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Abstract
This work analytically and numerically predicts key variables relevant to the
development of ejecta material from an Exploding Foil Initiator (EFI) which would
typically be utilised in explosive initiation through impact with an explosive pellet.
Key co-dependent output variables identified and investigated within this study (the
EFI ejecta material’s velocity, duration of impact on the explosive and mass) were
chosen due to their direct influence on impulse delivered during impact in normal
operation.
Empirical and modelling approaches have been employed to correlate principal
design and operational parameters to predict the measurands of interest. Herein the
significance of the time of arrival duration of the ejecta is identified, this parameter
bounds the period over which an EFI can apply an impulse.
Furthermore, the impulse delivered is proportional to the mass of ejecta. This work
demonstrates the variable nature of mass ejecta due to modulation of plasma
development across the bridge as a result of voltage dependent eddy currents.
The evidence compiled through this work demonstrates that the impulse, defined by
velocity, mass and time of arrival duration (ToAD) of ejected material, delivered by
an EFI is dependent upon the nature of the CDC input signal. Both the electrical signal
and EFI bridge geometry should be controlled in unison, contributing to efficient EFI
and controlled timing of initiation in systems such as multi-point initiators.
A laboratory-based velocimetric measurement arrangement recorded EFI ejection
velocities in the order of 6km.s-1 and facilitated comparison with respect to the CDC
voltage. These observations were in line with those predicted by models developed
iv

for this work and the empirical findings of other researchers.
Increased capacitor voltages yielded a delayed ejection of greater mass. The
variability of mass ejection and the duration of impact both corroborate the results
of the numerical modelling.
Impulse upon the target explosive is proportional to ToAD. Explosive response to EFI
is a dependent upon ejectile impulse. The correlation of initial capacitor voltage to
ToAD facilitates the generation of specific impulses tuned for a particular explosive.
Doubling the mass of ejecta (a design variable) yielded 57% of the effect of halving
the initial capacitor voltage (an operational parameter) on ToAD, indicating the
relative inefficiency of flyer thickness optimisation.
Numerical modelling carried out for this work elucidated regions of plasma formation
within the bridge during capacitor discharge. Both the rate and volume of bridge
ejected are influenced by the energy stored within the CDC and by bridge geometry.
The model was validated by laboratory measurement which observed saturation of
the current passing through the bridge at high voltages. The volume of bridge
material converted to plasma directly influences ejecta mass. The evolution of the
plasma region is of critical importance for consideration during EFI design, ultimately
influencing ToAD.
This work demonstrates the real but differing modes of modulation that design and
operational variables contribute to EFI system behaviour.
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Introduction
Rationale
The exploding foil initiator (EFI) is a device used for the controlled delivery of kinetic
energy as part of an initiation train for rocket motors or missile systems [1]. In
contrast with its lower energy counterparts (exploding bridgewires), the laminar
construction of the EFI ensures separation between the electrical discharge
developed in one layer of the device and ensuing mechanical effects. The laminar
construction means that EFI require more energy for operation than their bridgewire
counterparts; however, they are also deemed safer in use, being less prone to EM
interference. This stability is due to the high voltage impulses (typically 100’s volts)
required to initiate them.
There are two core applications of EFI: equation of state measurements of metals
and the shock initiation of explosives [2]. The shock initiation of explosives has been
utilised in a variety of environments or contexts such as: explosive welding; explosive
hardening; seismic studies; work on oilfields; mining; missiles and also in aircraft
engines as safety devices [3, 4].
The evolution in design of the EFI has seen a drive to develop units that operate at
lower energies [5]. Furthermore, the usage of EFI has developed from single to multipoint initiation systems for precise timing of initiation at different locations in the
system allowing shaping of the explosive discharge [5]. This thesis considers the
modulation of the initiator in different ways which may augment this operation.
There are several input parameters that may be considered regarding EFI design and
operation, including bridge width, bridge thickness, bridge geometry, barrel length,
1

flyer thickness and initial capacitor voltage [6, 7]. When studying the current EFI
designs, the primary input parameter for operational activities is the voltage to which
the capacitor of the associated discharge circuit is charged to prior to use [7]. Key
output parameters for EFI studies predominantly consider the material ejected from
the unit during its operation, specifically variables such as velocity and pressure [8,
9, 10, 11].
Design and operation of EFIs which, for example, require reduced voltages whilst still
delivering a threshold kinetic energy for insensitive explosive detonation, can be
aided by flyer velocity validation via time resolved measurements of flyer motion.
Successful prediction and understanding of performance also requires consideration
of other output variables such as the mass ejected at this velocity. An integrated
model of the influence of initial capacitor voltage on the various output parameters
of the EFI through the combined study of said parameters on the same EFI unit is
currently absent from the works conducted in this field.
Furthermore the additional input variable of device geometry, specifically the
conductive bridge that has the predominant role in initiation, has been somewhat
overlooked. This is relevant for output parameters and, by extension, the interrelated effects of geometry variation on the effects had by initial capacitor voltage.
No holistic study or design aid currently exists which is capable of predicting multiple
mechanical output variables from a given electrical input signal and CAD model.

2

Objectives
1. Characterise EFI operation with respect to initial capacitor voltage. This will
involve empirical measurement of current EFI operation, implementation of
analytical techniques to characterise properties such as velocity and mass
for a range of input electrical impulses from the capacitor discharge circuit.

2. Develop models to predict the EFI response to defined boundary
conditions.
These models will predict the velocity and mass of the ejected material from
the EFI, therefore facilitating impulse forecast.
Validation of the model(s) will be achieved using the data collected for
objective 1.

3. Through the development of numerical modelling of electrical impulses and
their subsequent output effects, analyse and interpret mechanisms by
which the output variables such as mass or velocity are influenced by
plasma formation across the bridge. This work will be valuable for informing
design and/or real-time modulation of operation.

4. Utilise the underpinning work of objectives 2 and 3 to produce differing
outputs without the requirement for hardware modification.

3

Present Study
This thesis documents investigative and modelling work concerning an EFI-CDC unit.
The work packages, though often inter-related, deliver independent conclusions.
These will then be collected into themes to illuminate holistic conclusions.
Chapter 1 describes and bounds the research of other authors within the field of EFI
and other phenomena related by aspects such as time duration or state changes
considered.
Chapter 2 describes empirical measurements made as part of this work, both of the
EFI and wider circuitry. This data is used to predict velocity and mass of ejecta and
also acts as data for the validation of models in later chapters.
Chapter 3 develops an analytical model for predicting the velocity of flyer layer
ejected from an EFI and validates this against empirical data. This model predicted a
variance of mass ejection which is a contribution to the body of knowledge in this
area.
Chapter 4 explores an aspect of the EFI initiation under-represented in literature,
the time of arrival duration of the ejected mass at the top of the barrel. A model of
this behaviour is described and utilised to show that time of arrival duration is more
sensitive to voltage modulation than alteration of the flyer mass.
Chapter 5 develops a final element to the modelling, in which the plasma
development that drives the material ejection is analysed, considering multiple
input parameter variations. The model developed predicts the inter-relationship of
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input signal, bridge geometry and the resulting plasma distribution which, until
now, has not been reported.
Chapter 6 draws together the observations and conclusions of the models
developed, going on to identify exploitation pathways for the work presented in
this thesis.
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Chapter 1 - Literature Survey
1.1 History
Exploding foil initiators (EFI) were developed in the 1970’s, at Lawrence Livermore
National Laboratory [12] as a means of explosive initiation whilst being insensitive to
external influences such as electrostatics. EFI’s have found various applications and
are the subject of considerable modelling and analysis work.

1.2 Construction
The EFI has a laminar structure [13] consisting of a tamper, bridge, flyer layer and
barrel, as shown schematically in Figure 1-1; some units are manufactured with an
incorporated strip-line, some are manufactured as a stand-alone device [8]. It was
noted by Yilmaz, [11], that the behaviour of an EFI is related not just to its
construction but also to the wider system delivering the electrical signal to it; hence
the components of which the firing set comprises should also be considered when
investigating the overall EFI performance.

Figure 1-1: Schematic of the exploded view of laminar structure of EFI with the position of the
explosive pellet indicated (image courtesy of Teledyne e2v).
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The following subsections briefly discuss the layers of which an EFI is formed and how
these have been examined or considered in other works as well as the electrical
circuitry which forms the wider firing set.

1.2.1 The Substrate
The substrate layer is located beneath the bridge layer. Its purpose is to direct the
majority of energy transferred from the bridge, during changes of state, into the flyer
layer. Richardson et al. explain the purpose: “enhancing efficiency by saving energy
of explosion of the foil [bridge] to accelerate the flyer layer” [9]. Common materials
for tamper layers are noted as glass, polyimide and Teflon, with the optimum
material exhibiting a good impedance mismatch to the plasma formed [11].
Richardson et al. note that tamper layers should be high density, significantly thicker
than the flyer layer and have both a low surface roughness and good contact with
the bridge layer [9].

1.2.2 The Bridge
The bridge layer is one of the layers forming the EFI unit. The specific geometry of
the bridge is case specific, this geometry influences EFI operation. During operation,
discussed below, a series of changes of state take place within this layer converting
it from a solid to a plasma.
The most common materials used for bridge construction are either aluminium or
copper, chosen for their suitable electrical burst qualities [12]. Readily available
copper-polyimide laminates (from DuPont [14]) make copper the material of choice
for smaller scale EFI units.

7

The geometry of the bridge is discussed in terms of a bridge length, L, and width, W.
These are considered to be “critical parameters in system design” [11]; these
measurements are shown in situ in Figure 1-2.

Figure 1-2: EFI down-barrel post-operation with bridge length, L, and width, W, dimensions
annotated.

Nappert notes that the addition of rounded corners has the effect of increased bridge
heating uniformity [8]. Typical bridge lengths may be of the order of centimetres [15]
or, for small-scale applications, in the order of millimetres or less dependent upon
application [13, 8]. The thickness of the bridge is typically in the order of microns
[11].

1.2.3 The Flyer Layer
The flyer layer is located above the bridge layer. Materials typically chosen for the
flyer material include BOPET (biaxially oriented polyethylene tetrafluoride) [16] and
polyimide [17]; the latter commonly being chosen due to its good insulation
properties and stability at high temperatures [11] combined with the ready
commercial availability of copper-polyimide laminates [14].
8

During operation, the flyer layer will eject material towards an explosive pellet, the
impact upon which will yield a response from the pellet. The key influences that
govern the nature of this response are thought to be velocity [13, 18] and shape of
the flyer layer – explosive pellet interaction [11].
Yilmaz [11] notes that the optimum contact with the explosive pellet positioned atop
the barrel is a flat, planar shock front geometry. When considering the impact
velocity, the thickness of flyer layer is deemed to be an important consideration by
Chau et al. [2], who state that a flyer that is too thick will result in insufficient velocity.
The authors determined that impulse is critical, leading to a dependency upon both
velocity and mass.

1.2.4 The Barrel
The barrel is a hole in the layer located above the flyer layer. The thickness of this
layer defines the length of the barrel.
The role of the barrel in EFI operation is the confinement of plasma during the
bursting of the bridge. There are two types of barrel construction, finite and infinite
barrels. The type of barrel used impacts upon the flyer layer shock-front shape
produced and is therefore key to the response of the explosive pellet.
A finite barrel is defined as a barrel that has a diameter similar to that of the bridge
length. This effects the flyer layer by producing a sheared disc shape which travels up
the barrel. If the barrel diameter is too small, this can result in obstruction of part of
the bridge and hence waste energy by blocking ionising material which would
otherwise aid in ejecting the flyer above [9].
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An infinite barrel is defined to be a barrel whose diameter is more than twice the
bridge length, resulting in a bubble shaped flyer travelling up the barrel [13]. The
infinite barrel’s length is also important as, if the barrel is too long, only the tip of the
flyer bubble impacts the explosive pellet; thus, reducing the system efficiency [9]. For
infinite barrels, Richardson et al. note that a barrel length approximately one third
the width of the bridge tends to be a good length [9]. Small EFI units typically employ
barrel lengths <1mm [13, 8, 9].
Richardson et al. note that there is an optimum length for the barrel to produce
efficient conversion from electrical to kinetic energy; however, this length is not
capable of producing repeatable results [9]. This length will vary dependent upon the
design of the overall EFI unit.

1.2.5 The Capacitor Discharge Circuit (CDC)
The CDC typically comprises the capacitor which discharges to initiate the EFI as well
as a method of triggering the discharge and a means of transmitting the energy to
the EFI, as shown in Figure 1-3.
Richardson notes that the behaviour of the switch “can have critical effects on the
actual functioning” of the EFI and that the resistance of the switch varies firings [19].
This can be caused by the switch absorbing large amounts of energy, leaving less than
expected for bridge burst and flyer acceleration. The report goes on to note that, for
good operation, a switch which drops to negligible resistance in time scales shorter
than that of bridge bursting is of importance, typically a few hundred nanoseconds
[19]. If inadequate, the switch can cause detonator failure [19].
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Figure 1-3: Schematic of a typical Capacitor Discharge Circuit for initiating EFI (image courtesy of
Teledyne e2v).

Typically, the transmission line from the CDC to the bridge is constructed from the
same materials as the EFI itself [8]. An operational requirement of all components is
that of low inductance. Should the inductance be too high, the resulting magnetic
forces will act to constrain and shape the development of the ejected material,
creating a non-planar flyer [2], this then influences the effect had upon the explosive
pellet.

1.2.6 Explosive Pellet
The explosive pellet is located above the barrel layer with typical arrangements
aligning its centreline with the barrel’s. Whilst the explosive pellet is not part of the
EFI system and could be considered the next stage in the detonation train, the type
of explosive used (combined with the construction of the pellet) defines the output
velocity required of the flyer layer in order for detonation of the explosive to occur.
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Typically the pellet is encased, fixed relative to the EFI, to deliver structural integrity
and confinement whilst also ensuring that the pellet remains flush to the top of the
barrel for optimum flyer-pellet interaction to occur [11].
Detonation occurs through shock by the impact of EFI flyer layer and vaporized bridge
material [20]. The shock pressure may be modelled using the input parameter of flyer
velocity [21] and, in concert with this, the mass being ejected at that velocity. As a
result the key parameters for consideration in EFI design and operation are defined
by the pellet detonation characteristics.
The shape of the interaction face of the shock-front has also been demonstrated to
wield influence on initiation behaviour, with flatter impacting material-explosive
pellet interactions being preferred for optimum initiation [22, 23]. James [23] also
identifies the time at which the explosive acquires the maximum amount of energy
from the initial shock which is of importance in critical energy calculations.
Flyer-explosive interaction has been observed to be of importance when considering
system behaviour, the work described in Chapter 2 builds upon this, utilizing an
experimental technique to measure the velocity of ejected material from the barrel
at high speed with the pellet removed for a range of initial capacitor voltages. This
work sought to understand the mode of operation of EFI in greater detail for the
purpose of controlling and modifying this behaviour.

1.3 Operation
Electrical energy stored in the high voltage capacitor within the CDC is discharged
through the constriction in the bridge layer, causing a rapid state change from solid
through to ionised plasma. Increasing temperatures and pressures, aided by the
12

bridge geometry, from these rapid changes of state, form a plasma that drives a
proportion of the insulated flyer layer upwards [24]. Typically the EFI will initiate
detonation in an explosive pellet (the first stage of an explosive train). The pellet
subsequently initiates detonation of a larger charge [3, 25, 26]. As already
emphasised, the key factors that influence the successful initiation of the explosive
pellet by the EFI flyer layer are velocity [13, 27] and shape [11] of the impacting
material.

1.3.1 Triggering
EFI activation typically involves the closure of a triggered vacuum switch to instigate
a discharge of a high voltage capacitor, charged to a pre-selected initial value. This
electrical pulse passes through a copper layer in the EFI’s laminar structure (the
“bridge”), raising its temperature and hence changing its state from solid through to
ionized plasma. Once in a state of plasma, this central bridge region and the
electrically insulating layer directly above are ejected along a tube (the “barrel”)
situated within the remaining layers of the laminar structure [11]. During ordinary
operation, an explosive pellet atop the barrel would be impacted by the ejected
material which, if impacting at sufficient velocity, would begin a reaction in the pellet
[28]. Whilst widely used in the initiation train, EFI are relatively inefficient in
operation and expensive to procure when compared to alternatives. To rectify this,
a range of studies have taken place to improve the performance of the EFI through
design and operational optimisations [29].

1.3.2 Electrical Signal Profile
Lee et al. considered the electrical profile of Exploding Bridgewire (EBW) as opposed
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to EFI. The principle of operation is similar and the work of the researchers discussing
this shall now be considered [15, 16, 17]. Having characterised the system for a range
of firing voltages (from below firing voltages to high firing voltages), energy
conversion efficiency was found to decrease whilst energy delivery increased with
respect to voltage [15]. This was explained to mean that less of the total energy of
the firing set was useful in bursting the bridge; however, peak power levels were
increased [15]. Lee et al. conclude that there must be an optimum energy for
efficient detonator performance, above which increased firing voltages have minimal
effect.
During operation, the electrical profile discharged to the EFI has comparable features
to that of typical electrical fuses and other applications such as rail guns. Typical fuse
operation can be broken into two periods, pre-arcing [30] and arcing [31]. The
general electrical profiles demonstrate ramping to a peak current followed by rapid
decline; the arcing period commences at the peak current [32].

(a)

(b)

Figure 1-4: Comparative of (a) Fuse [32] and (b) EFI [8] current, demonstrating commonality of
overall profile.

Varosh, [3], focused specifically on the electrical profile of EBW and EFI. Varosh noted
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a pre-arcing rise to peak current; however, Varosh also noted a point of inflexion in
the current rise wherein plasma formation commenced, heating causing a rapid
increase of the resistance and hence decreasing the current flow until plasma arcing
commences. Varosh identified this to be taking place in the order of nanoseconds for
an EFI. It should be noted, however, that the burst has taken place at a point prior to
peak current on the electrical profile.
Like EFI, railguns utilise electrical signals to project a mass at a desired velocity [33].
One group of railguns ejects not solid matter but rather plasma projectiles [34].
During their operation, rail guns are known to create significant magnetic fields and
containment of the effect is something sought to be implemented as these fields are
known to interfere with the ejected material velocity and shape of the plasma [33].
Fomin et al. [35] report on the use of a technique called plasma pinching to shape
the plasma and control the directionality of the projectile. An advantage for railguns
in the use of this technique is the reduced electrode erosion; however, since EFI are
single use devices, this effect need not be considered for this reason. The work of
Fomin et al. indicates that the geometry of the generating structure (in an EFI this
would be the bridge) in part defines the shape of plasma formed.
A further governing factor for the geometry of the plasma generated is the magnetic
field induced during current flow [36]. Where plasma expansion is constricted due to
the presence of a magnetic field, such as where one is induced through large current
flow, an effect called pinching is observed.

1.4 Analysis Techniques
When considering design optimisation, variable parameters investigated include
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bridge geometry [37], bridge thickness [37, 6], barrel length [6], barrel diameter [7]
and flyer thickness [6, 7] whilst operational parameters such as capacitor charge
voltage [7], capacitance [7] and the electrical switch [7] have been characterised.
Parametric studies have been conducted, varying foil width; foil thickness; barrel
length; flyer thickness and firing voltage. EFIs were constructed from copper bridges
on rigid tampers with polyimide insulation for the flyer layer. Chen et al. [6]
compared their EFI configurations with previously published results, demonstrating
an increase in threshold firing voltage required for increasing foil thickness, with
greater increases seen on wider bridges. It should be noted that Chen et al. made no
velocity measurements of their own in this parametric study [6].
Reduction of bridge width or thickness will reduce threshold voltages; however,
reduction of the thickness will limit reduction effects achieved by reducing the width.
The study also demonstrated that reducing flyer thickness decreased the threshold
firing voltage, as did reduction of barrel length. These results, compared with
previous literature, suggested that the maximum velocity for this EFI construction
was reached before a height of 0.125mm. Velocimetry measurements made by other
researchers with similarly configured EFIs appear to be in agreement with this [38].
The literature demonstrates that increases in fire-set energy result in less efficient
flyer ejection [39, 7] and that increased bridge or flyer dimensions (increased mass
of ejected material) requires additional energy for initiation [6]. Furthermore,
changes to bridge geometry, both in size and shape, have been shown to reduce the
capacitor energy required for a successful initiation and increase the efficiency of the
system [37].
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The energy required for a bridge burst was shown to be both material and electrically
dependent [39], with the rate of energy increase through the bridge being
proportional to fire-set energy at lower fire-set energies. The current profiles of EFI
initiations are similar to those of a conventional fuse [32], as displayed in Figure 1-4,
having a pre-arcing phase ramping to a peak current before a rapid current drop after
arcing has begun. Whilst similar in shape, the current profile of an EFI has been shown
to have a point of inflection during the ramp to peak. This is the point at which the
burst occurs and arcing begins (i.e. a plasma is formed) [3]. The end of pre-arcing,
where arcing begins, is still little understood, even in conventional fuses [30].
Design modifications to bridge parameters also influence the electrical conditions
during operation, for instance, modified bridge thickness alters the cross-sectional
area of the bridge and hence the resistance [40]. Such modulation of resistance
changes the volume being heated and hence the geometry of the bridge region being
converted to a plasma state. Pressure is a key factor in the explosive initiation by EFI
[28], amending the bridge volume ejected varies the ejected flyer layer area above
the bridge and therefore the impact pressure.
In their work, Nappert considered the ejected bridge volume, setting this variable to
a constant value [8]. The resulting volume and, from this, mass of ejected material is
crucial in calculating its velocity. Equations such as the Gurney equations [41], which
use mass as one of the key variables, are commonly used in association with both
energy and EFI flyer velocity calculations in both empirical [11, 42] and modelled [43]
work. There is an inverse proportional relationship between the energy used to
convert the states of matter and the acceleration of the matter subsequently ejected.
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The velocity and mass of ejected material are key parameters when considering the
effect had during impact with the explosive pellet [8, 44], both when considering the
energy available through Gurney equations [41] and when considering the behaviour
of the explosive pellet atop the barrel.

1.5 Velocity Measurement
Experimental studies [13, 27, 45, 46] have measured the velocity of flyer layers
external to the barrel, reporting around the value of 4 km.s-1. To do this, several
different methods of varying complexity have been employed.
Richardson et al. recommend a Doppler velocimeter (a form of interferometry) [9],
as used by Lee et al. [47] for continuous monitoring of the flyer layer throughout its
ejection [9]. Waschl and Hatt also used interferometric analysis, stating 7km.s-1 flyer
layer velocities for their EFI configuration [7].

Figure 1-5: Schematic of Laser Doppler Velocimetry, showing a single laser source split into reference
and test beam and compared at a detector.

Several works by Davies et al. made use of high-speed photography for analysis of
EFI, using a streak camera to take velocity measurements [13, 27]. Davies et al.
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reported that increased barrel length resulted in a decreased velocity but found no
evidence that thinner bridges produce higher velocities, obtaining no meaningful
results from varying bridge dimensions with which to draw any conclusions. Davies
et al. go on to report that increased bridge dimensions reduced the flyer velocity
owing to a greater proportion of the available energy transforming the bridge and
less being available for transfer to the flyer [27]. However, the small size of flyer layer,
the velocities being considered and difficulty of illumination limit the application of
this technique [9].

Figure 1-6: Schematic of Streak Camera operation

Nappert, [8], used a time of arrival technique, using piezoelectric sensors to detect
an impact at the top of the barrel. Assuming the burst time to be the time of initiation
of transit for the flyer layer, the average velocity up the barrel could be calculated.
These were found to be in good agreement with Doppler interferometry
measurements whilst being a simpler technique to implement [9]. However, Yilmaz
noted that, at low firing voltages, the flyer layer may begin to move prior to the
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bridge burst; hence, inaccurate velocities from this method must result [11].
The breakwire test used by Podlesak [10] had several configurations. Single
breakwires require multiple tests to produce an evolution of velocity against time;
hence requiring repeatable firing of units, leading to inherent measurement
uncertainties due to inconsistent burst behaviour of test units. Resolutions were also
limited, owing to the finite number of positions that the breakwire can be positioned
relative to the flyer start point. These tests, when compared to others available at
the time, were quick to instigate, low cost and operable in some electromagnetic
noise [10]. A 10% error range is believed to be achievable by Podlesak, though less
than 5% with this method is considered unlikely [10]. Comparing outputs with VISAR
or Doppler velocimetry should refine the technique. In its current state, it is believed
to be suitable for velocity measurements >2km.s -1 [10].
Marzio et al. developed an alternative low electro-magnetic noise time of arrival
technique, building upon the breakwire approach by utilising optical fibres [48].
Implementation of multiple fibres in a path enables average velocities to be taken at
various points. The fibres sat flush to the internal surface of the barrel; changes in
light intensity from the hot gases passing upwards were detected by photodiodes at
the other end of the fibres. This technique had the advantage that no energy was lost
in breaking fibres across the barrel, as in other tests where the flyer is slowed during
the breaking of obstructions. This increased the accuracy of high velocity
measurements; the highest reported being 4km.s -1. Yilmaz notes the impracticality
of multiple fibres in small scale EFI barrels due to their diameter with respect to the
barrel length [11].
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Yilmaz utilised an adapted time of arrival technique from that of Marzio et al. [48] of
optical fibres at the top of the barrel and a photodiode at the far end [11]. Interaction
of the fibre with the pressure wave caused deflection of the fibre, resulting in a
variation of the light intensity at the photodiode, recorded by a high-speed
oscilloscope. As in previous cases, [8], the burst time of the bridge or peak voltage
was taken as the time of initiation flyer layer transit [11]. Yilmaz concluded that larger
bridge thicknesses and smaller bridge lengths both resulted in increased velocities,
as did increased barrel lengths. Yilmaz also suggested a barrel length of 25.4μm being
chosen by many manufacturers owing to both the suitability of this thickness based
on previous literature as well as the commercial availability of polyimide sheets of
this thickness [11].

(a)

(b)

(c)

Figure 1-7: Schematic of a) breakwire, b) fibreoptic embedded in barrel and c) fibre optic atop of
barrel measurement techniques.

Initiation of flyer movement at the burst time is an assumption common to all time
of arrival techniques. The inaccuracy of this assumption has already been discussed;
however, the continued use of time of arrival devices for simple velocity analysis
demonstrates the requirement and applicability of such measuring techniques.
Interferometric techniques do, however, already exist for analysis of the EFI system.
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Advantages of interferometry techniques, such as those employed by Scholtes and
Prinse [49], include measurement of velocity evolution, yielding an acceleration
profile.

1.6 Modelling
Schmidt et al. [42] consider modification of the Gurney equations to calculate
velocities and positions of the flyer layer. The Gurney equations are a set of equations
which characterize the initial velocities of fragments emanating from bombs, shells
or grenades [41]. Schmidt et al. adapted these equations for EFI analysis, using an
altered experimental power curve to act as the time dependent energy term in these
equations. There is, however, a requirement in this method for empirical treatment
of energy and power post-burst of the bridge and correction factors in order to
produce good correlations. Whilst the Gurney equations produce good comparisons
with experimental work [42], the Schmidt et al. model had not been validated when
considering the variables of the materials and geometry of the flyer and foil.
Furnberg et al. also produced an empirical model describing the resistance of the
bridge, which changes during firing of the EFI, containing multiple electrical
parameters which are variable to optimize the correlation between the model and
experimental data [50]. The Furnberg et al. model simulates the electrical elements
of the EFI’s capacitor discharge circuit (CDC). The model was formed from two
equations, the first describing the pre-burst period of the bridge, the second the
post-burst period. Furnberg et al. note that, of the seven parameters featured in the
pre-burst equation, six are determined through “trial and error” with previous
experience governing which key parameters are taken into consideration [50]. This
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approach limits the value of the model developed to only being applicable to existing
hardware wherein target values for the model can be sought. Such a model could not
be utilised in theoretical development of new units. Furnberg’s model calculates
accumulated energy and variation in resistance and feeds these values back into the
firing system circuit model, denoting the burst energy as the point at which the
modelling approach is switched from pre- to post-burst firing calculations.
Extrapolation of the model to larger bridge sizes was conducted and successfully met
experimental validation results [50].
Ghosh produced a simulation of an EFI, working on the assumption that the foil
exhibits linear resistivity variation with temperature change and that energy
accumulation in the foil is equal to the amount of Ohmic heating [43]. Changes in
state are considered and the current density at the point of burst is used to calculate
a flyer velocity, based on the Gurney equations. Based on a construction of copper
foil and BOPET flyer, Ghosh’s EFI flyer velocities were predicted to be between 1.4
and 2.4 km.s-1. The model was then varied for configurations of different EFIs and
compared with the results of other journal papers with variable results. Ghosh notes
that a lack of information for some bridge materials limited the reliability of the
simulation in some cases. The temperature response is also noted to be too simplistic
when assumed to be purely linear, requiring a non-linear resistivity model. It was also
noted that, as the time to burst increased, accuracy fell owing to the heat dissipation
that had not been factored into the model [43]. Ghosh concluded that this simplified
model is only suitable for copper bridges with less than 1μs burst times [43].
Nappert modelled EFI operation by calculating bridge foil current as a function of

23

time, feeding this into the Gurney equation to calculate flyer velocity based on the
current density at the time of burst [8]. Conservation of momentum equations
combined with initiation criterion for specific explosives were then used to predict
the effect of the EFI on the explosive pellet. Nappert notes that, whilst the high
voltage predictions are in line with experimental results, lower voltage predictions
are not as closely correlated with observed velocities [8]. Additional work
recommended by Nappert involved the collection of further data in order to fit
capacitor discharge and bridge foil resistivity. It should be noted that Nappert’s work
utilized parameters for the Gurney equation calculated by other researchers [8].
Smetana et al. used finite element analysis (FEA) to model a thick film initiator, used
as a safety device in the automotive industry. Smetana et al. noted the importance
of the materials chosen for construction and their effect on the thermal conductivity
of the device and the requirement for numerical simulation to both optimize the
design of the unit and characterize material diffusion occurring within it [4]. It should
be noted that the thick film initiator discussed in [4] differed in its layers of
construction, hence, whilst similar methodologies may be applied here, results may
differ.
Chritensen and Hrousis began to progress modelling of the EFI into three dimensions
using magnetohydrodynamic simulation on a range of EFI sizes [51]. A key finding of
this work was the dual importance of coupling equations of state and resistivity
models in reliable calculation of outputs such as flyer velocity. These models
considered both varying current and voltage in the system; model validation
highlighted areas for further development, including future validation of global
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equations of state for bridge materials [51].
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Chapter 2 - Analysis and Characterisation of EFI
Operation
In this chapter output variables are measured against the input variable of initial
capacitor voltage are analysed to bound the overall field of EFI operation. Further
work presented in future chapters develops modelling techniques to predict
parameters that influence EFI operation.

2.1 Experimental Setup
One measurand identified in the literature survey to be of interest was the velocity
of the ejected material [13, 27, 45, 46]. Measurement of this in the experimental
work presented herein utilised laser illumination and high-speed photodiodes, both
down-barrel and across the top surface of the EFI barrel layer.
The high-speed analysis technique was developed using a HeNe laser (30559,
Research Electro Optics), λ = 632.8 nm, ø = 0.81 mm, FWHM, two high speed
photodiodes (FDS025; Thorlabs), ø = 0.25mm, 47ps rise times and a high-speed
digital phosphor oscilloscope (DPO7054C; Tektronix) with a 5GSa/s sampling rate
when connected in the arrangement displayed schematically in Figure 2-1.
Two connections between each photodiode and the oscilloscope were chosen as,
during EFI initiation, large amounts of electro-magnetic interference are produced.
This was detected by and interfered with the oscilloscope readings. A differential
noise reduction technique between the two photodiode terminals facilitated the
collection of viable data.

26

Figure 2-1: Experimental arrangement for down barrel velocity measurement

Each photodiode was positioned an equal distance from the target, that being either
the top of the flyer layer or the centre of the barrel in order to eliminate speed of
light timing errors during the calculation of velocity. Photodiode 1 detected laser light
reflected from the surface of the flyer layer, changes in signal denoted movement
and hence the time of initiation of transition. Photodiode 2 detected a reduction in
the laser light travelling directly across the top of the barrel and hence, the time of
the flyer layer ejection from the barrel. Using these measurements and knowing the
length of the barrel, average velocity for the flyer layer was calculated.
Velocities were calculated using this timing data for firing voltages between 600V and
3000V in 600V increments; the lower bound is below the operating voltage of even
a Low-energy EFI (LEEFI) [5], the upper bound is the upper stable operating limit of
the capacitor discharge circuit used for this work. 600V increments were selected to
evenly profile the voltage range chosen, with suitable points to give an overview of
any trends.
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2.2 Data Processing
Times of initiation or ejection of the flyer layer were not easily measurable from
individual oscilloscope channels. Both stages of transition required two channels of
data each, these had to be combined in order to extract meaningful information.
The photodiode terminals were insulated identically and positioned adjacent to each
other, noise induced in both terminals was, therefore, as similar as possible; whilst
the signal of interest had an equal magnitude and opposite polarity for each channel.
In order to minimise the noise and amplify the signal, the channels were normalised
(to account for any slight variances in position of the two photodiode terminals). One
of the channels was inverted and added to its complimentary channel. The effect of
this was to reduce the noise detected and amplify the signal. This can be summarised
in Equation 2-1 and Equation 2-2.

𝑴𝟏 =

𝑪𝟏
𝑪𝟐
𝑪𝟐 −
𝑪
𝑪𝟏 + 𝑪𝟐
𝑪𝟏 + 𝑪𝟐 𝟏

Equation 2-1

𝑴𝟐 =

𝑪𝟑
𝑪𝟒
𝑪𝟒 −
𝑪
𝑪𝟑 + 𝑪𝟒
𝑪𝟑 + 𝑪𝟒 𝟑

Equation 2-2

The result of the initial processing was a single signal for the initiation and another
for the end of the flyer transition. The second phase of data processing required
consistent selection of points corresponding to the time of initiation or completion
of flyer layer transition up the barrel.
An algorithm was applied to the resultant signals for both initiation and completion,
discretised at 7ns intervals. The average gradient for a straight line of best fit through
each interval was calculated, as was the cumulative average gradient.
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The region of interest was selected by choosing the first interval that met all of the
following criteria:
i.

The cumulative average gradient was greater than the smallest non-zero
value from the raw data. This criterion ensured that the gradient of the signal
considered was greater than the noise of the signal.

ii.

The gradient for the interval was greater than the gradient for the previous
interval, indicating that a maintained increase in intensity of the signal from
the photodiode.

iii.

The average gradient up to the interval was greater than the average gradient
up to the previous interval. This criterion ensured not just a local sustained
increase in signal intensity but sustainment through the complete data
collected.

iv.

Neither the gradient of the interval nor the intervals immediately adjacent to
it were equal to zero, thus ensuring that the signal was not a sudden spike of
noise but rather part of the building of intensity to indicate an event being
detected.

A second set of criteria was then applied:
i.

Both the preceding and following data points could not be equal to zero,
ensuring that the individual points within the discretised group identified
were not spurious noise.

ii.

The gradient between the data point and the preceding data point had to be
greater than 0.9, as this would indicate noise, as measured in a sample data
set with no EFI firing.
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iii.

The gradient was four times the average gradient to that point; again, this
criterion was set when considering the noise data collected and processed
independently of an EFI firing.

The first point that met all of these criteria was interpreted to be the first interval
immediately following the initiation of motion; thus, the preceding time point was
identified as the time of initiation.
A point meeting these criteria is highlighted as the point of interest in Figure 2-2. The
time of arrival is considered in a similar manner to that of initiation.

(a)

(b)

Figure 2-2: identification of the data set (a) and point of initiation within that data set (b) wherein
the transition of the flyer layer is interpreted to begin.

Listing the criteria above, a point was selected from each signal. The process was
then repeated, reducing the discretisation factor until convergence on an initiation
point was reached. Convergence was deemed to have occurred when three points
within 600ps of each other had been chosen consecutively. 600ps is equal to three
data points from the datalogger. It was necessary to work at such a temporal
resolution since the flyer layer transition is completed in the order of tens of
nanoseconds and a temporal resolution must be applied that is at least twice this to
avoid aliasing [52].
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With initiation and ejection times measured, the time of transition and (knowing the
length of the barrel) the average velocity, vf, can be calculated.

𝒗𝒇 =

𝑳𝒃
𝒕𝒂 − 𝒕𝒊

Equation 2-3

where Lb is the length of the barrel, ta is the time of arrival at the top of the barrel
and ti is the time of initiation of the transition.

2.3 Results and Discussion
Flyer layer velocity measurements for barrel transition at incremental firing voltages,
between 600V and 3000V, were conducted.
The measured times of initiation and times of arrival at the end of the barrel were
used to calculate velocities using Equation 2-3. These are presented in Table 2-1 and
Figure 2-3 respectively.
Table 2-1: Times of initiation and arrival and calculated flyer velocities with varying firing voltages.
Test No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Firing
Time of
Time of
Normalised
Voltage Initiation / ns Arrival / ns Velocity / km.s-1
600
600
600
600
1200
1200
1200
1200
1800
1800
1800
1800
2400
2400
2400
2400
3000
3000
3000
3000

Did Not Fire
Did Not Fire
Did Not Fire
Did Not Fire
128.8
137.0
122.6
123.4
117.2
129.6
135.0
129.8
129.4
135.0
129.8
131.2
129.2
129.0
129.8
125.0

97.8
107.4
94.0
94.8
93.8
95.2
119.2
94.6
104.6
105.6
107.2
106.8
104.4
104.0
103.4
103.4
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0.510
0.533
0.553
0.553
0.676
0.459
1
0.449
0.637
0.537
0.699
0.647
0.637
0.632
0.598
0.731

(a)

(b)
Figure 2-3: Time of initiation of transition (a) and time of arrival at the top of the barrel (b) of flyer
layer at differing firing voltages. Note: error bars at 2400V and 3000V are present, the error is so
small it is hidden by the data point.
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As can be seen from Figure 2-3a, at firing voltages of 2400V and above, flyer layer
transit began at a similar time of initiation, as expected [11]; however, for firing
voltages of 1200V and 1800V, the transit began slightly earlier. This matches the
theory of Yilmaz, [11], who postulated that the flyer layer’s transit may begin prior
to bridge burst, which is supported by the larger error bars for these firing voltages.
These error bars indicate that the flyer’s movement pre-burst varied shot-to-shot,
hence introducing variability at lower firing voltages. This result highlights the
importance of a study such as velocimetry or that applied here, where the flyer
layer’s transition initiation is measured, rather than assumed, for each test.
Figure 2-3b allows for simple comparison of the 2400 and 3000V test firings that
initiated over the same time period. The higher voltages caused the flyer to arrive at
the top of the barrel, indicating greater flyer velocity in this case. Whilst 1200V and
1800V firing exits the barrel at a similar time to higher voltages, it’s velocity was lower
(as demonstrated in Figure 2-4), due to its earlier initiation point. This fact would not
have been considered had traditional assumptions for time of arrival measurements
been made [10].
Error bars for the lower voltages in Figure 2-3 are smaller for the time of arrival than
initiation, indicating the break beam technique used for time of arrival as a more
reliable method; however, there is still wider error in the time of arrival of the lower
voltage fired flyers. The initiation is different for these, a possible cause of this may
be deformation (i.e. a bubbling of the flyer) occurring prior to burst and transition up
the barrel of the flyer, as noted by Yilmaz [11]. This may explain larger errors, with
possible differences in fragmentation of the flyer and differing shock front shapes

33

that were less detectable with the break beam technique implemented. Higher
voltages behaved more consistently, with less suspected deformation of flyer and
hence more consistent shape of ejection from the barrel, hence making higher
voltage samples more detectable using the technique applied here. This accounts for
the small nature of error bars for the 2400V and 3000V initial capacitor voltages of
Figure 2-3.
Using Equation 2-2 and the time data from Figure 2-3, mean velocities were
calculated for flyer layers across the range of firing voltages tested. Commercial
sensitivity demands that normalised velocities for the flyer layer are presented in
Figure 2-4.
Whilst specific velocities cannot be disclosed, mean velocity measurements down
barrel were found to be greater than flyer velocity measurements quoted from other
out of barrel techniques [13, 27, 45] and of a similar order to that of other
velocimetry techniques [7] which investigated similar EFI configurations. Since, for
operation of this EFI design, velocities at this point are of most interest in gauging
how the flyer layer will interact with the pellet [5]. Therefore, the results presented
in Figure 2-4 provide an indication of flyer velocities at the position of impact with
the explosive pellet, allowing for explosive behaviour to be predicted.
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Figure 2-4: Normalised flyer velocity with respect to firing voltage.

Figure 2-4 demonstrates that increased firing voltage produced an increased flyer
layer velocity. There were also larger error bars at some voltages tested; indicating
that the flyer velocity is less consistent at these voltages or that there are greater
noise levels interfering with the signal, making initiation and starting points more
difficult to reliably select. As the energy is likely to be similar for all test firings at a
particular voltage, the error bars suggest variability in the bridge area and hence
mass of the flyer layer ejected. Further work to characterise the area of flyer layer
removed was necessary for any strong conclusions to be made on this subject.
Closer examination of the EFI post-initiation by microscopy revealed clear areas
where bridge material had been vaporised during initiation and transition of the flyer
layer with respect to voltage, as shown in Figure 2-5, the region of interest indicated
by the reticle in Figure 2-5a.
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(a)

(b)

Figure 2-5: Down-barrel observation of EFI post-initiation at 3000V (a) with active bridge length, L
and active bridge width, W, marked and 2400V (b)

The following discussion terms the length of this region as the active bridge length.
Figure 2-6 demonstrates the linear relationship between these properties. The active
bridge length presented has been plotted as a ratio of the barrel area in order to
comply with commercial confidentiality.
The linear relationship exhibited in Figure 2-6 supports the assertion that the active
bridge length varies with firing voltage. Previous works analysing and modelling flyer
velocities developed to date have not taken this into account, considering bridge
geometry to be fixed [11, 8]; this would suggest that further work to characterise the
nature of the relationship between firing voltage and active bridge geometry would
be necessary for a more complete understanding of EFI operation. Extrapolating the
trend in Figure 2-6 backwards, the voltage where no effect is predicted is 623V.
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Figure 2-6: Active bridge length with respect to firing voltage.

When considering the observations from Figure 2-6, a higher capacitor charging
voltage equates to greater stored energy and an increased current supply gradient
through the EFI bridge. Logically, a faster initiation of flyer transit would be expected
from this scenario. However, the variable bridge dimensions observed in this work
play an active role in flyer initiation and may offer some explanation for the earlier
flyer transit of lower voltage firings shown in Figure 2-4.
To make results more comparable, peak current density through the active bridge
has been calculated as the capacitor voltage over the measured resistance and will
hence contain an over estimate of the current as the full capacitor voltage is not
discharge through the active bridge, some being lost across the stripline feeding the
EFI. The resistance will also vary according to material state of the active bridge,
being higher than any initial measurements.
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Table 2-2: Current and current density calculations based upon observations.
Firing
Peak Current
Voltage / V Calculated / A

Current Density
/ Am-2

Specific Current
Density / Am-3

600
778
1.99 x 1012
6.09 x 1016
1200
1570
4.05 x 1012
2.28 x 1016
12
1800
2370
5.25 x 10
1.57 x 1016
2400
3170
5.71 x 1012
8.65 x 1015
12
3000
3960
5.81 x 10
1.01 x 1016
3000*
2800
4.11 x 1012
7.12 x 1015
* Bridge saturation effects factored in (see section 2.3.1 Bridge Saturation)

2.3.1 Bridge Saturation
Table 2-2 demonstrates that smaller voltage capacitor charges deliver smaller
current discharges through the EFI bridge and that larger currents or current
densities remove larger volumes of bridge material. When the threshold current
density is met, smaller volumes of bridge material are removed owing to reduced
voltage. This effect has been hypothesised to be due to energy dissipation through
the rest of the bridge beyond that denoted as active. This means that the active
volume is able to undergo changes of state and initiate flyer layer transit earlier than
larger volumes from larger initial capacitor voltages, as demonstrated in Figure 2-5a.
Having observed this trend not to follow for the 3000V capacitor firing, current and
voltage data collected from identical model EFI units was examined.
From Figure 2-7, it can be observed that the current does not increase as predicted
by Ohm’s law in Table 2-2 but rather plateaus at a lower level for the highest voltage
operation. This suggests a level of saturation being reached wherein more current is
being drawn through the bridge than can be accommodated by the active volume,
hence bottle-necking the current beneath observed currents for non-saturated
bridges at lower voltages. As the active volume is defined by supply voltage, the
current flowing through this volume can be throttled, thus lowering the current flow
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and allowing a given capacitor to maintain supply for longer. Yuannan et al. [37]
reports similar plateauing of the current in their experimental data.

Figure 2-7: Voltage and current profiles for capacitor discharges through the bridge at 2.6, 2.8 and
3.0kV

Lienau identifies the top of the current pulse as the relevant part for the firing of an
EFI [53], with lower current at launch affecting the energy available and hence the
flyer velocity. The observations made herein regarding current could explain the
tailing off of the trend observed in Figure 2-4, with less effective energy available to
displace the flyer at 3000V, meaning a lower flyer velocity than would be expected.
The starred data in Table 2-2 for 3000V capacitor charging reflects values with bridge
saturation effect corrected for.
Validation of bridge saturation was achieved through the voltage and current data
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collection for both thicker and thinner bridges; if saturation is a valid hypothesis,
lower gradient current profiles would be expected for thinner bridges and higher
gradients with peak currents observed for thicker bridges, as reported in Figure 2-8.
This saturation is clearly displayed in Figure 2-8, where 3000V capacitor charges are
then discharged through bridges of different thicknesses. Figure 2-8 demonstrates
the absence of a clearly defined peak for thinner bridges. Thicker bridges, with their
sharp current peak, demonstrate no sign of bridge current saturation. Meanwhile,
thinner bridges, at lower capacitor voltages, do not display this plateau but instead a
sharp defined peak displayed in Figure 2-7.

Figure 2-8: Current profiles for 3000V capacitor charges through bridge thicknesses ranging from
thickest (black) to thinnest (pale grey) tested.

This plateau of current matches that observed in inrush current limitation, in many
applications as diverse as circuit protectors [54], highlighting the phenomena to be
observed and utilised in other technologies and offering potential to both learn from
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and apply.

2.3.2 Current Density
The current densities calculated in Table 2-2 demonstrate a large variance between
the firing and non-firing voltages, suggesting that, with further narrowing of this
region, current density could be utilised as a means to ascertain the initiation or noninitiation of the flyer and ejection velocity (should initiation be possible) in line with
Lineau’s observations [53].
Whilst current density is often considered when discussing fuses, in this application,
the EFI bridges considered have variable active cross sectional area with respect to
distance from bridge centre, (as shown previously in Figure 2-5). Current density has
its use in defining whether a particular geometry of bridge will initiate. However,
when considering the non-uniform cross section of the bridge region ablated, the
current with respect to this active volume becomes a more useful value, termed in
this chapter as specific current.
Utilising the data collected in Table 2-1 and that calculated in Table 2-2, Figure 2-9
displays the clear relationship between specific current and time of initiation of flyer
transit, highlighting current density and voltage as key parameters controlling transit
initiation time as well as velocity.
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Figure 2-9: Transit initiation time with respect to specific current, capacitor voltages are labelled. *
Bridge saturation effects factored in (see section 2.3.1 Bridge Saturation)

It should be noted from Figure 2-9 that both currents for 3000V have been utilised
from Table 2-2. The un-corrected value lies between 2400V and 1800V, yielding an
apparently anomalous result. By correcting the 3000V result to account for the
plateauing effect described in section 2.3.1 Bridge Saturation, this point is translated
to a reduced specific current, more in-line with an expected trend. Lower specific
currents were witnessed despite earlier initiation time because of a sustained rate of
energy transfer at higher voltages; thus, providing more energy per unit current than
at reduced voltages. It is hypothesized that the bridge becomes saturated at a lower
current over a larger active volume for 3000V firing because of eddy currents that
constrict the path for electron flow as voltage increases.
Work on other applications at a larger scale (circuit breakers and railguns) notes eddy
current generation by conductor composition and geometry [55, 56] yielding similar
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trends in measured current [33, 34, 57, 58].
This further highlights the importance of considering the bridge saturation effect on
EFI operation, the influence of increased voltages on the initiation time of the flyer
and the relevance of specific current as a metric for system performance.
Development of numerical models to explore these phenomena will form part of the
work developed in this thesis and can be found discussed further in Chapter 5.
The experimental arrangement revealed a previously unexplored interaction
between flyer and target: the duration of time of arrival, i.e. the duration over which
the beam illuminating the second photodiode was broken. This was ascertained from
data as the time between the point identified as the start of the arrival event and the
point at which the output of photodiode 2 returned to and maintained its signal. This
measure will detect both the arrival of flyer but also the plasma ejected behind it;
which is still of interest as both of these aspects will be relevant to the overall effect
produced by the EFI.
Whilst Figure 2-10 suggests that the top of barrel event for a 1200V capacitor
charging is minimal in duration, this may be due to the absence of a prolonged
shockwave, since much of the capacitor’s energy was utilised for changes of state of
the bridge and the subsequent flyer ejection velocity. It may equally owe to the
reduced dimensions of ejected material and subsequent energy available post
initiation, in line with the observations of Lineau [53].
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Figure 2-10: Duration of arrival event at the top of the barrel with respect to mass of material
removed.

The key theme shown in Figure 2-10 is the maintained arrival duration between the
2400 and 3000V firings. As the 3000V capacitor will hold more energy than the
2400V. Upon transfer to the bridge, both initiated flyer transits that ejected the flyer
at approximately the same velocity, as shown in Figure 2-4. With such similar times
of arrival and more energy available from the 3000V capacitor, Figure 2-10 provides
evidence to support the variable bridge volume with respect to firing voltage. Some
of the additional energy from the 3000V event worked to remove more bridge
material. The 1800V capacitor had less energy available and so ejected a smaller
bridge mass and initiated ejection earlier, leaving proportionally more energy to
propagate and sustain a shockwave for a longer arrival event.
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Figure 2-11: Estimated mass of material removed with respect to specific current.

As can be seen from Figure 2-11, low voltage events produce high specific currents
(owing to their relatively smaller active volumes, displayed in Figure 2-6). Conversely,
high voltage events also produce relatively high specific currents (due to the greater
energy per unit volume). It is the intermediary voltages which produced lower
specific currents, owing to the combined effects of variable active volume and initial
capacitor voltage. This work indicates that controlled variation of the electrical signal
delivered to an EFI can enable the regulation of mass ejection (and hence kinetic
energy transferred).
Figure 2-12 supports the hypothesis that the time of arrival duration trend, shown in
Figure 2-10, is related to the mass of material ejected. The similarity of the trend
shown by both data sets in Figure 2-12 highlights the inter-relation between these
variables. This suggests that the analysis of the data collected regarding duration of
arrival events and that observed regarding mass of barrel removed closely correlate.
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Figure 2-12: (+) Estimated mass of material removed from the bridge with respect to Time of Arrival
Duration and (X) Voltage with respect to time of arrival duration.

Figure 2-13 offers evidence to support the assertion that the specific volume of
bridge vaporised is crucial in understanding the impulse response of the device.
Impulse being an application of force over this time of arrival duration, we can equate
this to the momentum of the ejected material from the barrel. Momentum is the
product of mass and velocity, which is unitarily equivalent to impulse, the significance
of specific volume of bridge is therefore emphasised.
If manipulation of this were desired, a larger mass (achieved through higher capacitor
voltages, as shown in Figure 2-6) or lower energy delivered to that mass (achieved by
modified firing circuits) would both enable a lower impulse to be achieved. This
observation indicates that EFI flyer velocity and mass ejection (and therefore impulse
at the top of the barrel) can be influenced by the nature of the input signal from the
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firing circuit. By extension, this suggests that real-time modulation of the behaviour
from both the EFI and explosive may be achievable. Alternatively, this knowledge
could be used during system design to reduce energy storage requirements.

Figure 2-13: Energy per unit mass vs time of arrival duration.

2.4 Summary
Within this chapter, ejection velocity of an Exploding Foil Initiator (EFI) flyer layer has
been characterised. Velocities were found to be comparable to previous studies, flyer
velocity being shown to be proportional to supply voltage.
Neither variable bridge mass ejection, bridge current saturation nor time of arrival
duration have been considered together with respect to flyer velocity in previous
works. The work developed in this chapter indicates that control of these parameters
may enable more closely controlled EFI flyer layer behaviour. The significance of mass
indicated within this work highlights the requirement for future works to analyse
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mass ejected more closely.

Velocity and time of impact (and hence impulse) have been discussed, for the present
EFI design under a series of initial capacitor voltages, creating a series of electrical
stimuli. The combination of these electrical impulses and velocity measurements
serve to provide boundary conditions and validation data for the development of
modelling work to both demonstrate operation of present EFI designs and predict
those of new designs.
Further observations include preliminary data regarding the active bridge volumes
being ejected during EFI operation and, when considering the electrical signal, larger
resulting current densities being delivered until a point of saturation is observed.
The work of this chapter has demonstrated that current saturation defines the transit
initiation time through the energy transfer potential in the bridge whilst the capacitor
voltage affects time of arrival duration (increasing for a greater energy per unit mass).
Sustained energy delivery at a reduced current was demonstrated for high voltages.
Herein, the time of initiation of flyer transit was observed to increase until a
threshold bridge voltage caused saturation (evidenced by supply current plateauing).
At 3000V, plateaux correction was conducted revealing a reduced specific current
which was more in-line with an expected trend, highlighting the relevance of both
the bridge saturation effect and the use of specific current as an electrical
performance indicator.
Current density is indicated to be a factor that defines whether the EFI flyer initiates
[17] whereas current per active bridge length was considered herein as a more useful
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parameter if considering non-uniform cross-sectional geometry.
In concert, these observations lead to the conclusion that the impulse delivered by
an EFI can be controlled through the nature of the input signal from its firing circuit,
with different signals giving rise to different observed behaviours of the system. It is
evident from these observations that further investigation into the co-dependent
parameters of bridge geometry and active bridge volume alongside electrical impulse
signals are a potential further avenue for exploration.
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Chapter 3 - Analytical Model Development
Having characterised operation of a particular EFI design and its CDC when applying
appropriate electrical impulses, this work now seeks to mathematically model EFI
initiation.
Velocity is a well-established variable which links the electrical operation of an EFI to
its physical function [8].
Delivery of such a model will both facilitate greater understanding of existing
operation and its sensitivity to input parameters as well as providing future hardware
design and operational parameter selection for EFI-CDC units.

3.1 Model Overview
The model developed herein is capable of independent prediction of performance
metrics without the requirement for empirical variables. Empirical data has been
used to validate several stages of the model’s development.
The analytical model was developed in spreadsheet software (Microsoft Excel). Input
data such as geometric, physical, thermodynamic and electrical characteristics are
collated in one worksheet of the workbook wherein some preliminary calculations
are performed before translating the data to a second worksheet wherein a time
iterated phase of calculation commences. Here each row of the worksheet
represents a timestep, with a single variable controlling the magnitude of these
steps.
Once a specific threshold has been reached the values calculated are transcribed
back to the main user interface sheet for final calculations to yield a velocity output.
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3.2 Data Input
A wide array of data is collated for the analytical model. These shall be considered
below.

3.2.1 Geometric Properties
Some basic system geometries are required for the calculation. This includes
thickness of flyer layer, required for mass of ejecta and hence velocity calculations,
bridge thickness, also required for mass calculations to feed into the velocity
calculation but prior to this for resistance calculations and tamper layer, used as part
of the Gurney calculation post time iteration phase. For the purpose of this
modelling, fixed values were used from the manufacturer’s data sheet including
bridge thicknesses of 5µm.
Stripline geometry is also used in the calculation as this will influence the impedance
of the circuit. These values were fixed for this study to the values of that used in the
laboratory setup, a stripline length of 30cm.
Further geometries considered in this analytical model are the length and width of
the bridge region. Initially these were fixed values, however, further consideration of
the validity of this and changes to the model are discussed in the coming chapters.
The initial values utilised were taken to be the necked section of the bridge.

3.2.2 Physical and Thermodynamic Properties
From the geometries input, with fixed materials used (copper for the bridge,
polyimide for the flyer material), densities of these materials were input from data
sheets and masses calculated.
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These masses, particularly of the copper bridge volume being converted to plasma,
were then applied to a series of calculations to determine the energy required to
heat the solid copper, melt the copper, heat the liquid copper, vaporise the copper
and bring the copper to a 20% ionised state. Constants such as the specific heat
capacity of copper, specific latent heat of copper and ionisation energy of copper
being fixed values taken from data books.
With volumes of material calculated from geometries and masses then calculated
based on densities, both the energy required to convert the bridge from one state to
another and the resistivity of the bridge volume in these different states is then
calculated.

3.2.3 Electrical Properties
In parallel with this, there is also a series of initial electrical calculations being
conducted. These require initial electrical information which includes the voltage to
which the capacitor is initially charged, the capacitance of this capacitor and the
inductance of the circuit. The latter two of these were fixed for the experimental
setup used to 100nF and 25nH.
The peak current from the capacitor discharge is then calculated. This replicates the
trend of current discharge observed in Figure 2-7. This is achieved by the initial
capacitor voltage being divided by the resistance of the circuit. Initially this was the
measured resistance, later replaced by the calculated value which was seen to be of
the same order of magnitude.
The profile of the current across the bridge may then take one of several waveform
shapes, as observed in Figure 2-7 and Figure 2-8. This feature is the inrush current
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peak. The typical peak of most discharges for the units tested had a waveform with
sharp incline and curved decline, wherein the equation below governs the current
calculation at a given time
𝑰𝑷 𝟐 𝒕
𝑰 𝒕=
𝟐
𝟐

Equation 3-1

where I is the current, t is the time period and IP is the peak current. The peak current
is then taken to be as previously calculated however, when the clipped effect
described previously is believed to be present, a different waveform for inrush
current with different peak is observed.
In these circumstances where inrush current has this new, clipped shape, the
following equation has been used to form the predicted current profile.
𝑰𝟐 𝒕 = 𝑰𝑷 𝟐 𝒕

Equation 3-2

The peak current for the clipped profile is calculated by substituting the value of
voltage divided by resistance into Equation 3-1 as the IP value, finding the value of
I2t, substituting this value of I2t into Equation 3-2 and rearranging to find the lower,
plateaued value of IP.
The current is then modelled as climbing towards the higher peak value and
plateauing at the lower peak value before decaying from the lower peak value. This
has produced good correlation with measured results.
The decision of which waveform to apply is initially taken based on the empirical
observation however, non-empirical selection will be discussed later in this work.
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The final user input is the desired initial time step. This can be modified through logic
to adjust the time step duration by monitoring parameters such as output velocity to
ensure variation in this parameter does not become unstable.
With this date and preliminary calculations completed, the model then enters the
time iterated phase described in section 3.3. This is a separate worksheet within the
workbook wherein the parameter states from the previous time iteration feed into
the current iteration of calculations. The time at which 20% ionisation is reached is
the point at which data is fed back to the interface sheet for final calculations. These
calculations are described below.
For the purposes of the calculations, the electrical circuit considered is a closed loop
resonant circuit comprising resistor, inductor and capacitor in series (a series RLC
circuit) where the closure of a triggered vacuum switch commences circuit operation.

3.3 Time Iterated Phase
In the calculations which follow, t is the discretised time the calculation has reached;
if t is less than the activation time of the trigger vacuum switch, s, in the circuit, then

𝑰𝑺 =

𝑰𝑷
𝒕
𝒔

Equation 3-3

where IS is the current for that time step. Otherwise, if t is greater than or equal to s,
Is is calculated thus:

𝑰𝑺 = 𝑰𝑷

−(𝒕−𝒔) −𝑹(𝒕−𝒔)
𝑳𝜶 )
(𝒆 𝑹𝑪

Equation 3-4

where R is the resistance, C is the capacitance and Lα is the inductance of the circuit.
Whilst resistance is variable during operation (see Equation 3-5 – Equation 3-7), for
the purposes of this work, it is assumed to be fixed during each time step iterated.
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3.3.1 Energy Calculation Phase
Basic circuit calculations [40], allow the use of current to calculate the cumulative
energy transferred during time t. This energy is then all assumed to be transferred to
the EFI bridge (valid as long as the initiation duration is <1µs, as described by Ghosh
[43]) causing temperature increase and a change of state within.
To identify the nature of the bridge during each time step, the energy required to
raise temperatures (states of matter or transition between states) is predicted using
standard calculations of internal energy and heating [40]. For the purposes of this
work, the proportional ionization of the bridge for initiation to occur was set to 0.2,
in line with other works [11]. This was based on the calculations of [9] and applying
the first ionization energy of copper, predicted burst according to the work of [59],
predicted burst pressures and the Saha ionization equation [60].
The cumulative energy delivered is compared with these energy requirements and
hence the state of the bridge is predicted. If sufficient energy to initiate the flyer
transition has been transferred the calculation progresses to the next phase,
otherwise the time iteration phase repeats, t being increased by a time step. The flyer
is assumed to begin traversal of the barrel immediately upon 20% ionization of the
bridge mass.
If the calculation remains in phase two, resistance of the bridge is varied to reflect
the current state of the bridge. Standard equations [40] used for individual states of
matter account for changes in temperature and the associated changes in resistance,
with equations used for transitory states between solid and liquid, liquid and gas and
gas and plasma, respectively.
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𝑅=(

𝐸𝑥 − 𝐸𝑠
𝐸𝑥 − 𝐸𝑠
) 𝑅𝐿 + (1 − (
)𝑅
𝐸𝑚 − 𝐸𝑠
𝐸𝑚 − 𝐸𝑠 𝑆

Equation 3-5

𝐸𝑥 − 𝐸𝐿
𝐸𝑥 − 𝐸𝐿
) 𝑅𝑉 + (1 − (
)𝑅
𝐸𝑣 − 𝐸𝐿
𝐸𝑣 − 𝐸𝐿 𝐿

Equation 3-6

𝐸𝑥 − 𝐸𝑣
𝐸𝑥 − 𝐸𝑣
) 𝑅𝑃 + (1 − (
)𝑅
𝐸𝐼 − 𝐸𝑣
𝐸𝐼 − 𝐸𝑣 𝑉

Equation 3-7

𝑅=(

𝑅=(

E denotes the energy, R denotes the resistance, the subscripts s, m, l, v and p denote
solid, melting, liquid, vapor or plasma states respectively and Ex denotes the energy
transferred up to a particular time iteration.
The method of utilisation of Equations 3-3 – 3-5 against the standard calculations of
internal energy and heating are displayed in Figure 3-1.
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Figure 3-1: Flow chart displaying the time-iterated phase of the analytical model.
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3.4 Analytical Solution
If sufficient energy to reach 20% ionization has been transferred, then the time
iterated phase is complete and phase three of the calculation commences. The
cumulative energy transferred is compared with the total initial energy stored in the
capacitor, calculated using standard capacitor equations [40]. The EFI is deemed
unable to draw sufficient energy from the capacitor to fire if the model produces a
difference less than or equal to zero. If the difference is greater than zero then all of
the energy remaining in the capacitor is assumed to be transferred to the kinetic
energy of the ejected material (i.e. bridge and flyer). This remaining energy, denoted
EK, is then substituted into the Gurney equation for an infinitely tamped structure (in
line with the geometry of the EFI used to gather the empirical data used for
verification). This is re-arranged to form Equation 3-8.
1

𝑀 1 −2
𝑣𝑓 = ( + ) . √2𝐸𝐾
𝐶𝐵 3

Equation 3-8

where M is the mass of the flyer, C is the mass of the bridge and vf is the ejected
velocity of the flyer.
M is taken to be the area of the ejected bridge multiplied by the thickness and density
of the flyer layer. The final model developed here goes on to discuss mass of ejecta
further and consider the validity of this variable mass assumption.

3.5 Results and Discussion
Average velocities of flyer traversal along the barrel from the analytical model were
recorded and compared with the laboratory results of Chapter 2 and are presented
in Figure 3-2.
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The analytical calculations were performed twice for each initial capacitor voltage.
The first data set assumed a constant mass of material ejected for each data point,
as has been used by other authors [8]. These points have a more linear trend than
observed in the experimental results of Chapter 2. The initial capacitor voltage in
Figure 3-2, which displays three plots (fixed initial volume, capacitor voltage
dependent volume and empirical measurement), indicates the voltage at which the
two methods of mass ejection calculation intersect; this intersection marks the only
point at which the fixed initial volume bridge geometry prediction of ejected mass is
valid, this being the only point at which the predicted velocity for this assumption
aligns with the laboratory data. This would suggest that the assumed fixed bridge
mass for this work is the mass ejected at the 2400V initial capacitor initiation.

Figure 3-2: Laboratory measured (◇), with error bars, and analytically calculated flyer velocities,
with fixed (○) and variable (X) mass of material ejected for a range of initial capacitor voltages.
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The second data series collected from the analytical model varied the mass removed
by using empirically derived measurements taken from micrographs from Chapter 2
to produce a relationship between initial voltage and ejected mass. The improved
correlation in velocity trends highlights the validity of variable mass ejection with
respect to initial capacitor voltage. A greater understanding of the relationship
between initial capacitor voltages and mass ejected is required before a fully
predictive analytical model can be developed for wider ranges of EFI.
As can be seen from Figure 3-2, when considering a variable mass, the trend of the
laboratory results is in close agreement to that of the simulated predictions for the
initial capacitor voltages trialled. As expected, lower initial capacitor voltages
(meaning less energy stored within the capacitor) resulted in less energy transferred
to the EFI and hence less through the bridge, resulting in a lower flyer velocity. The
strong agreement between laboratory experimentation and analytical modelling
highlights the reliability of the findings identified in Chapter 2 of variable mass
ejection for initial conditions, as well as the validity of the analytically predicted
velocities.
Based on these initial results, a variable mass of bridge for varied initial capacitor
voltage was utilised as the basis for all modelling moving forward in this work.
The correlation between observed mass ejection and initial firing voltage identified
was extrapolated for firing voltages beyond the firing conditions of the EFI-CDC
system. The velocities output from this analytical model were in good agreement
with observation, therefore used as the basis for the further numerical modelling
work which follows.
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3.6 Summary
This chapter presents the development of an analytical model capable of ejecta
velocity forecast from an initial capacitor voltage. The model is validated against the
empirical data collected in Chapter 2.
The validated model predicts, through comparison of fixed and variable mass of
ejecta, the variable nature of mass ejected from an EFI with respect to initial
capacitor voltage. Whilst this, in itself, is an intuitive finding the implication of this
observation raises further areas for exploration such as: the energy available to
accelerate the mass ejected and the deposition of that mass at the face of the
explosive. The shape of the impacting mass and the duration of its impact may both
be influenced by the mass variation predicted in this chapter. Chapter 4 will explore
the duration of arrival time of this mass.
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Chapter 4 - Modelling of EFI and CDC Operation
This chapter now seeks to model EFI flyer layer ejection and subsequent impact with
the explosive pellet to facilitate greater understanding of system sensitivity to input
parameters. This will further enable hardware optimisation and operational
parameter selection for EFI-CDC units.
Time of arrival duration (ToAD) has been predicted for an EFI driven by a CDC using
a finite element model developed within a simulation package (Ansys 17.1, Explicit
Dynamics) with initial boundary conditions calculated analytically (discussed in
Chapter 3). The explicit dynamic modelling package was chosen owing to the nonlinear behaviour of the flyer and the duration (tens of nanoseconds) of the
interaction being considered. An explicit dynamics package is the appropriate choice
for short duration, high energy events that require consideration of material
deformation and failure [61].
Pressure can be inferred given a known change in velocity for a given mass over a
defined period of time, this period of time was first considered in Chapter 2; time of
arrival duration. The ToAD is the duration of impact the flyer has with the explosive
pellet, hence this governs the impulse delivered to the material and therefore has
direct implications upon the outcome of the initiation event. The model relates flyer
velocity to electrical and physical parameters. The upper and lower surfaces of the
ejected materials are considered.

4.1 Numerical Model
The geometry of the region of interest of the EFI (around the barrel) was modelled
to include all layers: the tamper, the conductive bridge, the insulating flyer and the
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barrel (with hole aligned axially with the bridge centre). Model dimensions
conformed with the manufacturing specification of the EFI used in the empirical
investigation described in Chapter 2 and a plane of symmetry transecting the centre
of the barrel was applied to increase processing efficiency (see Figure 4-1).

Figure 4-1: Cross-section of EFI as spatially modelled in Finite Element Analysis

As shown in Figure 4-1, the model’s geometry comprised a substrate layer beneath
the EFI layer, a copper EFI layer with the same geometry as those used in the
laboratory study of the previous chapters, a flyer layer and barrel with the material
properties of polyimide and a solid atop the barrel on whose lower surface impacts
could be analysed. This solid is representative of the position that the explosive pellet
would hold.
The flyer layer was formed from two parts of the same thickness, the first a disc with
the same diameter as the barrel above and the second part being a larger element
that sat beneath the barrel, with a hole in it, into which the first part fitted. The
contact surface between two parts that formed the flyer layer was then defined as a
bonded surface, breakable when a stress criterion of 231 MPa (this being the
ultimate tensile strength for the thickness of flyer being simulated [62]) is exceeded.
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4.1.1 Time and Geometry Discretisation
The mesh cell concentration was increased from the global mesh along the length of
the bridge across to the edge barrel and through the thickness of the flyer. This
balances the computational efficiency with reduced error in the regions of interest.
The model time step was set to a minimum of 1 x 10-13s, exceeding the resolution
measurable in the laboratory, and the end point set to 1.5 x 10 -7s, the point at which
everything measured empirically had ended. A trial of the model using these
parameters confirmed the traversal of the flyer up the barrel is completed during this
time period for even the slowest transits witnessed empirically.

4.1.2 Material Properties and Boundary Conditions
The densities, Young’s moduli, Poisson’s ratio, maximum shear and tensile stresses
were input, where materials were not already in the data library (and verified where
they were present) using the relevant material data sheets [63, 64, 65]
The input variable for the numerical model was the flyer velocity, which has been
demonstrated empirically to be dependent upon initial capacitor voltage. Calculation
of the input velocity was predicted analytically for a range of initial capacitor voltages
which were then applied to the underside of the bridge.
The velocity developed in Equation 3-8 is utilised as an initial condition of the
numerical model, allowing computation a ToAD. ToAD from these calculations is
considered equivalent to the time at which an explosive has acquired the maximum
amount of energy from initial shock interaction, identified by [23] to be key when
calculating the critical energy criterion.
The model was computed for a range of initial capacitor voltages: 0 – 3000V. The
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model was also computed by considering two mass boundary conditions: the mass
of a fixed volume (defined by initial bridge geometry, as has been considered in
previous studies [8]) and a mass which varies with initial capacitor voltage (based on
observations from Chapter 2). The results from both of these scenarios are
considered Section 3.4.
Once material defined strain limits [64] within individual mesh elements were
exceeded, these elements were recorded by the model as having failed; however,
their momentum was retained in the simulation. This is comparable with a flyer
breaking apart during transition. Whilst thick flyers have been demonstrated to
remain solid, thinner flyers have been shown to vaporize, ionize and breakup [66,
67]. The expansion and traversal of the flyer layer and the plasma following it were
modelled translating up the barrel.
Analytical surfaces, termed probes in Ansys, were set to analyse the velocity and
displacement of the upper and lower surface of the flyer layer through transit. Figure
4-2 displays the displacement and velocity of the leading and trailing faces of the
ejecta material, as converged upon by the numerical model developed.
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Figure 4-2: Normalised flyer velocity and displacement profile during barrel translation: leading face
(A) velocity (—) and displacement (···), trailing face (B) velocity (—) and displacement (···). Inset:
schematic cross section of EFI during initiation showing leading face (A) and trailing face (B) of the
ejected material.

Several distinctive events within the flyer transition of the barrel are predicted;
Figure 4-2 traces these kinematics of the top and bottom surfaces of the flyer
(henceforth denoted ‘A’ and ‘B’, respectively) throughout their journeys up the barrel
and into the underside of the pellet. These upper and lower surfaces of the flyer
ejecta are displayed on the inset of Figure 4-2, showing a cross-section of the unit
with the upper surface (A, dashed) and the lower surface (B, solid) above the barrel
and substrate layers. Several distinct events can be discerned from the traces in the
main chart of Figure 4-2. These events have been identified 1-5.
Prior to point 1, A is accelerated up the barrel. Between points 1 and 2 A has reached
a constant velocity and, at point 2, begins to decelerate owing to impact with the
pellet mounted at the top of the barrel. This impact is witnessed by the displacement
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trace of A provided in Figure 4-2. The deceleration of A persists until point 3 as it
continues to impact the explosive pellet. Points 3 to 4 exhibit the ongoing impact as
trailing material (between A and B) compresses to cause re-acceleration of A.
Oscillations in B’s velocity and A’s displacement between points 4 and 5 demonstrate
the re-compaction of the ejected material.
Figure 4-2 shows B arriving at the top of the barrel, denoted as a displacement of 1.
The velocity of A also rapidly decelerates at point 5. As such, for the purposes of this
work, impact is defined to have ended at point 5.
It should be noted that any shockwaves generated by energetic material impacted
have been disregarded in this work to focus upon the variable mode of the
independent operation of the EFI unit.
The results of the velocimetry methods of other works [29], whilst not able to detect
all aspects of this profile owing to the limitations of each respective methodology,
support the profile developed in Figure 4-2. The velocity profile of the trailing face
(B) is very different to that of the leading face (A). When using optical means to track
such motion, the bulk nature of the material in transit would partially obscure the
independent propagation of surfaces A and B up the barrel. Furthermore,
velocimetric techniques [29, 68] with line-of-sight real-time velocity measurements,
observing a flyer during barrel transit, will not see deceleration of A between points
2-3 as no material exists atop the barrel for interaction with A. Where windows are
used to mimic a flyer-pellet impact event, traditional flyer material such as polyimide
is transmissive at multiple wavelengths whereas copper bridge plasma is emissive
[69, 70]; hence, surfaces A and B will be indistinguishable through velocimetry. The
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model presented herein allows users to investigate the critical interaction between
ejected material and the explosive pellet that would take place during physical
operation. Comparable results with acceleration periods of the same order of
magnitude as previous studies are predicted by the model [29].
The simulation observed the time delay between flyer front (A) and end (B) of
material arrival to vary with velocity. Increased velocity inputs resulted in the ejected
material becoming proportionally more dense as it traversed the barrel, decreasing
the ToAD.

4.2 Laboratory Experimentation
The work presented in Chapter 2 was used to validate the model developed.
Additional to the processing of Chapter 2, a further point was identified from the
signal detected at PD2, namely, the time at which that signal returned to pre-event
levels. The calculation method utilized was identical to that of Chapter 2 (using
discretization), to identify deviation from initial levels beyond user-defined
tolerances and marking this as the point of interest wherein initiation or arrival at the
top of the barrel is first detected. The data was examined twice, first looking forward
to identify the point where arrival of material began and the second looking in
reverse to identify when the material finished arriving.
The difference between these two values was calculated, hence yielding an empirical
measure of ToAD from the arrival of the flyer front and the end of the plasma
traversing behind it. Whilst mass ejected could not be directly measured in Chapter
2, empirically derived volumes of mass ejected were collated from micrographs for
use in this work.
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4.3 Results and Discussion
From the numerical model, ToAD were predicted for a range of velocities. These
ToAD were compared with empirical results from Chapter 2, as shown in Figure 4-3.
Here it can be seen that these model results correlate well and are of the same order
of magnitude as results from other studies [8]. Empirical data for lower flyer
velocities were not obtained as, when considering Figure 3-2, lower velocities
required lower initial capacitor voltages. It has already been demonstrated both
experimentally and, with this work, analytically, that these lower velocities are not
achievable for the EFI model tested (the CDC energy is insufficient to vaporize the
bridge).

Figure 4-3: Laboratory measured (◇) and numerically modelled (X) Time of arrival duration (ToAD)
for material ejected at a range of initial velocities.

ToAD was observed to be extended by the increased distance between the front (A)
and rear (B) surfaces of the ejected material. Numerical modelling has demonstrated
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that lower velocities produced slower barrel transitions and a non-linear relationship
between velocity and ToAD. Whilst increasing ToAD has been investigated previously
through the utilization of variable flyer thickness, as discussed earlier, this work
demonstrates that some control through initial capacitor voltage is also possible.
The numerical model offers explanation for the temporal elongation of material
ejection: during initiation, the flyer layer domes due to flyer and bridge material
expansion facilitating elongation of the material to be ejected. The initial doming of
the flyer whilst remaining attached is in line with [71]; furthermore, bridge expansion
aligns with [72]. Comparison of results with the works of other authors highlights
similarity in delay times between the model predictions and those of Neal and Garasi
[73] for the central region of the bridge and flyer.
The behaviour predictions of this work differ from those of [73] in peripheral regions
of the flyer and bridge. Bridge geometry within the FEA model of this work was
simplified (by removal of complex curvature). The plume front (A) of arriving material
demonstrably differed in shape as a result of bridge geometry modification. It is
proposed that this is the reason for differing behaviour prediction concerning
peripheral regions of the flyer and bridge between this study and that of [73]. One
additional advantage of the numerical model presented herein is its ability to solve
without the requirement for supercomputer access (as with [73]), whilst still
predicting comparable arrival profiles.
Increased time durations between points 2 and 4 were observed within the FEA
model for lower initial capacitor voltages, denoting greater temporal separation
between the top (A) and bottom (B) of material ejection plume, increasing the ToAD.
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Both larger capacitor voltages and greater velocity flyers result in a greatly reduced
region 2-4 and hence shorter ToAD.
Use of numerical modelling to simulate voltage increase, for the purpose of
influencing flyer velocity, highlights a reduced overall time between stages 2-5. The
time in each phase of transit is increased; however, some phases of the transit are
increased by a greater proportion. Reduction in voltage yields an increased time
delay between the leading (A) and trailing (B) edge. Higher voltages have shorter
transit times without reaching a maximum velocity by the end of the barrel.
When considering the proportion of time in each phase of transit, reduction in
voltage yields lower initial velocities but also reduces the proportion of the transition
in stages 2-4 whilst increasing the proportional duration in stage 4-5. Although lower
voltages produce a longer transit duration, more of the transit duration is spent in
the final stage; delivering a lower momentum over a longer time duration. By
considering the leading face (A), the time dependent delivery of momentum (and
therefore force and pressure) to the pellet becomes attainable.
Other studies have looked at increasing mass through increased flyer thickness and
its influence on velocity [7, 49, 74]. Comparison between the signal modulation
approach proposed herein and flyer mass increase is plotted in Figure 4-4; mass
increase reduces the overall proportion of transit in stages 2-4 and increases the
duration of stage 2-4 as well as stage 4-5.
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Figure 4-4: Numerical model flyer velocity profile of upper surface (A) during barrel transition: control
example (—); double the flyer mass (···); half the initial capacitor voltage (—); half the capacitor
voltage and double the mass (···).

Increasing mass exhibits a similar trend in transit profile modulation to that of
reducing initial capacitor voltage.
This indicates that either increasing the mass of flyer or reducing initial capacitor
voltage increases the distance between front (A) and trailing (B) edge of ejected
material. Furthermore, Figure 4-4 demonstrates that, whilst mass modification does
influence ToAD, a halving of initial velocity through voltage modulation has greater
proportional impact on the ToAD when compared to doubling the mass, particularly
during the 2-4 phase.
Mass modification is clearly impracticable following initiator installation and cannot
be implemented remotely prior to EFI operation from a single installed EFI unit.
EFI initiations where stage 4-5 is not present (i.e. high initial capacitor voltage or low
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mass flyers) do not reach their maximum velocity after stage 3 because they are still
accelerating at the top of the barrel. In these cases, the flyer does not carry its
maximum possible momentum as it meets the bottom of the pellet. This suggests
that operating this geometry of EFI in combination with the length of barrel
implemented in Chapter 2 whilst using a high initial capacitor voltage is highly
inefficient.

4.4 Summary
The work of this chapter involves analytical and numerical models which, in
combination, enable calculation of the velocity of both the top and bottom surface
of EFI ejected flyer-plasma material. By extension, such velocity trends can infer the
time dependent delivery of momentum (and therefore force and pressure) to the
pellet. These velocities also facilitate the prediction of the time of arrival duration
(ToAD) of the ejected material, crucial for considering the ejecta’s impulse at the
bottom surface of an explosive pellet, for which impact duration is of particular
relevance.
A numerical model compared the influence of flyer mass variation to that of voltage
modulation on the flyer velocity and therefore ToAD. Whilst both influence the final
ToAD profile. This work demonstrates that mass has a smaller effect than that of
voltage modulation; it is also functionally impracticable without hardware
modification. Conversely, voltage modulation is inherently variable and therefore
well suited to remote and/or short notice implementation to enable real-time
operational refinement.
Both the numerical model and its analytical initial conditions have independently
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produced results which are validated by the data collected in other studies both by
other researchers and presented in Chapter 2. Furthermore, the variable mass
ejection observed previously has been supported by comparison of its inclusion and
exclusion from the analytical calculation; inclusion of a variable mass demonstrated
a much closer correlation with data collected experimentally. This, combined with
the demonstrable influence of mass on the final ToAD profile, highlights an area of
further investigation necessary for the construction of an holistic model
incorporating fully predictive mass variability based on input parameters such as
initial capacitor voltage which will be developed in Chapter 5.
This work shows that lower initial velocities can yield increased ToAD, these may not
be physically reproducible. This is because the capacitor voltages required to initiate
a flyer transition of such a low velocity are insufficient to vaporise the bridge. To
achieve switchable modes of operation from a single piece of EFI hardware, a design
modification to either the EFI or the CDC is deemed to be necessary as a result of this
work.
The next chapter of work will develop a further FEA model combining electrical and
thermal properties to further consider the phase changes which form the basis of
this model and how they relate to the EFI design parameters.
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Chapter 5 - Electro-thermal Modelling for Efficiency
Analysis of Exploding Foil Initiator
Previous chapters have demonstrated successful modelling of EFI operation and
measurement of velocity and time of arrival duration metrics. This has thus far been
useful for characterising one EFI across a defined range of voltages; however, both
design and operation of such units would benefit further from prediction of EFI
behaviour prior to construction. Such a model must demonstrate understanding of
the present operation of an EFI and predict this prior to construction. To this end,
this chapter describes the development and validation of a model which simulates
an electrical input applied across any bridge geometry. When combining this with the
work of the previous chapter, this can be extended to flyer velocity prediction and
therefore full characterisation of EFI mass developed for ejection, velocity of that
ejection and the time of its arrival atop the barrel with respect to a desired electrical
impulse.

5.1 Model Development
A numerical model of the laminar structure of the EFI (including FR4 tamper layer,
copper bridge and polyimide flyer and barrel layers, electrical contact pads and via
holes used for connecting the EFI to the firing set) was developed within a numerical
simulation package (CST Simulation Suite 2018.06). This facilitated the application of
an electrical input signal, directly comparable with those measured in previous
investigations at this contact point.
Using these signals, the numerical model predicted the temperature changes of the
copper bridge during the electrical discharge signal.
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5.1.1 Electrical Input Signals
Electrical input signals of current and voltage were taken from the model developed
previously (Chapter 4) and validated against empirical measurements made during
EFI operation using a pair of high voltage oscilloscope probes (Tektronix, 6015a). The
electrical model developed previously includes the ability to replicate the saturation
effects reported in Chapter 2, this plateauing of current is displayed in Figure 5-1.

(b)

(a)

Figure 5-1 Measured (grey, solid) and Analytically modelled (black, dashed) current profiles for initial
capacitor voltages of a) 3.0kV and b) 2.8kV.

In Figure 5-1 it can be seen that the 3000V initial capacitor voltage is predicted to
saturate the bridge and impede the maximum potential current being delivered
whereas the 2800V initial capacitor voltage is predicted to reach a greater current
flow. Whilst the fall in current from its maxima is not modelled in the 2.8kV profile,
the initiation of EFI takes place prior to the falling of the signal; thus, it is required to
model this aspect of the current flow and the validity of the numerical model, for
which it acts as a boundary condition, is not influenced.
These electrical signals were then utilised in the numerical model which simulated
electrical conduction and subsequent temperature increases using a coupled, time
iterated EM-thermal model. The temperature rise of the preceding step was coupled
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back into the electrical model, influencing the electrical characteristics of the next
time step.

5.1.2 Numerical Model Overview
The numerical model consists of a EM-Thermal coupled model. Analysis geometry
was created in the CST environment, identical to that described in section 4.1 and
hence a plane of symmetry dissecting the EFI bridge lengthways was once again
applied. Figures displaying views from this model identify the plane of symmetry as
the solid horizontal line through the centre of the bridge, such as Figure 5-2 for
example. By specifying an EM-Thermal coupled model, two modelling environments
(one looking at the EM characteristics before feeding into another thermal model)
were generated.

5.1.3 EM Model Signal Application
For the EM model current ports and potential ports were applied to either side of the
bridge layer. Of the current ports, one was set to 0 Amps and the other to 1A whilst
the potential ports were defined similarly with, one being 1V and the other earth.
The ports are utilised as points at which to apply excitation signals and define their
direction of evolution through the geometry.
Excitation signals were then defined at the ports. These used a trapezoidal form with
rise, hold and fall times and peak values (voltage or current respectively) all defined
based on the values calculated by the model developed in Chapter 3. These excitation
signals were applied to the 1V potential and 1A current ports respectively. These
were the ultimate variables for the coupled model. The current and voltage profiles
for a series of initial capacitor voltages were generated and used within the coupled
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model from 600V – 3000V. The lower bound being a value at which no ejecta is
thought to emerge from the barrel whilst the upper bound was the maximum voltage
viable in empirical work of Chapter 2. The resolution of data points generated was
initially as that of Chapter 2, with further inspection on the initial capacitor voltages
between 600V and 1800V being added to examine the behaviour of plasma in this
initial capacitor voltage range in more detail.
The background material properties were set to those of air and all boundaries were
defined as electric boundaries, setting the tangential electric field to zero, with the
exception of the plane of symmetry, which was defined as a magnetic boundary, thus
performing the same role but on the magnetic field.

5.1.4 EM Meshing and Solver Selection
The mesh used tetrahedral, which facilitated fine resolution necked bridge region. A
mesh was generated with a high frequency of mesh cells in the bridge region,
reducing towards the left and right ports and multiple mesh cells through the
thickness of the copper layer. The mesh frequency was distributed in this way by
initially allowing the in-built CST adaptive mesh refinement to generate and refine a
mesh, then adjusting the frequency of mesh cells localised to the bridge region to
ensure multiple cells through the thickness of the material.
For the EM part of the coupled model, the low frequency time domain solver was
utilised, this solver is well suited to couple with the thermal model and allow the use
of user defined excitation signals. Electro-quasistatic analysis was selected, chosen
under the assumption that the induced magnetic fields generated could be neglected
over the timescales considered for the purposed of this model. 0.5ns time intervals
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were used to align with the sampling rate achievable by laboratory equipment, since
results could not be validated over smaller time intervals.
A monitor was placed on the bridge layer volume of the geometry, monitoring
thermal distribution. When running the coupled model, each time step had the
thermal distribution data from the EM phase feed forward to the thermal model as
its field source.

5.1.5 Thermal Model Implementation
For the thermal model, the same geometry, material properties and mesh were
utilised. A thermal transient solver was used with a background material of air and
ambient temperature of 293.15K. This same ambient temperature was also applied
in the EM model.
Material properties relevant to this phase of the coupled model were already
transferred from the top-level environment, including heat capacities and material
densities. For copper, the material library of CST defines these already (this was
checked against standard data sheets [63]) whilst for the flyer and tamper layers, the
properties were input from their relevant data sheets [64, 65].

5.1.6 Thermal Boundary Conditions and Solver Selection
The boundaries of the model were set to isothermal, assumed as the boundaries are
located at the edge of the EFI geometry (not just the bridge layer). Again, the plane
of symmetry was the exception, about which temperatures were assumed to be
symmetric.
The thermal model used a thermal transient solver with 0.5ns time step. The thermal
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losses from the EM model were fed into the thermal model for each time iteration
of the EM model and a temperature for the bridge layer (on which a temperature
monitor had been set) was calculated. These temperatures profiles were stored for
each time iteration of the EM model and allowed the temperature evolution of the
bridge layer to be visualised, as in Figure 5-2. The coupled model completed after
simulating 250ns of EM excitation signal, a time step beyond which initiation has
been observed empirically to be complete.

5.1.7 Result Generation
The finite element model produces a 3D thermal plot of the EFI bridge. In Figure 5-2
the bridge is viewed independently from the rest of the structure and the
temperature is scaled from 0 to 89661.2K, which is the temperature equivalent to
the first ionisation energy of copper [75].

5.2 Numerical Model Results
During the simulation, plasma material (i.e. material which has been elevated above
89661.2K) is observed to develop in distinct regions, labelled PA and PB in Figure 5-2.
Region PB is formed from two plasma formations that develop symmetrically, owing
to the symmetry of the numerical model. When the two distinct regions of plasma
(PB) merge it is deemed that bridge ejection commences due to the high attenuation
of the current by the plasma across the entire width of the EFI bridge. The plasma
development predicted by the numerical model for an initiation is displayed in Figure
5-2.
The area of material reaching copper plasma temperatures (the total mass of regions
PA and PB) is recorded, allowing for the mass of ejected copper material to be
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calculated. The mass of copper, as predicted using the logic described herein,
removed from an EFI bridge initiated with a range of initial capacitor voltages are
presented in Figure 5-3.

PB1

PA

PB2

(a)

PB

PA

(b)
Figure 5-2: Temperature gradient indicating the location of the development of plasma from a)
distinct regions of plasma formation and; b) final combination of plasma regions PB1 and PB2 to form
region PB.

As can be seen in Figure 5-3, the numerical model exhibits little variance in mass
ejection across the full range of initial capacitor voltages considered.
Plasma pinching is a potential cause of the characteristic shape of the plasma regions
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[76]. To assess this, the model was altered by modifying the field which influences
the pinching. A permanent magnetic field was applied to the region to combine with
the effect of the magnetic field established through electron movement. This
permanent magnetic field modified the previously predicted spatial distribution of
the plasma formation; variation of the additional permanent magnetic field
(direction of propagation or field strength) resulted in further variation in plasma
formation geometry, thus verifying that plasma pinching significantly contributes to
the irregular shape of the plasma.

Figure 5-3: EFI numerical model prediction of plasma mass formed within the bridge with respect to
initial capacitor voltage.

As one side of the bridge is connected to the high voltage discharge of the capacitor
and the other to ground, a large potential difference is generated across the bridge.
Modelling the electric field within such a potential difference confirms the bias of
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electric field intensity to one side. Moreover, this spatial offset matches the location
of initial plasma generation, as can be seen in Figure 5-4.

(a)

(b)

Figure 5-4: Electric field plotted through EFI bridge with: a) high voltage applied across it and b) high
voltage applied and plasma formation from Figure 5-2 overlaid (black)

Here the traversal of electrons through the bridge between high and low voltage
sides generates a magnetic field perpendicular to the direction of current flow. This
draws the electrons closer together, creating the pinched effect and shapes the
regions of plasma formation observed in Figure 5-2 and overlaid above in Figure 5-4b.

5.3 Empirical Validation of Numerical Results
To validate the numerical modelling, laboratory measurements were taken from EFI
initiated at a range of initial capacitor voltages. As reported in Chapter 2, 600V initial
capacitor voltages failed to eject bridge material. EFI initiated with initial capacitor
voltages delivered by the firing set from 1200V to 3000V in 600V increments were
characterised.
The initiated units were analysed using a white light interferometer (Zygo Neoscope
NewView 600) with a 2.5x objective lens giving a maximum field of view capability of
2.81 x 2.10 mm. The interferometer was focused down the barrel of the EFI and set
to scan through its maximum height profile of 150µm to produce surface profiles.
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Scanning electron micrographs from an SEM (Neoscope JCM-5000) were used to
image the barrel region in order to ascertain the nature of the null data points within
the white light interferometry data.

(a)

(b)
Figure 5-5: a) Scanning Electron Microscope and White Light Interferometer images identifying key
features. (Inset) CST model of EFI bridge denoting orientation of main figures and b) Scanning
Electron Microscope image with White Light Interferometer data overlaid.

As can be seen in Figure 5-5, the white light interferometer identifies the region
wherein the bridge remains at its original height and those regions wherein the
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original height is no longer reached and therefore bridge material has been removed.
The region unaccounted for in Figure 5-5, labelled “X”, is observed in Figure 5-6.
Figure 5-5b clearly demonstrates correlation between the region analysed with the
two methods. Whilst the Interferometer is unable to capture some data, whether
out of depth range or else non-reflective to the light source, there is good agreement
in the boundaries of the region of interest. The specific area of interest is defined
below.
This region was observed to be at a lower level to the original bridge material but,
due to this deeper position, was more difficult to focus on; resulting in low levels of
light detection for the white light interferometer. Furthermore, the increased
roughness of material that has been adjacent to erupting plasma reduced light
reflection (as required for white light interferometer data collection).

X

Figure 5-6: Increased magnification of EFI bridge using scanning electron microscope.

The area of copper bridge ejected, identified by the lower region of the surface plot
where copper has been removed, was measured using the accompanying analysis
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software (MetroPro 10.0.3). The ejected region of bridge material is situated within
the outlined region of Figure 5-7. Measurements of this region were made using the
analysis tools within the interferometer software.

Figure 5-7: Surface plot of EFI down barrel region indicating area identified as that having
experienced bridge removal.

Figure 5-8: EFI numerical model prediction (···) of mass of plasma formed and interferometrically
measured (X) bridge mass ejected at a range of initial capacitor voltages.
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Four EFI were initiated at each of the initial capacitor voltages and the average bridge
material ejected, measured using the interferometric surface plots, was then
compared with those taken from the numerical model, as shown in Figure 5-8.

5.4 Discussion
As can be seen in Figure 5-8, the numerical and laboratory measurements are of the
same order of magnitude; however, the trend observed differs to that of the
interferometric plots. Interestingly greater correlation may be interpreted if plasma
regions PA and PB are considered as independent regions.

5.4.1 Plasma Region Formation
Further analysis of the numerical model results was conducted to explore various
avenues of the cause for the differing trend in mass of ejected material between
numerical prediction and empirical data. This included the measurement of regions
PA and PB separately at the time of ejection, as opposed to their combined total as
previously graphed.
This new numerical analysis approach generated mass ejection predictions displayed
in Figure 5-9. From Figure 5-9 it can be seen that there is a decline in plasma formed
in region PB as capacitor voltage increases and a subsequent increase in plasma
formation in region PA. Region PA is located at the inlet end of the bridge (defined by
the polarity of current applied), region PB (located within the bridge and expanding
beyond), is downstream with the flow of current considered.
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Figure 5-9: EFI numerical model prediction of plasma mass formed at Region PA (- · -), Region PB (---),
the total mass of plasma formed (···) and interferometrically measured (X) bridge mass ejected at a
range of initial capacitor voltages.

The numerical model demonstrates that an increase in electrical current flowing into
the bridge forms larger plasma formations at the input region, PA, hence reducing the
current available for the formation of plasma taking place downstream inside the
bridge itself. This change in how plasma regions are formed is explored further in
Section 5.4.2. The trend identified in the model correlates well with electrical signal
data measured across the EFI during operation where, at 3000V initial capacitor
voltage, a clipping effect is seen on the current trace (Figure 5-1). Based upon the
numerical model presented, it is postulated that clipping is due to the development
of plasma region PA. This plasma formation restricted the current flow, explaining
both the reduced current transfer and the earlier initiation time for higher initial
capacitor voltage operation first witnessed in Figure 2-9.
At lower initial capacitor voltages region PB is the most significant mass that forms,
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region PA formation is comparatively smaller and slower in development than when
modelled at higher initial capacitor voltages. At lower voltages the temperature
differential between the two regions during the evolution is also observed to be
greater than when simulating higher initial capacitor voltages. Indeed, at the lowest
voltage simulation conducted, region PA is of negligible volume. These results align
well with the laboratory measurements wherein the mass predicted by the numerical
model for region PB and that measured using the white light interferometer are in
close agreement.
At higher initial capacitor voltages, the regions are more evenly distributed, region
PA develops to a larger mass at a faster rate; hence, both bear equal significance.
Both regions PA and PB form plasma material that is ejected. The temperature
differential is reduced between these regions and the rate of plasma evolution in
each of these regions is more uniform than at lower initial capacitor voltages.
Therefore, at these higher voltages, it is the total plasma formed that is ejected up
the barrel; this aligns well with interferometric measurement at the larger voltages.
The following section considers these distinct operational modes at extreme
voltages, and the take over from one to the other.

5.4.2 Mode of Operation
The take over from one mode of operation to the other shows strong correlation with
the ratio of region PA-PB formation. Higher initial capacitor voltages, where the
plasma region formation is distributed in a ratio approaching 1:1 of regions PA:PB,
suggests that the total plasma mass is ejected. This boundary was chosen as it aligned
with the intersection between the declining mass of region PB and increasing mass of

89

region PA. This high proportional volume of plasma within region PA is also believed
to be the cause of saturation effects when considering current flow, as displayed in
Figure 5-1.

(a)

(b)

(c)
Figure 5-10: Numerical model predictions of plasma regions formed at point of ejection displaying
the evolution of distribution from (a) 600V (predominantly region PB); (b) 1800V (upper bound of the
region PB dominant); and (c) 3000V (both region PA and PB contributing).

If large initial capacitor voltage behaviour is compared to lower initial capacitor
voltages, wherein the ratio PA:PB drops as low as 1:9, only the larger region, PB, is
ejected. The initial capacitor voltage dependent evolution of these plasma regions is
displayed in Figure 5-10 wherein white areas denote plasma formation (i.e.
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temperatures greater than 89661.2K); temperatures below this are not displayed in
the figures.
Applying this relationship, wherein even distribution ejects both regions and a higher
weighting to region PB only ejects predominantly the latter, leads to the mass
ejection prediction displayed in Figure 5-11, which can be assessed against
interferometric measurements in Figure 5-11b.
Figure 5-11b exhibits good correlation between mass of plasma formed in the
numerical model and mass of ejected bridge measured empirically. Notably the
masses ejected during laboratory experimentation are consistently beneath the
numerical model’s predicted plasma mass. Not all of the mass predicted to reach
plasma state in the relevant region(s) is ejected from the EFI, some of this material is
instead redeposited at the bottom of the EFI barrel; hence making the numerical
model an overestimate as observed in Figure 5-11b.
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(a)

(b)
Figure 5-11: (a) EFI numerical model prediction of plasma mass formed at Region PA (- · -); Region PB
(---); total mass of plasma predicted to be ejected (···). Insets of bridge plasma zones formed are
provided in the relevant modes of operation of the graph. (b) Plasma mass predicted to be ejected
from EFI for a range of initial capacitor voltages from both numerical modelling (···) and
interferometric measurement (X).
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5.4.3 Validation of Minimum Initiation Voltage
By considering the time of plasma ejection predicted by the numerical model, the
analytical model developed in chapter 3 was then consulted to identify which points
would result in an ejection of the EFI flyer. The 600V and 800V initial capacitor
voltages were deemed to have insufficient energy remaining post-plasma formation
to eject the bridge and flyer material atop it. This owes to the reduced initial energy
available within the capacitor, the bridge geometry and the rate of plasma formed
being too large and widely distributed for ejection. Plasma barely formed before the
available energy supply from the capacitor was exhausted, thus the plasma formed
has no motivation to travel to the top of the barrel.

Figure 5-12: Figure 5-11 with the additional point (◇)marking laboratory measured mass converted
to plasma for a 600V initial capacitor voltage discharge from the CDC.

To validate this hypothesis, EFI were observed before and after a 600V capacitor
discharge through the bridge. No ejection from the barrel was observed; however,
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material of a mass of similar to magnitudes predicted by the numerical model was
observed to have changed state during the capacitor discharge. This is plotted in
Figure 5-12
Moving above 800V, the initial capacitor voltages begin to display reduced plasma
mass and a more rapid formation, owing to larger currents channelled by the bridge
geometry. This has the two-fold effect of utilising less energy to reach ejection and,
as such, leaves more for the lower mass ejecta to be accelerated away from the EFI.

5.5 Developing New Bridge Geometry
Having considered the plasma formation of the bridge design used in laboratory
testing, the influence of bridge geometry with regard to plasma formation was then
considered. The numerical model was expanded to explore further the shaping of
these plasma forming regions. Plasma pinching is hypothesised to relate to the bridge
geometry, specifically the entry and exit profiles to the bridge, hence bridge
geometry was altered to two extreme variations: removing the gradient completely
(the “H” design) and removing the bridge to only retain the gradient (the “X” design).
These new EFI designs were modelled with the same boundary conditions as the
original EFI, across the same range of initial capacitor voltages. Plasma formation
plots for time of initiation can be compared in Figure 5-13. As in Figure 5-10, white
areas denote plasma formation (i.e. temperatures greater than 89661.2K) and
temperatures below this are not displayed.
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(a)

(b)

(c)
Figure 5-13: Plasma regions formed in (a) original bridge geometry (b) the “H” design and (c) the “X”
design.

As can be seen in Figure 5-13, the bridge geometry significantly influences the
geometry of the plasma formation. The X design demonstrates the capacity to
concentrate the heating, with a higher temperature region predicted in Figure 5-13c.
The X design also demonstrates a larger plasma formation on the inlet side of the EFI
bridge, equivalent to region PA from Figure 5-2, at this 3000V initial capacitor voltage.
Contrasted with this, the “H” design demonstrates only one region of plasma
formation throughout its entire evolution.
Both the “H” and “X” design bridges were simulated with a range of initial capacitor
voltages. Their predicted mass ejection and time of ejection were recorded and
compared with those of the original geometry bridge, as plotted in Figure 5-14.
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Figure 5-14: Numerical model prediction of plasma mass ejected for a range of initial capacitor
voltages for both original (--+--), H (--◇--) and X (···X···) bridge.

The H design produces only one plasma region, hence, ejected ridge material
typically displays a greater mass than both the original and X geometries. Ejection of
greater material for the same initial capacitor voltage means a lower average velocity
owing to the reduced energy remaining in the capacitor post plasma formation and
typically greater mass to accelerate with this remaining energy.
The X design always exhibited two regions of plasma formation. Using the same
selection criteria considering ratios of region PA to PB, all of the plasma is predicted
to be ejected from the X design bridge, no ratio of the two regions dropping below
the 1:1 criteria set. The X design demonstrates the greatest variance in mass of
plasma formed.
Figure 5-14 also shows the influence of the horizontal element of the original bridge
design. By combining the horizontal section of the H with the necking of the X, a more
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uniform plasma mass formation profile is developed for the range of initial capacitor
voltages, closely aligned with the H design. The necking element of the original bridge
design, shared with the X design, reduces this mass from that expected from a purely
horizontal H bridge, channelling the current into a more focussed region.

Figure 5-15: Numerical model prediction of time of plasma mass formation (pre-burst) for a range of
initial capacitor voltages for original (O), H (◇) and X (X) bridge designs.

The burst time of the H design is notably earlier in the capacitor discharge than the
original and X designs. Lower voltages show greater time differences between the
original and H designs. The single region of plasma formation is of consistent mass,
always greater than that of the original design for any given capacitor voltage,
implying that larger voltages will eject material at lower velocities. At the same time,
the nature of the H bridge response results in greater velocity modulation owing to
the consistency of the plasma volume formed.
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5.5.1 Post Ejection EFI analysis
The numerical model also predicts bridge regions which reach temperatures for
vapour and liquid states, displayed in the figure below. The resettlement of some of
this material due to the pressure melt flow following the mass ejection would result
in the shape profile identified when viewed from above, the interferometric plot and
temperature plot (plasma regions, above 89661.2K, in white) correlate well.

(a)

(b)

Figure 5-16: Geometry of bridge post burst as a) measured by White Light Interferometry and
b) predicted by Numerical Modelling.

As can be seen in Figure 5-16, when considering the wider heating effects on the
bridge, the numerical model geometry predicted to be affected aligns well with that
observed through interferometry.
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Figure 5-17: Model prediction of energy transferred to the bridge (X)

The overall energy stored in the capacitor, E, was also calculated using the equation

𝐸=

1
𝐶 𝑉2
2 𝐶 𝐶

Equation 5-1

where CC is the capacitance of the CDC capacitor and V is the initial voltage across
the capacitor [40]. The useful output of the system in this instance was considered
to be the energy required to raise the temperature to a copper plasma in the bridge.
The efficiencies of each firing voltage considered are plotted in Figure 5-17.
Figure 5-17 highlights the reduced energy transferred to the bridge prior to mass
ejection. This is owing to higher capacitor voltages ejecting bridge mass earlier,
before currents have finished ramping up to their peak (see Figure 5-1). As a result
of this, earlier ejection (and hence higher capacitor voltages) are predicted to deliver
less energy from the capacitor for plasma formation and hence have more energy
remaining for ejecta acceleration, making them more efficient.
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The overall capacitor energy considered in Equation 5-1 is considered in Figure 5-18a,
plotting the proportion of capacitor energy utilised in bridge conversion to plasma
and the proportion available for ejecta acceleration. Beneath the point of
intersection of Figure 5-18a, more energy is being used to convert the bridge to
plasma than is available to accelerate it from the EFI. The point of intersection of the
two lines at 1041V marks a threshold which, once exceeded, leaves a greater
proportion of energy for ejecta acceleration. This point aligns with the minima of the
curve in Figure 5-12.
Furthermore, the results of the numerical model displayed in Figure 5-18 predict a
minimum initial capacitor voltage of 768V, beneath which there is no energy
remaining to accelerate the ejecta. This is in line with the observations of Chapter 2,
as can be seen in Figure 5-18b which plots the square root of values plotted in Figure
5-18a. The trend observed above the threshold for ejecta, in the region where
regions PA and PB are being ejected, supports the proportional relationship between
the square root of the energy available for ejecta acceleration and velocity of this
acceleration, thus validating the relationship reported in Figure 5-18a.

100

(a)

(b)
Figure 5-18: a) Proportion of Initial Energy from 100nF Capacitor utilised in plasma conversion (Grey)
and remaining for eject acceleration (Black) and b) Square root of Figure 5-18a data with normalised
flyer velocity measurements from Figure 2-4 overlaid.
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This principle can be used in the design phase of new EFI to calculate the energy of
the system being applied to each of the two stages of EFI initiation (reaching a plasma
state and acceleration of this plasma) and thence optimising bridge design to adjust
the threshold voltage and capacitor of the CDC to optimise the final ejecta velocity.

5.6 Summary
The work presented herein demonstrates the ability to predict mass ejected from an
EFI during various initial circuit conditions. The trend of variable mass ejection, with
greater mass ejection for greater initial capacitor voltages has been confirmed by
interferometric measurement.
Moreover, the ability to accurately predict the mass ejection based only on initial
electrical signals through numerical modelling has been demonstrated and validated
against laboratory measurements. Alongside electrical simulation, the numerical
model herein presented can function as a design aid in the development of new EFI
without the need for hardware prototyping.
Furthermore, for the first time, this work has demonstrated the significance of the
inter-relationship between the characteristics of bridge geometry and plasma
pinching in the initial plasma formation. This must be a design consideration for
future bridge structures.
The bridge geometry has been considered with respect to plasma mass formed
within an EFI. By varying the bridge design, the mass ejected (and hence velocity) can
be varied; however, such modifications require wider consideration including the
associated energy requirement to accelerate the mass away from the EFI.
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The effects of each geometric feature of the EFI bridge, both the necking element of
the sloping X design and the horizontal element of the constant cross-section H
design, have been analysed and their relative effects considered. The sloping features
work to focus energy delivered into a smaller volume. This decreases the mass
ejected for a given voltage whilst the constant cross section features stabilise that
mass over a wider range of initial capacitor voltages. This is achieved by encouraging
a single region of plasma formation over that of smaller regions encouraged by the
sloping geometry.
This work also demonstrates the electrical implications for the threshold between
plasma modes of operation. Increasing efficiency of the system as initial capacitor
voltage is increased is a further contribution of this work. Larger voltage yields a
greater proportion of energy availability for mass acceleration.
Energy transferred to bridge plasma formation cannot be considered alone but in
conjunction with other desired outputs such as mass and velocity of the ejected
material. Considering these parameters in combination along with the desired
output for a given explosive pellet, this contribution may be combined with previous
work of Chapter 2 and Chapter 4 to optimise design and operation of EFI and
initiation circuitry for a given explosive material.
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Chapter 6 - Conclusions
This thesis characterises performance of the Exploding Foil Initiator (EFI), with
respect to design and input parameters in the context of operational implications.
Velocity, pressure and mass of ejecta were identified as parameters which influence
the nature of EFI operation. In this work, velocity has been characterised and time of
arrival duration has been identified and simulated. Furthermore, the mass of ejecta
delivered during operation has been characterised and the reason for its variable
nature has been shown to be due to modulation of plasma development across the
bridge as a result of voltage dependent eddy currents.
By combining mass and velocity, the ejecta momentum can be calculated and, with
future work, combined with measurement or modelling to facilitate calculations of
pressure on the explosive. This work presents understanding of the system to
facilitate design and function modulation of future devices.
A laboratory-based arrangement measured EFI flyer ejection velocity down the barrel
of EFI, correlating this directly with initial capacitor voltage of the capacitor discharge
circuit (CDC). Velocimetric measurements of the order of 6 km.s-1, similar to that of
other studies for EFI of similar geometry, under similar test conditions were exhibited
by the EFIs trialled here.
Additional variable output parameters for the EFI were identified. Observations of
fired EFI indicated that duration of impact and volume (and hence mass) of material
ejected was also variable with respect to initial capacitor voltage. Increased initial
capacitor voltages ejected more material at a later time.
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Analytical and numerical models developed here enabled calculation of the velocity
of both the top and bottom surface of EFI ejected flyer-plasma material. Through
these, the time dependent delivery of momentum (and therefore force and pressure)
to the pellet and time of arrival duration (ToAD) was inferred.
The numerical simulation demonstrates that the reduction of ToAD reduces the
impulse delivered. ToAD is therefore a key parameter of interest and can be utilised
when considering the interaction of ejecta with the explosive material.
Variable mass ejection and its significance was demonstrated in this work. The
variance of mass ejected with initial capacitor voltage was demonstrated to impact
significantly upon model predictions, the inclusion of mass variance within early
analytical models of this work generated predictions which more closely agreed with
the laboratory measurements.
Due to this phenomenon, an FEA model was developed, incorporating fully predictive
variability in mass ejection based upon input parameters such as initial capacitor
voltage. Electrical and thermal properties were assessed to address the phase
changes which occur during operation and how they relate to the EFI design
parameters. This combined FEA model facilitated the analysis of the EFI flyer
response to transient electrical signal inputs and the dependent amount of bridge
mass removal to develop a more accurate prediction of EFI behaviour.
Voltage modulation effects have been identified to have a greater effect and be more
practicable than mass modulations. This work developed a numerical model to
compare the influence of flyer mass variation to that of voltage modulation on the
flyer velocity and therefore ToAD. Whilst both influence the ToAD profile, mass
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variation was observed to have a smaller effect than that of voltage modulation:
doubling the mass delivering 57% of the effect of halving the initial capacitor voltage.
Mass variation is also functionally impracticable without hardware modification.
Conversely, voltage modulation is inherently variable and therefore well suited to
remote and/or short notice implementation to enable selectable ejecta impulse from
EFI.
This work shows that lower initial velocities can yield increased ToAD, these were not
physically reproducible for the EFI-CDC combination studied. This is because the
capacitor voltages required to initiate a flyer transition of such a low velocity are
insufficient to vaporise the bridge.
It was confirmed through the portfolio of evidence investigating these co-dependent
parameters that the impulse delivered by an EFI can be controlled through the nature
of the input signal from its firing circuit. Different signals give rise to different
observed behaviours of the system including mass of material ejected, velocity of this
ejection and ToAD. The design of any EFI directly influences the resulting behaviour
from electrical impulses. Both the electrical signal and the geometry should be
controlled in unison to yield efficient EFI and controlled timing of initiation in systems
such as multi-point initiators.
Empirical observations of electrical saturation have been explained through the
electro-thermal modelling developed for this work. The electrical data was
postulated to indicate a saturation effect at high voltage capacitor firings wherein
current traversing the bridge became restricted. Such a phenomenon is dependent
upon geometry. Early calculations within this work utilised homogenous currents (i.e.
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currents per unit length) before development of numerical models to explore the
phenomenon in greater detail. Through the use of numerical models, this saturation
effect has been demonstrated to be the result of plasma development in specific
regions. The rate of plasma evolution and the proportion of each region converted
to plasma is governed by the initial capacitor voltage for the initiation. This in turn
governs whether a saturation effect is observed.
The evolution of these plasma regions and their shape was demonstrated to be
directly related to geometry. Variation of bridge shape within the model produced
varied plasma mass and hence material ejected, demonstrating there to be a direct
link. The original (empirically characterised) EFIs featured a bow-tie shaped bridges
(tapering down to a constant cross section before developing out to the original
width, following a smooth progression). Increasing the EFI bridge taper gradient and
removing the centre region of constant width (creating an ‘X’ shape) demonstrated
channelling of current, resulting in focus of the plasma development into a smaller
area compared to all others simulated. The mass was predicted to react later using
this geometric configuration. Contrasted with this, a step down to a constant crosssection (i.e. without tapering, creating an ‘H’ shape) demonstrated larger masses
typically being ejected, at sooner times than the original design.
Whilst geometry variation may only be implemented during the initial unit design,
the bridge design selected directly influences the effect had by the electrical signal
imparted during capacitor discharge. By careful selection of both design and
electrical impulse, a wider range of outputs is available for selection from an EFI
driven system.
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Combination of the study of electrical characteristics of the EFI bridge, the related
plasma development and the resulting velocity of ejection has created an holistic
overview of core design and operational parameters for an EFI unit. Consideration of
initial capacitor voltage in concert with a series of design parameters such as bridge
geometries, has enabled closer control of the ejected matter from the EFI including
its mass and velocity. Larger masses ejected later leave less energy remaining for
transfer to kinetic energy of the flyer; thus yielding slower flyer velocities. The ejected
mass prediction of the numerical models facilitates the refinement of boundary
conditions which, when used within the analytical model, more precisely predict the
velocity of the ejected mass.
Control of flyer velocity, mass ejection and time of ejection facilitates optimised,
more efficient use of EFI. Such operational control may come through revision of
bridge geometry, influencing the region of plasma formation and hence precisely
controlling the mass ejection for a given initial capacitor voltage; else, through
modulation of the initial capacitor voltage, offering a narrower range of output
parameters.
A summary of some the key findings of this work that may be utilised within a
design/operational optimisation forum are presented in Figure 6-1.
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Figure 6-1: Flow chart identifying key findings implementable in design/operational optimisation of
EFI with output effects indicated.

As can be seen from Figure 6-1, some of the effects of variable bridge geometry have
more complex effects than simply increasing or decreasing a single or even multiple
output variables. At high voltages, for instance, the time of initiation varies minimally
for varied bridge geometries; however, at lower initial capacitor voltages, the effect
is greater. This varied time to initiation from commencement of capacitor discharge,
combined with the varied mass, will mean the velocity will be affected in different
ways and to different degrees, dependent upon the specific initial capacitor voltage
being considered.
Variable flyer properties have been predicted and validated for variable input
parameters. Prediction of the electrical profile, volume of bridge transformed to a
state of plasma, mass of ejected material, velocity of this material and time of arrival
duration of the material at the top of the EFI barrel due to bridge geometry and
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electrical input conditions. This was achieved through the amalgamation of the
analytical and numerical models which are variable for the design and optimisation
of EFI operation.
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Future Work
This work considered electrical impulse through a defined bridge geometry leading
to flyer impact upon an explosive pellet. Future works building upon this body of
research may consider the following areas as significant directions in which to further
increase EFI performance.
An obvious subject for future work is the integration of the models developed herein
into one integrated workflow. Such work would facilitate application of the research
conducted here into design and development of EFI within an industrial environment
with greater ease. The linking of models would allow an initial EFI CAD design to be
electrically analysed, thermally evaluated and the resulting ejected material’s
velocity and ToAD duration to be predicted in one interlinked workflow.
Further application of the findings of this research must involve the application to
the explosive material itself. By expanding the breadth of the investigation to include
the explosive pellet, a characterisation of the overarching explosive system may be
obtained. This work would logically include flyer explosive interaction for the
velocities and ToAD identified within this work, developing a narrative of the
overarching system from electrical discharge from the capacitor through to explosive
output. This would then present the potential for the work to be further expanded
to EFI multi-point initiators, with an array of modulated velocities being applied by
the flyer through the application of this work to produce characterised explosive
behaviours developed through the deepened investigation of flyer-explosive
interaction.
Investigation into the parameter of impact area of ejecta is a further avenue for
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future work which, when combined with the work developed herein, would facilitate
the calculation of pressure impacted upon an explosive material.
The work presented herein has focussed on the EFI itself and electrical impulse
signals applied to this. A future phase of development building upon this work would
be the characterisation of the CDC to identify component permutations and the
related generatable impulse signals. The ability to modulate the impulse signal at the
CDC would then necessitate a further iteration of the work developed herein to
identify the inter-related effects the varied output from the CDC have on the EFI and
the effects varied EFI geometry have on the CDC’s electrical impulse.
A key area of interest identified in this work was that of the bridge geometry and its
influence upon mass of ejecta due to plasma pinching. Future work characterising
the degree of influence of the various parameters that define the bridge geometry
would develop this aspect of the knowledge described herein. Aspects of particular
interest are the ratio of bridge width to length and the rate of narrowing into the
bridge region.
The future works proposed here seek to build upon the work presented within this
thesis, the model developed herein have the modularity to be developed in parallel
and evolve to encapsulate a full representation of the CDC-EFI-target material
behaviour, including application to wider, multi-point initiation systems.
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