8 B
=(i—1

axy = (4 )ﬁ+1'ﬂk+p+1’7k
are = — (i — L) — & k=123 (A7)
ax3 = k

Yo% 0 0

Y=|0 Y2 0 (A8)
0 0 Y3

where for notational convenience we have used

m=Har®, 71=GarS Fi=Fsa
(A9)
m=HrE =GN, k=23 }
In order to find a nontrivial solution of (A6), we require
det(A —-Y) =0 (Al0)

which is the characteristic equation for 5. Equation {15) follows
from (A7) to (Al0) by standard manipulation.
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Water Jet Atomization of Molten Steel

Data are obtained and a model derived for describing particle size dis-
tribution for molten metals atomized by two water jets. The influences
of water jet parameters on size distribution and median size are reported

RICHARD J. GRANDZOL
and
JOHN A. TALLMADGE

and discussed in terms of fundamental quantities and model predictions.

The data, which were obtained using fan-spray jets impinging at an apex
angle of 60° to atomize Type 4620 steel, indicated that median size was

primarily a function of water jet velocity.

Department of Chemical Engineering
Drexel University
Philadelphia, Pennsylvania 19104

SCOPE

This paper is concerned with the description of the
atomization of molten metals by impinging water jets.
This process is a major method for production of metal
powders which are used increasingly in manufacture of
precision parts by powder metallurgy. The geometry of
concern involves a two-liquid system which is more flexi-
ble and more suitable for molten metals than the usual
one-liquid atomization methods, two of which are use
of rotating disk or a pressured nozzle. As compared with
isothermal atomization of organic and aqueous liquids,
the quench aspect of cooling the molten metal is desirable
from an experimental standpoint because the resultant
particles are obtained in solid form; this permits simple
determination of the size distributions instead of the
complex methods needed for fluid droplets.

There is considerable empirical work on the atomization
of aqueous and organic liquids by a gas stream, as noted
in the summary by Lapple et al. (1967). However, little
work on water jet atomization of liquids has been pub-
lished. Studies by Small and Bruce (1968), Gummeson
(1972), and others indicate that the median size and other

properties of powders formed by water and gas atomiza-
tion differ to a large degree; thus it is apparent that the
work for gas atomization is not suitable for description
of water atomization. Hence an analysis of water atomiza-
tion of liquid metals would be useful, especially if predic-
tion models are developed and compared with precise
data.

The two main objectives of this paper are to describe
the median size of metal powders in two ways, experi-
mentally and with a model, using two-jet atomization of
molten 4620 steel. As part of this, the influence of several
jet parameters was studied in order to determine which
ones were primary, secondary, or negligible in their effect
on median size and size distribution. The water jet param-
eters studied included pressure, momentum, energy,
velocity, flow rate, and jet length. The influence of metal
flow rate was studied by varying the diameter of the
molten metal stream. The model approach is based on con-
servation of momentum and energy balances for the dis-
persed water droplets, supplemented with data from other
measurements.

CONCLUSIONS AND SIGNIFICANCE

Atomization data show that water droplet velocity (V,,)
is the fundamental variable influencing median size of the
metal particle (d,). The following functional form was
observed (Figure 7), where A is a constant:

Correspondence concerning this paper should be addressed to J. A.
Tallmadge.
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dm = A/Vy 1)

Throughout this work, median size refers to the mass
median particle diameter (or volume median since density
was considered to be constant). Over the ranges studied,
it was also found that water pressure, momentum, and
energy were not primary parameters influencing median
size but did affect size by influencing water jet velocities.
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This surprisingly simple relationship was not expected
and, if valid for more general conditions, would be useful
for studying mechanisms and in design. Preliminary tests
indicate that the influence of metal flow rate and jet
lengths on median size were not appreciable.

The dependence of size distribution on parameters ap-
peared to be even simpler than median size. Over the
ranges studied, the distribution of particle size was not
influenced appreciably by any of the several parameters
studied.

A model of two-liquid atomization was derived, based
on two conservation balances for the droplets. Although

elementary, the model agrees quite well with the data
in functional form; see Equation (1). The model suggests
that water jet velocity is the variable of primary im-
portance and that water flow rate per se has no effect on
metal particle diameter, both of which agree with ob-
served data.

The model of atomization proposed here appears novel
in describing the atomization of one liquid by the dis-
persed phase of a second liquid. Most atomization models
are restricted to cases where the atomizing medium is
continuous. The model is described as the impact of a
water droplet on the surface of the liquid metal stream,
causing metal droplets to be formed.

SYSTEM

The water nozzles and resulting water jets, which were
used in this work, are shown diagramatically in Figure 1.
The jet spray pattern was a flat spray of droplets, with a
fan spray angle 8. The droplets were formed at the lip of
the nozzle. These jets are called flat, fan jets.

The atomization system of concern here involves two
liquid streams, molten metal and water, which flow con-
tinuously in the geometry shown in Figure 2. The molten
metal stream flows downward in free fall from a circular
orifice and the high-pressure water stream is forced
through nozzles to form a dispersed phase of water drop-
lets. The water jets strike the metal stream at the apex,
from which metal droplets are formed. The metal droplets
are cooled by water and the surrounding gas to form
solid metal powder. This system is called water atomiza-
tion in powder metallurgy and herein.

In particular, this work is concerned with the influence
of jet parameters on particle size and size distribution.
Most of the runs were made with standard Type 4620
steel, which has a listed composition (in weight %) of
1.8 Ni, 0.55 Mn, 0.25 Si, 0.25 Mo, 0.20 C, balance Fe
(Smithells, 1967).

PREVIOUS WORK

Most of the earlier studies are empirical description of
the influence of jet pressure (pressure upstream of the
water jet) on powder size and other powder properties.
For example, it is clear that median particle size decreases
as the water jet pressure is increased (Small and Bruce
1968; Gummeson, 1972). In order to obtain most of the
particles in the desirable size range for compaction, such
as below 200 microns, it is necessary to use substantial
water pressures in the range of about 10,000 kN/m? (that
is, 100 atmospheres). In addition, some patents have been
issued on jet designs.

EXPERIMENTAL PROGRAM

Water Jets and Supply

As shown in Figure 2, a pair of flat-fan water jets were used
in all 14 atomization runs. These jets are also called V jets and
descaling jets. The nozzles providing the jets were standard
stainless steel nozzles made by Spraying Systems Co. The tip
dimensions for a typical nozzle (SS number 3240) was a 3 X 5
mm elliptic orifice in a 3 X 17 mm slot, the bottom of which
was tapered down to the orifice and slightly curved in cross
section. See Figure 1.

The specific characteristics for each of the four sizes of noz-
zles used are given in Table 1. One nozzle was used initially
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(SS No. 2520). To avoid studying only pressure effects (in
which velocity and flow rate both vary simultaneously), a set
of three nozzles was used (3220, 3240, 3260). The set of noz-
zles provided two novel studies not obtainable with a single
nozzle, that is, the effect of velocity at constant fiow rate and
the effect of flow rate at constant velocity. The fan angle g for
these nozzles was 25 and 32 degrees.

The nozzles were threaded to the welded manifold shown in
Figure 3. A top view of the jet flow (wtihout atomization) is
shown in Figure 4. The manifold provided an apex angle of 60°
between the two jet streams and had the flexibility to be used
with 1, 3, or 4 jets in future work.

Because the water droplets were formed within 5 mm of the
nozzles, the attenuation of droplet velocity in the jet distances
studied (60 and 120 mm) is a matter of concern. Impact force
data provided by the manufacturer (Anonymous, 1967) indi-
cated only very small changes in velocity (0 to 2%) for large
jet distances (from 240 to 480 mm). Thus it is clear that
attenuation effects were negligible here.

The nozzle manifold was fed by a large, single-stage, three-
cylinder reciprocating pump driven by a 56 KW motor and

17 MM
Va

ORIFICE
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'

DI
[

END VIEW SIDE VIEW
FAN SPRAY NOZZLES

it l'

FRONT SIDE
SPRAY __PATTERN

Fig. 1. Sketch of water nozzle tip and water-jet, spray pattern.
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capable of delivering 3.8 kg/s water (60 gal./min.) at pressures
up to 14,000 kN/m2 (2000 lb./sq. in.}). The water delivery
system is shown in Figure 5.

The water flow rate was measured for each run by a rotame-
ter { placed upstream of the recycle line) and was controlled by
a flow-control, needle valve (in the recycle line connected to
the pump suction). Fluctuations in flow were minimized by
use of three cylinders in staggered motion and were further
reduced in a 950 cm3 capacity accumulator placed near the

pump discharge.

Metals and Supply

The metal used for most tests was 4620 steel. This is a heat-
treatable steel having a solid density of 7.75 g/cm? and a melt-
ing point of 1516°C (Perry, 1960). The liquid density is about
7.9 g/cmd,

WATER NOZZLE

™\ MOLTEN
METAL
STREAM
T~
JET
LENGTH

\a*//ﬁAPEX

/]

Fig. 2. Sketch of water jet geometry for atomizing molten metals.

METAL
PARTICLES

The metal stream was provided by flow through the bottom
of an insulated tank called a tundish. The tundish was 120-mm
inside diameter and 230 mm tall, made of zirconium silicate,
and had a fixed, rod-like nozzle at the bottom to restrict the
flow. The tundish nozzle used most frequently was 6.4 mm in
inside diameter, 26 mm long, and made of zirconium silicate.
Two other tundish nozzles, of 4.8 and 8.0-mm diameter, were
used to vary metal flow rate.

Batch sizes of about 7 kg were melted in an induction fur-

JOP VIEW
L-J,THREADED
oM FOR JETS 1% Incw
15.2 }épl'??&os) [~ PIPE (80S)
—\ N
) U
152 CM—
M
agy
WATER
INLET LD_/PRESSURE TAP
SIDE VIEW

Fig. 3. Manifold for obtaining the desired jet geometry in water-jet
atomization—drawn to scale. Material is welded stainless steel.

TABLE 1. CHARACTERISTICS OF THE WATER NozzrEs USED

Nozzle number (a) 25-20
(spraying systems Code)

Rated fan angle g (b) 25°
Rated water flow rate (c)

{For two nozzles at 6,900 kN/m2)

gal/min (b) 20
kg/s 1.26
Orifice dimensions ( approx.)
Short axis, Figure 1, mm 2
Long axis, Figure 1, mm 3.5
Equivalent diameter
in. (b) 7/64
mm 3.3
Slot dimensions (Figure 1)
Length, mm ) 17
Width, mm 2
Water velocity, m/s (d)
(At 6,900 kN/m?) 107
No. of atomization runs
(‘This work) 5

32-20 32-40 32-60
32° 32° 32°
20 40 60

1.26 2.52 3.78

2 3 4

4 5 6.5
7/64 5/32 3/16

3.3 4.7 5.7
17 17 17
2 3 4
107 107 107
2 4 3

(a) Code. The first two digits of this four-digit, Spraying Systems code refer to the fan angle 8 (in degrees) and the last two digits refer to the
rated flow rate (in gal/min) for a pair of nozzles at the reference pressure of 1000 1b./sq.in.gauge (6,900 kN/m3).
(b) Data Source. Supplied by the manufacturer (Anonymous 1967) for these nozzles of the H-%-UHSS-E Series. Dimensions, capacities and im-

pact data are also listed by Grandzol (1973).

(c) Flow rates. For reference purposes. In this work, flow rate was measured by a rotometer. . .
(d) Velocity. Calculated from impact data (Anonymous, 1967). Using this impact data, Grandzol (1973) has shown that the water jet velocity Vw,

in m/s, is described for all four nozzles by
Ve = 1.3 P1/2
where P is the pressure in kN/m?2,
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Fig. 4. Photograph of water sprays without atomization—top view of
manifold with tundish removed. Nozzle No. 2520. Pressure of 3500
kN/m2, (500 1b./sq.in.).

nace, poured into the tundish, and allowed to flow into a
1.3-m diam,, 1.5-m high chamber for atomizing and quench-
ing. The furnace used in melting the metal and the atomization
chamber used in this work have been described previously
for gas atomization. Chamber details are given in Rao et al.
(1971), Rao and Tallmadge (1972), and Rao (1973); fur-
nace details are given in Rao (1971).

Operating Conditions

The directly measured conditions were water flow rate,
water pressure, metal temperature, metal batch size, and
duration of the total metal flow time. From these experimental
quantities, metal flow rate, water velocity, energy, and mo-
mentum were calculated. The experimental conditions for the
runs appear in Tables 2 and 3. It is seen that the range of
variables studied is as follows: water kinetic energy (12X ),
water momentum (8X ), water pressure (8X), water flow
rate (5X ), water velocity (3 ), and metal flow rate (3 ).

— CraeR N
WATER
! METER MANIFOLD
FLOW
RESERVOIR \C,:’E'JER"’- PRESSURE
ROTAMETER GAUGE
4 A —— S
RECYCLE ~
LOW PRESSURE
PUMP
DISCHARGE —

HIGH PRESSURE
PISTON PUMP -
| STAGE 4 3 CYLINDER

rrr=—rl

|

Fig. 5. Water pump and supply system—drawn to scale. Fioor plan of
water-jet gtomizing unit.

TasLE 2. ExpERIMENTAL CONDITIONS AND REsuLTs (LOWER VELOCITY)

Water velocity V,;, m/s 50 50 67 78 78 80 80
Run number 87N 88N 73N 46N 70N 44N 58N*
Metal Measurement

Temperature, °C 1,740 1,680 1,760 1,650 1,750 1,720 1,700

Batch size, kg 7.7 77 77 5.5 i 5.5 77

Run time, s 34 22 35 40 57 22 32
Metal Conditions

Tundish nozzle, ID, mm 6.4 8.0 6.4 4.3 4.8 6.4 6.4

Flow rate, W, kg/s 0.23 0.35 0.22 0.14 0.14 0.25 0.24
Water Measurement .

Nozzle number 3,260 3,260 2,520 3,240 3,240 2,520 2,520

Pressure, kN/m?2 1,600 1,600 2,100 3,500 3,500 3,800 3,800

Flow rate, Wy, kg/s 1.79 1.79 0.76 1.79 1.80 0.91 0.91
Water Conditions

Momentum rate, kg - m/s? 90 90 51 142 142 72 72

Kinetic energy rate

(Joules, kg - m2/s3) 2,200 2,200 1,700 5,600 5,600 2,800 2,800
Screen Analysis, wt. %
% yield (—80) 73 65 84 o6 92 94 82
—80 4 100 (250x) 35.9 43.0 41.0 144 19.7 131 16.1
—100 4 140 (149u) 22.4 22.2 17.9 10.6 159 148 15.1
—140 + 200 (105x) 15.7 15.6 13.2 16.0 15.2 17.7 16.9
—200 + 230 (74u) 4,2 3.7 3.4 45 45 5.0 5.1
—230 + 325 (63u) 12.0 9.5 12.3 19.3 177 17.7 17.3
—325 (44p) 9.8 6.0 122 35.2 27.0 31.6 20.6
Powder Properties ( —80)

Median size, dm, 4 117 133 123 61 74 64 87

Diam. ratio, ¢ 2.10 2.02 2.49 2.33 2.24 2.14 2,24

Coefl. var., C, 0.33 0.31 0.41 0.38 0.36 0.34 0.36

() Shorter jet length of 60 mm, whereas all other runs were done with a jet length of 120 mm.
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TABLE 3. EXPERIMENTAL CONDITIONS AND REsuLts ( HIGHER VELOCITY )

Water velocity, Vi, m/s 107 107 107 107 113 149 149
Run number 38N 69N 37N 45N 60N 61N 40N
Metal Measurement

Temperature, °C — 1,700 — 1,680 1,690 1,730 1,690

Batch size, kg 79 Y ivé 7.7 55 77 779 77

Run time, s 20 37 35 30 36 58 22
Metal Conditions

Tundish nozzle, ID, mm 8.0 6.4 6.4 6.4 6.4 4.8 6.4

Flow rate, Wn, kg/s 0.39 0.21 0.22 0.18 0.21 0.13 0.28
Water Measurement

Nozzle number 2,520 3,240 3,240 3,260 3,220 3,220 2,520

Pressure, kN/m?2 6,900 6,900 6,900 6,900 6,900 13,800 13,800

Flow rate, Wy, kg/s 1.26 2.49 2.52 3.78 1.32 1.78 1.79
Water Condition

Momentum rate, kg - m/s? 134 265 274 303 149 265 268

Kinetic energy rate

[Joules (kg - m2/s3)] 7,200 14,200 14,400 21,600 8,400 19,700 20,000
Screen Analysis (wt %)
% Yield (—860) 71 96 89 93 93 96 69
—60 + 100 (250) 10.0 5.4 12.2 6.7 12.4 5.1 5.4
—100 4 140 (149u) 8.6 8.3 117 79 12.5 73 8.3
—140 + 200 (105x) 12.2 11.5 15.5 12.9 145 111 115
—200 4 230 (74u) 4.0 4.9 4.6 4.1 42 3.8 3.9
—230 4 325 (63u) 17.5 18.0 17.5 19.8 16.1 16.7 18.0
—325 (44u) 475 52.9 38.5 48.8 40.3 56.0 52.9
Powder Properties ( —60)

Median size, dm, 1 47 43 55 48 56 42 30

Diam. ratio, o 2.46 2.24 2.36 2.18 2.38 2.15 2.76

Coefl. var.,, Cy 041 0.36 0.39 0.35 0.39 0.34 0.46

The molten metal temperatures were measured by immers-
ing a platinum-rhodium thermocouple in the tundish. It is
seen that temperatures were held approximately constant near
1710°C, usually within + 20°C. See Tables 2 and 3.

Pressure characteristics of the fan jets provided by the man-
ufacturer indicated the influence on volume flow rate and
impact force. The impact data also showed that jet velocity
is constant with distance from the orifice in the operating
ranges used here. Using these data, desired values of velocity
and flow rate were selected by choosing the proper nozzle
and pressure; the flow rate was obtained in a given run by
controlling the recycle flow rate.

Metal Particles (Powders)

After atomization, the wet powders were collected, washed
with acetone, and dried. Using U.S. Standard number 60 and
100 sieves, a 400-g sample was separated; a 100-g sample of
the — 100 mesh portion was then sieved using the standard
ASTM test procedure B-214-56.

Most of the powders were smaller than 100 mesh (~ 149x).
The few large particles (~ 2,000x) observed probably re-
sulted from metal which was seen to splash out of the atom-
ization zone. To eliminate these large particles, each sample
was topped and a yield calculated. Instead of using the 100
mesh used commercially, topping was done with a 60 mesh
screen to obtain a more representative sample. As shown in
Tables 2 and 3, most yields were 89% or above. Thus topping
{yield) effects were small at all velocities, except for the
three runs at 50 and 67 m/s (Table 2). The two lower yields
at higher velocities (Table 3) may have been due, in part,
to inexact centering of the metal stream relative to the jet apex.

EXPERIMENTAL RESULTS

Size Distribution

The topped powder for each run was split into the fol-
lowing six fractions using U.S. Standard sieve sizes: — 60
+ 100, — 100 + 140, — 140 + 200, — 200 4 230, — 230
+ 325, and — 325. The resultant sieve analyses of the
powders was then plotted on log normal-probability co-
ordinates. Figure 6 shows, for the velocity sequence of
runs 87N, 46N, and 61N, that the sieve size data are
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linear on this plot. Similar results were observed for other
runs. Thus the size distribution for these water atomiza-
tion runs is a log normal distribution, even though the
shape of the metal powders is somewhat nonuniform. This
log normal distribution is consistent with earlier gas atom-
ization results of Rao et al. (1970) and others.

Where the size distribution is log-normal, the spread
of the size data may be expressed as the slope of the data.
This slope may be expressed as the diameter ratio o
given by Randolph and Larson (1971) as the geometric
standard deviation:

d(0.841) _ d(0:500)
d(0.500)  d(0.159)

This diameter ratio may also be expressed in normalized
form as the coefficient of variation C, given by Randolph
and Larson (1971) as

C, = [exp (log?s) — 11% (3)

The size distribution of the powders has been charac-
terized by means of both the diameter ratio and the coeffi-
cient of variation. Typical values for several sequences of
runs, presented in Table 4, show that the size distribution
did not vary appreciably with water velocity, water flow
rate, or metal flow rate over the ranges studied. Further-
more, it appears that the slope (or spread) for all runs
was approximately constant at a diameter ratio o of about
2.24 and a coefficient of variation, C, of about 0.36. Indi-
vidual values vary about =* 8%, which is within experi-
mental error.

It is concluded, therefore, that the spread of size dis-
tribution may be considered to be constant for the condi-
tions studied. This is an important simplification, which
allows description of size data using a single parameter,
such as median size. In this paper, the mass median size
dm is taken from the cumulative weight plot as the diam-
eter of the particle for a cumulative weight of 50%. See
Figure 6.

o

(2)
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Repeatability

Several duplicate runs were performed to test the repro-
ducibility of the experimental technique. Most results
agreed closely. In one case the median particle size for
the repeat run (117u for 87N) differed substantially from
the first run (51u for 47N). After comparison with other
runs (73N, 88N) at similar conditions, run 47N was be-
lieved to be in error and was dropped.

Reproducibility results for the other pairs of runs are
given in Table 5, both in terms of parameters which are
difficult to control precisely (metal temperature and flow
rate) and in terms of the resultant powder properties.
Table 5 shows that deviations from average values were
small. These deviations represent large reductions (factors
of 3X to 10X) in the deviations observed in the initial,
exploratory runs. In view of the difficulty of controlling
hot metal conditions in short runs, the deviations in Table
5 are considered to be satisfactory.

MEDIAN SIZE DATA

Tests with different nozzles were utilized to study the
influences of water velocity at a constant water flow rate
(1.79 kg/s) and the influence of water flow rate at con-
stant velocity (107 m/s). See Table 4. These and other
tests (Tables 2 and 3) provided for independent study of
the effect of four water-jet parameters, namely velocity,
flow rate, momentum, and kinetic energy. Pressure is
related to velocity. Impact force is related to momentum.

Plots of the median size data (for all 14 runs) versus
each of the four parameters indicated substantial scatter
with mass flow rate (Wy), a good correlation with veloc-
ity (Vy), and intermediate scatter with momentum
(WyV.:) and kinetic energy (W,,V,2/2).

The size versus flow rate scatter was due to negligible
effect of flowrate on size, which was observed. At V,
= 107 m/s, for example, Table 3 shows that size is con-
stant at about 49 = 5u for 5 runs in which flow rate was
varied threefold. Table 2 shows confirmation of the con-
stancy of size with a two-fold variation in flow rate at
80 m/s (d,, = 67 = 4p for 4 runs) and near 58 m/s (d,
= 124 =+ By for 3 runs). It was concluded that size is
independent of flow rate per se, over the ranges studied.

Figure 7 shows the influence of velocity for all 14 runs.
The major trend apparent here is that the median particle
size is inversely proportional to water droplet velocity, or

dm = 5,500/V, (4)

Equally important is the fact that the scatter is small and
within experimental error, even though there is a wide
variation in water flow rate. Equation (4) is the basis

for Equation (1). It was concluded that velocity was the
best parameter for correlating median size.

Plots of other variables indicated scatter. To illustrate
this, Figure 8 shows a similar graph of all size data plotted
versus momentum (W,Vy)}. A general trend of size de-
creasing with increasing momentum is given as the solid
line, although scatter is appreciable. On the other hand,
sets of data taken at constant velocity (dotted lines) indi-
cate that median size was not a function of jet stream
momentum; this independence is inconsistent with the
general trend of the momentum plot. Thus, it appears
that atomization was due mainly to a droplet effect and
that water momentum (per se) did not influence particle
size. A similar plot and argument applies to water kinetic
energy (W,V,2/2), but the scatter is less than with
momentum, probably because the square of velocity dom-
inates the influence of flow rate.

A plot of size versus pressure was similar in scatter to
the velocity plot and indicated that size was inversely
proportional to the 0.5 or 0.6 power of pressure. The
square root effect is consistent with the velocity effect of

TasLE 4. S1ze DisTRIBUTION DATA

Coefficient of Run

Independent variable Diameter variation num-
Parameter Meas. value ratio ¢ Cy ber
Water 50 m/s 2.10 0.33 87N
Jet 78 m/s 2.33 0.38 46N
Velocity (a) 149 m/s 2.15 0.34 61N
Water 132kg/s 238 0.39 60N
Jet 249kg/s 224 0.36 B9N
Flow rate (b) 3.78 kg/s 2.18 0.35 435N
Metal 0.21kg/s 2.38 0.39 60N
Flow rate 023kg/s 210 0.33 87N

0.35kg/s 2.02 0.31 88N
0.39 kg/s 2.46 0.41 38N
Other runs 2.36 0.39 37N
2.76 0.46 40N
2.14 0.34 44N
2.24 0.36 58N
2.24 0.36 70N
2.49 0.41 73N
Median 2.24 0.36
Average deviation
from median +0.14 (6%) =+0.03 (8%)

(a)} At constant water jet flowrate of 1.79 kg/s.
(b) At constant water jet velocity of 107 m/s.

TABLE 5. REPRODUCIBILITY

Atomization variables First test
Run Run
46N 70N

Preset condition

Water pressure, (b), kN/m? 3,500 3,500

Measured cond.

Metal temp., °C 1,650 1,750

Metal flow, kg/s 0.14 0.14
Powder properties

Mean size, u 61 74

Size dist., o 0.38 0.36

% yield (—80) 96 92

(a) % deviation from the mean.
(b) Nozzle number 3240.
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Second test

% dev. Run Run % dev.
(a) 37N 69N (a)
—_— 6,900 6,900 —

=+3 unk. 1,680 unk.
negl. 0.22 021 +2
+10 55 43 +12
+3 0.39 0.36 +4
+2 89 96 +4
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Fig. 6. Effect of water jet velocity on metal size distribution: cumu-
fative plot of screen size data. 50 m/s is equivalent to 160 ft/sec.

Equation (4) when the relation between velocity and
pressure is considered. The relationship is given in the
velocity footnote of Table 1. It is true that pressure is a
parameter which is easy to measure and control and thus
is useful industrially. However, pressure does not appear
to be a fundamental variable because it described the
water condition upstream of the water nozzle rather than
of the water droplets at the apex.

One reason that velocity is so important may be due
to different influences felt at the metal apex (that is,
point of contact). For example: changes in droplet veloc-
ity probably cause large changes at the apex. However,
changes in total mass flow rate (and other variables) may
not cause large changes at the apex because of dissipation
around the apex. Since only part of the water spray con-
tacts the metal stream, the mass flux at the apex may be
a factor.

The conclusion of major dependence on velocity is an
important new concept in powder metallurgy because
pressure was reported in Small and Bruce (1968), Gum-
meson (1972), and in most other studies. However, pres-
sure does not appear to be a fundamental variable for
describing atomization mechanisms. For example, when
pressure is increased for a given jet size, both water veloc-
ity and water flow rate are increased.

No appreciable influence of metal flow rate was ob-
served, as indicated by size data to 50 m/s (117, 133u),
at 79 m/s (64, 67, 61, 74u), and at 107 m/s (47, 43, 55,
46u). However, water flow rate was also varied in these
runs so that interactions may be present. Variations in
metal temperature may also have contributed to scatter
in the size data. No systematic influence was noted, how-
ever, probably because the temperature variations have
been kept to a small range (Table 1).

Another variable, jet length, was studied at constant
velocity (79 m/s) and constant water flow (0.91 kg/s).
Here jet length is the distance along the water jet path
from the jet orifice to the water-metal apex point. Although
jet length was reduced from the normal length of 120 mm
(Run 44N) to 60 mm (Run 58N), the median sizes were
nearly identical (64 and 57 microns, respectively) and
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the powders were virtually indistinguishable. These data
also confirm the manufacturer’s data that jet velocity is
independent of jet length and that droplet velocity is an
important and fundamental parameter in water atomiza-
tion.

In summary, it appears that median size is a function
primarily of water jet velocity and that the size distribu-
tion is approximately constant for the conditions studied
here.

MEAN SIZE MODEL

The objective of this section is to develop a model for
water jet atomization of molten metal which is capable of
predicting metal particle sizes. In gas atomization of
liquid metals (Small and Bruce, 1968; Rao et al.,, 1971),
the metal is impacted by a high-velocity, but continuous
gas phase. However, the case of water atomization of
liquid metals is different because the water jet is not a
continuous phase, but a disperse phase. In other words,
the water stream that contacts the metal stream is a spray
of water droplets.

A model of atomization by droplets is given below,
based on (1) conservation of momentum, (2) literature
on water droplet size, (3) velocity data obtained photo-
graphically, and (4) conservation of energy.

First, consider that a single water droplet impacts the
surface of the metal stream and causes n number of metal
drops to be formed. For simplicity, assume that the water
droplet transfers all its momentum M, to the newly
formed metal droplets, each of momentum M. For this
the momentum balance yields

My, = M, (5)

Here the subscripts m and w refer to metal and water
respectively. Writing momentum in terms of an individual,
spherical particle diameter d®, velocity V, and density p
leads to a relationship between droplet sizes; thus upon
rearranging, Equation (5) becomes

v 1/3
dn® = (“’_”“’> d,* (6)
Vo pm

Working with median diameters leads to

v /3
w Pw ) du}
A Ppm

dn=( ™
Equation (7) predicts metal size as a function of two
unknown parameters, water droplet size di, and metal
velocity V.

Second, consider the prediction of water droplet size
dy. This is a case of pressure (or hydraulic) atomization
for a flat, fan spray. For the liquid sheet (of thickness s
and surface tension vy) from the orifice of a flat, fan spray,
Straus (1949) and Fraser and Eisenklam (1956) have
reported that water droplet size is given by

c
dp = 5~ (sv)% (8)

w

Straus reported a value for the C parameter which is
equivalent to C = 4,860 in the units given in the nota-
tion. Fraser and Eisenklam mention the empirical deter-
mination of the C parameter for wide-angle, fan jets of
B near 110°,

As noted previously, visual and photographic observa-
tions indicated that, for the nozzles used here, breakup
occurred very close (within 5 mm) to the nozzle ori-
fice. In addition, the water jet velocity calculated from
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the manufacturer’s impact data was very close (within
10%) to the theoretical orifice velocity. These two
observations suggested that the thickness of the liquid
sheet at breakup is the same as the thickness at the
orifice. Since the orifice thickness s and liquid-gas surface
tension y are known, Equation (8) becomes
B

dw Vo (9)
Reported exponents on velocity have ranged from — 2/3
to — 1, but for reasons mentioned in the discussion sec-
tion below, Equation (9) is used here.

We are now concerned with evaluating the parameter
B at the high velocities (> 50 m/s) used here. However,
no droplet data for fanjets of this type was available at
these high velocities.

Davies (1972) indicates that the droplet diameter has
been found to be nearly independent of nozzle size or
shape for velocities greater than 25 m/s, which is the
case here. Furthermore, Merrington and Richardson
(1947) have presented a correlation for high velocities
(up to 250 m/s); their equation for droplet size of
aqueous and organic liquids issuing from a cylindrical

jetis
3100 0.8 0.2
do=2(2)"(2) (19)
Ve P “cas> P 7 Lia

Equation (10) is identical in form to Equation (9). Using
properties of air and water of concern in the water jet,
the Merrington-Richardson expression predicts that the B
parameter of Equation (9) has the value of

B = 20,000 (11)

Since the B parameter was evaluated at high velocities
and since velocity is considered to be the dominant varia-
ble, Equations (9) and (11) will be used to describe the
jets used here. A more detailed analysis may be found in
Grandzol (1973). Substituting water nozzle Equations
(9) and (11) into momentum Equation (7) leads to an
improved prediction of metal particle size:

w=(52)" (%)
nVm pm Vi
13
- ( Vo pw ) (20,000) (12)
nVm pm \Z

Third, metal velocity V,, must be evaluated. This was
done by taking a high-speed, infrared photograph of the
atomization process (Run 87N) and estimating particle
velocities from observed trajectory lengths. Results indi-
cated that particle velocities were approximately inde-
pendent of particle diameter. For this run, the metal
particle velocity was found to be 15.3 m/s, whereas the
water jet velocity was 50 m/s. Because a kinetic energy
balance suggested that the ratio of water droplet velocity
to metal particle velocity is the same for all velocities, the

ratio was taken to be constant. This constant was evalu-
ated from photographic data to be

Vo _ 50 (1)
Vm 153

Substituting the expression for velocity ratio, Equation
(13), into that for metal size, Equation (12), and evalu-
ating densities for both materials leads to the desired
model prediction of metal particle size which is
A 14,900 ( 1 )‘/3

dm:Vw" Ve

(14)
n
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If we assume, as a special case, that n = 1 or that one
metal droplet is formed for each impinging water droplet,
then Equation (14) becomes

14,900
Vo

dm = (15)

Comparison with Data

The comparison of the model, Equation (14), with
the metal-size data correlation, Equation (4), is done
here in two parts—first in functional form and then in
magnitude.

Comparing the form of these two equations, it is seen
that the model predicts the inverse, first-power depen-
dence on water velocity observed with data. Thus the
model properly predicts the same functional form as that
observed experimentally. In addition, the model agrees
with the experimental evidence that the direct influence
of water flow rate is negligible here. (The basis for the
flow rate part of the model is Equations (9) to (11)
taken at constant velocity).

Since the model has one adjustable parameter n, the
ratio of metal particles to water impacts, comparison with
data can be made in two ways. One way is to choose n.
For n = 1, the model predicts median sizes (A = 14,900)
which are 3X as large as data (A = 5,500); or for n =
10, A = 6,900. On the other hand, using data as the
reference, the model suggests an average of n = 20. We
conclude that the model predicts the proper order of
magnitude of median metal size. In summary, the model
was based on:

1. A momentum exchange equation for size,

2. Use of literature correlations for water droplet size
as a function of water jet velocity,

3. A kinetic energy exchange equation for the velocity
ratio, and

4, Use of a photographic determination of metal par-
ticle velocity.

The model was found to be surprisingly useful in pre-
dicting the functional form for the median size correlation,

DISCUSSION OF THE MODEL

The model is tentative because it has some important
limitations. For example, the model does not specifically
describe any mechanism for the primary breakup of the
metal stream although a splash type mechanism is implied
(Grandzol, 1973). Furthermore, the relationship between
the number of water droplets and the number of metal
particles is not available. Of course, the model does not
take into account the possibility of two other mechanisms,
namely, secondary breakup and coalescence. In this work
photographs of the powder indicated some evidence of
coalescence of fine metal particles to form larger ones;
thus coalescence may have some importance here. It is
difficult to determine if secondary breakup occurs at the
conditions studied, but this may also play a role. Because
of the importance of these aspects, further study of
mechanisms is recommended. An alternative mechanism
for primary breakup is one involving a wave-ligament
formation step (Grandzol, 1973).

The independence of metal size on mass flow rate of
water (at constant water velocity) suggests that most of
water in the jet is wasted with regard to size; on the other
hand, water flow rate is probably important for quenching
rate and particle shape. In regard to flow rate, considera-
tion was given to a model in which metal particle size was
based on the total number of droplets impacting the metal
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stream. However, this model was not consistent with ex-
perimental flow rate data. For example, water flow rate
was varied threefold (at constant velocity, in runs 33N
and 45N) with virtvally no difference in the resultant
particle size. If size was influenced by number per se,
tripling the flow rate, which triples the number of droplets,
should result in change in particle size, but none was
observed. It thus appears that pressure effects are due to
jet velocity changes, not to the flow rate changes that
occur.

DISCUSSION OF EQUATION (9)

The water droplet equation used in the model was
Equation (9), developed for pressure atomization of a
liquid into a gaseous chamber.

First, let us consider the exponent on velocity. In effect,
Equation (9) implies that median droplet size is propor-
tional to the — 0.5 power of pressure. Some authors, such
as Fraser, Eisenklam, and Dombrowski (1957), show a
— 1/3 exponent on pressure (thus — 2/3 on velocity);
however, their studies were done at lower velocities where
both the sheet thickness s and the jet velocity V, may
attenuate appreciably in the distances considered. On the
other hand, velocity to about the — 1 power has been
reported or implied by several authors including (1) the
fan spray manufacturer (Anonymous 1967), based on
square root of pressure; (2) the — 1.08 power of Kruse,
Hess, and Ludvik (1949) for fan sprays from airplanes, if
their air speed is included in Vy; (3) the — 1.06 power
of Radcliffe (1954) for swirl nozzles, based on the — 0.53
power on pressure and the suggestion of Tate (1965) that
variation of size with pressure for fan sprays was similar to
swirl nozzles; and (4) the — 1.0 power for cylindrical,
high pressure jets by Tanasawa and Toyoda (1955), as
well as by Merrington and Richardson (1947).

Thus there is substantial evidence to support the use
of the — 1 exponent on velocity.

Second, let us consider the magnitude of droplet size
produced at given conditions. There is much less agree-
ment on the size of the magnitude parameter B in Equa-
tion (9), however. Literature expressions vary by a factor
of about 100 in magnitude as illustrated by the calculated
B values of 800 from Kruse et al. (1949), 14,000 from
Radcliffe (1954), 20,000 from Merrington and Richardson
(1947), and 72,000 from Straus (1949). The value used
in the model here was chosen using the velocity range
studied.

Numerical agreement between the model and the data
depends considerably on the literature correlation selected
for the water droplet size. Thus good agreement may be
fortuitous and poor agreement may be misleading. It is
clear that the uncertainty in droplet size would be reduced
considerably by having a size characterization of the noz-
bles actually used, but such was not available here.

Third, although velocity distribution was not used in
the model of this work, it has been reported to be quite
flat by Eisenklam (1961) and by Dombrowski and Hooper
(1962). Thus it appears that in spite of the size distribu-
tion (of water droplets in each water spray), most of
droplets had a velocity which was nearly constant with
size.

DISCUSSION OF DATA

Because yields were 899 or above for most runs
(Tables 2 and 3) and because most low yield runs were
part of a high-yield group at each velocity, it is believed
the topping process had little or no influence on the
correlation given in Figure 7 or as Equation (4). The only
group of runs with each at lower yield was a group of
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three at low velocity (50 to 67 m/s); modifying these
runs for untopped median size would give slightly larger
dm values for these runs but would not change the overall
correlation appreciably. In summary, it is felt that the
effect of topping was minor or negligible.

In several studies of pneumatic atomization using air
and liquids, the ratio of mass flow rates was found to
have an influence on median size. No such effect of metal
to water flow rate was found here within the ranges
studied, but that was probably due in part to the small
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range of flow rate ratio studied. After this paper was pre-
sented (Grandzol and Tallmadge, 1972), the authors
became aware of a study by Kishidaka (1972) in which
a very small effect of mass flow rates was noted.

The authors have attempted to take some stop-action
photographs of the breakup mechanism (Grandzol, 1973)
but to date have succeeded only in observing the varia-
tions in the tundish stream before the apex. It is clear
that high-speed photographs are important to clarifying
the role of wave-ligaments and other possible mechanisms
and in the development of improved models.

There are many other parameters which can profitably
be studied for the water-metal system, most of which are
reviewed in Rao et al. (1970, 1971) and Rao (1971). A
few of these have been explored by the authors; some
results are available in dissertation form (Grandzol, 1973).

Other metals have been atomized using the same equip-
ment. A type 304 stainless steel produced a median size
of 33y (at Vy of 140 m/s), which agrees favorably with
the data correlation. On the other hand, a cast iron run
at V, = 139 m/s produced a median size of 25u, which
is Jower than the correlation. These results indicate the
need for studying a wider range of metals, temperatures,
and metal properties, and for testing the generality of the
size equations.

There are also questions concerning other jet geom-
etries. Although a choice of two jets was made here to
simplify the modeling and photographing of the atomiza-
tion process, more jets are often used in industry. It is
therefore of interest to consider the influence of the effect
of jet apex angle, the number of jets, the location of jets,
and other geometric influences. Some data has been taken
on angle and number of jets (Grandzol, 1973).

Atomization of liquid metals by impinging water jets
is a major method for producing metal powders. However,
there are several problems in scale-up from one process
size to another. It is believed that development of models
and correlations, such as those given herein, and deter-
mination of mechanisms will allow better design and eco-
nomic utilization of two liquid atomization. One applica-
tion is the use of metal powders to produce precision
metal parts by powder metallurgy, which is becoming
more important in the metal industries.
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NOTATION

A = metal parameter, Equation (1), mm?/s

B = water parameter, Equation (9), mm?/s

C = spray parameter, Equation (8)

C, = coefficient of variation, Equation (3)

d* = individual droplet diameter, microns (u)

dn = mass median metal particle diameter, microns
(»)

dw, = mass median water droplet diameter, microns (u)

D = metal stream diameter, mm

M = momentum rate, kg-m/s?

P = manifold pressure, kN/m?

s = thickness of film, mm

T = tundish metal temperature, °C

Vi = metal particle velocity, m/s

Vw = water droplet velocity, m/s

W = mass flow rate of a fluid stream, kg/s

Greek Letters
v = surface tension, N/mm

Page 1158 November, 1973

7 = viscosity, N/m

p = density, g/cm?

o = diameter ratio (or geometric standard deviation),
Equation 2

Subscripts

m = metal

w = water
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