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Introduction

Magnetic flux compression (MFC) generators are pulsed-power devices that take a small
electrical current and amplify it by exploiting the conservation of magnetic flux. Essentially, an
explosive is used to compress an initial magnetic flux into a smaller volume, increasing the
output current. The primary benefits of these devices are (1) the reduction in stored electrical
energy and (2) obtaining very large currents or magnetic fields. For example, a capacitor bank of
290 kJ can be replaced by an energy equivalent MFC using only a small explosive weight and a
17 kJ capacitor bank for the seed current. A weight and volume savings of 75-90% can be
achieved.

The goal of this effort is to develop the numerical tools necessary to predict the performance of
various designs, in order to reduce the number of experiments required. The hardware is
destroyed during each test and is expensive to manufacture, making it difficult to perform
parametric studies. This manuscript investigates basic flux compression phenomena and
inductance modeling. Additionally, we begin to explore flux compression performance
improvements by simulating the effects of changing armature velocity and identifying magnetic
energy distribution.

Flux Compression Basics

Mathematically, one can see how current is amplified through the following. Conservation of
magnetic flux requires that the initial and final values must be equal, wi=yy . These can be
rewritten in terms of electrical inductance, L, and current, i: L;i; = Ly, which are subsequently

rearranged so that
I V o
G =(i] (1)

where G is the current gain and « is the system efficiency. Therefore, large initial and small final
inductances will help to maximize the gain. For this reason, helical (outer) conductors are
typically used since they provide a very large inductance. This is in contrast to solid (coaxial)
conductors which have a much lower inductance.



In Figure 1, we see two concentric, cylindrical conductors with explosive filling the inner region
(black) and which are linked at the far end by another conductor (not visible). A potential
difference is applied between the two conductors which results in a small “seed” current that
begins to diffuse into the conductors. This current density (colored) is visible on the clip plane
along with contours of the magnetic field strength, B. In the image, the explosive has just
initiated and a detonation front is propagating radially outward. Eventually, it will make its way
down the cylindrical axis pushing the inner conductor radially outward.

PRESSURE 2

Figure 1. Helical MFC at early time.



trapped field

Figure 2. Helical MFC at later time (device not pictured).

Figure 2 illustrates the device at a later time. Here we see the explosive pressure wave has
propagated down the MFC and consequently pushed the inner conductor into the outer one—
denoted by the (colored) current density. This causes a short circuit such that there is now an
increasingly trapped field whose cross-sectional area continues to shrink as the inner conductor
is further deformed by the explosive pressure. As this happens, the current density and total
current about that region will continue to rise. Also note that, in the final state, no coils are
present—similar to a coaxial cable—so that the measured final inductance is very low.
Combining that with the large inductance due to coils in the initial state means a high current
gain, as equation 1 indicates. For this reason, helical MFCs or “Helicoils™ are a favored design
geometry for maximizing output current.

In this manuscript we summarize efforts over the past few years of how two-dimensional (2-D)
and three-dimensional (3-D) ALEGRA [/] simulations have influenced the design of MFC
prototypes. A substantial portion of this time was spent ensuring accurate solutions through
validation and numerical calibration. Recently, however, the code has been very helpful in
understanding phenomenology and encouraging design changes. However, simulating these
devices can be challenging for a variety of reasons. As a result, it was necessary to validate
individual pieces before moving to greater sophistication: ensuring inductances were correct in
both 2-D and 3-D, or that peak currents were converging with appropriate magnetic solver
tolerance, for example. It turned out that, while the inductance had converged using a tolerance
setting of 107, peak current would only converge if the solver setting had a tighter tolerance, 10
8 This was neither obvious or quick to determine. Consequently, this study is broken into several
pieces: (1) 2-D and 3-D coaxial cable (no explosive), (2) 3-D Helicoil (no explosive) (3) 2-D



coaxial MFC, and (4) 3-D Helicoil MFC. Each of these efforts will be described, and where
appropriate, references to more complete studies will be identified.

2-D and 3-D Coaxial Cable (no explosive)

When no coil is present, the concentric, cylindrical shells have rotational symmetry so the
problem can be treated in 2-D. Niederhaus [2] has treated this as a verification and validation
problem for ALEGRA that will remain in their benchmarks for testing with each new version of
the code. To summarize, the inductance for a coaxial cable—excluding any end connection for
current return—is given by [3],
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where ry, r3 r2, and r; represent the inner and outer surfaces of the inner then outer conductors,
respectively, and / is the length. Note that, although the geometry is a simple configuration, an
exact form for the inductance is quite complicated. For Helicoils, there is no closed-form
solution. Niederhaus found that ALEGRA agrees to within 0.1% of theory.

When one adds in a current return, complications arise due to a non-trivial current density in that
additional piece. Figure 3 plots inductance converging for both 2-D and 3-D simulations. What
one considers to be converged is related to some tolerance of uncertainty. In figure 3, the
inductance appears to converge to about 2.645 nH. Bounds are then identified +0.1% and +0.5%
about this value. Even though we may only be able to use 6-10 cells across the thinnest
conductor in a full 3-D simulation, this plot indicates that we would still be within 1% of the
converged value. For large Eulerian simulations, that is outstanding agreement.
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Figure 3. Inductance convergence for a 2-D and 3-D coaxial cable.

3-D Helicoil (no explosive)

With the success of above, we can increase the sophistication by replacing the outer conductor
with a coil of rectangular cross-sectional area. We have investigated this problem extensively
[3,4] and in collaboration with Niederhaus [5]. Figure 4 shows typical Helicoils of constant and
variable pitch with ten gap twists and nine conducting twists. Pitch is defined as the axial length
over which one twist advances. The arrow points out a boundary between the two types of twists.
Variable (increasing) pitches are used to prevent the growing current density from melting the
device as the inner radial expansion propagates down the axis. The current density is managed by
increasing the twists’ cross sectional area. When using ten cells across the thinnest conductor, we
find that for nine conducting twists, inductance agrees to within about 4% of computationally
and experimentally measured values. Further, by selecting a nine-turn, variable-pitch Helicoil,
the inductance changes by few percent—agreeing with the expectation that it should be
equivalent to the constant pitch case.

By holding the length constant over which the number of twists are allowed to vary, one can
obtain details about the steady state inductance, peak current, time to peak current, and
inductance at peak current—presuming the requisite convergence analysis has been completed.
These are plotted in Figure 5 for one Helicoil design with 1-9 conducting loops. The data
indicate that the peak current decreases with increasing twists; however, the time at which peak
current occurs increases with the number of twists. This is consistent with the lower left panel
which shows that inductance increases with the number of twists (approximately quadratically).
Essentially, di/dt, or the current rise, is inversely proportional to inductance.



Figure 4. Typical constant and variable pitch Helicoils.
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Figure 5. Inductance and current scaling behavior for a Helicoil.

2-D Coaxial MFC

A lot of phenomenology can be investigated with 2-D coaxial MFCs. Two important items we
address here are the effects of mesh resolution and armature velocity. Figure 6 illustrates how
mesh resolution can affect peak current. Plotted is the amplified current as a function of time for



4, 8, 16, and 24 cells across the thinnest conductor (blue, red, black, and green dashed data
series, respectively). At 16 s, the measured current is still equal to the seed current of 1A. As
the upper-left image indicates, flux compression has not started since the inner conductor is still
expanding radially outward, but has not impacted the outer conductor. At 27 ps, current
amplification has begun since the region of interest is undergoing flux compression. At late times
however, the effects of mesh resolution can clearly be seen where approximately 16 cells across
the thinnest conductor are required to converge to within some tight tolerance. This tolerance is
probably tighter than it needs to be. However, being converged in one variable (inductance or
solver tolerance) does not imply convergence in other relevant variables (e.g. peak current).
Indeed, if we were to loosen the solver tolerance here from 10 to 10, peak currents diverge
with increasing resolution even though the latter is sufficient when measuring inductance only. It
should also be pointed out that, up to this point, we have been discussing steady-state inductance
where, over a long time, current diffuses throughout the conductor. In many cases, we may want
a short diffusion time where the diffusion depth has to be resolved—which can be much thinner
than the conductor thickness. Hence, computational cost can increase rapidly even for 2-D
simulations.
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Figure 6. Impact of mesh resolution on current gain for a 2-D coaxial MFC.

Another question we wanted to address with 2-D coaxial MFC was how the armature velocity
impacted performance. Rather than a full parametric study, we modeled four specific cases: (1)
reference (1/4” phenolic wrap and 1/4” armature), (2) 1/8” phenolic wrap, (3) 1/8” armature, and
(4) 1/8” armature and 1/8” phenolic wrap. These configurations are illustrated in Figure 7 and
read counter-clockwise starting from the lower right. In these images, the explosive is in yellow



and is encased in a phenolic wrap (green). Conductors are in red, where the armature is in
contact with the phenolic wrap. Attached to the outer conductor near the point of detonation is a
thin crowbar which allows the flux compression to start earlier. In general, the thicker armatures
have more inertia so it is expected that performance will increase with thinner materials or more
explosive.

Thin Armature: 1/8" Thin Phenolic Wrap: 1/8’

Thin Armature and Wrap 1
1/4" Phenolic wrap

Figure 7. Configurations for evaluating the effects of armature velocity on system performance.

Figure 8 reports the amplified current as a function of time for the four configurations in Figure
7. As expected, the reference configuration displays the poorest performance. The cases of a thin
armature and thin high-explosive (HE) wrap show equivalent performance out to about 40 ps
when the explosive stops doing work on the radial expansion of the armature. At that point, case
3 provides better flux compression as the thinner metal has a higher radial velocity. In case 4, the
analysis is the same: the thinner phenolic wrap is only useful until the explosive stops doing
work, the dominant effect then becomes the thickness of the armature. Being equivalent to case
3, performance converges to similar values by 55 ps. In general, case 4—and, arguably case 3—
yields a 20% improvement in current gain over the reference case.
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Figure 8. System performance as a function of armature velocity.

3-D Helicoil MFC

Due to the computational cost of 3-D simulations, our Helicoil design is reduced in total length
and uses three conducting twists with variable pitch. Some questions we have investigated are
(1) what is the magnetic energy distribution and (2) what effect does changing coil material have
on current gain?

Quantifying the magnetic energy distribution is another approach for improving performance
since magnetic field extends to places where it is simply wasted or leaked which reduces system
efficiency. For example, the coils are necessary to maximize the initial inductance; however,
they also allow the field to leak out which cannot be used in the flux compression process under
current designs. Another measureable loss is field diffusion into the conductors. One example for
improving performance might be to increase the magnetic diffusion time so that field only
resides on the conductor’s surface. This could be accomplished by picking a material with higher
electrical conductivity since the magnetic diffusion time, 7, is proportional to conductivity,

o, and a length scale (or thickness), L, over which diffusion occurs: 7 ~ ol’ However, if the
EOS is the dominant factor (at critical times) in system performance, changing the conductivity
may not be very effective as long as one uses some minimum value typical for metals.

Figure 9 illustrates our approach for quantifying the partition of magnetic energy. In the right-
hand side of the image we see the MFC surrogate as well as the magnetic field on a clip plane.
The strength of field shown varies over 2 orders of magnitude, and leakage is clearly visible. The
magnetic flux through the plane is plotted against time in the upper left for two datasets. The first
is the total flux passing through the plane (green line), while the second is just the flux outside of
the device (essentially any field crossing the black clip plane). This quantity is obviously smaller
(red line). These types of measurements can be difficult to make since the objects being
integrated over can deform in time and the visualization software does not always have the
requisite tools. We can measure the magnetic energy, Epqg, for several quantities: (1) total



energy, (2) energy inside the conductors, and (3) energy inside the explosive. The lower-left plot
shows total magnetic energy (yellow, green dots) and energy in the conductors (purple). To help
validate the method in our visualization tool, Ensight, we compared the value computed by
ALEGRA (yellow line) with integration over the volume for regions defined by the user, such as
conductors or, in this case, the whole computational domain. Both approaches yield the same
answer.

Magnetic Field (T)

1.0e-04 7.2e-04 2.6e-03 5.7e-03 1.0e-02

Figure 9. Quantifying magnetic energy partitioning.

We can iterate further and add in magnetic energy stored in the explosive. This data is plotted in
Figure 10. As one might expect, the majority of field is initially in air. As current continues to
diffuse into the conductors, it’s share will rise and it does so up until about 17 ps when the inner
conductor has impacted the outer conductor. It’s unclear why the explosive value is so high
given that, at early time, current hasn’t diffused far into the conductor and so the armature should
be “shielding” the explosive. This needs to be investigated further. The next step for this type of
analysis is to create different pockets of air, so that we can resolve magnetic energy partition
inside the compression area and outside the device.

10
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Figure 10. Normalized magnetic energy partitioning.

Conclusion

In this report, we have documented our progress in modeling MFC to improve a design for
pulsed power applications. Simulations focused on 2-D and 3-D coaxial and helical MFCs with
and without explosive. These results have provided a link between increased system performance
and armature velocity. Further, ALEGRA simulations are quantifying the partitioning of
magnetic energy which will guide us in minimizing leakage and other losses.
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