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1. VEHICLE
1.1  INTRODUCTION

This section discusses the baseline vehicle design and tradeoffs that were made during concept
development. Figure C1-1 is a complete general arrangement drawing of the vehicle. Also
included in this section is the Baseline Vehicle Specification Sheet which details all major vehicle
parameters that may be useful in discussions relating to the Bechtel concept. ’

While this part of the report provides a detailed view of the vehicle, some topics have been

discussed in other report sections, including:
Superconducting Magnet Design — Part B
Cryogenics System — Part B
Magnetic Fields — Part F
On-Board Control and Communication System — Part C4
Ride Quality — Part C6
Vehicle Reliability and Failure Modes — Part C7
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BASELINE VEHICLE
SPECIFICATION SHEET

Vehicle Width

Vehicle Length
Vehicle Height

Vehicle Frontal Area
Vehicle Skin Area

Vehicle Overall Center of Mass
Vehicle Carbody Center of Mass
Vehicle Bogie Center of Mass

Overall Vehicle Mass
Sprung Fixed Mass
Sprung Variable Mass
Unsprung Mass

First Class Section 16 seats 2+2 seating
Seat Pitch (965 mm) 38"
Seat Width 20" (508 mm)
Aisle Width 36.7" (932 mm)

Coach Class Section
Seat Pitch 31" (787 mm)
Seat Width 18" (460 mm)
Aisle Width 23.4" (932 mm)
Full ADA Compliance

-Monoceque Vehicle Construction

LSM Propulsion System

4.1 m Cabin Window to Cabin Window
6.032 m Tip of Plane to Tip of Plane
36.129 m

5.080 m
15.7 m2 Cy=0.1
660 m2 C4=0.004

1155 mm Above Top of Guideway
1883 mm Above Top of Guideway
280 mm Below Top of Guideway

63,349 kg
26,686 kg
14,800 kg
21,628 kg

90 seats 3+3 seating

Electro-Dynanﬁc Suspension Flux Cancelling Design

Top Operational Speed 500 kps

Minimum Operational Speed Levitated 10 kph

Unidirectional Vehicle Option @ Full Speed

T5571-337/DLLUMS/R13
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Remote Computer Controlled
Number of Bogies Six

Four meter long bogies with one meter inter-spacing connected to carbody by modified watts
linkage. Each bogie with four parking brake guidance wheels and four air bearings per bogie.
Four internal air tanks 100 PSI maximum pressure.

Two Magnets/Bogie — Octopole Design, Liquid Helium Cooled

Eight 1.5 m2 Aerodynamic Speed Brakes per Vehicle, 4 Fore/4 Aft, Provides 0.2g Deceleration @
139 m/s (500 kph)

One 13 m? (4.11 m Diameter) Emergency Parachute with Mortar Deployment mechanism,
provides 0.2g Deceleration @ 139 m/s (500 kph), 0.8 Cp Chute

Fire Extinguishing System-2 Automatic Halon Spheres (Aircraft Style), 12 Portable Cabin
Extinguishers (10 CO,, 2 Halon)

Three Cabin Attendants per Vehicle

Four Evacuation Slides, One per Door, 12 m (40 ft) Maximum Deployable Height, 55° Angle
when Deployed

Four Inter-vehicle Emergency Ramps/Vehicle, One Stored by Each Door
Four Evacuation Tubes, One per Door

Four Levitation Planes/vehicle, 1.0 m2 Surface Area/Plane
0.9 Hz Reaction Rate

Two Emergency Coupling Areas/Vehicle, 1 Fore, 1 Aft

Full Vehicle Speed Operation to 40 mph Steady State Crosswind, Reduced Vehicle Speed to 60
mph Steady Crosswind, Capable of Withstanding 120 mph Crosswind when Stopped

Hydraulics System
2 Motor Driven Pumps, Output 3000 PSI
2000 PSI System Working Pressure
816 mm Diameter Main Supply Line
114 Liters/min (30 gpm) Total Flow
Three Accumulators
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71 Liter (18.7 Gallon) Central
36 Liter (9.4 Gallon) Fore
36 Liter (9.4 Gallon) Aft
65 kW (87 hp) Total Energy Usage by System

Air System
2 Motor Driven Air Compressors, 3 kW Each
100 PSI Maximum Working Pressure
3.5 Normal Cycles Air Tank Capacity
Recharge Empty Tanks in 13 minutes

Water Tank
Two 100L Water Tanks
One 100L Waste Water Tank

On-board Power
440V 3-phase 186 kW 400 Hz Supply
60 Hz 110V Single Phase Available
186 kW Power Output, Derived from Two 93 kW Fuel Cells
Methanol Reforming, Proton Exchange Membrane Style
785L Methanol Capacity, 80°C Operating Temperature
Eight Hours Capacity @ 250 kW Output Rating
Normal Power Load 186 kW
Essential Power Load 42 kW
Emergency Power Load 5 kW

Two 252 ampere-hour Banks Battery, 20 Cells/Bank
230 kg/Bank

HVAC
79 kW Heating Coils
94 kW Air Conditioning
15 CFM Fresh Air/Person

Emergency Control Station Provided with Integral
On-board Controller
Communications to Wayside
2 Radio Transponders operatlng via Lossycoax
2 Radio Transponders operatm g via Beacon System
2 Radio Transponders operating via Propulsion Windings
1 Cellular Telephone System
1 Emergency Voice Radio System
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Primary Suspension-Magnetic
1.25 g Restoring Force for 1 cm Deflection from Nominal

Tilt Capability
15° Guideway 15° Vehicle Max

Tilting Actuators
Four per Vehicle
Maximum Stroke +481 mm/-427 mm

Peplar Index
1.88 @ 134 m/s

Carbody Aerodynamic Boat Tailing at Rear 22°
Lightning Protection Supplied via Flying Wire System

Cryogenic System — Transient Shield
Operating Temperature 4.2K
Operating Pressure 1.3 Atmospheres
Tank Capacity 8,800 L (2,330 Gallons)

Secondary Suspension
Semi-Active
Two Lateral Actuators per Bogie
Four Vertical Actuators per Bogie

Switch Speed
Up to 200 kph

Bogie Gap
0.05 m Outer Shell of Cryostat to Outer Shell of Guideway
0.10 m Top of Guideway to Bottom of Bogie

Effective Magnet Length
24 m Resulting in 2,639 kg/m
Effective Guideway Length of Magnet Acting
29 m Resulting in 2,184 kg/m

Minimum Radius of Curvature 400 m @ 52 m/s (187 kph)
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Inner Passenger Cabin Noise
70 dBA Max @ 500 kph

Four Type A Aircraft Doors per Vehicle
Two Cargo Doors per Vehicle
Two Equipment Access Doors per Bogie
Air Bearings

Zero Speed Levitation Device

Four Per Bogie, Each 21" Diameter

Each Bogie Maximum Air Bearing Lift 303kN (68,000 1bs)

Two Lavatories per Vehicle
One Handicapped Accessible Located in First Class Cabin

Two Galleys per Vehicle

0.5" H,0O Cabin Pressurization

0.2 g Thrust Maximum

Pitch Rate 3°/second

Yaw Rate 1°/second

RollRate =~ 5%/second Roll Acceleration 15°%/sec?
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1.2 STRUCTURAL DESIGN CONSIDERATIONS

1.2.1 Size Considerations
Overview

Vehicle size is a complex issue, in which a balance must be struck between a long narrow vehicle
and a short wide one. Aerodynamics determine external vehicle size and shape while needs of
passengers are the major consideration in internal vehicle design. These factors must be constantly

weighed when determining optimum vehicle size.

Design Parameters

For the Bechtel Team concept the following factors were considered:

m The system must be capable of carrying 4,000 passengers per hour initially, expandable to
12,000 passengers per hour maximum. (Government requirement)

m The system should be designed to use as many existing rights-of-way as possible.

» The system should allow for efficient loading and unloading of passengers. (Bechtel Team
Requirement)

m The system should allow for passenger baggage, both checked and carry-on. (Bechtel Team
requirement)
m The system should allow for cargo vehicles or mixed cargo/passenger configurations. (Bechtel
Team Requirement)
m The system should provide aircraft like service. (Government recommendation)
m The vehicle should be energy-efficient in design. (Good design practice)

s The vehicle should be easy to manufacture and cost-effective. (Good design practice)

Vehicle Design

The foremost requirement is that the system must be capable of carrying 4,000 passengers per
hour initially and expandable to 12,000 passengers per hour. This requirement determines whether
or not the final design is a multiple or single vehicle concept. To determine the required vehicle
size, information must be obtained on the possible safe headway. The electromagnetic propulsion
system only allows one vehicle per zone at full speed. Since maglev zones are typically 4.2 km in
size (see linear synchronous motor design section), a vehicle traveling at full speed, 139 m/s (500
kph), would traverse a zone approximately every 30 seconds. Thus, at maximum vehicle speed
maximum vehicle capacity is reached with one vehicle passing a fixed point (a particular zone)
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every 30 seconds. Therefore, to accommodate 12,000 passengers per hour with 120 vehicle
passings per hour, each vehicle must carry at least 100 passengers (12,000/ 120 = 100). One
vehicle per block operations requires that the vehicle can operate safely at a 30-second headway.
The calculations in the vehicle braking section show that a vehicle can safely stop within 3.3
kilometers using its on-board braking systems coupled with its inherent acrodynamic and
electromagnetic drag. This shows that a 100-passenger single vehicle is capable of meeting
passenger density requirements. If only 4,000 passengers per hour are required, then there will be |
only one vehicle per three zones, i.e. there is a 90-second headway. Therefore, the initial control

and propulsion system has room for refinement from initial deployment until the system reaches

maximum capacity.!

Another important consideration was using as many existing rights-of-way as possible in the
system design. The General Accounting Office report on rights-of-way specifies three main
available rights-of-way which may be used in a final maglev systems alignment: interstate
highway, railroad, and utility. The most usable rights-of-way are those around existing interstate
highways. The railroad rights-of-way also may make good routes; however, there may be
difficulties using these if the track is still operational. Finally, utility rights-of-way can be utilized;
however, utility rights-of-way are often narrow and are in less optimum terrain. Since the
interstate highway right-of-way is the most likely to be utilized, its characteristics are important in a
maglev systems design. Typically, interstate highways use curve radii of a few thousand feet (600-
900 meters or less in some areas). For a maglev system to follow these tight turn radii it must
also be able to negotiate tight turns at an appreciable speed. Some highways even make turns as

tight as 400 meters in urban areas.
[ N N N

Tight turns affect a maglev vehicle's design in different ways depending on its "bogie" support
arrangement. A bogie is a railroad term (usually used outside of the United States) referring to the
device which holds the wheel and axles and attaches to the rest of the locomotive carbody. The
existing JNR MLU-002 maglev system plans on using two magnet bogies, one at each end of the
passenger car. This is a concentrated bogie arrangement. It has the advantage of allowing for
tighter turns and lower overall cabin fields but sacrifices this for higher fields in the cabin near the
bogie. The Transrapid EMS system uses a distributed magnet arrangement, where the magnet
bogie is actually more part of the carbody than a separate entity. This arrangement has the |
advantage of lower distributed magnetic fields for lift and guidance but requires a complex

1Footnote to Reader: This discussion is primarily for illustration. Performance calculations of our baseline
system on the Hypothetical Route (Severe Segment Test) governs our baseline concept definition.
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articulation mechanism to allow the magnets to have lateral movement needed for tight turn

negotiation.

Due to the magnetic fields and other electromagnetic concerns (see the sections on the
electromagnetic system) the Bechtel Team has centered on a distributed magnet bogie
arrangement. This arrangement requires that each bogie be able to move laterally to accommodate
tight turn negotiation. This is accomplished by a simple Watts-linkage mechanism described in the
bogie and attachment structure sections of this report.

Since a distributed bogie arrangement was selected, a tradeoff had to be made on the length of the
vehicle section. With an extremely long but narrow vehicle the end-most bogies must translate
through a significant distance in turns as tight aM A shorter and wider vehicle has the
advantage of using fewer bogies, each requiring less lateral translation; however, its aerodynamic
drag and weight per bogie is higher. CAD analysis showed that acceptable lateral translations
(under 12 centimeters, or five inches) if the overall distributed bogie length is less than or equal to
30 meters. Therefore, it was desirable to keep the overall vehicle length to approximately 35
meters.

The system should allow for efficient loading and unloading of passengers, a Bechtel Team
requirement. This is important since high utilization of vehicles is desirable to minimize capital
and overall vehicle maintenance costs. Aircraft are typically loaded and unloaded through one
door only where other systems (such as rapid transit systems) usually use multiple doors for more
rapid passenger embarkment/disembarkment. The Bechtel Team vehicle integrators felt that four
doors per vehicle was a reasonable compromise between vehicle structural strength (since doors
lower structural strength) and efficient passenger loading/unloading. Two doors were placed on
each side, allowing one side to be used for disembarkment and one side for embarkment. The
doors were placed at the one-quarter and three-quarter positions in the cabin, since two lines would
form at each exit and thereby speed disembarkment.

Another Bechtel Team requirement is the provision of facilities to accommodate passenger
baggage, both checked and carry-on. This is necessary since maglev systems will typically
operate in the range of short-haul aircraft, S00-1000 kilometers (300-600 miles), where baggage
consists of carry-on bags, some checked baggage, and some other freight such as mail and air
freight packages. The two existing maglev systems, Transrapid and JNR, are multiple vehicle
configurations where baggage is relegated to separate cars or is treated as carry-on only. The
Bechtel Team felt that a U.S. maglev vehicle should provide for both carry-on and checked
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baggage in configurations and quantities similar to aircraft. To this end the maglev cabin must
have overhead bins and the vehicle should allocate some space for checked baggage. It was felt
_that capacity for one checked bag per passenger was adequate.

The Bechtel Team also felt that the system should allow for cargo vehicles or mixed
cargo/passenger configurations. Since cargo-carrying capacity and the profit that it produces can
significantly help to offset system operating costs, a mixed mode vehicle configuration is possible
for initial maglev applications. To accommodate this, the maglev vehicle was designed with
containerized cargo capability. This capability is normally used for passenger baggage only, but in
mixed-use vehicles, where more of the cabin is devoted to cargo rather than passenger seats this
capability serves two purposes. The weight of the cargo carried is of more concern than the
volume in maglev systems since most cargo is denser than human beings. This was not
considered a concern since most cargo carriers are used to keeping track of and balancing weight

loads on other vehicle systems.

To facilitate acceptance of maglev as a transportation system it was generally recognized that the
maglev system should provide aircraft like service, at a minimum. Aircraft-like was defined by
the Bechtel Team as providing both carry-on and checked baggage facilities, lavatories, food and
beverage service, and possibly other features such as on-board phones and radio/video capabilities.
These capabilities require a cabin arrangement similar to that of modern short-haul passenger
aircraft. This was also advantageous since most of the items used in the aircraft cabin are
commercially available, and designed for low weight and low power operation.

The vehicle should be energy efficient in design, a consideration that centered around vehicle
aerodynamics. Since a single vehicle design was chosen, consideration was made regarding the
seating arrangement. High speed trains typically have a 2+2 seating arrangement (often resulting
from vehicle width restrictions from the track gauge.) Modern short-haul aircraft typically utilize
2+3 (McDonnell Douglas) or 3+3 seating arrangements (Boeing). Maglev vehicles must tradeoff
vehicle cross sectional area for vehicle length. As stated before, due to tight turn negotiation
considerations, the overall vehicle length should be about 35 meters or less. It was determined that
with 3+3 seating, a 120-passenger vehicle could be designed meeting length criteria. This would
allow for some business class passengers (one section of 16 passengers) resulting in a 106-
passenger vehicle that is still capable of meeting passenger density requirements. If the Bechtel
Team desire for tight turn negotiation was relaxed, then a 2+3 seating arrangement would be re-
evaluated for its slight aerodynamic advantage; however, this also results in a vehicle whose center
of mass through the cross section is not as easily balanced which may also effect ride quality, and
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the parking brake design due to different vehicle overturning criteria. For a detailed discussion of
vehicle aecrodynamics see the section on wide vs. narrow bodied vehicles and its impact on

aerodynamic drag within this report.

The final good design practice considered is that the vehicle should be easy to manufacture and
cost effective. The Bechtel Team's vehicle integrators attempted to make the vehicle modular in
design which allows for separate component assembly with a final integration step of major
components and systems. For example, the inner tilting coach is actually four equal sections
which are joined together via bulkheads for structural strength. Considerations such as these will
continue to drive the design in the detailed design stage.

Conclusion

The vehicle size design was most heavily driven by the tight turning considerations and passenger
service requirements (4,000-12,000 baggage laden passengers per hour transported in aircraft-like
conditions). One advantage of the resulting design is that it allows for various cabin arrangements
including narrower 2+2 seating if desired (with different passenger service rates). In fact, a vehicle
meeting the requirements of the AAR Plate C Railroad Clearance Diagram could also be designed,
as shown in Figure C1-2. These capabilities results from the universality and simplicity of the box
beam design.

1.2.2 Weight
Abstract

Key to the development of a cost-effective system is minimizing the cost of the guideway and its
support systems. By identifying and minimizing the weight of the vehicle, cost-effective
guideway and propulsion systems are possible.

Key Requirements

There are no direct requirements in the contract regarding vehicle weight; however, weight has an
important impact on guideway civil structure and propulsion system design.

Approach Used

Our goal is a vehicle that weighs less than 2 tonnes per meter because of its cost impact on
guideway civil structure and propulsion systems.
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Description

Considerable work has been completed to identify the components of the vehicle weight and to
develop methods to minimize them. A summary of single vehicle weight is shown in Table C1-1.
Figure C1-3 shows vehicle weight broken down by subsystems.

A summary of cargo vehicle weight is shown in Table C1-2. Payload efficiencies of various cargo
vehicles are shown in Figure C1-4.

Weight estimates were made by extrapolating weights of existing structures. Where no

comparison was possible, components were carefully identified to estimate the weight
accurately.Benefits/Risk Summary

With our box-beam guideway structure an extremely cost-effective maglev system can be built
provided the weight of the vehicle is minimized. Our vehicle weighs approximately 2 tonnes per
meter which allows us to use an inexpensive guideway design.

1.2.3 Basic Body Design
Abstract

The vehicle's main outer structure must have high strength and low weight. Low weight is

. necessary to achieve high magnetic braking and acceleration. High strength is required to transmit
all aerodynamic forces associated with a 139 m/s (500 kph) vehicle to its bogies.
Key Requirements
Critical elements include mass, aerodynamic dfag, aerodynamic noise, geometry, and safety as
affected by vehicle shell design. The tilt concept will also have a major effect on these elements.
Approach Used

The team has based its design on a monocoque type structure, using high strength aluminum for
the skin and structural members. A separate internal tilting coach is used to greatly reduce
aerodynamic noise while having minimal impact on mass and overall aerodynamic drag.
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Table C1-1
L] - ]
Summary of Single Vehicle Weight
. INDIVIDUAL SPRUNG UNSPRUNG AGGREGATE
DESCRIPTION MASS MASS MASS MASS MASS
ko {each) QUANTITY TOTAL  TOTAL TOTAL TOTAL
ASSEMBLED VEHICLE TOTAL 63,349
PAINTING 23 1 3 23 23
VEHICLE ASSEMBLY COMPLETE 12,208
BASIC BODY 8,500 1 8,500 8,500
AERODYNAMIC BRAKES 125 8 1,000 1,000
HYDRAULICS SYSTEM 770 1 770 770
AIR SUPPLY SYSTEM FOR AIR BEARINGS 41 1 41 41
AIR PIPING FOR AIR BEARINGS 2 150 273 273
CARGO DOORS, BOTH SIDES 50 4 200 200
EMERGENCY COUPLING AREA 500 1 500 - 500
EMERGENCY PARACHUTE 40 1 40 40
EMERGENCY EVACUATION SLIDES 100 4 400 400
INSULATION-SPRAY ON 200 1 200 200
WINDOWS 7 40 272 272
FIRE EXTINGUISHER SYSTEM
FIRE EXTINGUISHING AGENT SPHERES 6 6 k14 37
FIRE EXTINGUISHER PIPING 10 1 10 10
SMOKE AND FIRE DETECTORS 0 4 2 2
C02 & HALON PORTABLE EXTINGUISHERS 5 12 54 54
GUIDANCE CONTROL SURFACE 23 2 45 45 45
LEVITATION CONTROL SURFACE 23 4 91 o1 o1
ENVIRONMENTAL CONTROL SYSTEM 1,020 1 1,020 1,020 1,020
INNER COACH 4,500 1 4,500 4,500 4,500
SEATS—-COACH CLASS 28 30 830 830 2,471
SEATS-BUSINESS CLASS 42 8 340 340
WINDOWS : 2 40 a1 a1
GALLEY 136 2 272 272
GALLEY CART 10 [} 80 60
LAVATORY 138 2 272 272
WATER SUPPLY TANK 100 2 200 200
WASTE WATER STORAGE TANK 100 1 100 100
PASSENGER COMMUNICATIONS & ENTERTAINMENT SYSTEM 1 108 108 108
LIGHTING 5 44 200 200
VEHICLE CONTROL SUBYSYSTEM 0 184
COMMUNICATIONS SET 10 1 10 10
COMPUTER SUITE & MANUAL CONTROL SUBSYSTEM 9 1 9 12}
CONTROL SENSORS 50 1 50 S0
INTERFACE CABLING 115 1 115 115
SECONDARY SUSPENSION SUBSYSTEM 22,050
LATERAL ACTUATORS & SENSORS §5 6 332 166 168
VERTICAL ACTUATORS, SENSORS & POWER SUPPLY 8 24 18t 80 80
BOGIE LINKS 218 [} 1,308 853 653
TILTING ACTUATORS & MECHANISM 1,000 1 1,000 1,000
MAGNET BOGIE SUBSYSTEM 1,205 8 7,230 7,230
AIR BEARINGS & AIR BLADDERS 76 [} 457 457
SUPERCONDUCTING MAGNET SUBSYSTEM 962 12 11,544 11,544
MECHANICAL BRAKING SUBSYSTEM 1,176
BRAKING ACTUATOR SUBSYSTEM 23 24 544 544
BRAKE PADS 5 24 109 100
WHEELS 2 24 522 522
CRYROGENIC REFRIGERATION SUBSYSTEM 2,572
HEUUM & STORAGE DEWAR 2,333 1 2,333 2,333
CRYOGENIC PUMP 1 1 1 1
COOLANT DISTRIBUTION LINES 7 32 238 238
FUSELAGE ELECTRICAL POWER SUBSYSTEM [} 2,148
BATTERY 230 1 230 230
UNINTERUPTABLE POWER SUPPLY 15 2 20 20
POWER DISTRIBUTION & CONTROL EQUIPMENT 400 1 400 400
FUEL CELL SYSTEM & 8 HOURS OF FUEL 1,487 1 1,487 1,487
VARIABLE FACTORS 14,772
PASSENGER LOAD 77 108 8,191 8,191
PASSENGER SERVICE PERSONNEL LOAD 7 3 232 232
WATER 1 114 114 114
FOOD 05 108 48 48
Misc. CONSUMABLES 10 1 10 10
CARRY ON BAGGAGE 20 108 2,168 2,168
BAGGAGE CONTAINERS 159 4 636 638
CHECKED BAGGAGE R 108, 3,373 3,373
P I oo ITOTALSSS " 31,7237 26~ 68.34
SPRUNG UNSPRUNG
MASS MASS
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106 Passenger Vehicle

Mass Breakdown by Subsystems

(32.2%) Bogie Equipped (incl. parking brake)

(19.4%) Outer Coach Equipped ,

(3.7%) Control & Electrical Power Systems
(4.1%) Cryogenics
(2.9%) Secondary Suspension & Bogie Links

(8.7%) Inner Coach & Tilting Mechanism

(5.7%) Passenger Equipment and Amenities

(23.3%) Passenger Related Variable Loads

Figure C1-3 Vehicle weight breakdown by subsystem

T5574-337/DLL/MS/R13 Ci-16



CHECKED BAGGAGE

Table C1-2

Summary of Cargo Vehicle Weight

DESCRIPTION

MASS
kg (each)

QUANTITY

EMPTY CARGO VEHICLE

INDIVIDUAL SPRUNG
MASS MASS
TOTAL _TOTAL

UNSPRUNG AGGREGATE
MASS
TOTAL

MASS
TJOTAL

ASSEMBLED VEHICLE TOTAL

PAINTING
VEHICLE ASSEMBLY COMPLETE
BASIC BODY
AERODYNAMIC BRAKES
HYDRAULICS SYSTEM
AIR SUPPLY SYSTEM FOR AIR BEARINGS
AR PIPING FOR AIR BEARINGS
CARGO DOORS, BOTH SIDES
EMERGENCY COUPLING AREA
EMERGENCY PARACHUTE
EMERGENCY EVACUATION SLIDES
INSULATION-SPRAY ON
WINDOWS
FIRE EXTINGUISHER SYSTEM
FIRE EXTINGUISHING AGENT SPHERES
FIRE EXTINGUISHER PIPING
SMOKE AND FIRE DETECTORS
CO2 & HALON PORTABLE EXTINGUISHERS
GUIDANCE CONTROL SURFACE
LEVITATION CONTROL SURFACE
ENVIRONMENTAL CONTROL SYSTEM
INNER COACH
SEATS-COACH CLASS
SEATS-BUSINESS CLASS
WINDOWS
GALLEY
GALLEY CART
LAVATORY
WATER SUPPLY TANK
WASTE WATER STORAGE TANK

PASSENGER COMMUNICATIONS & ENTERTAINMENT SYSTEM

LIGHTING
VEHICLE CONTROL SUBYSYSTEM
COMMUNICATIONS SET

COMPUTER SUITE & MANUAL CONTROL SUBSYSTEM

CONTROL SENSORS
INTERFACE CABLING
SECONDARY SUSPENSION SUBSYSTEM
LATERAL ACTUATORS & SENSORS

VERTICAL ACTUATORS, SENSORS & POWER SUPPLY

BOGIE LINKS
TILTING ACTUATORS & MECHANISM
MAGNET BOGIE SUBSYSTEM
AIR BEARINGS & AIR BLADDERS
SUPERCONDUCTING MAGNET SUBSYSTEM
MECHANICAL BRAKING SUBSYSTEM
BRAKING ACTUATOR SUBSYSTEM
BRAKE PADS
WHEELS
CRYROGENIC REFRIGERATION SUBSYSTEM
HELIUM & STORAGE DEWAR
CRYOGENIC PUMP
COOLANT DISTRIBUTION LINES
FUSELAGE ELECTRICAL POWER SUBSYSTEM
BATTERY
UNINTERUPTABLE POWER SUPPLY
POWER DISTRIBUTION & CONTROL EQUIPMENT
FUEL CELL SYSTEM & 8 HOURS OF FUEL

oy
0888280288888 000 58888,
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1,308
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11,544
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2
8,500

288323

228 N

10

115
168

37,849
23
37,826

184

168

7,230

11,544
1,176

2,572

2,148

1,487

VARIABLE FACTORS
PASSENGER LOAD
PASSENGER SERVICE PERSONNEL LOAD
WATER
FOOD
Misc. CONSUMABLES
CARRY ON BAGGAGE
BAGGAGE CONTAINERS

S.3y B8

NENa

16259 31,858 578
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Trend of Payload Efficiencies

For Various Cargo Vehicles

Capable of Speeds in Excess of 320 kph (200 mph)

* Cessna 208

-+ 737-200C

X C130H

® DC-10 SERIES 300
X 747-200F

¢ C-5B

% US1 Maglev

X Learjet

® Airbus A300F
¥ Airbus 320-200
A 757-200PF

A DC-8-63F

® MD-11F

X 707-320C

RLP 9/10/92

| Payload Efficiency (% of Vehicle Mass)

0 20 40 60 80 100 120
Payload Capability (Metric Tonnes)

Figure C1-4 Relative efficiency of cargo vehicle configuration
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Description

Three structure types were considered for the vehicle construction with monocoque being clearly

superior in meeting the key requirements.

An underframe buff beam design typically used on freight locomotives has a very high weight-to-
strength ratio but has low manufacturing costs and is easily adaptable to high strength collision,
post type collision protection.

A space frame design typical of passenger locomotives has a relatively high weight-to-strength
ratio, is adaptable to high strength collision, fast type collision protection, and is higher cost than an
underframe buff beam.

A monocoque design typical of rockets and airplane fuselages utilizes the outer skin as a structural
member to carry a major portion of the loads. This type of construction has the lowest weight-to-
strength ratio of the three types and is more amenable to energy-absorbing controlled deformation
type collision protection. Manufacturing costs are higher for monocoque construction are proven
and well understood.

High strength aluminum, the proven choice of the airline industry, will be the basic construction
material. We are evaluating high strength composites to replace aluminum where stiffness and
strength tradeoffs will allow cost or weight advantages.

Analysis of structural integrity from bending modes, high stress points, panel vibration, and buff
loading was calculated with ANSYS Finite Element Modeling Program (see Figure C1-5).

To prevent passenger discomfort from passing vehicles and while entering and exiting tunnels, the
vehicle interior will be pressurized to 0.5 psi.

Benefits/Risk Summary

Choosing the monocoque construction for the vehicle structure incorporates known and proven
technology to yield a low weight, high strength vehicle which can be manufactured reliably at

moderate cost.
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ANSYS 4.4A

1 . APR 8 1992
8:38:36

PLOT NO. 1
PREP?7 ELEMENTS
ELEM NOM.

XV =1

YV =0.01

Z2V =0.08
DIST=9254

Yr =1173

ZF =8950
PRECISE HIDDEN

WIND=2

XV =0.05

YV =0.01

2V =1
DIST=1903

YFr =1173

2F =8950
PRECISE HIDDEN

\ D ) ki

Meglav passenger compartment and profile

Figure C1-5 Analysis of structural integrity
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1.2.4 Crashworthiness
Key Requirements

Although the best crashworthiness protection is to avoid collisions, controlled energy absorption
through energy management will drive vehicle design to effective crashworthiness at slow speeds.

The key requirements for crashworthiness need to be defined in a later design phase and should
include maximum passenger g loading during an agreed-upon closing speed front-end to rear-end
maglev-to-maglev vehicle collision.

Approach Used

The Bechtel Team has chosen a controlled energy absorption, mass shedding concept. Energy
management will be the process used to develop and refine the concept.

Description

Crashworthiness may have to be redefined for use with maglev vehicles. Experience with high
speed rail has shown that total system design can reduce vehicle-to-large-object collisions to
virtually zero. Expanding on high speed rail's lessons by eliminating the operator (and thus
operator error) as well as using a magnetic wave propulsion system, which prevents a trailing
vehicle from overtaking a lead vehicle, will make maglev inherently safer than high speed rail. The
only scenario considered here is low speed front- to-rear, vehicle-to-vehicle collisions.

Locomotives with 5,000 to 10,000 ton trains trailing them have no alternative, but to deflect and/or
destroy the object they are hitting. They accomplish this with "snow plows," high strength
collision posts, thick high strength steel nose plates and 500,000 g buff capability. In the maglev
system, it is not acceptable to destroy the object being hit (another maglev vehicle) nor attempt to
deflect it.

Energy management is a concept where the energy involved in a collision is managed on a time
and acceleration loading basis from the passenger point of view. In a collision of known velocity
and impact angle, a profile of loading on the passenger body with respect to time on a microsecond
basis can be generated. An evaluation of loading and duration on various body parts can be
completed to determine at what point in the collision fatal injuries may occur. The structure is then
modified to reduce the peak acceleration forces or their duration. This is accomplished by adding
energy absorbing members in selected spots or shedding mass (as is sometimes done by shearing
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engine mounts earlier in the crash to remove its momentum from the carbody). Special structural
finite element programs such as DYNA3D and PAM CRASH are seen on super computers to
analyze the structure collapse in extremely small time increments (every 10 or 15 ms).

Maglev vehicles, with their well defined crash parameters, are ideal for energy management
analysis. After the initial structural design is established, and a maximum impact closing speed
goal is agreed upon, collision analysis may begin on super computer. An iterative process of
structural changes and analysis of g load and duration on passengers will yield the ultimate design.

The concept can be pushed further by making the system active and intelligent. Upon detecting
that a collision is imminent, the involved vehicles may shed their checked baggage at high speed
(automotive type air bags to drive baggage containers out loading doors). This will not only lower
vehicle mass but will provide valuable additional crush space for energy absorption. Computers
will also be able to analyze the vehicle location (lead or trail) and determine which bogies it might
want to shed.

The crashworthiness design process will be both lengthy and costly. An agreement between
regulators and builders as to the initial closure speed goal for survivability is a must. That decision
should be based on likelihood of such a collision, realistic attainability, and cost of attainability.

Assumptions:

1. Maglev vehicles may collide with other maglev vehicles in front-end to rear-end collisions.
2. Mass of both vehicles is essentially equal.

3. Seated passengers wearing seat belts or protected by safety air-bags may experience a5 g
deceleration before sustaining fatal injuries.

Physics:

Physics requires that in the collision of two objects that momentum be conserved. A simplified

look at momentum can be made by assuming the mass of both vehicles is equal, the initial velocity
of vehicle 2, Vp1  is 0, and no momentum is lost through friction.

mIVal + mIVbl = mIVaz + mIVbz, or

Va1 = Va2 +
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For a perfect elastic collision, the speed of the moving vehicle transmits all its energy to the vehicle
at rest. The vehicles therefore exchange velocities.

Va2 =0, Vi =Vy
For a perfect inelastic collision, the vehicles will stick together and have the same post collision
~ velocity.
Va2 = Vb3
Vg =V + V=2V
Vi = V=12V,

From the above discussion it is seen that the instantaneous change in velocity of the moving
vehicle is 100 percent for a perfect elastic collision or 50 percent for a perfect inelastic collision.
Reality is somewhere in between, but for a worst case scenario we can assume 100 percent change
in velocity over a distance equal to the crush space for both vehicles, i.e., the front end of the
stationary vehicle does not move and the moving vehicle comes to a total stop in a short distance.

Assuming a constant deceleration rate of -5 g and a crush length of 1 m for each vehicle, we can
substitute into the following acceleration, velocity, distance relationship: '
V2=V, 2+ 2ax
Vg =0, a=-5g=-5%9.81 m/s2, x=2 meters
0=V,;2+(2*-5%9.81*2)
V12 =196.2 m?%/s2
Va1 = 14 m/sec = 50 kph |

The above analysis shows passengers could reasonably be expected to survive a 50 kph collision
provided at least 1 m of crush space is provided at each end of the vehicle and the vehicle structure
is carefully designed to absorb this energy in a controlled manner.

Collision of maglev vehicles suggests passengers could reasonably be expected to survive a
50 kph collision if the energy is absorbed at a constant rate and 2 m of crush space are provided.
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The energy-absorbing capabilities of proposed vehicles structures and their masses are required
before assuring this is a reasonable initial goal.

Small object impacts at full operating speed are not a safety consideration, as the maglev vehicles
will have a baggage or equipment compartment between the vehicle front and passenger/crew
compartment. Design for small object impact resistance will be based on economics.

Benefits/Risk Summary

The energy absorption concept is the lightest weight collision protection scheme available. It is also
"friendly" to both vehicles involved in the collision. This concept has a-very low risk associated
with it, when combined with our baseline concept objective of collision avoidance.

Reference
1. Crashworthiness and Occupant Protection in Transportation Systems, ASME, AMD-Vol.

106, BED-Vol. 13
1.2.5 Impact of Push/Pull Recovery
Abstract

The basic Bechtel Team design is single vehicle that will require only a minimal ability to couple to
a special maintenance vehicle for transport to a maintenance facility or, on extremely rare
occasions, to be removed when disabled on the main line.

Key Requirements

The vehicle-to-vehicle attachment or coupler must be very light weight, inconspicuous, able to
accommodate vehicle end effects in curves, automatic coupling, and have sufficient strength to
accelerate or decelerate a disabled vehicle at speeds up to 4 m/s (15 kph) on air bearings only, and
higher speeds when the superconducting magnets are operating properly. | |

Approach Used

The vehicle front end will have a pop-out plate behind which a catch for towing will be located.
An ending coupler attached to a special rescue vehicle will engage the catch and tow the vehicle.
The tow vehicle will provide air supply for the air bearings when required.
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Description

Retaining a telescoping coupling mechanism in each end of the vehicle is unnecessary, will
consume valuable space, and add unnecessary weight. Push recovery by another maglev vehicle is
not a viable alternative. The only non-guideway malfunction to inactivate a vehicle on the
guideway is loss of vehicle magnets. The disabled vehicle will then have to be moved on its air
bearings at a maximum speed of 15 kph. Only a special recovery vehicle can provide the required

air.

During a system-wide shutdown or guideway failure, special maintenance vehicles may remove
the stranded vehicles at higher speed as the magnets will still provide levitation. The notch in the
front of the vehicle will be structurally sound but must be carefully designed so as not to adversely
affect crash worthiness of the vehicle. As such, detailed design is deferred until a detailed finite
element analysis and energy management analysis are undertaken. This approach allows for the
excess weight and complexity to be transferred to the recovery vehicle.

Benefits/Risks

The recovery system is simple and effective with complexity transferred to the recovery vehicle.
There will be little or no weight or space impact upon the vehicle.

1.2.6 Center of Mass

Overview

The vehicle's center of mass is of concern for several reasons. First, the center of mass affects the
overturning moments produced by the vehicle during banking maneuvers and factors into the
vehicle's stability in high cross winds. Civil structural designers also factor the moments produced
by the vehicle's center of mass into their calculations on the guideway structure to insure that
adequate strength exists. It is desirable for the vehicle to have a center of mass along the length of
the vehicle to distribute the weight evenly across all magnet bogies. Vertically, it is desirable to
make the vehicle's center of mass as close to the top of the box beam as possible to minimize
moments produced in turning/banking maneuvers and from crosswinds.

Analysis Used

Vertical center of mass of the vehicle was of most concern and therefore was analyzed thoroughly
during the concept definition stage. Longitudinal center of mass will be studied in more depth
during the detailed and final design stages.
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To determine the vertical center of mass of the vehicle, a spreadsheet was created detailing each
component, its mass, and its height above (positive) or below (negative) the box beam. Each
component's effect was weighted by multiplying the mass by its corresponding lever distance.
The total effect of all components was summed and divided by the vehicle's overall mass to
determine the overall center of mass above the box beam. The center of mass information was
also determined for the bogie and the carbody separately as this is useful for suspension/ride
quality analysis. The results of the analysis are included in Table C1-3.

Cross Reference

The center of mass information is utilized in sections detailing guideway design and analysis, ride
quality analysis, suspension dynamics and design, and guidance wheel/parking brake design.

1.2.7 Inner Tilting Body Design
Abstract

The vehicle's inner structure will tilt 15 degrees to either side of center as needed to maintain ride
comfort and will contain all passengers, toilets, and galleys. It will be very light weight and will be
isolated from the main outer coach for reduced interior noise and greatly reduced heating
requirements.

Key Requirements

The Bechtel team has chosen an ultra-light tilting inner coach which must tilt 15 degrees with
respect to the main vehicle, have side windows for passenger viewing, and a floor with sufficient
strength to remain securely attached to the main vehicle, and will also allow passenger seats to
remain securely attached in the event of a collision that produces a 5 g longitudinal load.

Approach Used

The team has based its design on an aluminum frame floor structure and a composite honeycomb

material floor surface and shell.

Description

The Maglev Noise Assessments BAA 191 by Harris-Miller-Miller and Hanson showed severe
environmental noise will result at high speed from any irregularities in the vehicle's surface. All
externally tilting vehicles will produce noise well in excess of 102 dbA at 25 m as projected for the
non-tilting TRO7 at 500 kph. The Bechtel internal tilting vehicle will add no external noise. In
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Table C1-3
Center of Gravity With Respect to Top of Guideway

Cabin Bogie
Mass Distance M*D Mass Distance  M*D
ASSEMBLED VEHICLE TOTAL
PAINTING 23 1,860 2273
VEHICLE ASSEMBLY COMPLETE
BASICBODY - 8500 1,860 15,810,000
AERODYNAMIC BRAKES 1,000 2,000 2,000,000
HYDRAULICS SYSTEM 70 600 462,04
AIR COMPRESSOR FOR AIR SUSPENSION 41 600 24,490
AIR PIPING FOR AIR SUSPENSION M 600 163,636
CARGO DOORS, BOTH SIDES 200 2300 460,000
EMERGENCY COUPLER 50 600 300,000
EMERGENCY PARACHUTE 4 3300 132,000
EMERGENCY EVACUATION SLIDES 40 800 320,000
INSULATION-SPRAY ON 200 2300 460,000
WINDOWS 72 2300 625850
FIRE EXTINGUISHER SYSTEM
FIRE EXTINGUISHING AGENT SPHERES 37 60 22,155
FIRE EXTINGUISHER PIPING 10 600 5,742
SMOKE AND FIRE DETECTORS 2 3335 6,050
CO2 & HALON PORTABLE EXTINGUISHERS 54 2300 lzs,mA
GUIDANCE CONTROL SURFACE 45 (300) (13,60
LEVITATION CONTROL SURFACE 91 500 45351
ENVIRONMENTAL CONTROL SYSTEM 1,020 600 612,000
INNER COACH 4500 2,400 10,800,000
SEATS~-COACH CLASS 830 2300 1910045
SEATS--BUSINESS CLASS 340 2300 781,164
WINDOWS 91 2300 208617
GALLEY M 2300 625850
GALLEY CART 60 2,300 138,000
LAVATORY 272 2300 625850
WATER SUPPLY TANK 200 600 120,000
WASTE WATER STORAGE TANK 100 600 60,000
PASSENGER COMMUNICATIONS & ENTERTAINMENT SYSTEM 106 3300 349,800
LIGHTING-Fixtures, controls, & wiring 200 3300 661,576
VEHICLE CONTROL SUBYSYSTEM
COMMUNICATIONS SET 10 2,300 23,469
COMPUTER SUITE & MANUAL CONTROL SUBSYSTEM 9 2,300 19,558
CONTROL SENSORS 0 100 5,000
INTERFACE CABLING 115 600 69,000
SECONDARY SUSPENSION SUBSYSTEM
LATERAL ACTUATORS & SENSORS 166 500 82993 166 500 82,993
VERTICAL ACTUATORS, SENSORS & POWER SUPPLY 9% 200 18,095 90 200 18095
BOGIE LINKS - 653 500 326514 653 500 326,514
TILTING MECHANISM “1,000 600 600,000
MAGNET BOGIE SUSPENSION SUBSYSTEM 7230  (400) (2,891,973
AIR LEVITATION SYSTEM 457 100 45714
SUPERCONDUCTING MAGNET SUBSYSTEM 11,544 (250) (2,886,000
MECHANICAL BRAKING SUBSYSTEM
BRAKING ACTUATOR SUBSYSTEM 44 (100) (54,422)
BRAKE PADS 109 (945) (102857
WHEELS 522 (950) (496,327}
CRYROGENIC REFRIGERATION SUBSYSTEM
HELIUM & STORAGE DEWAR 2333 2,000 4,666,667
CRYOGENIC PUMP 1 600
COOLANT DISTRIBUTION LINES 238 600 142,839
FUSELAGE ELECTRICAL POWER SUBSYSTEM
BATTERY 230 600 138,000
UNINTERUPTABLE POWER SUPPLY 2% 600 17,415
POWER DISTRIBUTION & CONTROL EQUIPMENT 40 600 240,000
FUEL CELL SYSTEM & 8 HOURS FUEL 1,487 621 923,427
VARIABLE FACTORS
PASSENGER LOAD 8191 2300 18,839,091
PASSENGER SERVICE PERSONNEL LOAD 232 2300 579,545
WATER 114 2300 262,200
FOOD 48 2300 110818
Misc. CONSUMABLES 10 2,300 23,000
CARRY ON BAGGAGE 2,168 3,100 6,721,364
BAGGAGE CONTAINERS 636 1860 1,183,636
- CHECKED BAGGAGE 3373 1860 6273273
R PR X T 0 WY KT 5,958,262
Cg= 1,883 milimeters Cg=  -280 milimeters
Overall Mass= 63349 kg
Ovenll Cg= 1,155 mm
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addition, cabin interior noise will be greatly reduced as the vast majority of noise is
aerodynamically induced into the outer skin and structurally borne to the vehicle interior. The tilt
feature allows the passenger cabin to be isolated from the outer structure, breaking the structural
path and reducing passenger cabin noise levels by a minimum of 5 dB.

By tilting passengers with an internal coach, the tilting mechanism can be separated from the
secondary suspension, greatly reducing complexity of both.

The tilting coach will have ball bearing supports along the pivot centerline at each end of the coach.
The bearings will be attached to the outer shell structure with a spiderweb support. Underneath the
floor, the structure will be supported on rollers with rotation controlled by spur gears. Tilting force
will be supplied through a series of hydraulic actuators on each side of the vehicle.

Benefits/Risk Summary

An internally tilting vehicle will result in higher reliability in both tilt and secondary mechanisms
by reducing complexity. Reduced exterior and interior noise is a plus, as well as less power

required for heating.

1.2.8 Minimum Bank Angle and Turn Radius

Overview

Banking refers to inclining the guideway beam and/or the maglev vehicle with respect to horizontal
so that the maglev vehicle will be able to travel at high speed around a curve with less discomfort
for the passengers. Banking essentially changes the direction at which the passenger is pushed
from the lateral direction (toward the outside of the curve) to the vertical direction (downward into
the seat). Passengers do not notice the downward motion nearly as much as the lateral motion.
Careful consideration has been given to the amount of banking done to the guideway beam and
vehicle.

Turn radius is a measure of the severity of a curve as the guideway winds its way along the route.
Direction changes (according to points of the compass) are accomplished via horizontal curves, as
opposed to vertical curves in which the guideway changes its slope to follow the up and down path
through hills. The turn radius is measured in meters. The smaller the turn radius, the more severe
the curve, and the more the maglev vehicle must slow down to prevent unacceptable accelerations.
There is a penalty for making the turn radii too large as well, because a guideway that has
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generously large turn radii will not follow interstate rights-of-way very well. A good compromise
on minimum turn radius for a maglev system will balance these factors against one another.

Bank angle and curve radius are interdependent design parameters and therefore are discussed in
the same section. This section discusses these various factors and sources of information which
were used in making decisions about banking and turn radii.

Key Requirements

High passenger comfort level, minimum land use, and low guideway cost are the three primary
requirements driving banking/turn radius decisions. Jostling of freight is a consideration as well,
but is automatically included when passenger comfort requirements are met since the latter
requirements-are more stringent. The vehicle design is affected by minimum curve radius, because
it is easier to design a vehicle that only travels on a nearly straight guideway than it is to design a
vehicle that must travel on both straight guideways and guideways that have tight turns, and thus

sort of bend around the curves.

Approach Used

Bank angle was determined primarily by the sideward forces on the guideway structure required in
order to guide the vehicle's weight around the curves. The primary civil engineer on the Team
made the decision to limit this sideward force to about 0.4 g, resulting in a maximum bank angle
for the beam with respect to its supporting structure of 15 degrees.

Minimum curve radius can be determined from an equation relating curve radius to permissible
vehicle speed; however, any firm decision about a minimum curve radius specification must be
related to the actual proposed route and cannot be specified generically.

Discussion

The Bechtel Team balanced a number of competing factors before specifying bank angle and turn
radius. Passenger comfort was given highest priority, since uncomfortable maglev trips would
obviously doom the system to passenger rejection and subsequent failure of the system. The
easiest and most important measures of comfort were the average steady passenger accelerations,
both vertically, laterally, and longitudinally. These determine bank angle and minimum curve
radius and also give direct and strong guidance to the designers. These accelerations are expressed
universally in g's, with 1.0 g being equivalent to the pull of the earth's gravity at sea level.
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We looked at TransRapid and JNR maglev practice first, and obtained data for various conditions
of airliner operation, automobile operation, and high speed passenger train operation. It
immediately became apparent that seated passengers could be subjected to greater g forces than
passengers standing or walking in the aisle of the cabin, and therefore the team needed to specify g
force limits for both seated passengers (assumed belted) and standing passengers. In addition, we
felt that passengers would be accepting of greater g forces during emergency situations, depending
of course on the severity of the emergency. We were sure that none of them would object to a
very quick stop in order to avoid, for instance, a fallen guideway span due to an earthquake, so the
Team also specified emergency braking g force limits that seemed practical to achieve.

The Team agreed on a set of g force limits in order to proceed with further aspects of the concept
definition, and we were notified February 19, 1992, of ride comfort system requirements
established for the SCD contractors. These new criteria, established by the NMI technical staff,
did not differ greatly from the limits that the Team had already established for itself. Table C1-4
shows the limits originally set by the Bechtel Team as well as the new criteria which the team
quickly agreed to abide by. Although the manner in which the two sets of data are specified is
different, the most important specifications compare rather closely.

Banking: The RFP submitted by the Bechtel Team indicated that the banking would be
accomplished by a combination of guideway beam tilt and vehicle tilt. We decided early to limit
the total bank angle to 30 degrees, since more bank than that would make the required lateral
guideway strength unreasonable. It was decided to have at least as much vehicle tilt as guideway
tilt, since it would be necessary to right the passenger cabin if it should have to stop on a tilted
beam. There are severe impacts of allocating higher tilt to the guideway beam, and that impact is
that the beam's supporting structure in a fully banked curve must have additional strength (and
hence cost) in order to resist the additional sideward forces on the structure. The more the beam is
tilted, the greater is the required lateral strength (and cost) of the structure. Since it was expected

-that perhaps 40 percent of a maglev route would be curved and hence banked, and since the cost
impact on the guideway was expected to be greater that the impact on the vehicle, the Team
decided to allow 15 degrees maximum beam tilt and 15 degrees on the vehicle. This would also
result in a zero cant deficiency when stopped on a curved beam.

Curve radius: It was determined early in the SCD that our vehicle would have distributed bogies
that would be required to move laterally with respect to the vehicle cabin. This lateral motion
capability would be provided in order to accomodate curves. The most severe curves were
expected to be in maintenance yards where the vehicle would be moving very slowly, but
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nevertheless increased lateral clearance would have to be provided by the bogie in order to allow

the vehicle to negotiate such curves.

Table C1-4
Comparison of Bechtel and DOT Guidelines

Bechtel Team Early Specifications:

Standing* Seated | Emergency

Lateral force, g 10 .10 --
Vertical force, g

Upward .05 .05 --

Downward 20 .20 .
Longitudinal force, g 15 25 0.80**
Total bank angle, degrees 25
Maximum pitch rate, deg/s 1 — _
Maximum yaw rate, deg/s 1 _ _
Maximum roll rate, deg/s 2 _ _

* handgrabs on seatbacks to be installed for standing/walking passengers
**assuming airfoil braking to prevent overstressing the guideway

DOT Guidelines (issued Feburary 19, 1992):

Minimum | Seated and
Design | Requirement Belted
Lateral Curves
Bank Angle, degrees 24 30 45
Roll Rate, deg/s 5 10
Lateral force, g .10 .16 20
Vertical Curves :
Upward force, g .05 10 ; .10
Downward force, g : .20 30 40
Longitudinal force, g .16 20 .60
Vector Combinations
Lateral & Longitudinal force, g 20 30 .60
Lateral & Vertical force, g 20 .30 40
Total 24 .36 .60

The specification for minimum curve radius on the main sections of any maglev route was driven
by several competing factors. Given the g force limits agreed upon previously, smaller curve radii
would have the following two predictable effects. It would result in longer trip time; the vehicle

would have to slow down to lower speeds in the cugve in order to stay within the g force limits. It
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would also result in less land used outside a highway right-of-way; the smaller curve radii would
be able to follow better along an existing highway (or railroad or power line) that was to be used

for the maglev route.

Longer trip time is undesirable and less land use is desirable, so a tradeoff was required. In
addition to the two effects listed above, passenger comfort could be a factor if the vehicle were to
be accelerated and decelerated so often as to be a nuisance. On one early computer simulation of a
maglev trip performed by the Bechtel Team, it was observed that with many curve radii less than
1,000 m (with one curve as low as 400 m) the vehicle was usually going up or down in speed at
0.25 g in between the curve sections. This amounted to more than 80 percent of the total trip time.
An alternative that we considered was to speed up and slow down at only 0.05 g between curves
on the main line, even at the cost of even longer trip times. ‘In light of the effect on trip time, we
reconsidered and agreed upon a 0.20 g normal acceleration/deceleration limit.

For a banked curve in which the guideway beam is already at its maximum tilt, the curve radius is
a function of allowable lateral g force according to the following formula, which is derived in
Appendix L.

R 0.0772v*cos(6)
~ a+gsin(6)
where R=curve radius, meters

v=maximum vehicle speed required in the curve, km/hour

O=total bank angle (beam + vehicle tilt), (0 = 25° used here)

a=lateral passenger acceleration allowed in m/s2, (a = 1.96 m/s?used here)
g=gravitational constant=9.8 m/s2

The two undefined quantities in the equation are curve radius and vehicle speed. Specifying either
one determines the other. Table C1-5 shows how the vehicle must slow down as curve radius

becomes smaller (i.e., the curve becomes more severe).
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Table G1-5
Maximum Allowed Vehicle Speed Curve Radius
(using Bechtel Team's bank angle and g force limits)

Vehicle
Radius, speed,

meters km/hour

2862 500

2000 418

1402 350

1000 295

800 264

600 229

400 187

It is apparent from the table that in order to prevent maglev vehicle slowdowns due to curves in the
route, and to keep the average vehicle speed up in the 400 km/h range, it will be necessary to have
curves with radii that are generally over 1,400 meters. This will not fit extremely well with
existing rights-of-way. There are many curves with radio under 1,400 meters on a typical
highway. Even though the maglev guideway might meander back and forth across a highway in
order to mitigate the curve radius problem, some of the curves in the highway will result in a '
guideway that strays a significant distance from the highway right-of-way should the 1,400 m
minimum radius specification be used.

A tradeoff must be made balancing trip time against land usage. This is not a technical tradeoff but
instead is a judgment to be made on the basis of land acquisition costs and political reality, both of
which depend so heavily upon the actual route between the cities to be serviced that an upfront
specification of minimum curve radius cannot be made in this report. The important conclusion
to remember is: following existing rights-of-way will require sharper turns and therefore will
slow the maglev system down.

Benefits/Risk Summary

The benefit of using a small bank angle for the beam, in conjunction with a large bank angle for the
vehicle with répect to the beam, is reduced guideway cost. This approach also results in a vehicle
that can completely cancel beam tilt should it ever have to stop in a curve.

Faster trips result from using curves of large radius, but routes closely following a highway right-
of-way result from using curves of small radius. No minimum curve radius has been specified.
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Derivation of equation for curve radius vs speed

If the guideway and vehicle total tilt add up to © degrees, then we have the following diagram.

Also, during curving we will allow the passenger to feel some lateral acceleration of an amount "a"
due to excess centrifugal forces as shown below.

The total horizontal acceleration of the passenger due to curving is known to be v2/R where v is the
vehicle forward velocity (m/s) and R is the curve radius (meters). The total centrifugal force
overcomes the tilt force and then some, by the amount mpya where my, is the mass of the passenger
and a is, as described before, the allowed lateral passenger acceleration. Equating the horizontal
acceleration components only we get the following equation:

Y an 6+ 2
R -8tan + cos0
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which is equivalent to the diagram below.
\

o

! ! a 9‘0\:010n 9

gton® g
cos®
! !
The diagram shows _ VIR
» . .
Y= R= centripetal acceleration

= total horizontal vector sum

R
¥ gtan fcos B+a
R cos6

¥ gsinf+a
R cos6

v2 =cos 0=R(a + g sin 6)

__V¥cos(6)
T a+ gsin(6)

These formulae apply if R is in meters, v is in meters per second, and a and g are in meters per
second squared. When specifying v in kilometers per hour, we must multiply by the square of
138.88 my/s for each 500 km/hour, that is, 0.27776 squared or 0.0772 and finally we have

_0.0772,2 cos(6)
T a+ gsin(0)
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1.3 SECONDARY SUSPENSION ARRANGEMENT

1.3.1 Bogie Structures
Abstract

The bogie frame in the maglev vehicle design provides the structural connection between the
magnetic propulsion and levitation systems and the vehicle carbody (structure). The bogie frame
houses the magnet modules, supports the vehicle weight, and transmits forces between the
guideway and vehicle. As such, the bogie frame is an important structural member of the maglev
vehicle.

This section describes the physical aspects of the bogie structure, the functional requirements of the
frame and its components, and results of preliminary stress analysis for the bogie.

Key Requirements

In response to the RFP, the baseline maglev vehicle is characterized by having a distributed magnet
module design. These distributed modules are incorporated in six bogie frame assemblies, each
four meters long. The bogie frame also provides the connection locations for the secondary
suspension elements of the vehicle. The bogie structure is therefore designed for the expected
static and dynamic loads encountered during vehicle operation.

Design Description

The baseline bogie structure is comprised of four structural air tanks attached to four sets of

_pedestal supports and a bottom sheet. A pivot box assembly interconnects the two middle air
tanks while diagonal gussets connect the outer air tanks. Carbody link assemblies will provide the
attachment to the vehicle structure. Figure C1-6 shows an isometric representation of the bogie
structure. The bogie structure is made of high strength structural aluminum. Although the choice
of an aluminum structure for the bogie is new to this applicatibn, it has been successfully proven in
the aerospace industry as a high strength, low weight material.

The design of the bogie is very efficient and lightweight because the structural components are
synergistic, i.e., they combine various functions. The physical features and functions of the bogie

structure and its components are listed below.

® The superconducting magnet modules (SCM) are fastened to the pedestal supports with two
pairs of 1-inch bolts. With this configuration, the cryostatic outer aluminum shell of the SCM
not only provides the proper vacuum for the magnets but also resists longitudinal
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Figure C1-6 Bogie structure
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deformations. Along with the pedestal supports, the SCM module provides the longitudinal
stiffness for the propulsion and braking loads. The pedestal supports, with channel section
thickness of 30 mm, provide the structure for the lateral loads from the guideway and the
vertical loads from the suspension.

m The air tanks are mounted laterally and serve a dual purpose. They are pressurized at 100 psi
in order to provide for the air bearings and are utilized as structural elements. They are
- elliptical in shape with the average of the major and minor diameters being about 280 mm, and
an approximate wall thickness of 16 mm. The longitudinal carbody loads are transmitted via
the carbody links, through the pivot box and distributed through the air tanks.

s Carbody link assemblies, arranged as a straight-line mechanism, has the center link pin
connected to the pivot box assembly and the outer link arms are similarly attached to the
carbody. The links, also made of high strength structural aluminum, transmit longitudinal
forces between the bogie and carbody while also providing for the required lateral translation
during curve negotiation.

m The bottom sheet of the bogie structure adds rigidity to the frame and provides a base of
assembly for the pedestal supports, pivot box assembly, and the air tank structures. The air
bearings are also housed in the bottom sheet section. This bottom sheet, approximately 50
mm in thickness, also provides a cover to the outside, allowing the air to flow over a smoother
surface and improving the aerodynamics of the vehicle.

Previous versions of the bogie structure included a box-like structure but were considered
overweight, structurally inefficient, and difficult for bogie component assembly.

Additional structure would be necessary to mount the air bearings and the pressurized air tanks,
increasing weight and the overall height of the vehicle. With the current baseline concept, there is a
50 percent reduction in bogie structure weight and an overall reduction in vehicle height.

Analysis

In an effort to determine the feasibility of the bogie structure, stress calculations were done under
various loading situations. These are preliminary stress calculations based on yield loading criteria.
Fatigue loading and detailed stress analysis will be considered in the next stage of this project
utilizing predicted bogie acceleration data obtained in the NUCARS modeling described in

Section 1.3.3. The following loads were considered separately and in combination for structural
design of the bogie.

m  Vertical loads imposed on the pedestal supports due to carbody weight and suspension forces.

m Lateral loads imposed on the pivot box, air tanks, and pedestal supports during dynamic
conditions such as guideway inputs, wind loads, and curve negotiation.
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m Longitudinal loads at pedestal supports, pivot box, and air tanks resulting from propulsion and
braking forces.

It should be reiterated that the loads analyzed here are not operational loads found in normal service
but rather extreme occurrences where yielding criteria is examined. The application of the loads
are shown schematically in Figure C1-7.

Results indicate that for almost all load combinations, the stresses were below 100 MPa in the
bogie structure. The pedestal support area had some of the higher stresses due to vertical and
lateral load combinations and mechanical brake application. Calculated stress levels were
considered well below the yield strength of most high strength structural aluminum alloys. The
following is a list of the maximum stresses calculated in various areas of the bogie structure.

m Pedestal supports — 250 MPa (bending stress due to vertical & lateral loading); 180 MPa
(bending stress due to parking brake, curve, and wind load)

m  Air Tank — 90 MPa (bending stress due to combination vertical & longitudinal loading)
.m Pivot Box — 80 MPa (tension load due to combination vertical & longitudinal loading)

These preliminary results above are considered conservative and indicate that the bogie design
concept is feasible.

Future Development

The next phase of concept development would entail a significant design effort in the structural
refinement of the bogie. Design tools such as CAD solid modeling, finite element analysis, and
NUCARS will aid in this development process. Future development for the bogie structure is
planned for in the following areas:

= Utlization of NUCARS to determine bogie accelerations due to guideway inputs and steady-
state curving. This activity will further define the design fatigue criteria for the bogie structure.

s FEA/FEM analysis will be used in conjunction with solids modeling to not only locate
undesirable stress levels but also to optimize the bogie structure and components.

m  Proceed with a design phase where bogie components are detailed and manufacturing
processes (ie., castings, extrusions) are examined more thoroughly.

Layouts and detail prototype drawings of the bogie structure and its related components would be
completed during this design phase. These drawings would then be the basis for prototype
building and structural testing of a bogie model.
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Figure C1-7 Bogie loading
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1.3.2 Secondary Suspension Actuators.
Abstract

A secondary suspension connects the bogie structure with the vehicle carbody and performs

system interface functions between the magnet structure and the structure that houses the

passenger compartment. As such, its main system requirements are the following:

m Isolate the carbody from random and harmonic inputs from the guideway during vehicle
operation.

® Adequately perform the kinematic functions necessary to guide the vehicle through curves and
switches in the guideway. ‘

This section describes the manner in which these requirements have been incorporated into maglev

vehicle design.

Key Requirements

In response to the RFP, the secondary suspension system is incorporated into the distributed
bogie/magnet module design. The baseline vehicle suspension system, a major component in the
control of vehicle dynamics, provides acceptable ride quality and stability for the vehicle. The
secondary suspension is located between the bogie frame, which houses the magnet modules, and
the carbody structure of the passenger compartment. An active suspension is combined with
traditional stiffness elements ensure accurate dynamic control of the vehicle.

Design Overview

This section discusses the approach to defining the secondary suspension system for the maglev
vehicle. As stated in the Key Requirements, an active suspension was selected as the baseline
system for the vehicle. This decision is based on the following factors:

m The active suspension allows better isolation of dynamic inputs due to guideway/propulsion
windings misalignment compared to traditional spring/damper systems. A greater allowable
misalignment translates into lower structure costs for the guideway. The ride quality
advantages of an active suspension are evaluated in Section C6.

= Incase of a complete SCM failure, the active suspension is able to control the random bogie
motions and instabilities, keeping the bogie from contacting the guideway during operation.

With only traditional stiffness and damping elements, the suspension system becomes idealized
for a narrow range of frequencies and amplitudes, whereas in an active system, the suspension can

adjust to a larger range of frequency inputs.
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Once the type of suspension was selected, dynamic modeling analysis was done using NUCARS
for the purposes of defining the suspension arrangement, quantifying secondary suspension
forces, and determining the maglev vehicle response to various guideway inputs. NUCARS (New
and Untried Car Analytic Regime Simulation) is a general purpose program, developed by the
Association of American Railroads, for modeling rail vehicle transient and steady state response. It
is, therefore, easily adapted to analyze a guided maglev vehicle. Detailed discussion of the
NUCARS modeling is given in Section C1.3.3. Some of the analysis results are summarized in

the following section.

Design Description

The maglev secondary suspension utilizes both coil springs and hydraulic actuators in parallel and
is distributed equally on all bogies. Four vertical actuators and spring pairs are located at the
corners of the bogie mounted with swivel brackets on the pedestal leg of the bogie frame and the
carbody structure. Similarly, two lateral spring/actuator pairs are mounted between the bogie
frame and the vehicle underframe.

The springs support the static vehicle loads and perform normal suspension functions. The
hydraulic actuators provide the necessary damping and are able to make small force corrections in
order to control the dynamic motions of the carbody relative to the bogie. A second important
function of this system is that in the case of a bogie magnet failure (i.e., mégnet quenching), the
actuators are able to control the bogie positioning and stability, keeping it from contacting the
guideway and causing an unsafe situation. Another feature of the secondary suspension is that the
vehicle could continue operation at reduced speeds utilizing the coil springs if multiple failures of
hydraulic actuators occur. The secondary suspension has also been designed to negotiate a
minimum curve of 400 m.

The secondary suspension stiffnesses of the vehicle were determined based on a design goal of 0.5
Hz carbody lateral and 1.0 Hz carbody vertical natural frequency. These frequencies are typical for
both mode separation and good ride quality. Baseline damping coefficients were set at 20 percent
of critical values. Stiffness and damping values along with mass and inertia estimates are given in
Table C1-6. The primary suspension parameters are solely based on the magnetic interaction
between guideway and vehicle.

NUCARS was utilized to determine the connection forces in the Suspcnsion elements and the
acceleration levels in the bogie and carbody due to a 1 mm lateral and vertical misalignment over a
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25 m span of guideway. Results indicate acceptable bogie acceleration levels and carbody
accelerations that are well below specified levels. Figures C1-8 through C1-13 show acceleration
levels throughout the speed range up to 330 mph (10 percent exceedance of the 300 mph
maximum cruising speed). These figures also indicate where resonances occur in the vehicle and
bogie and that they are well controlled by the damping. The vertical and lateral connection forces
between carbody and bogie were found to be very low, on the order of about 100 to 300 1bs, due to
the relatively soft secondary suspension employed.

Table C1-6
Maglev Vehicle Characteristics

Masses/Inertias

Body Mass - 4.1E04 g

Body Roll Inertia - 8.6E04 g-m2
Body Pitch Inertia - 4.2E06 g-m?
Body Yaw Inertia - 4.2E06 g-m2
Bogie Mass (per bogie) - 3.9E03 g
Bogie Roll Inertia - 6.1E03 g-m?
Bogie Pitch Inertia - 1.2E04 g-m?
Bogie Yaw Inertia - 1.7E04 g-m2

Stiffnesses (entire vehicle, except as noted)

Primary Vertical - 5.0E07 N/m
Primary Lateral - 1.3E07 N/m
Secondary Vertical - 1.6E06 N/m
Secondary Lateral - 4.0E05 N/m
Bogie Yaw (per bogie) 9.0E3 N-m/rad

Damping (entire vehicle, except as noted)

Primary Vertical - 1.7E04 N-s/m

Primary Lateral - 8.4E03 N-s/m

Secondary Vertical - 1.0E05 N-s/m
Secondary Lateral - 5.0E04 N-s/m
Absolute Bogie Vertical - 4.4E05 N-s/m
Absolute Bogie Lateral - 2.2E05 N-s/m
Bogie Yaw (per bogie) - 5.6E02 N-m-s/rad
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Figure C1-8 Bogie pitch acceleration vs speed

T5571-337/DLL/MS/R13 Cl1-44



ACCELERATION, mG's
250

200 4 /
150

100 /

50

-0 50 100 150 200 250 300 350
SPEED, MPH

Figure C1-9 Bogie vertical acceleration vs speed
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Figure C1-10 Bogie lateral acceleration vs speed
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Figure G1-11 Bogie roll acceleration vs speed
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Figure C1-12 Bogie pitch acceleration vs speed
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Figure C1-13 Bogie yaw acceleration vs speed
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Future Development

The results of the NUCARS model, summarized above, will assist future development work of
the secondary suspension, including dynamic analysis and bogie component design criteria. Ina
detail design stage of this project, the following activities would take place:

A detailed description of suspension components will be done. Springs, actuators, and the
corresponding hydraulic system, will be designed based on the predicted connection forces and
secondary suspension displacements.

m The NUCARS analysis has provided adequate acceleration data that will help in defining
design fatigue criteria for suspension components and attachment supports. An FEM analysis
of components would also be part of the design process.

m  Guideway alignment requirements would be examined further using the NUCARS model.
Bogie and carbody accelerations may prove acceptable with larger misalignments, possibly
further reducing guideway construction and maintenance costs.

m The active suspension systems will be refined during the detailed design stage. Transducer and
signal requirements, as well as the feedback control systems, will be further developed.

Layouts and prototype component drawings would be completed during this design phase and
provide a basis for a prototype bogie model. ~

1.3.3 Secondary Suspension Modeling
Abstract

A significant part in the process of developing a secondary suspension design for the maglev
vehicle is predicting the dynamic response of the vehicle to various transient and steady state
inputs. The purpose of this modeling effort was to determine acceleration levels of the bogie,
identify which parameters have the greatest impact on acceleration levels. This in turn is used for
structural design of the bogie.

NUCARS (New and Untried Car Analytic Regime Simulation) is a general purpose dynamics
_program that was used by Electro-Motive Division of General Motors to model the transient and

steady state response of the maglev vehicle. This section describes the computer model,

summarizes the results of the study, and discusses future utilization of NUCARS for maglev.
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Key Requirements

To support the design effort of a bogie structure and a secondary suspension, a general dynamics
computer model was utilized to determine the vehicle response to guideway inputs, quantify
suspension forces, and assess bogie acceleration levels for structural design considerations.

This program provided the analysis for the secondary suspension configuration used in the
baseline vehicle.

Model Description

NUCARS, a general purpose dynamics modeling program, was developed by the Association of
American Railroads as a means of determining the performance of new or existing rail vehicles
under various track conditions. In a broader scope, it can be used to predict the response of a
number of interconnected bodies and suspension elements under a variety of inputs. Therefore, it
is easily adapted to analyze a guided maglev vehicle. Most importantly, validation of NUCARS
predicted output has been carried out by the AAR and rail vehicle manufacturers in track and
vibration tests at the Transportation Test Center and elsewhere.

Listed below is a description of the various NUCARS model configurations of the maglev vehicle
that were run, a description of the geometric inputs used to excite the system, and an index of the
output files generated from the model.

NUCARS Maglev Vehicle Models
Description of Model Configuration
Baseline Vehicle (VB)

1. Magnetic stiffnesses for baseline magnet configuration; low magnetic damping coefficients (c
= 8.0 laterally, 16.0 vertically, pér bogie); distributed magnetic stiffness/damping: eight vertical
and four lateral connections per bogie.

2. Secondary stiffnesses determined by desired lateral and vertical body natural frequency; design
goal of 0.5 Hz lateral, and 1.0 Hz vertical; damping coefficients set at 20 percent of critical
values; four vertical connections (at bogie frame corners) and two lateral connections (0.5
meter on both sides of the bogie pivot) per bogie.

3. "Skyhook" damping between a single stationary input body and the bogies; damping
coefficient set at 20 percent of critical. This is an absolute reference damping which allows
NUCARS to simulate an "active” type damping.
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4. Four input bodies per bogie. Left and right side vertical magnetic stiffness pairs and 1 lateral
magnetic stiffness element connected to the same single input body. These input bodies excite

the system.

Modified Vehicle (VM)
1. Same as baseline, except body flexing modes are included.

The modes are first vertical bending estimated at 6.5 Hz and first lateral bending estimated at
7.5 Hz. Body critical damping is set at 1 percent.

Special Vehicle (VS)

1. Same as baseline, except eight input bodies per bogie, to enable roll excitation of the maglev
vehicle. This change will also require a small reconfiguration to the magnetic lateral stiffness
and damping, and lateral skyhook damping connection arrangement.

NUCARS Geometric Inputs for Maglev Vehicle
Input File Description
Baseline (IB)

1. Lateral and vertical sine 'wave, in phase; 25 m wavelength, four cycles of input. Input
amplitude was chosen to be 1 mm peak to peak based on current estimated suspension ladder
tolerances. Identical lateral and vertical amplitudes.

Roll (IR)

1. Left and right side vertical sine wave input, 180 degrees out of phase; 25 m wavelength, four
cycles of input, at the baseline input amplitude. This input will only be run in conjunction with
the "Special” (VS) vehicle model.

Special (IS)

1. Same as (IB), except lateral and vertical inputs are 90 degrees out of phase. This input was
used to excite roll motions.

Cusp (IC)

1. Four lateral and vertical cusps, 25 m wavelength, 0.5 mm amplitude. The cusp input
represents a limiting input form.

Slow Curve (ISCR)

1. Steady state curve negotiation around minimum radius curve (400 m). Analysis of suspension
connection forces in curving.

Fast Curve (IFCR)

1. Steady state curve negotiation at high speed around appropriate curve size. Analysis of
connection forces in high speed curving.
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The Baseline (IB) model was run over the entire vehicle speed range up to 300 mph. The speed
sweep was done to identify any possible resonance conditions. The 10% overspeed was used as a

safety factor.

NUCARS Data Outputs for Maglev Vehicle
Output File Description

Baseline (OB)

1. Body and #1 Bogie absolute accelerations - lateral, vertical, ioll yaw, and pitch. 10 outputs
total. The body and bogie accelerations are of primary importance for structural loading
considerations.

Special (0S)

1. All connection forces on the #1 bogie, both in the primary (magnetic) and secondary
suspension - eight vertical and four lateral in primary; eight vertical and four lateral "skyhook"
connections; and four vertical and two lateral secondary connections. Only used with baseline
vehicle model, VB. This output is important is the design of the stiffness elements and
actuator.

Body Flex (OBF)

1. Same as baseline, except absolute accelerations (lateral and vertical) measured along the
carbody length, at the longitudinal centerline (both ends of the body seating area, and at the
middle). Body bending modes are considered. Only used with modified vehicle, VM.

Roll (OR)

1. Same as (OS), except used only with special vehicle model, VS. Examines suspension
connection forces in a roll environment.

The run combinations are summarized in Table C1-7 which lists each of the model codes, input
codes, vehicle speed, and corresponding output code. An appendix includes copies of the model
description, input geometry description, and also provides plots of the input geometries and a
NUCARS representation of the maglev model for all run combinations that were examined.

The NUCARS vehicle parameters are listed in Table C1-8. The stiffness and damping values are

dictated by the carbody and bogie mass. These values are the same as discussed earlier in
Section C1.3.2 which summarize the secondary suspension arrangement.
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Table G1-7
Summary of NUCARS Runs on Maglev Vehicle

Speed Model Input Output
MPH Code Code Code
10 VB 1B OB

20 VB IB OB
30 VB IB OB
40 VB IB OB
50 VB IB OB
60 VB IB OB
70 VB IB OB
80 VB 1B OB
90 VB IB OB
100 VB IB OB
125 VB IB OB
150 VB IB OB
175 VB IB OB
200 VB 1B OB
225 VB 1B OB
250 VB IB OB
275 VB 1B OB
300 VB IB OB
330 VB IB OB
300 VB IB OS
300 VB IS OS
300 VB IC OS
300 VS IR OR
300 VM IB OBF
300 VM IS OBF
117 VB ISCR OS
300 VB IFCR OB
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Table C1-8
NUCARS Maglev Vehicle Model Parameters

Masses/Inertia's

Body Mass - 4.1E04 g

Body Roll Inertia - 8.6E04 g-m?
Body Pitch Inertia - 4.2E06 g-m?2
Body Yaw Inertia - 4.2E06 g-m2
Bogie Mass (per bogie) - 3.9E03 g
Bogie Roll Inertia - 6.1E03 g-m?
Bogie Pitch Inertia - 1.2E04 g-m?
Bogie Yaw Inertia - 1.7E04 g-m2

Stiffnesses (entire vehicle, except as noted)

Primary Vertical - 5.0E07 N/m
Primary Lateral - 1.3E07 N/m
Secondary Vertical - 1.6E06 N/m
Secondary Lateral - 4.0E05 N/m
Bogie Yaw (per bogie) 9.0E3 N-m/rad

Damping (entire vehicle, except as noted)

Primary Vertical - 1.7E04 N-s/m

Primary Lateral - 8.4E03 N-s/m

Secondary Vertical - 1.0E05 N-s/m
-Secondary Lateral - 5.0E04 N-s/m

Absolute Bogie Vertical - 4.4E05 N-s/m

Absolute Bogie Lateral - 2.2E05 N-s/m

Bogie Yaw (per bogie) - 5.6E02 N-m-s/rad

Model Results

Over the past several months NUCARS has been used to quantify the dynamic response of the
maglev vehicle to guideway geometric variations. These variations would most likely be due to
suspension ladder alignment. Starting with the baseline vehicle model, variations have been made
to identify which model parameters have the greatest impact on the acceleration level both within
the vehicle body (ride quality) and at the bogies (structural loading quantification). In this section
the primary interest in the NUCARS results has been the latter issue.

The initial modeling tasks with NUCARS examined the sensitivity of the maglev vehicle to

various modeling parameters such as guideway alignment, mass, inertia, stiffness, and damping.
This study concluded that guideway alignment had the greatest impact on controlling the vehicle
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accelerations and suspension connection force levels. From the modeling results, it was
determined that a ladder alignment limit of 1 mm over a 25 m wavelength, both vertical and lateral,
was necessary to keep bogie accelerations within limits for structural loading concerns. At 330
mph (a 10% exceedance of the 300 mph maglev cruising speed), the following bogie acceleration

levels were predicted:

Bogie vertical acceleration - 0.25 g's, peak to peak
Bogie lateral acceleration - 0.10 g's, peak to peak
Bogie roll acceleration - 0.40 rad/s2, peak to peak
Bogie pitch acceleration - 0.55 rad/s2, peak to peak
Bogie yaw acceleration - 0.14 rad/s2, peak to peak

These acceleration levels are the basis of the bogie structural fatigue loading criteria.

In addition to guideway alignment, absolute reference damping of the bogies was found to have
affect on the bogie acceleration levels. Figures C1-14 through C1-18 are summary plots of
acceleration levels throughout the speed range for both vehicle and bogie. These plots indicate
where certain resonances occur in the vehicle and bogie and that they are well controlled by the
damping in the system.
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Figure C1-14 Bogie vertical acceleration vs speed
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Figure C1-15 Bogie lateral acceleration vs speed

T5671-337/DLLUMS/R13 C1-58



500

400

300

200

100

ACCELERATION, mRAD/S

. 1 / 1 1 1
0 50 100 150 200 250 300

SPEED, MPH

Figure C1-16 Bogie roll acceleration vs speed
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Figure C1-17 Bogie pitch acceleration vs speed
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Figure C1-18 Bogie yaw acceleration vs speed
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The connection forces between the body and bogie were found to be very low, on the order of 100
to 300 1bs, due to the soft suspension employed. It is expected, unlike on rail vehicles, that the
largest amplitude suspension forces on a maglev vehicle will result from transient and steady state

aerodynamic loading and curve negotiation.

The output of the NUCARS model including suspension responses and connection forces for the
tabulated runs are located in the second appendix that relates to this section.

Future Modeling Development

The use of NUCARS has greatly assisted in the development and orientation of the secondary
suspension and defining design fatigue criteria for the bogie structure and components. Future
development utilizing NUCARS is planned for the following areas:

m  Suspension ladder and guideway requirements would be further examined using NUCARS.
With refinements in the model, bogie accelerations may prove acceptable with larger
misalignments, possibly further reducing guideway construction and maintenance costs.

» In the next phase, NUCARS will be used to examine vehicle dynamics in curve negotiation.
The program will help in determining forces and accelerations and possibly aid the design of
the guide curve entry transitions.

As the detailed design of the maglev system proceeds, optimization of the bogie structure,
suspension elements, and vehicle response are required. NUCARS will be part of this iterative
process.
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14 HYDRAULIC SYSTEM

1.4.1 Hydraulic System
Subsystems Requiring Hydraulic Actuation

Hydraulic devices on the maglev vehicle include the vertical and lateral bogie actuators, the
guidance planes (fins), the parking brake/lateral wheel sets on each bogie, and the passenger
compartment tilt actuators. All of these actuators derive their hydraulic power from lines supplied
by two motor/pump sets located in the forward compartment above deck. These devices will be
divided into two categories: bogies and carbody. Figure C1-19 is a schematic diagram of the
hydraulic system.

Bogie hydraulics

The term bogie hydraulics is used here to include vertical and lateral actuators and the lateral
wheel/parking brake actuators. Figure C1-20 indicates the locations of the hydraulic devices on
each of the six bogies.

Vertical actuators: There are four vertical suspension actuators per bogie, to assist the vertical coil
springs. Each actuator has a small enough outside diameter to fit within the coil spring that it
assists. The actuators are basically hydraulic pistons with integral control valving that apply their
forces in concert with and at the same effective locations as the coil springs. These forces are to be
computer-controlled to accomplish the functions of damping, positioning, and/or locking. The
assistance of a passive spring with an active device qualifies this arrangement to be termed semi-
active vertical suspension.

The vertical suspension is not oriented perfectly vertically but has some slant to it in order to
accommodate lateral bogie motion. There will be slight lateral force components exerted by the
vertical suspension. Qur analyses have included this effect, but the vertical actuators can be
considered in an approximate sense to perform solely vertical suspension functions. These
actuators will be operated at fairly high speed in order to counteract 7 Hz motions near the
vehicle/guideway natural frequency, and are expected to put major hydraulic loads on the
hydraulics supply system.
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Figure C1-19 Hydraulic system components
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Figure C1-20 Locations of hydraulic actuators on each bogie
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Lateral actuators: There are two lateral actuators per bogie to assist the two lateral springs which
center the bogie links. As with the vertical suspension, the lateral actuators are located within the
lateral coil springs and perform computer-controlled damping, positioning, and locking as part of a
semi-active lateral suspension system. The lateral suspension elements are not oriented perfectly
horizontally, but the vertical components of their associated forces are small. These actuators will
be required to counteract large side wind forces and therefore will at times place large demands
upon the hydraulics power supply.

Wheellparking brake actuators: On each side of each bogie are located two sets of devices that
perform a dual function: lateral guidance via very small wheels, and parking brake clamp/release.
This device will be referred to as a wheel and brake assembly. It is intended for use only at very
low vehicle speeds, namely 10 kph or below, including stopped. Each wheel and brake assembly
is moved toward or away from the concrete guideway with a hydraulic actuator that we consider to
be part of the wheel and brake assémbly. The wheel, brake pads, actuator, hydraulic line
attachment fittings, springs, shaft, and supporting framework are all part of a LRU intended to be
quickly swapped out when service on the unit is required. The demand for hydraulic power by
these devices will be minimal.

Carbody hydraulics

The term carbody hydraulics is used here to include the two tilt actuators and the locking brake
located at each end of the passenger compartment module, and the guidance plane actuators.

Tilt actuators: The tilt actuators connect points on the vehicle carbody structural members to the
bulkheads of the passenger compartment. There is a port actuator and a starboard actuator at each
bulkhead. By extending one actuator hydraulically and retracting the other actuator hydraulically,
the passenger compartment is made to rotate in its end bearings and thereby tilt in order to make
the passengers more comfortable when the vehicle travels around a curve in the route. The entire
compartment will be cradled in low-friction roller bearings, and the requirement for the actuators to
overcome this bearing friction is expected to be negligible. There is little force for the tilt actuators
to overcome except for the rotational inertia of the loaded passenger compartment. This inertia
must be overcome only when starting to roll or stopping the roll of the passenger compartment,
and not in the period of time when the roll rate is uniform. This means that it is the roll
acceleration rather than the roll rate which determines the actuators' force requirements. The roll
acceleration rate is expected to be low enough so that low capacity tilt actuators may be used. Each
actuator will be sized to handle the entire tilt requirement alone in case of a failure of its companion
actuator.
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Guidance plane actuators: There are two fore and two aft guidance planes on the outside of the
vehicle shell. They might be called stubby wings were it not for the fact that their purpose is solely
to improve ride quality rather than to lift the vehicle (the term 'wing' might imply the function of
providing lift). The aelerons at the trailing edges of the guidance planes are positioned by their
hydraulic actuators, which are of the piston type connected to a bell crank linkage. The actuators
tilt the planes about their transversely mounted shafts in order to push the carbody upward or
downward using the resultant aerodynamic forces on the planes.

Hydraulic Supply System

z

Figure C1-19 is a schematic of the hydraulic supply system. Two motor/pump sets are provided
for redundancy. Neither motor/pump set is sized to handle the full hydraulic requirements of the |
maglev vehicle. Should one motor/pump set fail, the hydraulic system would still be operational
but at half capacity due to the presence of the second set. This would probably require operation at
less than full vehicle speed in order to prevent an extremely rough ride.

For two major reasons, 3,000 psi was picked as the maximum operating pressure of the system.
First, most hydraulic equipment in this country is applied at or below 3,000 psi and such
equipment is therefore readily available. Secondly, higher pressure means lower weight, and
weight is a continuing concern in our design approach. Any maximum pressure less than 3,000
psi would therefore be unacceptable from a weight standpoint. A more detailed hydraulic system
concept study would undoubtedly lead to a higher system pressure selection, but the ease of
obtaining information about components for a 3,000 psi system led to its selection for this SCD.

The electric motors driving the pumps would be high speed 4,000 rpm 400 Hz 12 pole 40 kW
(each) 3 phase motors to reduce weight and volume. The pumps would be 3,000 psi 15 gpm
(each) swash plate piston pumps; vane or gear type pumps at these pressures would require
multistage pumps. The duty cycle on the pumps would be rather steady with the substantial
accumulator sizes we have selected. The central accumulator has a capacity of 71 liters (19
gallons) and the fore and aft accumulators each have a capacity of 36 liters (9 gallons). The main
trunk of the hydraulic supply lines will be large 5.6 cm inside diameter rigid lines due to the high
frequency nature of this hydraulic system; branch circuits would have smaller lines but still
relatively large lines. The connections to the bogie must be designed with bogie motions and
actuator motions relative to the carbody in mind, requiring flexible lines.
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Power Requirements

Section 1.4.2, Ride Control Hydraulic System Weight and Power, develops projected hydraulic
pressure and flow for each of the major hydraulic devices. Pump mechanical efficiencies are
~ already built into the calculations in that report section, whose bottom line power projections are as

follows:

Actuator Hp into % of

pump total

Fins 36.3 51.9

Lateral Bogie 18.5 26.5

Vertical 15.1 21.6
Bogie

Total 69.9 100.0

A conservative estimate is obtained for system electrical power by dividing the pump input power
(converted from horsepower to kW) by a motor and supply efficiency (0.8). This gives us a
demand for 65 kW of electrical power at 440 volts ac for the vehicle hydraulics. This number was
used in totalling the electrical loads in Section 1.5.1, On-board Power System. By providing two

- motor/pump sets for redundancy, each hydraulic set will require 33 kW.

Weight

Weight estimates for most of the hydraulic system components was obtained from Section 1.4.2,
Ride Control Hydraulic System Weight and Power. Only the pumps and motors were not
included in that section. In order to reduce weight and space requirements we expect to utilize high
speed pumps and motors. There was no information available about the nonstandard 4,000 RPM
pumps and motors, so those weights were obtained by ratioing the weight of commercially
available 1,800 RPM equipment. The development program for the actual equipment for maglev
vehicles would certainly include optimized custom designs with lightweight equipment. This,
combined with the fact that rotating equipment weight is roughly inversely proportional to
operating speed for a given power level, makes this approach reasonable. The following weight
table is supported by the referenced report section:
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Components Weight, Mass, kg
pounds _

Motor/Pump Sets 472 214

2)

Flaps & equipment 640 290

Lateral bogie & 427 194

equip.

Vertical bogie & 375 170

equip.

Accumulators 484 220

Total (2 systems) 2398 1088

1.4.2 Ride Control Hydraulic System Weight and Power

Introduction

As noted earlier, a maglev vehicle incorporates hydraulic actuation for several purposes: ride
control via active suspension elements; ride control via aerodynamic surfaces; carbody tilt
actuation; and wheel-set and parking brake actuation. The latter two functions involve relatively
few actuators operating transiently and slowly, imposing relatively small power and weight
requirements on a hydraulic actuation system. However, the former two ride control functions, via
active suspension and via aecrodynamic surfaces, involve a large number of actuators, operate
continuously during vehicle operation, operate at high force levels and at a high bandwidth, and
consequently impose large pdwer and weight requirements on a hydraulic actuation system. In the
following section we estimate power and weight requirements for a ride control hydraulic actuation
system. Consideration of weight and power requirements for the other hydraulically actuated
functions, carbody tilt, and wheel-set and parking-brake actuation, is omitted. Consideration of the
hydraulic system power supply or pump(s) is omitted.

Ride Control Hydraulic System Configuration

Active ride control is achieved by a combination of: active hydraulic manipulation of each of four
aerodynamic surfaces (flaps); and active hydraulic manipulation of the lateral, vertical, and
orientational position of each of six support bogies. There are four flaps and four flap actuators.
There are four vertical and two horizontal suspension actuators on each bogie. The ride control
hydraulic system thus uses 40 flap actuators, two vertical actuators and four horizontal actuators on

each of six bogies.
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The ride control hydraulic system configuration is shown schematically in Figure C1-21. The
components are shown arranged approximately according to the geometry of the maglev vehicle:
the suspension actuators are associated with bogies, four vertical and six horizontal with each
bogie, six bogies arranged from forward to aft; the flap actuators are associated with flaps, two
forward, two aft. The actuators are assumed to be, and are shown as, conventional hydraulic
cylinders; it is assumed that each piston rod is half the diameter of the actuator piston.

A major configurational assumption is that a conventional open-center four-way hydraulic servo
valve is associated with each of 40 ride control actuators. The bases for the assumption are:
independent servo control of each actuator is necessary, thus a valve is needed for each actuator;
approximate symmetry of actuation of each cylinder is needed, thus each valve is assumed to be a
four-way valve; and good servo control with smoothness through null and no discontinuities in
gain is needed, thus each valve is assumed to be an open-center valve. The major system
implication of this assumption is that none of the ride control actuators is ever "off." That is to
say, there is always a substantial flow from supply pressure to reservoir pressure across any open-
center four-way valve, whether its actuator is being stroked or not. Because of special
circumstances associated with the ride-control actuators, namely that they are essentially always
active and being stroked, the energy costs are not an issue. Also, these parasitic flows make
approximate calculation of power usage a relatively easy task.

It is assumed that the hydraulic pumps are capable of a 3,000 psi hydraulic supply pressure, and
that a minimum of 2,000 psi is always available under normal circumstances at the accumulators.
The lower figure of 2,000 psi is used as the nominal supply pressure for sizing valves, actuators,
accumulators, and all associated plumbing. The size of ports associated with valves and actuators
is sized according to about a 50 psi drop across the ports at full flow rate. Plumbing diameters are
assumed to be about 2.2 and 3.0 times the corresponding port diameters, for fin actuators and
suspension actuators respectively.

A noted feature of the ride control hydraulic actuation system is its distribution along the length of
the maglev vehicle, along the better part of 36 m (about 120 ft), as represented schematically in
Figure C1-21. Another feature of the ride-control hydraulic system is the provision of three
hydraulic accumulators spaced along the length of the vehicle. The issue addressed by this
apparent redundancy is that the required unusually high response bandwidth, of the order of 7 Hz
(7 cps), is comparable to the frequericy response of the long hydraulic supply lines, and that supply
from a single accumulator to all parts of the system would not provide sufficiently quick response.
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It is for this reason that three accumulators are used. One may reasonably consider that one
accumulator supplies the forward two bogies and the two forward flaps; one ditto aft; and that the
center accumulator supplies the system and the two center bogies.

The aerodynamic control surface form is assumed to be an unswept fixed fin with a rotatable flap
forming the after portion. The fixed fin occupies 70 percent of the planform chord; the rotatable
flap, 30 percent. An early control surface form considered was a 100 percent flap; that is, the
entire fin rotated about an athwartships axis to provide an angle of attack and lift. This early form
proved to be mechanically awkward and was abandoned. A major issue was that the fin's moment
of inertia was large such that inertial forces greatly dominated the aerodynamic forces associated
with actuating the fin. Another issue was the inherent difficulty of supporting a fin ina
cantilevered manner. One should note that a higher mode suspension resonance, at about 7 Hz,
dominates the task of the ride-control system; that 7 Hz is a high bandwidth for a hydraulic
actuation system of this size and power. That fact notwithstanding, there is no basic reason why
such a system cannot be built; but that actuation bandwidth is the major system design
determinant, having a great influence on system size, weight, and power.

Ride Control Hydraulic System Sizing Calculations

Preliminary calculation of weight and power of a ride control hydraulic actuation system has been
done on a spreadsheet (in Microsoft Excel 3.0); so that any change in system parameters may be
entered, and the quantitative consequences may immediately be considered. Two bases for sizing
system components are used: a maximum loading basis and an root-mean-square (RMS) loading
basis. RMS magnitudes are taken to be one-third of maximum magnitudes, according to
estimates from earlier suspension operation calculations. Actuator parameters, stroke, diameter,
flow areas, are based on maximum loadings and strokes; pump parameters, flows, power, are
based on RMS loadings. This is a conventional approach in the sense that the actuators must
always be prepared for maximum stroke and effort, but the pumps are almost always buffered

“ from a maximum demand by the system accumulators. Of course, the assumption of open-center
four-way valve use implies that not much pump size and capacity is saved by sizing the pumps to
RMS-loaded flow and power.
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A spreadsheet print, for nominal operating conditions, follows as Table C1-9. The sequential
arrangement of the spreadsheet, top-to-bottom, is approximately as follows:
FIN AND FLAP CHARACTERISTICS
VEHICLE CHARACTERISTICS
FLAP KINEMATICS
FLAP FORCES
Actuation (Mechanical) Power
Hydraulic Power
FLAP ACTUATOR DESIGN
Actuator Arm Length
Actuator Weight |
FLAP ACTUATOR VALVE DESIGN
Valve Weight
FLAP ACTUATOR PLUMBING
FLAP ACTUATION SUBSYSTEM SUMMARY
Weight
Power
SECONDARY SUSPENSION ACTUATOR DYNAMICS
Loads
Rates
Power .
SECONDARY SUSPENSION ACTUATOR DESIGN
SECONDARY SUSPENSION VALVE DESIGN
SECONDARY SUSPENSION PLUMBING DESIGN
SYSTEM: ACCUMULATORS AND PLUMBING
OVERALL SUMMARY RIDE-CONTROL HYDRAULIC SYSTEM DATA
Component-Weight Breakdown
Sub-system Power Breakdown

Estimation of the ride-control hydraulic system weight and power is based on many details and
assumptions. The following are among them:
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Table C1-9

Ride cohtrol hydraulic activation system design

FIN & FLAP: maximum (max/3)=RMS
c full chord, ft 459
b span, ft 3.67
Aff whole area, ft2 16.88
Af flap area, ft2 5.06
CL (30% flap) lift coefficient (w/o <) 151
CD (30% flap) drag coefficient (w/o <) 0.18
b flap angle, radians 047 022
WE fin weight, Ibs 2734
I fin inertia, ft-1b-sec2 1.02
VEHICLE:
V(max) maximum speed, ft/sec 492.13
f bandwidth, hz 7.00
(0 bandwidth, sec-1 4398
We car weight, Ib 180400.00
FLAP KINEMATICS amplitudes amplitudes
b fin < amplitude, rad 047 022
¢ fin < rate, rad/sec 2045 9.64
a fin < accel'n, rad/sec2 899.51 424.04
FLAP FORCES: amplitudes amplitudes
L lift, Ib 3417.70 1611.12
D drag, Ib 190.03 4223
sf fin moment arm, ft 038
Ma aero moment, ft-1b 1201.89 605.44
Mi inertia moment, ft-lb 913.76 430.75
Mt total flap moment, ft-1b 2115.65 1036.19
Pfa actuation power, ft-lb/sec 1442293 3329.98
Pfa actuation power, hp 2622 6.05
Pfh hydraulic power, hp 3934 9.08
FLAP ACTUATORS:
Ps working pressure, psi 2000.00
d actuator arm length, ft 0.40
Ffa flap ram force, 1b 5289.13
sfa flap ram stroke, in 446
vfa flap ram speed, in/sec 98.17
Afa flap ram piston area, in2 264
Dfa flap ram piston diameter, in 245
tfap flap ram piston thickness, in 122
Dfar flap ram rod diameter, in 122
Qfa maximum flow rate, in3/sec 259.61
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Table G1-9 (Cont'd)

Afap port area, in2 (p~50 psi) 048
Dfap port diameter, in (p~50 psi) 0.78
tfaw cylinder wall thickness, in 0.15
tfaep end plate thickness, in 139
Wfa flap actuator weight, 1b 1153
FLAP ACTUATOR VALVES: .
hfav=wfav height=width, in 428
Hfav flap actuator valve length, in 6.85
vfav valve volume, in3 125.67
Wfav flap actuator valve weight, 1b 37.70
ACTUATOR PLUMBING:
Dfat tubing diameter, in 1.71
(W/L)fat tube weight/length, 1b/in 046
Wiat plumbing weight (2x10 ft), 1b 110.63
FLAP ACTUATION SYSTEM: peak mean
Wfas unit system weight, 1b 159.86
Wifas(t) system weight, 4 flaps, Ib 639.45
Pth unit hydraulic power, hp 3934 9.08
P4fh hydraulic power, 4 flaps, hp 3633
SECONDARY SUSPENSION:
Fl1 lateral front force, Ib 2301595
F2 lateral rear force, 1b 7470.40
) X) vertical front force, 1b 4316.33
K4 vertical rear force, Ib 4219.67
TS front roll moment, ft-1b 27326.63
T6 rear roll moment, ft-1b 3129471
S1 lateral front speed, ft/s ’ 0.77
S2 lateral rear speed, ft/s 035
S3 vertical front speed, ft/s 171
$4 vertical rear speed, fi/s 1.64
RS front roll rate, sec-1 0.05
R6 rear roll rate, sec-1 0.03
P1 lateral front power, ft-Ib/sec 589241
P2 lateral rear power, ft-Ib/sec 883.96
P3 vertical front power, ft-Ib/sec 2453.19
P4 vertical rear power, ft-Ib/sec 2311.95
P5 front roll power, ft-1b/sec 473.66
P6 rear roll power, ft-lb/sec 305.65
P1 lateral front power, hp 10.71
P2 lateral rear power, hp 1.61
P3 vertical front power, hp 446
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Table C1-9 (Cont'd)

P4 vertical rear power, hp 420
P5 front roll power, hp 0.86
P6 rear roll power, hp 0.56
Pssa suspension actuation power, hp 2240 2240
Pssh suspension hydraulic power, hp 33.60 33.60
ACTUATORS:
Ps working pressure, psi 2000.00
Fh horizontal ram max force, Ibs 11507.97
Sh horizontal ram max stroke, in 6.00
vh horiz. ram max speed, ft/sec 0.77
Ahsa horiz. actuator ram area, in2 5.75
Dhsa horiz. actuator ram diam., in 3.61
thsap horiz. piston thickness, in 1.80
Dhsar horiz. actuator rod diam., in 1.80
Qha maximum flow rate, in3/sec 442
Ahap port area, in2 (p~50 psi) 0.02
Dhap port diameter, in (p~50 psi) 0.14
thaw cylinder wall thickness, in 023
thaep end plate thickness, in 1.05
Wha horizontal actuator weight, 1b 2030
nWha (12 actuators) 12 horiz. actuators weight, 1b 243.60 243.60
Fv vertical ram max force, Ibs 3911.84
Sn vertical ram max stroke, in 6.00
w vertical ram max speed, ft/sec 1.64
Avsa vert. actuator ram area, in2 1.96
Dvsa vert. actuator ram diam., in 2.10
tvsap vert. piston thickness, in 1.05
Dvsar vert. actuator rod diam., in 1.05
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Table C1-9 (Cont'd)

Qva maximum flow rate, in3/sec 321
Avap port area, in2 (p~50 psi) 0.01
Dvap port diameter, in (p~50 psi) 012
tvaw cylinder wall thickness, in 0.13
tvaep end plate thickness, in 0.65
Wva vertical actuator weight, Ib 555
nWva (24 actuators) 24 vert. actuators weight, Ib 133.29 133.29
SUSPENSION VALVES: ‘
hhav=whav=hvav=wvav height=width, in 216
lhav=lvav susp. actuator valve length, in 345
vhav=vvav valve volume, in3 16.01
Whav=Wvav susp. actuator valve weight, 1b 4.80
ACTUATOR PLUMBING:
Dsat tubing diameter, in 043
(W/L)sat tube weight/length, 1b/in 0.03
‘Wsat plumbing weight (2x10 ft), 1b 7.00
Wsat+Wav valve & plumbing unit wt., lbs 11.81
36x(Wsat+Wav) valve & plumbing total wt., 1bs 425.09
REMOTE ELEMENTS:
Wiph total wt, remote hydraulics, 1bs 1441.42
Pth total pwr, all hydraulics, hp 6993
CENTRAL ELEMENTS:
Vfa=Vaa fwd, aft accumulator volume, in3 2165.29
Rfa=Raa fwd, aft accumulator radius, in 803
tfa=taa fwd, aft accum'r thickness, in 054
Wfa=Waa fwd, aft accumulator weight, Ib 8396
Wfa+Waa fwd & aft accum'r weight, Ib 16791
Vca central accumulator volume, in3 4330.58
Rca central accumulator radius, in 10.11
tca central accum'r thickness, in 0.67
Wca central accumulator weight, 1b 133.01
Wfa+Waa+Wca 3 accumulators weight, 1b 300.92 300.92
Qml main line flow, in3/sec 115.38
Amlt main line tubing section area, in2 381
Dmilt main line tubing diameter, in 220
(W/L)mlt main line tube wt/length, 1b/in 0.76
Wmlt tubing weight (2x120 ft), Ib 182.86 182.86
Pst system total hydraulic power, hp 6993
Wst system total weight, 1b 1925.20
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| Table C1-9 (Cont'd)

BREAKDOWNS:
FRACTION: WEIGHTS:
0.02 4 flap actuators, weight, 1b 46.12
0.08 4 flap valves, weight, Ib 150.81
023 flap system plumbing weight, 1b 442.51
033 flap actuation system weight, Ib 639.45
013 12 hor. susp. actuators, weight, Ib 243.60
0.03 12 hor. susp. valves, weight, 1b 57.65
0.07 24 ver. susp. actuators, weight, Ib 133.29
0.06 24 ver. susp. valves, weight, Ib 11531
0.13 susp. system tubing weight, 1b 252.13
042 susp. actuation system weight, 1b 801.98
0.09 peripheral accumulator wt, 1b 16791
0.09 central tubing wt, Ib 182.86
0.07 central accumulator wt, 1b 133.01
1.00 hydraulic system total weight, Ib 192520
POWERS:
052 flap actuation average power, hp 3633
048 suspension actuation power, hp 33.60
1.00 hydraulic system total power, hp 69.93

Flap weight estimate is based on a heavy aircraft-type aluminum structure with skin thickness
about .063 inches and substantial framing.

For the calculation of fin and suspension kinematics and dynamics (speeds and forces), a narrow-
band process at around 7 Hz is assumed to dominate the excitation and response spectrum. This
characterizes the spectrum made available for this work.

Lift and drag coefficients for the aerodynarnic ride control surfaces are calculated as averages of

multi-term characterizations over the angle of attack range. Lift is taken to be proportional to angle
of attack; drag proportional to the square of angle of attack.
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Actuators are sized according to strength requirements but with a generous safety factor, making
for relatively stiff and sturdy units. The flap actuators are proportioned to have a stroke that is
about 1.8 times the cylinder bore. The freedom to proportion the cylinders in this way is provided
by choice of the flap bell crank length. Shortening the bell crank calls for an actuator of greater
diameter and reduced stroke, for example. Actuator end plate dimensions are based on strength
needs, plus a need to accommodate substantial flow ports to handle displacement and bandwidth
requirements. Valves are sized according to port-size and plumbing-diameter requirements. Here
again, force and bandwidth requirements dominate the sizing of these components. The bases for
sizing the plumbing, connecting the components across the length and breadth of the vehicle, are
stated earlier. No independent consideration of rigidity of the actuators, or the other components,

has been done.

Accumulators are sized to contain at least several seconds' supply of pressurized hydraulic fluid.
Their weight is based on an assumption of steel construction.

Conventional hydraulics components make significant use of ferromagnetic materials; primarily
cast iron, and cast and rolled steels ranging from high carbon steels to specialty tool steels. While
it is understood that a material's ferromagnetism is an issue, consideration of component weight is
based on an assumption of the use of steel. There are at least three materials issues in addition to
that of a material's ferromagnetism: component strength, component stiffness, and valve spool-to-
valve bore wear. Certain non-ferromagnetic stainless steels may successfully substitute for steel
where material hardness or wear are no issue. Some components could perhaps be of titanium.
Small ferromagnetic linings of valve body bores may be acceptable and useful.

This report is not to address detail design of hydraulic actuation components, but rather to estimate
their weight and power. It is suggested that component weights will be approximately those of
conventional ferromagnetic hydraulic components.

Effect of Actuation System Bandwidth on System Weight and Power

Increasing the frequency response of the ride-control hydraulic actuation system affects component
weight and system power in at least two ways: increasing the effect of any inertial loading of
actuators, inertial loading being proportional to the square of bandwidth; and increasing the
physical size and weight of flow-handling components, to accommodate flows that increase in
proportion to bandwidth. To emphasize and make clear these effects, the spreadsheet simulation
has been interrogated to find how ride-control hydraulic actuation system weights and powers vary
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a

as a function of bandwidth, from 1.0 to 10 Hz, and as a function of flap fraction, from 30 percent
to 50 percent. The results for system weight are presented in Figure C1-22; the results for system
power in Figure C1-23. Examination of the graphs shows clearly the strong dependence of the
ride-control hydraulic actuation system on system bandwidth.

System Weight and Power

The system weight and hydraulic power (pressure-flow rate product delivered to the hydraulic
lines) of a ride-control hydraulic actuation system for nominal conditions, including a 7 Hz
response bandwidth, are approximately:

English: Metric:
Weight: 1925 1bs 875 g-kg
Power: 70 hp 52 kW
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1.5 ON-BOARD POWER

1.5.1 On-board power system

Overview

The on-board power system provides electrical power to the maglev vehicle's subsystems, namely
lighting, control/communication electronics, hydraulics, HVAC (heating, ventilating, and air
conditioning), air compressors, galleys, lavatories, and minor other electrical loads. The term
"onboard" does not imply that the power source itself is onboard the vehicle, though that is the
case in our vehicle concept. The term "onboard" pertains to the power distribution system that is
onboard the vehicle and provides for vehicle onboard loads as opposed to propulsion power.
Propulsion power dwarfs on-board power in comparison, and is provided from an electric utility
company via inverters and linear synchronous motors along the guideway.

General Arrangement

Figure C1-24 shows the schematic diagram of the on-board power system. Since this is a concept
definition study, circuit breakers and wire sizing and other essential power circuit design details
have not been provided. We have divided the power circuit into two separate circuits (port and
starboard) in order to increase redundancy and fault tolerance of the vehicle. Half the power
system capacity and circuitry will still serve all of the essential electrical loads.

A crossover device will allow all loads to be served, at reduced capabity, if a failure in one of the
two circuits is of a nature to allow such a crossover. If such a crossover is not possible due to the
nature of the failure, half capacity operation of the subsystems is still possible because all of the
subsystems are dual. There are two HVAC systems, two air compressors, two hydraulic pumps,
two lighting circuits, two (two of everything), just so that an electrical failure in any one
component is less likely to disable the vehicle.

Although failures in the electrical components might allow operation at only half capacity of a
certain subsystem, the fuel cells each have a 30 percent continuous overload capacity. By running
some subsystems at overload conditions for a period of time, or by running them at typical
conditions (25 ° C, 350 kph) instead of extreme conditions, in many instances the vehicle will not
be at all disabled by the failure of a component. This is a major benefit of having excess on-board

power capacity.
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Saving vehicle weight was a high priority design guideline from the beginning, so our first pass at
specifying the electrical system started with the assumption of higher voltage and frequency than
residential 220 volt ac 60 hertz power. Higher frequency machinery (higher speed machinery)
means less weight. Three phase power means less weight than single phase. Higher voltage
circuitry means less weight of cabling and connection equipment (up to a reasonable limit). We
picked an alternating current system to avoid complex motor inverters and to save weight. We
picked 400 Hertz because it has widespread use in aircraft where the weight factor is also crucial,
yet 400 Hz is not so high a frequency that building motors to use it becomes troublesome. We
picked three phases due to the widespread acceptance and engineering knowledge of three phase
systems. We picked 440 volts because its insulation system is about as reliable as 220 or 208 volt
systems, yet this well-known nominal voltage is not so high that unusual insulation and cabling

requirements must be met.

Some of the minor vehicle loads are single phase loads which are better served by single phase
instead of three phase, even if at 400 Hz. These include lighting, galleys, lavatories, running lights.
Transformers are shown in Figure C1-24 that serve these minor loads.

There are two main circuit types serving the vehicle loads: the normal load bus and the emergency
load bus. These are not to be confused with the port and starboard systems; each of those has a
normal and an emergency bus.

Power Source

Many alternative power source approaches were evaluated before we made our decision to employ
fuel cells. See the report section entitled "On-board Power Production" for a full description of our
fuel cell power source and the many alternatives that we evaluated. A summary of some of the
features of the fuel cells are:

s Dual 93 kW fuel cell units

m  Surge batteries for load variations

m  Methanol reforming PEM type

m  Power density close to that of a spark ignition engine

= Noiseless, odorless, reduces regulated emissions by 90 percent, virtually no CO

m  Operates at only 80° C
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m High (50%) thermal efficiency
m  Continuous 30% overload capacity

m Entails advanced proprietary technology from GM's electric vehicle programs
Normal Bus Loads

Loads that are required for normal vehicle operation are connected to the normal load bus. The
loads are specified for full vehicle speed (requiring maximum hydraulics system power) and
extreme weather conditions (50 ° C, 90 percent relative humidity), so that the average operating
condition will be less than what the normal bus is sized for. The normal loads were sized
individually. Derivation of the kilowatt demand of the larger individual loads in the following table
can be found in the appropriate sections of this report. This table is for the total vehicle, and not

just for each normal bus.

Normal loads

Hydraulics (500 kph) 65 kW
HVAC (50 C,90% r.h.) | 94
Galleys 10
Overhead lights 8
Running lights 3
Electronics 2
Lavatories 4

Total 186 kW

These normal-bus loads are for extreme conditions. The typical load might have no running lights
(daytime), about half the hydraulic power requirement (350 mph), and almost no HVAC
requirement. Such loads should be used if studying annual fuel cell costs, for instance.

Typical loads

Hydraulics (350 kph) 33 kW
HVAC(25C,60%r.h) | 6
Galleys 3
Overhead lights 8
Running lights 0
Electronics 2
Lavatories 1
Total 53 kW
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Emergency Bus Loads

Loads that are required in an emergency are on the small 20 v dc emergency bus. Some of these
loads, such as control computers, electronics, and radios are loaded on the emergency buses all the
time, but are placed on those buses because they are less likely to be out of service. Each
emergency bus is so small we can still call the on-board power system a "440 Vac 3 phase"
system. The following table defines the emergency loads for either emergency bus.

Emergency loads
Ventilating fans (dc 3 kW

motors on same shafts
as 440 volt ac motors)

Emergency lights 1
Electronics 1
Total S kW

Because there are two emergency buses and two sets of emergency equipment, it would take a
total failure of both fuel cells or their distribution circuits, and total failures of both emergency
battery sets or their distribution circuits, for the vehicle to be without emergency power. Even
then, some of the emergency equipment would have its own built-in batteries or uninterruptible
power supplies.

The emergency batteries are connected to the output of the battery chargers which actually feed the
emergency bus during normal conditions. See the report section entitled "Emergency On-board
Power" for more information .

Essential Loads

Here we define essential loads as the loads required to keep the vehicle and its passengers moving
comfortably, even if at a somewhat reduced speed capacity. The vehicle must maintain powér for
control and communication electronics, hydraulics (to smooth out the ride), air compressors (if the
air tanks are depleted, which should not happen), cabin lights, HVAC (ventilation fans only), and
running lights (if at night). We concluded that galleys and lavatories were the only loads that
should be shed completely. Instead of determining how much power was required for each of
these loads, we took a pragmatic approach. We sized many of the essential loads at half the
normal capacity to match the instances when one normal load bus or motor goes out of service,
and to match our approach to providing "two of everything.” The following table defines our
essential loads.
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Essential Loads

Hydraulics 33 kW
Ventilating fans (both) 6
Overhead lights 4
Running lights 1
Electronics/Radios 1
Total 45 kW
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1.5.2 On-Board Power Production

Overview

The previous section, On-board Power System, defines the maglev vehicle's on-board electrical
power requirements to be 186 kW mainly at 440 V, three phase. That section also explains the
various circuitry and loads for the vehicle, with only minor discussion of the on-board power
production source itself. This section describes several different ways of producing that electrical
power. Please note that the baseline design uses fuel cells for this power production, and that the
power being discussed is not intended to propel the vehicle but merely run its on-board loads such
as lights, galleys, heating, air conditioning, hydraulics, and air compressors.

Arriving at the conclusion to use fuel cells required weighing several alternative methods and
selecting the best alternative. Substantial information is presented about the alternatives, in order of
least preferred to most preferred, so that the selection tradeoffs can be understood.

Some options for producing the on-board power include the following:
Energy storage

Power cable link

\

Sliding electrical contact

Linear generator

Linear transformer/inductive pickup
Wind turbine

Engine generator set

e A T O

Fuel cells

These options, with their respective benefits and drawbacks, are discussed in this section. Again,
please note that the fuel cell option has been selected for our baseline vehicle design, and all
information about the alternative choices is presented in order to document our work and to put our

choice of fuel cells in the proper perspective.

Alternative #1 — Energy Storage

A number of possible approaches which have been considered rely upon their initial energy
content to provide continuous on-board power over a 3-hour period without energy transfer from
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the guideway. The approaches include inductive energy storage (SMES), capacitive storage,
battery storage, mechanical storage (springs, flywheels), thermal energy storage,
compressed/liquefied air, and explosives. None of these technologies provides the required energy
storage capacity within reasonable weight or volume limitations. The stored energy required to
meet the needs of one maglev trip is formidable. The following calculation shows how the energy

requirement for a 3-hour trip is established:
186,000 W/kW x 3 hours x 3600 s/hr = 2.008E+9 Joules or 2 Gigajoules

Fuel-based power sources are not included in this stored-energy category of on-board power
sources even though stored chemical energy might be considered to fall into this category; fuel-
based on-board power systems of several types are considered. '

The following table shows the masses derived from Reference 1 for several of the stored energy
systems that were considered. The numbers apply to energy storage and conversion systems for
in-field military applications.

Description Mass, kg Volume, m3

Flywheel in vacuum chamber 20,000 5

Magnetic/inductive 200,000 20
(SMES type)

Capacitive 4,000,000 2,000,000,000

Batteries 20,000 N/A

Alternatives other than those listed in Reference 1 were considered as well. Rough calculations
give the following results for three additional alternatives:

Description Mass, kilograms Volume, cubic meters
Compressed/liquefied air 45,000 485
Springs 506,000,000 64,516
Thermal energy (heated H,0) 31,000 8

Fuel cell parameters in Reference 1 imply an on-board power system with a mass of 2,000 kg and
a volume of 2 cubic meters. Advances in fuel cell technology since Reference 1 was written in
1989 have changed the picture for fuel cells. The fuel cell system that was eventually selected for
the maglev vehicle has a mass of 1,210 kg and a volume of 1.74 cubic meters.
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Alternative #2 — Power Cable Link

Another approach to generating on-board power would be to utilize magnetic fields from the high
voltage +/-15 kVdc power cables that run from one inverter to another. The present plan is to bury
these cables or run them beneath the guideway beam, but we considered running them on top of
the guideway beam (protected) in order to create an on-board power source. Obviously, it is
difficult to mount 15 kV equipment on the beam, but the cables forming this power cable link
could be specialized, extra dc cables at very low voltage whose sole function is to create on-board
power. Such a dedicated arrangement would effectively be a weak inductive pickup system.

The 15 kV dc lines present on the guideway are the power cables from substations to the inverters
located along the guideway. These cables carry approximately 300 A at all times. The use of these
cables for producing on-board power might be a significant cost-savings compared with installing
specialized coils in the guideway. Investigation of the possible use of these cables requires looking
at the following: '

m Physical location of power cables and windings on vehicle
m Magnetic field produced by these cables
m Power generation requirements

s Physical limitations

Power cable link: configuration of equipment. To produce the maximum magnetic field close to
the vehicle, the cables must be located as close to the vehicle along the guideway as possible. The
cables cannot be located close to the ladder. If they were, the superconducting magnets would
react against them and produce large, pulsating forces that would shake the vehicle. The only
remaining location available to put the cables is along the top of the guideway. The cables would
be located in the magnetically neutral plane in the center of guideway. The cables would crisscross
every quarter meter (0.25 m) as illustrated below:

DC cables installed on top of guideway
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Since current flows from left to right in one of the cables, and from right to left in the other cable,
current loops and associated north and south magnetic poles are formed. These magnetic poles
can be used to generate electrical power in the vehicle.

The power link coils mounted on the vehicle would be attached to the underside of the vehicle
located between bogies. There would be a total of five sets of coils mounted on the vehicle. The
mean distance between the cables and the coils would be approximately 5 cm and the width of the
cable loops would be approximately 30 cm. The polarity of the magnetic field is reversed in each
loop because of the orientation of the wires. The changing flux linkage between this field and the
coils on the vehicle is due to the motion of the vehicle. On-board power produced by this method
would be proportional to vehicle speed and current in the 15 kV cables. '

One might compare the power cable link approach to the inductive pickup approach where dc
magnets on the guideway produce alternate north and south field regions. The two approaches are
similar in many respects. We have not evaluated such a power transfer device because it would be
similar in cost and size to the linear transformer approach, which will be discussed later in this
same report section.

Power cable link: magnetic field produced by the cables. A cross section of the guideway and
the cables and their magnetic field is shown below:

Magnetic Field Vectors

AN

Coil on Vehicle _
Power Cables >~50m

~30cm

Guideway
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In computing the average magnetic field strength through the pickup coils on the vehicle, only the
magnetic field components perpendicular to the coil's horizontal axis are important. The
calculations for the power cable link that are found in the appendix are generous approximations
and simplifications for calculating the field and induced voltage in the coils. Many refinements
could be made; however, the computations give a good indication of the unfeasibility of this

concept.

The calculated voltage per turn (84 mV) is a weak voltage level. As shown in the appendix, the
mass of any type of pickup coil discussed in the report section is

445L,
M, = (Eq. 1)
where M, = winding mass, kilograms

L, = length of each winding turn, meters

V, = volts generated per coil turn, volts

It may seem surprising that the turns, wire size, output voltage and current, and other parameters
are not factors of this equation. Studying the derivation shows how these factors drop out of the
equation by specifying 186 kW, output voltage, and current density allowed.

The length of each turn on the vehicle pickup coil is 3.14x0.25=0.785 meters, so the mass of the
vehicle coils per equation 1 is 445x.785/0.012 = 29,110 kg. Not only is this too heavy, but the
space required for this much copper wire simply is not available. And all this is at the vehicle
speed of 150 m/s; lower speed operation gives proportional reductions in capacity. For these
reasons we eliminated the power cable link approach to on-board power generation.'

The pickup coils could be a little closer to the guideway which would result in a net decrease in the
weight. This distance is primarily restricted by the vertical movement of the vehicle. It is not
believed that the distance between the coils on the guideway and the pickup coils could be safely
decreased to the point of making the power cable link units physically small enough or light
enough to fit the vehicle.

Alternative #3 — Sliding Electrical Contacts

It would be possible to transfer auxiliary electrical power into the maglev vehicle via a third rail,
catenary, or other frictional sliding arrangement. These approaches are commonly used for
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transferring propulsion power to transit cars and electric passenger locomotives, so the 186 kW
power requirement is not a limitation on such an approach. There are several other obvious factors

that take precedence, as follows:

Transferring power at the full vehicle speed of 500 kph makes the approach different from its
present applications. It would be expected that at such a high speed, the pickup equipment on the
vehicle and the guideway would wear out quickly.

At 500 kph, maintaining contact between vehicle and guideway halves of the pickup would be
difficult. If occasional bouncing of the pickup could be tolerated, then the associated wear
problems are aggravated, and electromagnetic interference (EMI) problems become more severe.

Safety concerns of such an approach are heightened. One way to mitigate this is to choose as low
a voltage as possible, placing more emphasis on the current collection design of the pickup
equipment as opposed to the voltage design factors.

The cost of this approach is high because pickup equipment must be provided on virtually the
entire guideway length.

Some of these concerns could be lessened if the vehicle were not required to pick up power at full
speed, but only up to some fraction of full speed instead. For the sake of discussion, let us assume
that the sliding contact approach is used up to 350 kph, and above that speed the pickup
mechanism on the vehicle is lifted or otherwise physically disconnected from its guideway
counterpart. Most likely batteries would be employed to run the on-board power system above
350 kph, which does have merit in the case of a system which closely follows an interstate
.highway and therefore goes up and down in speed often in order to go around the many associated
curves. The resulting dependence upon batteries would increase vehicle weight and thereby further
increase system cost. In addition, the amount of power transfer must necessarily increase, and the
batteries must be able to take a very, very fast charge during the power transfer times. This
approach cannot be entirely discounted without in-depth study of hybrid systems, but we regard
this approach as unviable due to the many obvious technical headaches associated with it.

Alternative #4 — Linear Generator

The linear generator in the context of this report is a device which uses the currents induced in the
levitation ladder rungs on the guideway for producing on-board power. In concept, the currents in
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the stationary ladder rungs produce a varying magnetic field with respect to the moving vehicle,
due both to the variations in the current with time and the changes in the rung-to-generator-coil
proximity as the vehicle moves past the ladder. This magnetic field is linked by simple
nonrotating coils of copper wire on the linear generator mounted on the maglev vehicle. As the
magnetic field is varied by varying currents in the ladder rungs and by varying distance of the coils
from the rungs, voltage is induced in.the coils of the linear generator. This voltage would be fed
into a rectifier/inverter for use on the vehicle.

No additional equipment would be required on the guideway or on the ground; the present ladder
arrangement would provide the on-board power, almost for free. There is no such thing as "free
power," though. The on-board power would be derived indirectly from the linear synchronous
motor which would have to overcome the increased drag due to the linear generators; howeyver,
this would be an extremely economical way to pick up the on-board power because the LSM
power only costs 8.5 cents per kilowatt hour in this SCD.

Important aspects of the linear generator design include the following:
m Linear generator location on the vehicle

m Magnetic field intensities and the magnitude of their variation in the location of the linear
generator

m Power generation requirements

m Weight and size limitations

Linear Generator: location. To make the best use of the varying magnetic field produced by the
currents in the ladder, the linear generator would have to be as close to the ladder as possible. The
location decided upon for the linear generator was the one-meter space located between bogies
along the sides of the guideway. One might observe that placing the linear generator coils directly
between the superconducting magnets and the levitation ladder would result in the closest
proximity to the highest ladder currents, but this is not feasible for two reasons:

s The superconducting magnets would have to be moved farther away from the levitation ladder
in order to make space for the linear generator. This would degrade the performance of the
levitation/guidance/propulsion apparatus.

m The ac currents in the linear generator would couple magnetically into the superconducting |
magnet coils and its cryostat and cause additional heating losses in them, degrading magnet
performance.
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It is envisioned that there will be one linear generator in each space between each side of each pair
of bogies for a total of 10-units. Having 10-units would increase the redundancy and fault
tolerance of the on-board power system. To minimize the parasitic ac currents induced into the
superconducting coils, the coils of the linear generator would optimally be located midway
between bogies. The surface of the linear generator closest to the ladder would be 5 cm away, the
same distance as used for SCM to guideway clearance. The dimensions for each unit, containing
many power pickup coils each, would be 90 cm high, 60 cm wide, and 9 cm thick. An individual
pickup coil was sized at 30 cm high by 9 cm deep. These dimensions were chosen based upon the
physical space available between the bogies, the size of the levitation ladder and the desire to have
the linear generator as close as possible to the ladder. Magnetic field strength decreases in
proportion to distance from the source so minimizing the distance from the ladder was crucial.
The space allocated to the linear generator is illustrated below:

Side view of Linear Generator Location

-vehicle body :

superconducting superconducting
coils in bogie coils in bogie

Linear Generator Coil Set Location

Linear Generator: magnetic field intensities and variation near the ladder. The varying
currents in the ladder near the linear generators, in addition to the proximity and orientation of the
pickup coils with respect to the ladder rungs, directly determine the varying magnetic field
intensities. The change in flux linked by the linear generator pickup coils is directly prbpbrtional to
the generator output voltage and power capacity.

The magnitude of the currents in the ladder was generated from results of an analysis by MIT.
Dynamic circuit theory (Reference 2) was used to model the ladder behavior, along with a field
analysis of four racetrack coils based on stick models (i.e., the Biot-Savart law). By
superpositioning two sets of solutions, the currents in the interbogie space were derived from the
MIT results. These currents are illustrated in Figures C1-25 through C1-29. In all of the graphs,
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the rail and rung currents of interest are in the central part of the graphs, between rungs 16 to 22,
since that is the interbogie space available for the linear generator coils.

These graphs illustrate the ladder currents when the superconducting coil centerlines are aligned
with a rung of a ladder, or halfway between rungs (space centered). The power that can be
extracted from these currents is proportional to the magnitude of change in them as the
superconducting coils move from being rung centered to being space centered. The currents
illustrated are currents induced in the ladder when the vehicle is moving at 150 m/s or 540 kph,
since that case is what MIT provided. One can see that the rung currents vary more than the rail
currents, so the rung currents were chosen as the power source.

The following diagram of the ladder illustrates the coordinate system used throughout this
analysis:

Section of Ladder
1 2 3 4 5 6 7 8 UpperRail

1 2 3 4 5 6 7 8 9 Rungs

1 2 3 4 &5 6 7 8 Lower Rail

Numbers for Rung and Rail Sections indicate y
numbering scheme used in the following
graphs of ladder current. X

The currents in the rungs change significantly more than the currents in the rails in the ladder next
to the linear generator. Thus, the maximum changing flux linkage can be obtained by coils in a
vertical plane perpendicular to the ladder, i.e., in the yz plane. In the section of the ladder closest to
the linear generator, the currents undergo a maximum change of approximately 1 kA when
changing from rung-centered to space-centered. Figure C1-29 shows rung current versus time for
rung 19, the middle rung. Although plus and minus 12 kA peaks are seen, those peaks never
occur near the pickup coil but instead occur near the SCMs. As the strong currents arrive at each
rung, the pickup coil has moved away. '
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Linear Generator: voltage calculations. The voltage induced in a pickup coil turn might be
computed by Faraday's law as follows: The pickup coil is kept right next to a ladder rung and in
the position of maximum flux linkages with that rung. Flux linkage changes with time are
determined by computing the pickup coil flux linkage at maximum rung current, and at minimum
rung current. The flux linkage difference, divided by the time it takes for the current to change
from maximum to minimum, gives the pickup coil voltage per turn. This is an optimistic approach
because in reality the pickup coil will move away from the rung on its path from the "rung-
centered” case to the "space-centered" case and back to the next "rung-centered" case to complete a
full cycle. Using this method, the computed induced voltage per turn of pickup coil is only 82 mV
as shown in the appendix to this report section. Per equation 1 on C1-93, using a coil turn length
of (.78 meters, a mass of 4,233 kg is implied. This is heavy, yet not so heavy as to be excluded
from consideration, so further analysis was required.

A more accurate analysis was performed by calculating the pickup coil flux linkages at many
positions along the ladder. The rung currents were assumed to be varying from maximum to
minimum sinusoidally as the coil position changed. This required a substantial amount of work in
order to include the effects of both time variation of current and position variation of the pickup
coil simultaneously. In addition, the pickup coil had to be given arbitrary starting positions at time
zero since the phase of the ladder currents affects the pickup coil linkages. This was a very tedious
analysis to get set up, but once the flux linkages in the pickup coil were calculated versus time,
Faraday's law was invoked in the same way to cbmpute the voltage per turn. Two of the many
resulting voltage waveforms are shown in Figures C1-30 and C1-31 for two arbitrary starting
positions of the pickup coil. Not surprisingly, the average pickup coil voltage is substantially less
(about 1 mV per turn) than the simplified analysis in the preceding paragraphs, showing further
that the extraction of power from the levitation ladder would be difficult at best. Using a 0.78
meter turn length, the mass implied by equation 1 is 347 metric tons! In this case, the previous
calculations, implying 82 mV per turn, resulted in misleading conclusions.
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The currents in the ladder rails have no significant impact upon the change in flux in the vertically
oriented pickup coils. This is due to a combination of factors: the orientation of the coils, the
magnitude of the changes in current in the rails versus the rungs, and most important: the distance
between the current in the rungs and the coils changes as the vehicle moves, whereas the distance
from the rails to any pickup coil would not change as the vehicle moves. The currents in rungs
that are not near the pickup coil are also too distant to have a major impact.

In this analysis, the harmonic currents in the ladder were not considered; we analyzed them as pure
sinusoids. While substantial harmonic currents may be present in the ladder, we did not have a
model of them from MIT, and we do not expect that the magnitudes of these harmonics would
make much difference to our analysis.

This linear generator clearly does not meet the weight limitations. If the linear generator coils were
moved closer to the levitation ladder (an active position controller might be required), the voltage
induced in the linear generator would increase due to the increased magnitude of flux linkage
variation, but this power generation method would still be insufficient.

For our analysis, we have to consider the physical size of the linear generator coils in addition to
their weight. It is not possible to physically fit the linear generator coils in the space allotted. The
size of the coils would have to be reduced by several orders of magnitude before they could fit
between the bogies near the guideway.

Alternative #5 — Linear Transformer/Inductive Pickup

A transformer in its commonest, stationary form transfers power from one side of an electrical
circuit (the primary side) to another side of an electrical circuit (the secondary side), with an
associated and desired change of voltage taking place as well. The linear transformer for maglev
applications would be employed not so much because a transformer can change voltage levels, but
because it transfers power from one place to another. The linear transformer for maglev would
have its primary circuit laid out along the entire guideway, being fed power by wayside inverters
specially built for the on-board power requirement alone. The secondary circuit would be mounted
on the vehicle very close to the primary circuit on the guideway. Physical contact between the two
transformer halves is not necessary or desirable; magnetic fields working at a small distance are
responsible for the power transfer.
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The linear transformer approach is different from an inductive pickup approach. The inductive
pickup nomenclature implies, to this Team at least, a magnetic coupling of coils on the vehicle to
dc magnets on the guideway. Relative motion of the vehicle's coils through the dc fields induces
voltage in the vehicle that can provide for its on-board power. Although the operating principles
are much different from those of the linear transformer, the type and amount of materials and labor
to provide and inductive pickup system are probably quite similar. In the absence of the time
required to do a conceptual design of an inductive pickup system, we defer to the design of the
linear transformer and simply assume that the costs will be (in the light of hindsight) similarly
unacceptable. It should be noted that an inductive pickup system has a low speed power capacity
problem, as the voltage induced in the vehicle coils is proportional to the vehicle speed.

The linear transformer approach has the following pros and cons:
s Full on-board requirements are met at all vehicle speeds, including zero speed.

m If the linear transformer or its associated equipment fails in any particular section of the
guideway, then vehicles cannot pick up power in that region and must rely upon on-board
batteries to run essential on-board loads. This concern can be mitigated by the use of two half-
power linear transformer systems for reliability's sake.

m The vehicle's secondary circuit would be separated into several pickups connected in parallel at
different locations, so that a failure of one of the pickups would not totally shut down the
vehicle's on-board power system but would merely reduce its capacity.

s Few concerns about safety are associated with the linear transformer approach.

s The primary half of the transformer could be mounted on top of the guideway beam, on its
port side, its starboard side, or any combination of these three locations. Bottom mounting
would be impossible due to the concrete support frames which would interfere with the vehicle
pickup every 25 meters.

s The air gap between the primary and secondary halves is necessary in order to eliminate wear,
but the air gap interferes with the power transfer. The design situation must include a tradeoff
in order to arrive at an air gap size. On one hand, the smaller the air gap , the better the
performance and capacity of the linear transformer. On the other hand, the smaller the air gap,
the more difficult it becomes to prevent the vehicle's pickup from colliding with the primary
half mounted on the guideway. Active position control of the pickup might become necessary
if the gap is made small enough.

Linear Transformer: design approach. There are several ways to arrange coils and cores to
effect a linear transformer capable of transferring 186 kW of power. Engineering judgment is
invoked at this point to justify the following choices:

m A single phase system is selected to reduce complexity and therefore increase
manufacturability and reliability.
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m Purely sinusoidal voltage and current waveforms are to be used.
m  One linear transformer primary would occupy space directly on top of and in the center of the
guideway.

= One secondary half will be located in each space between bogies on the underside of the
vehicle. Since this space is one meter long and there must be some allowance for clearances,
we set the length of the pickup at 0.8 meters each.

m The operating frequency will be high enough that the use of Litz wire and ferrite materials will
be required.

m The coil and core configuration will be the simplest one apparent to the person responsible on
the Bechtel Team. If there is a simpler configuration available, the impact on the conclusions
about the viability of the linear transformer approach is not expected to change, because there
are limits on how hard one can work each kilogram of copper wire and each kilogram of ferrite
core material.

m There will be one inverter feed for each guideway block (nominally 4 km long) in each
direction of travel, since usually only one vehicle will be present there. Switching circuitry will
be provided to energize only the primary sections of the linear transformer where the vehicle is
located in order to cut down on the required supply voltage.

Linear Transformer: configuration. Figure C1-32 shows the configuration that was analyzed.
The ferrite core is molded into a rather flat channel. The cutout in the channel provides space for
turns on the winding. Each primary turn runs completely down the channel for 25 meters (one
concrete beam length), then returns along one of the outside edges. This minimizes the depth of
penetration of the core into the guideway beam. The width of the primary core is limited by the
required nonmagnetic material zone near the edges of the beam, due to magnetic fields of the
vehicle's superconducting magnets near the beam edges.

The width of the secondary core is closely allied to the width of the primary core, thoﬁgh its depth
can be greater. Each secondary turn wraps around the 0.8 m long secondary core in a similar
fashion to the primary winding. The secondary halves must be guided by a hydraulic or
aerodynamic mechanism on the vehicle to maintain the small air gap between the primary and
secondary halves.

Wherever the linear transformer is located, it will not be pretty. The appearance considerations are
indirectly manifested in reliability issues in the sense that adding kilometer after kilometer of
electrical equipment is more likely to have associated reliability and cost penalties, so one is well
advised to keep the appearancé issue in mind.
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Linear Transformer: calculations. A cbmputer program was written to optimize the
transformer parametcfs and dimensions. The comments in that computer program, found in the
appendix, explain how the program works on a line by line basis. The program was written in
VAX FORTRAN. To simplify the program, the effects of winding and core heating were
neglected, therefore transformer efficiency is assumed to be 100 percent, which is a reasonable
simplification of the real problem.

The program was written to optimize a transformer of any power rating. The actual optimization
was done at a power level of 250 kW instead of 186 kW because 250 kW was the projected power
requirement at the time this work was done. The overall conclusions about the viability of the
linear transformer approach are not influenced by that change, however.

The optimization was done in a manner that maximized the figure-of-merit function

fe cos0
$(V-V,)
where cos@ = power factor at pn'm;ary winding terminals
$ = transformer cost per kilometer
\" = supply voltage at primary winding terminals
V = desired value of V

o

The power factor should be maximized in order to lower operating costs and reduce transformer
losses. Obviously, cost should be in the denominator so that the least cost design will be
approached. Cost was computed by multiplying raw material costs by a factor of four. Material
costs were $3.31/kg for copper Litz wire for the windings and $7.00/kg for ferrite core materials.
The voltage at the primary gets high very easily, and to keep the voltage reasonable and avoid
insulation and device rating problems, the factor V-Vo was placed in the denominator to loosely
fasten the supply voltage to the desired voltage level.

Not all design parameters and dimensions were allowed to vary during the optimization process.
For example, the length of the core halves were fixed at the space available. Also, the secondary
voltage at rated load was fixed at 650 V per secondary winding because this gives 440 V after
being inverted, with a 10 percent safety factor. The air gap was fixed at 2 cm after realizing that the
design was hopeless at the nominal 5 cm clearance used at all other places between the vehicle and

the guideway.
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Design rules of thumb were:

Core magnetic flux density 0.3 Tesla

Coil fill factor needed 0.75

Coil current density needed 1.9x10% A/m?
Desired primary voltage under load = 1,500 V

Voltages from 500 to 2,500 V were run; the cost per mile as computed by the program was

'~ insensitive to this parameter.

The fixed parameters, along with the design rules, left the following parameters to be varied in the

optimization procedure:

Frequency

Number of primary turns
Number of secondary turns
Air gap flux density

Core width (limited to 0.5 m)

When the final optimized design was computed, the number of turns on each winding was

rounded off to the nearest integer, since fractional winding turns (except for halves) are not
realizable.

Linear Transformer: resultant design. The final optimized design is shown in Figure C1-32,
and the numerical listing of its performance parameters is as follows:

Cost per km: $1.2 million

Frequency: 5,862 Hz

5 primary turns: 7 secondary turns

Primary voltage: 1,528 V

Primary A: 681

Primary power factor: 0.24

Primary leakage reactance: 1.76 ohms

Secondary leakage reactance: 0.056 ohms referred to primary
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m Magnetizing reactance: 5.67 ohms
m Primary wire diameter (as solid): 2.14 cm
m Secondary wire diameter (as solid): 7.2 mm

m Core dimensions: see Figure C1-32

Its performance is poor due to the unavoidably large amount of leakage reactance. Leakage
reactance is proportional to the length of the core, and the 25-meter length is so vast that little can
be done to reduce the leakage reactance. Using a shallow, wide cutout in the channel helps. So
would using shorter core lengths, but this is impractical since the secondaries always span a total
length of 24 m and have to couple to active primary cores.

As it is, the vehicle would span two primary cores most of the time, so two primary sections
always have to be energized. As the vehicle moves along, the proper priinary cores would have to
be switched in and out of the connection circuit to the inverters. This would severely and
detrimentally impact the cost and reliability of the linear transformer system.

A most important result is the cost per km of the transformer itself. If we double the cost to
include the inverter supplies and connection circuit costs, the result is $2.4 million per kilometer, or
almost $4 million per mile. Clearly this is a cost prohibitive approach.

Alternative #6 — Wind Turbine

When the maglev vehicle is traveling at a high enough velocity, it is possible to guide air to one or
more wind turbine generators to provide on-board power for the vehicle. Our concept for this
alternative power source would be to provide two streamlined ducts in the nose of the vehicle to
feed a pair of wind turbines located in the fore equipment compartment. The low velocity (spent)
exhaust air would be ducted downward or sidewards to the exterior of the vehicle. Each turbine
would have its own control subsystem to regulate its voltage and frequency (+/- 5 percent) via
variable pitch blades. We would expect each generator driven by the turbines probably to be a
lightweight synchronous generator, eliminating the need for an inverter to provide three phase
440 V power. This is a major advantage for the wind turbine approach. Again, two of these wind
turbines would be used for reliability reasons, since two 93 kW turbine sets would weigh roughly
the same as one larger set of 186 kW capacity.

One might think that an advantage of the wind turbine approach is that energy normally expended
in overcoming aerodynamic drag is put to good use as a free source of energy for on-board power.
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Again, as with the case of the linear generator, there is no free lunch. The aerodynamic drag of the
vehicle is increased via the air turbine, eliminating the prospects of an enticing vehicle synergy.
The power indirectly must be supplied through the linear synchronous motor on the guideway. As
a matter of fact, the wind turbine efficiency would only be about 62 percent. When combined with
the generator efficiency, the increase in linear synchronous motor power turns out to be
186/0.6/0.9=344 kW.

Estimates of turbine size and weight were provided by subcontractors at the University of Hlinois
via the Sunstrand Corporation, a commercial supplier of ram air turbines. Sunstrand has provided
a graph (see Figure C1-33) of turbine size versus power and airspeed for two-bladed turbines. At
500 kph, a four-bladed turbine would be more desirable and would reduce this diameter by 23
percent. In any event, the curve shows that at 93 kW each, the turbines would be 0.94 meters in
diameter. Regarding the mass of each turbine, additional information from Sunstrand gives the
following rules:

Mass (kg) of turbine and strut=diameter in inches

Mass (kg) of generator =power (kW)

The projected combined turbine/generator mass becomes .94*39.4+93=130 kg per unit. Clearly
this is the smallest projected power source mass of any of the alternatives so far (and upcoming as
well) and is a distinct advantage for this alternative.

The disadvantage of wind turbine generators is obvious: they lack power capacity at low vehicle
speeds because the low air speed will not drive the turbines at full capacity. This requires the on-
board batteries to be larger, and requires that the vehicle not operate in a slowed mode due to
struggling vehicles ahead, high-wind slow orders, etc. The projections above are for 500 kph
operation. One way to alleviate this problem is to make the turbines bigger and heavier so they

. will have the required 186 kW capacity at a speed lower than 500 kph (e.g., 350 kph). Still, there
will always be some slowed-mode situations where the turbines would be insufficient. A hybrid
system where the small turbines assist some other source is possible, but combining approaches
gives added complexity, and generally more weight and space is required. In an emergency power
situation where a maglev vehicle is stopped, the wind turbines are totally useless and the other part
of the hybrid system becomes the sole source of on-board power.
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Alternative #7 — Engine Generator Set

Obvious options for an engine in an engine/generator set include:
s Diesel internal combustion engine

m Gasoline internal combustion engine

s Jet-fueled aviation turbine .

s Other less common fuels driving either engine type

Each would have a 400 Hz three phase generator mated to it. Most likely, as with so many other
systems in this SCD, two half-sized systems would be provided in order to provide redundancy
and fault tolerance. No inverter would be required in such an approach because the rotating
generator would provide the required power type directly at its terminals.

The aircraft turbine would be the lightest of these options. All would require a fuel tank for
operation, as well as significant ancillary equipment. Although muffled, all would be noisy and
would emit undesirable exhaust gases. These are major drawbacks to using engine/generator sets
for the on-board power source. The great advantages of this option are the simplicity, absence of
inverters, low cost, and the availability of full power at any vehicle speed.

Baseline Choice: Fuel Cells

Recent technological developments have made fuel cells a very attractive and practical power
source alternative. While fuel cells have long been considered too bulky and costly for many
practical uses, recent research by General Motors into fuel cell application on hybrid electric
automobiles has made tremendous advances. The type of fuel cells proposed for maglev on-board
use has been developed and tested in a GM test facility and is a viable application of present day, or
at least foreseeable future, technology.

Fuel cells operate by electrochemically bonding hydrogen and oxygen, which creates electricity
with water as a byproduct. However, it is not necessary to use hydrogen directly. The proposed
system begins with methanol as its fuel, uses steam to crack small volumes of it at any one time
into hydrogen gas, and then combines the hydrogen with oxygen from the air to create electricity
and water. This has the advantage of not having to carry hydrogen and/or oxygen tanks on-board.
Instead, the much less volatile methanol can be used. Although hydrogen can also be used as a
fuel directly, we feel that overcoming the ubiquitous though probably unjustified public perception
of hydrogen as a dangerous fuel is a battle that we do not want to fight in this particular effort.
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General Motors Corporation is working on a 10 kW fuel cell system for the Department of
Energy, Electric and Hybrid Propulsion Division, Office of Transportation Technologies, under
contract DE-AC02-90CH10435. The prime contractor is Allison Gas Turbine Division of GM
("AGT"), with participation by General Motors Research Laboratories, AC-Rochester Division of
GM, Los Alamos National Laboratory, Dow Chemical Company, and Ballard Power Systems.
Dr. Howard Creveling is the prograrrlyyanager at AGT, and the COTR (Contracting Officer’s
Technical Representative) at thep@T is Dr. Pandit G. Patil.
194

The subject fuel cell is actually a stack of individual cells. To achieve the 186 kW needed for the
maglev vehicle's auxiliary power, a stack of 36 of these cells would be needed. A series connected
arrangement of cells would give a 756 V, 250 A dc power source. By slightly chopping down the
voltage and passing the power through a set of inverters, the fuel cells would supply the main
440 V vehicle ac lines. This can be done with readily available commercial equipment. Our
implementation is actually to use two independent fuel cell systems, following our philosophy to
use dual systems where weight is not increased much by doing so. Should one fuel cell system
fail, the remaining fuel cell can run continuously at 30 percent overload (though at not-so-desirable
fuel efficiency) to power all of the vehicle loads, though at slightly reduced capacity. This is a
distinct advantage for this approach. A boost converter would be part of the inverter so that the
440 V bus can be powered from half the normal dc input voltage.

c%
The fuels cells operate at 80 °. This is a very manageable temperature, unlike the case of more
primitive fuel cells which require temperatures of up to 1,000 ° C. The warm-up time for the fuel
cells is only a few seconds, more than fast enough for use aboard the maglev vehicle. The only
instance in which a fuel cell has a longer warm-up time is when it is starting cold. This added
delay comes from heating the water into steam which is used to crack the methanol into hydrogen.
The fuel cell design team is confident that they will be able to obtain a seven second delay from
cold start to full output. However, on a maglev vehicle the only cold period will be when the
- vehicle is first starting out for a day's service, so a slightly longer delay will not cause a problem.

Fuel Cells: size/weight considerations. The projected system, which includes the fuel cell and
the methanol processor, has a density of 556 kg/m>. This is broken down as follows:

Volume: 0.003684 m3kW (271 kW/m>)
Mass: 2.05 kg/kW
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These numbers are optimistic for the present-day fuel cell. The fuel cell, which is the subject of the .

OTcontract mentioned above may miss the above design goals by about 33 percent, but with the
devélopment time available for a maglev system, the design goals would almost certainly be
reached, according to the program manager at AGT.

Itis appropriate to note at this point that the upcoming weight and volume calculations give slightly
different results than shown on the vehicle weight spreadsheet in another section of this report.

The numbers in the spreadsheet were entered at the time we were considering a 250 kW on-board
power system, rather than the 186 kW system of the final baseline concept.

With the subject fuel cells, it is possible to obtain better efficiency by running the cells at less than
their full load. A 70 percent load is very efficient for the proposed system. At 70 percent of the
continuous load capacity the fuel cell runs at 51 percent thermal efficiency, much better that the

34 percent efficiency typical of state-of-the-art spark ignition engines. At fully rated load the fuel
cell runs at 38 percent thermal efficiency, increasing the fuel cost per kWh by 34 percent. This,
together with the fact that it is beneficial in some situations to have a 30 percent load capability
cushion, caused us to decide to run the fuel cells at 70 percent of their load capacity at 186 kW on-
board power demand. Running at this 70 percent load, to create 186 kW the system will have a
mass of '

186 kW x 2.05 kg/kW + 70% = 545 kg
and require
186 kW x 0.003684 m3/kW + 70% = 0.979 m3.

At a 70 percent load, the fuel cells consume 0.409 kg/k<Wh. The following chart shows the weight
the fuel adds (+10% fuel tank weight) based on the recharge period. The density of methanol is
797 kg/m3. If the fuel is only changed once a day, then the recharge amount would be equivalent
to 16 operating hours out of each 24-hour day. However, all that is required to recharge the
system is to refill the methanol tank. It may then prove economical to have a shorter recharge
interval. Recharging would then be done at end stations after passengers disembark.
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Recharge Period Mass of Fuel+Tank
2 hours 168 kg
4 hours 336 kg
8 hours 672 kg
16 hours 1344 kg

The price of methanol is difficult to establish. We have obtained estimates ranging from 30 cents
per gallon (in California, where the price is regulated) to $1.48 per gallon. If we assume a price of
$1.00 per gallon ($0.33 per kilogram), the daily fuel cost works out to be 1344 x $0.33 =
$443/day. The cost of providing the power via the linear synchronous motor, at 100 percent
transfer/conversion efficiency, would be 186 kW times 16 hours/day times $0.085/kWh or $253
per day, or a difference of at most $190/day. We use the term "at most" to remind the reader that
the 186 kW load is for extreme weather conditions and the highest speed, so the usual power
system load will be only about 110 kW. The difference in operating cost then is approximately
$112 per day.

The total mass for a fuel cell/fuel supply system with an eight-hour recharge period would be
1,217 kg. This is a low weight system for the power that is being created. In addition, if fuel cells
are used, most of the emergency batteries that had been planned for can be removed to save even
more on weight. Fuel cells would also be more useful in an emergency situation than the
emergency batteries as they would allow full power to be maintained, whereas the emergency
batteries would only have the power capacity to maintain 5 kW of selected emergency loads for
just one hour. Clearly, this is a major advantage of the fuel cell approach and actually is a factor
that provides a safer vehicle in non-threatening stopped emergency conditions. With batteries only
supplying emergency power, passenger evacuation would be a likely event in many cases, and
evacuation itself can lead to injuries. Keeping the passengers comfortable within the vehicle and
not evacuating them is safer.

Fuel Cells: further safety considerations: The fly in the ointment regarding selection of a fuel
cell system for on-board vehicle power is the fact that methanol fueling the fuel cell must be stored
on board, increasing the possibility of a fire. This consideration is inescapable. Methanol is less
likely to ignite than gasoline, diesel fuel, or jet fuel, but still it will burn if lit accidentally, even
though it burns slower and cooler than the other fuels mentioned. Precautions would be taken to
provide accident-resistant double or triple-walled storage tanks located sensibly and distributed in
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multiple locations with check valves in the lines to reduce the amount of fuel provided to any fire.
Of course, the lines themselves and their associated fittings are sources of fuel leaks, so a tradeoff

study would involve this leak consideration as well.

If there were a simple way to change the methanol or impregnate it into some carrier to make it
less flammable or even inflammable, then the electric vehicle program would have incorporated
such technology, but this is not the case. The methanol tanks on our vehicle are located between
the fuel cell proper and the spherical hydrogen dewar in the fore equipmeht compartment,
providing protection from puncture in a collision. The nose of the vehicle will also be engineered
to collapse in a vehicle collision and absorb crash energy, further reducing the probability of
puncture of the tank. Of course, total commitment to crash avoidance via a properly engineered
and operated control system would be the major line of defense against collision-induced fires, but
total reliance upon crash avoidance would not be a wise engineering approach.

The fire hazard problem must be approached from several directions:

m Resistance of the storage tanks to puncture

m Location/distribution of the storage tanks to minimize the fire hazard

m Resistance of the lines and fitting to leaks

m Provision of check valves to avoid "gushing" spills to a fire

m  Keep the leaks/spills away from the passenger compartment

s Provide moats and drains with sensors to detect leaks or spills

s Provide a water-flushing system to dilute spills and leaks

= Provide a video camera in the fore equipment compartment for visual inspection
s Provide an automated, tamper-resistant, spill-resistant filling system

m Provide fire extinguishing equipment of the proper type, reliability, number, and location

m  Refill the methanol tanks at more frequent intervals in order to reduce the amount of fuel on
board.

= Include methanol fire considerations in the vehicle evacuation plan

The Bechtel Team is not ignoring this safety issue, but feels that overall, when all considerations
are taken into account, the safety hazard is small enough not to overshadow the previously
discussed advantages of the fuel cell approach. By highlighting this issue in our own report
section here, and openly discussing the fire hazard issue, we hope that our decision to put a
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flammable liquid on-board our vehicle will be met with understanding. Automobiles, aircraft,
diesel locomotives, power boats, and lawn mowers carry flammable liquids too, and the associated
hazards have become accepted parts of everyday life. Our emphasis on crash avoidance via the
control system will greatly reduce the safety impact of on-board fuel.

Comparison of Alternatives

The following table condenses sorne of the information from the foregoing text. The inclusion of
a cost column in the table and the exclusion of a safety column does not imply anything about our
empbhasis, but instead merely shows that cost is more easily quantified than safety.

One of the advantages that has been somewhat of a "sleeper” is the emergency power capability.
The ability of a power source to operate continuously in the event of total failure of the guideway
electrical systems tempts one to speculate about driving the vehicle with one or more deployable dc
motor-driven crawler devices if somehow the vehicle does not coast to a preferred stopping point.
The crawlers would drive the vehicle from a stopped condition, upward in speed past the air
bearing touchdown speed and past the speed necessary for magnetic levitation, yet stay below the
peak of the drag curve. This would be about 20 kph, and the required electrical power to the
crawler motors would be a total of only 10 kW due to our highly efficient suspension system.
This device would be especially helpful to eliminate requirements for propulsion winding
sectionalizing at such places as fuel and helium depots and storage sheds. Since we have not yet
designed or drawn this crawler for our vehicle, we have not included it in our baseline design
concept, but future design work would probably incorporate these crawlers.

Again, the choice we made for our baseline maglev concept is the fuel cell, based on the
advantages and disadvantages of all of the alternatives described in the text of this section of this
report. Although a fuel cell of the type proposed has not been developed at the 186 kW level, we
expect the development of this technology over the next few years, in parallel with a maglev
system development effort, to achieve the projected weight, volume, and performance levels
quoted in this report. The present performance of this fuel cell is not far from those levels, and
development of the technology is already under way at GM relative to electric automobiles. If the
safety issues of this fuel cell turn out to be addressable relative to automobiles, then they should
certainly be addressable relative to maglev vehicles as well.
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Capital

Description Advantages Disadvantages Cost | Rating
Storage No transfer Impractical Various | last
*Approaches mechanism required
Power Cable Uses cables to meet Insufficient power at | High 7
Link more than one need lower speeds,

dependence upon cable

current level
Sliding Contacts | High capacity at any Wearout, EMI, safety, | High 6

A speed appearance :
1 Linear Generator | Low capital cost, Insufficient power at | Low 5
reliable lower speeds

Inductive Pickup | High capacity Low capacity at low Very 4

speed, appearance, high

unknown reliability
Linear High capacity Unknown reliability, Very 4
Transformer appearance high
Wind Turbine Very lightweight, no Low speed capacity Low 3

inverter required
Engine/ Simple, reliable, no Fuel onboard, high Low 2
Generator inverter required operating cost, noise, '
. vibration, pollution,

weight
Methanol- Lightweight, noiseless, | Fuel onboard, higher | Low first
Reforming PEM | nonpolluting, overload | operating cost
Fuel Cells capacity

References:

1. Palmer, David N., "Downsized Superconducting Magnetic Energy Storage Systems," Proc.
IECEC, Vol. 1, August 7-11, 1989, Table 6, page 456

2. J.L.He, D.M.Rote, and H.T.Coffey, "Computation of Magnetic Suspension of Maglev

Systems Using Dynamic Circuit Theory," International Symposium on Magnetic Suspension

Technology, NASA Langley Research Center, Hampton, VA, August 19-23, 1991
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1.5.3 Emergency On-Board Power
Applicable Scenarios

An on-board emergency power supply is a crucial element to passenger safety and is essential in
the design of the maglev vehicle. In the event of a power failure of both fuel cells or their electrical
connections, these batteries must be able to supply the necessary power required for emergency
lighting, communications, and emergency-only dc motors driving the normal ventilation fans.
They will also power external flashing lights to make the vehicle more visible on the guideway at
night. Each set of these batteries would be rated for up to one hour of emergency use, as it is
assumed that in the event an emergency lasted longer than one hour the passengers would be

moved out.

Redundancy of Emergency Equipment

The emergéncy load bus is energized at all times and delivers power to the "emergency loads"
during normal vehicle operation. A battery charger fed by the fuel cells is the source of energy
during these normal times, and the batteries are kept fully charged because they are also on the
output side of the chargers. The electrical system schematic in the On-board Power System shows
this clearly. Two emergency buses and two sets of emergency batteries are always active. Should
power from the fuel cells be cut off, either emergency bus will run the emergency loads. If one
set of emergency batteries or one of the emergency buses fail, the redundant approach provides
enough capacity in the single remaining set of emergency batteries to run an emergency load bus.
Should this happen, only the essential emergency lights, radio, computer, and fans would be kept

running.

Battery Selection

A fibered Nicad battery system was chosen for emergency power. This system offered a high
power-to-weight ratio and is very reliable, making it ideal for on-board emergency use. Design
information used in the battery sizing calculations was taken from the manufacturer's catalog. The
relevant sections of the catalog are reproduced in the appendix. "

At the time the battery selection process was begun, we did not know the tradeoffs among power
requirement, time, battery weight, space, voltage, and current factors. In addition, the catalog
contained dozens of tables of ratings not only for battery classes (superfast, fast, medium, and
slow discharge types), but each size and type rating information at different loadings. We scanned
the relevant information into our personal computer, and wrote a BASIC program to sift through
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all the tabular information on the battery types and discharge rates at various kilowatt outputs in
order to find the batteries with the minimum weight for any power and time demand.

Figures C1-34 and C1-35 are the result, showing weight and volume versus time for any desired
power demand. Looking at our expected 5 kW for 1 hour point, we see that doubling the time
demand does not quite double the weight and volume; doubling the power demand does exactly
double the battery weight and volume required. This is useful information for quickly determining
the impact on battery weight and volume as the emergency loads become better defined, or to
evaluate suggested load additions.

We allocated the true emergency loads generously as follows:

Ventilation Fans 3kW
Lighting 1 kW
Radios/Computers 1 kW

During a critical emergency, one in which the car has to be evacuated for passenger safety, it is
assumed that the emergency exits signs will be powered by their own internal power supplies.
However, in the event of a night-time emergency, the on-board batteries could be used to power
external floodlights for passenger safety and visibility in evacuating the vehicle. We determined
that one hour seemed sufficient time for such a disabled vehicle to be reached for assistance; this
then set our weight and size via Figures 1 and 2, and the computer program spit out the optimum
battery set: 20 of Hoppecke type FNC 309M in series, loaded at exactly 1.0 V per cell. The
amperage capacity is 252 A. The appendix shows more detail on this particular battery.

Battery Weight and Cost

The one hour, 5 kW Nicad system would weigh approximately 230 kg and would cost about
$8,000.

No conversion equipment will be required; the emergency loads will run directly of the 20 V dc
emergency bus.
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1.6 AIR BEARING SYSTEM

1.6.1 Overview

The Bechtel Team's maglev concept includes devices to allow the vehicle to keep itself lifted off the
guideway while stopped at any point in the route. Due to the fact the friction of a vehicle sitting
directly upon its guideway is huge, the vehicle cannot be started into motion without elimination of
that friction, hence the need for low speed levitation. Another section of this report describes
electromagnetic lifting devices that can keep our vehicle suspended at zero speed in stations and
perhaps at preferred stopping points (PSPs), but that equipment is not provided all along the
guideway. What is needed is a mechanism to suspend the vehicle at zéro or low speed at any
point along the guideway. We have provided air bearings on the underside of our vehicle to
accomplish that end. Air bearings are commonly used for moving heavy loads easily on concrete
factory floors and in many other applications, and can be adapted to our maglev application as
well. Our baseline design provides for four deployable/retractable air bearings mounted to the
underside of each of the six bogies. |

The ability to start and stop anywhere along the guideway is an advantage of our conceptual
design, since it makes our concept flexible. This could be critical in an operational emergency, and
possibly useful in maintenance yards, refilling depots, and the like.

1.6.2 Need for Zero Speed Lift

Magnetic lift and guidance of an EDS maglev system disappear when there is little or no relative
speed between the vehicle and the guideway. This happens because it is the relative motion of a
magnet past an aluminum sheet or coils or ladder that causes induced voltage, induced current, and
induced forces on the aluminum sheet or ladder. The Bechtel Team's vehicle has a very efficient
aluminum suspension ladder arrangement that will provide full levitation at very low speeds.

If the vehicle were to have no levitation assistance or no wheels at this low speed range, it would
sit down on top of the guideway and slide to a stop whenever necessary. A skid arrangement
would be provided for the contact areas between bogies and guideway. The skids would wear as
the vehicle stopped or started up. We do provide pads on the bottom of our bogies that are actually
attached to the air bearing backing plates, but these pads are only for resting the vehicle at a
standstill and are not intended to be used for sliding conditions.
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The skid wear of an intended-skid design would not be the biggest problem. Our main concern is
that static friction of the skids against the concrete guideway would require excessively high
tractive forces to be developed from the propulsion coils on the guideway in order to start moving
the vehicle forward. If we assume the static coefficient of friction to be 0.25 and the vehicle to
weigh 64 metric tons, then the extra propulsion force (in newtons) necessary to overcome the static
friction would be

F = uMg = 0.25x6400x9.8 = 156,800

newtons. This is more than our propulsion winding can exert even if beefed up for stations or
steep grades. Surely, to provide for this starting force all along the guideway would drive the
system cost up excessively. Providing low speed levitation so that static friction is eliminated is a
necessary part of our vehicle concept.

1.6.3 Air Bearings vs Other Approaches
Landing Wheels

The air bearings have distinct advantages over landing wheels because the air bearings weigh much
less than wheels and their associated retraction mechanism. We estimated the mass of a wheel and
landing gear by equating it to a single Boeing 737-200 landing gear (1,979 kg) , although this is
not a completely satisfying comparison. Admittedly these wheels are for high speed landing
purposes, but then we omitted the structural weight penalty for the wheels. Also, wheels can be
used for braking. We considered the low speed "crawler motor" possibilities of tying an electric
motor to the wheels, but soon realized that maglev vehicles have a lot of magnetic drag that makes
those motors very large. If we had done a totally integrated vehicle design with wheels in addition
to our design with air bearings, then we would have derived a firm number for the weight penalty
associated with wheels. We did not; we decided upon air bearings early in the SCD. Our weight
spreadsheet shows a total air levitation system mass of 1,092 kg including the structural function
of the air tanks. It is hardly likely that a system of wheels would have less mass.

The small amount of vehicle space required by the air bearings is also a big advantage over wheels.
Very little if any structural weight and space is required for air bearings in our design, since the air
bearing forces are transmitted along many of the structural members in place for supporting SCM
levitation forces anyway. This would not be the case if we had incorporated landing wheels into
our design.
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Electromagnetic Lifters

We had decided at one point in this SCD to use the air bearings only in operational emergencies
rather than at preferred stopping points, so they would be used only occasionally, perhaps once per
year per vehicle. Our preferred provision for eliminating vehicle-to-beam friction is to use
electromagnetic lifters, special versions of the inverters and linear synchronous motor and other
lifting coils which can provide over 1 g of lift at any low speed (forward, stopped, or reverse).

Dual Approach

We have elected to design the vehicle's compressed air system in such a manner that the air
bearings could be used for all routine stops and starts, so that the air bearings could be used if the
electromagnetic lifters were out of service or perhaps even still in the development stages. This
penalizes our vehicle design due to the additional compressor and electrical system weight, but it
improves our vehicle design in terms of redundancy and fault tolerance. By having both low
speed levitation methods (LSM lifters and air bearings) available, greater reliability will result.

1.6.4 Air Bearing Functional Requirements

The air bearing devices must provide nearly frictionless levitation. They must provide full
levitation at zero speed and reduced levitation as the vehicle speeds up and becomes levitated via
the SCMs and levitation ladders. They must be arranged in a fault tolerant manner to achieve
maximum system reliability, and they must have a substantial service life to prevent excessive
maintenance procedures. They must not create excessive aerodynamic drag forces when not in
use, and they must be immune from surface roughness including debris, ice, and snow. They
must not be excessively noisy, and they must work properly at extremes in environmental
temperature. Guidance devices must be provided to prevent the vehicle sliding sidewards when
stopping or starting on a tilted guideway beam in a curve.

1.6.5 Description of an Air Bearing .

Figure C1-36 shows an air bearing general arrangement, although the proportions and seal
arrangement could change for our application. This drawing was taken from the catalog of the
American Solving Company. Figure C1-37 explaining how it works was also taken directly from
that same brochure. The key to its operation is that the pressurized air in the center of the "rubber
doughnut” leaks between the doughnut and the guideway, forming a nearly frictionless, extremely
thin air film. The maglev could be said to be riding on a film of air rather than a cushion of air.
Although air bearings as shown in the brochures are not normally used at 10 kph, the
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As the bearing inflates, a seal is formed between the surface
of the air tube and the floor. As the air tube and s captive
internal pressure increases, the module will raise untll the
entire encircled area is supporting the load. When
maximum lifl is achieved, pressure wiii continue to bulld up
in the center of the bearing until air begins fo

between the air tube and the fioor. This escaping air creates
an air film under the whole bearing which enables the entire
load to be moved around virtually friction-free.

Figure C1-36 Air bearing - general arrangement
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How it works.

Modules canbefitted toaspecial load platform or
individually positioned directly undertheload.

An air bearing made of reinforced rubber (1) is vuicanized to an anodized aluminum piate (2).
When the bearing is deflated, the load rests on the /anding pad at the center of the module (3). Large
capacity air bearings also have landing pads at the corners (4 ). The aluminum plate is fitted to a rigid
load platform (5 ), which is also made of aluminum and forms a load module with a very high
strenght-to-weight ratio. The supply of compressed air enters via a fixed connection in the end of the
module (6) and then through a vent into the air bearing (7).

In order to achieve stability, at least three, but most often four, modules should be placed under
the load. These are connected through the control unit to the compressed air supply.

The moadules should be positioned as far apart as possible in order to optimise both the
distribution of weight and load stability. Once they have been positioned, the valves can be opened
one by one by means of the control unit. The pressure in the air bearings can be increased siowly
until they lift the load and start to float. The load can now be moved with great precision in any
direction and therefore be positioned exactly as required.

AirBearings ~thetransport and handling systemof the future

Figure C1-37 Air bearing - how it works
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manufacturer feels that tweaking the bearing design will result in a workable arrangement with

satisfactory operating life.

Air bearings will not work well on extremely rough surfaces, although they conform well to gentle
overall irregularities. The top of our guideway will be machined-trowelled concrete, which is a
very acceptable surface for air bearing use. The rougher the surface, the larger the air pressure
leak; capacity is not affected unless the air supply is insufficient. Snow and ice are no problem
either; they might make the bearings work even better. Jagged, packed ice and hardened snow
would be difficult for air bearings to work against, but this condition is hardly imaginable for a

well run maglev system.

The weight of the vehicle is supported by the air pressure acting on the large doughnut hole area.
The nominal pressure required will be 22 psig, and will be regulated by the vehicle's control
computer as needed to keep the bogies square with respect to the box beam. Spreading out the
weight over such a large an area on such a large a number of bearings keeps the structural
requirements of this levitation method to a minimum.

1.6.6 Air Bearing Operating Sequence - Landing

As it starts to slow down to a stop the vehicle weight is fully supported by the magnetic
suspension system, but the vehicle drops lower and lower toward the guideway the slower it goes.
At some speed as the vehicle slows down, the bottom plates of the bogie would start scraping the
top of the guideway were it not for the air bearings. The bearings are deployed in anticipation of
the stop well before needed. They are locked in the "up” position behind cover plates when not
needed, but when they need to be deployed the cover plates are moved out of the way, and an air
bladder is inflated to push the air bearings to the locked "down" position. In this position they
extend through the bottom plate by about 5 cm, waiting to meet the guideway as the vehicle settles
toward it. As the vehicle gradually transfers its weight from its magnets to the air bearings, the air
bearing doughnuts compress and become stiff until virtually the entire vehicle weight is being
supported by the air bearings, and little or no lift is provided by the magnets. The air bearing
touch-down speed can be made any speed desired by offsetting the SCM attachment points
vertically, in effect raising or lowering the air bearings' locked positions. We expect that speed to
be about 10 kph.

Since the air bearings are utilized to reduce friction and their effective coefficient of friction is a
mere 0.001, the longitudinal and lateral forces on the air bearing system are almost negligible.
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Note that when the vehicle has settled to rest on its resting pads that are attached to the air bearing
face plates, the air bearings can be deflated and the force on the doughnuts is zero. The air supplies
to the air bearings will be turned off and the vehicle will sit down with its full weight on top of the
guideway beam when the air bearing levitation is not needed, such as immediately after the vehicle
has stopped and immediately before it is to be started again. This approach would conserve
compressed air and the electrical power required to compress it.

1.6.7 Air Bearing Operating Sequence - Taking Off

When it is time for the vehicle to start moving again the doughnuts are again filled with
compressed air. The doughnuts inflate and the vehicle lifts slightly. The friction-eliminating air
film is then in place and the vehicle can be propelled. As the vehicle speed increases, the vehicle
weight is gradually transferred from the air bearing structure to the SCM structural support
pedestals. The vehicle has completed its takeoff when the doughnuts separate from the guideway.
They can then be unlocked, and a spring retracts them into their compartment. They are then
locked into the "up" position and the aerodynamic cover plate closes the openings in the bottom
plate of the bogie.

1.6.8 Lateral Guidance Wheels

Air bearings are extremely slippery. The effective coefficient of friction that results is only 0.001.
This means that a 2,000 pound load on air bearings can be moved by a force as little as only two
pounds. Such slippery bearings will cause the vehicle to slide itself sideways if it is ever on a tilted
beam while landing or taking off. To provide for such a situation, lateral guidance wheels are
provided to stabilize the vehicle during those times. These wheels will be required to carry their
maximum load on a beam that is tilted by fifteen degrees. Multiplying the weight of the vehicle
times 1 g times the sine of fifteen degrees, we get a static load requirement of 162 kN to be
distributed among all of the 12 wheels on either side of the vehicle. This amounts to 13.5 kN per
wheel. The rating of the guidance wheels will have to be greater than this in order to counteract
side wind forces.

1.6.9 Reliability Measures

The consequences of having a vehicle stranded on the guideway if all of the air bearings fail
include rescue of the vehicle via a dedicated special-purpose vehicle. Since maglev vehicles cannot
go around one another, this would completely stop the maglev system in one direction in many
cases. For this reason the air bearing system must be designed to be fault tolerant and to have
redundancy in its components. By providing four air bearings per bogie on six separate bogies,
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we have addressed the redundancy issue. Should all one bogie's air bearings be disabled, that
bogie can be "picked up" by the vertical hydraulic actuators normally dedicated to ride quality duty
until the vehicle takes off.

Should both compressed air systems fail, airstart cartridges can be used to provide the required air

pressure and flow to the air bearing system. These devices are provided for backup duty only and
are described elsewhere in this report.
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1.7 HEATING, VENTILATING, AND AIR CONDITIONING (HVAC) SYSTEM
1.7.1 Overview

This report section describes the design and calculations done to provide HVAC service for the
passenger version of our vehicle. The design provides for the cabin HVAC as well as the fore
equipment and aft baggage compartments. We would expect to reroute ducting for a freight or
train concept, but the HVAC equipment would most likely remain as is in the fore equipment

compartment on those vehicle.

Although this report section is relatively brief, the amount of documentation of the design
information and calculations is extensive. Most of this information has been moved from the
main report body to the two appendices corresponding to this text section.

1.7.2 HVAC Fundamentals
Heating

Heating in the winter will be accomplished by passing air over electrical heating coils in the air
ducts in the fore equipment compartment. The routing of the air is accomplished by ductwork and
ventilating fans in the ducts which blow the air and force it to circulate. The heated air flows out of
hidden ductwork in the passenger cabin ceiling, forward to return registers in the fore cabin
bulkhead, through the heating coils, ventilating fan, and back up to the ceiling of the fore
equipment compartment, through a sliding seal to accommodate cabin tilting, and into the
overhead PC ducts to start another cycle. The heated air loses heat to the PC walls, floor, and
bulkheads and needs to be reheated after circulation; however, this is not the main "heat load" to be
overcome: heating the fresh air from outside the vehicle that must be mixed with the circulating air
is the main heat load. This fresh air taken in for passenger comfort is known as infiltration.

Fresh air must be mixed into the circulating air to keep the passengers from feeling stuffy.
Sometimes water droplets must also be added to the air if the outside air is too dry. The maglev
HVAC system will be well sealed, so for every cubic foot per minute (cfm) of fresh air that is
added to the circulating air, another cfm must be taken out of the circulating air and vented from
the air stream. In our HVAC design we have a pressurization fan that takes in outside air and, in
the process of adding the air into the circulating airstream, raises the cabin pressure by 1/2 inch of
water. The exhaust air to be removed from the circulating air is vented partially into the aft
baggage compartment and the rest into the fore equipment compartment, to heat those areas that
are not served by the pressurized air system.
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Cooling

Cooling in the summer will be accomplished by passing the circulating air over cold evaporator
coils in the air ducts of the fore equipment compartment. As with most other air conditioning
systems, freon is expanded from liquid to gas into the evaporator; the very cold gas inside the
evaporator makes the evaporator cold and accomplishes two objectives. First it cools the
circulating air, and second it causes much of the humidity in the circulating air to condense and be
drained away, thereby drying out the air. All this requires an electric motor driving a freon
compressor in order to make the freon circulate within its own closed plumbing system, as well as
a freon condensing heat exchanger to cool the hot compressed freon via flow of outside air over

the condenser.

As before when we consider the heat loads we find that most of the work that the air conditioning
system does is to cool the fresh air and remove humidity from it. The conduction of heat from the
hot vehicle outer surfaces to the cool PC causes the cabin air to rise in temperature and have its heat
removed at the evaporator, but this heat load is small compared to the fresh air heat load.

1.7.3 General HVAC Equipment Arrangement

The total HVAC system has been separated into two half-capacity systems (one starboard and one
port) to provide functionality in case of equipment failure in one system. The only common
equipment to the two systems is the cabin thermostat. The drawing of the vehicle shown in
another report section shows locations of the major elements of the HVAC systems. Each HVAC
system consists of the following:

Item | Description Location Mass, kg | Power , kw
1 Ventilating Fan EC-floor 20 3
2 Heating Coil EC-bonnet 20 25
3 Freon Compressor EC-floor 60 15
4 Condenser EC-ducted to outside 10 0
5 Evaporator EC-bonnet 10 0
6 Pressurization fan EC-duct from outside 2 1
7 Air supply duct PC-ceiling 10 0
8 Air return duct PC-fore bulkhead 1 0
9 Air exhaust duct aft PC bulkhead 2 0

10 Air filters, valves, Distributed -- -
recuperator, control
hardware, plumbing,
seals, registers,
dampers, etc.
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Notes: EC=Equipment Compartment (fore)
PC=Passenger Cabin (amidships)
CC=Cargo Compartment (aft)
Item 1: Blower wheel driven by 440 volt 3 phase 400 Hz electric motor
Item 2: Electrical resistance heating
Item 3: Hermetically sealed 440 volt 3 phase 400 Hz unit
Item 4: Intake and exit ducts from outside vehicle are provided
Item 5: Bonnet located in duct of fore compartment. Includes thermal expansion valve
Item 6: Provides fresh air required. Can be turned off by attendants or computer if vehicle is in smoky
or smelly surroundings '
Item 7: Mutual but divided duct forms one duct for each system
Item 8: Grilled opening to return duct at bulkhead.
Item 9: With automatic damper control. Provides HVAC required for CC
Item 10: Details not set for concept definition

1.7.4 Equipment Type Selection

Although there are several alternative types of equipment to provide either heating or cooling, the
choices were simplified by observing two design drivers. First, flammable fuels on board are
frowned upon, making the electrical resistance heaters a straightforward selection over burners.
Secondly, weight minimization is very important, making the vapor compression method a must
for the air conditioning requirement, since any other approach would be much heavier, and also
would push us toward burning fuel to provide heat. A complex tradeoff of these drivers is that
electrical heating enlarges the on-board electrical system and makes it weigh more. Fortunately,
the decision is made easier when we realize that burners and associated heat exchangers can be
rather bulky and heavy; together with our aversion to the use of flammable liquids, these factors
made us decide to use electrical heating coils. Our power source weight is projected to be 2.05

- kg/kw x 79.1 kW = 162.1 kg heavier due to the heating load.

A hermetically sealed motor and compressor unit is well known to be the lightest and most reliable
type and was automatically selected without considering separate motors and compressors.

400 Hz 440 V 3-phase units are not currently available but certainly could be designed and
manufactured specifically for the maglev vehicle in order to reduce weight compared to 60 Hz
units.

Some details of the ducting, heat exchangers, and other hardware can be found in the appendices.
Currently available equipment was selected based on manufacturers’ catalog data. Improvements
in the performance and weight of this equipment would be improved via custom redesign for the

maglev vehicle.
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1.7.5 HVAC Capacity Calculations

Per NMI specifications, the maglev vehicle's operating environment includes full capacity
operation from -40 to +50 ° C. Sufficient heating and cooling capacity has been provided to
maintain the passenger cabin at 20 © C under this range of temperature at either of these extremes,
with either a full passenger load or an empty vehicle. The on-board power system has been sized
to provide the corresponding electrical power requirements for the HVAC system.

Determining the ratings and therefore the size of the HVAC equipment is reqmred in order to
estimate the size, weight, cost, and electrical system impact. The calculation of these parameters
via HVAC design procedures is a rather lengthy process consumes too many pages to be
appropriate for inclusion in this report section, so the calculations are found in the appendix.

The following tables summarize the calculations found in the appendix:

HVAC Maximum Heat Load Analysis at Extreme Conditions

All loads are in kilowatts of heat transfer, not kw of electrical load

Summer cooling loads

Ambient conditions: -50 C, 90 percent relative humidity

Cabin conditions:  +25 C, 60 percent relative humidity

PASSENGER BODY HEAT 12.3
ELECTRICAL EQUIPMENT IN CABIN 9.5 -
CONDUCTION THROUGH CURVED WALLS 1.8
WINDOW CONDUCTION 0.9
FLOOR & END WALLS 5.6
FRESH AIR COOLING -- GAS COMPONENT 35.9
FRESH AIR COOLING -- HUMIDITY COMPONENT 158.8
TOTAL 224.8
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Winter heating loads

Ambient conditions: -40 C, 60 percent relative humidity

Cabin conditions:  +25 C, 40 percent relative humidity

CONDUCTION THROUGH CURVED WALLS 28
WINDOW CONDUCTION 1.5
FLOOR & END WALLS 8.8
FRESH AIR HEATING-GAS COMPONENT 564
FRESH AIR HEATING-HUMIDITY COMPONENT 96
TOTAL ' 79.1

When heating electrically as in our concept, every kilowatt of heat load must be derived directly
from the on-board power electrical source on a kw per kw basis, so the electrical demand for
heating is 79.1 kW. When cooling this is not the case. The energy efficiency ratio for a typical air
conditioner shows that normally 1 kW of electrical power will handle 3 kW of heat load. Thisis a
true power amplification. If the heat energy were recoverable then we could use air conditioners to
get free power, but we cannot because the heat involved is at too low a temperature. In any event,
due to the high condenser temperature of 50 ° C, the air conditioner requires about 0.4167 electrical
kW per heat kW, so the electrical power requirement is 0.4167 x 224.8 = 93.7 kW, which is still
larger than the maximum heating load of 79.1 kW even considering the encrgy efficiency ratio of
the air conditioner. The primary reason for this is the incredible heat transfer demanded by
condensing moisture 0}1' of hot, 90 percent humid air.

Pie charts showing the load percentages are shown in Figures C1-38 and C1-39. Due to the large
fresh air requirement of 15 cfm per passenger, the infiltration requirement dominates the HYAC
design. Should that requirement be reduced, our HVAC system would be smaller, lighter, and
require less electrical power to run it. ‘15 cfm is an ASHRAE standard and may not apply. This
issue should be reviewed and made an RFP specification in future design exercises.

Several GWBASIC computer programs are listed in the appendices. We will provide copies of
them on IBM diskettes to interested parties. These programs make it extremely easy to evaluate
the impact changes in our vehicle design upon its HVAC requirements. Program EMDHEATF
calculates the various steady state heating loads. Program EMDCOOLF calculates the various
steady state cooling loads. Pfogram EMDSTR calculates the transient heating or cooling time.

T5571-337/DLUMS/R13 C1-138



(11.1%) FLOOR & ENDS

(1.9%) WINDOWS
(3.5%) SIDE WALLS

(71.3%) FRESH AIR-GAS
(12.1%) FR. AIR-H20

Figure G1-38 Winter heat loads at extreme conditions
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(16.0%) FRESH AIR-GAS

(3.7%) WALLS
(4.2%) EQUIPMENT

(5.5%) PEOPLE

(70.6%) FRESH AIR-H20

Figure C1-39 Summer cooling loads at extreme conditions
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Some important aspects of the calculations found in the appendices are noted here:

m The combination of an inner passenger coach separated from a thickly insulated shell by an
inch of still air reduces HVAC power requirements substantially and offsets vehicle weight
and cost increases attributed to the tilting inner coach. We estimated this effect by setting the
inner coach wall and dead air space thicknesses (.56 and L67) to zero and rerunning the
computer programs listed in the appendices. The result was that electrical power requirement
for heating increased by 25.5 kW and the for cooling by 6.8 kW.

m The largest component of the power required for either heating or air conditioning is the
infiltration requirement. The humidity of the infiltrating air drastically effects the heat transfer
demand for that fresh air. Figures C1-40 and C1-41 show how that demand is affected by
humidity. Obviously our HVAC system would be smaller, lighter, and demand less electrical
power if we did not assume that we must handle a 50 degree C, 90 percent humidity ambient
air condition. This issue should be reviewed and made an RFP specification in future design
exercises.

m A factor which affects the HVAC loads is the heating of the air at the vehicle exterior skin. At
500 kph vehicle speed, the air layer sliding over the skin generates frictional heat to 10 degrees
Centigrade. Essentially, the skin temperature difference that the HVAC system works against
is raised by 10 degrees.

m  The transient performance computer program EMDSTR was run to estimate the heatup and
cooldown time. This information pertains to vehicles that have been in a storage barn before
starting a day's service. We would expect the HVAC systems to run at reduced capacity or to
be turned off to save energy costs. The program runs shown in the appendices predict that it
would take 40 minutes to cool the cabin from 50 to 25 degrees C; the time constant being 20
minutes. We regard this as more than satisfactory. The cooling time increases 22 percent
when the material is density is varied from 50 to 300 kg/m3. The cooling time increases
15 percent when the thermal conductivity of the walls varies from 0.01 to 0.06 (the baseline is
0.03).

1.7.6 Humidity control

Usually an air conditioner removes moisture from the air via condensation on the evaporator.
When heating, the HVAC system will often add moisture to the air via a water spray nozzle. This
is the same approach used in a building HVAC system in order to control humidity, which is an

" important ingredient in passenger comfort. Occasionally the HVAC system will be required to
add moisture when air conditioning and the outside humidity is low, or to remove moisture when
heating and the outside humidity is very high. In these cases both the air conditioning and heating
systems are run simultaneously to achieve humidity control. In the former case the water spray
nozzle is employed, causing no extra power requirement. In the latter case the air conditioner
removes moisture but subcools the air, and the heaters must work extra hard to offset the
subcooling. This does take additional on-board power, but fortunately it is not likely that this
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would be simultaneously with outside air temperature at the extreme limits, and therefore the

electrical system capacity is not affected.

1.7.7 Cabin Pressurization

The cabin will be pressurized via a pressurization fan and controlled exhaust air dampers. 125 Pa
(0.5" H20, or 0.037" Hg) will be the pressure level, which is not noticeable by passengers and has
no effect on them. When the vehicle doors are open, the pressurization system will be inoperative.
Pressurization has the benefit that good HVAC control is made possible. Should the
pressurization be lost, maintenance personnel would be alerted to the need to find the breach in the
sealed cabin and repair it, restoring the HVAC system to its maximum capacity. Pressurization
also prevents dirt, dust, smoke, and other unwanted contaminants from entering the cabin.
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1.8 VEHICLE COMPRESSED AIR SYSTEM

1.8.1 Devices Requiring Compressed Air

The air bearings which provide low speed lift for the Bechtel Team's vehicle require a compressed
air supply for their operation. They are described in detail elsewhere in this report. Toilets and
galleys also may require small amounts of compressed air, but those requirements are intermittent

and small, so they are not discussed further.

1.8.2 Air Flow Requirements

Figure C1-42 is a calculation sheet which shows how the required air flow and pressure for the air
bearings has been determined. These calculations follow the recommended calculation method
according to literature provided by the American Solving Company, a leading manufacturer of air
bearings and associated equipment. The nominal air requirement at the air bearing air inlets is 95
scfm per bogie at 21 psi. This is four times the air flow, but the same pressure, for each of the
four individual air bearings attached to each bogie. This air requirement is calculated assuming that
all air bearings carry the same portion of vehicle weight, but in windy conditions there may be an
imbalance between the port and starboard side bearings in order to counteract a wind moment.

The compressed air supply will have to be sized for this windy condition.

Additional air supply considerations: Our air bearings have been designed to be deployable and
retractable. Normally the air bearings will be inside the bogie behind a cover plate to reduce '
aerodynamic drag. This also protects the air bearing from damage due to flying debris. When the
air bearing is needed, the protective cover plate is moved out of the way pneumatically. The air
bearing is then lowered via an inflatable bladder that is filled with compressed air in order to push
the air bearing downward to stops, at which point the air bearing is mechanically locked in position
and the air bladder ceases to function. Figure C1-43 shows this arrangement, and Figure C1-44
shows the air requirement calculation for the air bladder and the cover plate mechanism. The
information in Section C-1.6 should be consulted regarding compressed air volume calculations.

Operation time: The air bearings will need to support the vehicle only while coming to a stop
between 10 kph and 0 kph, and when starting the vehicle from 0 to 10 kph. Each of these intervals
will take, at 0.2 g deceleration/acceleration, roughly five seconds (we neglect jerk and jolt rate
limitations for now). In between stopping and starting, the air bearings will be shut off and the
vehicle will settle onto the guideway at zero-speed support pads on the air bearing face plates.
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Area A = 24 bearings x 1D2/4 = 24xn(21)2/4= 8308 in2
Operating pressure (nominal conditions)
W/A=64,000 kg x 2.205 Ib/kg / 8308 in2 = 17 psig
Seal drop = 4.9 psig = 5 psig
Total pressure = 17 + 5 =22 psig
Scfm (sta;ndard cfm: at 14.5 psi) per bearing = 12 to 71 depending upon surface condition
Machine trowelled concrete: 20 percent roughness factor.

Per American Solving's calculation procedure, the total air flow per bogie in scfm is

T=[(m+m)p+m,]n=[(71-12)(.2)+12]4 =95.2 scfm/bogie

Here, m's are upper and lower mass flow limits, p is the roughness factor, and n is the
number of air bearings per bogie. Scfm numbers are always at 14.5 psi, not the actual

pressure being used..

Figure C1-42 Air bearing flow requirements
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For air bladder:

Use same 22 psi regulated pressure from tank

Use same 21 inch diameter as bearing.

F=PA=22 psi x 1D2/4 = 22xm(21)2/4=7620 Ibs/bladder, x24 bladders=173,153 Ibs
=AH=(nD2/4)H = (n(21)2/4)(5") = 1732 in3, + 1728 in3/ft3 = 1.0 ft3 per bladder

Scfm=1.0 x22/14.5 = 1.52 scfm (@ 60 deg. F) per bladder/bearing

No leakage out of bladder once filled!

For cover plate actuator:

Assume 2" dia. pistion, 21" stroke
V=AH=(tD2/4)H = (1(2)2/4)(21") = 66 in3, + 1728 in3/83 = 0.038 f3

(Small enough to neglect)

Total Air Requirement per bogie:

o Bearings 95 scfm/bogie x 20 seconds/60 = 32 scfm
e Bladders 1 scfm x 4 bladders/bogie x 0 seconds= 0

o Cover plate actuators 0.038 x 4/bogie x 0 seconds =0

Total 32 scfm per bogie

Figure C1-44 Total air flow requirements per bogie
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In addition to the above 5-second operational intervals, we must consider inflation and actuation
times for the air bearing, air bladder, and cover plate. Assuming that it takes another five seconds
for the air bearing/bladder combination to inflate, and assuming the time for the cover plate to
operate is negligible, then the total operational time required increases to 10 seconds per stop and
10 seconds to start, for a total of 20 seconds of air flow per incident. This results in a total scfm
requirement of 32 scfm per air bearing, times 24=768 scfm per incident for the entire vehicle. If
we allow the air compressors to recharge the air tanks between stopping and starting, this
requirement is cut in half, at the expense of requiring a short waiting time after every stop. We did
not elect to add this requirement to our concept, so the compressed air system has been sized for
no delay between stopping and restarting the vehicle. We also decided to use a 100 psi working
pressure in the tanks. We have a 768 scfm requirement, and 16 cu ft/tank x 24 tanks is 384 cu ft,
so we only need (768/384)x14.5 =29 psig. By selecting 100 psig storage pressure there will be
enough (ignoring throttling losses) for 100/29=3.4 stopping incidents. -

1.8.3 Selection of Air Supply Method

There are several alternative approaches to providing the required air supply. Those that we
considered are listed chronologically (as considered) in Table C-10.

Table C-10
Compressed Air Alternatives
Air/Gas Source Storage |Redundancy [Weight { Comments
Tanks
2 MDAC's in fore |none medium high High power demand
compartment
2 MDAC's, one none med-high high High power demand
fore, one aft
6 MDAC's, one on |none high high High power demand, too much
each bogie unsprung mass
Expanded liquid none medium if  |medium | Current SCD has no LN2
nitrogen two LN2
tanks
2 small MDAC's, |partof [medium low Selected for baseline SCD
one fore, 1 aft bogie
Expanded liquid none medium if low May not be feasible. Emergency
helium two dewars only. Asphyxiation, icing.
Airstart cartridges {partof |high-two at = |low For backup purposes only due to
bogie  |each air tank expense
Note: MDA C=Motor Driven Air Compressor
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Our end result was a system of two-motor driven air compressors, one at each end of the vehicle,
delivering air slowly to air tanks built integrally into each bogie. The advantages of this approach
over the other approaches are:

m  Storing air results in less vehicle weight than providing the required air flow continuously.

= Storing air requires less motor electrical power input and therefore reduces the on-board power
electrical system requirements. (This advantage actually is a disguised weight advantage).

s Combining the functions of air storage and SCM force transmission into the top of the bogie
* weighs less and uses less space than separate air storage tanks and bogie structure.

m The bogie top structure, with four integral air cylinders, can provide about 16 cf of air storage
space. Since the requirement is 32 scfm, the required air at nominal conditions can be stored at
only 2 atmospheres of pressure elevation. Storing air at even higher pressure will allow the air
bearings to be operated in windy conditions and still provide a safety margin. Since 100 psi is
not difficult for compressors or air tanks, we set our air system pressure at 100 psi.

One of the more interesting proposals in Table C1-10 is the use of airstart cartridges. These
cartridges screw onto a fitting somewhat like automotive oil filters are mounted. There is an
electrical connection in the fitting that sets off the cartridge when compressed air (or more
accurately, nitrogen) is needed. Such devices are used to start WW II vintage bomber engines
when that aircraft's normal compressed air supply has been dissipated. The cartridges cost in the
range of $100 each nowadays, so their use at every routine vehicle stopping point would be
expensive. We include a pair of them on each air tank for further redundancy and fault tolerance in
case of a compressed air system failure. When the LSM lifter concept has been developed into a
reliable system, the need for sizable air compressors will disappear and the airstart cartridges may
be employed as the sole air source for the air bearings.

1.8.4 Description of Equipment

High speed air compressors: Vehicle weight reduction is one of the major efforts in our study.
In order to reduce air compressor and motor weight, we expect to use high speed compressors
(4,000 RPM driven by 12 pole 400 Hz motors). Currently they are shown in the front
compartment of the vehicle. Mounting one compressor on each bogie might be considered in
order to reduce the high-pitched acoustical noise in the passenger compartment.

Air bearings: See separate report section on zero speed lift devices for a full description and

discussion about the air bearings.
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Air bladders: The air bladders which lower the air bearings onto the top of the guideway are
expected to be similar in diameter to the air bearings themselves and to operate at the same inlet
pressure as the air bearings. Locking mechanisms will have to be provided to keep the bladders
and bearings in place when not in use. Mechanical stops will have to be provided to keep the air
bladders from extending farther than intended when operational.

Air tanks: When combining the functions of air tank and bogie structure, it seems inviting to
design the tank as a rectangular cross section rather than the normal circular cross section of a
typical pressure vessel. This would seem to make the load-carrying function of the bogie easier
(literally 'straight' forward). Pressure vessels have circular cross sections to reduce wall stresses,
but rectangular pressure vessels can be used if the pressure is low and the resultant stress also low.
The easiest way to keep the stress low, of course, is to keep the air pressure in the tank low. Since
each bogie's tanks will supply four air bearings, it also seems natural to provide four air
compartments in each tank (four tanks in one, if you will). This prevents loss of air to all four
bearings in the event of a severe air tank leak (air levitation on three bearings is feasible). The air

 line from the air compressor to the bogie would probably feed a manifold to distribute air through
check valves to each compartment. The aluminum air tank would be compartmentalized via
internal flat walls welded longitudinally and cross braced laterally in order to withstand the air
pressure from within. Suspension loads on the tank structure would be in addition to the air
pressure loads.

Another approach is to provide cylindrical air tanks but use them as structural elements of the
bogie. This approach has the advantage that the air tank mass can be concentrated where needed in
order to carry the forces from the four pairs of superconducting magnets, and also that the pressure
vessels will be roundish as is conventional. This is the approach that was taken and has been
incorporated into our bogie design, as described in another section of this report. The tanks are
actually elliptical with a 30.5 cm horizontal major diameter and a 25.4 cm vertical minor diameter,
-in order to make the tanks just a bit squatty and save a centimeter on vehicle height.

Air supply lines: We envision two main air supply systems as shown in the schematic diagram
of Figure C1-45. Compressor system number 1 (MDAC 1) in the fore equipment compartment
would supply air through a 1 inch stainless steel line on the port side of the vehicle, and MDAC 2
in the same area would supply air through a line on the starboard side. These lines would be
connected via a crossover line with a control valve in it, between the two center bogies. The
connection to the bogies would be made downward near the number 2 and number 5 bogie centers
to minimize the amount of flexing required (these bogies have the smallest displacements relative
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to the vehicle body). Interconnections of the air supply from one bogie to another would be made

]

longitudinally using additional flexible lines.

There might be a provision made for filling air tank from an adjacent bogie's air tank instead of
directly from the compressor. This might be useful in case of an air supply line rupture or a failure
of one of the two air compressor systems. The second air compressor system would end up
doing all the work, but computer-controlled crossover valves between all adjacent bogies might
make the supply system more fault tolerant, assuming that the reliability of the crossover system
were sufficiently high.

The air lines from the storage tanks to the bladders, bearings, and cover plates would be very short
because the tanks are adjacent to these devices. Height-sensitive pressure regulators would control
the flow to the bearings, while standard regulators would feed air to the bladders and cover plate
actuators. Sensors would allow the air to be supplied only when the bogie is close enough to the
guideway and the vehicle is moving slow enough, in order that the air not gush out of the tanks
and through any huge gap between the bearing and the guideway surface.
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1.9 PARKING BRAKE/GUIDANCE WHEEL ASSEMBLY

1.9.1 Purpose

The maglev vehicle operates in a severe environment in which there are naturally occurring forces.
One of these forces that the maglev vehicle must be designed to handle is the side wind force
which can have a magnitude of over 200 kN. When the vehicle is moving with respect to the
beam, magnetic forces are produced to levitate and guide the vehicle along the beam. These same
magnetic forces would counteract any external side wind forces and have been accounted for in the
design of the levitation and guidance system, therefore it is not necessary for the vehicle to be
designed to have a special mechanism to handle high side wind forces when the vehicle is
levitating by magnetic forces. It is necessary, though, to provide a parking brake mechanism for
the vehicle when it is stationary so that the side wind forces do not cause any unwanted motion of
the maglev vehicle, specifically rocking. Our vehicle, with its totally exposed shell, mounted on to
a rather narrow beam, is more vulnerable to overturning wind forces than more sheltered designs.
We have always realized that we must provide our vehicle/guideway design with the ability to
handle such wind conditions. It is also necessary to have lateral guidance wheels to reduce the
friction and guide the bogies so that the vehicle can start moving again until the ladders and
guidance coils start performing their functions.

1.9.2 Requirements

Verbal government communications stated that the niaglev vehicle must be able to withstand side
winds with velocities of up to 53.6 m/s (120 mph). It has also been calculated by Draper
Laboratories that the vehicle would have to cease operation if wind speed of 26.8 m/s (60 mph) or
higher exist. At a wind speed of 17.8 m/s (40 mph) the maglev vehicle can operate at normal
conditions. The speed that the vehicle can safely operate at between wind speeds of 17.8 m/s and
26.8 m/s is a linear relationship. Therefore, as wind speeds increase from 17.8 m/s to 26.8 m/s the
operating speed of the vehicle have to decrease linearly from 500 kph to 0 kph.

1.9.3 Description of Parking Brake and Guidance Wheel Assembly

The purpose of a parking brake for the maglev vehicle is to hold the vehicle in a stationary position
on the beam. This concept is similar to the parking brake usually found on automobiles. The
parking brake must hold the vehicle on a steep grade as well as in a strong side wind. A stopped
64,000 kg maglev vehicle on a grade with a resting pad friction constant of only 0.1 will not slide
in the direction parallel to the beam unless the grade is over ten percent. The only purpose of the
parking brake is to keep the vehicle stable when a side wind is acting on the vehicle.
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The maglev vehicle does not have any appreciable guidance forces below a vehicle speed of about
4.5 m/s. At this low speed the vehicle uses air bearings to achieve a low friction surface between
the top surface of the beam and the vehicle. The air bearings do not give any guidance forces. Due
to the small flat surface area available on the vertical side of the beam, air bearings could not be
used as used on top of the beam to help guide the vehicle. Small wheels in the parking brake
assemblies will be used to provide the required guidance force.

Both the parking brake and guidance wheel will be required to be clamped onto the beam. Since
both the parking brake and guidance wheel will be required to be applied in a clamping fashion, it
is then practical to incorporate both mechanisms into one assembly. For simplicity, the term
parking brake assembly will be used to denote the joint assembly of the parking brake and
guidance wheel. '

Figures C1-46, C1-47, C1-48, and C1-49 show the parking brake assembly designed for our
maglev vehicle. The guidance wheel and parking brake are two different devices combined into
one. The guidance wheel is able to slide horizontally along a track which is part of the parking
brake mechanism. The guidance wheel center axle is guided by a track which is part of the parking
brake structure. Part of the guidance wheel structure is a cylinder which fits though a hole in the
parking brake structure. This allows the guidance wheel structure to move laterally with respect to
the parking brake structure. The reason for this is that the guidaﬁce wheel requires a smaller
amount of clamp force than the parking brake. The amount of clamp force for the guidance can be
controlled by the specific design of the spring and the hydraulics. The parking brake clamp force
can be applied directly by hydraulics that would move the attached lever arm as shown in

Figure C1-48. To apply the guidance wheel to the beam, the hydraulics would move the lever arm
to push the parking brake assembly laterally into the beam side. To apply the parking brake, an
increased force from the hydraulics will be supplied that is great enough to collapse the spring
which would cause the parking brake pad to move in toward the beam and engage it. The essence
of the whole assembly is based on the design of the spring to not collapse at a certain load.

Figure C1-49 shows the parking brake in contact with the beam.

1.94 Analysis: General Approach

Analysis of the effect of side wind forces upon vehicle/guideway reaction forces was
accomplished using the free body diagram shown in Figure C1-50. Although the diagram is two
dimensional, the side wind forces for a stopped vehicle are assumed to be at right angles to the
longitudinal axis of the vehicle and evenly distributed over its length, therefore the simpler two
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dimensional approach is valid. The equations of static equilibrium corresponding to figure 5 were
written and solved in closed form and the resulting closed form solutions were checked using
Mathematica software. Table C1-11 lists the parameters shown in Figure C1-50 along with the
respective meanings and any known numerical values of the parameters of the analysis.
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Figure C1-46 Parking brake configuration
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Table C1-11
Parameters of Vehicle Lift Due to Side Winds

Symbol | Definition Value
Y side wind force
w weight of vehicle (64,000 kg mass) 627.2 KN
Fw1 reaction force from top surface of beam at center of starboard
air bearing
Fw2 reaction force from top surface of beam at center of port air
bearing
Fa reaction force from starboard side of beam at center of parking
brake
Fp reaction force from port side of beam at center of parking
brake
Fri friction force produced from Fy,1 on the beam
Frp friction force produced from Fy,2 on the beam
| Fra friction force produced from F;, on the beam
Frp friction force produced from Fy, on the beam
cg vertical distance of vehicle's center of gravity from top of 1.1m
beam
h¢ normal distance from point A to center of pressure on side 244 m
wall of vehicle
hy vertical distance-from point A to top surface of beam 745 m
dp width of top of beam 1.2 m
da width of top of beam minus indentations 1.1 m
di width of the indentation in one side of the beam 05 m
Up friction constant of parking brake pad against beam 0.6
| Ua friction constant of air bearing or its resting pads against beam | 0.6
0 degree of beam tilt 15°
d normal distance from point A to weight vector

Point A has no special significance; it is simply a convenient point from which to measure and
therefore sum moments about. From geometry, the normal distance from point A to the line of

action of the vehicle's weight is

0= (%2— (h, + cg) tane) cos@
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This wind force equation is derived in the aerodynamic section of this report. The force at 193 kph
(120 mph) is 222.3 kN.

C,pv'HL
Y= )
where
Ci=.7 : cross flow drag coefficient
p =1.225 kg/m3 : air density
v =>53.6 m/s (@120 mph) : velocity of the side wind
H=50m : vehicle height
L=36.1m : vehicle length

The following three equations of static equilibrium are written from figure 5. The reaction forces
Fy1 and Fy, are located one fourth the width of the beam measured from the center of the beam.

YF,=0  Ycos0+Fy—Fu—F,;— 1L,F., + Wsin6 =0

YF,=0  Wcos6+ pF,—F,—F, — f,F,— Ysinf=0

SM,=0  hY+(3di=d) P + (3 di=d) Fot = W= htte oo htteFuy~d, iy F. = 0

Because these equations are general purpose equations, they were used for several analyses in
addition to the ones described in this report.

1.9.5 Rocking Analysis: Beam Width and Tilt versus Wind Force

The worst case for our vehicle stability analysis is a rocking phenomenon, with the vehicle being
supported by air bearings, with guidance wheels rolling against the windward side of the
guideway, with the vehicle landing or taking off in a stiff side wind, and guideway beam tilted
away from the wind. We would expect the side wind to start lifting the vehicle up off its starboard
air bearings (according to Figure C1-50) because the windward guidance wheel cannot produce
substantial vertical forces while it is rolling. This condition of impending motion was simulated
by setting the left air bearing forces Fy1, the right guidance wheel forces Fy, the air bearing friction
coefficient a, and the wheel friction coefficient p to zero. The three static equilibrium equations
then contain three unknowns: the guidance wheels' force Fj, the air bearings' force Fy1, and the
side wind force Y. The solution for Y is
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W(6—d,cos0)
h,+d,sinf@

Y=
1
where d,=;d,-d;

Table C1-11 shows the resulting wind force and the associated wind speed to rock our maglev
vehicle. Figure C1-51 shows the same results graphically. With our 1.2 meter wide beam on a 15
degree curve, our vehicle will tend to rock when landing on its air bearings even without a side
wind. This result is obvious when the free body diagram is redrawn without Fy1, uaFw1 JFra, F1,
F», and Fy, because with W pointing virtually right through the center of the port air bearing, the
vehicle is on the verge of instability. This is not good.

This deficiency must be addressed by one or more of several methods, though we have not done
so in our baseline design. Efforts late in the time schedule to lighten our vehicle were so
successful that our vehicle's center of gravity moved significantly higher. Although we
accomplished our goal of designing a 64 tonne vehicle, we aggravated the side wind stability
problem. Obvious solutions would be to widen the beam, decrease the maximum beam tilt angle,
separate the air bearing centers farther by using smaller bearings, lower the center of gravity, raise
the lateral wheel to be closer to the top of the beam, or provide vertically oriented wheels that
would roll on the bottom of a 15 cm structural protrusion out of the beam side wall on all severely
tilted beams. A combination of several approaches seems likely. This design issue is one of the
few issues insufficiently addressed in our SCD, but we are highly aware of the need provide an

acceptable solution.

The structural protrusion/vertical wheel approach is attractive from two standpoints. First, taking
the wheel forces directly along the length of the pedestals seems structurally efficient. Second,
there would be no clamping on the beam and this would be more structurally efficient for the

beam.
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Table G1-11
Wind Force and Associated Wind Speed

Vehicle Rocking Analysis H B!
Landing L 36.1
No guidance hydraulics applied ha 0.745
cg 1.1
w 627264
dn 0.25
he 2.44
Per Per
Beam width Tilt angle Tilt angle weight arm  Wind force Wind speed Wind speed Wheel force Air brg force
Da thetad theta delta Y v fa Fwi1
meters degrees radians meters newtons m/s kph newtons newtons
1.2 0 0.0000 0.6000 89976 34.1 . 122.8 7498 52272
1.2 1 0.0175 0.5677 81686 32,5 117.0 7718 52145
1.2 2 0.0349 0.5352 73370 30.8 110.8 7935 52027
1.2 3 0.0524 0.5026 65032 23.0 104.4 8147 51917
1.2 4 0.0698 0.4698 56674 27.1 97.4 8357 51815
1.2 5 0.0873 0.4369 48299 25.0 89.9 8565 51722
1.2 6 0.1047 0.4038 39909 22.7 81.8 8771 51638
1.2 7 0.1222 0.3707 31507 20.2 72.6 8976 51562
1.2 8 0.1396 0.3374 23095 17.3 62.2 39180 51496
1.2 9 0.1571 0.3040 14677 13.8 49.6 9385. 51437
1.2 10 0.1745 0.2705 6254 9.0 324 9589 51387
1.2 11 0.1920 0.2370 -2171 -5.3 -19.1 9796 51346
1.2 12 0.2094 0.2033 -10596 -11.7 -42.1 10003 51313
1.2 13 0.2269 0.1696 -19017 -15.7 -56.4 10214 51289
1.2 14 0.2443 0.1359 -27432 -18.8 -67.8 10427 51273
1.2 15 0.2618 0.1021 -35838 -21.5 -77.5 10643 51264
1.2 16 0.2792 0.0682 -44235 -23.9 -86.1 10864 51263
1.2 17 0.2967 0.0344 -52618 -26.1 -93.9 11089 51270
1.2 18 0.3141 0.0005 -60984 -28.1 -101.1 11318 51284
1.2 19 0.3316 -0.0333 -69332 -29.9 -107.8 11554 51305
1.2 20 0.3490 -0.0672 -77659 -31.7 -114.0 11795 51333
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Figure C1-51 Wind force as a function of wind speed
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Clamping the rolling lateral guidance wheels from both sides does not help. Although Fa

and Fy, are increased and changed, they both act through point A and therefore contribute no
counter-moment to the wind moment. There is a small ledge at the top of the beam indentation for
the lateral wheel to engage that counteracts the wind moment, but that ledge has been reduced to
about 1 cm since this analysis was done (even though the table shows 5 cm) and would not
reliably prevent the guidance wheels from climbing over it while rolling.

1.9.6 Analysis: Guidance Wheel and Air Bearing Forces

The force on all of the starboard guidance wheels was also determined from the previous analysis.
The solutions for F, and Fy1 are

F,=Ycos0+ Wsin6
F,,=Wcos@-Ysin0

For a 96.5 kph (60 mph) side wind and 15 degree tilt away from the wind, the F; formula shows
that the guidance wheel must be designed for a load F; of 27.8 kN per wheel, and the Fy,1 formula
shows the air bearing must be designed for a load of 49.4 kN. This is 31 percent over the normal
air bearing capacity and would have to be accounted for by increasing the air pressure during these
rare conditions.

1.9.7 Sizing of the Guidance Wheels

Table C1-12, below, lists several available wheels that would meet the 27.8 kN capacity. Using
preliminary estimates, the guidance wheels that have been chosen for our drawings had a diameter
of 250 mm, 100 mm width, and 30 mm diameter axle.

Table G1-12
Options for Guidance Wheels
Diameter Width

Type (mm) (mm) Axle Diameter (mm) Capacity (kN)
Cast Iron 280 152 50 4.5

Forged Steel 200 100 50 4.5
V-Grooved 200 100 50 89.0

Forged Steel
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1.9.8 Sizing of the Spring

The spring design focuses on the required load to compress it fully. The equation below describes
the proportional relationship between F, the force exerted on the spring, and L, the natural length of
the spring, X, the length of the loaded spring, and k, the spring constant.

F=k(L-X)

For our purposes, the values L=125 mm, k=2000 N/mm, F=27.8 kN, and X=50 mm work
nicely. A spring so defined can be obtained commercially. For example, a quote from one spring
manufacturer company stated that a stainless steel spring of 50 mm inside diameter and a coil
diameter of 18 mm can be produced with these parameters. |

1.9.9 Analysis: Parking Brake Forces

The parking brake is designed to hold the vehicle on the beam with side winds of up to 193 kph
(120 mph) which is equivalent to a 222 kN side force centered at 0.24 m below the horizontal
centerline of the vehicle. Unlike the guidance wheels, the air bearings and parking brake will never
be used at the same time. The previously discussed equations of static equilibrium are solved for
F, and Fp with Y=222000, a=0.6 (the vehicle is on its resting pads), 1p=0.6, 6 =15°. F; and F;,
are found to be 42.7 and 40.9 kN per brake pad, respectively. The average is 41.8 kN. The box .
beéam has been designed to withstand these forces.

1.9.10 Hydraulic Piston Sizing

Figure C1-48 shows a side view of the lever arm and its related assembly. The distance from the
center pin of this arm to the hydraulics is twice as long as from the same center pin to the parking
brake assembly. From previous discussion, a maximum force of 41.8 kN must be supplied to

each parking brake assembly. Due to the lever arm, the force to be supplied by the hydraulics, E,

is only half this amount, or 20.9 kN.
Typical pressure available on our vehicle will be 13.8 MPa (2000 psi). The equation below

describes the relationship between force, pressure, area and piston radius, ignoring the piston rod
diameter and certain kinematic issues:
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where
r = the radius of the hydraulic piston.

The stroke of the hydraulics must be the total distance that parking brake pads must move to
contact the beam which is a total of 9 cm.

1.10 PROTECTION SYSTEMS

1.10.1 Fire Protection

Key Requirements

The concept maglev vehicle from the Bechtel Team is similar to most passenger aircraft;
therefore, the fire protection system described below is modeled after those on passenger aircraft.

Description

The basic fire protection system includes fixed and portable systems. Fixed systems are mainly
used for fire protection in non-cabin areas such as baggage compartments or auxiliary units.
Portable systems are used for cabin fires.

Fixed systems are electrically powered and consist of two parts: a detection unit and a fire
extinguishing unit. Detection units can detect the presence of a fire, overheating, or smoke.
Different types or combinations of detection units maybe used throughout the vehicle. For
example, a smoke detection unit may be used in the baggage compartment versus an overheating
detection unit which would be used to detect quenching of the superconductor magnets. The fire
extinguishing agent is usually contained in a pressurized container and released by rupturing a
diaphragm through an explosive cartridge, set off electrically. Typical passenger aircraft usually
have two or more of these pressurized containers. These containers are near the area to be
protected on some aircraft and other aircraft use pipes to distribute the extinguishing agent to the
affected area. Common extinguishing agents are halon 1211, freon, methyl bromide, and
bromochloridifluoromethane. Each agent has its advantages and disadvantages, and should be

chosen based upon requirements.
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Portable systems are used in cabin areas. Aircraft regulations require that a fire extinguisher be
supplied for each separate cabin compartment. Furthermore, the FAA has ruled that two halon
1211 fire extinguishers must be carried on board large aircraft. It should be noted that
extinguishing agents that produce toxic gases should be avoided for portable systems where
possible since the cabin is an enclosed area. Most large aircraft usually carry a dozen or more
carbon dioxide and two halon 1211 fire extinguishers distributed throughout the passenger cabin.

Indicator lights should be installed to signal that a fire, overheating, or smoke problem exists and
where the problem is located in the vehicle. Some maglev vehicles may be supplied with oxygen
masks or smoke hoods for additional protection for the passengers.

1.10.2 Lighting and Static Charge Protection System

Purpose

Lightning is an unpredictable occurrence which can strike at unpredictable places. Use of lightning
rods does not guarantee the diversion of a lightning strike away from the vehicle or guideway, but
it would certainly decrease the probability of strikes on either. Other measures must be taken to
assure that the vehicle, its on-board passengers, and equipment are not damaged, especially since
the vehicle is not normally in contact with the ground when traveling.

Static charge will build up on the vehicle if measures are not taken to prevent it. This charge arises
due to the frictional air flow over the vehicle surface. Such a charge could electrically shock a
passenger stepping off a charged vehicle onto a passenger platform. Static-reducing vehicle
coatings can be used, as well as static dissipating equipment. '

Lightning and static charges are closely related in that they can be guarded against and diverted via
the same mechanism described here. The discussions that follow involving lightning apply
equally to static charge protection.

Guideway Protection

For the maglev guideway, the easiest and most effective method to protect from a lightning strike
isto provide lightning rods, which attract impending lightning strikes (though not causing them)
and provide an electrical path from the top of the rod to the ground. Not every point on the
guideway can be protected but there should be at least some degree of lightning rod protection.
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Buildings usually have a lightning rod mounted on top of the roof. A cable is attached to the rod
and grounded. Typical cable used in buildings is 30 mm diameter copper cable. This size cable is
usually sufficient to carry the current associated with lightning. Other materials and sizes might be
studied to find an optimum cable for the guideway. The use of a cable could be eliminated if there
existed a structure that was part of the guideway that could be used as the path for the lightning to
travel though, e.g., a support beam made of steel.

. Since our vehicle is 36 meters long and each guideway support beam is 25 meters apart it is logical
to place a lighting rod at every other support beam. By doing so the vehicle will never be further
than 4.5 meters from a lightning rod, yet rather than providing a rod at every support frame, the
number of rods would be cut in half. The height of the lightning rod be should taller than the
vehicle by perhaps two meters so that the lightning has a small probability of striking a vehicle.
Such rods would extend upward to be 5.7 meters above the top of the beam. The rods would be
located on the outside of the guideway rather than between the beams. Alternating side locations
would be used.

The propulsion coils and levitation ladder are both good conductors of electricity. Both the
propulsion coils and ladder will not be grounded at other than one point per circuit per 4 km zone
(if at all), though the ladder could be grounded more often if there were a reason to do so.
Measures should be taken to divert lightning away from these propulsion system elements.

There are inverter stations roughly every 4 km of guideway. The inverter stations will have some
type of surge protector as part of the system which would give some protection to the propulsion
coils as well as the inverter circuitry Sﬁrge protectors for the propulsions coils could be placed
between the inverter stations on their output lines. Surge protectors for high voltage equipment can

be expensive.

With present technology, optical communication and control equipment are being used more
heavily, mainly in the aircraft industry, to replace the equivalent of their electrical counterpart. The
maglev system should follow the same example and use optical equipment whenever possible. As
for the electrical equipment that can not be replaced by optical equipment, e.g radio equipment,
surge protectors should be a built-in feature. The weight of most surge protectors compared with
the weight of the equipment it protects is usually a small percentage of the equipment's total
weight. The size of surge protectors is also a small percentage of the equipment's size but not as

low as the percentage weight.
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Vehicle Protection

The following items about aircraft lightning strikes apply equally well to our maglev vehicle:

» The monocoque structure of the maglev vehicle has a thin aluminum skin fastened to a
structural aluminum framework.

m Lightning strikes do not damage or significantly heat up the aircraft framework

m The lightning current is diverted around the passenger compartment and through the metal
framework, so the passengers will be in no danger of electrical shock.

s Electrical equipment and circuits can be protected by adding surge arrestors inside the
electronic equipment and at proper locations in the electrical wiring.

s Punctures of the aluminum skin often occur due to lightning entry and exit points. On
airplanes the nose and wing tips get punctured; we do not know what to expect on the maglev
vehicle, but there is no especially vulnerable point on the skin that we need to worry about.
Adding a lightning rod to the vehicle itself would increase vehicle lightning strikes; the plan is
to divert the vast majority of strikes to the lightning rods above the guideway. A lightning rod
on the vehicle would merely exacerbate the problem, as would vertical airfoils (rudders) meant
for yaw stability.

Whenever lightning does strike the vehicle there will probably be puncture damage to the vehicle
outer shell, since the low melting temperature of aluminum does not resist electrical arc burning
well. Such damage would be repaired, and experience would allow improved resistance to
punctures by improved skin materials, coatings, and distributions.

The closest structures to the vehicle are the propulsion coils, the levitation ladder and the
nonmetallic cover over them. The cover must remain nonmetallic due to eddy current phenomena
associated with the vehicle's SCMs. Once lightning strikes the outer vehicle shell the lightning will
usually travel to the easiest path to ground. This would mean that the lightning will most likely arc
over from the superconducting magnet module to the propulsion coils and/or levitation ladder.
Considerable damage can occur-if this is allowed to happen. To protect against such incidents the
frame structure would be cabled to a flying beryllium wire hung from the center of the bottom
surface of the bogie (see Figure C1-52). In addition, a cadmium-plated copper strip will be
attached to the top of the guideway so that the flying wire would drag lightly on this strip,
maintaining loose contact or at least a very small gap (5 mm). By making the wire long enough
and aerodynamically shaping its supports, then at any speed the wire would drag along and be
basically in contact with the metal grounding strip. The lightning arc would in all likelihood jump
the small gap and avoid traveling through the SCM and guideway electrical equipment. Quite
often the beryllium wire would be sacrificially burnt off in establishing the arc. Providing two
wires per bogie would provide for subsequent lightning strikes. Lightning current detection
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transducers in the wire's feed circuit would allow the vehicle to detect when strikes have occurred;
maintenance personnel would subsequently be alerted to check the wires and the rest of the vehicle

at the next convenient time.

A typical size for the metal grounding stﬁp used in buildings for lightning protection is a copper
strip of 25 mm width and 2 mm thickness. Since the vehicle is able to move horizontally 5 cm
from both sides of the center line of the top of the guideway there should be three flying wires
spaced 2 cm apart at each holder to assure contact as the vehicle strays from side to side on the

guideway.
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1.11 MAINTENANCE SCHEDULE

Abstract

Three levels of maintenance were identified at this stage for the vehicle: nightly running
maintenance, quarterly inspections, and vehicle system overhauls. Vehicle subsystems are
reviewed and maintenance items are identified and classified by type. No estimates were made for
the duration of each inspection or maintenance cycle. Vehicle maintenance intervals were made as

long as practical to minimize operating costs.

Key Requirements

Our contract requirements for a maintenance plan include projected facilities, automated systems
(if any), personnel cost, and maintenance schedules for the entire maglev system and major

components.

Approach Used

The maintenance schedule was developed for the vehicle, including identification of maintenance
and inspections which are to be performed and at what interval. For detail of required maintenance
for each subsystem see the section below.

Description

Each of the major vehicle subsections is listed below with an analysis and description of
maintenance required and frequency of occurrence.

Superconducting Magnet and Cryogenic Subsystem

Daily Maintenance

m Inspection and fluid level check of heﬁum, nitrogen, and cryocooler oil

m  Quick inspection of all cryogenic distribution lines and SCMs for signs of wear

m  Recharging of lost SCM current and reliquification of on-board helium (1 hour)

Quarterly Maintenance
m  Replacement of helium and nitrogen filters

s Detailed inspection of all cryogenic distribution lines and SCMs for signs of wear
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Overhaul Maintenance (3 years)
m Complete overhaul of cryogenic systems and magnets

= Functional requalification of systems after overhaul

Passenger Cabin Subsystem

Daily Maintenance

m Daily inspection repair of passenger comfort controls, lights, seat cushions, lavatories, galleys,
and doors that may have been damaged

Quarterly Maintenance

= Functional requalification of all emergency systems and repair of damaged body panels or
apparatus

m Inspection and qualification of HVAC system

Overhaul Maintenance (3 years)

® Possible reupholstering of seats and replacement of body panels that have been marred
m Complete cleaning of water systems and testing of electrical systems

m Detailed overhaul of HVAC system

Tilt Mechanism Subsystem._.

Daily Maintenance

m Quick visual inspection and functional qualification of tilt system components

Quarterly Maintenance

m Relubrication of moving parts of tilt mechanism and inspection of all actuators for possible
signs of wear.

Overhaul Maintenance (3 years)

»  Repacking of all tilt mechanism bearings and detailed inspection of all moving parts

m Replacement of worn parts

Vehicle Carbody Subsystem

Daily Maintenance

m  Quick visual inspection of carbody and baggage compartments to look for signs of stress and
cra_cking requiring attention
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Quarterly Maintenance

= Detailed visual inspection of carbody and baggage compartments to identify signs of possible
wear and cracking requiring replacement or repair

Overhaul Maintenance (3 years)

= Potential repainting of carbody due to nick damage from small flying objects

Magnet Bogie and Suspension Subsystem

Daily Maintenance

m  Quick visual inspection of bogies, suspension elements, and emergency skids to identify signs
of possible wear or cracking requiring correction

Quarterly Maintenance

m Detailed review inspection of each bogie and suspension elements to identify and replace wormn
or cracked elements

= Lubrication of pivot points
s Visual inspection of active suspension actuator lines for signs of wear

= Inspection and replacement of emergency wear skids if necessary

Overhaul Maintenance (3 years)

m Careful inspection of bearings at pivot points for signs of excessive wear and replacement if
required

= Functional qualification of active suspension actuators, if required

On-Board Power Systems

Daily Maintenance

m  Refill of fuel cell fuels (every 8 hours) and inspection to identify damaged components or leaks

Quarterly Maintenance

m Detailed review inspection of on-board power systems and replacement of filters

Overhaul Maintenance (3 years)

s Cleaning and detailed inspection of components to determine required replacement
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Aerodynamic Control Surfaces

Daily Maintenance

m Quick visual inspection of control surfaces to identify signs of possible wear or cracking
requiring correction

Quarterly Maintenance

m Detailed review inspection of each control surface to identify and replace worn or cracked
elements

m Lubrication of pivot points. Visual inspection of all actuator lines for signs of wear

Overhaul Maintenance (3 years)

m Careful inspection of bearings at pivot points for signs of excessive wear and replacement if
required

» Functional qualification of control surface actuators, if required

Benefits/Risk

Careful consideration has been given to minimize the frequency of required inspections and
maintenance. Additional ideas are being develop to further lengthen maintenance cycles to reduce
vehicle operational cost. Key to minimizing the impact of required maintenance is modular design
which the Bechtel Team has followed during the design process.

112 BRAKING
1.12.1 Baseline Vehicle Braking Characteristics

To ensure the highest capacity for a single vehicle system, small headways are required. To
provide small headways safely on a maglev system it is necessary to provide significant braking
capacity. For the baseline vehicle system, five braking systems exist. The first two are inherent
drag on the vehicle: aerodynamic and electromagnetic. In addition there are three
system-controllable braking methods: propulsive, acrodynamic speed brakes, and an emergency
drag chute. Each of these five braking systems is discussed in detail in other sections of this
report.

Using the available braking systems and the equations detailed in the various report sections, four
graphs have been created to detail maximum vehicle deceleration available in non-emergency
conditions; maximum vehicle deceleration available in emergency conditions; stopping distance;
and stopping time required under emergency and non-emergency conditions. These figures are
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C1-53, C1-54, C1-55 and C1-56 respectively. Values used to generate the associated graphs are
shown in Tables C1-12, C1-13, and C1-14.

The reader is also directed to the appendices of this report which relate to the topics of speed
brakes, parachute braking systems, and drag chutes. Data in those appendices elaborate and

supplement this text discussion.

From the results of the analysis and using the fact that control zones are approximately 4+
kilometers in length, it becomes apparent that vehicle collisions are unlikely since a trailing vehicle
can stop within its current zone if required to do so.
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Single Vehicle Concept

o
o

e
n

o
~

o
()

Deceleration Rate (g)
(=]

e
=

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Velocity (m/s)

B propulsive Braking  ©7//) Electro-magnetic Drag [ Vehicle Aerodynamics K

Aerodynamic Braking

Figure C1-53 Maximum vehicle deceleration available in non-emergency conditions
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Figure C1-54 Maximum vehicle deceleration available in emergency conditions
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Figure C1-56 Stopping time required under maximum braking conditions
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Table G1-12

Braking Study Parameters

Single Vehicle Concept

Venhicle Frontal Area (Entered)

Vehicle Skin Area/Car (Entered)

Frontal Drag Coefficient (Entered)

Skin Drag Coefficient (Entered)

Total Propulsive Force (LSM)

Normal Electro-Magnetic Braking Rate
Emergency Electro-Magnetic Braking Rate

Aerodynamic Brake Coefficient of Drag
Aerodynamic Brake Deceleration Desired @ 500kph
Minimum Aerodynamic Brake Size Required

Emergency Chute Coefficeint of Drag

Emergency Chute Deceleration Desired @ 500kph
Emergency Parachute Size

Emergency Parachute Diameter

Vehicle Weight (Design Goal)
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15.7 sq. Meters
660 sq. Meters
0.1
0.004

120 kN
1.875 m/s/s
1.875 m/s/s

1
02g
11 sq. Meters

0.8
02g
13 sq. Meters
4.11 Meters
64,000 kg

0.2 g Thrust
0.2 g Thrust



Speed A:_(uv

148

Lewvitation
Propuisive & Guidence
EM(@ EM(g
0.191 0.007
0.181 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.181 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.007
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.181 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.008
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.009
0.191 0.010
0.191 0.010
0.181" 0.010
0.191 0.010
0.191 0.010
0.191 0.010
0.191 0.010
0.191 0.010
0.191 0.010
0.191 0.010
0.191 0.011
0.191 0.011
0.191 0.011
0.191 0.011
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Drag
Vehicle (g)
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Table C1-13

Base Parameters
Non-Emergency Deceleration Data

Maximum Normal
>08a<3=..n Total
Stopping
cio (g) Chute(g) Force (g)
0.234 NA 0.524
0.230 NA 0.520
0.227 NA 0.516
0.224 NA 0.512
0.221 NA 0.507
0.218 NA 0.503
0.215 NA 0.499
0.212 NA 0.495
0.209 NA 0.491
0.206 NA 0.487
0.203 NA 0.483
0.201 NA 0.479
0.198 NA 0.475
0.195 NA 0.471
0.192 NA 0.467
0.189 - NA 0.463
0.186 NA 0.459
0.184 NA 0.455
0.181 NA 0.452
0.178 NA 0.448
0.175 NA 0.444
0.173 NA 0.440
0.170 NA 0.437
0.167 NA 0.433
0.165 NA 0.430
0.162 NA 0.426
0.160 NA 0.422
0.157 NA 0.419
0.155 NA 0415
0.152 NA 0.412
0.149 NA 0.409
0.147 NA 0.405
0.145 NA 0.402
0.142 NA 0.398
0.140 NA 0.395
0.137 NA 0.392
0.135 NA 0.389
0.133 NA 0.385
0.130 NA 0.382
0.128 NA 0.379
0.126 NA 0.376
0.123 NA 0373
0.121 NA 0.370
0.119 NA 0.367
0.117 NA 0.384
0.114 NA 0.361
0.112 NA 0.358
0.110 NA - 0.355
0.108 NA 0.352
0.106 NA 0.349
0.104 NA 0.346
0.102 NA 0.344
0.100 NA 0.341
0.098 "NA 0.338
0.096 NA 0.335
0.094 NA 0.333
0.092 NA 0.330
C1-185

Time

Distance Cumulative Cumuiative

Delta (s) Traveled (m)

02
02
02
02
02
0.2
02
02
02
02
02
0.2
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
0.2
02
02
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

BB ERBE 8888888888888 8888888888888888888RBYRBERBRRNNY

Distance Time
3,309
3,280
3,250
3221
3,192
3,163
3,134
3,104
3,075
3,046
3,016
2,987
2,957
2928
2,698
2,869
2,639
2,809
2,780
2,750
2,720
2,690
2,661
2,631
2,601
2,571
2,542
2512
2482

RELBBLEESE222 2388852222050 088888220288885555588888



Speed ::5 EM@ EM(9)

0.191
0.191
0.191
0.181
0.191
0.191
0.191
0.191
0.191
0.191
0.181
0.191
0.191
0.191
79 0.191
78 0.191
7 0.191
76 0.191
75 0.191
74 0.191
0.191
0.181
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.181
0.191
0.191
0.191
0.181
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.181
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0.011
0.011
0.011
0.011
0.011
0.012
0.012
0.012
0.012
0.012
0.012
0.012
0.013
0.013
0.013
0.013
0.013
0.013
0.014
0.014
0.014
0.014
0.014
0.015
0.015
0.015
0.015
0.015
0.016
0.016
0.016
0.016
0.017
0.017
0.017
0.018
0.018
0.018
0.019
0.019
0.019
0.020
0.020
0.020
0.021
0.021
0.022
0.022
0.023
0.023
0.024
0.024
0.025
0.025
0.026
0.027
0.028

Aerodynamic
Drag
Vehicle ()
0.036
0.035
0.034
0.033
0.033
0.032
0.031
0.031
0.030
0.029
0.028
0.028
0.027
0.026
0.026
0.025
0.024
0.024
0.023
0.023
0.022
0.021
0.021
0.020
0.020
0.019
0.019
0.018
0.017
0.017
0.016
0.016
0.015
0.015
0.014
0.014
0.013
0.013
0.012
0.012
0.012
0.011
0.011
0.010

Table G1-13

(cont’d)

Maximum Normal

Aerodynamic
Brake

Total
Stopping

Drag(g) Chute(g) Force(g)

0.090
0.088
0.086
0.084
0.082
0.080

C1-186

3333333333333 313X3 3123333312313 3313333333333 333333 52134

0.328
0325
0.322
0.320
0317

o.nmn
0.251

o.nao
0.248
0.247
0.246
0.245
0.244
0.243
0.242
0.242
0.241
0.240
0.240
0.239

0.239

Time

Della (s) Traveled (m) Distance Time

03
03
03
03
03
03
03
03
03
" 03
0.3
03
03
03
03
03
- 04
04
04
04
04
04
04
04
04
04
04
04
04
04
04
0.4
04
0.4
04
04
0.4
0.4
04
04
0.4
0.4
0.4
0.4
04
04
0.4
04
04
04
04
04
04
04
04
04
04

Distance Cumuiative Cumulative

28
29
29
29
28
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Speed A:Muav EM(@ EM()

0.191 0.028
k- 0.191 0.029
M 0.191 0.030
33 0.191 0.031
2 - 0191 0.032
A 0.191 0.033
30 0.191 0.034
23 0.191 0.035
28 0.191 0.036
27 0.191 0.038
26 0.191 0.039
25 0.191 0.041
24 0.191 0.042
23 0.191 0.044
2 0.191 0.046
21 0.191 0.049
20 0.191 0.051
19 0.191 0.054
18 0.191 0.057
17 0.191 0.060
16 0.191 0.064
15 0.191 0.068
14 0.191 0.073
13 0.191 0.078
12 0.191 0.085
11 0.191 0.093
10 0.191 0.102
9 0.191 0.000
8 0.191 0.000
7 0.191 0.000
6 0.191 0.000
$ 0.191 0.000
4 0.191 0.000
3 0.191 0.000
2 0.191 0.000
1 0.191 0.000
0
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Drag
Vehicle (g)

0.005
0.005
0.005
0.004
0.004

Table G1-13
(cont’d)

Maximum Normal

Aerodynamic
Brake

Total
Stopping

Drag(g) Chute(g) Force (g)

0.013
0.013
0.012
0.011

C1-187

33333333333 33333333333333333 3333333

0.238
0.238
0.238
0.238
0.238
0.238
0.238
0.238
0.239
0.239
0.240
0.241
0.242
0.243
0.244
0.246
0.248
0.250
0.252
0.255
0.259
0.262
0.267
0.272
0.278
0.286
0.295
0.192
0.192
0.192
0.192
0.191
0.191
0.191
0.181
0.181

Time
Detta (s)
04

Distance Cumuiative Cumuiative

Traveled (m) Distance Time

15
15

-h od
CQOD2aANNLLILANLAEALONININNODDDOOWOWOO

274
259
244

216
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Speed (m/s)
150
149
148
147
146
145
144
143
142
14
140
139

E-M (9)
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
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Tahle C1-14

Base Parameters

Emergency Deceleration Data

Emergency

Levitation Aerodynamic Aerodynamic

& Guidance
E-M (9)
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007

Drag
Vehicle (g)
0.093
0.092

Breke

Drag (g) Chute (g)

0.234
0.230

0 157

0.152
0.149
0.147
0.145
0.142

0.137

0.234
0.230

0.130
0.128
0.126
0123
0.121
0.119
0.117

Total
Stopping
Force (9)

0.758

Time

Detta (s) Traveled (m) Distance Time

Distance Cumulative Cumulative

R R R g

HEHSUBBEURNNRNNNRNRNNRNERNENERNRNRENRNRRRERANY

2,651
2,631
2,611
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Speed (m/s)
a3
82
91

R R RN BB 2RI BIINANINIINIIB2IREREISSS

T6571-337/DLLUMS/R13

E-M(9)
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191
0.191

Table C1-14
(Cont’d)

Emergency

Levitation )26&33_0 >03a<33.o
Propuisive & Guidance

Drag
Vehicle (9)

0.036

oBo ()] Cute (g)

0.090
0.088
0.086
0.084
0.082
0.080

C1-189

o 016
0.015
0.014

Total
Stopping
Force (g)

0.417
0.413
0.408
0.404
0.400
0.395

0.391.

0.387
0.383
0.379
0.375
0.371
0.367
0.363
0.359
0.356
0.352
0.348
0.345
0.341
0.338

owmd

Time

Deta (s) Traveled (m) Distance Time

0.2
0.2
0.2
03
03
03

03.

03
03
0.3
03

Distance Cumuiative Cumulative

SSYUBNNNVNNYNNNNNNERRNNNRNNNNESBENEEY

1,420
1,397
1375
1352
1,330
1,307
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1.12.2 Dynamic Braking Energy Recovery
Overview

During the process of dynamic braking of trains, mill motors, cranes, and other equipment, energy
is converted from the kinetic energy and potential energy of the vehicle through an electric motor
(used as a generator) into electrical energy, which is most often dissipated as heat in a resistive
grid. This differs from regenerative braking wherein the generated power is fed back to the electric
utilility company.

In dynamic braking, the loss of kinetic energy slows the vehicle, and the guideway's linear
synchronous motor (LSM) is the eleotric motor being employed. The LSM is used as a linear
synchronous generator (LSG) to generate power. Our maglev vehicle, through the LSG's and
bidirectional converters, could return this energy to the dc power distribution lines for use in
propelling other vehicles. The resulting energy savings would significantly reduce the amount of
power required from an outside utility company.

Analysis Techniques

To aid in collecting the data used in this report, a simulated computer run of the NMI's hypothetical
route was performed using Electro-Motive's train simulation program ER574ZE. This simulation
contained all of the relevant details such as speed limits on turns, grade information, air resistance,
magnetic drag, and braking effort characteristics of the vehicle needed to make this analysis. The
SST was used as a basis for projected yearly energy consumption costs as well as determining the
recoverable braking energy amounts.

Proposed Energy Recovery System Design

The resistive grid normally connected to the output of the LSGs would be replaced by a converter
which would convert the ac output at the LSG terminals to dc. The converters at the inverting
station must be designed to allow the bi-directional flow of electricity, or else additional separater
conversion equipment such as a stepup transformer and a phase-controlled rectifier. This increases
cost, the energy cost savings would more than pay for'the added equipment or equipment

capabilities.

The converters would place the recaptured power back onto dc power distribution lines for use by
nearby vehicles. If there are no vehicles nearby, the energy would travel along line until line losses
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consumed the power or until it reached a vehicle. This additional power source would also assist

in maintaining voltage levels.

Recoverable Energy and Efficiency

A simulated run of the hypothetical route showed that 34 percent of the input energy is dissipated
as heat in the dynamic brakes. If 80 percent of this braking energy could be recovered and put back
onto the 15 kV lines, it would represent an annual energy savings of 20 percent. (Note: 30 kV
lines may be used in actual design for higher efficiency; 15 kV is used here for illustration.) The
60 percent efficiency number is arrived at by estimating 90 percent efficiency for the LSG and 97
percent efficiency for the stepup transformer and the rectifier and the dc distribution lines.
Multiplying 0.9 x 0.97 x 0.97 x 0.97 gives 0.82.

The hypothetical route represents a mixture of sloping, curving terrain and smooth, straight terrain.
Energy recovery would be much more prevalent where the brakes must be applied often, as is the
case in curving or downward sloping terrain, and less of a factor in smooth, straight terrain.

Economic Feasibility

In order to judge the economic feasibility of the energy recovery system, an estimate must first be
made of the annual energy consumption of a typical maglev route, simplistic as the estimate might
be. The power required to counteract air resistance by a maglev vehicle traveling at 500 kph is
6.5x106 watts. However, due to curves and changing grades, assume that the average speed of the
vehicle across the entire length of the route is 333 kph. Since air resistance is proportional to the

square of the speed,
Power per vehicle = 6.5x100 watts x (333 kph/500 mph)2 = 2.88x100 watts.

If we assume for illustration puposes the assumptions of 4,000 passengers per hour, 24 hours per
- day, 365 days per year, on the hypothetical route, 2 ways, 2.4 hours per trip direction, 2,880

kilowatts delivered power per vehicle, 0.82 efficiency, 8.5 cents per kwh, in propulsion 50 percent
of the time, and 106 passengers per vehicle, then the yearly propulsion energy cost at the electrical

meters will be

4000x24x365x2x2.4x2880x$0.085x0.50/106/.82=$486,000,000 or $ 486 Million/year

T5571-337/DLL/MS/R13 C1-192



If we could save 20 percent of this energy by recovering the dynamic brake energy, we could
reduce the annual energy bill by $97 million, a significant savings, and an amount of money that
would easily pay for the extra equipent required.

1.12.3 Aerodynamic Speed Brakes

Abstract

Additional vehicle braking capabilities are needed for emergency situations. Aerodynamic speed
brakes can add up to .2 g deceleration to normal braking at maximum operating speed where
braking is most critical. ’

Key Requirements

Emergency braking should be most effective at high speeds and work in all weather conditions.
Emergency braking must be deployable with on-board vehicle power, must not damage the
guideway, must be inconspicuous when not in use, must be lightweight, occupy small volume,
and be redeployable.

Approach Used

The Bechtel Team has chosen plug-type flat plate speed brakes which will be stored entirely inside
the vehicle. Eight plates, four front and four aft will provide .2 g deceleration at 500 kph when
fully deployed.

Description

Numerous aerodynamic speed brake designs were considered, including plug-type plates (flat
surface plates opening fore and aft), curved vane plates, Kevlar window shade brakes, separating
tail cones, and tail cone fans. Of these, the plug-type plates had the least effect on vehicle structure,
their aerodynamics are well understood, and very little energy is required to deploy them. Figure

' C1-57 illustrates the deployment of flat surface plates.

The 11.6 m? plate area required w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>