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displacement, interelement boundary displacement, and in-
terelement boundary tractions, are assumed. The proper sin-
gularities of stresses are embedded in the singular elements,
and the interelement compatibility between the singular ele-
ment and the quadratic isoparametric element is satisfied
through the use of a Lagrangian multiplier technique.?* Based
on the concept of Saint Venant’s principle®* and numerical ex-
periments, the pin load is treated as a concentrated load.
Three integration paths around the crack-tip are selected for
computing the J integral and are displayed in Fig. 3. The rela-
tions between the applied load and the load line clip gage dis-
placement are described in Fig. 4. The experimental results are
in good agreement with those obtained by finite-element anal-
ysis. The curve computed by finite-element analysis between
the J integral and the applied load per unit thickness of the
specimen is illustrated in Fig. 5.

Modification and Discussion

For comparison purposes, the J,- values determined by
ASTM standard? as seen in Fig. 2 are also shown in Fig. 5. It
is noted that those J, values are determined based on the as-
sumption that the crack-front is located in the area of plane
strain situation.? However, as shown in Fig. 1, significant
plastic deformation or necking without crack extension often
occurs on both upper and bottom surfaces. That is, near the
upper and bottom surfaces of the specimen, there will be a
state of deformation closer to plane stress than plane strain.
Hence, the energy required for plastic deformation needs to be
taken into account. In order to correct this, the effective thick-
ness B, is adopted in ASTM standard formulas {e.g., Egs. (1)
and (2)] for calculating J,- values instead of the specimen
thickness B. The effective thickness B, is set equal to the dif-
ference between the specimen thickness B and the thickness of
plastic deformation. The corrected results are also shown in
Fig. 5. As compared with rigorous finite-element solutions,
closer Jy- values than those obtained from ASTM standard?
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are noted. The numerical-experimental technique established
is also demonstrated for other materials with different thick-
nesses, such as Al-5083-0 alloy. The results are encouraging.

Conclusions

Further studies on the determination of the J, value using
both experimental and finite-element analysis have been suc-
cessfully made. The effective thickness B, instead of the speci-
men thickness B is suggested for ASTM standard formula use.
The techniques developed here are useful for determining an
accurate J; value.
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Electromagnetic-Capillary Instabilities
of Liquid Cylinder: Production of
Spherical Shells in Microgravity

Chuen-Yen Chow* and Michael Harvanekt
University of Colorado, Boulder, Colorado

Introduction

OLLOW metallic spheres have many potential engineer-

ing applications. They can be sintered to form light-
weight structures of high strength. Spherical shells of submil-
limeter size are sought as inertial confinement fusion targets.
On the other hand, shells filled with gas, liquid, or solid may
be used as efficient insulators, explosives, fire retardants, or
temperature regulators. Many of the applications rely on great
shell precision and smoothness and on the ability to produce
large quantities of uniform shells at low cost.

Researchers at the Jet Propulsion Laboratory have been
successfully producing spherical shells of various sizes in a
ground-based laboratory using a hollow jet instability device!
in which a molten metal is ejected from an annular nozzle to
form a hollow liquid jet. When a flowing gas is passed through
the core, the hollow jet becomes unstable and breaks up into
drops, which under surface tension will develop into hollow
spheres and solidify while moving along a drop tower. The size
of the spheres is controlled by adjusting the speed of the core
flow.

An alternative method proposed here is to manufacture
spherical shells in a low-gravity environment using hollow
metallic cylinders placed between two electrodes. When a di-
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rect current of high intensity is passed through such a cylinder,
it is melted by Joule heating, and the resulting liquid column,
which remains the same thickness under the microgravitational
condition, is unstable in the presence of both electromagnetic
pinch and surface tension, as shown in Fig. 1, and breaks up
to form hollow spheres. Without collisions, they become
spherical shells of high precision after solidification.

This method utilizing the electromagnetic-capillary instabil-
ity phenomenon of a hollow liquid column has many advan-
tages. There is no need of furnace or nozzle, and there is no
temperature gradient along the column when the material is
melted electrically. Uniform shells can be produced from hol-
low cylinders manufactured with high precision, and the shell
size may be controlled by adjusting the applied voltage. Thou-
sands of spheres can be manufactured in a few seconds when
a large number of identical metal cylinders are placed between
the same pair of electrodes. Provided with a microgravity envi-
ronment, the operation is much simpler than that for the coax-
ial jet device in a ground-based laboratory.

Stability Analysis

A stability analysis is carried out for an infinitely long,
hollow liquid column, of inner radius R, and outer radius Ry,
that carries an axial electric current of constant density J. The
column is initially in static equilibrium, balanced by surface
tension, electromagnetic pinch, and the radial pressure differ-
ence across the annular region.

In the absence of gravity, the equations governing the mo-
tion of an inviscid incompressible fluid of density p and con-
stant permeability u are

divV =0 (6))

2
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where V is the velocity, p the pressure, H the magnetic field
intensity, and J (=curlH) the electric current density. In the
laboratory scale, the magnetic Reynolds number is very small,
meaning that the electromagnetic field is not influenced by the
motion of the conducting fluid. If the variation of H in time
is not extremely large, the equation governing the magnetic
field is simplified to

curl curlH =0 3)

For the initial static condition with a uniform axial current,
the magnetic field and pressure distribution are computed as
functions of radial distance from the axis. The inner and outer
surfaces of the column are then perturbed by giving an axisym-
metric deformation of the form

r. = R, + a exp(ikz + wt) @

ro =Ry + b exp(ikz + wt) (3
= ]
| o
(o]
. 0
a) Melting by Joule heating 8

— ./

b) Electromagnetic-capillary instability 8

¢) Solidification under low G

Fig. 1 Suggested electrical device for producing metallic spherical
shells.
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in which & = 2w/\ is the wave number, A being the wavelength
of deformation, and «, b are amplitudes of the deformation
that are much smaller than the inner radius R,.

Two different modes of deformation are possible, depend-
ing on the signs of @ and . When @ and b are of the same sign,
the deformation is said to be in sinusoidal mode; otherwise, it
is in bubble mode. They are so called because of their respec-
tive cross-sectional shapes, sketched in Fig. 2.

The wall deformation causes a perturbation in the electro-
magnetic field as well as a velocity field in the originally stag-
nant fluid column. With detailed descriptions available in Ref.
2, the analysis is stated briefly as follows. After electromag-
netic fields and flowfields have been computed from Egs.
(1-3), the pressure boundary conditions are applied at the
deformed inner-and outer surfaces, where the pressure jump is
balanced by the normal component of the resultant force due
to surface tension 7. As a result, a system of two algebraic
equations, each containing @ and b, is formed. By requiring
that the system have a nontrivial solution, a dispersion relation
is obtained that has the following dimensionless function
form:

0 = f(G ,X,,N) 6

where Q2 = pw?R3/T, G = R./R, is the ratio of inner and
outer radii, X, = kR; a nondimensionalized wave number, and
N = puJ?R$/T a parameter indicating the relative importance
of electromagnetic pinch force as compared with surface ten-
sion force.

Results and Discussion

Based on the lengthy expression for f described in Ref. 2, Q2
can be plotted as a function of X, for given values of G and N.
If Q2 is positive at a certain value of Xj, w has a positive real
root, which causes the deformation shown in Egs. (4) and (5)
to grow with time. The fluid column thus becomes unstable to
disturbance of this particular wavelength. The wavelength to
be observed in the laboratory is determined by the value of X,
at which Q2 has a maximum positive value. On the other hand,
if Q2 is negative, w has only imaginary parts, so that the initial
disturbance will propagate without distortion in the form of
traveling waves, corresponding to the state of neutral stability.

Fig.2 Two modes of axisymmetric wall deformation.
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The nonconducting case with N = 0 is examined first; the
results are presented in Fig. 3 for the bubble mode and in Fig.
4 for the sinusoidal mode. The behavior of the bubble mode is
similar to that of a liquid cylinder without a core,® being al-
ways unstable for 0< X< 1, regardless of the value of G. In
the bubble mode (Fig. 3), as G increases for increasing core
size, Q% decreases, so that the system becomes less unstable and
the location of Q2,. shifts toward X, = 1. On the contrary,
behavior of the sinusoidal mode is quite different. Instead of
having two zeros at Xp; =0 and 1 for the bubble mode, the
growth rate for the sinusoidal mode has only one zero at
Xy = 1/G; to the left of the zero, the system is unstable, as
shown in Fig. 4. As G increases, the sinusoidal mode becomes
less unstable, just like the bubble mode, but the position of
Q2. moves toward X, = 0, and the curve flattens. In general,
the sinusoidal mode, whose growth rate is several orders higher
than that of the bubble mode, is much more unstable.

In the presence of an axial electric current, the sinusoidal
mode is still much more unstable than the bubble mode. Some
representative results for these two modes are shown in Figs.
5 and 6. Increasing current density enhances instability for
both modes and broadens their spectrum of wavelengths for
which the column is unstable. However, as N increases, the
position of 02, shifts to larger values of X, (having shorter
wavelengths) for the bubble mode and to the opposite direc-
tion for the sinusoidal mode.

In conclusion, regardless of the values of G and N, the
sinusoidal mode of deformation is always much more unstable
than the bubble mode. Thus, after a hollow metallic cylinder
is melted by an axial current, the sinusoidal mode will be
amplified much faster. The geometry of the deformation (Fig.
2) will insure that, under surface tension, hollow spheres will
result after the pinch-off of the liquid column, as shown in Fig.
1. They solidify without collisions in a microgravity environ-
ment to become hollow metallic spheres. For certain core sizes,
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Fig. 5 Growth rate for the bubble mode in the presence of an axial
electric current, G = 0.1.
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Fig. 6 Growth rate for the sinusoidal mode in the presence of an axial
electric current, G = 0.2.

like the one described by G =0.2, the wavelength of the
fastest-growing deformation, or the size of the spheres, can be
controlled by varying the current density according to Fig. 6.

There are limitations to this method of making hollow
spheres, however. As the core size increases, say for G, from
0.2 (in Fig. 6) to 0.3, Q2. for the sinusoidal mode always
occurs at Xy = 0 for all values of N (see Fig. 9 in Ref. 2). This
result indicates that, for core sizes exceeding a certain limiting
value, the liquid column deforms with a very long wavelength
so that hollow drops cannot be formed. For this reason, spher-
ical shells produced using the proposed electrical device would
have small cores. Furthermore, Fig. 6 shows a slow variation
of the position of 9%, on the X, axis with increasing N,
indicating that a small range of spherical sizes can be produced
by varying the intensity of the electric current.

The stability analysis presented here is based on an inviscid
formulation. It is anticipated that viscosity generally weakens
the fluid motion and would therefore have a stabilizing effect.
An improved stability analysis to include viscous stresses is
still in progress.
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