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Abstract— A numerical model is developed to describe the flow and heat transfer behavior of molten metals
during flow in the delivery tube in gas atomization and spray deposition. Numerical simulations for Al,
Cu, Mg, Ni, Ti and W melt are conducted to investigate the influence of processing parameters and
material properties on the minimum melt superheat that is necessary to prevent the tube from premature
solidification during delivery of the molten metal prior to atomization. Processing maps are developed to
provide direct insight into the complex relationship among the minimum melt superheat, processing
parameters and material properties. A quantitative correlation is obtained by means of a regression analysis
of the numerical results, which facilitates application of the numerical model. The calculated results
demonstrate that for the materials studied, the minimum melt superheat ranges from 0.005T,, to 0.197,,,
depending on processing parameters and material properties. The dependence can be expressed using a
correlation derived from the regression analysis such as
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Increasing the overpressure can effectively decrease the minimum melt superheat, especially for a large
tube-length : diameter ratio and for materials possessing low densities. This effect diminishes with increasing
overpressure. The minimum melt superheat can also be decreased by reducing the tube length : diameter
ratio, by selecting a smooth delivery tube with low thermal conductivity and thick tube wall, and/or by
enhancing the ambient gas temperature. Materials with high thermal conductivity, high thermal capacity

and/or large density allow a small melt superheat to prevent the delivery tube from freeze-up, while
materials with high melting temperature and/or high viscosity require a large melt superheat.

1. INTRODUCTION

Over the past decade, spray atomization and depo-
sition has attracted considerable attention as a pro-
cessing alternative for producing net or near-net shape
materials [1]. A number of investigators have con-
ducted numerical or experimental studies to elucidate
fundamental mechanisms that govern the dis-
integration of liquid metals [2—4], size distribution of
atomized droplets [5, 6], gas flow and rapid sol-
idification of droplets [7-11}, as well as the evolution
of microstructure in droplets [12-14] during gas ato-
mization. Inspection of the relevant literature,
however, reveals that the freeze-up phenomenon of
melt in the delivery tube during gas atomization has
not been addressed properly in earlier studies. In gas
atomization of liquid metals and alloys, freeze-up of
melt in the delivery tube is an inherent problem which
may occur when processing parameters are
improperly selected. Therefore, the primary objective
of the present study is to elucidate the inherent
relationship between various processing parameters
and the melt superheat that is necessary to prevent the

1 Author to whom correspondence should be addressed.

delivery tube from freeze-up during gas atomization.
Accordingly, a numerical model is developed on the
basis of the boundary layer theory and the modified
van Driest and Cebeci mixing length turbulence model
to investigate the flow and heat transfer behavior of
melt in the delivery tube. Numerical calculations are
conducted for different metal and alloy systems to
examine effects of thermal properties of the materials
on the freeze-up phenomenon. On the basis of the
numerical calculations, the concept of processing
maps is introduced and a quantitative correlation is
established in order to facilitate the application of the
numerical model and results.

2. NUMERICAL MODEL

In gas atomization, liquid metals are generally
transported from a melting crucible to the atomizer
through a delivery tube, as schematically shown in
Fig. 1(a). During fiow through the delivery tube, the
temperature of melt decreases gradually, primarily
because of the heat exchange with the tube wall.
Premature solidification of melt in the delivery tube
(referred to hereafter as freeze-up) may occur when
the melt temperature decreases down to or below the
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A, cross sectional area of delivery tube,
A, = nD?*/4 [m?]

A", B momentum and thermal damping
coefficients, respectively, A+ = 26 [17]

c constant related to geometric
progression of grid spacing, ¢ = 1.15[16]

Co discharge coefficient of melt, ¢, = 0.82
(28]

¢ thermal capacity of melt [J kg~' K™']

C, constants for calculation of thermal

damping coefficient
D, L, D, diameter and length of delivery
tube, and thickness of tube wall,
respectively, [m]
viscous activation energy [J mol™!]
gravity acceleration [m s~
height of melt in melting crucible,
H =0.16 [23] [m]
J subscript denoting grid order
k, k., ke, ko, thermal conductivity, turbulent
conductivity and effective
conductivity of melt, and thermal
conductivity of tube wall,
respectively [Wm™' K]
mixing-length constants of momentum
and heat, respectively, K = 0.435[17],
K’ =0.44[17)
/],  mixing-length for momentum and
heat, respectively

S

m mass flow rate of melt [kg s™']
P, AP pressure and overpressure, respectively
[Pa]

Pr Prandtl number, Pr = ¢ u/k
r, x  radial and axial coordinate,

NOMENCLATURE

respectively [m]

R Radius of delivery tube [m]

R constant in temperature equation of
viscosity, R = 8.314 [J K~ ! mol™]
melt temperature and its initial value,
respectively [K]

T,, T, melting temperature of material and

gas temperature, respectively [K]

melt superheat, AT = T, — T, [K]
axial and radial velocity of melt, as

well as initial axial velocity, respectively

[ms™]

U, Uyemar  Overall heat-transfer coefficient

between melt at tube wall and

ambience, and between outside of tube

and ambience, respectively

Wm=K-]

distance from tube wall, y = R—r, and

grid spacing in radial direction,

respectively [m]

y* dimensionless distance from tube wall,

v =y @lp)/ (ulp).

T, T,

AT

u, v, Ug

Ay

Greek symbols

0, po density of melt at arbitrary
temperature and at melting point,
respectively [kg m™?],
p=po—(dp/dT)(T—-T,)

U, Hos this U Viscosity of melt at arbitrary
temperature, viscosity constant, eddy
viscosity and effective viscosity,
respectively [N s m~?],

i = poexp (E/RT)
Ty local wall shear stress [N m™2].

melting temperature. The freeze-up is caused basically
by : (a) inadequate melt superheat ; (b) excessive resi-
dence time of melt in the delivery tube and (¢) recir-
culation of undercooled droplets at the tube exit. The
selection of an appropriate melt superheat requires
that it can offset the heat loss of melt during the flow
in the delivery tube. The heat loss and the residence
time of melt are closely related to the flow and heat
transfer behavior in the tube.

Under the conditions of practical interest, the flow
of melt in the delivery tube is turbulent due to the very
low kinematic viscosity that is inherent in most liquid
metals. The Peclet number is typically larger than 50,
so that the axial momentum and thermal diffusion
is negligible compared to the radial ones. The axial
velocities and length, however, are much larger than
those in the radial direction. Hence, boundary layer
approximations may be employed to formulate the
problem of the flow and heat transfer in the tube,
except in the region very near the entrance of the tube.
In addition, the tube length : diameter ratio is typically

smaller than 20. Therefore, the flow is not fully
developed either hydrodynamically or thermally.
With the assumptions of steady and axisymmetric
flow, the governing equations for the flow and heat
transfer of melt can be written in cylindrical coor-
dinates (Fig. 1(b)) as

d(pu) 1 0(por)

s to s =0 M
pu%+ﬂv%=ﬂ —j—i+%%<uenr%) @)
oT 0T dp 120 oT ou\?

pcp<ua +UE) =ug ta (keﬁ“rﬁ)"'lueﬂ“(—é;)

3)
o= j pudA, = constant 4
4,

for continuity, momentum, energy and integral con-
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Fig. 1. Schematic diagram showing delivery tube and cylindrical coordinates used for numerical calculations
of flow in tube.
tinuity, respectively. In the momentum equation and s 0.09R
energy equation, the body force and the viscous dis- Ky[l—exp (—y*/47)] O0<y< K
sipation are also included. I=
Some related studies [15-17] on turbulent flow and 0.09R y> 0.09R
heat transfer in the entrance region of pipes have K
shown that the van Driest turbulence model [18] can
produce very good agreement with experiments. The ™
turbulent transport properties, therefore, are modeled  apnd
using the eddy viscosity x, and the turbulent con-
ductivity k, on the basis of the van Driest [18] and I =K'y[1—exp(—y*/Pr/B")]. ®)

Cebeci [19] mixing length turbulence models such that

ou
Beir = 4 = p+pl* 5’ €Y
ou
ker = k+k = k+plltcp 5 6)

with

Here the mixing-length for heat, /, is employed
according to the concept of turbulent Prandtl number
[19] which provides a functional link between tur-
bulent momentum transport and turbulent energy
transport. This selection is prompted by the fact that
liquid metals possess very low Prandtl number so that
the Reynolds analogy is no longer valid. The mixing-
length constants for momentum and heat as well as
the damping coefficient for momentum are evaluated
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according to Chen and Chiou [17]. The thermal damp-
ing coefficient is approximated using the extended
form of the Cebeci model [19], as proposed by Na and
Habib [20] for liquids of low Prandtl number

5
B' = Z C.(log,o Pr)~’ 9
i=1

with C, = 34.96, C, = 28.79, C, = 33.95, C; = 6.33
and Cs = —1.186 [20].

At the inlet of the tube, uniform melt velocity and
temperature are assumed

u(r,0) =u, T(r,0)=T,. (10)

On the basis of Bernoulli’s equation, the initial flow
velocity of melt at the inlet of the tube may be cal-
culated using the following formulation

o [ 2]

At the center line of the tube, the symmetry con-
dition requires that

(11)

ou oT
E(O,X) =0 v0,x)=0 E(O’X) =0. (12)

The second of these cannot be satisfied by the bound-
ary-layer equations and is imposed when solving the
energy equation in order to satisfy the requirement
of symmetry at the centerline. Since the temperature
profile near the inlet is uniform in the core of the
channel, the actual behavior of the radial velocity
profile does not significantly affect the results.
At the tube wall

u(R,x)=0 v(Rx)=0 13)

and an energy balance condition for temperatures are
applied
or

_kE(R’x) = U(T(R,x)—T,). (14)
In the near wall region, the turbulent thermal con-
ductivity is small compared to the extremely large
molecular thermal conductivity of liquid metals, and
hence can be neglected. T, represents an ambient tem-
perature which may be the temperature of atomization
gas, and U is an overall heat-transfer coefficient which
may include the heat conduction resistance of the tube
wall and the heat-transfer resistance in the outside
region of the tube (Fig. 1(b))

1 R D
=-—In (1+ —W)+

R (15)

Uexternal

where the comprehensive heat-transfer coefficient
Uxiema Teflects a total heat-transfer resistance in the
external region of the tube which depends on external
gas flow, atomizer geometry and atomizer—delivery
tube configuration, and hence is apparatus-specific. In
the practice of gas atomization of metals, however,
this heat-transfer coefficient normally is significantly
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large due to high gas flow velocity, leading to a neg-
ligible contribution of the second term on the right
hand side of equation (15) to the overall heat-transfer
coefficient. Hence, the influence of the heat-transfer
coefficient U, On the melt heat transfer is not
addressed in the present study.

The governing equations along with the initial and
boundary conditions described above are solved using
an explicit, non-iterative finite-difference scheme of
DuFort-Frankel type [16]. This method is applicable
to simultaneous hydrodynamic and thermal entry
conditions, i.e. developing thermal and velocity
(DTV) region of pipe flow, and is faster than the
implicit method of Patankar and Spalding [21] due to
its non-iterative nature [16]. Since the details of the
numerical procedure have been extensively described
in [16], they will not be repeated herein. In the present
study, 40 nodes in a radial direction are employed
with geometric progression on grid spacing and the
finest grid near the wall:

j=

i) = 16

yU) {y(j—l)-l—Ay(j—l) Jj=12,40 (16)
D (I-¢)

Av(j) =142 (1=c*°) amn

c-Ay(j—1) j=2,39.

The forward marching step length ranging from
Ay(1) to 2Ay(1) is selected to satisfy the stability con-
straint and to obtain a good accuracy. To verify the
numerical accuracy, several calculations are con-
ducted with different grid spacing until grid inde-
pendent results are obtained. Test calculations are
also performed with some initial conditions for which
reliable analytical and experimental results are avail-
able in order to verify the present numerical calcu-
lations. All calculations are performed on a DEC
5000/240 workstation.

3. RESULTS AND DISCUSSION

Numerical calculations are conducted for six rep-
resentative materials: Al, Cu, Mg, Ni, Ti and W,
encompassing a wide range of material properties, as
summarized in Table 1. The processing parameters
considered include melt superheat, AT, overpressure,
AP, tube length, L, tube diameter, D, gas temperature,
T, and overall heat-transfer coefficient, U. A melt
superheat up to a maximum of 450 K and an over-
pressure ranging from 0.006, 60 to 600 kPa are exam-
ined. The gas temperature is assumed to change from
200 to 300 K. A tube length of 20, 35 to 50 mm and a
tube diameter of 3, 6 to 9 mm are considered. Overall
heat-transfer coefficients of 4000 and 8000 Wm > K '
are used in the calculations to simulate two cases
which are common in the practice of gas atomization
of metals. The velocity and temperature distributions
of the liquid metals are calculated for each com-
bination of the above conditions. For each given melt
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Table 1. Physical properties of liquid metals investigated in the present study

Material T k ¢ p dp/dT Lo E
K] Wm'K'"l [ kg’e K] [kg m™7] [kgm™K™'] [mNsm [kJ mol~"]
Refs. [24] 25] [24] 27] 27 27 27]
Al 933 100 1178 2385 0.280 0.149 16.500
Cu 1356 165 490 8000 0.301 0.301 30.500
Mg 923 90 1360 1590 0.265 0.025 [24] 30.500
Ni 1728 30 652 7905 1.160 0.166 50.200
Ti 1998 20 [26] 700 [26] 4110 0.702 0.321 [26] 46.279 [24]
w 3655 71 [26] 230 [26] 17600 1.500 [26] 0.129 [26] 95.528 [24]

superheat, the calculation is carried out until the melt
temperature at the tube wall decreases to the melting
temperature of the melt. The corresponding melt
superheat is taken as the minimum superheat that is
necessary to prevent the tube from freeze-up, referred
to hereafter as minimum melt superheat.

3.1. Meltvelocity and temperature distributions in deliv-
ery tube

The calculated velocity and temperature dis-
tributions of liquid Al during flow in the delivery tube
are shown in Fig. 2. The velocity and temperature are
normalized with their initial values, and the radial
coordinate is normalized with the tube diameter. The
results demonstrare that the melt velocity is not fully
developed even in the region close to the exit of the
tube (Fig. 2(a)). The radial velocity is smaller than
1% of the initial axial velocity at most axial locations,
except for the region very close to the tube inlet (Fig.
2(b)). The higher radial velocities near the tube wall
are typical in boundary layer development. The radial
velocity, however, must go to zero at the center line
due the symmetry condition (v(0,x) = 0 in equation
(12)). This symmetry condition ensures that there is
no convective heat flow across the center line. The
overall velocity development is similar to that of ordi-
nary fluids. In contrast, the thermal boundary layer
develops quite fast and approaches a parabolic-type
distribution at the axial distance close to the exit of
the tube. This temperature distribution suggests that
the molecular heat transport is significant, not only in
the viscous sublayer, but also in the buffer zone and
even in some part of the turbulent-core region. The
molecular thermal diffusion can penetrate from the
tube wall deep into the turbulent core. Such heat trans-
fer characteristic is a direct consequence of the low
values of the Prandtl numbers of liquid metals. There-
fore, the magnitude of the Prandtl numbers has an
important impact on the temperature distribution
which, as will be discussed below, will eventually
influence the minimum melt superheat.

3.2. Effects of processing parameters on minimum melt
superheat

Figures 3-8 show the calculated minimum melt
superheat for Al, Cu, Mg, Ni, Ti and W as a function
of the overpressure. Also shown are the effects of the

melting temperature of the metals, the gas tempera-
ture, the delivery tube length, and the delivery tube
diameter on the minimum melt superheat. The overall
heat-transfer coefficient is 8000 W m~2 K~! for the
results shown in these figures. It can be seen that the
group of curves in each figure divide the graph into
two primary zones. In the zone below a curve, freeze-
up occurs regardless of the magnitude of the over-
pressure. In the zone above a curve, freeze-up will
not take place. Overall, the minimum melt superheat
ranges from 5 to 435 K, corresponding to dimen-
sionless values AT/T,, from 0.005 to 0.19, depending
on processing parameters and material properties. On
the basis of the information summarized in these fig-
ures, it is possible to select the processing conditions
that are necessary to avoid freeze-up. Hence, the fig-
ures are referred to hereafter as ‘processing maps’.

The processing maps for the different materials
reveal some common trends. First, within the range of
low overpressure values (for example, AP < 60 kPa),
increasing the overpressure can effectively decrease
the minimum melt superheat, especially for a large
tube-length : diameter ratio (for example, L: D = 17)
and for materials of low densities (for example, Al
and Mg). This effect diminishes with increasing over-
pressure. Second, for a constant value of the over-
pressure,,the minimum melt superheat decreases with
decreasing tube-length : diameter ratio or decreasing
melting-temperature : gas-temperature ratio. Simi-
larly, for a constant value of the melt superheat, the
overpressure, which is necessary to avoid freeze-up
(referred to hereafter as minimum overpressure),
decreases with decreasing tube-length : diameter ratio
or decreasing melting-temperature : gas-temperature
ratio.

These results are not unexpected. Indeed, increasing
overpressure can increase the flow velocity of melt and
decrease the residence time of melt in the tube, hence
reducing the heat loss from melt to tube. This effect
dominates the heat transfer behavior of melt within
the range of the low overpressure values. Therefore,
increasing the overpressure leads to a significant
decrease in the minimum melt superheat. On the other
hand, a further increase in overpressure leads to an
increase in the average cooling rate of melt as a result
of the increased flow velocity of melt. Hence, the heat
loss from the melt to the tube can not be significantly
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reduced further. This effect becomes increasingly
important within the range of the high overpressure
values. Thus, further increasing overpressure can not
reduce the minirnum melt superheat significantly.
The effects of the tube length, tube diameter, melt-
ing temperature and gas temperature on the minimum
melt superheat are relatively straightforward. Increas-
ing the tube length is equivalent to increasing the
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residence time of melt in the tube, while decreasing the
tube diameter or increasing the melting-temperature :
gas-temperature ratio increases the average cooling
experienced by the melt. Therefore, a large tube-
length : diameter ratio or melting-temperature : gas-
temperature ratio requires a large minimum melt
superheat.

The influence of the physical properties of melt on
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the minimum melt superheat is also evident from the
processing maps. Comparing the maps for Al, Cu,
Mg, Ni, Ti and W melts, it can be seen that the mini-
mum melt superheat is basically proportional to the
melting temperature, i.e. increasing from Al, Cu, Ni,
Ti to W, with an exception provided by Mg. This
exception is attributable to the Prandtl number of
molten Mg. The melting temperature and density of
Mg are the lowest among the materials considered.
However, the Prandtl number of molten Mg is larger
than those of molten Al and Cu. This is the reason
why the minimum melt superheat for Mg is apparently
higher at the small overpressure values relative to
those for Al and Cu. However, at the large over-
pressure values, the minimum melt superheat for Mg
becomes low due to the sensitivity of its flow velocity
to overpressure.

Figures 9-11 show the calculated minimum melt
superheat for Al, Cu and W as a function of the
overpressure. The overall heat-transfer coefficient is
4000 W m~2 K~ for the results shown in these figures.
Comparing these figures to Figs. 3, 4 and 8 (where the
overall heat-transfer coefficient is 8000 W m 2 K1),
the influence of the tube wall heat-transfer charac-
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teristics on the minimum melt superheat can be
deduced. Clearly, the minimum melt superheat is
reduced significantly when the overall heat-transfer
coefficient decreases from 8000 to 4000 W m~2 K™™',
especially at the low overpressure values. This is a
direct consequence of the reduced heat loss from melt
to tube at the low heat-transfer coefficient. The overall
heat-transfer coefficient is proportional to the thermal
conductivity of the tube wall material and inversely
proportional to the thickness of the tube wall. Hence,
these results suggest that selecting a delivery tube with
a good thermal isolation (low thermal conductivity)
and a thick tube wall allows a low minimum melt
superheat.

3.3. Correlation between processing parameters and
minimum melt superheat

The results discussed above demonstrate that the
overpressure, delivery tube length and diameter, gas
temperature, tube wall heat-transfer characteristics
and material properties are the important factors
which affect the minimum melt superheat. In order to
provide direct insight into the complex relationship
between these factors and to facilitate application of
the model and results, a regression analysis of the
numerical results is conducted and a quantitative cor-
relation of the following form is derived from the

analysis:
AT U TP LT
= ooas| e 2
T ke,pAP T, D

where the material properties are evaluated at the
melting temperature. The left hand side of the cor-
relation is the dimensionless minimum melt superheat.
The right hand side of the correlation represents a
combination of the Prandtl number, Euler number,
Reynolds number and Nusselt number, as well as tem-
perature and length ratios 7T,,/T, and L/D, and hence
is dimensionless. The selection of the relevant dimen-
sional variables is based on the numerical simulation
described above and our experimental observations,
and the independent dimensionless variables are

(18)
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chosen by applying the generally accepted dimen-
sional analysis technique, i.e. the Buckingham Pi The-
orem, to the present system. Equation (18) is accurate
within 10%.

It is evident from this correlation that the minimum
melt superheat can be decreased by reducing the tube
length: diameter ratio, reducing the overall heat-
transfer coefficient (selecting tube with low thermal
conductivity and thick tube wall), imposing a high
overpressure, or enhancing gas temperature.
Materials possessing high thermal conductivity, high
thermal capacity and/or large density allow a small
minimum melt superheat, whereas materials pos-
sessing high melting temperature and/or high viscosity
require a large minimum melt superheat.

From the results presented so far it can be noted
that surface tension effects have not been considered
in the present study. Surface tension typically affects
the wetting behavior of melt with the tube wall. As
revealed by an extensive amount of experimental
investigation on the effects of wetting on liquid metal
heat transfer [22], wetting or lack of wetting, of itself,
does not significantly affect the heat transfer from
liquid metals to tube. However, a non-wetting solid—
liquid surface may suffer more readily from gas
entrainment problems and impurities and particles
may more easily become trapped, with concomitant
decrease in heat transfer from melt to tube. Therefore,
it can be expected that for materials with a high surface
tension, the minimum melt superheat calculated here
represents an upper bound. Moreover, the surface
roughness of the delivery tube has not been considered
in the present calculations. The surface roughness of
the delivery tube typically influences the flow and heat
transfer behavior. Experimental observations reveal
that the convective heat-transfer coefficient between a
fluid and a rough-surfaced tube is about 15-25%
higher than that between the fluid and a smooth-
surfaced tube under the same flow conditions [28].
Therefore, it is important to select a delivery tube
with smooth surface for reducing the minimum melt
superheat. In addition, considering the effects of the
surface roughness, the pre-basal coefficient in the
regression expression for the minimum melt superheat
(equation (18)) has been increased by 25% in order to
predict a safe estimate of the minimum melt superheat.

Finally, it should be emphasized that the minimum
melt superheat calculated here is only a necessary con-
dition, not a sufjicient condition. In fact, our earlier
experiments demonstrate that freeze-up may occur
even for melt superheats that are higher than those
calculated, if recirculating vortices form in the exit
region of the delivery tube [23]. As schematically
shown in Fig. 12, the recirculating gas flow in this
region drags relatively cool or undercooled droplets
upwards, and deposits them on the tip of the delivery
tube, where they eventually solidify. The solidified
metal continues to increase in thickness during ato-
mization, eventually choking the flow of melt, a
phenomenon that has been previously described as
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freeze-up. Therefore, it is necessary to design the
geometry of the atomizer and select the position of
the delivery tube in such a way as to minimize the
presence of the recirculating gas flow in this region. A
sufficient condition to avoid freeze-up must be deter-
mined by examining the flow field below the delivery
tube. However, if the geometry and configuration of
the delivery tube and the atomization gas nozzles are
arranged in such a way that the recirculating vortex
velocity is not large enough to drag cool droplets
up to the delivery tube tip, then employing the melt
superheat predicted herein may avoid freeze-up.

4. CONCLUSIONS

A numerical model is developed to describe the flow
and heat transfer behavior of molten metals during
flow in the delivery tube in gas atomization and spray
deposition. Numerical simulations for Al, Cu, Mg,
Ni, Ti and W melt are conducted to investigate the
influence of processing parameters and material
properties on the minimum melt superheat that is
necessary to prevent the tube from premature sol-
idification during delivery of the molten metal prior
to atomization. Processing maps are developed to pro-
vide direct insight into the complex relationship
among the minimum melt superheat, processing par-
ameters and material properties. A quantitative cor-
relation is obtained by means of a regression analysis
of the numerical results, which facilitates application
of the numerical model. From the numerical results,
some primary concluding remarks may be sum-
marized as follows :

(1) For the materials studied, the minimum melt
superheat ranges from 0.0057,, to 0.197,,, depending
on processing parameters and material properties.
The dependence can be expressed using the following
correlation derived from the regression analysis of the
numerical results

AT 0 15 HUZ Tm 0.1 L 0.3
Tw [kcppAP Tg] [D:I .

(2) Within the range of low overpressure values
(for example, AP < 60 kPa), increasing the over-
pressure can effectively decrease the minimum melt
superheat, especially for a large tube-length : diameter
ratio (for example, L/D = 17) and for materials of
low densities (for example, Al and Mg). This effect
diminishes with further increase in overpressure.

(3) The minimum melt superheat can be decreased
by reducing the tube length:diameter ratio, by sel-
ecting a smooth delivery tube with low thermal con-
ductivity and thick tube wall, and/or by enhancing the
ambient gas temperature.

(4) Materials with high thermal conductivity, high
thermal capacity and/or large density allow a small
minimum melt superheat, whereas materials with high
melting temperature and/or high viscosity require a
large minimum melt superheat.
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Fig. 12. Schematic diagram showing freeze-up phenomenon as a result of the presence of recirculating
vortices.

(5) In order to minimize the probability of freeze-
up, it is necessary to design the geometry of the atom-
izer and select the position of the delivery tube in
such a way as to reduce the formation of recirculating
gas flow in the region below the delivery tube.
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