Fig.1 Computational cell configuration
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where A is the enthalpy of the gas at stations 1 and 2, AE, is the
“source” energy due to the presence of the particulate phase
(evaluated from the equations of energy for the particles in the
flow field), and Q is the thermal energy added to the flow per
unit time between stations 1 and 2 (i.e., heat transfer from the
walls).

In terms of the new dependent variables X, Y, and Z, the gov-
erning equations (Eq 1 to 3) can be written as:

X,=X, (Eq4)
. Pt P,
Y, =Y, +AMp+ (Az‘Al)‘wa (EqS)
Zz=Z]+A§P+Q (Eq6)
where:
X =puA (Eq7)
Y =pA +pu’A =pA + Xu (Eq8)
u2
Z=(h +7)puA (Eq9)

2.2 Particle Source Terms

The momentum and energy source terms for the particles are
obtained by integrating the equations of particle motion and
heat transfer using the velocity, pressure, and temperature fields
of the gas. The Lagrangian approach is used for this integration.
The particle momentum equation can be integrated between sta-
tions 1 and 2 to obtain:

vi
AAx AAx AAx
v [T] R 2[ . Juz - [T] (Eq10)
where:
Rep
A= —24—Cd (Eq11)
p.D2
P 12
Ta 18 (Eq12)
plu—-viD
Re, = TB (Eq13)

where D, is particle diameter, py is particle mass density, | is gas
viscosity, and Rep, is the Reynolds number based on particle di-
ameter. The factor 1, is the aerodynamic response time, which is
defined as the time required for a particle released from rest to
achieve 63% of free stream velocity (in Stokes flow, where A =
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1, Cd=24/Rep). The drag coefficient, C4, used for Rep
<300,000 is (Ref 4):

0.42
1+425 -104Re1;1~1"

A 0,687
Cd_ ch(l +0.15ch ) + (Eq 14)

The energy equation for a solidifying droplet in a gas stream
can be approximately integrated between stations 1 and 2 in a
semi-implicit manner to yield:

NuAT , 12D2H Axr,
T, + & - :
PLE v+ VT, (v +V,)(C), D)

T, = P 15
02 e (Eq15)

14—
(Vl -!—\/2)17t

Nu=2+ 0.6Reg5 pr0-333 (Eq 16)

where Pr is the Prandt! number. The computational code is con-
structed to handle the flow with full coupling to the injection
system dynamics and to permit calculations on in-flight drop-
let/particle undercooling, recalescence, and solidification.

2.3 Plume Region

The plume region program is based on empirical input for the
entrainment rate as opposed to expansion angle. The basic equa-
tions follow.

Entrainment rate:
mx pO X
— =032 N— - — (Eq17)
'”0 Pj D, 0

where m, is the (cumulative) entrainment rate, myg is the initial
jet mass flow, pg is the environmental density, p; is the jet gas
density, and Dy is the initial jet diameter. This entrainment rate
was not measured with a two-phase jet; this is the classic result

for a round jet.
Momentum:
my, . mAfr U
—~_m, = 1-= 18
G [ V] Eq18)

where U is gas velocity, V is particle velocity, and f is a friction
factor. The overbars correspond to the average values in the cell.
Solving for U; produces:

m m 77
U,==U, sl U
m2 m2TA

19
v (Eq19)

Energy:
titgey Ty = i€y Ty = ticoTy = RAX Nuk = (T~ T) (Eq20)

where 7 is the particle number flow rate and m, is the entrain-
ment flow rate over the step dx. Equation 20 can be rewritten for
T, as:
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m,c mc Ax M _
T,=—+ l-+.—39T0+0.67N“—_——.E(T ~T) (Eq21)
myc, myC, Nu0 VTAPr my P

3. Improvement of Simulation Code

The following improvements were made to the quasi-one-di-
mensional computer codes (Ref 2) for better simulation.

Volume fraction effects: For thicker, more concentrated
sprays, the displacement of droplets/particles of the carrier
gas cannot be neglected as for dilute sprays. The net effect for
the gas is similar to a net reduction of the flow cross-sectional
area, because the local volume fraction of gas is reduced. In
the computation algorithm, this change was implemented by
modifying the mass flux variable X = puA, which in the new
version becomes X = o,puA, where o is the local volume frac-
tion of gas.

Gas dynamic pressure gradient forces (buoyancy force). The
pressure gradient force term may only be significant in regions
of large gas accelerations, such as in the throat region of the noz-
zle or through the shock wave. This force is due to the pressure
gradient in the gas phase, in the same manner as the buoyancy
force in a quiescent fluid is due to the gravity force.
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Fig. 3 Particle velocity spatial distribution
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Supersonic exit conditions: Code modifications were made
so that if the shock wave is pushed to the exit plane of the nozzle
while the code is trying to match the exit plane pressure, the
shock wave will be dispensed and the exit pressure condition
will not be matched.

Subsonic flow throughout the nozzle: If a spray nozzle is
driven in a manner so that the flow is not choked, the original
code would not correctly simulate the nozzle/spray dynam-
ics. A new version of the code was constructed to handle sub-
sonic flow throughout the nozzle with full coupling to the
injection system dynamics and to make possible in-flight
droplet/particle undercooling, recalescence, and solidifica-
tion.

New friction factor equation: An equation by Chen was used
to calculate the friction factor in a closed conduit (Ref 5). The
equation can be expressed as:

1 3 5.0452
-0l 37065 p " TRe
1 €. 11008 , 58506
log (35257 D Re0581 )] (Eq22)
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New viscosity equation: A widely used Sutherland formula
(Ref 6) was adopted to calculate the viscosity of dilute gases.
The final formula is

b [TV Ty+S
Po~(ToJ T+S

where S is an effective temperature, called the Sutherland con-
stant, which is characteristic of the gas.

(Eq23)

4. Nozzle Design and Simulation

Parametric studies were performed with the quasi-one-di-
mensional model to estimate the importance of various parame-
ters in the liquid-metal spray-casting process, and a series of
simulations were performed to verify whether a pressurized tun-
dish provides better control to the process. The simulation re-
sults show that the characteristics of the nozzle can be adjusted
by changing the nozzle geometry. Much higher particle velocity
can also be obtained by using a pressurized tundish.

Nozzle design for tin series: This design series attempted to
improve the flow properties through changes in the nozzle ge-
ometry. The new design is a modified version that eliminates
some undesirable design features of an earlier round nozzle de-
sign. The basic philosophy of the new design is to reduce any
strong discontinuities (shock waves) and to increase the particle
spray velocity. A series of computer modeling runs were per-
formed using the old and new nozzle designs; no pressurized
tundish was used. The values of parameters used are as follows
(these values are suggested for future baseline testing): argon in-
let pressure, 0.1314 MPa; argon inlet temperature, 100 °C; noz-
zle wall temperature, 272 °C; liquid tin temperature, 272 °C;
and assumed particle size, 100 pm.

Figures 2 to 5 present the results of computer modeling ef-
forts. Figure 2 shows the gas velocity distributions between the
nozzle designs; the new nozzle design displays weaker shock
wave and smoother velocity transition, which provides better
structure protection. A normal shock wave is assumed during
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Fig. 6 Particle velocity spatial distributions with respect to three in-
let pressures
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high inlet pressure conditions for converging-diverging nozzles
(Ref 7). Figure 3 displays the particle velocity distributions be-
tween nozzle designs; the new nozzle design produces 40%
higher particle velocity when particles leave the nozzle. Figure
4 shows that the new nozzle design produces a smoother gas
temperature distribution in the nozzle, which provides better
temperature control to the process. Figure 5 shows that the two
nozzle designs deliver similar particle temperature histories; the
particles start to solidify at a location less than 10.15 cm from
the nozzle exit with either nozzle design. In conclusion, results
from the computer modeling show that the new nozzle design
yields higher particle spray velocity and smoother flow charac-
teristics than the old nozzle design.

Pressurized tundish design: Conventional nozzle design de-
pends on the negative pressure differential at the throat region to
pull the liquid metal into the spray nozzle, which restricts the
operational gas (argon) inlet pressure ranges. The pressurized
tundish concept provides the freedom of almost unlimited gas
(argon) inlet pressure ranges, which allows the nozzle design to
be tailored to different applications. Figure 6 displays the parti-
cle velocity distributions for different argon inlet pressures. It
can be seen that higher particle velocities are achieved through
higher argon inlet pressures, which allows better control of the
process.

Characterization study: A nozzle design, identified as 92-
3B1, was compared with results from the modified one-dimen-
sional nozzle and plume code. The relationships between the
nozzle inlet and throat pressures were used for the study, with
assumptions of nozzle inlet temperatures (argon) of room tem-
perature, 300 °C, and 600 °C, and nozzle wall temperatures of
room temperature, 382 °C, and 582 °C.,

Figure 7 shows the throat pressure versus the inlet pressure
under different temperature settings from the test data, includ-
ing a transient state that cannot be modeled by the steady-state
code discussed in this paper. The areas of particular interest for
comparison purposes are the five clustered regions.

The modeling results show reasonable agreement with the
test data, especially at the lower nozzle inlet pressure range. The
one-dimensional code is limited when the three-dimensional ef-
fects in the nozzle flow become significant at the higher nozzle
inlet pressures.
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Fig. 8 Velocity spatial distribution for different particle sizes

The throat pressure does not respond quickly enough with
the inlet pressure changes, and the throat-to-inlet pressure ratio
does not maintain a constant value during sudden inlet pressure
changes. However, the ratio returns to the steady-state value af-
ter staying at the same new inlet pressure value for a period of
time. The throat pressure-to-inlet pressure ratio changes with
the tundish and gas temperatures, but only slightly.

One-dimensional spray nozzle and plume examples: Figure 8
shows typical particle velocities for different particle sizes, and
Fig. 9 shows particle temperatures for different particle sizes.
Preliminary experimental data collected from video-recording
analysis indicated that the velocities of the large particles (~200
pum) ranged from 16 to 32 m/s, with a mean of 24 m/s. The parti-
cle velocity distribution displayed in Fig. 3 was calculated for a
particle size of 200 um, which corresponds with the results of
the experimental data (Fig. 8).

5. Summary and Conclusion

A quasi-one-dimensional model was developed and used in
studies of the controlled atomization process. This model has
yielded accurate information in the nozzle design and pressur-
ized tundish areas in the past, and provides further credibility to
the modeling principles. The model will provide more valuable
information for the automated control of spray-casting proc-
esses in the future, as well as direction to the two- and three-di-
mensional simulations that are currently under development in
the project. Further diagnostic measurements providing particle
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Fig.9 Temperature spatial distribution for different particle sizes

size, velocity, and temperature distribution information are
needed for continued insight into the process and future im-
provements to the modeling process.
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