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Abstract

Numerous high power pulse devices are being considered for marine applications, particularly
military vessels to include Electro Magnetic Aircraft Launching System, Electro Thermal Gun
(ETG), Particle Beam Weapons, High Powered Lasers, and Rail Guns which are directly
considered in this thesis. Currently marine vessels do not have the power generation capability to
deliver the massive power over the short duration required. The weight, volume, and environment
constraints inherent in marine vessels limit the development of a method to store the power and
deliver it upon request with a sufficient repetition rate as needed by mission requirements.

This thesis mathematically models Flywheels, Superconducting Magnet Energy Storage (SMES),
Capacitors, Compulsators, and Batteries as energy storage devices and graphically illustrates
pertinent data (weight, volume, etc) per pulse power application for the ship designer to
determine suitability for marine vessels.
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1. Introductory Matter

1.0. Definition of Pulse Power within Marine Constraints

Numerous high power pulse devices are being considered for marine applications, particularly

military vessels. These devices include Electro Magnetic Aircraft Launching System, Electro

Thermal Gun (ETG), Particle Beam Weapons, High Powered Lasers, Rail Guns, and other High

Order Applications. These applications require a large amount of power over a short period of

time. Presently marine vessels do not have the power generation capability to deliver a massive

amount of power over the short duration required. A method to store the power and deliver it

upon request with a sufficient repetition rate as needed by mission requirements needs to be

developed. The weight, volume, and environmental constraints inherent in marine vessels limit

this development.

1.1. Statement of Problem:

Numerous high power pulse devices are being considered for marine applications, particularly

military vessels. Three of these devices will be considered in this thesis and are outlined in Table

I below. Table 1 outlines the power level, energy level, power duration (time), and the pulse

repetition rate (how long before the next pulse?) requirements for EMALS, ETG, and higher

order applications.

Table 1.1: Application parameters

Power Pulse Repetition

Duration Rate
Application Power Level Energy Level

EMALS 40 MW 121 MJ 3 sec 45 sec

ETG 160 MW* 400 kJ 2.5 msec 5 sec

Higher Order 10 GW 20 MJ 2 msec .1 sec

Applications

*Computed from a 400kJ pulse with a time duration of 2.5 msec.
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These marine pulse power applications require large amounts of power over a short period of

time. Marine vessels have not been outfitted with the power generation capability to deliver a

massive amount of power over the short duration required. The development and installation of

these systems is constrained by the weight, volume, and environmental limitations inherent in

marine vessels.

The discussion of this thesis will be limited to the energy and power requirements listed above

and the energy storage devices capable of delivering the required pulse power. Being mindful of

naval architecture constraints, the same general arguments and numerical justifications can be

used to determine the "best" energy storage device for any given high-powered application.

1.2. Solution

A math model of Flywheel, SMES, Capacitor, Compulsator and Battery energy storage and

power delivery was constructed to determine the best solution for each end use demand (EMALS,

ETG, Higher Order Applications). The energy storage and conditioning device modeling

identifies the charging time, pulse length, power requirement, repetition rate, deliverable power,

volume to power ratio, weight to power ratio, and the versatility of distribution (e.g. can the

power and conditioning system be placed low in the marine vessel?). Compulsators were also

considered, but a parametric math model was constructed instead of the dramatically more

complicated, in depth model which would have been more accurate. Other concerns were

addressed, such as the need for maintaining SMES low temperatures, containment vessels for

catastrophic failures resulting in high kinetic dissipation of energy (e.g. flying debris), and other

issues unique to a particular energy storage device. Trade off comparisons have been conducted

and presented graphically to determine the "best solution" for the end use power demand

applications.

The number of possible combinations of power supply, energy storage, end use device, and

platform on which they would be installed is somewhat overwhelming and cannot all be covered

in this thesis. However, the analysis method, and tools employed for one such combination can

easily be applied to any other combination with adjustments by the ship designer.

This thesis will consider three end use devices (EMALS, ETG, High Order Application:

"Directed Energy Weapon") on an aircraft carrier. The three end use devices were chosen to

represent a broad spectrum of power requirements, which in turn may dictate a different "best"
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solution energy storage device. The weight and volume limitation values are intangibles

dependent upon the multiple tradeoffs in ship design and are not directly considered in this thesis.

Therefore, an aircraft carrier was chosen to simplify this thesis such that the reader could more

easily consider the possibility of the high energy storage systems without the hard constraints of

weight and volume more apparent in smaller vessels. An aircraft carrier has relatively larger mass

and volume limitations and has much larger electric power plants (104MW). Of course an all-

electric ship would provide an immense amount of electrical power to recharge the energy storage

device while only sacrificing minimal ship speed.

1.3. Concept Level Ship Design

Using the math models in the appendices of this thesis or by devising similiar math models, a

competent naval engineer can incorporate the naval architecture outputs (weight, volume, power,

etc.) in a high concept level ship design. In the design spiral (a naval architecture design concept),

the ship designer will provide an energy strorage system which meets the specifications of the

high powered pulsed application. This in turn will drive the weight, volume, and power

allocations for the rest of the ship. The use of the high pulse powered application will determine

the weight group the energy storage device will be assigned (e.g. an energy storage device for an

ETG will be in weight group 700). For those who are not ship designers, this is not an easy task,

since every introduction of a changing variable produces rippling effects in all other variables

throughout the design.

1.4. Other considerations

Since the power needed by the marine vessel will probably be larger than the power generation

systems capability onboard, a priority of power delivery has to be considered. These priorities

will change depending on the real world operational concerns of the ship. In friendly waters, the

priority of the propulsion system would be paramount to maintain safe navigation at sea.

However, in hostile waters, the priority of weapons may exceed those of safe navigation.

The changing power priorities dictates the need to route power to primary applications while

restricting power to other temporally nonessential applications during the "charge" cycle.

Example 1: An electric drive aircraft carrier can afford to route the propulsion power to the

power storage/conditioning device for 5-30 seconds to fully charge the EMALS and then return to
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propelling the ship. The "loss" of propulsion would result in a probable loss of speed from 30 to

29 knots. This is a conservative approach; the actual loss in speed would be less than one knot as

m
LT:= 224CQb Mass carrier:= 1OOOO(LT knts := .5144444- Velocity2 := 30knts

S

Mass carrier-Velocity 2

Energy :=
2

Mass carrier (Velocity 22 - veiocity1 2)
A Energy* 2

A Energy 18.1-106 W-57sec

Ee 2 r gAyEnergy Ieoiy =Velocit 2  EnrgVelocity1  Vel= tY2  - Mass carrier

Velocity2 - Velocity, = 0.578knts

shown below.

The speed would be regained when the propulsion power is restored. The EMALS would be

ready indefinitely until the launch of aircraft when the process would be repeated.

Example 2: After defensive weapons launch (Phalanx with a small ETG), the ship's vulnerability

is increased until the energy is replenished in the energy storage device for the next defensive

weapons launch. This vulnerability can be improved with a high pulse repetition rate for the

weapon reducing the immediate need to replenish the discharged energy.

The ability to reroute power seems to be an inherent ability of the "All Electric Ship" concept

being proposed by the U.S. Navy. The ability to reroute power will not be demonstrated in this

thesis but can easily be simulated by changing the power supplied to the energy storage device in

the math models in the appendices which will directly impact the charge cycle.
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2. Flywheels

2.0. Flywheel Fundamentals

Notional flywheel schematic: The motor and generator (as well as electronics) would most likely

be the same machine.

Power in- Input Electronics Motor Flywheel Gen. Output Electronics 4ower Out

A flywheel is an electomechanical storage system which stores kinetic energy in a rotational

mass.

2

E : co

2

where,

E = the energy stored in the flywheel (N-m).
I = flywheel moment of inertia (N-m-sec 2) which is directly proportional to the mass of the
cylinder.
o = rotational velocity (rad/sec).

To increase the energy of the system, power is applied through the input electronics and variable

speed motor resulting in an increased rotational speed of the flywheel. Energy is recovered from

the system via the variable speed generator and output electronics. The amount of energy

recovered from the flywheel system in a given time determines the power delivered.

Normally the power delivered to the flywheel system and the power recovered from the flywheel

system is separated by some time interval. Therefore, the electronics and electric machine (motor

or generator) can be dual purposed. In other words, only one set of electronics is needed for either

power input or power output. The same applies for the electric machine. This results in reduced

mass and volume thereby increasing the specific energy/power and energy/power densities.

Flywheels are typically constructed of either steel (to increase mass) or of a composite material

(to increase maximum rotation velocity). Although steel is thought to be a relatively strong
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material, the maximum tensile stress is quickly reached at high rotational speeds. Highly complex

carbon fiber materials are being used in flywheel systems to achieve speeds of 60,000 rpm.

Where the steel flywheel relies upon the mass of the cylinder for energy storage (E a I),

composite flywheels rely upon the rotational velocity to maximize stored energy (E a 02).

As the density of the flywheel is reduced in composite flywheels, higher rotational speeds can be

achieved for the same tensile stress. Kinetic energy is proportional to density (p) and velocity (v)

squared (KE= .5*p*v2). Whereas stress is proportional to p*v. This implies for the same stress,

energy density is inversely proportional to p. (e.g. halving p and doubling v results in the same

stress but a higher KE)

2.1. Energy Losses

2.1.1. Windage Losses

To decrease and nearly eliminate windage losses, the containment vessel for the flywheel is

usually evacuated (of air). Maintaining a vacuum on the containment vessel is a parasitic energy

loss, but is less than the expected windage loss.

2.1.2. Energy Conversion

The input power to the flywheel system is converted numerous times before it is in turn delivered

to the end use item (output power). The AC input power is converted to direct current which is in

turn converted to a variable frequency for the variable speed motor. The electrical energy is then

converted to kinetic energy via the electromagnetic coupling of the variable motor. The losses are

all encountered again converting the kinetic energy to the final output of the flywheel system.

2.1.3. Other Losses

Other losses can be expected from rotational friction of the flywheel bearings. Some flywheel

systems are being proposed and constructed using superconducting magnetic bearings which have

no frictional losses. However, other parasitic losses are introduced in order to maintain the very

low temperatures required by the superconducting material. The bearing losses were lumped with

other parasitic losses in accordance with the parametric assumptions for the M4 DC Flywheel

12



Power System of AFS TRINITY Power Corporation. No differentiation was made between types

of bearings due the limitations of this thesis.

2.2. Two types of flywheels

As can be seen by the following table, two major types of flywheels can be developed.

Flywheels: low- speed Flywheels: high- speed
Maximum Power Rating 1650 kW 750 kW
Maximum Power Duration ~ 30 sec et " Minutes
Response Time < 1 cycle (60HZ),eli3 < I cycle (60Hz)"' 2

Capital Cost:
Power- related, $ / kW 300*e" _ 400-800*et 2

Balance- of- Plant ~ 80 $ / kWhRef _3 -1000 $ / kWh'alculated W/ Ret 2

Operating Features:
Efficiency 0 9 Ke 3. 0 .9 3 et2

Parasitic energy reqt. ~ 1% 30 W/ kW
Lifetime/ Replacement 20 yrs Kef" 20 yrs et I

Size: This is area where 6.6 ft' / kWh eli" 3 - 4 ftL / kWh'erL
volume/weight is the issue
with marine vessels.
Siting Issues:
Marine Vessels Gyroscope effects Gyroscope effects""*'
Environmental None None
Safety Issues Containment Containment
Technology Readiness Commercial products Low volume production

Table 2.1 Flywheel Comparisons (Ref #'s IAW Bibliography)

Although presently the low speed flywheel stores a larger amount of energy for a lower cost, the

future development of composite rotors and implementation of High Temperature

Superconductor (HTS) bearings will lower the cost of high speed rotors and increase the rotor

energy density. Even with present commercial technology, the high-speed rotor flywheel has a

higher volume/energy density than the low speed rotor flywheel.

2.3. Advantages

There are numerous advantages to using flywheels for energy storage. The advantages listed are

vaguely intuitive and will not be discussed. These advantages will be more easily realized with

the expected technological improvements in the future. However, the advantages of

* increased energy density,

* increased power density,
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* long life (20 years?),

* low life cycle costs,

* compactness,

* self containment,

* no hazardous associated chemicals, and

* no flammable gases

have to be compared with the advantages of other energy storage methods such as SMES,

batteries, compulsators, and capacitors.

An additional advantage to flywheels is the easy determination of energy available based on

rotational speed of the flywheel.

2.4. Disadvantages

2.4.1. Safety

The largest concern with flywheel technology is if the flywheel rotor bursts from internal

catastrophic stress fractures. Therefore the flywheel rotor must be encapsulated in a structure

capable of withstanding impacts from rotor debris which may exceed several hundred meters per

second. Or the flywheel must be subject to extremely high quality control assurance to obviate

any chance of failure. It should be noted here that steel or titanium flywheels are similar to

turbine wheels; we all ride around on jet airplanes, which seldom fail in this manner.

2.4.2. Technological Maturity

Flywheel energy storage relies on moving parts (rotating cylinder). In a static environment, the

flywheels are not subject to accelerations in the other 5 degrees of movement (pitch, roll, heave,

surge, sway) assuming yaw does not have a detrimental affect on the parasitic losses of the

flywheel. Since flywheels have yet to be built and tested on marine vessels, demonstrated data is

not yet available. Use in hybrid vehicles may be demonstrative of the expected parasitic losses

onboard ships.
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2.5. Other Considerations

The ship designer will initially be interested in the deliverable power, total energy available,

specific power, specific energy, power density, energy density, and cost of the flywheel energy

storage system. However, the versatility to distribute the system throughout the ship should also

be considered.

Since the flywheel system may be made up of numerous modules, they may be distributed

throughout the ship to minimize vulnerability and increase flexibility in overall ship design. But

as stated above, the untested shipboard movements to which flywheels will be subjected may

limit the installation to the center lower part of the ship thereby inhibiting overall ship design.
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3. SMES

3.0. Fundamentals

Superconducting magnet energy storage (SMES) is a scalable technology, which uses

cryogenically cooled superconducting material to inductively store vast amounts of energy. This

stored energy is deliverable as pulsed power. The SMES storage capacity can range from less

than 0.001 MWh to more than 10,000 MWh (3.6X10 4GJ).

3.0.1. How Does a SMES Store Energy?

A cryogenically cooled coil of superconducting material can carry a DC current, which in turn

creates an electromagnetic field. No power dissipation will occur with a resistance free SMES

coil. If not for the parasitic power consumption of maintaining the very low temperature (4.2

Kelvin for American Superconductor SMES units) for the superconducting material, the SMES

coil could store the energy indefinitely.

3.0.2. There Are Two General Configurations For SMES Coils

3.0.2.1. Solenoid

A SMES coil can simply be an open ended cylindrical coil of conducting material. The magnetic

fields would be concentrated in the center of the coil. Each line of the magnetic field would

extend out the "north" end of the coil, and wrap through the air to the "south" end of the coil.

This is the same pattern young students observe with the magnet and iron filings in basic science

classes. The larger the DC current in the coil, the larger the magnetic fields. The larger magnetic

fields in turn produce forces on the coil as the magnetic fields attempt to radially expand the coil,

and coil resists the radial expansion.

3.0.2.2. Toroid

Instead of a cylindrical coil of wire with open ends, the two open ends can meet forming a toroid

(a ring) restricting the magnetic fields to within the toroid. Although the forces are more complex

and the structure is heavier, this eliminates the stray electromagnetic fields, which is an
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environmental concern for personnel. Presently no concrete data has demonstrated that exposure

to high electromagnetic fields are hazardous to personnel (such as high power lines near

residential houses), however, the public concern is such that manufacturers provide a radial

distance from the SMES where leakage electromagnetic field strength drops to 5 gauss.

3.1. Applications:

Inductive energy storage, generally for use with pulsed-duty applications, has been evolving over

the last decade. Cryogenically cooled aluminum inductors have been developed for low-loss, very

short-term energy storage in pulse-forming networks. SMES as described above was developed

for use in high-power, directed-energy weapons applications but has evolved into commercial

applications for long-term energy storage for uninterruptable power sources.

The key technological challenges for SMES development in the future are: superconducting

materials, shielding large EM fields produced by SMES, and high-strength composite materials

for containment of the large forces associated with magnetic energy storage. Trends in these areas

would indicate that practical superconductors operating above 100 K and composite materials

with yield strengths exceeding 188 kpsi may become available 20 to 30 years hence.

The overall technology of cryogenics and superconductivity is such that SMES for small-scale,

power-quality applications is being built today. SMES units appear to be feasible for some

commercial utility applications at a cost that is competitive with other technologies. This is

quickly outweighed by the key technological challenges listed above as discussed below.

3.2. Advantages:

The advantages to using SMES technology is listed below:

* The energy is stored in a magnetic field (no moving parts).

" No conversion of electrical energy (to kinetic/chemical) required, although voltage/frequency

conversions may be required.

* Self-contained: assuming the subsystems providing vacuum, cooling, etc is within the

containment.
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" Contains no hazardous chemicals, although the extreme temperature of the cryogenic fluid is

considered to be hazardous.

* Super conducting wires result in virtually no losses

* No Flammable Gases, and

* Large amounts of electrical energy can be released (or stored) in fractions of a second. This

would be very useful in recovering kinetic energy when recovering aircraft.

3.3. Disadvantages:

The advantages are offset by the disadvantages listed below:

* Cryogenic Hardware is required

" Basic Systems are DC, but can be converted to AC, and

* Small perturbations in temperature may cause the SMES to quench. This can be presumably

corrected with a well-designed SMES.

* Shielding stray fields may require a large mass of iron.

* The SMES coil requires extensive reinforcement to contain the large forces associated with

the magnetic fields.

3.4. SMES Challenges

3.4.1. Quenching:

Quenching occurs when the SMES transitions from its superconducting state to a normal state.

When a small portion of the SMES becomes normal, a resistance is introduced to the large

circulating DC current which in turn generates excessive heat. This causes other portions of the

SMES to go into a normal state. This chain reaction causes the entire SMES to go into a normal

state within seconds. The heat generated is enough to vaporize the cooling medium (normally

helium) which in turn pressurizes the containment vessel. Quenching is addressed by

electronically providing an alternate path for the DC current in the case of a quench. Failure to
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control a quench and subsequently vent the vessel may result in high kinetic containment failure

(e.g. explosion).

To compensate for quenching and subsequent containment pressurization, the mass of the

containment vessel is increased.

3.4.2. Field containment

Another difficulty is the magnetic field containment and the resultant forces applied within the

SMES coil. All the energy of the SMES is contained within the magnetic field, therefore a strong

structure must be constructed to contain the field which may reach a density of 30T. This is not

an inconsequential tasking. The structure must be able to withstand pressures (tensile, shear, and

torsion) of as much as 2 MPa (300psi). The advantages gained from weight and volume can be

quickly eliminated by the structure needed to contain the magnetic fields.

New approaches are being explored and developed to address these issues. The most promising is

a Force Balanced Coil for Large Scale SMES to address the strength characteristic needed in the

containment vessel. Even if the stress can be balanced throughout the SMES material, the

maximum energy storage capacity will still be limited by the working stress of the SMES

material and the volume of the SMES.

Energy = Working stress of material X Volume of Structure under tension

3.4.3. Summary

In reviewing table 3.1 below, specific energy and energy densities are listed for two different

considerations. The first is when the energy storage device is considered independently of the

pulsed power application. This is typically the published values of the commercial manufacturers.

The second is when the energy storage device is considered in use with the pulsed power

application. The impact derives from the level of power and the duration of the power required by

the pulsed power application. The energy released by the energy storage device is the only energy

needed, which of course reduces the specific energy and energy density of the energy storage

device.
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EMALS ETG HOA
Specific.Power (kW/kg) 0.484 116.197 242.078
Specific.Energyapplication (kJ/kg) 1.467 1.475 1.468
Specific.Energystorage device (kJ/kg) 1.467 1.467 1.467
Power.Density (KW/m') 16.502 3.96E+3 8.25 1E+3
Energy.Densityapplication (kJ/m') 50 50 50
Energy.DensityStorage device (MJ/m') 0.05 0.05 0.05

Table 3.1: SMES Summary

To achieve the improvements in capacity and reductions in size and weight required by naval

applications, while maintaining safety for personnel, continued development of materials and

manufacturing methods for SMES systems is required.
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4. Capacitors

4.0. Fundamentals

A capacitor typically consists of two thin conducting materials (plates or foils) separated by a thin

insulating material. By applying voltage across the physically separated plates, energy is stored in

the polarized insulating material.

E 2
2

The greater the voltage or the greater the capacitance, the greater the energy. Capacitors can be

charged over a long or short time interval and then discharged over a long or short time interval.

This provides the capability to charge with a relatively small power source and then discharge at a

much greater power level (over a shorter time interval).

The operating performance of the capacitor depends on the construction material of the plates or

the insulation material and also depends on the construction geometry. The nomenclature of the

capacitor typically describes the construction material and geometry.

4.1. Ceramic Capacitors

Ceramic capacitors provide moderate energy density, high power density, and are available in

very small (picofarad) to moderate size (10-100 F, 5-500 Vdc) capacitance values. Ceramic

capacitors are typically configured for surface mounting on low voltage DC circuit boards.

Therefore ceramic capacitors will not be considered for high energy, pulsed power applications.

4.2. Electrolytic Capacitors

Electrolytic capacitors provide moderate energy and power densities, but have high equivalent

series resistances (ESR) and high dissipation power factors (Lossy). Electrolytic capacitors are

normally constructed of either liquid impregnant (Aluminum) or dry impregnant (Tantalum) for

the dielectric medium. Electrolytic capacitors also are polarity dependent resulting in usage

primarily in DC circuits involving filtering, rectified circuits, some pulsing circuits such as strobe
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lights and silicon controlled rectified (SCR) commutation circuits, and fractional horsepower

motors. Typical sizes consist of moderate to large capacitors (1 - 100,000pF) at up to 600 V.

Therefore, electrolytic capacitors will not be considered for high energy, pulsed power

applications.

4.3. Film or Foil Capacitors

Film capacitors are readily scalable from nanojoules to hundreds of kilojoules. Film capacitors

can provide high reactive power (>1 KVAR) at modest energy density (0.1-1.5 kJ/kg) and high

power density (>50 KVAR/kg). Film capacitors are polarity independent. They have a low

equivalent resistance (ESR <1% loss through heat dissipation), low equivalent series inductance

(ESL< IOnH), and a very low dissipation factor (<1%). Film capacitors can operate at higher

voltages (1-100kV) and have larger capacitances (>100F) for uses in high power electronics

pulse-duty circuits, high frequency filtering, continuous ac operation, solid state switch snubbers,

SCR commutation circuits, power factor correction, and fractional to large horsepower motor

start and run capacitors. Therefore film capacitors will be explored for use in high energy, pulsed

power applications in the following section.

4.4. Metalized Electrode Capacitors (MEC)

The need for graceful-aging pulsed capacitors which deliver energy over time periods of

milliseconds through seconds (e.g., high energy weapons, electromagnetic guns, EMALS) has

precipitated the development of large metallized electrode pulsed capacitors. These capacitors

differ radically from capacitors that use discrete aluminum foil electrodes resulting in large

pulsed energy discharge capacitors in the voltage range of 2-35 kVand volumetric energy

densities up to 2.5 MJ/m 3 (the analysis shows only 2MJ/m 3).

Metallized electrode capacitors are extremely consistent and can be designed at high energy

densities, for cycle-lifes up to 50,000 discharges, without the infantile failure mode problem

common in solid aluminum foil capacitors. The known, predictable aging rate stems from internal

faults being cleared through vaporization or oxidation before significant current flows into the

fault site. This results in tens of thousands of cycles before the capacitor capacitance is

substantially reduced (by 5%). The capacitor end of life is 95% of original value determined from

the swelling of the capacitor case during vaporization when faults are cleared.
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High energy density metallized electrode pulsed capacitors typically have a life, when held at

peak charging voltage, of fewer than 100 hours; during this period of time the capacitor is

continuously clearing. Comparative experiments have shown that capacitance reduction for either

20 seconds of at-charge voltage or a single charge-discharge cycle combined with a 5 seconds

charging time to full charge voltage are equivalent. Thus a tradeoff, for the same life, is possible

of dc at-charge time against desired operational cycle life of the system.

Operating the capacitors below 80% of rated voltage results in a very long cycle-life (dominated

by thermal aging). Low level testing of the capacitors can be done for extended periods of time

with minimal, if any, consumption of life.

The one main operational design limit is the permissible peak current output during discharge.

Managing the current capability of the capacitor is an important part of the capacitor design. The

same characteristic that prevents the current-induced single point failure through concentrating

currents at a fault site will prevent the charge from leaving the capacitor too quickly. A rapid

discharge, such as a high-current crowbar fault, would cause a high percentage of the metallized

electrode to fracture. The capacitor capacitance will be severely reduced but could not be

measured under dc conditions. The capacitor will still withstand voltage but will no longer accept

a charge. Series current limiting fusing will constrain faults from reaching this intrinsic current

limit.

The peak current capability of a typical modern design, 16 kV, 50 kJ, 0.7 J/g, 10 000 shot

capacitor is:

* design peak current 40,000 A;

* design limit for full life operation 100,000 A;

" fault capacity with minor degradation 200,000 A.

Crowbarring this capacitor with a peak current in excess of 400,000 A will cause the damage

described above. A 200,000 A discharge will result in a measurable, but slight, degradation. The

capacitor will perform to specifications if the peak current is kept below 40,000 A.

The math modeling of MEC in Appendix D were conducted at much reduced currents to

minimize degradation.
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4.5. Chemical Double Layer Capacitors (Ultra Capacitors: A

developing technology)

Chemical Double Layer (CDL) capacitors are a new and novel form of liquid electrolytic

capacitors, optimized for use below the electrolysis point of the impregnant, thus allowing very

high capacitance's to be achieved. In contrast to conventional electrolytic capacitors, the CDL

capacitor is a fully bipolar (i.e., polarity insensitive) capacitor when operated within its ratings.

CDL capacitors lend themselves to high energy density, lower power density, and modest dc

voltage. Individual capacitors typically have voltages of 2.5 VDC. Combining the capacitors in

series and parallel have been demonstrated to 100 VDC. Higher voltages are expected in the

future. Applications could consist of energy storage for electric vehicles, reservoir capacitors for

switched mode power supplies/systems, and power multipliers for battery powered systems (their

equivalent series resistance (ESR) being far less than modern batteries for discharge times down

to fractions of a second).

CDL capacitors have not been demonstrated at the number of parallel circuits being modeled in

this thesis.

4.6. Advantages:

There are numerous advantages to using capacitors for energy storage and pulsed power delivery.

The advantages listed are vaguely intuitive and will not be discussed. These advantages will be

more easily realized with the expected technological improvements in the future. However, the

advantages of

* high energy and power density,

* long life (50,000+ charge/discharge cycles),

* low life cycle costs,

* compactness,

* self containment,

* no hazardous associated chemicals, and

* no flammable gases

have to be compared with the advantages of other energy storage methods such as SMES,

batteries, conpulsators, and flywheels.
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An additional advantage to capacitors is the easy determination of energy available based on the

voltage of the capacitor (knowing capacitance).

4.7. Disadvantages:

High energy pulsed power capacitors form a very small part of the total capacitor market in

general and the film capacitor market segment specifically. Incentives for the commercial market

will be economically difficult for research and development and later manufacturing.

4.8. Summary

In reviewing tables 4.1 and 4.2 below, specific energy and energy densities are listed for two

different considerations. The first is when the energy storage device is considered independently

of the pulsed power application. This is typically the published values of the commercial

manufacturers. The second is when the energy storage device is considered in use with the pulsed

power application. The impact derives from the level of power and the duration of the power

required by the pulsed power application. The energy released by the energy storage device is the

only energy needed, which of course reduces the specific energy and energy density of the energy

storage device.

EMALS ETG HOA
Specific.Power(MW/kg) 0.178 0.179 0.178
Specific.Energyapplication (kJ/kg) 0.712 0.693 0.712
Specific.Energy storagedevice (kJ/kg) 0.712 0.715 0.713
Power.Density (MW/ma) 211.211 211.953 211.46
Energy.Densityapplication (MJ/m') 0.845 0.822 0.845
Energy.DensityStoragedevice (MJ/m') 0.845 0.848 0.846

Table 4.1: MEC Summary

EMALS ETG HOA
Specific.Power (kW/kg) 0.595 0.595 0.595
Specific.Energyapplication (J/kg) 1.786E+3 5.952 4.464
Specific.Energystoragedevice (kJ/kg) 14.063 14.063 14.063
Power.Density (MW/m') 0.595 0.595 0.595
Energy.DensityappIication (kJ/m) I.786E+3 5.952 4.464
Energy.DensityStoragedevice (MJ/m') 14.063 14.063 14.063

Table 4.2: CDL Summary

CDL capacitors have not been demonstrated at power levels being proposed by this thesis.
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5. Compensated Pulsed Alternators (CPA)

5.0. Compulsator (CPA) Fundamentals

Compensated Pulsed Alternators (CPA), also known as Compulsators, is another form of kinetic

energy flywheel storage device. Injection of kinetic energy originates from a prime mover such as

a turbine, hydraulics, or even the electric machine itself (in the motor configuration). The kinetic

energy is then converted to electromagnetic power to be delivered to the load in nearly the same

manner as a classical electric machine (in the generator configuration). The difference lies in the

amount and duration of power delivered to the load.

Some classical electric generators use a portion of the armature windings electric output to excite

the field windings (self-excitation). The field windings in turn generate a rotating magnetic field,

which generates the armature windings electrical output. The electric generator is a power

amplifier with the output power (armature windings) to the excitation power (field windings)

being the ratio. The self-excitation begins with the residual magnetism of the machine (very

small) and builds to full power capacity at the magnetic saturation of the machine. This physical

limitation is due to the ferrous magnetic material of the machine.

An air core is used in the latest compulsators to remove the limitations of iron core saturation

with the peak flux density normally exceeding two Tesla. Using positive feedback, the field

windings cause a nearly exponential rise in power output of the armature windings. This implies

that the machine could be destroyed from thermal excesses for high power applications.

However, if the power is limited to a very short duration, then the power output can be quite high

without thermal ramifications. The intensity and duration of the pulse are the tradeoffs to prevent

thermal excesses.

Self-excitation applied to all types and topologies of electrical machines (homopolar and

heteropolar, synchronous and asynchronous, steady-state and pulsed operation), will achieve

almost exponentially (due to the positive feedback connection) high values of the excitation flux

densities. But since these values are maintained for a short duration, the excitation losses are

limited to reasonable values.
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5.1. Applications

The Cannon Caliber Electromagnetic Gun (CCEMG) generator (built at University of Texas) is a

self-excited compulsator of high power density and compactness capable of delivering 1.2 MJ to

a railgun for three five-round salvos at a short repetition rate of 5 Hz. The self-excited

compulsator stores 40 MJ at 12,000 rpm and weighs 2045 kg.

Parametrically evaluating the CCEMG generator results in a compulsator(s) weighing 409 metric

tons for EMALS, 818 metric tons for ETG, and 51,125 metric tons for Higher Order

Applications. Parametrically evaluating the CCEMG generator may not be accurate since a larger

compulsator may have a greater specific power, specific energy, power density, or energy

density. The stability and efficiency may also be questionable at very high power levels.

Thermodynamics prevents using Compulsators for EMALS or any other high power pulse of

significant time duration. However, Compulsators seem to be ideally suited for rail guns, which

require short, high-powered pulses with a high pulse repetition rate.

5.2. CPA Summary

Electric machines, which are used for electromagnetic launch and other pulsed power

applications are typically specialty machines with unique arrangements of windings, not usually

found in standard textbooks on electric machines. For machines used in pulsed power

applications, a good dynamic model is very important and very complicated. Compulsators

should be studied further to determine the applicability for very high order pulsed power of very

short time duration. The designing challenge will be to conduct tradeoff studies of pulse duration,

pulse intensity, volume, and weight limitations.

In order to drive weight and volume down, compulsator designers will strive for higher frequency

and higher gain for the field excitation. Higher frequency will result from either higher rotation

speeds or more poles, both of which will result in a smaller machine. The gain of the field exciter

circuit is a function of the volts generated per field amp and the resistance and inductance of the

field circuit.

27



6. Batteries

6.0. Battery Fundamentals

A plethora of plate material, plate thickness, containment vessels, and electrolyte is available to

construct batteries. The SAFT nickel cadmium battery is commercially available and has been

proposed and is being used for high-power and high-energy commercial applications. The nickel

cadmium battery is modeled in this thesis since nothing serves as a greater selection process to

weed out weak products than the American capitalist system.

The following description of the charge/discharge cycle of the nickel cadmium battery is taken

directly from the SAFT tech manual provided at their website.

Discharge o

2NiOOH + 2H20+ Cd Charge 2 Ni(OH) 2 + Cd(OH) 2

The nickel cadmium battery uses nickel hydroxide as the active material for the positive plate,

and cadmium hydroxide for the negative plate. The electrolyte is an aqueous solution of

potassium hydroxide containing small quantities of lithium hydroxide to improve cycle life and

high temperature operations. The electrolyte is used for ion transfer; it is not chemically changed

or degraded during the charge/ discharge cycle. In the case of the lead acid battery the positive

and negative active materials chemically react with the sulfuric acid and electrolyte resulting in

an aging process.

The steel support structure of both plates is unaffected by the electrochemistry, and retains its

characteristics throughout the life of the cell. In the case of the lead acid battery, the basic

structure of both plates is lead and lead oxide which both play a part in the electrochemistry of the

process and are naturally corroded during the life of the battery.
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6.1. Charge/Discharge Cycle

During the discharge the trivalent nickel hydroxide is reduced to divalent nickel hydroxide, and

the cadmium at the negative plate forms cadmium hydroxide. On charge, the reverse action takes

place until the cell potential rises to a level where the hydrogen is evolved at the negative plate

and oxygen at the positive plate which results in water loss.

Unlike the lead acid battery, there is little change in the electrolyte during charge and discharge.

This allows large reserves of electrolyte to be used without inconvenience to the electrochemistry

of the couple.

Thus, through it's electrochemistry, the nickel-cadmium battery has more stable behavior than the

lead acid battery, giving it a longer life, superior characteristics, and a greater resistance against

abusive conditions. Nickel Cadmium batteries have a nominal voltage of 1.2 Volts per cell.

6.2. Other batteries

Other combinations of metals and electrolytes for batteries can be used to improve the impact on

individual characteristics such as the environment, the initial cost, better the life cycle, etc.

However, no dramatic improvement has been demonstrated for improving the recharge rate to

competitively challenge other pulse power storage devices (including Nickel Cadmium Batteries).

6.3. Analysis

The recharge rate for batteries is far too slow for the military applications being considered in this

thesis. To show this, all the following parameters in the math model in Appendix G are assumed

to be the under the best of conditions to present the best recharge rate possible.

Assumptions:

" Temperature degradation will not be considered.

* The voltage will be assumed at the greatest value for each cell.

" The deliverable amperage will be at the largest value even though the battery may not be

fully charged.
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* No other losses will be considered.

* The recharge rate will be at the "fast" recharge rate.

6.4. Advantages

Without being specific to actual values or directly comparing to other energy storage devices,

batteries have:

* a high specific power

* high specific energy

* high energy density

* high power density

* low initial cost

* and represent a mature technology.

The specific power and power density are not very impressive when comparing other energy

storage devices.

6.5. Disadvantages

All the above claimed advantages and not greatly investigated since the recharge time (greater

than 79 hours for EMALS) negates any perceived advantages.

Other disadvantages include:

* Hydrogen production during recharge

" Life cycle is dependent on the depth of charge/discharge

* Determination of energy within the batteries is difficult

* Maintenance requirements
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7. Conclusion

7.0. Analysis Description

In order to use pulsed high powered devices onboard ships, a method must be devised to deliver

vast amounts of power (short in duration) from power supplies which are not capable of

providing the required power levels. Assuming the relatively low power production of the ship

can be stored in an energy storage device over an extended time, the stored energy could then be

delivered to the high powered device for a short time duration thereby increasing the power

delivered.

The five energy storage devices that have been considered in this thesis are:

* Flywheels

" SMES

" Capacitors

" Compulsators

* and Batteries.

The three pulsed high-powered devices considered to which the power would be delivered are:

" EMALS,

* ETG,

* and Higher Order Applications.

This is not inclusive of all possible high-powered pulsed devices but does represent a somewhat

broad spectrum of possible pulses that may be required onboard a ship. Other pulsed power

devices and pulses can easily be considered using the outlined mathematical approaches in the

appendixes.
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Combinations of an energy storage device that have high energy storage but low power output

capacity which could be routed to an air inductor (or capacitor bank) designed to power up and

then dump into the pulsed power device was not considered.

The math model assumed a three-phase power source of 450V and 2000A to recharge the energy

storage devices. With a larger power source, the recharge time would be significantly reduced and

vice versa. The recharge times are available in the appendices.

Matching voltages between the energy storage device and the pulse power application were not

taken into consideration with the exception of Ultra Capacitors (CDL) where it is necessary to

route the output through a dc to dc converter due to the low voltages inherent in CDL capacitors.

To keep the naval architecture plausible in considering the different energy storage devices, an

aircraft carrier was chosen to maximize the available weight and volume. Additionally, an aircraft

carrier has a greater electrical power production capacity thereby shortening the recharge time for

any energy storage device.

7.1. Disclaimer

Presently none of the listed energy storage devices have been demonstrated at the power levels

suggested by this thesis for EMALS, ETC, or HOA, although Flywheels and SMES have shown

the greatest promise with commercial utility systems.

Questionable assumptions made by the author include:

" Parallel series connections for capacitors on the order of thousands of cells.

* Compulsators are being demonstrated on the order of 4kW. It is a great leap to assume

compulsators will be stable at the much greater suggested power levels in this thesis.

" Neglecting complicated mechanical and electrical interfaces, which are far beyond the scope

of this thesis, may have been detrimental to the overall analysis.

" General assumption for all energy storage devices that stability will be maintained at the

higher power levels being considered in this thesis.
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7.2. Elimination from Consideration

Prior to conducting a 5-way comparison to determine the initial best choice, some of the energy

storage devices can be eliminated for not meeting the minimum requirements.

7.2.1. Batteries

Batteries have a very large energy density (91.6MW/mA3). However the specific power and

power density are not very impressive. In order to meet the power levels of the pulsed power

devices, a very large number of batteries have to be used. This drives the applied energy density

down to 260 kJ/mA3 for EMALS and 173 J/mA3 for ETC. Although this is very detrimental to the

batteries competitiveness for consideration, it is the recharge rate of the batteries which eliminates

batteries from any further considerations.

The recharge rate for batteries is:

" EMALS: 79 hours

* ETC: 13 minutes

" Higher Order Applications: 16.5 hours

These are insurmountable numbers and therefore batteries will not be considered further.

7.2.2. SMES

The specific power of the SMES is very impressive, especially for the shorter pulsed applications.

This is greatly offset by the energy density, which is dismal at best. Normally this would not be

sufficient to eliminate SMES from the competition, however, SMES also has severe personnel

hazard issues. A SMES stores energy in a large electromagnetic field using large currents in a

cryogenic inductor made of superconductor material. The immediate area around the SMES

would be hazardous to personnel from the large magnetic field present outside the inductor,

unless contained. Additionally, if the SMES were to quench, all the stored energy would be

released thermally and kinetically. A very heavy iron containment vessel would be required for

both hazards. These safety issues negates SMES from further consideration.
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7.3. Comparisons

7.3.1. Specific Power

The specific power of the Metalized Electrode Capacitors at 178 kW/kg far exceeds the other

energy storage devices as shown in Figure 1.

Specific Power

200 17-0
180
160
140 -3 Flywheels (Steel)

~120le, 2 Flywheels
- 100 (Composite)

*Capacitors (MEC)

60 -- Capacitors (CDL)
4020 Compulsators
20

0

Specific Power kW/kg

Figure 1. Specific Power

7.3.2. Specific Energy per Energy Storage Device

In Figure 2, the specific energy of each energy storage device was compared ignoring the

application for which they could be applied. This is the claim the manufacturer is expected to

make with regards to their product. The result shows that the Composite Flywheels far exceed the

nearest competitor as shown.
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Specific Energy per Energy Storage Device
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Figure 2. Specific Energy per Energy Storage Device

7.3.3. Specific Energy per Pulse Power Applications

The specific energy for Composite Flywheels when used for EMALS is 30 kJ/kg, much higher

than the nearest competitor as shown in Figure 3. There is a dramatic increase in the separation

between Composite Flywheels and the nearest competitor when EMALS is considered.

Specific Energy per Pulse Power Application
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Figure 3. Specific Energy per Pulse Power Application

When only ETC and HOA are considered, it is obvious that Metalized Electrode Capacitors far

exceed the performance of the other energy storage devices as shown in Figure 4.
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Specific Energy per Pulse Power Application for ETC and HOA
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Figure 4. Specific Energy per Pulse Power Application for ETC and HOA

7.3.4. Power Density

The power density is more prominent in the Metalized Electrode Capacitors far exceeding any

other energy storage device with 211 MW/m^3 as shown in Figure 5.

Power Density
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Power Density MWI/mA3

Figure 5. Power Density

7.3.5. Energy Density per Storage Device

The energy density comparisons in Figure 6 show the energy density of Composite Flywheels is

at least twice the value of the nearest competitor, Ultra Capacitors (CDL).
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Energy Density per Energy Storage Device
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Figure 6. Energy Density per Storage Device

7.3.6. Energy Density per Pulse Power Application

Each energy storage device was compared when applied to a pulsed powered device. The energy

density for the Composite Flywheels dropped to 10.42 MJ/mA3. But the separation from the

nearest competitor increased dramatically as shown in Figure 7.
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Figure 7. Energy Density per Pulse Power Application
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7.4. Pulse Power Device Comparisons

7.4.1. EMALS

The comparisons in section 7.3 seem to imply that Composite Flywheels should be used for

EMALS whereas Metalized Electrode Capacitors seem to be the choice for the shorter pulses

used with ETC and HOA.

This is again outlined with the size and weight of the energy storage devices which would be

required if they were used for EMALS, ETC, or HOA below.

The weights of the energy storage device required to power EMALS are displayed in Figure 8

where it is easily seen that batteries are the heaviest energy storage device being considered.

EMALS Weight

1000

900

700 -

600 0 Flywheels (Steel)
cr Flywheels (Composite)
OSMES

5n0 N Capacitors (M EC)
m Capacitors (CDL)
0 Compulsators
43 Batteries

300 .6

200

100

0
Weight

Figure 8. EMALS Weight

The volumes of the energy storage device required to power EMALS are displayed in Figure 9

where it can be seen that SMES takes up the largest volume of the energy storage devices being

considered.
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EMALS Volume
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Figure 9. EMALS Volume

Unfortunately the larger weight and volumes are shown, but the data of interest is the minimum

values for weight and volume as outlined in the next two figures below. Figure 10 shows the

Composite Flywheels are the lightest energy storage device considered for use with EMALS.
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Figure 10. EMALS Inverse Weight
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Composite Flywheels are also occupy the smallest volume of space when comparing the energy

storage devices being applied to EMALS as shown in Figure 11.

EMALS 1Nolume

Figure 11.
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7.4.2. ETC

The weights of the energy storage device required to power ETC are displayed in Figure 12

where it is easily seen that batteries are the heaviest energy storage device being considered.
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Figure 12.
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The volumes of the energy storage device required to power ETC are displayed in Figure 13

where it can be seen that Compulsators takes up the largest volume of the energy storage devices

being considered.
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Figure 13. ETC Volume

Unfortunately the larger weight and volumes are shown, but the data of interest is the minimum

values for weight and volume. These are outlined in the next two figures below.

Figure 10 shows that SMES are the lightest of the energy storage devices which are considered

for use with ETC. However, SMES is not to be considered as discussed earlier due to

disqualifying characteristics as discussed above. If the safety issues can be addressed, SMES may

be a viable solution with ETC.

The lightest energy storage device being considered is the Metalized Electrode Capacitor bank.
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Figure 14. ETC Inverse Weight

Metalized Electrode Capacitors also occupy the smallest volume of space when comparing the

energy storage devices being applied to ETC as shown in Figure 15.
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Figure 15. ETC Inverse Volume
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7.4.3. HOA

The weights of the energy storage device required to power HOA are displayed in Figure 16

where it is easily seen that batteries are the heaviest energy storage device being considered.

HOA Weight
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100000 D HOA Compulsators
HOA Batteries

Weight

Figure 16. HOA Weight

The volumes of the energy storage device required to power HOA are displayed in Figure 17

where it can be seen that Compulsators takes up the largest volume of the energy storage devices

being considered.
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HOA Volume

350000

300000

250000,

1 HOA Flywheels (Steel)

200000 HOA Flywheels (Composite)
MHOASMES
0 HOA Capacitors (MEC)

E * HOA Capacitors (CDL)
150000 D HOA Compulsators

HOA Batteries

100000

50000

Volume

Figure 17. HOA Volume

Unfortunately the larger weight and volumes are shown, but the data of interest is the minimum

values for weight and volume. These are outlined in the next two figures below.

Figure 18 shows that SMES is the lightest of the energy storage devices that are considered for

use with ETC. However, SMES is not to be considered as discussed earlier due to disqualifying

characteristics as discussed above. If the safety issues can be addressed, SMES may be a viable

solution with ETC. The lightest energy storage device being considered is the Metalized

Electrode Capacitor bank.
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HOA Inverse Weight

o.03

0.025- - -

Q HA Flywheels (Steel)
P HOA Flywheels (Composite)
*HOA SMES

0.015 ... . HOA Capacitors (MEC)
N HOA Capacitors (CDL)

o HOA Compulsators
3 HOA Batteries

0.01

0.005

0
1/Weight

Figure 18. HOA Inverse Weight

Metalized Electrode Capacitors also occupy the smallest volume of space when comparing the

energy storage devices being applied to ETC as shown in Figure 19.

HOA Inverse Voltage

0.012

0.01

0.008---- -

o HOA Flywheels (Steel)
I HOA Flywheels (Composite)
mHOASMES

E [3F HOA Capacitors (MEC)
M HOA Capacitors (CDL)
3 HOA Compulsators
0 HOA Batteries

0.004

0.002

1Nolume

Figure 19. HOA Inverse Volume
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7.5. Summary

Currently the best choice for EMALS is Composite Flywheels and the best choice for either ETC

or HOA is Metalized Electrode Capacitors. This may change depending upon the following:

" Other information may become available which was not considered due to the ignorance of

the author.

* Technology improvements not currently forecast.

" Assumptions by the author that are inaccurate (Voltage matching between energy storage

device and pulse power device, PRR, rise time requirements, etc).
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Appendix A: Flywheels of Steel

Flywheel of steel

Flywheel technology is new and manufacturers are reluctant to publish some relative parameters which are proprietary. Therefore some assumptions are

made and noted below.

Constants and conversions:

MW :=ooooov Mega Watts rpm: Conversion from radians to RPM.

GW := I OOCMW

kJ:= I OOQJ

MJ:= 10OOOOJ

sec
msec:=

1000

MWh := MW-hr

MPa := 100000(Pa

Inputs:

Vin := 450V

in := 6000A

n in in

Giga Watts

kilo Joules

Mega Joules

milli second

mi n

LT: 224Q~b

USD:= I

MD := 100000(USD

BD:= I OOIMD

Mega Watt hour: A measurement of energy.

Mega Pascal

LongTons

U.S. Dollars

Million Dollars

Billion Dollars

MWh = 3.6 x 109 J

Voltage available to apply to flywheel from shipboard
source.
Total Current available to apply to flywheel.

Total Power deliverable to energy storage device.
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40MW

IDevice required := 160MW

S10GW

Pflywheelmodule:= I0MW

PDevice required
Modules required := ceil -

Pflywheel_module)

(4

Modules required 16

I x 10 3

Pflywheelsystem (Modules required- Pflywheel-module)

Mass flywheel-module:= 3OLT

Volflywheelmodule:= 3.5m-3.5m-6.5m

Disksper-module -

Mass disk:= 3LT

Speed max:= 2700Qpm

m
Speed - := 600 -tip max s

Radiusdisk:= Speedtipmax Radiusdisk = 0.338m'
Speedmax-2--

Power required of flywheel to power device (EMALS, ETG, HOA).

Power of each flywheel module.

How many modules are required? Round to next highest integer.

Mass of each flywheel module.

Volume of each flywheel module.

Number of flywheel disks per module.

Mass of each disk.

Max speed of flywheel in rotations per minute is 4500RPM.

Max tip speed of flywheel. (ref 35)

Radius of flywheel disk.
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2

Areadisk := 7-Radiusdisk

2 Mass disk
TensileStress := Speedtip max Radius dik.Areadisk

Momentof inertia:= (2Radiusdisk ) 2 Mass disk

Energymodulemax:=.5Momentofinertia* Speed max

3s

Pulselength := 2.5msec

2msec )

Radius rotor := Radius disk

Mass rotor := Mass disk

PulseRepitition := 5

3 y

3
TensileStress = 9.067x 10 MPa

Tensile Stress cannot exceed Max stress for steel. RPM's can be increased only

to the extent of maximum RPM of 4500. To further increase RPM's, the radius

must reduced such that the tip speed is reduced as well.

7
Energymodule-max= 5.559x 10 J

The length of time required to power device.

Radius of the flywheel rotor.

Weight of flywheel rotor.

How many times does the device need to be operated for
the energy stored in the flywheel?

Calculations:
How much energy is needed to power the device for a given number of repetitions?

WDevice required (PulseRep itition Device-required *Pulselength)

120"

WDevicerequired = 2 MJ

60 )

Energy required to be stored in
flywheel in order to fully power device
for required time for a set number of
repititions.
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What is the max energy that can be stored in each system?

Energysystem-max := Energymodule-maxModules required

What is the power available from ship sources?

( 222.366

Energysystem_max 889.463 MJ

5.559x 10 4

Total powered provided to modules from
shipboard source.

What are the electric to kinetic conversion losses?
What are the module losses?

Conversion Losses:

Pelectronics := 1W

Plossdue to_powerconversion in := .04Pin

Pdeliveredtomodules :- Pin ~ Plossduetopower conv

Dummy value. Not used in further calculations.

The expected power lost in conversion is 96% efficiency.

Resulting power delivered to the modules.

Parasitic Losses:

Pwindage:= 1W
These values are dummy values. The expected values are summarized to be
800kW per flywheel module with each module containing .5MWh of energy.

Pbearingloss := 1W

Pthermal:= 1W

PParasiticLoss := 800kWModulesrequired
Total power loss from windage,
electronics, power conversion, bearing
loss, and thermal losses.
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PParasiticLoss

3.2x 10

= 1.28x 104 kW

8x to5

Output power:

Max power deliverable to the load.

Pdelivered := 10MW -Modules required

What is the power/energy loss in converting kinetic energy to em energy?

Plossdue topowerconversionout := .04-PDevicerequired Power loss from converting kinetic energy
to em energy.

Power removed from module:

Plossformodules := (delivered + Plossdue topower conversionout Total power departing module.

41.6

Plossformodules = 166.4 MW

1.04x 10 4

What is the energy needed in the modules in order to provide the required energy to the device?

WLossemconv := (PulseRepitition' Plossdue topower conversionout *Pulselength

Wrmodules required := (WDevice required + WLossemcon ) Resultant power required for the modules.
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(

Sharging profile of modules for EMALS
.510 I I

WDevice(t)O

0

2-106
WDevice(t) I

0

0 5 10 15

The graphs below show the charging profile of
the flywheel from zero energy to the full energy
required by the pulsed powered device.

6 Charging profile of modules for ETG
3 -10 I I I I I

0 0.1 0.2 0.3

t

WDevice( timecharge 0 0 = 124.805MJ WDevice( timecharge )0 = 2.1 MJ
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0-t if t < 0

Pdeliveredtomodules -t if 0 t 5 timecharge 0

Pdeliveredtomodules -timecharge 0 if t > timecharge 0

0-t if t < 0

Pdeliveredtomodules *t if 0 t < timecharge

charg t'ehr
Pdelivered tomodules -timecharge if t > timecharge

0-t if t <0

Pdeliveredtomodules *t if 0 ! t 5 timecharge 2

Pdeliveredtomodules -timecharge 2 if t > timecharge 2

WDevice(t) :=



8-10 1

6 -107

WDevice(02 7

2-107

' I

Charging profile of modules for HOA

0

timedischarge

5

t

W) -

Wmodules-required 
0

Plossfor _modules 0

Wmodules required

glossformodules

Wmodules required2

glossformodules 
2

WDevice( timecharge 2) 0 = 62.441MJ

Discharge time:
timedischarge

3

- 0.013

6x 10 3

s

Mass flywheel module system := Mass flywheel module-Modules required

Volflywheel module system Volflywheelmodule.Modules required
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C 120

Mass flywheel module system 480 LT

3x 10 4

Pflywheelsystem

4

Sx

6

0 )

0 MW
4110 ,

Volflywheelmodulesystem

timecharge =

318.5

= 1.274x 103 m3

7 x 4g7.963x 10 J
0.267

4.5 x 10 3 min

0.134 )

3

0.013

x 1- 3 I

3.2x 103

1.28 x 104 kW

8 x 10)

This is the discharge time for:. PulseRepitition 5

s3,

SpecificPower =SpecificPower Pflywhee system
Mass flywheelmodule_system)

SPecificEnergy application

WDevice( timecharge 0 )0

WDevice( timecharge 1>

WDevice( timecharge
2 )2 9

Mass flywheelmodule system
SpecificEnergy_ application =

1.024x 10

4.305 kg

2.049 j
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timedischarge

6

ParasiticLoss

328.069)
328.069

328.069)

W

kg



Energy system-max
SpecificEnergy storage device EeMass flywheel_modulesystem

PowerDensity := V flywhee moul stem
Vo ywheel-module-system

Energy Density application :=

WDevice( timecharge0 0

WDevice( timecharge ,) 1

WDevice( timecharge 2 

Volywheel module system -

(1.824)

SpecificEnergystoragedevice = 1.824 -

s 1.824) kg

0.126)

PowerDensity = 0.126 MW

,0.126) m

391.852
I kJ

EnergyDens ityapplication = 1.648 -

0.784 , m

r SpecificEnergystorage device Mass flywheel modulesystem

y - V ywheel_module_system

0.698)
Mi

Energy Density_Storage device = 0.698 -

0.698) m
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Appendix B: Flywheels of Composite Material

Flywheel of composite material

Flywheel technology is new and manufacturers are reluctant to publish some relative parameters which are proprietary. Therefore some assumptions are

made and noted below.

Constants and conversions:

7t

MW := 1000000W Mega Watts rpm := 2. Conversion from radians to RF
min

GW :=1000MW Giga Watts LT:= 22401b LongTons

kJ:= 1000 kilo Joules USD := I U.S. Dollars

MJ := I oooooJ Mega Joules MD := 1000000USD Million Dollars

msec sec milli second BD := IOOOMD Billion Dollars
1000

MWh := MW -hr Mega Watt hour: A measurement of energy. MWh = 3.6 x 109 1

Inputs:

Vin :450V Voltage available to apply to flywheel from shipboard
source.

in := 6000A Total Current available to apply to flywheel.

P.- V -n~i- Pi = 2.7MW Total Power deliverable to energy storage device.in- in inm

PM.

PDevice required

40MW

160MW

10GW )

Power required of flywheel to power device (EMALS, ETG, HOA).
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Pflywheel system-max :=4MW

NsPsystem:=
SDevice required

Pflywheel-system-max)

Power of system.

NPsystem 4

( 250,

Wflywheelsystemmax:= 150MJ

Mass of each flywheel module.
Mass flywheel 400(kg

2 150
volflywheel-module:= 1.5m-6-0m -

Speed max:= 1000-pm

3s

Pulselength L 2.5msec)

2msec

Mass rotor:= Mass flywheel

'I
PulseRepitition := 5

S3 y

Volume of flywheel system. Determined from "Flywheel Batteries come around
again". Vol is paramaterized from a 1.5 meter high and 1 m diameter flywheel
system providing 60 MJ and 6 GW

Max speed of flywheel in rotations per minute.

The length of time required to power device.

Weight of flywheel rotor.

How many times does the device need to be operated for
the energy stored in the flywheel?
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Calculations:

How much energy is needed to power the device for a given number of repetitions?

W Device required := (PulseRepititionDevice required Pulse length)

WDevicerequired =

120"

2 MJ

60)

N~ssen: W WDevice required
NWsysteml := L e d I

Wftywheel_systermsax
What is the power available from ship sources?

in in in

Energy required to be stored in
flywheel in order to fully power device
for required time for a set number of
repititions.

0.8

NWsystemn -. 1

S0. 4

Total powered provided to modules from
shipboard source.

What are the electric to kinetic conversion losses?
What are the module losses?

Conversion Losses:

Pelectronics :=W

glossduetopower conversion-in :_ 0 4 in

Pdeliveredtomodules : Pin - Ploss-dueto power-conve

Parasitic Losses:

Dummy value. Not used in further calculations.

The expected power lost in conversion is 96% efficiency.

rsion in Resulting power delivered to the system.

500W
Pstandby := M

7.2MJ
Wflywheel system max = 150MJ

Parameterized iaw M4 DC Flywheel Power
System of AFS TRINITY Power Corporation
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PParasiticLoss :standby -(Wflywheel system_ max-NPsystem

PParasiticLoss -

10.417

41.667 kW

2.604x 10 3

Total power loss from windage,
electronics, power conversion, bearing
loss, and thermal losses.

Parametrically assumed value from "Conceptual System Design of a 5
MWh/100 MW Superconducting Flywheel Energy Storage Plant for Power
Utility Applications".

What is the power/energy loss in converting kinetic energy to em energy?

Ploss due to-power conversionout := .022-PDevicerequired

Power removed from module:

Power loss from converting kinetic energy
to em energy. Total efficiency
(charge/discharge) is .937 iaw "Flywheel
Batteries Come Around Again"

lossfor system (Device required + Plossdue topower conversionout )

Ploss forsystem

Total power departing system.

40.88

163.52 MW

4j1.022 x 10 J

What is the energy needed in the modules in order to provide the required energy to the device?

WLoss em conv := (PulseRepitition PIossduetopower conversionout -Pulselength)

Wmodules required := (WDevice required + WLoss em conv)

(122.64"

Wmodules required = 2.044 MJ

61.32 )

Resultant power required for the modules.

2.64x 10 0

WLossem cony 4.4 x 104I

1.32x 10 6)
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How much time does it take to charge the flywheel to the desired energy?

chargetime(pto_rotor, Wrotor required) esttime - .0Is

while Ptorotor -est time < W rotor required

esttime <- esttime + .0Is

charge-time Pdeliveredtomodules , Wmodulesrequired OY

charge-time( delivered-to-modulesW modulesrequi red

charge-time Pdeliveredtomodules ,' modulesrequired 2)

0.263

tmecharge 45 x63 mi The length of time to charge
flywheel to the desired energy

S0.131 level from zero.

r

WDevice(t) :=

K

0-t if t < 0

delivered to modules t if 0 - t timcharge 0

Pdeliveredtomodules -timecharge0 if t > timecharge 0

0.t if t < 0

Pdeliveredtomodules -t if 0 t timecharge

Pdeliveredtomodules -ilmecharge if t> timecharge

0-t if t < 0

Pdelivered _tomodules -t if 0 t timecharge 2

Pdeliveredtomodules .timecharge 2 if t > timecharge 2

timecharge :=
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1.5

WDevice(t)O

-*10
gharging profile of modules for EMALS

5-10

0
- 5

0 5 10 15

WDevice timecharge ) 0 = 122.705MJ

These graphs shows the charging profile of the flywheels from
no energy to the energy required to power the pulsed power
device.

Charging profile of modules for ETG

2 1

3-10 

2-10 6

WDevice(t) I

-10 6

0
0 0.1 0.2 0.3

t

7
8-107

6-10

WDevice(t)2 7
4-10

2 .10

0

jharging profile of modules for HOA

0 5

WDevice( timecharge ) 0 = 2.1 MJ WDevice( timecharge 2 ) 0 = 61 .353MJ
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Discharge time:

timedischarge *=

I-

Wmodulesrequired 
0

PIoss for system 0

Wmodules required

Plossfor system

Wmodules required
2

Ploss for-system 2

kJ
Specificenergy := 120-

kg

. kW
Specificpower := 2.5-

power kg

Assumed Specific energy 4-Specificenergy

~Device required
Mass flywheel module:- Assumed ec-ifpoer

Assuy e mSpecific_power
Volfywheel-module-total :=Voflywheel-module- Npsystem

These values are given for the actual rotating mass of a bus flywheel being
tested in Texas. Assuming the electromagnetic and electronic components
are equivalent in mass and that the containment vessel is of comparable
mass, a factor of 4 (conservative?) is introduced.

Assumed Specificpower := 4-Specificpower

400USD
Capitalexpense kW 'flywheelsystem_max-NPsystem
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r'4

Mass flywheel module 16 LT

984

0.0 13
tinedischarge = s

\6x 10-3

15.78"

timecharge 0.27 sec

7.89 /

Volflywheelimodule_total

11.781

47.124 m3

2.945 x 10 3

This is the discharge time for:.

10.417

PParasitic Loss - 41.667 kW

\,2.604x 103

PulseRepitition -

S3

('16 )

Capital = 64 MD
expense4

K4000)
Based on material costs only.

I am currently unable to take a quantitative approach to determine response time (the time lag from power demand to delivery).

However, in a qualitative approach (fraught with peril!) one can argue that flywheels can respond in the msec range but not in the

micro second range. Capacitive or inductive energy would be better suited to deliver power within the micro second time frame. The

response time should not be confused with frequency. Response (rise) time is the time needed to deliver the power at full strength

(which will probably be comprised of high frequency harmonics, but in an ideal world, may not). Ultra Capacitors cannot deliver high

frequency power due to the physics of Ultra Capacitors (not to be confused with regular capacitors).

So what does all this mumbo jumbo mean? If you want is to push the button and have a quick response that cannot be differenticated by the

naked eye, then flywheels can confidently be chosen. However, the same confidence cannot be enjoyed when selecting flywheels for

applications for extremely fast response times (order of micro seconds). However, a large capacitor (or inductor) could provide the fast

response time and the flywheels could provide the capacitor (or inductor) with a charge cycle and the subsequent dissipation losses for a

short duration (dictated by the capacitor or inductor dissipation and the amount of energy available in the flywheels). But that combination will

not be discussed in this thesis.
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SpecificPower= PDevicerequired
Mass flywheel-module)

WDevice timehag0

WDevice tmecharge )

WDevice timecharge 2 )

SpecificEnergy application Mass:fly w he u
Mass flywheel-module

SPecificEnergystoragedevice (Specificenergy)

e Device required

y :=Volfywheel moduletotal)

SpecificpOwer =10k

'7 10 k

'30.676 k

SpecificEnergyapplication = 0.131 j -
0.061 k

SpecificEnergystorage device = 120

3.395 jMW
PowerDensity = 3. 3 9 5 --

s3.395, m

WDevice( timecharge 0 ) 0

WDevice( timecharge )

WDevice( timecharge2 )2

Volflywheel moduletotal

Specific -Mass flywheel module
EnergyDensity Storagedev ice energy

-- V oflywheelmoduletotal

10.416'

EnergyDensityapplication = 0.045 3

- 0.021 ) m

40.744
MJ

EnergyDensityStorage device = 40.744 3
- 40.744_ m
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Appendix C: SMES

SMES:

SMES technology is new and manufacturers are reluctant to publish some relative parameters, which are proprietary. Therefore some assumptions are

made and noted below.

Constants and conversions:

MW := 1000000W Mega Watts rpm := 2. Conversion from radians to RPM.
min

GW := 1000MW Giga Watts LT := 22401b LongTons

kJ := IOOOJ kilo Joules USD := 1 U.S. Dollars

MJ := 100000 1 Mega Joules MD := 1000000USD Million Dollars

sec
msec

1000

MWh :=MW -hr

Inputs:

Vin := 450V

in := 6000A

in- in in

PDevice required

milli second BD:= 1000MD

Mega Watt hour: A measurement of energy.

Billion Dollars

MWh = 3.6 x 109 J

Voltage available to apply to SMES from shipboard source.

Total Current available to apply to SMES.

Total Power deliverable to energy storage device.

Power required of SMES to power device (EMALS, ETG, HOA).
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The length of time required to power device.
3s

Pulselength := 2.5msec

K 2msec

PulseRepitition := 5
How many times does the device need to be operated for
the energy stored in the SMES?

Calculations:

How much energy is needed to power the device for a given number of repetitions?

WDevice required := (PulseRepitition* PDevicerequired *Pulselength)

L1201
WDevicerequired = 2 MJ

s 60 )

What is the power available from ship sources?

Pin= Vin in

What are the conversion losses?
What are the parasitic losses?

Conversion Losses:

P - =IW .

electronics

Ploss due topowerconversion in :=. 01Pin

Pdeliveredtomodules : Pin - Plossduetojpower cor

Energy required to be stored in SMES
in order to fully power device for
required time for a set number of
repititions.

Total powered provided to modules from
shipboard source.

Dummy value. Not used in further calculations.

The expected power lost in conversion is 96% efficiency.

Resulting power delivered to the system.
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Parasitic Losses:

217W
refrigerant 6MJ W Device required

Parametric value of 217W/6MJ determined from 'Micro Superconducting
Magnetic Energy Storage (SMES) System for Protection of Critical Industrial and
Military Loads"

PParasiticLoss : Prefrigerant

4.34x 10

Prefrigerant 72.333 W

2.17x 103

( 4.34'

PParasitic Loss = 0.072 kW

2.17 j

What is the energy needed in the SMES in order to provide the required energy to the device?

Wmodules required WDevice required' 1.01

121.2

Wmodules-required 2.02 MJ

60.6
How much time does it take to charge the SMES to the desired energy

I have assumed a 1% loss in power when converting the energy from the
SMES into usable applied electrical power. This may not be accurate,
however, I am unable to produce a better guess from my research.

charge time(PtoSMES, Wrotor required) :=

timecharge

esttime <- .Ols

while PtoSMES-esttime < Wrotor required

esttime <- esttime + .0 Is

chargetime(Pdelivered tomodules , modules required

charge_time Pdelivered tomodules Wmodules-required 1)

charge-time Pdelivered tomodules ,W modules required 2))

timecharge =

/0.756'

0.013 min

0.378)

The length of time to charge
SMES to the desired energy
level from zero.
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I'l

gharging profile of modules for EMALS
1.5-10 1 1

6 Charging profile of modules for ETG
3-10 1

2-10 6
WDevice(t)I

1 .106

0

20 40

t

0 0.5

t

WDevice( timecharge 0)0 = 121.221MJ WDevice( timecharge )0 = 2.031 MJ
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O-t if t < 0

Pdeliveredtomodules -t if 0 t ! timecharge 0

Pdeliveredtomodules -tmecharge 0 if t > timecharge 0

0-t if t <0

Pdelivered to modules -t if 0 t timecharge

Pdeliveredtomodules .timecharge I if t > timecharge

0-t if t <0

Pdeliveredtomodules 't if 0 t timecharge 2

Pdelivered to modules ti mecharge2 if t > timecharge2

WDevice(t):=

WDevice(t) 0

1 -10 8

5 -107

0
0'



8 -107

7
6-10

WDevice(t)2 7
4 10

2-10 7

Charging profile of modules for HOA

0
0 10 20

timedischarge

Wmodules required0

( 1.0 lPDevice required)O

Wmodules required

1.001PDevicerequired 1

Wmodules required 2

(1.01PDevicerequired) 2

WDevice( timecharge 2 ) 0 = 60.624MJ S3

timedischarge 0.013 s

!6x 10 3)

SMES max:= _ required This is not truly accurate. SMES can provide much more power and is only limited
x Devicerby the power electronics channelling the power from the SMES to the load. The

response time of delivering full power is also only limited by the electronics.

2045kg The mass of the SMES is estimated here using values
-mass 3MJ obtained by American Superconductor's data sheets on

their SMES units. 10,000 lbs was subtracted to account

Mass SMES:= Energytomass 'W modules required for the mass of the trailer.

Gauss radius is the radius the SMES leakage field decreases to 5 Gauss.
Gauss radius := 6.lm
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htrailer:=9ft

VO3MJSMES ratio =

7t-Gauss radius 2 htrailer)

3MJ

VOISMES: (Wmodulesrequired-Vol 3 MJ_SMES_ratio)

(4>
1.296x 10 4

VOISMES = 215.922 m3

\16.478x d/

Secondary volume calculation based on "Systems Considerations in Capacitvive Storage" by Schempp, page 670.

EnergyDens itySMES := .05

cm

VoISMES2 Wmodules required

Energy Dens ity_S ME S

2.424x 103
13

VolSMES2= 40.4 m

\ x 3
l .212x 10 )

Mass SMES =

8.262x 10

1.377x 103 kg

4.131x 104 )

PSMES max=

timedischarge

L I

40

160 MW

x 104 /

- 0.013 s

6x 10 )

4.34s

PParasiticLoss =0.072 kW

S2.17 )
PulseRepitition= 5

3)

timecharge =

0.756"

0.013 min

0.378)
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LSMES max)

Mass SMES)

SpecificEnergyapplication :=

SpecificEnergystorage devic

PowerDensity :=

0.484
I IkW

SpecificPower= 116.197 -

242.078)

WDevice( timecharge0 0

WDevice timecharge 1

WDevice timecharge2 )2

Mass SMES

Energyto mass

fSMES max)
VOISMES2

EnergyDensity application := Energy DensitySMES

SpecificEnergy storage device Mass SMES
EnergyDensity Storage device Vo MES2

SpecificEnergyapplication

1.467)~

1.475J

1.468)

kJ
kg

kJ
SpecificEnergy storage_device = 1.467-

16.502

PowerDensity = 3.96x 10
3 k

8.251x 10

kJ
Energy Densityapplication = 50

m

EnergyDensityStoragedevice

(0.05
MJ

=0.05

,0.05, M
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Appendix D: Metalized Electrode Capacitors

Metalized Electrode Capacitors:

This model is mainly based on the metalized electrode capacitor outlined in "High Energy Density Capacitors for ETC Gun Applications".

Constants and conversions:

MW :=100000 -Mega Watts rpm Conversion from radians to RPM.
mi n

GW:= 100CMW Giga Watts LT:= 224db LongTons

kJ:= I OOJ kilo Joules USD:= U.S. Dollars

Mj := I OOOOO Mega Joules MD:= 1000000JSD Million Dollars

msec:= sec milli second BD:= 100OMD Billion Dollars
1000

MWh := MW -hr Mega Watt hour: A measurement of energy. MWh = 3.6x 10 J

Inputs:

V. := 450V Voltage available to apply to Ultra Capacitors from
Ifl shipboard source.

lin := 2000A Total Current available to apply to Ultra Capacitors.

40MW

P -= 160MW Power required of Ultra Capacitors to power device
Device required* -(EMALS, ETG, Higher Order Applications).

I0GW
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3sec

Pulselength := 2msec

2.5msec)

The length of time required to power device.

How many times does the device need to be operated for
the energy stored in the Ultra Capacitors?

PulseRepitition := 5)

s 3

Calculations:

How much energy is needed to power the device for a given number of repititions?

WDevice required :=(PulseRepitition~ PDevice required -Pulselength)
Energy required to be stored in Ultra
Capacitors in order to fully power
device for required time for a set
number of repititions.

What is the power available from ship sources?

'M - inin

CMEC:= (206pF

Total powered provided to Ultra
Capacitors from shipboard source.

192.5tF) Capacitance of the Ultra Capacitors

dtMEC:= (8msec 4msec)

V0 := (22kV 35kV)

WMEC:= (.5.CMEC V02) WMEC (0.05 0.118) MJ

The capacitors being analyzed can fully discharge within these
times. The power is averaged over this time for the amount of
energy in the capacitor. Although the power would be much
greater in the initial discharge of the capacitor, the energy
capacity of the capacitor is the driving factor to determine the
number of capacitors in the bank.
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W MEC-
PMEC -MEC (6.231 29.477) MW

PMC=dt MEC

IMEC:= PM:C IMEC (283.25 842.188) A
VO

The rise time of the second capacitor is 750 psec to maximum discharge current of 11.5 kA. The first analyzed capacitor has a peak

current of 150 kA

The capacitor can be fully discharged (crowbar) within 1 msec. Well within the ETG and Higher Order Applications pulse lengths being

considered in this thesis. Typical discharge time for pulse power can be as short as 2-2.5 msec.

How many capacitors are needed to meet the power and energy demands of the power pulse devices?

NMEC 1st= ceil PDevice required Pulse length -PulseRepitition

WMEC00

NMEC_2nd= ceil~ Device required Pulse length -PulseRepitition

WMEC
0 I

2.408x 10r 3

NMECI st 33 NMEC_2nd 14

1.505x 103 637
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WMECbank_1st:= (NMEC lst-WMEC 0 0 )

WMECbank_2nd (NMEC 2nd-WMEC0 1)

120.044'

WMECbank 1st = 1.645 MJ

75.027 )

120.029

WMEC bank 2nd = 1.651 MJ

S75.106

PMECbank_1st

PMECbank_2nd

NMEC Ist'PMEC
0 0 )

pMECbank_ 1st =

NMEC_2nd"MECO, 
1) MECbank_2nd

1.501 x 10

205.639 MW

9.378x 103

(4

3.001x 10

412.672 MW

,1.878x 104.

WeightMEC:= (145.2kg 70kg)

VolumCNEC:= (.086397n3 .059%3)

Weight MEC-bank_1st := NMEC1 st- Weight MECO 0)

(385.414

Weight MECbank_1 st = 5.282 ton

240.884)

' 1 85.806

WeightMECbank_2nd = 2.546 ton

116.128)

75

Weight MECbank_2nd := (NMEC_1st-WeightMECO, 1)



VolumeECbank lst:= NMEC Ist-VolumeMEC, 0 )

208.044
I 13

VolumeECbank_1st = 2.851 m

130.027)

VolumeMEC bank_2nd := (NMEC 1st-VolumeECO
VolumeECbank_2nd

1)

142.072'
I 13
1.947 m

88.795')

Time to recharge capacitor bank:

Timefrom zero lst :=

Timefromzero_2nd

WMEC bank 1st

in

WMEC bank 2nd

Timefrom zero- st =

0.741

0.01 min

0.463)

0.741

Timefrom zero_2nd= 0.01 min

0.464)

SpecificPower
r MEC bank_2nd

Weight MEC bank2nd)
SpecificPower

(0.178'
MW

= 0.179

0.178)

WDevice required
SpecificEnergyapplication Weight M -

WMEC bank2nd

SpecificEnergy storage device Weight -C a-11)- - ( eih MEC-bank_2nd /

SpecificEnergy application =

Speci ficEnergystorage dev ice

0.712

0.693

0.712)

76

kJ

kg

0.712)

= 0.715

K 0.713)

kJ

kg



I MEC bank_2nd
PowerDensity = MEC bank2nd

(VolumONEC-bank_2nd /

WDevice required
EnergyDensityapplication := Volum'ECbank_2nd

WMEC bank_2nd
Energy Density Storage device IVolumeECbank_2nd

(211.211'
MW

PowerDensity = 211.953 -

s 211.46 ) m

EnergyDensity application =

0.845

0.822

0.845)

MJ
3

m

0.845'

EnergyDensityStorage device = 0.848

- 0.846,

CostMEC_2nd:= 380(USD

Capitalexpense:= NMEC_2nd-CostMEC_2nd

K 3.868

Capitalexpense = 0.053I MD

s 2.421
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Appendix E: Ultra Capacitors

Ultra Capacitor 2700: 2700F capacitors are being produced by Maxwell Technologies

This model is mainly based on the numerical procedures outlined by "Analysis of Double Layered Capacitors Supplying Constant Power

Loads" using the classical equivalent circuit for a double layered capacitor. The capacitance is in parallel with the EPR (Equivalent Parallel

Resistance) to model the leakage current. The capacitance and the EPR are together in series with the ESR (Equivalent Series

Resistance) to model the heat dissapation.

Constants and conversions:

MW := 1000000W

GW:= 1000MW

kJ := IOOOJ

MJ := 1000000J

sec
msec

1000

MWh :=MW -hr

kg
gram : -k _

1000

rpm := 2-
m 2

LT: 22401b

Mega Watts

Giga Watts

kilo Joules

Mega Joules

milli second

USD := I

MD := 1000000USD

BD:= IOOOMD

Mega Watt hour: A measurement of energy.

Conversion from radians to RPM.

LongTons

U.S. Dollars

Million Dollars

Billion Dollars

MWh = 3.6 x 109 J

gram

Voltage available to apply to Ultra Capacitors from
shipboard source.

Total Current available to apply to Ultra Capacitors.

78

Inputs:

in

'in 2000A



PDevicerequired

40MW

160MW

10GW

3sec

Pulselength := 2msec

2.5msec)

PulseRepitition:=

3

I Power required of Ultra Capacitors to power device
(EMALS, ETG, Higher Order Applications).

The length of time required to power device.

How many times does the device need to be operated for
the energy stored in the Ultra Capacitors?

Calculations:

How much energy is needed to power the device for a given number of repititions?

WDevice required :=(PulseRepitition* PDevicerequired Pulselength)

What is the power available from ship sources?

Pin:= Vin in

C2700:= 270(F

Vol2700:= .6liter

Energy required to be stored in Ultra
Capacitors in order to fully power
device for required time for a set
number of repititions.

Total powered provided to Ultra
Capacitors from shipboard source.

Capacitance of the Ultra Capacitors

Weight 2700:= 60gram
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ESR:= .001ohm
e'40)

ns:= 40

\,40j

L 2800

np:= 11200

I 700000)

V0 := 2.5V

EPR:= .001ohm ESR is the equivalent series resistance. EPR is the
equivalent parallel resistance.

The number of capacitors connected in series.

The number of capacitors connected in parallel.

The voltage of the capacitor bank to be applied to the DC to
DC converter which will power the load. This is in order to
provide a constant voltage to the load instead of the decreasing
voltage of the Ultra Capacitor as the energy is depleted.

R bank := n ESR

Cbank:= fp- 27 0 0

1.429x 105

Rbank! 3.571 x 10 6 0

5.714x 10- 8

1.89x 10

Cbank 7.56x 105 F

4.725x 107 )

Equivalent resistance for the bank of Ultra Capacitors.

Equivalent capacitance for the bank of Ultra Capacitors.
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cap-initial V0.nS V

DCDC converter .915

PDevice required
Pcap bank reqd:=

'DC DC converter

1 00 i

capinitial = 100 V
100)

We will assume that the capacitor is initially charged to a
full 2.5 volts per capacitor in the capacitor bank.

Assumed efficiency of DC to DC converter.

Power of capacitor bank needed to overcome the
power loss in the DC to DC converter.

2

(Vcapinitial - Vcap-initial - 4-RbankPDevice required)
2 Rbank

Vcapfinal : bank- capbank reqd

49.98

Vcapfinal = 49.98 V

49.98)

Initial current needed with the given voltage of the
capacitor bank in order to provide the power needed by
the device.

The voltage will diminish as the capacitor releases
energy.

Ucapfinal
cap final 2-Rbank

Pcap bank reqd
'cap final -- Rb

- Rbank

2(
icap initial .Rank)

2.591

10.366 MW

647.869,

1.749x 106

cap final = 6.997x 10 A

1 4.373x 108)

Final current needed with the given voltage of the
capacitor bank in order to provide the power needed by
the device.
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Pcap-initial \ VcapinitialU'capinitial)

Pcap-final (VcapfinaL 'Icapfinal)

Icap final
1cap individual np

42.591

pcap initial _ 170.366 MW

1.065x 10 )

87.432

p -I349.727 IMWcap-final M

K2.186x 10

Determine behavior and discharge time of Ultra Capacitor

j := 1000000

increment '

p := 5000 k:= 170

Icapfinal0 Icapinitial
0 )

p

Icapfinal I Icapinitial 1)

Icapfinal 2 Icapinitial2 )

1:= 100 n := 1.. k

increment =4264.68

5.294 A

330.851)

As the current increases to compensate for the
votage dimishing, the heat loss will increase.

This value cannot exceed 625 amps for
the 2700F capacitor of Maxwell
Technologies. Adjust the number of
capacitors in series and in parallel to
adjust this value.

Number of increments.

Current increments for calculations.
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incremental(n) := ((Icap_initial + n~lincrement)) if n > 0

0 if n 0

The current at each instant in time.

Vincremental(n) :=

timedelta(n) ii

-Device required + Iincremental(n)*R-,ank if n > 0
lincremental(n)

Vcap_initial if n 0

Cbank(Vincremental(n - 1) - Vincremental(n + 1))]

The voltage at each instant in time.

time increments
2 incremental(n)

k

timedischarge(k):= timedelta(n)

n = 1
timedischarge(10)=

0.24

31
1.211x 10 s

1.211x 16 3

nlEMALS(k) :=: mnEMALS *- 0

for i E 1.. k

mEMALS +- mEMALS + 1 if timedischarge (O < Pulselength 0

IlETG:m) mETG <- 0

for i E L.. m

mETG +- nTETG + I if timedischarg(l < Pulselength 1

mEMALS(k) = 141

mETdl) = 16

This computes the number of time
intervals of the computation such
that it can be used later to
compute the energy dissipated
from the capacitor.

This computes the number of time
intervals of the computation such
that it can be used later to
compute the energy dissipated
from the capacitor.
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mHOA <- 0

for i e 1.. m

n1HOA <- mHOA + 1 if timedischarge (i)2 < Pulselength 2

mHOA(l) = 20
This computes the number of time
intervals of the computation such
that it can be used later to
compute the energy dissipated
from the capacitor.

Vincrementafn)O

lincremental n)o

1000

600

400

200

0

EMALS

-----------------

- - - ---- -- -- --

20

timedischarggn)o

Vincrementa n)

Iincrementa n)I

10000

200

150

100

3
-U)

0 0.002 0.004 0.006

timedischarg n)T

1500

Vincrementaf n) 2
1000

IincrementaS n) 2

100000

Higher Order Applications

500 1-

0
0.004

timedischargj n) 2

mHOA(m):-

ETG

-- - - - - - - - - - - - - - - - - - - -

0.008

0 0.002 0.006
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incremental out-of cap (n) := (Vincremental(n)- incremental(n))
The power out of the capacitor at time n is
multiplied by the delta time (n-1) and summed
until the discharge time determined above is
reached (m.EMALS(m).

Wout-of capEMALS

mEMALS(k)

n = I
(Pincrementaloutofcap (n)o-timedelta(n)o Woutof capEMALS = 128.135MJ

mETGO)

Wout-of capETG Z Pincrementaloutof cap (n)I -timedelta(n)l
n = 1

W outof capETG = 0.33MJ

mHOA l)

Wout-of capHOA z
n = 1

Pincrementalout of cap (n)2-timedelta(n)2 W outof capHOA = 25.787MJ

LWout-of capEMALS

Wout-of capETG

Wout-of capHOA

Pincrementalout of cap afterht loss (n):= (Vincremental(n)-incremental(n) - Iincremental(n)2.Rbank)

Pincrernentalout-of cap-afterht loss (10) =

40 Double check that the power out after heat

160 MW dissipation is of the required energy above.

4
x 10 J
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Wavail for device

mEMALS(

mETG( )

n = 1

mHOA(I)

n = I

Pincremental out of cap_after ht loss (n)O-timnedelta(n)0)

(Pincrementalout of cap afterhtloss (n)l timedelta(n))

(Pincremental out of capafterhtloss (n)2-timedelta(n)2)

Wavail for device

L119.706
=0.31 MJ

24.218

How much time does it take to charge the Ultra Capacitors to the desired energy?

'single unit capmax := 625A lbankcapmax (Isingle unitcapmax nP

Vbank cap max := Vo-ns

1.75x 106

'bankcapmax = 7 x 106  A

4.375x 10 8

r100"
Vbankcapmax = 100 V

S100)

bankcharge_ maxPbank chargemax := (Vbank capmax' bank cap_max)

Wbank chargemax .5-Cbank' bank cap max )

175

700 MW

4.375x 10 4
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Wbank chargemax:= (.5C 2 7 0G V02.np-ng

Pto capbank : n

Itocpbn -- to cap_bank
totpoacapkbak-toca bank bakcap max

1/ 945

Wbankcharge_max = 3.78x 103 MJ

2.362x 105

Pin = 2.7MW Power from ship source.

2 a)
Pbank-charge != to-cap_bank *'I DCDC-converter -ito_cap bank .-Rbank) Pbank-charge

2.46 "

= 2.468 MW

2.47 )

Power applied to capacitor bank
after losses in capacitor bank and
91.5% efficiency assumed for the
DC to DC converter.

Time to charge capacitor bank from no energy to full energy:

K Wbank chargemax
Timnefrom -zero* bank charge

Wou of cap
Timeto recharge

"bank charge

Timefrom zero

6.402

25.528 mi

1.594x 103

Timeto recharge = 0.134 sec

\ 10.438)

67.2

Vobank 268.8 m3

1 1 41
1 .68 x 10 J

Vobank := (Vol 2 7 0 0 nS.np)
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Weight bank:= (Weight 2 7 00 nS-np

Cost2700:=27USD Cost 2 7 0 0 = 27USD

Costbank := (nS-np-cost 2 7 00

66.139

Weightbank 264.555 LT
41

1.653x 10 4

3.024 N)
Cost bank = 12.096 MD

756 )

(pDevice required

Weight bank

WDevice required
Speci ficEnergy application Weight bank

Wbank charge max
SpecificEnergystoragedevice 

Weight bank

'0.595"
. kW

SpecificPower =0.595 k--
0.595)

SpecificEnergyapplication

SpecificEnergystoragedev ice

1.786x 103

5.952

4.464

J

kg

14.063

I kg

PowerDensity

Energy Density application

PDevice required

Volbank

WDevice required

Volbank

(0.595N
MW

PowerDensity = 0.595 MW

Y,0.595) m

1.786x 103

Energy Density_ application = 5.952

4.464

EnergyDensity Storage device :~ Wbank chargemax-- - lbank

14.063"
MJ

EnergyDensityStoragejdevice = 14.063 3

- 14.063) m
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Appendix F: Compulsators

CCEMG parameters

Power Required

Energy Required

Power Duration

PRR

Weight

Volume (ftA3)

Application Parameters

Power Required

Energy Required

Power Duration

PRR

Using a parametric compari

meet the demands of the a

400000

40000000

3

3

W

J

sec

sec Best guess using picture. Supporting structure taken into account

2045 kg

432 ftA3

EMALS ETG Higher Order Applications

40 MW 160 MW 10 GW

121 MJ 400 kJ 20 MJ

3 sec 2.5 msec 2 msec

45 sec 5 sec .1 sec

son, how many compulsators are required to

bove application parameters?

Equivalently, what would be the size of a compulsator which is enlarged to

provide the demands of the above application parameters?

Power (W) Energy (J)

400000 40000000

Specific Power

W/kg

Specific
Energy per

pulse power
application

J/kg

Duration (sec)

3

Specific Energy
per energy

storage device

J/kg

Weight (kg) Volume (mA3)

2045 12.2328576

Power Energy Density
Density per pulse power

application

W/m^3 J/mA3

EMALS

# of CCEMGs 195.599022 586.797066 19559.9022 32698.8192 98096.45785 3269881.928

ETG

# of CCEMGs 195.599022 0.488997555 19559.9022 32698.8192 81.74704821 0.002452411

Higher Order Applications

# of CCEMGs 195.599022 0.391198044 19559.9022 32698.8192 65.39763857 2.04368E-06

89

CCEMG

EMALS 40000000 120000000 3

# of CCEMGs 100 3 1 204500 1223.28576

ETG 160000000 400000 0.0025

# of CCEMGs 400 0.01 8.33333E-04 818000 4893.14304

Higher Order Applications 10000000000 20000000 0.002

# of CCEMGs 25000 0.5 6.66667E-04 51125000 305821.44

CCEMG

Energy
Density per

energy
storage
device

J/mA3



Appendix G: Batteries

Batteries:

Battery technology is a mature technology and great improvements should not be expected. The calculations below quickly show the futility of

considering batteries for military power pulse applications. All parameters of the battery analyzed below will be assumed at the value to benefit the

battery for consideration. In the end, the recharge rate is far too slow. Commercial pulse power applications may still be feasible if the recharge time is not

an issue.

Constants and conversions:

MW := 1000000M

GW := 1000M\4W

kj 10001

MJ := 1000000

sec
msec :=

1000

MWh := MW-hr

MT := 100000(kg

7r
rpm:= 2-

m 2

LT := 224C0b

Mega Watts

Giga Watts

kilo Joules

Mega Joules

milli second

USD:= I

MD := 1000000JSD

BD:= I 00I1D

Mega Watt hour: A measurement of energy.

Conversion from radians to RPM.

LongTons

U.S. Dollars

Million Dollars

Billion Dollars

MWh =3.6x 109 J

Metric Ton

Inputs:

Voltage available to apply to Battery Bank from shipboard source.

Total Current available to apply to batteries.

Total Power deliverable to energy storage device.
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i:= 6000A

P. := .i.mn in in Pi = 2.7MW



PDevicerequired -

40MW

160MW

10GW I
3sec

Pulselenth := 2msec

2.5msec)

PulseRepitition :! 1

Power required of batteries to power device (EMALS,ETG,
Higher Order Applications).

The length of time required to power device (EMALS,ETG,
Higher Order Applications).

How many times does the device need to be operated for
the energy stored in the batteries?

Calculations:

How much energy is needed to power the device for a given number of repititions?

WDevice required := (PulseRepitition- PulseIlength' Devicerequired)
Energy required to be stored in
batteries in order to fully power device
for required time for a set number of
repititions.

120

WDevice required 0.32 MJ

25

How many batteries are needed in the bank (type: SBH920 Ni-Cd battery from SAFT)? The best case scenario will be assumed for all
parameters

Vbattery cell := 1.14V Voltage of each battery (cell)

Abattery cell 5sec := 3130A
Discharge rate of each battery (cell) assuming the battery
is fully charged. When the battery is not fully charged, the
discharge rate is significantly reduced.
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P V -Abatterycell *= batterycelL batterycell_5sec

=Device required NPbaNpbatteries-=bt
Pbatterycell

AbatteryAh 920Ahr

Wbattery_5Ah Vbattery_cell Abattery_5Ah

P - 3.568x 10 Wbattery cell-

1.21x 104

teries - 4.484x 106)

2.803 x 10 6

Power of the battery (cell)

Number of batteries required to provide the required power.

Battery discharge rate over 5 hours. This value is also used to
determine the charging rate.

Giving the battery bank the best voltage available even though the voltage will
drop as the battery is discharged.

Wbattery5Ah = 3.776MJ Energy OTeacn batery.

Device required 1.782

NWbWaeverieesed Nwbaerie= 0.085 Number of batteries required if the energy was the only consideration.
Nbatteries W Nbatteries=

Wbattery5Ah 6.621)

Nbatteries :=NPbatteries The number of batteries will always depend on the power required assuming the power
requirements are high.

Height920 := 405mm Height of model SBH920 of SAFT

Width 92 0 := 195mm Width of model SBH920 of SAFT

Length920:= 522mm Length of model SBH920 of SAFT

Volume of model SBH920 of SAFT
Volume9 2 0 := Height9 20 Width 92U Length 920

3Volume9 2 0= 0.041m
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Volum%ank := (Volume 9 2 . Nbatteries)

C5A:= 920A

( 462.137

Volum3ank = 1.849x 1 3 3  Volume of the battery bank

1.155x 105)
Charge/discharge rate of the 920 battery over a 5 hour period

Weight 920:= 72kg + 5.95kg

Weight bank := (Weight 92U Nbatteries)

0.874

Weight bank =3.495 MT

218.457)

Full weight of the battery bank

Normalcharging rate := .2-C5A

Powerintobatterynormal Normachargingrate Vbattery cell

Powerinto batterynormal = 209.76W

timeto replace discharge --

Using the recharge rate for the battery bank and the amount of
power which needs to be replaced, the time of recharge is
determined.

"Device required-Pulselength

Powerinto batterynormal

158.912

timetoreplace discharge = 0.424 hr

33.107)

At the normal recharging rate.
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Fastcharging rate C5A

Powerintobatterynormal :=.Fast chargingrate Vbatterycell

Powerinto-battery normal = 419.52W

timeto replace discharge

timeto_replace discharge =

PDevice required 'Pulse length

Powerinto-battery norm-al

79.456

0.212 hr

16.553)

4.767x 103

tim'eto replacedischarge 12.713 min

993.199 )

At the fast recharge rate.

- battery cell- Nbatteries
SpecificPower 

Weight bank

45.775
W

SpecificPower 45.775 -

45.775 k

SpecificEnergyapplication

SpecificEnergystoragedevice

WDevice required

* Weight bank

Wbattery_5Ah -Nbatteries

Weight bank

SpecificEnergyapplication = 0.092 Sv

0. 114)

4.844x

SpecificEnergy storagedevice 4.844x

4.844x

94

4
10 4

104Sv

41
10

137.326



- battery cell.Nbatteries
PowerDensity Vou ank

EnergyDens ity-application

WDevice required

Volum ank

PowerDensity =

8.655x 10

4 kg
8.655x 10 3

ms
8.655x 10 )

EnergyDensity_application =

Wbattery-5Ah -Nbatteries

Volum% ank

91.587'
I MJ

Energy DensityStorage device = 91.587 -

91.587) m

95

259.663
kJ

0.173 3
0.216 m

Energy Dens ity_Storage-devi ce =
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