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Abstract/Synopsis

There are several properties that affect the performance of Exploding Foil Initiators (EFI’s) including those of circuit parameters, foil thickness, tamper and substrate materials, flyer material and flyer thickness. One property that may influence EFI performance is that of the geometry of the foil lands. Little literature has been observed in this property of EFI’s and as such it is a property of interest to further fully understand the properties that affect EFI performance. 
This project has performed through several processes an investigation into how geometry may affect performance properties of EFI’s. This has been conducted through a Microsoft Excel based model to determine through geometry and first principles the resistance of a series of shaped foils under test. Once resistance values were obtained a series of electrical based simulations were performed using the multi-physics software ANSYS and were compared with similar results of tests performed in literature which suggest that the shaped foils are viable for use in an EFI. Finally, the project utilised a one-dimensional MATLAB based code obtained from literature which models an EFI and predicts the flyer velocity, burst current and burst time of an EFI. Using the resistance values found in the first process of the project it was found that geometry may have some impact on flyer velocity and burst current.
The final section of the report goes on to discuss the results obtained and where variation occurs and potential causes for this. The report highlights current and future planned works as part of a greater scope relating to this project as well as suggesting a series of recommendations for future separate work to further understand additional properties which affect EFI performance.
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[bookmark: _Toc120105173]1.0-Introduction

Energetic material science and engineering has progressed significantly from origins with black powder and it’s uses in the 9th Century, originally to meet medicinal ends [1], through to the advanced weapon and warhead designs of modern frontline weapon systems such as the Next-Generation Lightweight Anti-Tank Weapon (NLAW) and Javelin providing modern and effective frontline firepower. As materials have advanced so have requirements of having equipment that is safe and robust yet performs effectively in its design environment. One area where such conditions have been set out is in the initiation of energetic devices where reliability, safety and performance cannot be compromised. One modern device used to initiate energetic devices is the Exploding Foil Initiator (EFI) [2]. 
The overall aim of the project is to investigate the effect that foil geometry has on the electrical and physical performance of the EFI. This will be conducted initially through the use of numerical modelling and conclude with physical testing, however due to recent and current world events procurement of such components has been significantly delayed and therefore this report will focus on the numerical modelling carried out to assist in the design of the EFI chips under investigation as well as outline current and proposed works as well as recommendations for future separate works.






[bookmark: _Toc120105174]2.0-Background

[bookmark: _Toc120105175]2.1-Exploding Foil Initiator History

Exploding Foil Initiators are a fundamental part of a modern-day weapon system and are the result of continued development of electric initiation systems.  In order to understand the EFI it is a requirement to understand the purpose of a detonator. Detonators are devices “containing a sensitive explosive intended to produce a detonation wave” [3]. All detonators will convert one form of energy, be it electrical, mechanical, light, friction or heat into a detonative energy that can either initiate a booster charge or directly initiate a main charge depending on the design requirements. EFIs are examples of electric detonators.
Electric detonators can be split into two main groups, low voltage and high voltage. The L2A2 Detonator, as shown in Figure 1 [3], is an example of a low voltage detonator.
[image: Diagram
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[bookmark: _Ref112230373][bookmark: _Toc120105238]Figure 1-L2A2 Electric Demolition Detonator [3]
It is noted that the design of the L2A2 detonator is such that each part requires more energy to initiate it than the previous component, for example the fuzehead will be an electrical wire dipped in a pyrotechnic composition, this is initiated using electrical energy through the heating of the wire. The primary composition will be initiated by the fuzehead, the first low density Pentaerythritol Tetranitrate (PETN) pellet will be initiated by the primary composition and the final high density PETN pellet will be initiated by the low density PETN pellet. This increasing demand of energy requirements is what is known as the explosive train [4]. The explosive train concept not only applies to detonators but applies to initiation of all munition systems. 
There are however several areas of concern with the low voltage detonator design. The use of primary explosives results in a detonator which can easily be initiated through low voltages, sometimes the terminals of a 9V battery or the build-up of static charge from nylon clothing can generate enough energy to cause initiation [3]. Physical mishaps such as dropping from height or mechanical crush and pinch are other hazards to such detonators. In order to combat these safety shortfalls a different detonator design is required, the Exploding Bridge Wire (EBW) detonator.
The Exploding Bridge Wire detonator improves on the low voltage detonator design with regards to safety and performance. The EBW detonator has its origins in the 1940’s in the Manhattan Project during the development of the “Gadget” and “Fat Man” weapons [5]. 
[image: x]
[bookmark: _Toc120105239]Figure 2-Drawing of the Original 1773 EBW Detonators from Gadget and Fat Man [5]
Credited as being developed by Lawrence Johnston and Luis Alvarez, the 1773 EBW detonators were developed to ensure simultaneity of the Gadget and Fat Man devices as they operated on a principle of utilising multiple points of detonation to compress the plutonium pit to achieve nuclear yield [5], each point of detonation having to happen at the same time. These early EBW detonators were large compared to modern EBWs as shown in Figure 3 [5].
[image: ]
[bookmark: _Ref112933432][bookmark: _Toc120105240]Figure 3-Modern EBW (Left) compared to 1773 EBW (Right) [5]
A modern EBW, the Reynolds Industries RP1, is shown in Figure 4. The EBW operates by using a high voltage source to pass a current through the bridge wire incredibly fast, in the nanosecond regime [6], which causes the bridge wire to transition from a solid to a plasma almost instantly, this then imparts a shockwave in the low density PETN which is in intimate contact with the bridge wire. The shockwave causes the low density PETN to initiate which drives the shockwave more to initiate the high-density output PETN and this can then detonate a booster or main charge if desired.
[image: Diagram
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[bookmark: _Ref112934092][bookmark: _Toc120105241]Figure 4-Sectioned view of Reynolds Industries RP1 EBW Detonator [7] 
The EBW design was critical for the safety of the Gadget and Fat Man weapons and many other weapon systems, both nuclear and non-nuclear, since. The use of secondary explosives in the detonator such as PETN [8] negated the safety concerns that primary explosives brought with them and the use of higher voltages to initiate the detonator reduced concerns that may be had with low voltage systems such as stray currents and low voltage initiation. There are however still concerns with the PETN being in intimate contact with the bridge wire. Out of the requirements to improve safety in weapon design the Exploding Bridge Wire was surpassed by the Exploding Foil Initiator.
The development of the Exploding Foil Initiator (EFI) is credited to John R. Stroud of the Lawrence Livermore National Laboratory and was presented in a paper in 1976 titled “A New Kind of Detonator-The Slapper” [9]. The EFI Detonator relies on a thin foil of conductive material that goes through the same process as an EBW of turning from a solid to a plasma in a very short amount of time, the energy of this transition then drives a polymer flyer plate into an explosive pellet. A schematic of the foil section of Stroud’s experimental EFI is shown in Figure 5 [9]. 
[image: Diagram
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[bookmark: _Ref113266278][bookmark: _Toc120105242]Figure 5-Stroud's Experimental EFI [9]
A more refined version of an EFI as described in Stroud’s paper is shown in Figure 6 [9]. 
[image: ]
[bookmark: _Ref113270738][bookmark: _Toc120105243]Figure 6-EBW (Left) compared with an EFI (Right) [9]
It is noted that in Figure 6 in the EFI schematic that there is a standoff between the explosive pellet and the exploding foil, along with a barrier layer in the form of the flyer, this provides an additional level of safety to the EFI design through separating the explosive component from the electrical component of the initiator. 
As part of Stroud’s development, threshold tests were performed which showed that EFIs required a greater current, voltage and energy input requirements compared to EBW detonators. Such threshold data is shown in Table 1 [9].
[bookmark: _Ref113267661][bookmark: _Toc120105288]Table 1-EBW Vs EFI Threshold Data [9]
	Parameter
	EBW
	EFI

	Voltage (V)
	900
	3000

	Current (A)
	250
	3000

	Energy (J)
	0.25
	2.5



Since Stroud’s paper a large amount of research has been undertaken in the field of EFIs and a more modern table comparing Hot-Wire, EBW and EFI detonators is shown in Table 2 [10]. 
[bookmark: _Ref113271493][bookmark: _Toc120105289]Table 2-Modern Parameters of Hot-Wire, EBW and EFI Detonators [10]
	Parameter
	Hot-Wire
	EBW
	EFI

	Operating Current (A)
	5
	500
	3000

	Voltage (V)
	20
	500
	1500

	Energy (J)
	0.2
	0.2
	0.2

	Power (W)
	1
	100,000
	3,000,000

	Function Time (µs)
	1000
	1
	0.1



As the table shows EFIs when compared with comparable hot-wire and EBW detonators offer a higher electrical threshold for firing, increased power requirements for firing and a precise function time, all of which are requirements for the assurance of the safety and performance of modern-day munition systems. 
The design of an EFI consists of a number of components and as an entity an EFI can be seen as a system inside a system. Figure 7 [11] shows the physical schematic of an EFI. The tamper is the base of the EFI and can be in the form of a chip with conductive material deposited on it through vapour deposition. Above the tamper is the bridge, this is the electrical component of the EFI and is what the electrical energy flows into, when energy is passed through the bridge it transitions from a solid to a plasma completely bypassing the liquid and gaseous phases in the nanosecond regime [6].
[image: Graphical user interface
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[bookmark: _Ref113279083][bookmark: _Toc120105244]Figure 7-Schematic of an Experimental EFI [11]
[image: ]
[bookmark: _Ref113284001][bookmark: _Toc120105245]Figure 8-Flyer Formation Due to Plasma Build-up. Top Image Time=0, Time=+ve going down through image [11]
Figure 8 [11] Shows how the flyer forms due to the formation of the plasma caused by the explosion of the bridge. As the bridge heats up in the corners the flyer material bulges at the corners of the bridge. As the plasma forms further to the centre of the bridge the middle of the flyer begins to form and begins to be pinched by the edges of the barrel. The flyer material continues to bulge until the strength of the flyer material is overcome by the plasma formation and tears at the pinch point that the barrel creates. It is noted at this point that foil and bridge geometry and barrel geometry are parameters which can affect the controllability of flyer formation for an EFI [12]. This process is true for EFIs with a finite barrel which is defined as a barrel which has the same diameter as the bridge [13]. An infinite barrel is defined as a barrel with a diameter twice that of the bridge [13].  
Once the flyer is formed it accelerates up the barrel to a velocity in the regime of 3 to 4 km/s [7]. This high velocity coupled with the surface area of the flyer results in the flyer impacting an explosive pellet with high impact pressures in the regime of 20GPa to 30GPa [7]. The magnitude of the impact and its short duration shock result in very short run to detonation distances of less than 0.1mm [7]. This property results in a slapper detonator being incredibly precise in its function time [10] and able to use less sensitive energetic materials such as Hexanitrostilbene (HNS) which is less sensitive than PETN with impact sensitivity figures of greater than 5J for HNS and 3J for PETN as performed through a BAM Impact test [14]. The ability to use less sensitive explosives is desirable for industry where extreme environments are likely to be encountered such as the high temperatures and pressures of oil and gas exploration and extraction [7] or the harsh temperature changes that come with space exploration [15].

[bookmark: _Toc120105176]2.2-Current Literature

[bookmark: _Ref118987835][bookmark: _Toc120105177]2.2.1-Foil Geometry

Current literature of EFIs is broad and covers many aspects of EFI research. As the report is focussing on geometry of the foil used in EFIs it is paramount to find a variety of research papers which cover a variety of geometries which can be further analysed. In order to achieve this a number of peer reviewed papers have been found and noteworthy information from these papers has been used to influence the geometries that will be modelled and manufactured. 
The first design which is notable is the “bowtie” shape. Such a shape has been used in EFIs for several decades. Such a shape was used by Neyer et.al [16] in the development of a low cost, reliable, hermetically sealed detonator [16]. The chosen foil geometry is shown in Figure 9 [16]. 
[image: A picture containing diagram
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[bookmark: _Ref113873652][bookmark: _Toc120105246]Figure 9-Foil design used in Neyer et al detonator [16]
As shown a bowtie type shape has been utilised in the design however the reasons for choosing such a shape have not been disclosed but these could include manufacturing ability, cost, time or other properties required by the detonator that the bowtie shape lends itself to fulfilling. 
Another example of where the bowtie shape has been utilised was in the development of a bi-directional detonator by Los Alamos National Laboratories (LANL) [17] for use in spherical shaped charges. A drawing of the detonator foil design is shown in Figure 10 [17].  
[image: Diagram, engineering drawing
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[bookmark: _Ref113875693][bookmark: _Toc120105247]Figure 10-Bidirectional Slapper Foil Design [17]
It is noted that the angle of the bowtie shape is of 30° from the vertical. The bridge size of 0.38mm by 0.38mm is also noted.
Neither the Neyer paper nor the Martinez paper disclose flyer velocities observed nor electrical properties observed in the testing of these devices.
More recent papers investigating EFIs appear to have chosen a different shape of foil to perform their research. The most prevalent of these is the “butterfly” design. This moniker has been chosen as the radiused shape of the foil resemble the simplified wings of a butterfly with a line of symmetry vertical in the bridge of the design. This design has been employed in a design developed by Yilmaz [18] and shown in Figure 11.
[image: Diagram
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[bookmark: _Ref113876452][bookmark: _Toc120105248]Figure 11-Butterfly foil design [18]
Yilmaz’ study appears to have been investigating multiple parameters in EFI design including foil thickness, bridge size, barrel length and flyer thickness. Although this may not be aligned with the scientific method of changing few variables with each experiment it does provide physical data for modelling validation for butterfly geometry designs.
Another paper which has made use of the butterfly geometry is by Yang et al [19]. 
[image: Chart, diagram
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[bookmark: _Toc120105249]Figure 12-Numerical model mesh of butterfly foil [19]
The aim of the Yang paper was to investigate the viability of a low cost EFI design that makes use of readily available technology more commonly associated with printed circuit board (PCB) manufacture, therefore the use of expensive substrates was negated. The paper highlighted that such technology was viable and could be utilised in weapon systems thus reducing the cost normally associated with traditional EFI designs where high precision substrates and manufacturing methods are employed. As with the other papers discussed in this section no reason for the selection of a butterfly geometry was disclosed.
A more traditional EFI design where a ceramic substrate is used is detailed in a paper by Xu et al [20]. This EFI design is shown in Figure 13 [20].
[image: Diagram
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[bookmark: _Ref113882234][bookmark: _Toc120105250]Figure 13-Xu Butterfly EFI Design [20]
The Xu design was trialled through experimentation methods and data for flyer velocity was captured through Photonic Doppler Velocimetry (PDV) along with firing circuit traces which captured the electrical properties for the operation of the EFI during burst. No reasoning behind the selection of the chosen geometry was given in the paper.
A third foil geometry has been identified in literature in the form of an “H” pattern. This pattern was used in a study by Logan et al [21]. This bridge design is shown below in Figure 14.
[image: ]
[bookmark: _Ref118795244][bookmark: _Toc120105251]Figure 14-H Shape Foil Pattern [21]
Further evidence of the H bridge being used in Exploding Foil initiators has so far not been found beyond this experimental research.
Of the possible bridge geometries that may exist the above are the most prevalent in literature researched for this project. None of the papers researched have so far justified why certain foil geometries have been employed or if there is a performance or safety gain to be had when using one geometry over another.
[bookmark: _Toc120105178]2.2.2-Engineering Modelling & Simulation

Engineering modelling and simulation tools have become more widespread in the workplace with ever increasing problems being executed and completed with such tools. Modelling and simulation is the practice of utilising computers and mathematics to represent physical environments and problems and to solve such problems [22]. The advantages of using such techniques are vast and include savings in time and cost and can reduce risk in terms of assets, finances, and operators. Modelling and simulation can be used to find potential problems before they arise in real experiments. Disadvantages of modelling can arise if a model has been programmed or set up incorrectly and depending on the complexity of the problem being solved, the costs of running larger more complex models can increase [23]. 
A variety of software and techniques can be used to solve such modelling and simulation problems, from basic Excel spreadsheets to professional bespoke software applications. Two of the most favoured pieces of software are MATLAB and ANSYS. MATLAB is a mathematical based software developed originally in the 1960’s and has evolved into a professional science and engineering computational software with a wide and varied userbase [24]. MATLAB has a series of specific toolboxes which are used in the Aerospace, Biomedical Science, Image Processing and Computer Vision and Maths, Statistics and Optimisation [24]. ANSYS is a Finite Element Analysis engineering software which is capable of solving a multitude of physical problems including mechanical stress and strain, fluid dynamics, electrical and heat transfer problems and even explosion and blast simulation [25].
Similar modelling utilising software similar to ANSYS has been conducted by Yang et al [19] and has proven effective in determining a variety of properties of EFI designs at the concept and prototyping phase. Such images from the study performed by Yang et al are shown in Figure 15 [19].  
[image: ]
[bookmark: _Ref118987067][bookmark: _Toc120105252]Figure 15-Modelling of heating build up over time [19]
Such modelling is beneficial in determining the efficiency of the input electrical energy transferring to thermal energy and to also determine where the heating of the bridge will occur and how current will flow through the bridge.
MATLAB has been used to model an entire Exploding Foil Initiator and uses parameters such as the circuit resistance, voltage, and inductance as well as the parameters of the bridge. This model was developed by Ghosh and has been found to provide a suitable model to investigate various parameters relating to the design of an Exploding Foil Initiator [26].
For the scope of this project several pieces of software will be utilised to model various properties of the Exploding Foil Initiator. The first will be Microsoft Excel to determine the expected resistance of the components under test from basic principles, ANSYS will be used to investigate the flow of electrical energy in the foils and where heating occurs in the foil design. Finally, MATLAB will be used to model the initiation of the EFI to determine potential flyer speeds and to investigate how various input parameters affect the output of the EFI design with final experiments focussing on utilising the resistance values calculated for each geometry in the Excel based model. 




[bookmark: _Toc120105179]3.0-Design of EFI Chips

[bookmark: _Toc120105180]3.1-Geometry

As has been discussed in Section 2.2.1 several known foil geometries exist and have been tested in context to their respective design and test environments. Using these known designs as an influence, a number of foils have been drawn up to investigate how a change in the foil geometry affects the performance of the EFI design. These foil designs have been drawn up and sketched using Computer Aided Design (CAD) software and are shown in Figure 16 through to Figure 19.
[image: ]
[bookmark: _Ref118988780][bookmark: _Toc120105253]Figure 16-Bowtie Foil Geometry
[image: ]
[bookmark: _Ref118989077][bookmark: _Toc120105254]Figure 17-Butterfly Foil Geometry
[image: ]
[bookmark: _Ref118989086][bookmark: _Toc120105255]Figure 18-H Foil Geometry
[image: ]
[bookmark: _Ref118988788][bookmark: _Toc120105256]Figure 19-Halfpipe Foil Geometry
The geometry in Figure 16, Figure 17 and Figure 18 has taken influence from the literature review conducted in section 2.2.1 however the geometry in Figure 19 has taken influence from that in Figure 17 and has inversed the curve that forms that geometry.
[bookmark: _Toc120105181]3.2-Substrate Material

A number of substrate materials can be used to develop an EFI chip. Yang et al utilised traditional Printed Circuit Board (PCB) fibre-based substrates which proved successful in initiating Hexanitrostilbene (HNS) and were a viable substrate for an inexpensive EFI design [19]. Alumina substrate materials have also been utilised in various designs of EFI designs [27]. Such alumina materials provide a suitable tamper for EFI’s with optimal tamper materials exhibiting an impedance[footnoteRef:1] mismatch to the plasma formation [11]. Borman noted that tamper layers should be high in density, have a significantly greater thickness to the flyer thickness, have a low surface roughness and good contact adhesion with the bridge layer of the EFI [13]. These are properties which are controllable with alumina or ceramic based substrates. [1:  Impedance is a property in shock physics relating to a materials resistance to compressive shock waves [38].] 

[bookmark: _Toc120105182]3.3-Foil Material

A number of foil materials can be used in the design of an EFI. Choice of material is dependent on the desired burst characteristics of the EFI [11]. Stroud used aluminium in the original EFI design [9] whereas Yang et al utilised copper as their bridge and foil material [19]. Materials can also be combined in order to meet various requirements which may be set out by the customer such as aging and corrosion resistance as well as threshold safety. Several foil materials, aluminium, gold, and copper will be investigated to determine the effect of material changes on EFI performance and characteristics. From this modelling a variety of EFI chips will be manufactured using the design geometry with initially one of the materials selected to compare with the modelling results and future work investigating a comparison between materials through physical testing.



[bookmark: _Ref119491676][bookmark: _Toc120105183]4.0-Excel Resistance Modelling of Foils

[bookmark: _Toc120105184]4.1-Resistance Theory

The resistance of a component can be calculated using Equation 1 [28]. 

[bookmark: _Ref118992913][bookmark: _Toc120105308]Equation 1-Resistance of a Conductor Equation [28]
R is the resistance of the conductor under analysis measured in ohms (Ω), ρ is the resistivity of the conductor material measured in ohm metres (Ωm), L is the length of the conductor measured in metres (m) and A is the cross-sectional area of the conductor measured in metres squared (m2).
The equation can be modified to represent a conductor with a rectangular cross section in the following manner shown in Equation 2 where w represents the conductor width in metres (m) and t is the conductor thickness measured in metres (m).

[bookmark: _Ref118993532][bookmark: _Toc120105309]Equation 2-Modified Resistance Equation
Equation 1 and Equation 2 work perfectly well for conductors that have a fixed cross section that does not change along the length of the conductor. However, due to the nature of the foil geometries under test only one design is valid for use with Equation 1 or Equation 2 which is the H shaped foil in Figure 18. The bowtie (Figure 16), butterfly (Figure 17) and halfpipe (Figure 19) designs will require a further modification of the equation in order to account for their change in geometry. This modification is shown in Equation 3. 

[bookmark: _Ref118994012][bookmark: _Toc120105310]Equation 3-Modified Resistance Equation for Change in Cross Sectional Area
The mathematics beyond that presented in Equation 3 have an increased amount of complexity to develop further within the constraints of this project however a geometric method has been developed using Excel which can provide a general indication of expected resistance of foil geometries under test.
 


[bookmark: _Toc120105185]4.2-Discretisation of Foil Geometry

As the “H” shaped geometry is the most simple it will be used in to describe the excel modelling process. The “H” Shaped model is represented in Excel in in the manner shown in Figure 20. 
[image: ]
[bookmark: _Ref119323104][bookmark: _Toc120105257]Figure 20-"H" Shape geometry Excel Model
The model is split into several sections where the cross-section dimensions change. A scaling factor is also applied due to the geometry being split across cells. A scaling factor of 0.1 is applied for the cells in the vertical direction, and a scaling factor of 0.1008 is applied to the cells along the bottom in the horizontal direction. These scale factors have been chosen as they provide suitable ratios relating to the geometric dimensions of the foils and a suitable number of cells to split the geometry up within. These scaling factors are then used to determine the resistance in each section using the equation set out in Equation 2 and are represented by

[bookmark: _Ref119322710][bookmark: _Toc120105311]Equation 4-Excel Resistance Equation
Sfh is the horizontal scaling factor described previously which splits the horizontal dimension up into a series of manageable sections. Sfv is the horizontal scaling factor described previously applied to the vertical direction, Number of Cells is the number of cells used to provide the vertical dimension in the excel model. Terms from Equation 2 which remain in Equation 4 are ρ and t. Using this method a total resistance for the H shaped foil is calculated to be 0.0103Ω.

[bookmark: _Toc120105186]4.3-Modelling Results

Using the method described, the resistances for all the foil shapes under investigation were determined and are presented in Table 3.
[bookmark: _Ref119403269][bookmark: _Toc120105290]Table 3-Resistance Modelling Results
	Foil Geometry
	Value

	“H” Shape
	0.0103Ω

	Bowtie Shape
	0.0132Ω

	Butterfly Shape
	0.0107Ω

	Halfpipe Shape
	0.0149Ω



As can be observed from the basic initial modelling carried out in excel there is a change in resistance of the foils under consideration depending on their geometry with the Halfpipe geometry presenting the highest resistance of 0.0149Ω and the H shape presenting the lowest at 0.0103Ω with the butterfly shape presenting the second lowest resistance of 0.0107Ω and the bowtie shape offering the second highest of 0.0132Ω.
This resistance data determined at this stage will be used to determine potential flyer velocities and characteristics of EFIs for future modelling activities carried out as part of this project.

[bookmark: _Toc120105187]5.0-ANSYS Modelling of Foils

[bookmark: _Toc120105188]5.1-Model Setup

ANSYS is a multiphysics simulation software package which is capable of performing a variety of simulations including stress and strain, structural mechanics, dynamic impact, and vibrational analysis. ANSYS is also becoming more suited to electrical and electronics engineering design problems with increased packages within ANSYS being aimed at these subject areas. ANSYS has been used in this project to determine if the foil geometries perform, thermally and electrically, in a manner which is consistent with that which has been observed in literature. 
For this analysis a student version of ANSYS 2022 has been used which is limited in terms of the number of computational elements that can be applied to a model therefore results obtained in this process are not as detailed as those that could be obtained with a full industrial version of the software.
The model has been set up as shown in Figure 21 with electrical properties of a 3000V voltage applied to edge A on the right edge of the foil and a 3000A current applied to face B on the left edge of the model. These values have been chosen as they are typical charging voltages and current values observed in literature [26]. These models have been developed as a steady state model. 
[image: ]
[bookmark: _Ref119480628][bookmark: _Toc120105258]Figure 21-ANSYS Model Set Up


[bookmark: _Toc120105189]5.2-Thermal Results

The first set of results are of the Joule heating thermal results. This is an analysis which shows where the model is heating up most when the input parameters of the voltage and current are applied to the model. 
[image: ]
[bookmark: _Ref119481337][bookmark: _Toc120105259]Figure 22-Thermal Profile for Bowtie Geometry
[image: ]
[bookmark: _Toc120105260]Figure 23-Thermal Profile for Butterfly Geometry

[image: ]
[bookmark: _Toc120105261]Figure 24-Thermal Profile for Halfpipe Geometry


[image: ]
[bookmark: _Ref119481344][bookmark: _Toc120105262]Figure 25-Thermal Profile for H Geometry
As can be seen in Figure 22 through Figure 25 the most heating occurs in the corners of the bridge where the bridge joins the lands of the foil. This heating is concurrent with what has been observed in the studies of Logan et al [21] and is representative of the heating profile observed in the Logan et al study as shown in Figure 14 [21]. This similarity in results to previous studies provides increased confidence that the modelling approach used to obtain these results is a valid approach in this research.


[bookmark: _Toc120105190]5.3-Current Density Results
[image: ]
[bookmark: _Ref119482589][bookmark: _Toc120105263]Figure 26-Bowtie Shape Current Density Profile
[image: ]
[bookmark: _Toc120105264]Figure 27-Enlarged Bowtie Shape Current Density Profile
[image: ]
[bookmark: _Toc120105265]Figure 28-Butterfly Shape Current Density Profile
[image: ]
[bookmark: _Toc120105266]Figure 29-Enlarged Butterfly Shape Current Density Profile
[image: ]
[bookmark: _Toc120105267]Figure 30-Halfpipe Shape Current Density Profile
[image: ]
[bookmark: _Toc120105268]Figure 31-Enlarged Halfpipe Shape Current Density Profile
[image: ]
[bookmark: _Toc120105269]Figure 32-H Shape Current Density Profile
[image: ]
[bookmark: _Ref119482604][bookmark: _Toc120105270]Figure 33-Enlarged H Shape Current Density Profile
Figure 26 through to Figure 33 show the current density profile of the foil. The current density is highest in the areas where most heating occurs in Figure 22 through Figure 25. This is as what would be expected for this model set up thus adding further confidence that the foil designs have further potential to be investigated as to how effective they will be when applied to experimental EFI designs.




[bookmark: _Toc120105191]6.0-MATLAB Modelling of EFI’s

As the foil designs have been shown through the ANSYS simulations to be potentially viable from an electrical viewpoint and expected resistance values have been calculated, the next stage of the project is to model how the foils may perform in terms of flyer velocity, burst time, and burst current. An entire MATLAB model has been published by Ghosh [26] which is able to predict burst time, burst current and flyer velocity of EFIs given a few input parameters such as circuit properties, bridge size and flyer material properties and dimensions. This model will be used and modified to assist in predicting the performance of the EFI foil shapes under test.  
[bookmark: _Toc120105192]6.1 Firing Circuit

A typical firing circuit related to an EFI is shown in Figure 34 [21]. As is shown a firing circuit consists of a switch, a capacitor, an inductor, and a resistor matched with a non-linear resistor, in this case the H shaped foil design used by Logan et al [21]. 
[image: ]
[bookmark: _Ref119403980][bookmark: _Toc120105271]Figure 34-Typical Firing Circuit of an EFI [21]
The Capacitor element of the circuit provides the charging voltage to the firing circuit and therefore the voltage to initiate the EFI. The resistance and inductor elements come from the internal properties of any cabling and connections in the firing circuit as well as adding the resistance presented by the foil [26]. Typical values which occur within EFI circuits are an inductance of 300nH, resistance of 150mΩ and a capacitance of 3μF [26].  
In order to reduce development times, the MATLAB model developed by Ghosh [26] will be used to model a variety of features and properties related with EFI’s and then will test if the model is capable of modelling geometric effects of EFI’s. The code will be modified so as to not make use of a Graphical User Interface (GUI) as this increases the learning curve with the software beyond a point which is manageable for the constraints of this project.
[bookmark: _Toc120105193]6.2-Theory

[bookmark: _Toc120105194]6.2.1-Assumptions

Ghosh has stated a number of assumptions related to the model that has been developed which are as follows:-
· The volume of the exploding foil is constant up until the moment of burst. [26]
· The specific resistivity of the shaped foil varies linearly with temperature up to the temperature at burst (represented in equations by Tb). [26]
· The ratio of burst resistance to initial resistance (Rb/Ro) is a characteristic constant for each foil material. [26]
· Equation of State (EoS) used in the model is based on a semi-empirical model for the internal energy ε=ε(T,V). V is the specific volume and T is the temperature. Several components are present in the internal energy equation: in this circumstance the elastic energy, εc (lo-temperature component), has been negated in the simulation. The thermal energy of atoms εt and the electrical component εe, especially important at high temperatures. [26]
· The duration of the explosion process is much shorter than the time of energy dissipation in the foil. Heat conductivity, losses to radiation and heat of phase transition are negated and it is assumed all electrical energy delivered to the foil is converted to Joule heating of the foil. [26]
· The metal foil is assumed to be at a uniform temperature at each point in time. Temperature gradients present in the foil are not considered. [26]
[bookmark: _Toc120105195]6.2.2-Equations of Model

In the report published by Ghosh a series of equations are outlined which assist in describing mathematically how the MATLAB model operates [26].

[bookmark: _Ref119485234][bookmark: _Toc120105312]Equation 5-Partial Derivative of Heat Capacity with Respect to Time [26]
Equation 5 is a partial derivative of heat capacity with respect to time where Q is the heat capacity per unit mass of the foil, J is the current density through the foil cross section, ρ is the electrical conductivity of the foil material and σ is the mass density of the foil material [26]. This equation describes the Ohmic heating of the foil [26].

[bookmark: _Ref119485471][bookmark: _Toc120105313]Equation 6-Calculation of Dynamic Resistance [26]
Equation 6 is the equation describing dynamic resistance where I is the current of the circuit, r and r0 are the dynamic and initial resistances of the foil and T and T0 are the dynamic and ambient temperatures of the foil [26]. This equation describes that dynamic resistance varies linearly with temperature [26]. 

[bookmark: _Ref119485844][bookmark: _Toc120105314]Equation 7-Current Flow in the Circuit [26]
Equation 7 describes the current flow in the circuit where L is inductance, I is current, R is resistance and C is capacitance [26].

[bookmark: _Ref119486049][bookmark: _Toc120105315]Equation 8-Equation of State for the foil material as a function of temperature and specific volume [26]
Equation 8 describes the equation of state for the foil material as a function of temperature and specific volume where ε is the energy per unit mass in the foil and V and V0 are the dynamic specific volume and specific volume [26]. 

[bookmark: _Ref119486741][bookmark: _Ref119486732][bookmark: _Toc120105316]Equation 9-Rewrite of Energy Equation in Equation 8 [26]
Equation 9 is a rewrite of Equation 8 where εt is the thermal energy of atoms and εe is the electrical energy contributed for temperatures below 50,000 Kelvin [26]. It is noted that the εC has not been disclosed by Ghosh in the model however Equation 9 has an associated reference in a text published by Zeldovich and Raizer [29].

[bookmark: _Ref119487886][bookmark: _Toc120105317]Equation 10-Thermal Energy of Atoms [26]
Equation 10 represents the thermal energy of the atoms in the model where Cv (T) is the specific heat capacity and is only a function of T.

[bookmark: _Ref119488045][bookmark: _Toc120105318]Equation 11-Thermal Energy of Atoms with 6 Degrees of Freedom [26]
Equation 10 can be further expanded into Equation 11 [26] where K is the Boltzmann constant, N is the number of atoms per unit mass and T is temperature in Kelvin. This equation is valid for low temperatures.

[bookmark: _Ref119488266][bookmark: _Toc120105319]Equation 12-Thermal Energy of Atoms with 3 Degrees of Freedom [26]
Equation 12 is used for where high temperatures are present [26].

[bookmark: _Ref119488651][bookmark: _Toc120105320]Equation 13-Energy Equation for Intermediate Temperatures [26]
Equation 13 is used to describe the energy component for intermediate temperatures where R is the universal gas constant, C is the speed of sound in the foil material at ambient temperature, 𝓁 is a parameter which has been derived empirically and  is the internal energy at room temperature [26]. 

[bookmark: _Ref119489156][bookmark: _Toc120105321]Equation 14-Electrical Energy Component [26]
Equation 14 is the energy provided by the electrical component of the model and is for temperatures below 50,000K. In this equation β is defined as 1.1X10-2 K/kg.K2 [26].

[bookmark: _Ref119489442][bookmark: _Toc120105322]Equation 15-Gurney Equation For Flyer Velocity [26]
Equation 15 is the Gurney equation which describes the velocity of the flyer material where V is the velocity in km/s, J is the burst current density in TA/m2, M is the mass of the flyer and C is the foil mass per unit area [26]. It is noted that Gurney equations need to be calibrated for their specific use cases depending on foil and flyer materials.
[bookmark: _Toc120105196]6.3-MATLAB Code

The MATLAB code model published by Ghosh has been developed to make use of a full graphical user interface (GUI), however the development and programming of this GUI in the scope of this project has presented a number of challenges, due to this the model has been converted to a code only model that prints out the required graphical and numerical data for each simulation run. A transcript of the code that has been developed and used is present in Appendix A-MATLAB Code.
[bookmark: _Toc120105197]6.4-MATLAB Experiments

Utilising the MATLAB code published by Ghosh a number of experiments were carried out. The first was to verify the code as being functional and comparable with the results obtained by Ghosh. The series of experiments carried out were to investigate the effect of material changes, dimensional changes to the bridge dimensions and thickness, investigate changes to flyer materials and thickness, Investigate changes to the electrical properties of the firing circuit and lastly use the resistances calculated in section 4.0-Excel Resistance Modelling of Foils to determine potential flyer velocities, burst current and burst time.
[bookmark: _Toc120105198]6.5-MATLAB Results

[bookmark: _Toc120105199]6.5.1-Ghosh Verification

The first experiment was to utilise parameters set out by Ghosh to verify the code that has been based on that published by Ghosh [26]. These parameters are shown in Table 4 [26]. 
[bookmark: _Ref119491956][bookmark: _Toc120105291]Table 4-Ghosh Verification Input Parameters
	INPUT PARAMETER
	INPUT VALUE

	Foil Thickness (um)
	8

	Foil Length (um)
	1000

	Foil Width (um)
	1000

	Capacitance (uF)
	3

	Inductance (nH)
	200

	Charging Voltage (kV)
	4

	Circuit Resistance (mohm)
	100

	Foil Material
	copper

	Flyer Material
	Mylar

	Flyer Thickness (um)
	75



From these input parameters a number of results have been obtained from the model. The results for burst time, burst current and flyer velocity are shown in Table 5.


 
[bookmark: _Ref119492067][bookmark: _Toc120105292]Table 5-Ghosh Verification Numerical Results
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	603.48

	Burst Current (kA)
	8.6532

	Flyer Velocity (km/s)
	2.11



As well as numerical results a number of graphical results have been obtained from the code.
[image: ]
[bookmark: _Ref119492553][bookmark: _Toc120105272]Figure 35-Graph of the Local Action (J) Value against Time (us)
[image: ]
[bookmark: _Toc120105273]Figure 36-Graph of Dynamic Current (kA) against Temperature (K)
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[bookmark: _Toc120105274]Figure 37-Graph of Foil Temperature (K) Vs Ambient Temperature (K)
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[bookmark: _Toc120105275]Figure 38-Graph of Current (kA) Vs Time (us)
[image: ]
[bookmark: _Toc120105276]Figure 39-Graph of Voltage (kV) Vs Time (us)
[image: ]
[bookmark: _Toc120105277]Figure 40-Graph of Foil Resistance (mOhms) Vs Time (us)
[image: ]
[bookmark: _Ref119492565][bookmark: _Toc120105278]Figure 41-Graph of Foil Temperature (K) Vs Time (us)
The graphs shown in Figure 35 through to Figure 41 show the temperature and transient behaviour of the EFI throughout its functioning. These results are representative of those obtained by Ghosh and prove that the model code functions as it should.
[bookmark: _Toc120105200]6.5.2-Effect of Foil Material Change

The next parameter that was investigated was the effect changing the foil material has on flyer velocity and burst current and burst time. The results for gold foil material are shown in Table 6 and those for aluminium are shown in Table 7. In order to keep these results consistent, the electrical parameters and dimension parameters used previously have been retained.
[bookmark: _Ref119492901][bookmark: _Toc120105293]Table 6-Results for Gold Foil Material
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	488.2

	Burst Current (kA)
	7.48

	Flyer Velocity (km/s)
	2.56



[bookmark: _Ref119492973][bookmark: _Toc120105294]Table 7-Results for Aluminium Foil Material
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	446.7

	Burst Current (kA)
	6.33

	Flyer Velocity (km/s)
	1.023



 Graphical results for gold foil and aluminium foil can be viewed in Appendix B and Appendix C. 
As can be observed from the results obtained from the model copper exhibits properties of having the slowest burst time, highest burst current, and median flyer velocity. Gold exhibits properties of having the median burst time and burst current yet the highest flyer velocities and aluminium presents the shortest burst time, lowest burst current and lowest flyer velocities.
[bookmark: _Toc120105201]6.5.3-Effect of Changing Bridge Size and Material

The next series of experiments conducted were to investigate the change of reducing the bridge size and changing the material so that there is a direct comparison to previously conducted experiments both to determine if overall bridge size has an effect and if changing material for smaller bridge sizes has an effect. For these experiments the electrical properties have remained consistent with previous experiments. The results for these experiments are presented in Table 8 through Table 10. 
[bookmark: _Ref119494546][bookmark: _Toc120105295]Table 8-Small Bridge Copper Results
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	181.73

	Burst Current (kA)
	3.29

	Flyer Velocity (km/s)
	2.638



[bookmark: _Toc120105296]Table 9-Small Bridge Gold Results
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	150.2

	Burst Current (kA)
	2.75

	Flyer Velocity (km/s)
	3.178



[bookmark: _Ref119494555][bookmark: _Toc120105297]Table 10-Small Bridge Aluminium Results
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	137.9

	Burst Current (kA)
	2.402

	Flyer Velocity (km/s)
	1.173



As can be observed from these results reducing the bridge overall reduces burst time and burst current yet increases flyer velocity. The properties investigated previously through only changing the material have also been carried through to these results. Graphical results from these experiments can be viewed in Appendix D, Appendix E and Appendix F.

[bookmark: _Toc120105202]6.5.4-Effect of Resistance Change

In this series of experiments the bridge size used previously was retained and the resistance of the circuit was incremented from 100mOhms in 5mOhm increments to 120mOhms. The results from these experiments is shown graphically in Figure 42. 

[bookmark: _Ref119495490][bookmark: _Toc120105279]Figure 42-Effect of Changing Resistance
As can be observed from the experiments conducted the burst time of the EFI increases as resistance increases and there is a slight downward trend observed in the burst current and flyer velocity as resistance in increased. 


[bookmark: _Toc120105203]6.5.5-Effect of Voltage Change

In this series of experiments the dimensions of the smaller bridge size were used and the electrical properties were kept constant and consistent with the control experiments with only voltage being changed. The results from these experiments are displayed graphically in Figure 43. 

[bookmark: _Ref119495839][bookmark: _Toc120105280]Figure 43-Effect of Voltage Change
As can be observed in Figure 43 as voltage is increased there is an upward trend in burst current, an upward trend in flyer velocity and a downward trend in burst time.


[bookmark: _Toc120105204]6.5.6-Effect of Inductance Change

In this series of experiments the dimensions of the smaller bridge size were used and the electrical properties were kept constant and consistent with the control experiments with only inductance being changed. The results from these experiments can be found in Figure 44.

[bookmark: _Ref119496206][bookmark: _Toc120105281]Figure 44-Effect of Changing Inductance
As observed in Figure 44 as inductance is increased there is a downward trend observed in the burst current and flyer velocity and an upward trend in the burst time.


[bookmark: _Toc120105205]6.5.7-Effect of Capacitance

In this series of experiments the dimensions of the smaller bridge size were used and the electrical properties were kept constant and consistent with the control experiments with only capacitance being changed. The results from these experiments can be found in Figure 45. 

[bookmark: _Ref119496454][bookmark: _Toc120105282]Figure 45-Effect of Changing Capacitance
As can be observed in Figure 45 as capacitance in increased there is a slight upward trend in burst current, a slight upward trend in flyer velocity and a variation in burst time.


[bookmark: _Toc120105206]6.5.8-Effect of Flyer Material

In these experiments the flyer material has been varied between Mylar and Kapton polymers. Mylar has a density of 1390kg/m3 [30] and Kapton has a density of 1420kg/m3 [31]. Both these materials have been identified in the model published by Ghosh [26]. Properties of the bridge from the reduced size experiment have been retained and the electrical properties are consistent with previous experiments. The results for Mylar are in Table 11 and the results for Kapton can be viewed in Table 12.
 
[bookmark: _Ref119497568][bookmark: _Ref119497557][bookmark: _Toc120105298]Table 11-Results from Mylar Flyer Material
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	137.9

	Burst Current (kA)
	2.402

	Flyer Velocity (km/s)
	1.177



[bookmark: _Ref119497577][bookmark: _Toc120105299]Table 12-Results from Kapton Flyer Material
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	137.9

	Burst Current (kA)
	2.402

	Flyer Velocity (km/s)
	1.1612



As can be observed from the data in Table 11 and Table 12 there is no apparent trend observable for the burst current or time however there is a decrease in flyer velocity.


[bookmark: _Toc120105207]6.5.9-Effect of Flyer Thickness

In these experiments the flyer material has been fixed to Mylar. The bridge properties have been fixed to the small bridge size experiments and the electrical properties have been kept consistent with the control experiments. The results from these experiments can be viewed graphically in Figure 46.

[bookmark: _Ref119498560][bookmark: _Toc120105283]Figure 46-Effect of Changing Flyer Thickness
As can be observed in Figure 46 as flyer thickness increases there is a downward trend in flyer velocity, no change in burst current and a variation in the burst time observed of the EFI.


[bookmark: _Toc120105208]6.5.10-Effect of Changing Foil Thickness

In these experiments the thickness of the foil was varied. The bridge size properties from previous experiments where the size of the bridge was reduced were retained and the electrical properties from previous experiments were kept consistent. These results can be viewed graphically in Figure 47.
 

[bookmark: _Ref119499134][bookmark: _Toc120105284]Figure 47-Effect of Changing Foil Thickness
As can be observed in Figure 47 as the foil thickness is increased there is an upward trend in flyer velocity, an upward trend in burst time and an upward trend in burst current.


[bookmark: _Toc120105209]6.5.11-Effect of Changing Bridge Width

In these experiments the width of the bridge was varied. The bridge length was kept consistent with previous experiments as were the electrical properties from previous experiments. The results of these experiments are shown in Figure 48.

[bookmark: _Ref119514558][bookmark: _Toc120105285]Figure 48-Effect of Varying Bridge Width
Figure 48 shows that as the width of the bridge is enlarged there is a linear increase in burst time, less of a linear increase in burst current and a slight downward trend in flyer velocity.


[bookmark: _Toc120105210]6.5.12-Effect of Changing Bridge Length

In these experiments the length of the bridge was varied and the width of the bridge was kept consistent with previous experiments. The electrical properties were also kept consistent with previous experiments. The results of these experiments can be viewed in Figure 49.

[bookmark: _Ref119514830][bookmark: _Toc120105286]Figure 49-Effect of Varying Bridge Length
Figure 49 shows that as the bridge length is increased there is a slight downward trend in flyer velocity and burst current yet an increasing variation in burst time.


[bookmark: _Toc120105211]6.5.13-Geometric Shaped Foil Modelling

Once a number of baseline experiments were conducted to investigate how various parameters affect EFI performance, experiments were then conducted which investigate the performance of the geometric shaped foils under test to establish potential performance values. For these experiments the input parameters in Table 13 were used to remain consistent with previous experiments with the values of resistance being changed depending on the values calculated in Section 4.0-Excel Resistance Modelling of Foils. A Cable resistance of 100mOhms has been assumed as per the modelling experiments carried out by Ghosh [26]. The resistance of the foils calculated in section 4.0-Excel Resistance Modelling of Foils is added to this cable resistance to determine the effect the foil has on its own. 
[bookmark: _Ref119572523][bookmark: _Toc120105300]Table 13-Geometric Shaped Foil Modelling Parameters
	INPUT PARAMETER
	INPUT VALUE

	Foil Thickness (um)
	4

	Foil Length (um)
	Consistent with Previous Experiments

	Foil Width (um)
	Consistent with Previous Experiments

	Capacitance (uF)
	3

	Inductance (nH)
	200

	Charging Voltage (kV)
	4

	Foil Material
	Mylar

	Flyer Thickness (um)
	75

	Circuit Resistance
	Cable-100mOhm + Foil Resistance




[bookmark: _Toc120105212]6.5.14-Bowtie Shaped Foil Results

The first shaped foil to be investigated in the model was the bowtie shaped foil. The total resistance used for the model including cable resistances and foil resistance was 113.2mOhms with other parameters used from Table 13 where applicable. Table 14 shows the performance results obtained. Graphical outputs from the model can be viewed in Appendix G. 


[bookmark: _Ref119572830][bookmark: _Toc120105301]Table 14-Results from Testing with Bowtie Shaped Foil Resistances
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	137.98

	Burst Current (kA)
	2.4022

	Flyer Velocity (km/s)
	1.1612



[bookmark: _Toc120105213]6.5.15-Butterfly Shaped Foil Results

The second shaped foil investigated in the model was the butterfly shaped foil. The total resistance used for the model including cable resistances was 110.7mOhms with other parameters used from Table 13 where applicable. Table 15 shows the performance results obtained. Graphical outputs from the model can be viewed in Appendix H.  
[bookmark: _Ref119573084][bookmark: _Toc120105302]Table 15-Results from Testing with Butterfly Shaped Foil Resistances
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	138.23

	Burst Current (kA)
	2.3971

	Flyer Velocity (km/s)
	1.1754



[bookmark: _Toc120105214]6.5.16-Halfpipe Shaped Foil Results

The third shaped foil investigated in the model was the halfpipe shaped foil. The total resistance used for the model including cable resistances was 114.9mOhms with other parameters used from Table 13 where applicable. Table 16 shows the performance results obtained. Graphical outputs from the model can be viewed in Appendix I.
[bookmark: _Ref119573375][bookmark: _Toc120105303]Table 16-Results from Testing with Halfpipe Shaped Foil Resistances
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	138.23

	Burst Current (kA)
	2.3953

	Flyer Velocity (km/s)
	1.1747



[bookmark: _Toc120105215]

6.5.17-H Shaped Foil Results

The final shaped foil investigated in the model was the H shaped foil. The total resistance used for the model including cable resistances was 110.3mOhms with other parameters used from Table 13 where applicable. Table 17 shows the performance results obtained. Graphical outputs from the model can be viewed in Appendix J. 

[bookmark: _Ref119574138][bookmark: _Toc120105304]Table 17-Results from Testing with H Shaped Foil Resistances
	OUTPUT PARAMETER
	OUTPUT VALUE

	Burst Time (ns)
	138.23

	Burst Current (kA)
	2.3973

	Flyer Velocity (km/s)
	1.1755



 





[bookmark: _Toc120105216]7.0-Discussion

The project has investigated a number of properties relating to EFI’s, both specifically applied to the geometric shaped foils and in their general function. The project research has assisted in gaining a deeper understanding on the basic fundamentals of EFI type detonators and which properties influence performance and also a potential impact on safety.
[bookmark: _Toc120105217]7.1-Factors Affecting EFI Flyer Velocity Performance

From the analysis performed through modelling it is found that the following factors and how they affect EFI flyer velocity are:-
· Change of foil material-Less dense materials generally results in lower flyer velocities
· Change in bridge size-Overall smaller bridge dimensions result in faster flyer velocities for consistent circuit parameters
· Change of circuit resistance-Higher resistance values result in lower flyer velocities
· Change of circuit voltage-Higher voltages exhibit increased flyer velocities
· Change of circuit inductance-Higher inductance values result in decreased flyer velocities
· Change of circuit capacitance-Higher capacitance values result in slightly higher flyer velocities
· Change of flyer material-More dense flyer materials have decreased flyer velocities
· Change of flyer thickness-Increased flyer thickness results in reduced flyer velocities
· Change of foil thickness-Increased foil thickness results in increased flyer velocities
· Change of bridge width-Increase of bridge width results in decreased flyer velocities
· Change of bridge length-Increase in bridge length results in decreased flyer velocities
These statements are generalised and from the modelling carried out in this project these are the properties that have been observed however some of the changes appear to have trends where the return diminishes as the amount is increased, for example increasing the foil thickness appears to offer increased flyer velocities to a point then the velocities appear to plateau and potentially begin to drop. 
Increased flyer velocities are beneficial if an EFI is to be capable of initiating less sensitive detonating explosive compositions [32], therefore it is a desirable property to investigate. The use of less sensitive compositions will result overall in increased component safety and increased system safety when applied to any explosive device [32]. 
From the modelling carried out it is evident that to increase flyer velocities there are a number of properties that can be maximised and minimised, Table 18 shows these properties and how best to change that property to increase flyer velocity.  
[bookmark: _Ref119582253][bookmark: _Toc120105305]Table 18-Properties to Change to Increase Flyer Velocity
	EFI Parameter
	Change to Increase Flyer Velocity

	Foil Material
	Increase Density

	Bridge Size
	Reduce Bridge Size

	Circuit Resistance
	Minimise

	Circuit Voltage
	Maximise

	Circuit Inductance
	Minimise

	Circuit Capacitance
	Maximise

	Flyer Material
	Less Dense

	Flyer Thickness
	Minimise

	Foil Thickness
	Maximise

	Bridge Width
	Minimise

	Bridge Length
	Minimise


  
[bookmark: _Toc120105218]7.2-Factors Affecting EFI Burst Current

From the analysis through modelling, it has been found that the following factors affect burst current of the EFI in the following manner:-
· Change of foil material-Materials with increased resistivity exhibit lower burst currents
· Change in bridge size-Reducing bridge size reduces burst current 
· Change of circuit resistance-Increasing circuit resistance reduces burst current
· Change of circuit voltage-Increasing charge voltage increases burst current
· Change of circuit inductance-Increasing inductance reduces burst current
· Change of circuit capacitance-Increasing capacitance slightly increases burst current
· Change of flyer material-Effect of changing flyer material has no change on burst current
· Change of flyer thickness-Effect of flyer thickness has no change on burst current
· Change of foil thickness-Increase of foil thickness increases burst current
· Change of bridge width-Increasing bridge width increases burst current
· Change of bridge length-Increasing bridge length reduces burst current 
Burst current of an EFI is a property which can also relate to safety of an EFI. If a higher burst current is observed then a larger amount of energy is required to initiate the EFI [33], this can either present an advantage in terms of safety in that stray energies will less likely initiate an EFI or a disadvantage where available energy amounts are constrained. Burst current of the EFI can be determined through threshold testing of EFI’s. 
Table 19 and Table 20 show the properties and how to change them to either increase or decrease observed burst current of the EFI.
[bookmark: _Ref119586791][bookmark: _Toc120105306]Table 19-Properties to Change to Increase Burst Current
	[bookmark: _Hlk119585790]EFI Parameter
	Change to Increase Burst Current

	Foil Material
	Decreased resistivity materials

	Bridge Size
	Increase bridge size

	Circuit Resistance
	Decrease resistance

	Circuit Voltage
	Increase voltage

	Circuit Inductance
	Decrease inductance

	Circuit Capacitance
	Increase capacitance

	Flyer Material
	No Change

	Flyer Thickness
	No Change

	Foil Thickness
	Increase foil thickness

	Bridge Width
	Increase width

	Bridge Length
	Decrease length



[bookmark: _Ref119586799][bookmark: _Toc120105307]Table 20-Properties to Change to Decrease Burst Current
	EFI Parameter
	Change to Decrease Burst Current

	Foil Material
	Increased resistivity materials

	Bridge Size
	Decrease bridge size

	Circuit Resistance
	Increase resistance

	Circuit Voltage
	Decrease voltage

	Circuit Inductance
	Increase inductance

	Circuit Capacitance
	Decrease capacitance

	Flyer Material
	No Change

	Flyer Thickness
	No Change

	Foil Thickness
	Decrease foil thickness

	Bridge Width
	Decrease width

	Bridge Length
	Increase length


 
[bookmark: _Toc120105219]7.3-Factors Affecting EFI Burst Time

The final factor that has been investigated is the burst time of an EFI. Through the modelling conducted the following factors affect burst time in the following manner:-
· Change of foil material-Materials with increased resistivity exhibit shorter burst times
· Change in bridge size-Reducing bridge size shortens burst time 
· Change of circuit resistance-Increasing circuit resistance lengthens burst times
· Change of circuit voltage-Increasing charge voltage shortens burst times
· Change of circuit inductance-Increasing inductance lengthens burst times
· Change of circuit capacitance-Increasing capacitance appears to shorten burst times however variance is present 
· Change of flyer material-Effect of changing flyer material exhibits no change in burst time
· Change of flyer thickness-Effect of increasing flyer thickness appears to increase burst times however variance is present
· Change of foil thickness-Increase of foil thickness lengthens burst times 
· Change of bridge width-Increasing bridge width lengthens burst times
· Change of bridge length-Increasing bridge length lengthens burst times however variance is present.
Burst time is a property of an EFI which is closely linked to function time of an EFI. The burst time is time taken for the foil of the EFI to burst from the moment the firing trigger is activated. Function time is the time taken for the entire device, including explosive pellet, to detonate from the moment the firing trigger is activated. The difference between the burst time and function time is the “lost time” of the detonator [34].
Reducing the burst time of the EFI is therefore a desirable property where timing of an explosion event may be critical for example in controlled demolition tasks where charges can be sequenced to detonate at specific times and intervals when required. 
	EFI Parameter
	Change to Decrease Burst Time

	Foil Material
	Increased resistivity materials

	Bridge Size
	Reduce bridge size

	Circuit Resistance
	Decrease circuit resistance

	Circuit Voltage
	Increase voltage

	Circuit Inductance
	Decrease inductance

	Circuit Capacitance
	Increase though variance is present

	Flyer Material
	No Change

	Flyer Thickness
	Decrease flyer thickness

	Foil Thickness
	Decrease foil thickness

	Bridge Width
	Decrease bridge width

	Bridge Length
	Decrease bridge length though variance is present



[bookmark: _Toc120105220]7.4 Geometry and Effect on Flyer Velocity, Burst Current and Burst Time

From the modelling conducted it has been shown that geometry of the EFI foil can have an effect on the burst current and flyer velocity of the EFI. Table 14 through to Table 17 highlight the effects the geometry of the foil has on EFI performance. From the modelling conducted it is apparent that the bowtie shaped design offers the greatest burst current therefore offers a potential enhanced level of safety when compared with the other designs under test. In terms of flyer velocity performance, the H shaped foil has the potential to offer increased flyer velocities at the sacrifice of some inherent safety in the form of reduced burst current.
From the modelling that has been carried out it appears that the geometry designs may offer the ability to initiate explosive material however this would need to be carried out by performing initiation threshold testing to further understand the performance of the EFI chip designs under test. Another area that has not been investigated in the model is determining the shape of the flyer as it launches from the EFI chip. The shape of the flyer is an important property in determining if an explosive material can detonate, Borman [13] disclosed that the best flyer to initiate an explosive material is a flyer that is travelling as fast as possible and impacting the explosive material as flatly and as uniformly as possible. Flyer velocity is a property that the model can determine however flyer shape is outside the realms of the modelling that has been conducted.
[bookmark: _Toc120105221]7.5-Excel and ANSYS Models

The excel model generated to determine resistance has been successful in determining potential resistances of non-linear conductors and has used basic first principle-based knowledge to achieve this however there are concerns that the model may be too simplified and that further investigation in the method of computing expected resistances of a non-linear conductor components such as an EFI foil should be investigated further. ANSYS may offer a capability to determine resistance of the shaped foils however knowledge on how to achieve this is limited. The excel model may also have increased fidelity by increasing the number of cells used in the calculation thus providing a more accurate answer if this process was further refined.
The ANSYS modelling carried out provides enhanced confidence that the EFI foil geometries are potentially capable of functioning from an electrical point of view and has produced outputs which are similar to the modelling studies performed by Yang et al [19]. The ANSYS modelling studies could potentially be confirmed through physical testing by using high speed videography and high-speed infrared videography which could be used to determine where heating of the foil occurs, similar activities have been carried out by Neal et al [35]. 
[bookmark: _Ref119660953][bookmark: _Toc120105222]7.6-MATLAB Model

The model developed from Ghosh has been successful in determining potential flyer velocities, burst times, and burst currents for not only geometrically shaped foils but also how a number of circuit and physical characteristics affect these outputs. There are however some areas of concern with the model. The first of these is the accuracy of the material models used in the model. Ghosh states that the model is more accurate for copper materials, median accuracy for gold materials and least accurate for aluminium [26]. However, it is felt that in this circumstance that all modelling has been kept consistent and change of material would not detract from the effect that these changes would have on the output properties. 
Another area for concern is the variance that is present for circuit capacitance and bridge length with regards to burst times of the EFI. At this time this variance is not well understood and could warrant from further investigation.
Material models are also another area of concern particularly with regards to the Gurney model utilised in the Ghosh code [26]. Gurney models need to be calibrated for their use with regards to the material choice therefore developing an accurate Gurney model for the calculation is in the interests of improving the calculation and model.
Finally, Ghosh states that the linear variation of resistance versus temperature is a simplified assumption in the model and that a non-linear resistivity model would assist in improving this model [26].  


[bookmark: _Toc120105223]8.0-Current Ongoing & Planned Works

As the scope of this project is significant a number of works were and are planned to further the project to fully understand the effect geometry has on the performance of EFI’s, these works intend to investigate some of the properties already discussed and utilise methods both in the physical testing and computational modelling domains.
Physical testing of the foil geometries under investigation had been planned as part of this project however there have been delays in sourcing materials due to current economic factors caused by the global recovery from the Covid-19 pandemic. However, once resource has been made available there are plans to continue this work through to perform physical testing of the geometries under test to determine if they are viable in initiating explosive materials and potential threshold properties of the differing foil geometries. Such testing will take place utilising the Microdetonics capability within the Atomic Weapons Establishment, Aldermaston where similar testing investigating EFI chip foils has previously been conducted.
Further modelling is also planned in to make use of a magnetohydrodynamics modelling capability. Magnetohydrodynamics is a field of science and engineering which uses Maxwell’s equations coupled with hydrodynamic phenomena to investigate and describe the behaviour of conducting fluids such as a plasma [36]. Such modelling capability has been used by Lawrence Livermore National Laboratory to model in three dimensions a developmental EFI and to investigate flyer geometry in the time period just prior to impact with an explosive material [37]. Figure 50 shows representative output from such Magnetohydrodynamic modelling performed by Christensen et at [37] of a flyer shape just prior to impact with an LX-16 explosive pellet.
[image: ]
[bookmark: _Ref119658528][bookmark: _Toc120105287]Figure 50-Representative output from Magnetohydrodynamic Modelling [37]


[bookmark: _Toc120105224]9.0-Recommendations from Work

The project has performed a basic analysis on the potential effects that geometry of an EFI foil may have on EFI performance however it has also raised further areas that require more in-depth research which would add further value to the investigation and to the wider field, not only within the field of Exploding Foil Initiators but the wider Ordnance, Munitions and Explosives fraternity. 
The first area of investigation where further research is required is in the modelling of potential resistances that may be encountered due to the geometric shape of a non-linear conductor. The first principles used for this project were basic and although suitable in providing an indication it is felt that a more thorough investigation into the modelling of resistances of EFI foils, either through first principle modelling such as utilising first principle equations or more suited computational techniques if they exist. It would also be of benefit for the mathematics that govern such modelling to be further developed so that a basic mathematical calculator can be developed for future investigations.
The second area that would benefit from increased investigation is in the use of ANSYS for electrical and heating analysis of EFI components and perform transient studies to investigate how the heating and current develops through the foil geometry over time. ANSYS benefits from also being a Multiphysics package and includes a magnetics package called Maxwell which may assist in developing a Magnetohydrodynamic model of an EFI and an explosive package called LS-DYNA which can model explosive initiation and explicit dynamics, ANSYS is also capable of using multiples of these packages together to solve complex engineering and science problems, however these problems would not be possible to achieve on the student licence of ANSYS due to the computation limits set by the licence therefore a full industrial version of the software would be required.
The final area of recommendations centres around the MATLAB model that’s been developed from that published by Ghosh [26]. The model itself is a good indication for the effect geometry may have on EFI output parameters however, as has been discussed in section 7.6-MATLAB Model, there a number of areas the model can and should be improved including the improvement of the material models used and the improvement of the way the model uses a non-linear resistivity model. A Monte-Carlo analysis could also be applied to the Ghosh model to determine the optimal parameters in order to achieve the required design outcome, for example fastest flyer velocity or highest burst current.


[bookmark: _Toc120105225]10-Conclusions

This project report has carried out an in-depth investigation utilising several processes to investigate the properties that geometry may have on the influence of Exploding Foil Initiator performance. It has conducted a review of current literature available in the open-source domain and used this to provide background and insight into EFI history, development, and operation. 
The report has proceeded to use first principles to investigate potential resistance values that an EFI foil may have and has developed a computational method of determining such using available software and techniques. 
The next phase of the project was to investigate if the foil geometries under test were electrically viable and similar to those that had been found in literature, this analysis was performed using the ANSYS Multiphysics software which successfully generated outputs concurrent with those found in literature. 
The final phase of the project was to investigate using a one-dimensional computer model how geometry may affect the output performance of an EFI using the resistance values determined in the first phase. The report found that geometry may have some effect in determining the flyer velocity and burst current of the EFI, as such additional research is currently underway to investigate this phenomena both in terms of computer modelling and physical testing. 
Lastly, the report has made a number of recommendations which could be implemented to improve this body of work and further investigate areas of the project to further confirm research and improve confidence in the approaches used in this project. 
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Effect of Resistance

Resistance Vs Burst Time	
100	105	110	115	120	137.9	137.9	138.19999999999999	138.22999999999999	138.4	Resistance Vs Burst Current	
100	105	110	115	120	2.4020000000000001	2.4001000000000001	2.3974000000000002	2.3952	2.3925999999999998	Resistance Vs Flyer Velocity	
100	105	110	115	120	1.177	1.1765000000000001	1.1755	1.1747000000000001	1.1737	Resistance (mOhms)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)




Effect of Voltage

Voltage Vs Burst Time	4	4.5	5	5.5	6	137.9	127.1	118.28	110.7	104.4	Voltage Vs Burst Current	4	4.5	5	5.5	6	2.4020000000000001	2.5209999999999999	2.63	2.7315999999999998	2.8268	Voltage Vs Flyer Velocity	4	4.5	5	5.5	6	1.177	1.2211000000000001	1.2614000000000001	1.2988	1.3339000000000001	Charge Voltage (kV)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)




Effect of Inductance

Inductance Vs Burst Time	200	400	600	800	1000	137.9	217.6	284.3	344.03	398.73	Inductance Vs Burst Current	200	400	600	800	1000	2.4020000000000001	1.9488000000000001	1.7190000000000001	1.5720000000000001	1.4659	Inductance Vs Flyer Velocity	200	400	600	800	1000	1.177	1.0101	0.92559999999999998	0.87129999999999996	0.83199999999999996	Inductance (nH)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)







Effect of Capacitance

Capacitance Vs Burst Time	
3	6	9	12	15	137.9	137.69999999999999	137.72999999999999	137.72999999999999	137.72999999999999	Capacitance Vs Burst Current	
3	6	9	12	15	2.4020000000000001	2.407	2.4083999999999999	2.4089999999999998	2.4095	Capacitance Vs Flyer Velocity	
3	6	9	12	15	1.177	1.179	1.1796	1.1798	1.18	Capacitance (uF)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (m/s)




Effect of Flyer Thickness

Flyer Thickness Vs Burst Time	75	80	85	90	95	137.9	137.97999999999999	137.97999999999999	137.97999999999999	13.798	Flyer Thickness Vs Burst Current	
75	80	85	90	95	2.4020000000000001	2.4022000000000001	2.4022000000000001	2.4022000000000001	2.4022000000000001	Flyer Thickness Vs Flyer Velocity	75	80	85	90	95	1.177	1.1411	1.1081000000000001	1.0778000000000001	1.0498000000000001	Flyer Thickness (um)


Burst Time (ns)


Burst Current (kA) & Flyer Volcity (km/s)




Effect of Foil Thickness

Foil Thickness Vs Burst Time	4	6	8	10	12	137.9	181.73	221.4	258.39999999999998	293.48	Foil Thickness Vs Burst Current	4	6	8	10	12	2.4020000000000001	3.1560000000000001	3.8191999999999999	4.4176000000000002	4.9663000000000004	Foil Thickness Vs Flyer Velocity	4	6	8	10	12	1.177	1.2965	1.385	1.4549000000000001	1.5122	Foil Thickness (um)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)




Effect of Bridge Width

Bridge Width Vs Burst Time	380	400	420	440	460	137.9	142.72999999999999	147.72999999999999	152.47999999999999	156.97999999999999	Bridge Width Vs Burst Current	380	400	420	440	460	2.4020000000000001	2.4874999999999998	2.5707	2.6528999999999998	2.7338	Bridge Width Vs Flyer Velocity	
380	400	420	440	460	1.177	1.1629	1.1492	1.1363000000000001	1.1243000000000001	Bridge Width (um)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)




Effect of Bridge Length

Bridge Length Vs Burst Time	
380	400	420	440	460	137.9	137.97999999999999	138.22999999999999	138.22999999999999	138.47999999999999	Bridge Length Vs Burst Current	
380	400	420	440	460	2.4020000000000001	2.3908	2.3786	2.3672	2.3546	Bridge Length Vs Flyer Velocity	
380	400	420	440	460	1.177	1.1731	1.1686000000000001	1.1644000000000001	1.1597999999999999	Bridge Length (um)


Burst Time (ns)


Burst Current (kA) & Flyer Velocity (km/s)




image2.jpeg
Prifysgol Cymru

Y Drindod Dewi Sant
University of Wales
Trinity Saint David





image83.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

500

1000

1500

2000

2500

C

u

r

r

e

n

t

 

[

k

A

]

Dynamic Current


image84.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

2

4

6

8

10

12

R

e

s

i

s

t

a

n

c

e

 

(

m

i

l

l

i

o

h

m

s

)

Dynamic Resistance


image85.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F

o

i

l

 

T

e

m

p

e

r

a

t

u

r

e

10

5

Foil Temperature


image86.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

C

u

r

r

e

n

t

 

[

k

A

]

Current Vs Time


image87.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V

o

l

t

a

g

e

 

[

k

V

]

Voltage Vs Time


image88.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

200

400

600

800

1000

1200

1400

1600

1800

F

o

i

l

 

R

e

s

i

s

t

a

n

c

e

 

[

m

o

h

m

s

]

Foil Resistance Vs Time


image89.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

1

2

3

4

5

6

7

8

9

T

e

m

p

e

r

a

t

u

r

e

 

[

K

]

10

4

Temperature Vs Time


image90.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

2

4

6

8

10

12

14

L

o

c

a

l

 

A

c

t

i

o

n

 

[

A

2

s

/

m

2

]

10

16

Local Action Vs Time


image91.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

500

1000

1500

2000

2500

C

u

r

r

e

n

t

 

[

k

A

]

Dynamic Current


image92.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

2

4

6

8

10

12

R

e

s

i

s

t

a

n

c

e

 

(

m

i

l

l

i

o

h

m

s

)

Dynamic Resistance


image3.png




image93.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F

o

i

l

 

T

e

m

p

e

r

a

t

u

r

e

10

5

Foil Temperature


image94.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

C

u

r

r

e

n

t

 

[

k

A

]

Current Vs Time


image95.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V

o

l

t

a

g

e

 

[

k

V

]

Voltage Vs Time


image96.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

200

400

600

800

1000

1200

1400

1600

1800

F

o

i

l

 

R

e

s

i

s

t

a

n

c

e

 

[

m

o

h

m

s

]

Foil Resistance Vs Time


image97.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

1

2

3

4

5

6

7

8

9

T

e

m

p

e

r

a

t

u

r

e

 

[

K

]

10

4

Temperature Vs Time


image98.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

2

4

6

8

10

12

14

L

o

c

a

l

 

A

c

t

i

o

n

 

[

A

2

s

/

m

2

]

10

16

Local Action Vs Time


image99.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

500

1000

1500

2000

2500

C

u

r

r

e

n

t

 

[

k

A

]

Dynamic Current


image100.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

2

4

6

8

10

12

R

e

s

i

s

t

a

n

c

e

 

(

m

i

l

l

i

o

h

m

s

)

Dynamic Resistance


image101.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F

o

i

l

 

T

e

m

p

e

r

a

t

u

r

e

10

5

Foil Temperature


image102.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

C

u

r

r

e

n

t

 

[

k

A

]

Current Vs Time


image103.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V

o

l

t

a

g

e

 

[

k

V

]

Voltage Vs Time


image104.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

200

400

600

800

1000

1200

1400

1600

1800

F

o

i

l

 

R

e

s

i

s

t

a

n

c

e

 

[

m

o

h

m

s

]

Foil Resistance Vs Time


image105.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

1

2

3

4

5

6

7

8

9

T

e

m

p

e

r

a

t

u

r

e

 

[

K

]

10

4

Temperature Vs Time


image106.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

2

4

6

8

10

12

14

L

o

c

a

l

 

A

c

t

i

o

n

 

[

A

2

s

/

m

2

]

10

16

Local Action Vs Time


image107.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

500

1000

1500

2000

2500

C

u

r

r

e

n

t

 

[

k

A

]

Dynamic Current


image108.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

2

4

6

8

10

12

R

e

s

i

s

t

a

n

c

e

 

(

m

i

l

l

i

o

h

m

s

)

Dynamic Resistance


image109.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F

o

i

l

 

T

e

m

p

e

r

a

t

u

r

e

10

5

Foil Temperature


image110.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

C

u

r

r

e

n

t

 

[

k

A

]

Current Vs Time


image111.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V

o

l

t

a

g

e

 

[

k

V

]

Voltage Vs Time


image112.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

200

400

600

800

1000

1200

1400

1600

1800

F

o

i

l

 

R

e

s

i

s

t

a

n

c

e

 

[

m

o

h

m

s

]

Foil Resistance Vs Time


image4.png
Electic leads
T cap

Fuznead Crimping
Assembly Sleove
Fuzehead
. Type £
Tube

Primary
Composition
(ASA)

Peliet (PETN)
@rvz)




image113.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

1

2

3

4

5

6

7

8

T

e

m

p

e

r

a

t

u

r

e

 

[

K

]

10

4

Temperature Vs Time


image114.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

2

4

6

8

10

12

14

L

o

c

a

l

 

A

c

t

i

o

n

 

[

A

2

s

/

m

2

]

10

16

Local Action Vs Time


image115.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

500

1000

1500

2000

2500

C

u

r

r

e

n

t

 

[

k

A

]

Dynamic Current


image116.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

2

4

6

8

10

12

R

e

s

i

s

t

a

n

c

e

 

(

m

i

l

l

i

o

h

m

s

)

Dynamic Resistance


image117.emf
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

F

o

i

l

 

T

e

m

p

e

r

a

t

u

r

e

10

5

Foil Temperature


image118.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

C

u

r

r

e

n

t

 

[

k

A

]

Current Vs Time


image119.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V

o

l

t

a

g

e

 

[

k

V

]

Voltage Vs Time


image120.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [micro sec]

0

200

400

600

800

1000

1200

1400

1600

1800

F

o

i

l

 

R

e

s

i

s

t

a

n

c

e

 

[

m

o

h

m

s

]

Foil Resistance Vs Time


image121.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

1

2

3

4

5

6

7

8

9

T

e

m

p

e

r

a

t

u

r

e

 

[

K

]

10

4

Temperature Vs Time


image122.emf
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Time [microsec]

0

2

4

6

8

10

12

14

L

o

c

a

l

 

A

c

t

i

o

n

 

[

A

2

s

/

m

2

]

10

16

Local Action Vs Time


image5.jpeg




image6.png




image7.png
RP-1 EXPLOSIVE TRAIN

BRIDGED  HIGH DENSITY EXPLOSIVE:
HEADER 375 mg of RDX with Binder

INITIATING
EXPLOSIVE:
251 mg of PETN





image8.png
Slapper
Slazpr ( w
//
H rer
| o0ri o

:%/ﬂ%

—

Bock conducror
0.0114-mm Al

ylic
substrate
1.5 mm





image9.png
L~ Explocing
i bridge wite “ I
| (

Flyer—

T
Barrel i

[ Initial

low=density

i

I
pressing 1
explosive |

—— Booster

high=density
explosive

. Slopper




image10.png
HNS
Barrel
Flyer Layer
Bridge
Tamper




image11.png




image12.png
Copper

Polyimide





image13.png
198
192
12

9

86
L A rms
t -\ i
1'5 :7 1 “"‘5

/ L} o

Dimensions in millimeters

§
bl

Bridge
2places




image14.png




image15.png
3x10°m

2x10°m

1x10°m

(b)





image16.png




image17.emf

image18.png
(a) =40 ns

(d) =90 ns

(b) =60 ns

(e) =100 ns

(¢) =70 s

(D#=110ns




image19.png




image20.png




image21.png




image22.png




image23.png
Waterial Resistivity
265E-08

Resistancs
0.0018080





image24.png
5 Borelie st

Teemts

a2 8

[
Locaton:0,5.0 m
B Gt 02





image25.png
ot
T
ey
s
ey

et

sawe
T
e
i
e
o
S5




image26.png
Dttty ectic
Jodatne
Tpeledepion
iy
i1
sty
Pl

1
i)
s
piontd
ey
Soms
st
sz

o

aoms s
) )




image27.png
e
e





image28.png
DrhBecuic
T odspin
v
Tty
Mt
gt et
Loty

1ot
e
Tane e

i
e
Vo





image29.png
A Dot tecric
Tot CumenDursy
Type: T Cuner Doy
At

a1
M A 12
Vi 21755

oty

e
ot
pro
iy
i
5
s
60011
freot)
armes.

awiim





image30.png
ooy





image31.png
Rz

o
jrice
e
s
frinty
10012
et
st
preoet
ey

agsem




image32.png
BBttty Bectic

e Ansy:
e Tom Com sty 2022
e

S STUDENT
e oo

e
umeen
o
ety

1300
)

o

conom





image33.png
GHltppeFecrc
Toni Corent Doy
Type: Te Comnt Doy
Jriogad

Timei1
Mac 315850112
Vi 205075

R 80

e
P
&
156012
1081ec12
1032
T86teert
saet
e
s

o)





image34.png
ol ecric Ansys

ot Doy

TG iy 2022 R2|
ol STUDENT

HiniaEs
2 ia10

ez
saanen
o
2asames

8

s awiim)





image35.png
O:HBectic
et Coman Dy
Type: Te Corantbensty
Ui A

Tl

M3 esz

Mo 520055

v e

w0
prenen
P
56Ttz
iRy
G2
e
sl
Sammen
sauses

atonim)

000 )




image36.png
Ansys
2022 R2)|

STUDENT





image37.png




image38.png
3.5

= I
o N o

Local Action [A2s/m2]

0.5

x10""

Local Action Vs Time

0.1

0.2

0.3 04
Time [microsec]

0.5

0.6

0.7




image39.png
Dynamic Current
9000 T T T T T

8000 1

7000 - h

Current [KA]
B o
o o
8 8

3000 - 1

2000 - h

1000 [ 1

0 n . . . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Temperature [K]





image40.png
Foil Temperature

16

14

12

10

x10*

Foil Temperature

500

1000

1500 2000 2500
Temperature [K]

3000 3500 4000 4500




image41.png
o

Current [kA]
S

Current Vs Time

0.1

0.2

0.3 04
Time [micro sec]

0.5

0.6

0.7




image42.png
Voltage [KV]

25

o

0.5

Voltage Vs Time

0.1

0.2

0.3 04
Time [micro sec]

0.5

0.6

0.7




image43.png
Foil Resistance [mohms]

300

250

200

150

100

50

Foil Resistance Vs Time

0.1

0.2

0.3 04
Time [micro sec]

0.5

0.6

0.7




image44.png
Temperature [K]

45

3.5

25

1.5

0.5

x10%

Temperature Vs Time

0.1

0.2

0.3 04
Time [microsec]

0.5

0.6

0.7




image45.png




image46.png
$4--MATLAD CODE FOR EFI ELYER MODEL-

Srmiislisssion seripe

giobal poincer the atmass densicy spheat Tesissivicy thres velositys bursstemp foiwidd
Zoithi foilen circap cirind cirres flyden;
giobal cirvel

giobal T Tf If of VE R n mass;

sdefauis pointer © Copper
potncer=3;

TIn order of descriprion: Copper Gold Aluminimm
acmass=1s3.54¢ 15655 26,55

densizy=(8530 15300 27001;

spheas=r38s 125 5001

esienivioy=1.72 2.214 2.5200a-3;

Scerpesacuze sveraged chemal sosfficients of resisvivity
chres=(3 3.7 31 tie-

velocicys=[3521 203017
burscoemp=140000 25900 5300017
Zosiam1000e

irres=100.010238-3,
esrvo1=a000;
ne=r;
figdenciazo;

Scomputad by backezacking svailinle dssa

SCALCULATION OF SPECIFIC HEAT SRIPT

giobal facsor;
s1441.541000;

Limic= (2R) . facmass;

for 1=1:1engeh (spheas)

1f spheac(3)>1imiz(2)

sphea (1)=limic (1) -L;

na

na

foatmass . spheat;

=t m;

factor=((2-x) ./ (z-1)) ./300;

SSOLVER SCRIPT

STHIS CODE SOLVES THE SDAULTANEOUS DIFFERENTIAL EQUATIONS TO FIND THE CURRENT DENSITT
35 A FUNCTION OF TIME UNTIL THE SURST TDE

oschitosvid;
eciren





image47.png
mass=density (pointer) *foilen*Area;

#setting of the maximm step size
opticns=odeset ('MaxStep',le-9);

#Solving the system of equations
[T, Y]=cde4S (@burss, [0 le-€], [T0 I ql, options);

%dynamic temperature, current and charge array

TE=Y(:,1)5

n=bursctime (T£);
=T (n)

Rf=arrayfun(@res,Tf) * (foilen/Area);
J=1£(n)/(Area*lel2)

#flyervelocity as a function of current density and flyer thickness
fv=flyerv(J);
VE=If.*RE;

fl=figure;
plot(If); xlabel('Temperature ([K]');ylabel('Current [kA]');title ('Dynamic Current')

f2=figure;
plot(Rf); xlabel ('Temperature [K]');ylabel ('Resistance (millichms)');ticle('Dynamicé
Resistance')

£3=£igure,
plot(TE); xlabel('Temperacture (KI');ylabel ('Foil Temperature'); title ('Foild
Temperature')

£4=figure;
plot(cumtrapz (T, (I£.°2) .*RE))

3burst current value determination
burstcurrent=If(n)

£S=figure;
plot(T(l:n)./le-6,I£(1l:n)./1le3); xlabel('Time [micro secl’);
ylabel ('Current [kA]');ticle('Current Vs Time');

fe=figur
Plot(T(1:n)./1e-6,VE(L:n) ./le3) ixlabel ('Tine [micro secl');
ylabel (‘'Veltage [kV1');title('Voltage Vs Time');

£1=figure;
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plot(T(l:n)./le-€, RE(1:n).*le3); xlabel ('Time [micro sec)');
ylabel ('Foil Resistance [mohms]');title ('Foil Resistance Vs Time');

£9=figure;
Plot(T(1:n)./le-6,T£(1:n)+273) ;xlabel ('Time [microsec]');
ylabel ('Temperature [K]');title('Temperacure Vs Time');

£10=figure;

g=localaction(T(l:n),If(1:n));
PLoT(T(1:n)./le-6,g(1:n));xlabel ('Time [microsec]');
ylabel('Local Acticn [A2s/m2]');title('lecal Acticn Vs Time');

%calculation of flyer velocity script

function v=flyerv(J, thi)

global flyden foichi density thk pointer;
¥=flyden*le-6*chk;

C=density(poincer) *£oithi;
v=((1.765%3)+.918) * (((4/C) +(1/3)) ~ (-1/2))
end

#resistivity of the foil material with respect to temperature
function reres(T)

global pointer resistivity thres;

i=resistivicy(pointer);

rate=thres (pointer);

r=it (14 (zaze* (T-20)));

end

#specific heat of the foil as a function of Temperature
function Cv=specificheat(T)

global pointer atmass factor;

¥=atmass (pointer) ;

a=factor (pointer);

<=T+273;

Cv=(2+(a*T))/ (1+(a*T) ) * (1.5%6.314*1000/2) ;

end

3Specific heat differencial
function Cd=diffheat(T)
global pointer factor atmass;
¥=atmass (pointer) ;

©=T+273;

.31446;

actor (pointer);
1.5*R*1000/4) ;
coeff=((a*z)+1)°2;

Cd=Ci* ((coeff+l) /coeff);
end

#simultanecus governing equations
#dy(1)=Q<heat inpuc per unit mass (3/kg)
#dy(2)=I<current in the circuic (Amps)
#dy(3)=q<charge in the capacitor (Coulomb)
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function dy=burst(c,y)
global foiwid foithi foilen pointer demsity circap cirind cirzes;
dy=zeros(3,1);
A=foiwid*foith
1=foilen;
den=densicy(pointer);
C=circap;

L=cirind;

Recirres;

2=11e-3;
r=res(y(1))*1/3;

%equations of state

dy(l)=(y(2)~2) * (res(y(1)))/ ((A~2) *den* (diffheat (y (1)) +(B* (y(1)$273))));
dy(2)=(y(3)/(C*L)) = (((z+R) *y(2)) /L);
dy(3)=-y(2);

end
$Determination of burst time

function t=bursttime (Tf)
global pointer bursttemp;
=
To=bursttemp (pointer);

while T£(x)<Tb && x<length(Tf)
x=xEl;

end

if T£(x)=-Tb > abs(T£(x-1)-Tb)
T=x-1;

else

=x;

end

end

4cthermal energy per unit mass
funczion Q=te(T)
C=specificheat(T);

Q=C*T;

end

telectrical energy per unit mass
function Q=ee(T)

B=11e-3;

Q=B* ((T+273)°2)/2;

end

%action integral
function g=localaction (T,If)
global foiwid foithi T If Area
Rrea=foiwid*foithi;
J2=(If./Area) ."2;
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g=zeros (lengzh(T)) ;
for i=2:length(T)
g(i)=trapz(T(1:4),32(1:4));
end

g(1)=0;

end
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