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3.2.1.a. LEVITATION SYSTEM

3.2.1.a.1. MAGNET DESIGN & CONFIGURATION

3.2.1.a.1.1. COIL ARRANGEMENT IN BOGIES

A cross-sectional sketch of the vehicle, together with the levitation and propulsion coil modules, is shown
in Figure 1. Each bogie has two levitation coil modules of two coils each and one propulsion module with
six coils in it. The relative position of the levitation and propulsion coils has been chosen to partially
reduce stray field effects.

The operating clearance between the vehicle and magway at the design point of 150 m/s is 0.15 m. The
magway aluminum sheets are each nominally 1.5 m wide and 0.02 m thick. The space around the
centerline for the synchronous drive windings is nominally 1.4 m. The magway sheets extend beyond the
1.5 meter dimension shown to allow for a tilt of +/- 3 deg, plus banking requirements.

The approximate dimensions for the 140 passenger vehicle, which has a total weight of 50,000 kg, are
shown in Figure 2. Passengers are in a central cabin and two levitation/propulsion bogies are used.
Figure 3 is a similar sketch for a 45 passenger vehicle with a total weight of 25,000 kg. It also uses two
bogies, each with two levitation coil modules of two coils each and one propulsion module with six coils
in it.

A schematic of the present baseline dimensions for coils in a bogie, together with the amp-turns required
for the 140 passenger vehicle are shown in Figure 4. The levitation coils are excited with opposing
polarity so that each levitation module of two coils forms a quadrupole to help reduce the stray fields.
This sketch represents the forward bogie, which has the propulsion coils shifted forward of the levitation
coils to help reduce the stray fields in the passenger section of the vehicle. The rear bogie is identical,
but rotated 180 degrees so that the propulsion coils “trail" the levitation coils, again to reduce the stray
fields in the passenger section.

The above information concerning the number of coils per bogie, etc for each vehicle is summarized in
Figure 5. In addition it indicates the number of independent circuits chosen as a baseline. For example,
levitation coils will be designed to be electrically independent and have separate cryostats for each coil
in each module for redundancy. This will be coupled with other design constraints (eg-low ratio of
operating current to critical current) to assure that loss of levitating action in one coil in a module does
not cause a total loss of module lift. On the other hand, all propulsion coils in a bogie will be in series
electrically and in a common cryostat. This will allow a savings in weight and heat load on the cryogenic
system, while retaining some propulsion capability for the vehicle even if one module becomes
inoperative, because there is still a propulsion module in the other bogie.

3.2.1.a.1.2. COIL-MAGWAY INTERACTION SUMMARY

§ 3.2.1.a.1. /]
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Number of Passengers 140 45
Overall Vehicle Length, [m] 38.4 22.9
Number of Bogies 2 2

Levitation Coil System

Number of Modules per Bogie 2 2
Number of Coils per Module 2 2
Total Levitation Coils 8 8
independent Coil Circuits 8 8
Propulsion Coils
Number of Modules per Bogie 1 1
Number of Coils per Module 6 6
Total Propulsion Coils 12 12
Independent Coil Circuits 2 2
LSM Propulsion Windings in Guideway
Material _ Aluminum  Aluminum
Phases 3 3
Wavelength, [m] 1.5 1.5

Figure 5 Vehicle levitation, propulsion, and guidance coil configuration
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Figure 6 sho% the gdy current pattern induced in the magway sheets due to the motion of the forward
. A’ % : P) - . o
bogie t. The eddy currents are primarily due to the two quadrupole levitation modules,
although small induced currents along the forward inside edges of the sheets are visible because of
proximity of the longitudinal turns in the propulsion coils.

The previous figure assumed bogie motion with the centerline of the vehicle coincident with the centerline
of the magway. Wind gusts or "g" forces may tend to shift the bogie off center in the magway, in which
case the propulsion coils will create a restoring force. This is illustrated in Figure 7 which shows the eddy
current pattern induced in the sheets due to bogie motion with the centerline of bogie and magway
displaced laterally by 0.1m. The change in pattern for the levitation coils is evident as well as the strong
influence of the propulsion coils which produce the restoring force or "keel effect"”. These restoring forces
have been computed and used in the dynamic models for the vehicle. In later design phases, we can tailor
the required stiffness somewhat by altering the spacing between magway sheets or changing the geometry
of the propulsion coil end turns. For example, the end turns could be formed away from the magway
edge, using a so-called saddle coil geometry, if lower restoring forces are found to be desirable.

The eddy current pattern in the magway sheets is related to the load footprint of the levitation modules
normal to the magway. The previous figures imply that the lift load is somewhat more concentrated under
the longitudinal, central legs of the coil pair in each levitation module. This pattern moves along the
magway with the speed of the vehicle.

The magway sheets also experience a load parallel to their surface in the direction of motion due to the
electromagnetic drag. This component of the load per module is much smaller in magnitude than the
normal load (which produces lift). The drag loads are primarily located where the transverse eddy
currents are strongest, that is, under the transverse turns of the levitation coils.

There is one module (six coils) in each bogie which will interact with the synchronous windings in the
magway. These will produce a load on the synchronous windings in the vicinity of the bogie that is
opposite to the direction of motion. This load also moves with the speed of the vehicle and must be
transmitted to the magway through the fasteners which hold the synchronous windings to the magway.
This load is equal to the sum of the electromagnetic drag, frictional drag, and aerodynamic drag on the
vehicle divided by the number of bogies.

In addition to the above usual operating loads, there will be transverse wind loads and dynamic "g" loads
on the vehicle. These lateral and vertical loads will also be transmitted to the magway through the
footprints of the levitation modules.

3.2.1.a.1.3. MODULE CHARACTERISTICS

Overall characteristics for the superconducting coil systems on the vehicle for lift and propulsion are
summarized in Figure 8 and Figure 9, respectively. Two columns are given in each table to summarize
features for the 140 and 45 passenger vehicles.

The vehicle weights are different by a factor of two, but Figure 8 indicates that the total weight per
vehicle for lift modules is essentially the same. This arises because we have chosen to use the same coil
overall "footprint" size for each vehicle as a reasonable approach for development. This then leads to a
small change in coil weight, but cryostat weights that are virtually the same. Since the cryostat weights

§ 3.2.17.a.1. 7
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No. of Passengers 140 45
Total Lift Required, [N] 605055 302528
Number of Lift Modules 4 4
Module Characteristics
Lift per Module, [N] 151,264 75,632
No. Coils per Module 2 2
Per Coil Length, [m] 225 225
Per Coil Width, [m] 0.425 0.425
Electrical Characteristics
AT per coil per module, [A] 251,702 177,980
Conductor current density, [A/m*2] 2.44E+08 3.20E+08
Winding packing factor -0.69 0.69
Winding current density, [A/m*2] 1.68E+08 2.21E+08
Winding cross-sectional area, [m*2] 0.001495 0.000806
Inductance/N*2, 1 coil, [H] 3.1E-06 3.1E-06
Mutual Ind/N*@, 2 cails, [H] 4.38E-07 4.38E-07
Stored Energy per Module, [J] 2.24E+05 1.12E+05
Max Flux Density at Winding, [T] 3.30 233
Weights
Winding density, [Kg/m*3] 4780 4780
Weight per coil per module, [Kg] 38 21
Weight of Coils in Module, [Kg] 76 41
Weight of Cold Structure, [Kg] 114 114
Dewar, supports, etc,, [Kg] 455 455
Total Wt per module, [Kg] 645 609
Total Wt per Vehicle, [Kg] 2579 2438

Figure 8 SC coil module characteristics for lift coil system
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No. of Passengers _ 140 45
Total Amp Turns Required, [A] 7.80E406 5.23E+06
Module Characteristics

Number of Propuision Modules 2 2
No. Coils per Moduie 6 6
Per Coil Length, [m] 0.75 0.75
Per Coil Width, [m] 1.2 1.2

Electrical Characteristics

AmpTumns per End Coil per Module, [A] 390,000 261,300
AmpTurns per Mid Coil per Module, {A] 780000 522600
Conductor current density, [A/m*2] 1.68E+08 2.80E+08
Winding packing factor 0.69 0.69
Winding current density, [A/m*2] 1.16E+08 1.93E+08
End Coil Winding cross-sect area, [m*2] 0.003364 0.001352
Mid Coil Winding cross-sect area, [m*2] 0.006729 0.002705
Stored Energy per Module, {J} 2.86E+06 1.28E+06
Max Flux Density at Winding, [T] 5.05 2.80
Weights

Winding density, [Kg/m*3] 4780 4780
Weight per end coil per module, [Kg] 63 25
Weight per mid coil per module, [Kg] 125 50
Weight of Coils in Module, [Kg] 627 252
Weight of Cold Structure, [Kg] 300 180
Dewar, supports, etc,, [Kg] 606 606
Total Wt per module, [Kg] 1533 1038

Total Wt per Vehicle, [Kq] 3067 2076

Figure 9 SC coil module characteristics for propulsion coil system
[ R e s
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Figure 10 Levitation module features
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are dominant for the levitation systems, there is little difference in weight for this subsystem for the two
vehicles.

Figure 9, on the other hand, shows that the propulsion coil modules for the 140 passenger vehicle weigh
approximately 50% more than the modules for the 45 passenger vehicle. We have again chosen identical
coil "footprint” dimensions, in this case to be consistent with magway synchronous winding features.
However, for the propulsion coils, the windings are a significant weight component. There is a
substantially different amp-turn requirement and field level for the two vehicles, even though the cryostat
weights are essentially the same.

Figure 10 shows an external view of a levitation module. The basic package is 2.4 m long, 1.1 m wide
and 0.18 m thick. The outer vessel is the room temperature portion of the cryostat and is constructed
from aluminum plate nominally 9.5 mm (0.375 in) thick. The vehicle mounts will be on the surface of
the wide plate with suitable stiffeners to carry the main load to the location on the wall where the cold
mass supports are anchored internally.

The twelve penetrations through the cryostat also pass through the center of the coils. The walls of the
penetrations help to stiffen and support the wide flat plates of the cryostat outer vessel against the
resultant loads due to the external atmospheric pressure and the vacuum within the vessel.

Figure 11 is a view of the module with the top cover plate and thermal radiation shield removed to show
the internal components. The vehicle mounts will pass the load to the cold mass supports, which, in turn,
pass the loads to the coil support frame that is within the thermal radiation shield. The purpose of the
latter is to intercept thermal radiation at a temperature intermediate between the ambient temperature of
the cryostat and the cold coil system within and thus reduce the heat load on the cryogenic system. The
radiation shield is also carried by the cold mass supports, which will be described in more detail in a later
figure.

Another view, with sections, is shown in Figure 12. Because of the high operating current density, the
winding cross section is relatively small. This, coupled with an efficient structural and cold mass support
system, allows the distance from the centerline of the coil winding to the outside of the cryostat to be
relatively small. In this case we estimate that this can be 0.05 m. No current leads are shown into the
vessel because we propose a "leadless” system to be described in a later section.

A better view of one of the cold mass supports is shown in Figure 13. It consists of a sequence of nested
tubes to give a long thermal path from the connection to the vehicle mounts at room temperature to the
coil at low temperature. The innermost tube spans the distance across the coil form/structure.

The coil form and structure are of fiber reinforced plastic and support the winding which consists of a
cable-in-conduit conductor (described later). This type of conductor and the FRP support structure reduce
the eddy current heat load at low temperature which can be generated due to any vibration induced
relative motion of the coil within the cryostat and/or thermal radiation shield. The conductor is insulated,
wound on a form, removed, externally insulated with a ground wrap and mounted on the FRP coil form
for assembly to the cryostat. The winding cross section is relatively small and implies that variations from
assumed requirements for levitation capability or variations in conductor properties from the values
assumed could be compensated by increasing or decreasing the amp turns without a major impact on
module size or overall weight.

§3.2.17.a.1. 11
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Figure 12 Major components of levitation coil module
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An overall view of a propulsion module is shown in Figure 14. The package is approximately 4.6 m
long, 1.5 m wide and 0.2 m thick and is constructed from aluminum in a manner similar to that described
for the levitation modules. Figure 15 shows the module with the cryostat cover and thermal radiation
shield removed to show the twelve cold mass supports that carry loads to the six propulsion coils from
the mounts which are not shown. The latter can be located anywhere on the outer vessel surface with
suitable stiffeners to transmit the loads to the point where the cold mass supports are anchored internally.

A sectional view of the propulsion module is shown in Figure 16. This shows that the coil cross-sections
are a relatively small portion of the transverse section and that the two end coils have about half the
cross-section of the central six coils, This was done to achieve a more favorable current distribution for
shielding of stray fields without losing the required interaction with the synchronous windings in the
magway for thrust generation. There may also be some benefit related to the voltage distribution in the
magway windings. A more optimum solution may be p0551ble from both standpoints and will be
investigated in future design iterations.

3.2.1.a.1.4. STRUCTURAL DESIGN |

A plan view outlining one of the two coils in a levitation module is shown in Figure 17 together with
vectors representing the local force distribution in N/m. Note that there is a large attraction between the
two coils in the module, as well as a tendency for the electromagnetic loads to spread the windings.
Figure 19 is an isometric view of one of the two coils in a levitation module with vectors illustrating the
distribution of lift force at high speed. Note that it is concentrated along the longitudinal leg adjacent to
the other coil in the levitation coil pair.

Figure 18 shows the finite element model for the levitation coil, together with the nodal forces. At zero
speed, the only loads would be the internal loads of electromagnetic origin and, since there is no lift,
forces on opposite sides of the long legs would be in the plane of the coil and in-line. In the figure, which
is done for high speed where maximum lift is generated, the loads on the long legs are still almost in line,
but have a small upward component for lift. This illustrates that the internal electromagnetic loads
dominate the lift and drag forces, hence a large fraction of prior experience with superconductmg magnets
is directly applicable to maglev.

Results for finite element analyses are shown in Figure 20 and in Figure 21 for a lift coil and for a cold
mass support, respectively. They indicate reasonable levels of stress and displacement for this stage of
design, thus supporting our estimates for feasibility and weight.

Figure 20 (top) shows vertical displacement contours. The source of the vertical displacements is not just
the lift but also the rotation of the coil support frame due to internal Lorentz loads. Membranes bridge
from straight leg to straight leg. Three nested shell type support cylinders connect the coil to the chassis.

" They are located in the open regions between membranes and ends of the race track. The support they

provide is modeled with displacement constraints. The shell is assumed to be a 1/4 inch thick fiberglass
reinforced epoxy and the low modulus of the frame contributes to the magnitude of the displacements.

Figure 20 (bottom) shows the Von Mises stresses in the shell. The peak stress is 110 MPa and occurs

in the curved cantilevered ends. If necessary, this could be reduced by local reinforcement at higher stress
locations. Weight could also be saved by thinning of the shell at regions of lower stress.

§3.2.7.a.1. | _ 15
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Figure 18  Nodal force distribution on finite element model of coil in levitation module
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Centerline of
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Figure 19 Lift force distribution on one of two coils in a levitation module at high speed (quadrupole:

- V>150 w/s)

Figure 21 (top) is a finite element model of a representative nested shell support cylinder. Lateral loads
are applied which correspond to the lift force. The lower figure shows the displacements (magnified for
clarity) and the resulting peak Tresca Stress of 8 ksi.

Preliminary structural analyses have also been carried out for the propulsion coils. In this case, it can be
shown that the loads in the propulsion coils are also dominated by the internal loads of electromagnetic
origin and not by the thrust interaction with the magway. They are illustrated in Figure 22 as nodal forces
on the finite element model. Specifically, Figure 22 shows the model used to obtain Lorentz forces on
the outer two coils of the propulsion coils. Stress and displacement results for this case are shown in
Figure 23 and are at a reasonable level for this stage in the conceptual design process. In the model in
Figure 23, the coils are supported by a case which is connected to the coil via gapped elements. The case
was modeled with 1/4-inch thick stainless steel sheet. The results indicate that the case could be lightened.
The coil stresses are for the "smeared” conductor (local stresses in the conduit would be higher). The
diagonally oriented support cylinders are modeled with displacement constraints.

3.2.1.a.1.5. CONDUCTOR SELECTION

The superconductor configuration selected for both the levitation and propulsion coils on the vehicle is
a cable-in-conduit-conductor (CICC) as illustrated by the sample in the photograph in Figure 25. It
consists of multiple strands (eg-27 in the figure) of multi-filament Nb,;Sn, which are formed into a cable,
then enclosed in a steel conduit. The conduit serves as the channel for the working fluid which is
supercritical helium. This eliminates the need for the usual cold helium vessel that surrounds the entire
coil and that can be the source of a high heat load due to induced eddy currents if the cold vessel vibrates

during operation.

§3.21.a.l1. 21



System Concept Definition Report

Magneplane International

September 1992

jative

National Maglev Initi.

Vertical Oisntacement (meters)

Maximum Displacement = 3.46 mm

Case von Mises Stress

1/4 nch FRP Shetl

110 MPa Max Stress

Figure 20 Preliminary stress and displacemeni results
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Support Cyiinger Model

4000 ibs Totat per Cylinger

Peak Tresca Suess = 8 ksi

Figure 21 FEA of cold mass support cylinder
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Figure 23 Preliminary stress and displacement results for propulsion coils

§ 3.2.1.a.1.

25



Magneplane International
National Maglev Initiative

Conductor Type
Sheath Material
Wall Thickness

Quter Dimensions
Inner Dimensions

Strand Material
'Number of Strands
Strand Diameter
Strand Area

Cable Space Area
Helium Area

Void Fraction

System Concept Definition Report
September 1992

Cable-in-Conduit
304 SS
0.38 mm (0.015")

4.95x4.95 mm (0.195x0.195")
4.2x4.2 mm (0.165x0.165")

Nb,Sn with Cu

27

0.71 mm (0.028")

10.69 mm? (1.66¢-2 in?)
17.64 mm? (2.72e-2 in?)
6.95 mm? (1.06e-2 in?)

39%

Figure 24 Preliminary characteristics of maglev conductor
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Figure 25 Sample 6000 ampere cable-in-conduit conductor consisting of 27 strands of multifilamentary
copper-stabilized superconductor in a stainless steel sheath (full size is 0.2 ir?)

Analytical & experimental investigations in the fusion program have demonstrated the advantages of the
Cable-in-Conduit-Conductor (CICC) approach from the operational stability standpoint. A preliminary
study concerning the advantages of using this type of conductor in maglev applications has also been
performed.! The study showed that CICC conductors have an order of magnitude higher energy margin
for stability against disturbances than epoxy impregnated windings. Furthermore, it was shown that Nb;Sn
has a much higher energy margin than NbTi at a given temperature. In view of these results we have
selected the CICC approach as the baseline conductor configuration for this program.

The CICC in Figure 25 has an outside dimension of about 5x5 mm (0.2x0.2 in). The characteristics of
the conductor are summarized in Figure 24. This conductor was selected for illustration purposes because
it had been manufactured for another program and was available, hence, it is feasible. However, it was
not intended for this application and could be optimized. We will assume that we can scale it up or down
in size as we require and achieve the same overall current density. This is correct to first order since it
is a cable of conductors and an adjustment to current capacity can be made by adding or subtracting
strands in the cable or filaments in the individual conductors. It is also possible to adjust the size of the

IR.J. Thome, et al, "Application of Cable-in-Conduit-Conductor to MAGLEV Magnet Systems,"
Final Report prepared for VNTSC under Contract no. DTFR53-91-C-00042, July, 1992.
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latter or the ratio of matrix material to superconductor. Minor variations in Nbs;Sn CICC capability from
those assumed will have a minor impact on coil module weight or other general features. Note, however,
that the conductor shown could be used for this design, in which case the operating current would be
about 6300 A for the levitation coils and about 5400 A for the propulsion coils.

The critical current density for this conductor is shown in Figure 26 as a function of the magnetic flux
density experienced by the conductor and the operating temperature. This current density is based on the
current carried, divided by the outer envelope area of the conduit enclosing the cable.

The maximum flux density in the conceptual design for the levitation and propulsion coils in this study
are also indicated in Figure 26. The operating current density must be selected to be a fraction of the
critical current density so as to allow for stability of the conductor to operational disturbances which could
take the form of temperature excursions due to cryosystem fluctuations or losses generated by the
conductor under transient conditions.

The temperature and the magnetic flux density are not uniform throughout the windings in the respective
coil systems. In our case, the magnetic field experienced by the levitation winding at full current will
range from zero to 3.3 T and the temperature will range from 6K to a maximum of 8§ K. For the
propulsion coil, the maximum field is 5.05 T and the maximum temperature is also 8K. If the maximum
field point and maximum temperature point in either of the windings coincide, then this would be the
point of lowest margin relative to the critical current surface for the conductor. In these designs, the
operating fraction of critical current density on this basis was selected to be 40%. This should be ample
margin to allow for operational uncertainties at this stage of the design process, especially since the
maximum temperature and field points can be designed to occur at different points in the system.

The selection of an operating temperature was done in light of the impact on conductor operating
characteristics as well as system level trade-offs such as weight and auxiliary power required for the
cryogenic system. The cryogenic requirements in this system are fulfilled by a refrigeration subsystem
and a substantial weight reduction and power input reduction was realized by using a Nb;Sn CICC at an
operating temperature substantially higher than could be achieved with NbTi.

Figure 27 is representative of a typical electrical/hydraulic joint for a CICC such as that shown in
Figure 25. The three branches of the joint-- an electric terminal (lower right branch in Figure 27), a
length of conductor (lower left branch), and hydraulic tubing (upper right branch)-- meet at a stainless
steel block. The hydraulic tubing serves as an inlet for the flow of supercritical helium to the winding.

3.2.1.a.1.6. SUPERCONDUCTING COIL CHARGING PROCEDURE (NO CURRENT
LEADS PLUS EXTERNAL "FLUX" SUPPLY)

The method described in this section is considered proprietary and would allow superconducting coil
systems used for levitation, propulsion or guidance on maglev vehicles to be charged to their operating
current level without the use of current leads passing into the cryogenic vessel to the coil at low
temperature from the power supply at ambient temperature. This would alleviate one of the major sources
of heat load into the cryogenic vessel containing the coil system. It would also reduce the overall size of
the coil/cryogenic container envelope, simplify its mounting to the vehicle, increase reliability, and allow
coil charging, discharging, & recharging to be more automated for maintenance personnel.
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Figure 28 SC coil system with no current leads + external "flux" supply
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Figure 29 Cross-sectional view of a coil charging system (charging coils retracted)

Figure 28 illustrates the proposed method for charging the superconducting coils in the maglev system
under consideration. It consists of a power supply which acts as an external flux supply and which is
magnetically "coupled” to the superconducting coil to be charged. This baseline approach has no current
leads coming through the cryostat boundary from the main superconducting coil or circuit. Taken
together, the external power supply and the coil to be charged are a type of transformer. The terminals
of the superconducting coil are connected together (short circuited) within the cryostat, but a length of
the wire in the coil has a heater in close proximity to it. Outside the cryostat, another coil system, which
may be conventional or superconducting, is brought near the superconducting coil. Both coils are assumed

§3.2.1.al ' 31
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Charging Coils ' 2P

Figure 30 Possible configuration for a "turn-key" coil charging system

to be initially uncharged or in a zero current condition.

The current from the heater power supply is increased until the temperature of the main coil
superconducting wire near the heater is above its critical temperature and, therefore, resistive. This
becomes a resistance in series with the main coil. The current in the external coil is now raised to the

-necessary DC level by its power supply. During this time a small current will be induced in the main
superconducting coil and will decay in time depending on circuit parameters. The heater power supply
is now turned off and the main coil portion of wire allowed to regain its superconducting condition. Note
that operation at this point is somewhat different than a persistent switch, for example, because the wire
is not required to carry any significant current while recovering its superconducting condition as it must
in cases using a persistent switch. Finally, the external coil power supply or a switch is used to discharge
the external coil. This induces a current in the main superconducting coil in the cryostat by transformer
action.

The principles underlying this method ' are straight forward and have been demonstrated in other
applications. For example, it is the method used to induce the plasma current in a Tokamak (at the MIT
Plasma Fusion Center and elsewhere), where the plasma is analogous to the main superconducting coil
in this method and the ohmic heating transformer (coil) is analogous to the external coil system in this
method. As another example, an analogous process has been used at the MIT Plasma Fusion Center to
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Figure 31 Cross-sectional view of coil charging system with charging coils in the charging position
(extended)

induce a large current through a single turn superconducting coil to deduce the resistance of the joint.

Taking this proprietary method as the baseline charging approach for our application, we expect to
produce a conceptual design in the future of a "turn-key" system that would allow all coils in a bogie to
be charged simultaneously after cool down to operating temperature without the use of current leads

entering into the cryostats.
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Figure 30, Figure 29, and Figure 31 show various aspects of this "turn-key" charging system. Figure 30
shows a vehicle as it enters a typical charging station. Embedded in the magway is a set of
electromagnetic coils that are mirror images of the levitation coils in a bogie. These embedded coils act
as an external flux supply and form the primary side of the transformer-like charging system described
above.

Figure 29 is a cross-sectional view of the vehicle positioned over the embedded coils of the charging
station, prior to charging. In this figure, the coils within the magway are in a retracted position. The
vehicle is supported on air pads (not shown) that levitate the vehicle until its superconducting magnets
are energized. .

During charging, the embedded coils in the magway are mechanically extended as show in Figure 31.
This minimizes the gap between the charging system coils and the coils to be charged, and thereby
maximizes the inductive coupling between the two sets of coils for more energy efficient charging. After
charging the vehicle coils, the coils in the magway are in a discharged condition and are retracted beneath
the surface.
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3.2.1.a.2. CRYOGENIC REFRIGERATION SYSTEM (CRS)
3.2.1.2.2.0. CRS DESIGN CRITERIA
The CRS has been designed to meet the following major criteria:

1. Cooling of the magnets will be accomplished by a forced flow of supercritical helium through

the coils.
2. The temperature of helium exiting the coils will be 8 K or less.
3. The failure or quenqh of one magnet should not affect other magnets.
4 The magnet coils should stay active for at least 30 minutes after power loss to the CRS.

5. Heat shields cooled by liquid nitrogen (LN2) may be used in the magnets and/or piping to reduce
: the heat loads at 6-8 K, if appropriate.

6. High reliability.

7. Low power consumption.

8.  Minimal size and weight.
3.2.1.a.2.1. PROCESS DESIGN

3.2.1.a.2.1.1. HEAT LOADS

A preliminary thermal analysis of the magnet geometries defined by MIT leads to the results shown in
Figure 32. Assumptions used in developing the table are shown in Figure 33. Heat leak calculations
have been made for non-shielded and 90 K shielding (LN2), as shown. The table shows. the substantial
reduction in heat leak at 6-8 K achievable with the use of shields, i.e. by a factor of 5, with 90 K
shielding (LN2).

Heat leaks for the cryogenic piping and valves (to be described later) have been estimated based on what
has been achieved in commercial practice for both non-shielded and shielded lines.

System heat loads at the 6-8 K level and for the shields are summarized in Figure 34 and Figure 36 for
140 and 45 passenger Magneplanes, respectively. Shield coolant flows are also shown in the tables.

3.2.1.a.2.1.2. REFRIGERATION CYCLE
Magnet cooling will be accomplished by a flow of supercritical (i.e. at a pressure of approximately 3 atm)

helium as it warms from about 6 K to 8§ K. For the range of heat loads anticipated, and considering the
other design criteria, this flow of helium coolant can best be provided by a closed-cycle helium

§3.21a2 35
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Configuration--> No Shield | 90 K Shid
Temperatures Units
Shell K 300 300
Shield K - 90
Coil K 6 6
INSULATION
Emittance - 0.030 0.030
Layer Density No./cm 24 24
Degrad Factor - 4 3
Shield Area M2 - 2.00
Shield k W/cm-K - 1.10E-06
Shield No. Lyrs. - - 30
Shield Heat Flux W/em™2 - 1.85E-04
HT to Shield W - . 3.700|
. Coil Area M"2 1.50 1.50
Coil k W/cm-K 1.12E-06] 1.87E-07
Coil No. Lyrs. - 60 30
Coil Heat Flux W/cm"2 1.32E-04 1.26E-05
HT to Coil W 1.976 0.188
SUPPORTS
Force/Coil Lbs 20,000 20,000
Allow Stress psi 30,000 30,000
Geom. Factor - 2 2
Ax/Coil - cm™2 8.603 8.603
. L to Shield cm - St
k to Shield W/em-K - 0.0061
HT to Shield W - . 2.204
L to Coail cm 10 5
k to Coil W/cm-K 0.0052 0.003
HT to Coil W 1.315 0.434
TOTALS _
HT to Coil W 3.291 0.622
HT to Shield W - 5.904
No. of Coils - 14 14
Net Shields Load w - 73.951
Coils Load @ 6-8 K W 46.070 8.706
LN2 Flow Rate Lbs/Hr - 2.969
LN2 Flow Rate Ltrs/Hr - 1.680

Figure 32 Magnet heat leaks
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INSULATION:
1. 'k’ values are calculated using the NASA equation with degradation factor
applied, i.e.
k=DF[C1(N)" 1.56(Th+Tc) + C2*E(Th"4.67-Tc"4.67)/N(Th-Tc)]
Conductive Radiative
where

DF=Degradation Factor
C1=4.48E-12

C2=35.40E- 14

N=No. of layers/cm
T=Temperature, K

E=Total hemispherical emittance
k=Thermal conductivity, W/cm-K

2. Coil and shield areas are based on MIT drawing.
SUPPORTS:
1. Geometry factor attempts to account for supports in three directions.

2. Allowable stress and 'k’ values are based on G-11CR properties.

Figure 33 Notes and assumptions for magnet heat leaks calculations _
- ______ ]

refrigerator using a modified Claude cycle. It is a relatively simple cycle, employing two expanders and
Joule Thomson (J-T) expansion to provide the refrigeration, and is similar to the cycle used in many
commercial helium refrigerator/liquefiers.

Figure 35 shows a simplified flow diagram of the cycle along with process conditions at points throughout
the cycle. This is our baseline cycle. Its design heat load also assumes LN2 cooled shields for magnets,

lines and valves.
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Operation of the cycle is as follows: High pressure helium from the compressor flows through HX-1
where it is cooled by counter-flowing low pressure helium. The high pressure flow then splits into two
streams. One stream expands partially in EXP1, is cooled in HX-3, then expands in EXP2 and is
returned to the low pressure side between HX-4 and HX-5. .

The other stream continues through HX-2 through HX-6 and is cooled to low temperature by the
returning low pressure gas flow.

This stream then flows through the buffer tank. A portion expands to 3.5 atm in the J-T-1 valve and is
supplied to the magnet coils as coolant. The remainder expands through J-T-2 and enters the return side
of HX-6. The buffer tank is sized to store enough cold, high pressure helium to continue cooling the
magnets for 30 minutes in the event of a loss of power supplied to the CRS. In this event, the helium
from the tank, after passing through the magnet coils, would be vented to atmosphere.

Helium flow returning from the coils, from HX-6 and from EXP2 is used to cool the high pressure
stream in the HX train, as shown in the flow diagrams.

Several alternatives were considered before seiecting the baseline cycle depicted in Figure 35. The basic
parameters for the options considered are summarized in Figure 37. The use of LN2 shielding for
magnets, lines and valves substantially reduces the 6-8 K load for the refrigerator and, accordingly, the
compressor power input. Thus, shielding is highly desirable.

The additional use of LN2 for refrigerator precooling leads to a much higher usage rate and does not
appear to be attractive due to a larger on-board LN2 tank and increased fill times.

3.2.1.a.2.2. CRS DESIGN

A Process Flow Diagram (PFD) for the system is shown in PSI Drawing No. 8054-1335, Sheets 1 and
2. Sheet 1 shows the following major elements:

L. Helium compressor with oil cooler, after cooler and oil removal equipment, all skid mounted.
Alternate configuration can be developed for bulkhead mounting of after cooler and oil removal
equipment.

2. Cold box containing heat exchangers, expanders, piping and valves for the refrigerator cycle.

The cold box is maintained at high vacuum for thermal insulation purposes and cold components
are wrapped with multi-layer insulation (MLI). -

3. Cryogenic helium storage buffer tank for emergency operation, with vacuum jacket and MLI.

4. Ambient temperature helium gas storage tank to retain part of the helium inventory when the
system is warm.

5. N2 storage tank with vacuum jacket and MLI.

Sheet 2 shows the piping and valves to distribute the helium flow and LN? shield flow to the magnets.
The helium lines to and from the magnets would also have heat shields cooled by the flowing LN2 to
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HEAT LOADS SUMMARY
9/2/92|(No. Passengers=140)
No Shield | 90K Shid
6K Loads
20 Magnets

AC Losses w 20.0 20.0

Leads Conduction w

Insul. & Supports W 46.1 9.0

| Lines/Valves

Supply Lines " 19.0 9.0

Return Lines W 19.0 9.0

12 Valves W 12.0 6.0

Total W 116.1 53.0
Shield Loads

Magnets W - 74.0

Lines w - 320

Valves W - 24.0

Total W - A 130.0

LN2 Flow Lbs/Hr - 5.22
LN2 Flow Ltrs/Hr - 2.95

Figure 34 Heats loads summary (140-passenger)
|

minimize line heat leak to the 6-8 K helium.

The baseline CRS design has one cold box (and one compressor) supplying helium to all the magnets,
as the PFD’s indicate. With the cold box at one end of the Magneplane, long lines are required to
convey the helium to the magnets in the bogie at the other end. This is reflected in the relatively large
supply and return line heat leaks shown in Figure 34 and Figure 36.

Controls for the CRS compressor and. cold box would be similar to those used in commercial

refrigerator/liquefier systems. Helium flow control to the magnets, including means for quench
protection, merits further discussion. The concept illustrated in the PFD (PSI Drawing No. 8054-1335)

§ 3.2.1.a.2. 39
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shows the magnets connected in parallel with an open/close valve on the inlet line and a check valve in

GAS STORAGE
HIGH . LOv
PRESSURE COMPRESSOR PRESSURE
300K < 290.5K
12 ATM 2.05 ATM
167 /S ] 16.7 G/S
HX-1
71.2K 61.4K
" /exe. Hx-2
59K 59K
122 6/S 45 G6/S S6K
HX-3
13K 13K 10.8K
9.8K 9.6K
RX-S
83K 77K
(P}_X HX-6
| S
- 7.2K 5.2K
BUFFER TANK {
JT12
o
J-T1 6K
35 ATM 8 K
27 G/S 3 ATM
He He
SUPPLY RETURN
0 FROM

LOAD = 58 WATTS

Figure 35 CRS flow diagram
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i HEAT LOADS SUMMARY
o : 9/2/92|(No. Passengers=45)
’ _ No Shield | 90K Shld
6K Loads
20 Magnets
- AC Losses W 20.0 20.0
Leads Conduction W
Insul. & Supports W 46.1 9.0
Lines/Valves
Supply Lines W 13.0 6.5
Return Lines W 13.0] . 6.5
12 Valves w 12.0 6.0
Total A\ 104.1 48.0
Shield Loads
' Magnets W - 74.0
" Lines w - 22.0
Valves W - . 24.0
Total W - 120.0
LN2 Flow Lbs/Hr - 4.82
LN2 Flow Lirs/Hr - 2.73

Figui'e 36 Heat loads summary (45-passenger)
L

shows the magnets connected in parallel with an open/close valve on the inlet line and a check valve in
the exit line of each magnet. In addition, the helium return line from each bogie has a control valve to
control the return header pressure. The intent of the control system is to maintain the pressures in the
helium supply and return headers nearly constant. Equal helium flow to each magnet would then be
achieved by having the flow resistance of each magnet the same, with a fixed orifice for trim, if
necessary. In the event of a magnet quench, the inlet valve would be closed. The expanding helium
inventory in the coil would exhaust through the check valve into the return header.- The return header
pressure control valve would open somewhat to maintain header pressure at the set point, with the header
volume as a buffer to limit the pressure transient. Transient back flow to any of the other
(non-quenching) magnets would be prevented by the check valves. With the supply and return header

§ 3.2.1.a.2. ' 47
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CRS OPTIONS |

Basis: 140 Passenger Magneplane
Shield Cooling No LN2 LN2
Refrig. Pre-cooling No No LN2
Refrigerator
Capacity @ 6K W 116 53 | 53
Compressor Electric ‘
Power Input KW 110 55 35
LN2 Usage Lbs/Day 0 125 350
LN2 Usage Ltrs/Day 0 - N 198

Figure 37 CRS options

]

pressures maintained more or less constant, stable coolant flow to the non-quenching magnets would be
sustained. The relatively small volume of cold helium in the magnet conduit makes this possible and is
an advantage of the forced flow magnet design over a pool boiling design.

The overall characteristics and salient features of the baseline CRS are summarized in Figure 38. Major
components are further described in the following section.

3.2.1.a.2.3. CRS COMPONENTS

1. Expanders. PSI will employ turboexpanders in the CRS for the Magneplane. These units are
compact and relatively lightweight and, when properly integrated with the CRS, are very reliable and
require virtually no maintenance. "They have been used in all larger capacity helium refrigerators for
many years and, more recently, are being employed in smaller capacity systems. Accordingly, the
baseline refrigeration cycle has been tailored to the use of two turboexpanders operating in series, as
shown in the flow diagram.

The series arrangement reduces the pressure ratio across each turboexpander and increases its flow rate
(as compared to two parallel expanders) which are conditions conducive to good efficiency.
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System Specifications:

Cooling Capacity: 58 W at 6-8 K

Total Weight: 2500 kg (excluding cryogenic lines and valves)
Power Consumption: 69 kW

Cooling Air: TBD

Component Characteristics:

Component | Description Envelope Dimensions Weight (kg)
(m)

Cold Box Vertical cylinder 1.2Dx1.7H 700

Compressor Skid mounted with all accesso- | 1.3 Lx1.0Wx15H 1,200
ries . .

Cryogenic Buff- | Horizontal cylinder (approx. 05Dx10L 140

er Tank 110 liters) '

Helium Gas Horizontal cylinder (approx. 0.5D x1.5L 140

Storage Tank 250 liters)

0il Cooler/ Rectangular 1.5Wx1.2Hx02D | 240

Aftercooler ]

Control Panel Rectangular 10Hx1.0Wx05D 80

LN2 Storage Horizontal cylinder (approx. | 0.5Dx 1.0L 120

Tank 100 liters)

Figure 38 Baseline CRS summary table
e

The approximate characteristics of the turboexpanders that would be compatible with the cycle
requirements are shown in Figure 39. At the relatively small capacities/flow rates of interest, the units
must run at extremely high rotational speeds in order to achieve a reasonable efficiency. Since the speeds
are well beyond practical rotational speeds for oil bearings, gas bearings must be utilized. The use of
gas bearings has other advantages in that it removes the presence of oil from this part of the system. The
turboexpanders would be designs adapted from existing machines that have been built and tested. While
the rotational speeds may seem high, the corresponding rotor tip velocities are well within practice.
Externally pressurized, hydrostatic journal and thrust bearings will likely be used to achieve the maximum
level of robustness in terms of withstanding dynamic loads. The turboexpanders for integration with the
cycle would require complete design and development.
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Parameter T1 T2
pin (atm) 11.7 5.8
Tin (K) 71.2 : 13.0
pout (atm) 6.1 2.3
Flow (g/s) 12.24 12.24
Dia. (mm) 10 11
N (rev/sec) 6500 3700
Adiabatic Efficiency 0.75 0.75
Tout (K) 1 59.0 9.7
Net Refrig (W) ‘ 793 176

Envelope: Each approximately 100 mm diameter by 250 mm long
Weight: Each approximately 9 kilograms or less

Bearing Gas Flow: Each approximately 0.10 g/s at system high pressure
Figure 39 Approximate characteristics of compatible turboexpanders

An illustration of this type of turbine is shown in Figure 40. The power generated by the turbine is
absorbed by means of a centrifugal blower at the other end of the rotating shaft which acts as a brake.
The helium gas in the brake circuit is circulated by the blower through an air cooled heat exchanger and
a throttle valve (Note: Illustration shows a water cooled heat exchanger). The heat exchanger removes
from the system the heat energy equivalent to the shaft work generated by the turbine.

2. Helium Heat Exchangers. The type of heat exchanger used in PSI’s commercial helium
refrigerator/liquefiers is also applicable to Magneplane service, and its use is assumed in our baseline
CRS design. It is relatively compact and rugged, has good performance and is inexpensive to construct.
It consists of finned tubing wrapped helically around a mandrel and encased in a pressure boundary shell,
as shown in Figure 41. The high pressure stream in the cycle flows inside the tube around the helical
pass while the low pressure return flow passes in counter-flow over the fins in a direction parallel to the
axis of the mandrel. The low pressure flow passage is confined between inner and outer stainless steel
shells-and headers are provided at the ends for connections to the high pressure and low pressure streams.
If desired, a compact arrangement can be achieved by nesting the annular heat exchangers in the cycle
one within the other, as shown in the detail of the figure.
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An alternative type of exchanger which may be applicable is the conventional brazed-aluminum plate-fin
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Figure 40 Gas bearing turboexpander
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Figure 41 Finned-tube heat exchanger configuration

An alternative type of exchanger which may be applicable is the conventional brazed-aluminum plate-fin
heat exchanger such as used in larger capacity refrigerator/liquefier systems. These are generally
provided for much higher flow rates and tend to have long length when high effectiveness is required.
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Suction pressure, atm 2.0
Discharge pressure, atm ' 13.5
Pressure ratio 6.75
Mass flow, gfs 16.7
Suction temperature, K 290.5
Power input, kW 55

Figure 42 Process requirements for CRS compressor
. ________________________________________ ]

Some designs have been projected for helium refrigerators of the capacity of interest here. These designs
have used long, narrow cores separated into sections with the sections placed side by side to reduce the
package length. Although they may require greater volume in terms of overall package size, they may
offer a weight advantage. '

3. Compressor. The process requirements for the CRS compressor are listed in Figure 42. We have
selected an oil-flooded, twin screw compressor for our baseline CRS design.

4. Cryogenic Lines and Valves. Cryogenic lines and valves will be vacuum jacketed with multi-layer
insulation. Even so, as has been noted, the heat leaks to the 6 K helium associated with lines and valves
are a significant portion of the total. To minimize these heat leaks, our baseline CRS design employs
heat shielded lines and heat stationed valves with cooling for shields/stations provided by LN2 at 80-90
K. The use of heat shields/stations is common in systems where minimum heat leak is desired and the
design approaches are well established. A cross-section view of an LN2 shielded transfer line concept
is shown in Figure 43.

Extended-stem valves are commonly used to minimize heat leak. These can be heat stationed to further
reduce heat leak by bringing the LN2 cooled shield into thermal contact with the stem bonnet part way
between its warm and cold ends.

3.2.1.a.2.4. AREAS FOR DEVELOPMENT

Development activities that are required either to prove out a concept or to achieve an improvement over
the baseline design include the following:

1. Turboexpanders
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LN2 Return

Multi-layer insulation (typical

He Return He Supply

Copper or Aluminum

LN2 Supply G-10 Spacers

High Vacuum

Figure 43 Vacuum-jacketed, LN2 shielded transfer line concept

Design and build prototypes for the specified process conditions and integrate with the cold box.
Subject system to flow upsets and dynamic mechanical loads that are expected.

2. Regenerative Compressor

Design and build a prototype to assess performance. This type of machine offers a more
compact, oil-free alternative to the oil-flooded twin screw compressor.

3. Flow Distribution/Quench Protection/Refrigeration Capacity/Control Operation

Operation of the baseline system to distribute helium flow to the parallel-connected magnets and
to isolate a quenching magnet needs to be verified by test. This system would also be used to test
refrigerator refrigeration capacity. This engineering test system would be equipped with
additional temperature, flow and pressure instrumentation. Control system operation would be
demonstrated in all modes.
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4, System Reliability/Environmental Test/Maintenance Demonstration

A prototype system in the final production configuration should be tested to demonstrate
reliability and verify performance in expected environmental and vibration conditions. A
maintenance demonstration and verification of technical manuals can be accomplished with this

unit.
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3.2.1.b.  PROPULSION AND BRAKING SYSTEM

The Magneplane vehicle is propelled by a linear synchronous motor (LSM). The LSM is a two-part
system, consisting of steady-state superconducting propulsion magnets on the vehicle and an aluminum
meander winding that runs along the center of the magway trough. The fields from the vehicle-based
magnets interact with the continuously variable electronically controlled current in the LSM winding. The
current and frequency are controlled directly by the wayside control unit, and ultimately by the global
control center. Thus, propulsion and braking control in the Magneplane system is global.

3.2.1.b.1. THE LSM WINDING

Figure 44 shows an exploded view of a simplified three-phase LSM winding. Each phase of the winding
is a rectangular pattern which proceeds down the magway away from the converter. Current returns from
the far end by means of a winding which is a mirror image. of the outgoing winding. Both electrical
connections to each phase are at the converter end of the winding. The other two phases have the same
winding pattern but are each offset by 1/3 of a pole pitch from the preceding phase.

This winding structure has several beneficial features:

1. All connections are at the converter end.
2. It has mechanical symmetry which provides strength.
3. It has electrical symmetry which generates uniform magnetic fields.

3.2.1.b.2. THE TRAVELLING MAGNETIC FIELD

Three phase power will be used to energize the magway winding. Figure 45 shows how three-phase ac
power generates a travelling magnetic field. In this simplified diagram the phase conductors are shown
in three distinct locations which are separated by 1/3 of a pole pitch. The currents are shown at an
instant in time when the “"A" phase current is at its peak. The distribution of current along the magway
produces a vertical field component with an amplitude that varies sinusoidally along the x-axis. As the
phase currents change with time, a sinusoidal travelling wave is generated in the positive x direction.

Thrust is produced when the vertical (z-axis) component of the magnetic field interacts with currents in
the transverse conductors of the propulsion coils on the vehicle. Similarly, x-axis components of the
magway magnetic field interact with the propulsion coil conductors to produce z-axis forces. As long
as the available thrust exceeds the drag plus acceleration forces, the vehicle will move in synchronism
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Vertical Field Component

A. Travelling Vertical Field B,
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Figure 45 Linear synchronous motor operation
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the vehicle is "locked" to the travelling field.

3.2.1.b.3.. LSM WINDING DIMENSIONS

The width of the LSM winding was selected to use most of the 1.4 m distance between the bottom edges
of the levitation sheets. Allowance has been made for the end-turns of the winding, mechanical clearance
and ventilation spaces. The transverse portion of the winding, which generates the thrust, is 1.2 m wide.

The pole pitch of the winding was selected from analysis of an ideal sinusoidal magnetic field pattern.
Analytic optimization in constant current operation shows that the LSM flux density at the propulsion
coils is maximum when: ‘

p=mnz

where p is the pole pitch and z is the separation between the LSM winding and the coils. This would be
7/4 or 0.7854 m for z = 0.25 m. A pole pitch of 0.75 m has been selected.

The selection of a near optimum pole pitch contributes to the overall efficiency of the system and reduces
- space harmonics in the travelling field.

3.2.1.b.4. PROPULS-ION SYSTEM FORCES

Three-dimensional magnetic field modeling was used to compute the forces that arise from the interaction
between the magway field and the propulsion coils on the vehicle. The 3-dimensional model consists of .
a pair of propulsion coils 0.25 m above the LSM winding as shown in Figure 46. The coils were then
displaced in x and y with the winding currents fixed in time. The net force acting on the coil pair was
computed and scaled to represent total force on the vehicle.

Part A of Figure 47 shows how the thrust and levitation forces change when the coils are displaced in
the x-axis relative to the travelling wave produced by the LSM winding. The displacement is measured
as an angle such that 360° corresponds to one wavelength or twice the pole pitch. The angle is called
"thrust angle” and is related to (but not equal to) the torque angle discussed in the literature on rotating
synchronous machines.

The figure shows that levitation forces, as well as propulsion forces, are developed by the LSM - an
important feature in the design of the Magneplane system. The thrust angle determines how much thrust
and levitation are developed. Both forces are proportional to winding current at any fixed thrust angle.
These two facts make it possible to use thrust angle and winding current to control thrust and levitation
independently.

Modulation of the levitation force will be used for heave damping. A 20 degree range of thrust angle will

provide about + 18,000 N for damping. The nominal thrust angle of zero has been selected because
nearly linear control of heave is achieved for deviations around this angle and the impact on thrust is
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Two
propulsion

Figure 46 3D model for computing propulsion forces
L]
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relatively small in this range.

Part B of Figure 47 shows how x, y, and z-axis forces are developed when the propulsion coils are
displaced in the y-axis. Y-axis displacement decouples the propulsion coils from the LSM and reduces
the thrust as shown. Levitation, or it opposite - attraction, pull the vehicle towards the LSM. This results
in a lateral and vertical force component. The lateral force is stabilizing (toward the winding) when
attraction is developed and destabilizing (away from the winding) when levitation is developed.

The results shown in the figure were generated at a thrust angle of 45 degrees and are based on the
maximum thrust shown in Part A of the figure. The Y and Z forces at other thrust angles can be

computed by solving F=K*sin(alpha) for K with alpha = 45 and then using that expression to compute
the forces at other values of alpha. Thrust can be computed in a similar fashion using F=K*cos(alpha).

3.2.1.b.5. PROPULSION DESIGN SUMMARY

The baseline design of the Magneplane propulsion system has the following ratings which are based on
the 140 passenger vehicle:

1. 150 m/s design speed

2. 50,000 N base thrust

3. 7.5 MW mechanical power output.
A summary of the design of the propulsion system for the 140 passenger vehicle is shown in Figure 48.
All power and loss components for the baseline design are shown in the figure. The magway resistive
loss is based on the nominal LSM winding resistance.
Figure 48 also shows how the Magneplane system meets the following SOW requirements.

1. 3.5% grade at operating speed. Magneplane can climb a 4% grade at 134 m/s.

2. 10% grade at reduced speed. Magneplane can climb a 10% grade at speeds up to about
90 m/s.

A design summary for the propulsioﬁ system of the 45 passenger vehicle is shown in Figure 49.

3.2.1.b.6. PROPULSION PERFORMANCE

Propulsion performance is the net effect of thrust delivered by the propulsion system and drag acting on .
the vehicle.
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Design Speed 150 mfs
Thrust 50000 N
Mechanical Output Power 75 MW
Current 1075 A/phase
Winding Resistance 0.2 Ohms/phase
Power Budget
Newions MW %
- EM Drag 14558 22 29.1
" AeroDrag 24084 36 482
_Grade Allowance 11358 17 227
Mechanical Output 50000 75 100.0
Mechanical Output 75 91.5
Guideway Resistive Loss 0.7 8.5
Total Input Power 82 100.0
Propulsion Efficiency
LSM Efficiency 915 .
Wayside Converter Efficiency 95.0
Substation , other losses 20
Total Propulsion System Efficiency 85.2
Srade Capabity
Speed 50 75 100 134 150 mvs
Aero Drag 276 6021 10704 19220 24084 N
EM Drag 39111 26735 20603 15988 14558 N
Total Drag 41787 32756 31307 35208 38642 N
Thrust @ 7.5 MW 150000 100000 75000 §5970 50000 IN
Total Draq 41787 32756 31307 35208 38642 N
Thrust - Drag 108213 67244 43693 20762 11358 N
Grade Capability 2 14 9 4 2 %

Figure 48 Propulsion design symmetry for 140-passenger magplane
o R e
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Basis data for 45 Passemer Vehicle

Design Speed 150 nvs

Thrust 30000 N

Mechanical Qutput Power 45 MW

Cument 961 A/phase

Winding Resistance 0.2 Chms/phase
Power Budget

Newlons Mvl %

EMDrag 7279 1.1 243

Aero Drag 19125 29 63.8

Grade Aliowance 3596 05 12.0

Mechanical Output 30000 45 100.0

Mechanical Output 45 89.0

Guideway Resistive Loss 0.6 11.0

Total Input Power 5.1 100.0
Propulsion Efficiency

LSM Efficiency 89.0

Wayside Converter Efficiency 85.0

.Substation , other losses 2.0

Total Propulsion System Efficiency 829
Grade Capabilty
Speed 50 75 100 134 150_mvs
Aero Drag 2125 4781 8500 15263 19125 N
EM Drag 19556 13367} 10302 7994 7279 N
Total Drag 21681 18149 ~ 18802 23257 26404 N
Thrust @ 5.5 MW 90000 60000 45000 33582 30000 N
Total Drag 21681 18149] 18802 23257 26404 N
Thrust - Drag 68319 41851 26198 10325 3586 N
Grade Capability 28 17 11 4 1 %

Figure 49 Propulsion design symmetry for 45-passenger magplane
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3.2.1.b.6.7. DRAG COMPONENTS

Figure 50 shows the drag components which can act on the Magneplane vehicle in different modes of
propulsion. The components are defined as follows:

Aerodynamic drag. Drag to the vehicle body travelling through air. This term includes the
effect of control surfaces and wind gusts.

Landing gear friction. Landing gear friction assumes a constant coefficient of friction of 0.05.
But one of the following two effects applies, depending on the magway material.

° Friction caused by the landing gear material sliding against a non-conductive magway
material. No levitation force is developed and the entire vehicle weight is supported by
the landing gear.

e Friction caused by the landing gear material sliding on aluminum levitation sheets.

Electromagnetic lift reduces the weight supported by the landing gear and the
corresponding drag term is reduced. '

Electromagnetic (EM) Drag. One of the following two effects applies, depending on the
propulsion mode of operation.

] EM drag at constant height. Electromagnetic drag caused by the levitation coils passing
over .the levitation sheets while the vehicle is supported at a constant height by the
landing gear.

] EM Drag at.constant lifi. Electromagnetié drag caused by the levitation coils passing

over the levitation sheets while the vehicle is magnetically levitated. The lift is constant
but drag and height depend on vehicle speed.

Note that the drag terms have been shown over the whole speed range for illustration purposes. Some
of the terms are encountered only over specific ranges of speed. For example, Magneplane operates on
landing gear at low speeds so the constant height EM drag should be used rather than the constant lift

EM drag.

3.2.1.b.6.2. LEVITATION MODES

The Magneplane vehicle can operate in three distinct levitation modes which are described as follows:
Mode I. Low speed operation with landing gear extended. The aluminum levitation sheets are
replaced with alternate materials to eliminate low speed EM drag. Drag in this mode consists
of landing gear friction plus aerodynamic drag.
Mode II. Intermediate speed operation with landing gear eéxtended over aluminum levitation

sheets. Drag in this mode consists of aerodynamic drag, EM drag at constant height and landing
gear friction, which is reduced due to partial EM levitation.

§ 3.2.1.b. 59
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Mode III. Normal operation, magnetically levitated. Drag consists of aerodynamic drag and
EM drag, which is based on the lift/drag ratio.

3.2.1.6.6.3. DRAG AND PROPULSION ANALYSIS

EM drag components are the combined result of complex computer and manual calculations and generally
cannot be represented by simple closed-form expressions. Nonetheless approximations for these and other
drag terms were derived to facilitate propulsion system analysis activities during this project. The results
are shown in Figure 51, where the terms are:

1. v = vehicle speed in m/s.

2. u = landing gear coefficient of friction, 0.05.

3. FL/FD is the lift-to-drag ratio for a 2 cm levitation sheet and the specific geometry of the

levitation coils. It-can be approximated as:
FL/FD = —0.12686 + 0.31863v — 0.00033V*.
4. W,q; is the total force on both levitation sheets

° 605,505 N for the 140 passenger vehicle
° 302,528 N for the 45 passenger vehicle

S5 f.n is the EM drag in Mode II.

These approximations are only accurate over applicable ranges of speed. For example, the Mode II EM
drag is accurate only up to about 50 m/s. Mode III terms are accurate over the range 30 to 150 m/s.

3.2.1.b.6.4. PROPULSION CAPABILITY

Propulsion capability for the 140 passenger vehicle is shown in Figure 52. The LSM operates with a
constant thrust of 150,000 N up to 50 m/s and with a constant power of 7.5 MW and decreasing thrust
up to 150 m/s.

Propulsion capability for the 45 passenger vehicle is shown in Figure 53. The LSM operates with a
constant thrust of 150,000 N up to 50 m/s and with a constant power of 7.5 MW and decreasing thrust
up to 150 m/s. ‘

A ,«‘\,:,"
Py LA
In both figures the vehicle operates in Mode I up to 30 m/s. Then a transition occurs in which the landing
gear are gradually retracted and a portion of the vehicle weight is supported magnetically. Complete EM
lift occurs at S0 m/s. The vehicle is magnetically levitated in Mode III above 50 m/s. Operation during

the landing gear transition is discussed in detail in section 3.2.3.1i.
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MODE | MODE It MODE ill
Aerodynamicdrag |\ 4 o794 .2 1.0704 -2 1.0704 -2
EM Drag 0 64,513 [600"- %] W,/ %
La"ndi'ng Gear ' . FL
Friction Weg "1t [Wadl - (’ﬁ ) fem)] H 0
45-Passenger Vehicle
' MODE | MODE Il MODE Il
Aerodynamic drag 0.85 + V2 0.85 + V2 0.85 + V2
EM Drag 0 32,256 [e00M_g0%] W, / %
Landing Gear . FL
Friction Wos "1 [W“dj ) (T:ﬁ . f°m)] g ’

Figure §1 Calculation procedure for drag components
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3.2.1.c. VEHICLE STRUCTURE AND LAYOUT

Section 3.2.1.c. contains the specifics on the vehicle fuselage, placement and weights of components, and
regulatory requirements. Supplement D contains additional vehicle detail.

There are two sizes of vehicles currently under design: a 45-passenger and a 140-passenger version. A
freighter variant is also under design (see Supplement D, section B).

3.2.1.c.1. SUBSYSTEMS OVERVIEW

The vehicle subsystems are listed below. Some of the subsystems are described in more detail in other
parts of section 3.2.1. '

3.2.1.c.1.1. SEATING:

Seating is five (5) passengers in each row, two (2) on the left side of an aisle and three (3) on the right
side, a seating configuration similar to current airliner practices. The vehicle cross section showing the
seating configuration is shown in Figure 54. The vehicle side view of passenger seating is shown in
Figure 55. The aisle meets the criteria of FAR 25.815, which requires an aisle of 15 inches (.38 m)
within 25 inches (.63 m) of the floor and 20 inches (.51 m) above this height. The cabin compartment
of the 45 and 140 passenger configurations are essentially the same except for length. The 45 passenger
vehicle is shown in Figure 56 and the 140 passenger vehicle is shown in Figure 57.

3.2.1.¢c.1.2 PASSENGER DOORS

Four (4) doors are provided, one (1) on each side at both the front and the rear. The doors are sliding
and moved open and closed by an actuating system powered by compressed air.

3.2.1.¢.1.3. BAGGAGE

A baggage and freight compartment is provided aft of the rear doors, which permits carry-on baggage
to be deposited there by the passengers as they board the vehicle. Overhead baggage storage is also
provided, similar to current passenger airliners.

3.2.7.c.1.4. EMERGENCY EGRESS

Escape hatches are provided in the passenger area similar to current aircraft practices, and a forward and

rear escape hatch is provided which permits passengers to egress onto the elevated magway without ramps
or other special equipment.
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3.2.1.c.1.5. INTERIOR AMENITIES

Interior amenities appropriate to a commuter type vehicle will be installed, including handrails, armrests,
interior panels, window estucheons, reading lights and air outlets.

3.2.7.c.1.6. CONSTRUCTION MATERIALS

The baseline vehicle structure is fabricated of advanced composite materials. The vehicle structure
consists of a sandwich composite shell which is capable of carrying all design loads with an appropriate
safety factor. The shell sandwich is composed of graphite epoxy or kevlar face sheets on both sides of
a Nomex honeycomb core. The core thickness is approximately 1.5 inches (.04 m). Windows and door
frames are integrally bonded during the sandwich layup and curing process. These materials showed an
8,000+ Ib (3540 kg) weight savings in a trade study, (Supplement D, Section E) and had superior life
characteristics compared to aluminum aircraft type construction. The aluminum materials did show lower
initial acquisition costs and the decision to‘gﬁ%&dlic materials should await a more detailed life
cycle cost analysis of the two concepts, which was' beyond the scope of this study. A fine mesh of
aluminum wires is bonded into the outer skin laminate to provide protection from direct lightning strikes.
Other appropriate protection features such as foil groundplanes and bonding straps are provided, where
appropriate, to protect the vehicle and personnel from the effects of a design lightning strike. The forward
part of the vehicle shall be protected from birdstrikes. An alternate metallic vehicle structure is described
in Supplement D, Section E.

3.2.1.c.1.7. CONTROL SURFACES

Active aerodynamic control surfaces are used to provide stability augmentation and ride control. Two
(2) horizontal stabilators are provided at the front of the vehicle, and two (2) horizontal control surfaces
are provided at the aft end. These surfaces are capable of generating both pitch and roll control forces.
A vertical yaw canard is provided on the forward end and a conventional fin and rudder at the aft end
(see Figure 58), which are capable of generating yaw stabilization and control forces as well as side force
generation. These surfaces are actuated by a stability augmentation system described in Supplement D,
Section C.

3.2.1.¢c.1.8. LEVITATION & PROPULSION MAGNETS

The super-cooled levitation and propulsion magnets are installed in a module on the belly at the forward
and aft end of the vehicle and are removable for ease of maintenance (see Figure 59, Figure 60, and
Figure 61, and section 3.2.1.a.1.). A liquid helium cryogenic system is located at the back of the vehicle.
(See section 3.2.1.a.2.)

3.2.1.c.1.9. ELECTRICAL POWER
On-board electrical power is supplied by induction from the magway by means of power pick-up coils,
which are located along the vehicle belly centerline, between the landing gear modules. (See Figure 59,

Figure 60, and Figure 61.)

3.2.1.¢.1.10. PRESSURIZATION
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The cabin is pressurized when the vehicle is underway at a nominal 1/2 psi (3450 N/m?) pressurization
to protect passengers from pressure "bumps" when passing other vehicles or structures. This is a ram
air pressurization system.

The nominal 1/2 psi (3450 N/m?) cabin pressurization system is designed to limit pressure altitude
changes to a 500 ft/min (2.5 m/s) rate which is consistent with aviation practices to limit passenger
discomfort.

3.2.1.¢c.1.11. ENVIRONMENTAL SYSTEMS

Air conditioning, heating, and ventilation are provided through a system of ducts and blowers (20 CFM
per occupant) (see Figure 62). Suitable air inlets, exits, heat exchangers and related ducts and components
are provided to meet the passenger environmental needs.

3.2.1.c.1.12. LANDING GEAR

The landing gear consists of a system of retractable ski-type skids, supported by oleo pneumatic shock
struts. The landing gear skids, when extended have a coefficient of friction of .05 and support the
vehicle at speeds below the minimum levitation speed, approximately 60 mph (27 m/s) .

This set of skids is fitted with anti-friction air bearing pads, which provide for the low coefficient of
friction when supplied with compressed air through a manifolding system. The landing gear uses a
trailing link type suspension with a tailored oleo shock strut to provide for smooth ride qualities when
the vehicle is accelerating or decelerating on the landing gear. A hydraulic retraction system is provided
with uplock and downlock provisions to fix the gear in the appropriate positions. The ski/skid base
incorporates features to allow it to support the vehicle in the curved magway, as well as on a flat surface
as might be encountered in a station or maintenance area. The ski/skid configuration is shown in
Figure 63. The anti-friction pneumatic skid pad is shown in Figure 64.

3.2.1.c.1.12.1. EMERGENCY BRAKING

While normal braking is provided by the propulsive magnets, a second set of skids is fitted with a high
friction set of pads and is used for the emergency brake system. This set of skids provides for a
coefficient of friction of 0.5 to 0.6 when deployed and does not have the air manifolding system. This

system is fitted with a hydraulic retraction system similar to the primary landing gear and is deployed by
firing an air/hydraulic accumulator.

3.2.1.¢.1.13. ANTI-ICE SYSTEM

Appropriate portions of the vehicle exterior will be anti-iced or deiced, which may include control
surfaces, air inlets, skid system, etc.

3.2.1.c.1.14 EXTERNAL LIGHTING

External lighting will meet criteria established by the Federal Railroad Administration.

3.2.1.¢.1.15. REGULATORY REQUIREMENTS
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The Magneplane vehicle shall meet criteria similar to Federal Aviation Regulation Part 25 as outlined in
the following paragraphs.

3.2.1.c.1.15.1. FUNCTION AND INSTALLATION (25.1301)

All systems on the vehicle shall be installed similar to the criteria of Federal Aviation Regulation 25.1301
as follows: ‘

Each item of installed equipment must -
(a) Be of a kind and design appropriate to its intended function;
(b) Be labeled as to its identification,function, or operating limitations, or any applicable
combination of these factors;
(c) Be installed according to limitations specified for that equipment; and
(d) Function properly when installed.

3.2.1.¢c.1.15.2. EQUIPMENT, SYSTEMS, AND INSTALLATIONS (25.1309)
All systems on the vehicle shall meet criteria similar to FAR 1309 as follows:

(a) The equipment, systems, and installations .... must be designed to ensure that they perform
* their intended functions under any foreseeable operating condition.

(b) The ... systems and associated components, considered separately and in relation to other

systems,must be designed so that -

(1) The occurrence of any failure condition which would prevent the continued safe flight and

landing of the vehicle is extremely improbable, and

(2) The occurrence of any other failure conditions which would reduce the capability or the
~ ability of the crew to cope with adverse operating conditions is improbable.

(c) Warning information must be provided to alert the crew to unsafe system operating

conditions, and to enable them to take appropriate corrective action. Systems, controls,and

associated monitoring and warning means must be designed to minimize crew errors which could

create additional hazards.

3.2.1.c.1.15. 2; 1. SYSTEM REDUNDANCY

In addition, provisions similar to FAR Special Conditions 13 as published in the Federal Register Vol
151, 153 dated 8/8/86, shall be applicable to Magneplane as follows:

"It must be shown that there will be no single failure or probable combination of failures under
any anticipated operating condition which would prevent the continued safe operation, or it shall
be shown that such failures are extremely improbable."”

3.2.1.¢.1.15.3. HUMAN FACTOR CONSIDERATIONS
Crash requirements contained in the Statement of Work only addressed a five (5) mph (2.2 m/s)
automotive type crash requirement. This does not seem adequate for a 300 mph (134 m/s) vehicle, and

the aviation requirements of the Federal Aviation Regulations have been self-imposed upon the design.
These requirements include:
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3.2.1.¢.1.15.3.1. EMERGENCY CONDITIONS GENERAL (25.561)

(a) The vehicle, although it may be damaged in emergency conditions must be designed as prescribed
in this section to protect each occupant under those conditions.
(b) The structure must be designed to give each occupant every reasonable chance of escaping serious
injury in a minor crash when -
(1) Proper use is made of seats, belts, and all other safety design provisions;
(3)The occupant experiences the following ultimate inertia forces acting separately relative to the
surround structure: '
(i) Upward, 3.0 g
(ii) Forward, 9.0 g
(iii) Sideward, 3.0 g on the airframe; and 4.0 g on the seats and their attachments.
(iv) Downward, 6.0 g
(v) Rearward, 1.5 g ‘
(c) The supporting structure must be designed to restrain, under all loads up to those specified in
Paragraph (b)(3) of this section, each item of mass that could injure an occupant if it came loose in a
minor crash landing.
(d) Seats and items of mass (and their supporting structure) must not deform under any loads up to those
specified in Paragraph (b)(3) of this section in any manner that would impede subsequent rapid evacuation
of occupants.

3.2.1.¢.1.15.3.1. 1. EMERGENCY DYNAMIC CONDITIONS (VEHICLE) (25.562)

(a) The seat and restraint system in the vehicle must be designed as prescribed in this section to protect
each occupant during an emergency condition when -
(1) Proper use is made of seats, safety belts, and...(other features) provided for in the design; and
(2) The occupant is exposed to loads resulting from the conditions prescribed in this section.
(b) Each seat type design approved for crew or passenger occupancy must successfully complete dynamic
tests or be demonstrated by rational analysis based on dynamic tests of a similar type seat, in accordance
with each of the following emergency conditions. The tests must be conducted with an occupant

.simulated by a 170-1b (77 kg) anthropomorphic test dummy, as defined by 49 CFR Part 572, Subpart B,

or its equivalent, sitting in the normal upright position. (1) A change in downward vertical velocity (delta
v) of not less than 35 feet (10 m) per second, with the ...(vehicle’s)... longitudinal axis canted downward
30 degrees with respect to the horizontal plane. Peak floor deceleration must occur in not more than 0.08
seconds after impact and must reach minimum of 14 g. (2) A change in forward longitudinal velocity
(delta v) of not less than 44 feet (13 m/s) per second, with the... (vehicle’s)... longitudinal axis horizontal
and yawed 10 degrees either right or left, whichever would cause the greatest likelihood of the upper
torso restraint system (where installed), moving off the occupant’s shoulder, and the vehicle level. Peak
floor deceleration must occur in not more than 0.09 seconds after impact and must reach a minimum of
16 g. Where floor rails or floor fittings are used to attach the seating devices to the test fixture, the rails
or fittings must be misaligned with respect to the adjacent set of rails or fittings by at least 10 degrees
vertically (i.e., out of parallel) with one rolled 10 degrees. '

(c) The following performance measures must not be exceeded during the dynamic tests conducted in

accordance with Paragraph (b) of this section:
(1) Where upper torso straps are used for crew members, tension loads in individual straps must

not exceed 1,750 pounds(795 kg). If dual straps are used for restraining the upper torso, the total
strap tension loads must not exceed 2,000 pounds (909 kg).
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(2) The maximum compressive load measured between the pelvis and the lumbar column of the

anthropomorphic dummy must not exceed 1,500 pounds (682 kg).

(3) The upper torso restraint straps (where installed) must remain on the occupant’s shoulder
- during the impact.

(4) The lap safety belt must remain on the occupant’s pelvis during the impact.

(5) Each occupant must be protected from serious head injury under the conditions prescribed in

paragraph (b) of this section. Where head contact with seats or other structure can occur,

protection must be provided so that the head impact does not exceed a Head Injury Criteria of

1,000 units.

(6) Where leg injuries may result from contact with seats or structure, protection must be

provided to prevent axially compressive loads exceeding 2,250 pounds (1023 kg)in each femur.

(7) The seat must remain attached at all points of attachment, although the structure may have

yielded.

(8) Seats must not yield under the tests specified in Paragraphs (b)(1) and (b)(2) of this section

to the extent they would impede rapid evacuation of the vehicle occupants.

I3

3.2.1.¢.1.15.3.2. DOORS (25.783)

(a) Each cabin must have at least one easily accessible external door.

(b)There must be a means to lock and safeguard each external door against opening in transit (either
inadvertently by persons or as a result of mechanical failure or failure of a single structural element either
during or after closure). Each external door must be openable from both the inside and the outside, even
though persons may be crowded against the door on the inside of the vehicle. Inward opening doors may
be used if there are means to prevent occupants from crowding against the door to an extent that would
interfere with the opening of the door. The means of opening must be simple and obvious and must be
arranged and marked so that it can be readily located and operated, even in darkness. Auxiliary locking
devices may be used.

(c) Each external door must reasonably free from jamming as a result of fuselage deformation in a minor
crash.

(¢) There must be a provision for direct visual inspection of the locking mechanism to determine if
external doors, for which the initial opening movement is not inward (including passenger, crew service,
and cargo doors), are fully closed and locked. The provision must be discernible under operational
lighting conditions by appropriate crew members using a flashlight or equivalent lighting source. In
addition, there must be a visual warning means to signal the appropriate crew members if any external
door is not fully closed and locked. The means must be designed such that any failure or combination
of failures that would result in an erroneous closed and locked indication is improbable for doors for
which the initial opening movement is not inward.

(f) External doors must have provisions to prevent the initiation of pressurization of the vehicle to an
unsafe level if the door is not fully closed and locked. In addition, it must be shown by safety analysis
that inadvertent opening is extremely improbable.

(g) Cargo and service doors not suitable for use as emergency exits need only meet Paragraphs (e) and
(f) of this section and be safeguarded against opening in transit as a result of mechanical failure or failure
" of a single structural element.

(h) Each passenger entry door in the side of the fuselage must qualify as a passenger emergency exit.
() All lavatory doors must be designed to preclude anyone from becoming trapped inside the lavatory,
and if a locking mechanism is installed, it be capable of being unlocked from the outside without the aid
of special tools.
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3.2.1.¢.1.15.3.3. SEATS, BERTHS, SAFETY BELTS AND HARNESSES (25.785)
Seating is configured to five abreast configuration as shown in Figure 54.

Seat pitch has been established as 32 inches (.81 m), which is consistent with passenger and commuter
airplane requirements (shown in Figure 55).

Seats shall meet criteria similar to the aircraft transport requirements established in FAR 25.785 as
follows: g

(a) A seat must be provided for each occupant who has reached his or her second birthday.
(b) Each seat, berth, safety belt, harness, and adjacent part of the vehicle at each station
designated as occupiable must be designed so that a person making proper use of these facilities
will not suffer serious injury in an emergency as a result of the inertia forces specified in 25.561
and 25.562.
(c) Each seat or berth must be approved.
(0 Each seat or berth, and its supporting structure, and each safety belt or harness and its
anchorage must be designed for an occupant weight of 170 pounds (77 kg), considering the
maximum load factors, inertia forces, and reactions among the occupant, seat, safety belt and
harness for each relevant load condition (including the emergency conditions prescribed in
25.561). In addition -
(1) The structural analysis and testing of the seats, berths, and their supporting structures
may be determined by assuming that the critical load in the forward, sideward,
downward, upward and rearward directions (as determined from the prescribed
emergency conditions) acts separately or using selected combinations of loads if the
required strength in each specified direction is substantiated. The forward load factor
need not be applied to safety belts for berths.
(3) The inertia forces specified in 25.561 must be multiplied by a factor of 1.33 (instead
of the fitting factor prescribed in 25.625) in determining the strength of the attachment
of each set to the structure and each belt or harness to the seat or structure.
(g) Each seat at a crew station must have a restraint system... There must be a means to secure
each combined restraint system when not in use to prevent interference with the operation of the
vehicle and with rapid egress in an emergency.
(i) Each safety belt must be equipped with a metal to metal latching device.
() If the seat backs do not provide a firm handhold, there must be a handgrip or rail along each
aisle to enable persons to steady themselves while using the aisles...
(k) Each projecting object that would injure persons seated or moving about ... in normal flight
must be padded.

3.2.1.¢c.1.15.3.4. STOWAGE COMPARTMENTS (25.787)

(a) Each compartment for the stowage of cargo, baggage, carry-on articles and equipment and any other
stowage compartment, must be designed for its placarded maximum weight of contents and for the critical
load distribution at the appropriate maximum load factors corresponding to the specified load conditions,
and to the emergency conditions of 25.561(b), except that the forces specified in the emergency
conditions need not be applied to compartments located below, or forward, of all occupants in the vehicle.
If the vehicle has a passenger seating configuration, excluding crew seats, of 10 seats or more, each
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stowage compartment in the passenger cabin, except for underseat and overhead compartments for
passenger convenience, must be completely enclosed.

(b) There must be a means to prevent the contents in the compartments from becoming a hazard by
shifting, under the loads specified in Paragraph (a) of this section. For stowage compartments in the
passenger and crew cabin, if the means used is a latched door, the design must take into consideration
the wear and deterioration expected in service. '

(c) If cargo compartment lamps are installed, each lamp must be installed so as to prevent contact
between lamp bulb and cargo.

3.2.1.¢.1.15.3.5. RETENTION OF ITEMS OF MASS IN PASSENGER AND CREW
COMPARTMENTS (25.789)

(a) Means must be provided to prevent each item of mass in a passenger or crew compartment from
becoming a hazard by shifting under the appropriate maximum load factors corresponding to the specified
load conditions, and to the-emergency conditions of 25.561(b).

(b) Each interphone restraint system must be designed so that when subjected to the load factors specified
in 25.561(b)(3), the interphone will remain in its stowed position.

3.2.1.¢.1.15.3.6. PASSENGER INFORMATION SIGNS AND PLACARDS. (25.791)

(a) If smoking is to be prohibited, there must be at least one placard so stating that is legible to each
person seated in the cabin. If smoking is to be allowed, and if the crew compartment is separated from
the passenger compartment, there must be at least one sign.notifying when smoking is prohibited. Signs
which notify when smoking is prohibited must be operable by a member of the crew and, when
illuminated, must be legible under all probable conditions of cabin illumination to each person seated in
the cabin.

(b) Signs that notify when seat belts should be fastened and that are installed to comply with the operating

rules of this chapter must be operable by a member of the crew and when illuminated, must be legible

under all probable conditions of cabin illumination to each person seated in the cabin.

(©) A placard must be located on or adjacent to the door of each receptacle used for the disposal of
flammable waste materials to indicate that use of the receptacle for disposal of cigarettes, etc., is
prohibited. '

(d) Lavatories must have "No Smoking" or "No Smoking in Lavatory” placards conspicuously located
on or adjacent to each of the entry doors.

(e) Symbols that clearly express the intent of the sign or placard may be used in lieu of letters.

3.2.1.c.1.15.3.7. FLOOR SURFACES (25.793)

The floor surface of all areas which are likely to become wet in service must have slip resistant
properties. ’

3.2.1.¢..3.15.3.8. EMERGENCY EVACUATION (25.803)
~(a) Each crew and passenger area must have emergency means to allow rapid evacuation ...
(©) ... it must be shown that the maximum seating capacity including the number of crew members

required ... can be evacuated from the vehicle to the ground under simulated emergency conditions within
90 seconds.
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Emergency exits shall be provided per FAR 25.807, two Type 1 exits on each side of the vehicle between
the front and rear doors. This includes the following requirement:

Type I. This type is a floor level exit with a rectangular opening of not less than 24 inches (.6
m) wide by 48 inches (1.22 m) high, with corner radii not greater than one-third the width of the
exit.

3.2.1.¢.1.15.3.9. EMERGENCY EXIT ARRANGEMENT (25.809)
The emergency exit arrangement (see Figure 65) shall meet the guidelines of FAR 25.809 as folloWs:

(a) Each emergency exit, including a crew emergency exit, must be a movable door or hatch in the
external walls of the fuselage, allowing unobstructed opening to the outside.
(b) Each emergency exit must be openable from the inside and the outside...

Each emergency exit must be capable of being opened when there is no fuselage deformation -
(1) With the ...vehicle... in the normal ground attitude and in each of the attitudes corresponding
to collapse of one or more legs of the landing gear; and
(2) Within 10 seconds measured from the time when the opening means is actuated to the time
when the exit is fully opened.
(c) The means of opening emergency exits must be simple and obvious and may not require exceptional
effort.
(f) There must be a means to lock each emergency exit and to safeguard against its opening in transit,
either inadvertently by persons or as a result of mechanical failure. In addition, there must be a means
for direct visual inspection of the locking mechanism by crew members to determine that each emergency
exit, for which the initial opening movement is outward, is fully locked.
(g) There must be provisions to minimize the probability of jamming of the emergency exits resulting
from fuselage deformation in a minor crash.

The primary emergency exits are at the forward and aft end of the vehicle, which permits evacuation onto
the magway, In addition, the side opening doors provide an alternate escape path, as well as side opening
escape hatches located between the doors

/Uy /(/1’ At (@ /;1 @

3.2.1.¢.1.15.3.10. EMERGENCY EXIT MARKING (25.811)

(a) Each passenger emergency exit, its means of access, and its means of opening must be conspicuously
marked.
(b) The identity and location of each passenger emergency exit must be recognizable from a distance
equal to the width of the cabin.
(c) Means must be provided to assist the occupants in locating the exits in conditions of dense smoke.
(d) The location of each passenger emergency exit must be indicated by a sign visible to occupants
approaching along the main passenger aisle (or aisles). There must be -
(1) A passenger emergency exit locator sign above the aisle (or aisles) near each passenger
emergency exit, or at another overhead location if it is more practical because of low headroom,
except that one sign may serve more than one exit if each exit can be seen readily from the sign;
(2) A passenger emergency exit marking sign next to each passenger emergency exit, except that
one sign may serve two such exits if they both can be seen readily from the sign; and
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(3) A sign on each bulkhead or divider that prevents fore and aft vision along the passenger cabin
to indicate emergency exits beyond and obscured by the bulkhead or divider, except that if this
is not possible, the sign may be placed at another appropriate location.
(e) The location of the operating handle and instructions for opening exits from the inside of the airplane
must be shown in the following manner:
(1) Each passenger emergency exit must have, on or near the exit, a marking that is readable
from a distance of 30 inches (.76 m),
(2) Each Type I passenger emergency exit operating handle must -
(i) Be self-illuminated with an initial brightness of at least 160 microlamberts; or
(ii) Be conspicuously located and well illuminated by the emergency lighting seen in
conditions of occupant crowding at the exit.
(4) Each Type I passenger emergency exit with a locking mechanism released by rotary motion
of the handle must be marked -
(i) With a red arrow, with a shaft of at least three-fourths of an inch wide and a head
twice the width of the shaft, extending along at least 70 degrees of arc at a radius
approximately equal to three-fourths of the handle length.
(ii) So that the centerline of the exit handle is within 1 inch (.025 m) of the projected
point of the arrow when the handle has reached full travel and has released the locking
mechanism, and
(iii) With the word "open"” in red letters 1 inch (.025 m) high placed horizontally near
the head of the arrow.
(f) Each emergency exit that is required to be enable from the outside, and its means of opening, must
be marked on the outside of the airplane. In addition, the following apply:
(1) The outside marking for each passenger emergency exit in the side of the fuselage must
include a 2-inch (.05 m) colored band outlining the exit.
(2) Each outside marking including the band, must have color contrast to be readily
distinguishable from the surrounding fuselage surface. The contrast must be such that if the
reflectance of the darker color is 15% or less, the reflectance of the lighter color must be at least
45% "Reflectance” is the ratio of the luminous flux reflected by a body to the luminous flux it
receives. When the reflectance of the darker color is greater than 15%, at lease a 30% difference
between its reflectance and the reflectance of the lighter color must be provided.

3.2.1.c.1.15.3.11. EMERGENCY LIGHTING (25.812)
Emergency lighting shall be in accordance with FAR 25.812 as follows:

(a) An emergency lighting system, independent of the main lighting system must be instalied. However,
the sources of general cabin illumination may be common to both the emergency and the main lighting
systems if the power supply to the emergency lighting system is independent of the power supply to the
main lighting system. The emergency lighting system must include:
(1) Illuminated emergency exit marking and locating signs, sources of general cabin illumination,
interior lighting in emergency exit areas, and floor proximity escape path marking.
(2) Exterior emergency lighting.
(b) Emergency exit signs -
- (1) For vehicles that have a passenger seating configuration, excluding crew seats of 10 seats of
more must meet the following requirements:
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(i) Each passenger emergency exit locator sign required by 25.811(d)(1) and each
passenger emergency exit marking sign required by 25.811(d)(1) must have red letters
at feast 1-1/2 inches (.038 m) high on an illuminated white background, and must have
an area of at least 21 square inches (.014 m?) excluding the letters. The lighted back-
ground-to-letter contrast must be at least 10:1. The letter height to stroke-width radio
may not be more than 7:1, nor less than 6:1. These signs must be internally electrically
illuminated with a background brightness of at least 24 foot-lamberts and a high-to-low
background contrast no greater than 3:1.
(ii) Each passenger emergency exit sign required by 25.811(d)(3) must have red letters
at least 1-1/2 inches (.038 m) high on a white background having an area of at least 21
square inches (.014 m?) excluding the letters. These signs must be internally electrically
illuminated or self-illuminated by other than electrical means and must have an initial
" brightness of at least 400 microlamberts. The colors may be reversed in the case of a
sign that is self-illuminated by other than electrical means.
(c) General illumination in the passenger cabin must be provided so that when measured along the
centerline of main passenger aisle(s), and cross aisle(s) between main aisles, at seat armrest height and
at 40-inch (1 m) intervals, the average illumination is not less than 0.05 foot-candle and the illumination
at each 40-inch (1 m) interval is not less than 0.01 foot-candle. A main passenger aisle(s) is considered

to extend along the fuselage from the most forward passenger emergency exit or cabin occupant seat,

whichever is farther forward, to the most rearward passenger emergency exit or cabin occupant seat,
whichever is farther aft.
(d) The floor of the passageway leading to each floor-level passenger emergency exit, between the main
aisles and the exit openings, must be provided with illumination that is not less than 0.02 foot-candle
measured along a line that is within 6 inches (.15 m) of and parallel to the floor and is centered on the
passenger evacuation path
(e) Floor proximity emergency escape path markmg must provide emergency evacuation guidance for
passengers when all sources of illumination more than 4 feet (1.2 m) above the cabin aisle floor are
totally obscured. In the dark of night, the floor proximity emergency escape path marking must enable
each passenger to -
(1) After leaving the passenger seat visually identify the emergency escape path along the cabin
aisle floor to the first exits or pair of exits forward and aft of the seat; and
(2) Readily identify each exit from the emergency escape path by reference only to markings and
visual features not more than 4 feet above the cabin floor. /
() Except for subsystems provided in accordance with Paragraph (h) of this section that serve no more
than one assist means, are independent of the vehicle’s main emergency lighting system, and are
automatically activated when the assist means is erected. The emergency lighting system must be
designed as follows.
(1) The lights must be operable manually from the crew station and from a point in the passenger
compartment that is readily accessible ......
(2) There must be a crew warning light which illuminates when power is on in the vehicle and
the emergency lighting control device is not armed.
(3) The crew station control device must have an "on" "off" and "armed" position so that when
armed or turned on, the lights will either light or remain lighted upon interruption (except an
interruption caused by a transverse vertical separation of the fuselage during crash) of the
vehicle’s normal electric power. There must be a means to safeguard against inadvertent
operation of the control device from the "armed" or "on" positions.
(g) Exterior emergency lighting must be provided as follows:
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(i) Not less than 0.03 foot-candle (measured normal to the direction of the incident light) on a 2-square-
foot (.18 m?) area where an evacuee is likely to make his first step outside the cabin.

(i) The emergency supply to each emergency lighting unit must provide the required level of illumination
for at least 10 minutes(600 s) at the critical ambient conditions.

() If storage batteries are used as the energy supply for the emergency lighting system, they may be
recharged from the main electric power system, provided that the charging circuit is designed to preclude
inadvertent battery discharge into charging circuit faults.

(k) Components of the emergency lighting system.... must be capable of normal operation after having

been subjected to the inertia forces listed in 25.561(b).
() The emergency lighting system must be designed so that after any single transverse vertical separation
of the fuselage during a minor crash -
(1) Not more than 25 percent of all electrically illuminated emergency lights required by this
section are rendered inoperative, in addition to the lights that are directly damaged by the
separation; .
(2) Each electrically illuminated exit sign required under 25.811(d)(2) remains operative exclusive
of those that are directly damaged by the separation; and
(3) At least one required exterior emergency light for each side of the vehicle remains operative
exclusive of those that are directly damaged by the separation. ‘

3.2.1.¢.1.15.3.12. ,'EMERGENCY EXIT ACCESS (25.813)
Emergency Exit Access shall be per FAR 25.813 as follows:

Each required emergency exit must be accessible to the passengers and located where it will afford an
effective means of evacuation. Emergency exit distribution must be as uniform as practical, taking
passenger distribution into account; however, the size and location of exits on both sides of the cabin need
not be symmetrical. In addition,
(@) There must be a passageway leading from each main aisle to..... each emergency exit and
between individual passenger areas. Unless there are two or more main aisles, each exit must
be located so that there is passenger flow along the main aisle to that exit from both the forward
and aft directions.
() Adequate space to allow crew member(s) to assist in the evacuation of passengers must be
provided as follows:
(e) No door may be installed in any partition between passenger compartments.
() If it is necessary to pass through a doorway separating the passenger cabin from other areas
to reach any required emergency exit from any passenger seat, the door must have a means to
latch it in open position. The latching means must be able to withstand the loads imposed. upon
it when the door is subjected to the ultimate inertia forces, relative to the surrounding structure
listed in 25.561(b). - '

3.2.1.¢.71.15.3.13. FIRE PROTECTION (25.851)
Fire protection shall be per FAR 25.851 as follows:

A _minimuin of three hand fire extinguisher shall be located conveniently in passenger compartments. At
least one hand fire extinguisher must be conveniently located in the compartment.
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3.2.1.¢.1.15.3.13.1. FIRE PROTECTION SYSTEM (25.869)
Fire protection system shall be installed per FAR 25.869 as follows:

(a) Electrical system components:
(1) Components of the electrical system must meet the applicable fire and smoke protection
requirements of 25.831(c) and 25.863.
(2) Electrical cables, terminals, and equipment in designated fire zones, that are used during
emergency procedures, must be at least fire resistant (there are no fire zones).
(3) Main power cables (including generator cables) in the fuselage must be designed to allow a
reasonable degree of deformation and stretching without failure and must be -
(i) Isolated from flammable fluid lines; or
(ii) Shrouded by means of electrically insulated, flexible conduit, or equivalent, which
is in addition to the normal cable insulation.
(4) Insulation on electrical wire and electrical cable installed in any area of the fuselage must be
self-extinguishing (no fire zones).
(c) Oxygen equipment lines must -
(3) Be installed so that escaping oxygen cannot cause ignition of grease fluid, or vapor
accumulations that are present in normal operation or as a result of failure or vapor accumulations
that are present in normal operation or as a result of failure or malfunction of any system.
There are no flammable fluids used on the vehicle except hydraulic fluid. If desired, a non-flammable
hydraulic fluid could be utilized. However, this would not seem to be merited since there are no fire
zones (engine compartments) in the vehicle.

3.2.7.¢.1.15.3.13.2. FLAMMABLE FLUID FIRE PROTECTION (25.863)
Flammable fluid fire protéction shall be per FAR 25.863 as follows:
(a) In each area where flammable fluids or vapors might escape by leakage of a fluid system,

there must be means to minimize the probability of ignition of the fluids and vapors, and the
resultant hazards if ignition does occur.
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Figure 59 Cryogenics and electrical (under floor)
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Figure 60 Cryogenics and electrical (above floor)
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3.2.1.c.2. STRUCTURAL INTEGRITY

The Magneplane vehicle is designed to load cases presented in Figure 66. A 50% safety factor is added
to these design loads. In addition to these static loading cases, a stiffness requirement is imposed to
preclude fuselage bending frequencies of less than 5 hz.

The fuselage structure is designed for a life of 60,000 hours or 25 years, an ability which has been

enhanced by the composite honeycomb construction. Appropriate structural testing would be conducted
to qualify the vehicles to the above criteria prior to the vehicle being certificated for passenger service.

3.2.1.c.3. MATERIAL TRADEOFFS

A comparison of fuselage structural designs based on conventional aluminum aircraft type construction
and graphite epoxy advanced composite construction. These studies are contained in Supplement D,
Section E and show a 28% weight savings for the composite fuselage compared to conventional metallic
construction. :

The baseline vehicle utilizes the composite structure for weight savings, improved fatigue and service life.

During full-scale development, a detailed life cycle cost tradeoff would be conducted between the
composite and metallic designs prior to committing the design to one or the other. '

3.2.1.c.4. EMERGENCY SYSTEMS

Seat, safety belt and emergency evacuation criteria have been -previously discussed under the Human
Factors Section. The emergency evacuation criteria of Federal Aviation Regulations Part 25.803 should
be imposed.

Emergency exits shall meet the criteria of FAR 25.807 as previously stated.

The emergency exit arrangement shall meet the criteria of FAR 25.809 as previously stated.
Emergency exit marking shall be in accordance with FAR 25.811.

The vehicle shall be designed for emergency crash conditions per FAR 25.561.

A megaphone and public address system shall be provided.

Appropriate system monitoring and annunciation provisions will be provided to the operator to permit
him to intervene with automated functions in an emergency situation.
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3.2.1.c.5. SANITARY FACILITIES

Lavatory facilities consisting of toilet and wash basin are provided in the cabin area, accessible by the
passengers. Adequate consideration for use by handicapped persons shall be made and appropriate
features incorporated to provide for the handicapped.

3.2.1.c.6. HANDICAPPED ACCESS

The vehicle will be designed to meet the American Disabilities Act of 1990, and shall be designed to meet
the needs of those persons in wheelchairs.

3.2.1.c.7. MAIL AND HIGHER PRIORITY CARGO

A portion of the baggage area on passenger vehicles would be reserved for mail and higher priority
cargo. This area would be secured and would not be accessible to passengers. These provisions would
* be limited to mail and higher priority packages. This area would provide for carrying of 500-lbs (227 kg)
of these items on normal passenger runs.

3.2.1.¢c.8. FREIGHTER VARIANT

A freighter version of the Magneplane is envisioned which would be externally identical to the passenger
vehicle, but which would not have seats, would have a larger door at the rear which would permit loading
of palletized cargo. A floor-mounted cargo handling system would be provided. This version of the
vehicle is shown in Figure 69. This version is more fully described in Supplement D, Section B.

3.2.1.c.9. WEIGHT AND BALANCE

Weight estimates for both large and small vehicle are shown in Figure 68. Balance for the large vehicle
is more critical and, due to the larger payload of passengers and freight, has a larger variation in center
of gravity due to the larger disposable load. The larger vehicle center of gravity limits have been initially
established as follows:

Most Forward - Station 56
Most Aft - Station 70

These stations are distanced aft of the nose reference point in feet.
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The large vehicle empty center of gravity is at Station 60.8 Empty weight is 66,310 Ibs (30100 kg).
The most forward loading is no freight, and passenger seats full ahead of Station 60.8, and empty aft of
Station 60.8. The weight and center of gravity for this loading is 80,600 lbs (36,600 kg), cg Station
56.2.

The most aft loading is with the seats ahead of Station 60.8 empty and full seats aft of this Station and
8,000 Ibs (3640 kg) freight in the aft freight compartment. For this loading is the weight is 87,980 Ibs
(40,000 kg) with cg at Station 69.2.

The vehicle can be loaded without special considerations for loading, as it is essentially impossible to load
it outside the limits.

(Note: Weight goals are tabulated in Figure 68). A more complete weight and balance estimate is found
in Supplement D, Section D.

No special requirements shall be necessary to balance the vehicle during loading, other than not exceeding
compartment maximum loading limits.

3.2.1.¢.10. COST ESTIMATES

Estimated vehicle costs for both development and production units are shown in Figure 67. A more
detailed breakdown of this estimate including rationale is found in Supplement d, Section G.
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Normal Structural L.oad Factor B

Vertical Up Acceleration 2.5
Vertical Down Acceleration (1.25)
Lateral Acceleration ' (1.5)
Longitudinal Acceleration (1.5

Emergency Structural Loads (Applied at seats

(Load Factor)
Vertical Up Acceleration 3.0 (Applied to
seat,
vehicle restrained.
Vertical Down Acceleration 60 " " "
Rearward Acceleration 15 " v v
Forward Acceleration 90 " "
Lateral Accel.(Airframe) 30 " " v
Lateral Accel.(Seats & Attach) 40 " " v

Note: The normal loads shall be assumed to be encountered in
service. The emergency loads are assumed to be encountered only in
an emergency and need not be addressed from a repeated load
standpoint. The emergency loads are applicable for design of
occupant protection features. Structural damage may be sustained
when the emergency loads are applied as long as the failures do not
jeopardize the occupants.

Figure 66 Magplane static design loads
e
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Large Vehicle Development Cost $ 970,213 K
Small Vehicle Development Cost $ 607,695K

Combined Small/Large Vehicle Dev. $ 1,261,277 K

Small Composite Vehicle $ 13,467 K*
Large Composite Vehicle $ 20,221 K*
Large Metallic Vehicle $ 15,938 K*

*Average unit cost for 100 unit production run above assumes
conventional dimensional system. If metric dimensional system
including fasteners is required, an additional 15% production
cost is anticipated due to special handling requirements.

Figure 67 Cost Estimates
B R ————————ssstssacic S S ]
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(1)
(2)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11}

(12)
(13)
(14)
(15)

TOTAL

Airframe
Pagsengers/Baggage
Freight
Interior
Heating/Air Cond.
Levitation Magnets
Propulsion Magnets
Cryogenic System
Sugpension System
Shielding
Skids/Landing Gear
Controls/Stability
Rugmentation
Power Pick-up Coils
Battery '
Converter
Miscellaneous



MAGNEPLANE WEIGHT ESTIMATES-kg
{Composite Airframe)

Small Vehicle

Weight Weight
Fractions (kq)
.18 4418
.18 4582
_o_ (-
.044 1091
.044 1091
.098 2438
.083 2076
.036 909
. 009 227
.064 1604
.052 1309
.017 436
.058 - -, 1461
.055 1368
.015 367
. 065 1614
1.00 25,000

/

017
.29

.076°

.043
.034
.054
.064
.019
.005
. 050
.048

.014
.041
.038
.0l0
. 040

1.00

Large Vehicle
Weight

Weight
Fractiong

(kq)

8202
13950

3636 .

2036
1636
2579
3067

909

227
2405
2273

654
1948
1804

501
1899

47,727
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3.2.1.d. MECHANICAL LEVITATION

The H-pads (high friction) and A-pads (anti-friction) are two alternate forms of mechanical levitation. H-
pads are used for emergency braking, while A-pads (landing gear) are used for normal operation at low
speeds.

3.2.1.d.1. A-PADS (LANDING GEAR)

* The landing gear consists of a system of retractable ski-type skids, supported by oleo pneumatic shock
struts. The landing gear skids, when extended have a coefficient of friction of .05 and support the
vehicle at speeds below the minimum levitation speed.

This set of skids is fitted with anti-friction air bearing pads, which provide for the low coefficient of
friction when supplied with compressed air through a manifolding system. The landing gear uses a
. trailing link type suspension with a tailored oleo shock strut to provide for smooth ride qualities when
the vehicle is accelerating or decelerating on the landing gear. A hydraulic retraction system is provided
with uplock and downlock provisions to fix the gear in the appropriate positions. The ski/skid base
incorporates features to allow it to support the vehicle in the curved magway, as well as on a flat surface
as might be encountered in a station or maintenance area. Sketches of the landing gear are shown in
section 3.2.1.¢.1.12. -

3.2.1.d.2. H-PADS (EMERGENCY BRAKES)

While normal braking is provided by the propulsive magnets, a second set of skids is fitted with a high
friction set of pads and is used for the emergency brake system. This set of skids provides for a
coefficient of friction of 0.5 to 0.6 when deployed and does not have the air manifolding system. This
system is fitted with a hydraulic retraction system similar to the primary landing gear and is deployed by
firing an air/hydraulic accumulator.

Emergency braking is accomplished by lowering the H-pads to a point which raises the vehicle to about
twice its normal support height. Under these conditions the brake mechanism will be supporting about
seventy-five percent of the vehicle’s weight at full speed. With the design friction coefficient of 0.6 this
will provide initial deceleration of 0.45g increasing as the magnetic levitation decreases and the magnetic
drag increases to about 0.6g at low speeds.

These surfaces are distributed in 8 modules (4 high friction, 4 low friction) operating at a contact bearing

pressure on the magway of 69 kPa (10 psi) for the A-pads and 138 kPa (20 PSI) for the H-pads. See
sections 3.2.1.c and Supplement D, Section A for descriptions of the locations of the skids and brakes.
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Full characterization of the applicability and durability of the proposed materials for the purposes outlined
is not available but will be the subject of early verification testing. Preliminary information shows that
heat dissipation and temperature rise associated with emergency brake deployment is acceptable as shown
in Figure 70 and Figure 71. Durability of materials, wear and tear on the magway and operational
characteristics at high speed need to be established.
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Figure 70 Temperature rise in magway surface due to passage of one vehicle on its emergency

brakes
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3.2.1.e. BANKING CAPABILITY

This section describes the vehicle’s mechanism for controlling banking in horizontal curves. Magneplane
has no mechanical tilt mechanism; instead, banking is a passive effect mainly due to the weight
distribution of the vehicle. Forces from the magnetic keel and the aerodynamic control surfaces can also
come into play during a banked maneuver.

Sections 5.3.7.a.4., 5.3.7.a.6., and 5.3.7.a.9. give more information about the benefits of a self-banking
system.

3.2.1.e.1. BANKING CONTROL APPROACH

A vehicle traversing the magway at velocities greater than 30 m/s is elevated at 15 cm. To control the
vehicle in this mode of flight, both the aerodynamic surfaces and propulsion magnetic fields are adjusted
to keep the vehicle in a stable path. In straight sections of magway forces acting on the vehicle are
primarily gravity, opposed by the magnetic levitation, and acceleration in three planes. Forces acting on
the vehicle which result in the acceleration moments are a combination of intentional actions and
unintended disturbances. The vehicle must be controlled to minimize the propagation of the unintended
acceleration forces to the passenger load, to maximize ride comfort. Any deviation of the magway from
the straight and true, required to negotiate the terrain of the route, will induce acceleration forces which
must be permitted to insure tight coupling of the vehicle to the magway. The magway will be designed
to provide smooth adaptation to the intended accelerations. For optimal passenger comfort, minimal
variation from the benign stationary forces are desired. There are two aspects to achieving this, the route
must be designed not to induce excessive forces for any period, and the variation in these forces must
also be minimized.

At the high velocities achievable with the Magneplane system, curved sections of the magway can be
negotiated in relatively short periods. A 60° curve of 4 km radius can be negotiated at 134 m/s.
However, such a curve is approximately 4 km long, hence a vehicle traversing it at that speed is in the
curve for less than 30 seconds. If a section of the route consists of a sequence of curves, the passenger
will continuously experience alternating left and right forces which will be a tiring experience.
Coordinated banking of the vehicle into curves reduces the effect on the passenger considerably. The
coordinated banking leans the vehicle into the curve at a speed optimal for that curve to maintain all
effective downward force inside the vehicle. Hence a passenger in a seated position will only experience
slight increases in apparent weight going through this maneuver. The Magneplane concept optimizes the
coordinated banking maneuver by having a free motion vehicle in the roll axis, and a center of gravity
lower than the roll moment. The vehicle will naturally adopt the optimum roll angle when negotiating
curves, and by designing the curves with smooth transition, the passenger comfort levels will be
maintained. To this end, the vehicle roll angle while coordinating the curve should not exceed that at
which ride quality degrades. A 25 degree roll is at the limit for BEST ride quality, which limits the
curve radius to 4 km for a vehicle speed of 134 m/s. Curves of smaller radii will have to be traversed
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at lower vehicle speed to maintain the prescribed BEST ride quality levels. If the passengers are seat
belted, a 45 degree roll is considered acceptable, which permits a minimum radius of 2 km to be
negotiated at 134 m/s. Curves of a radius less than 2 km must be negotiated at lower speed.

The coordinated curve design avoids sideways force variation on the passenger, however it is equally
important to minimize forward force variation (jerk). Forward force variations are incurred when the
vehicle is required to change speed to negotiate sections of magway. Speed changes will be primarily
enforced to negotiate tight radius curves. Coordinated banking of a vehicle into a curve requires an
increasing bank angle for reducing radius curves and higher traversing velocities. Coordination of curves
is effective at bank angles up to almost 90°, however public acceptance will reduce permissible angles
to less than 45°, and 25° angles are preferred where possible.

Curves of less than 2 km radius have to be traversed at less than 134 m/s. As the maximum velocity a
curve can be traversed is dependant on its radius (see section 5.3.3.2.e.), it will be necessary to
continually change the velocity of the vehicle as it negotiates the various radii.

It is important for the vehicle to have knowledge of the magway projection in three planes at all times.
The vehicle on-board stabilization system will counteract any induced forces that deviate from true, unless
it is aware that these forces are intentional. In a curve, for example, the accelerations that occur are
intentional. The vehicle will have mapping data of the route so that it can separate intentional forces from
disturbance forces, and only take action to correct for the disturbances.

3.2.1.e.2. BANKING CONTROL STRATEGY

For the purposes of mapping, the magway is partitioned into linear elements (chords) of a fixed length
(N), with independent input (X;, Y;, and Z;) and output (X,, Y,, and Z ) coordinate references. A single
element is depicted in Figure 72. The output coordinates have both rotational and translational
displacement from the input coordinates, and form the input coordinate reference for the next linear
element. The relationship between the entry and exit coordinate structures is described by the length N,
and angles oy and ay (spherical coordinate structure). The angles oy and oy are re-referenced to an
absolute coordinate structure (By and By) to avoid errors accumulating from this type of incremental
description. The length N is chosen to be 11 meters, which is the spacing between position markers on
the magway. Figure 73 depicts a two dimensional example of a curve, with end cross-sections for each
element interface. As the magway goes into the curve, the elements rotate about the X-axis. Once into
the curve, the elements adopt a constant rotational offset, with a gradual reduction when returning to the
straight section. The figure does not depict the vertical rotational component, that is included to fully
describe the three dimensional transformation. This coordinate reference scheme forms a compact
description of the curvature of the magway, and is retained in the on-board map database of the vehicle
as described in section 3.2.1.

A vehicle will enter and exit a magway element at different velocities. Each magway element is designed
for optimal entrance and exit velocities. This simplifies the control problem to the local element.
Elements are designed so that the combination of translational and rotational displacements follow the
optimal path for maneuvering the vehicle from point A to point B with controlled roll and acceleration
forces acting on the passengers. As an example, to translate from a straight section into a curve, a
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sinusoid path will be followed in the X and Y axes, and a coordinated sinusoid roll will occur about the
X axis. The in-going transition elements will be designed with increasing displacement and rotation, such
that the forces acting on the passenger will gradually increase in the downward axis of the passenger,
when the curve is optimally negotiated. Likewise the outgoing elements will be designed with decreasing
displacement and rotation to gradually decrease the force acting on the passenger. Individually, each
element is fully described by the length and By and By angles.

An element is designed for optimal entrance and exit velocities, with a linear transition (acceleration)
through the element. The mid-point of the vehicle is used as the second reference to place the vehicle
in the element. When a vehicle normally traverses an element, it does so at those optimal velocities.
In this mode of operation, control of the vehicle is routine. The only varying conditions seen by the
vehicle are forces in the downward (Z) axis of the vehicle, when negotiating a curve. The increase in
downward force, due to the combination of gravitational and centripetal forces in the direction of the
coordinated bank, is counteracted by amplitude and phase shifting of the propulsion travelling magnetic
wave, with respect to the vehicle (dynamic) position. This is achieved in the vehicle control by
monitoring the vehicle clearance from the magway with the on-board height sensors. As the vehicle
anticipates the curve maneuver (from the map), it commands the local controller to provide an increase
in propulsion magnetic field density to compensate for the increase in Z force, and maintained constant
clearance. In addition, the vehicle will experience acceleration about the X axis due to the curve. The
normal response of the vehicle is to compensate for such acceleration forces, but as it anticipates the
curve the vehicle will not try to correct for it. ’

3.2.1.e.3. BANKING CONTROL FOR:-NON-OPTIMAL SPEEDS

The reasons why a vehicle enters an element at the non-optimal speed, are varied. The vehicle maybe
performing a maneuver to open up a time slot for introducing another vehicle into the traffic. The
vehicle maﬁe slowing to negotiate a turn-off, in a section designed for 134 m/s velocity, versus the 100
m/s requirgd for turn-off. A global decision to slow the traffic may have been initiated due to an
upstream problem, or the vehicle itself may be experiencing a problem due to communication or power
loss. In these circumstances the vehicle may experience non-optimal coupling with the LSM and
command increased amplitude of the propulsion winding to compensate. In severe conditions, the vehicle
may be travelling on momentum and have no acceleration forces at all. In all of these instances the
vehicle will attempt to maintain optimal orientation in all three planes, using aerodynamic stabilization.
In extremes circumstances, initiated by a global or on-board decision, the vehicle may instigate the
landing gear or even emergency brakes to support and control the vehicle. At all times, by use of the
route mapping, the vehicle has knowledge of what to expect in deviation in the magway, to base the
control decisions on.
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Figure 72 Linear magway element for mapping purposes
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Figure 73 Example of map database for a curve with end cross-sections at each magway element

interface :
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3.2.1.f. AERODYNAMIC CONTROL SYSTEM

3.2.1.f.1. VEHICLE AERODYNAMIC PROPERTIES

At Magneplane operating speeds, the aerodynamic characteristics of the vehicle become important from
several viewpoints. In particular, the aerodynamic drag gives the largest single contribution to the
propulsive force and power requirement. In this section, the aerodynamic properties are discussed under
the following topics:

1) Drag )
This determines the propulsion and magway design loads

2) Body Normal Forces and Moments
These are required for assessing the vehicle lift and pitching moment, and determining the
loads in steady side winds.

3) Control Surface Forces and Moments
This is needed for control sizing to meet stability augmentation and guidance requirements.

4) Unsteady Aerodynamics
These effects are important in aspects such as vehicle behavior in gusts and turbulence, in
transient situations such as vehicle passing, and in assessing aerodynamic damping properties.

5) Noise Emission

A detailed aerodynamic design of the vehicle has not been undertaken, but initial assessments have been
made using the proposed vehicle layouts, and budget values established for items such as component drag
coefficients. Lack of precision is not a design driver at this stage; for a demonstration or prototype
design, computational fluid dynamic calculations and wind tunnel testing will be required to optimize the
aerodynamic layout.

3.2.1.£.1.1. DRAG

The vehicle drag is composed of body drag and control surface induced drag. The drag force D is related
to the vehicle configuration and operating conditions through the relationships:

D = CpgeSy
Jo = pu2/2

where Cp, is the total drag coefficient, qq is the dynamic pressure, p is the air density, u is the vehicle
speed and Sg. is the vehicle frontal area. The components of the total Cy, are:
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Cp = Cprp + Cpp + Cpg + Cpy

where
Cpopp = fore-body drag
Cpg = base drag
Cpg = ground interference
Cpy = control surface induced drag

The fore-body drag consists of a pressure drag contribution from the nose, and skin friction from viscous
action on the vehicle body. The forms used for the drag coefficients are:

CDFB =44 CfLD + 0.02

Cpp = 0.029 (Sg/Sp)1.5 Cppp-0.5
CDG = 0.02

Cpy = 0.38 C,2 Sc/(SrAp)

where
C; = flat plate turbulent skin friction coefficient
Lp = body length-to-diameter ratio
Sg = effective vehicle base area
Sg = vehicle frontal area
C, = root mean square control surface lift coefficient
Sc = control surface area
Ay = control surface aspect ratio

The parameters used to develop the budget drag components shown in Figure 74 are:

C; = 0.0016
CL = 0.5

Sp = 7.1 m2
SC =53m2

Body diameter = 3 m
Base diameter = 2.4 m

The drag coefficient increases in a cross-wind because of vortex generation and an estimate of the effect
with a steady side-wind of 15 m/s is included in Figure 74. A steady head-wind also increases the drag
through an increase in the dynamic pressure rather than the drag coefficient. Aerodynamic drag values
were estimated using the data in Figure 74 to determine worst case propulsive force demands.

It is well known that for a streamline shape the drag coefficient based on frontal area has a minimum
when the body length/diameter ratio is in the range of three to five. For bodies with lower ratios than
this the pressure drag is large and for bodies with larger ratios the skin friction drag dominates and
increases linearly with length/diameter ratio. However, for a fixed vehicle diameter the number of
passengers carried reduces with vehicle length, and although the drag coefficient may be optimal the
number of passengers will not meet the headway and system passenger rate requirements. Alternatively,
if the number of passengers per vehicle is regarded as a constant, then the floor area, vehicle surface and
skin friction drag are also constant to a first order. In this case, the pressure drag contribution can be
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reduced proportionately by increasing the length/diameter ratio. Therefore, there is no optimal
length/diameter ratio from an aerodynamic drag viewpoint, and cabin dimensions are determined more
by seating layout and floor plan requirements.

A similar argument is used in assessing multi-vehicle performance. There is a drag reduction because

the nose and base drag contributions can be largely eliminated with suitable faring between adjacent cars.

Based on the values presented earlier in this section, the total train drag coefficient can be determined as

a function of the number of vehicles linked. This is presented in Figure 75 in the form of total Cp and
. Cp per vehicle.

The reduction in zierodynamic drag ranges from 20 to 30% and in total drag from 12 to 18% at 150 m/s
vehicle speed. However, there are some aerodynamic disadvantages in linking vehicles. In particular,
control surface effectiveness will be impaired. ‘

3.2.1.f.1.2. BODY NORMAL FORCES AND MOMENTS

Because the vehicle is constrained magnetically to align itself closely in pitch and yaw with the track
center-line, the aerodynamic normal forces and moments tend to be small compared with the vehicle
weight and magnetic moments. However, a cross-wind induces a lateral angle-of-attack or side-slip angle
8 given by:

tan 8 = vo/u

where

‘ ve = cross-wind velocity
u = vehicle velocity

The side-force and yawing moment coefficients Cy and Cy are defined as follows:

Cy = side force / (q,Sg)
Cy = yawing moment / q,Sglp)

where 0 is the dynamic pressure, SF is the frontal area and 1B is the body length. The major
contributions to CY and CN are generated by the vehicle nose and control surfaces when the side-slip
angle is small, and by vortex separations over the whole length of the body when the side-slip angle is
large (high cross-wind or low vehicle speed). ‘For low to moderate values of B the coefficients become:

Body contributions:

Cy = 1.78 + 0.71 Ly8?
Cy = 0.85 (1 -4/Ly) B

Control surface contributions:

Cy = 3.8 S B/S;
CN = 4.0 SCB/SF
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For the case where the vehicle is stationary in a steady side wind, the side-force takes the form:
Side-force = 0.71 Ly, Sg q¢

where
qc = 122 v¢

Because the side-force acts close to the center-of-gravity in this case, there is only a small contribution
to the yawing moment. These relationships were used for estimating magway loads and a typical result
is shown in Figure 76. Because the control surfaces are more efficient at generating lift than the body,
they do contribute significantly to the cross-wind force. However, the force magnitude shown in
Figure 76 represents an upper bound because no allowance has been made for the shielding of the lower
portion of the vehicle by the magway.

The speed range in Figure 76 covers operations up to the peak gust value of 21 m/s for the Threshold
I or Operational Wind Threshold,as proposed by J. Lever, memorandum dated 14 March 1992. Under
the action of a steady cross-wind induced side-force, the vehicle will adopt a trim roll angle and will be
displaced sideways from the track centerline. The data in Figure 76 and the magnetic stiffness properties
of the suspension system were used to generate the results presented in Figure 77. These roll angles have
little effect on passenger comfort and the lateral displacements have small effects on levitation height,
propulsive force or magnetic drag.

The aerodynamic lift and pitching moment are produced by the flow over the upper surface of the
vehicle, by the flow between the lower surface and the magway, and by the horizontal control surfaces.
The upper surface flow and control surfaces produce forces and moments which are small compared with
the vehicle weight and the magnetic forces and moments. The nose shape gives a small nose-down trim
pitching moment while the aerodynamic interaction between the vehicle underside and magway involves
both viscous and inviscid flow properties. Both effects result in a static pressure gradient from front to
back when the vehicle is pitched-up with a resulting moment tending to increase the pitch-up. However,
because of the relatively large levitation height, there is low resistance to lateral flow into the gap. This
three-dimensional flow effect will reduce the pressure gradient and the aerodynamic pitching moment.

3.2.1.£.1.3. CONTROL SURFACE FORCES AND MOMENTS

The aerodynamic control surfaces are essentially lifting wings located and oriented so that they can be
operated in combinations which control each of the six vehicle degrees-of-freedom independently or with
a minimum of cross-coupling.

The force FC produced by the control surface takes the form:

Fc = q Sc Cpa
where C;,, is the lift curve slope for the control surface deflection h. The control surface may be either
the whole wing or a trailing edge control. For the complete wing C,, is typically 4 per radian, while

it is 3 per radian for a trailing edge control. Pitch, yaw and roll control moments are obtained using the
appropriate moment arm lengths, measured from the vehicle center-of-gravity.
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3.2.1.1.1.4. UNSTEADY AERODYNAMICS

The generation of unsteady aerodynamic loads by gusts or turbulence are modelled by using the vector
combination of their velocity components and the vehicle speed. This provides instantaneous values for
the angle-of-attack, side-slip angle and dynamic pressure so that forces and moments can be calculated,
together with vehicle response to these loads. A typical initial lateral acceleration response as a
sharp-edged side-gust is encountered is shown in Figure 78. The vertical control surface will again
provide a significant contribution but the acceleration levels over the gust velocity range are not
uncomfortable.

Unsteady aerodynamic forces and moments are also produced by the small movements of the vehicle
about its steady state motion. Those resulting from the rates of movement such a pitch rate,yaw rate &
roll rate tend to resist the motion and provide passive damping to the system. These were estimated for

motion in each of the six rigid body degrees-of-freedom and used in determining the suspension system
performance.

3.2.1.f£.1.5. NOISE EMISSION
The main sources of noise emission external to the vehicle are:

1) Boundary layer flow on the vehicle body.

2) Aerodynamic flow separations.

3) Wing/control surface motions.

4) Aerodynamic ground interactions.

5) On-board equipment such as compressors, hydraulic pumps, etc.

The single most important contribution at the design operating speed is expected to be (1), the turbulent
boundary layer. Several methods exist for estimating sound pressure levels using normal dipole
representations for the turbulent boundary layer. The method used here was the one presented by King
(Journal of Sound and Vibration, vol. 54 No.3, 1977). The features of this model include variations of
sound pressure level with:

a) inverse square of distance

b) 5.5 power of speed

c) aspect angle.

d) vehicle Mach number.
The model also incorporates an acoustic dipole distribution to represent the base flow separation and

wake. The distribution was selected to fit the noise measurements made during Transrapid TRO7 runs
at a speed of 120 m/s and a side-line distance of 25 m from track centerline. The calculated time history
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using this approach is compared with the measured data in Figure 79. Results are also shown when the
same model is applied to the Magneplane configuration. The noise levels are 3 to 5 dB lower because

- of the smaller radiating surface area.

The applicable noise emission regulations are FRA 49 CFR ChlII Part 210 and EPA 40 CFR Ch. 1. Part
201. These require the maximum sound pressure level to be no greater than 90 dBA at a distance of 30
m from the track. This is compared with the predications for the 145 passenger vehicle in Figure 80,
where the maximum overall sound pressure level variations with vehicle speed and distance are presented.
This shows that the regulation is exceeded for train speeds in excess of about 110 m/s.
Noise mitigation techniques that might be employed include:
a) Aerodynamic noise control such as:

1) clean aerodynamic shape

2) boundary layer transition control

3) flow separation control using the aerodynamic surfaces.

b) Sound propagation control by magway barriers to produce:

1) re-direction of the sound
2) absorption through internal reflections

¢) Vehicle operational procedures such as:
1) speed reduction in sensitive areas.

The noise disturbance due to a single vehicle passing event is characterized both by the peak sound

ppressure level and by the duration of the sound pulse. The Sound Exposure Level (SEL) is a measure

of the integrated sound energy from a singie event, normalized to a one second duration. However, the
noise regulations have no SEL requirement and, for a given peak value of the SPL, the higher the train
speed the lower will the SEL value by. A more important aspect of the single event is the startle caused
by the rapid build-up of the sound. The onset rate for the 140 passenger vehicle is shown in Figure 81
as a function of speed and distance from the magway. The rate is.defined as the peak ASPL divided by
the time to reach the peak from a 65 dB background. At this time there are no guidelines as to acceptable
onset rates.

3.2.1.f.2. AERODYNAMIC CONTROL SURFACES

Please see'section 3.2.1.c.1.7. (control surfaces) and 3.2.2.g. (vehicle/magway interactions).
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Length/Diameter Ratio, Lp
Cors
Cps
Coc
Cor

Total, Cp

Cp in 15 my/s cross-wind

Figure 74 Drag coefficient components

45 Passenger
Vehicle

1.5
0.073
0.055
0.02
0.018

0.17

0.20
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140 Passenger
Vehicle

13
0.112
0.044
0.02
0.018

0.19

0.24
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Number of Vehicles ™ ' Total Cp
1 0.24
2 0.38
4 0.72
Large Limit NA

Figure 75 Effect of multiple vehicles on total drag
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Cp per Vehicle

0.24
0.19
0.18
0.17
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Figure 77 Vehicle roll angle and lateral displacement in a side-wind
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3.2.1.g. ELECTRICAL SYSTEM

The electrical system of the vehicle supplies normal operating and emergency backup power to ac and
dc loads on the vehicle. A simplified block diagram of the electrical supply system is shown in
Figure 82. AC power is provided from the magway by means of the inductive pickup coil, which is
described in section 3.2.1.j. '

The inductive pickup coil is divided into two halves which are connected to an input power bus on the
. left side of the figure. This bus supplies identical left and right side power conversion channels. At the
front of each channel is an ac/dc converter (rectifier) to convert the pickup coil power to dc. The dc
output voltage is typically 300 Vdc which may be maintained by a chopper incorporated in the converter.
A 270 Vdc battery is charged from the dc bus which provides power to a dc/ac converter (inverter). The
inverter will provide 208/120 V 3-phase ac power at either 60 or 400 Hz. Distribution buses provide
connection points and circuit breakers for the individual loads. DC bus connections from the right and
left sides may be joined to a common dc bus as shown or provided with separate buses as in the case of
the ac systems.

Battery and power converter ratings will be selected to minimize the effect of a single battery or converter
failure. An interlocked external power connection will be provided for operating from shop power.

The on-board vehicle loads are listed in Figure 83. The loads in the table are based on estimates for the
140 passenger and 45 passenger vehicles. The power requirements assume that the cryogenic cooling
system will use an on-board supply of liquid nitrogen as a shielding gas for the superconducting magnets.
A brief description of the vehicle loads is as follows:

Cryogenic Cooling: Helium compressor and associated control apparatus.

Magnet Shielding: Active dc shielding coils for reducing propulsion and levitation coil magnetic
fields inside the vehicle.

HVAC: Heating, ventilation and air conditioning loads.
Actuators: Aerodynamic control surface actuators.
Landing Gear and Emergency Brakes: Extension/retraction mechanisms and air pressurization.

Control/Communications: On-board computer processors for control functions and radio
communications for voice and vehicle control functions.

Lights: Passenger compartment and exterior lighting.

Kitchen: Cooking and other food preparation facilities.

1120



Magneplane International System Concept Definition Report
National Maglev Initiative September 1992

Spare: Contingency allowance.

A battery backup system is provided to supply power to the vehicle loads under several abnormal
operating modes which are listed in the table. These modes are defined as follows:

Mode 1: Primary power source failure or major failure of on-board power conversion system.
Vehicle loads are supplied by battery through on-board dc/ac converters.

Mode 2: Loss of magway power. Vehicle loads are supplied by battery through on-board dc/ac
converters. Vehicle loads are selectively reduced. Normal operation resumes when magway
power is restored.

Mode 3: Major loss of vehicle function, such as complete loss of levitation or propulsion coil
functions. Vehicle loads are reduced to minimum levels for passenger comfort. Magnet
shielding and cooling functions are reduced if magnets have been quenched. This increases the
time the battery can provide power to critical functions.

The battery operating time for these three modes is shown in Figure 83. The battery subsystem is also
divided into left and right side sections for fault tolerance. Conventional lead-acid batteries have been
selected for the design. Alternative battery technologies should be investigated to determine whether they
are more desirable when considering safety, cost and weight.
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140 Passenger Vehicle

Vehicle Power Operating Modes
Reduced Performancs Modes
Vehicle Loads Nomal | Mode 1 Mode 2 Mode 3
1 Cryogenic Cooling 60 2 2 O fkw
2 Magnet shielding 3 23 23 0] kw
3 HVAC 30 5 5 5]kw
4 Actuators 20 20 0 0| kw
5 Control/Communications 2 2 2 2 kW
6 Lights 5 5 5 . 5|kw
7 Kitchen 5 0 0 o{kwW
8 Battery Charging 5 0 0 01 kw
9 Spare Capacity 35 0 0 olkw
Total 185 57 37 12 | kKW
Battery running time na 35 54 165 | min
Battery system
1 Type Sealed Lead-acid
2 Capacity 33 |[kwh
3 Mass 1801 |kg
4 Volume 0.93 |M*3
45 Passenger Vehicle
Vehicle Power Operating Modes
Reduced Performance Modes
Vehicle Loads Normal | Mode 1 Mode 2 Mode 3
1 Cryogenic Cooling 60 2 2 0| kW
2 Magnet shielding 16 16 16 O|kW
3 HVAC 10 2 21 2 kW
4 Actuators 16 15 0 0| kw
5 Control/Communications 2 2 2 2 kW
6 Lights 2 2 2 2| kW
7 Kitchen 0 4] o O kW
8 Battery Charging 4 0 0 0|kw
9 Spare Capacity 24 0 0 0| kw
' Total 133 39 24 6 |kw
Battery running time na 51 83 330 | min
Battery system
1 Type Sealed Lead-acid
2 Capacity 25 |kWh
3 Mass 1365 tkg
4 Volume ‘ 0.71 M3

Figure 83 Vehicle electrical loads
#
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Levitation GapFrequency

(m) (Hz)
0.1 : 2.23
0.15 1.82
0.2 1.58
0.25 1.41

Figure 84 Plunge natural frequencies for various levitation gaps

3.2.1.h. SUSPENSION SYSTEM

The suspension system uses the low magnetic stiffnesses of the levitation modules characteristic of the
image electro-dynamic system, to provide vibration isolation without the added complexity and weight
of an independently sprung secondary suspension system. This suspension arrangement, when combined
with absolute damping (e.g. aerodynamic control surfaces) has been identified as optimal for traversing
a randomly irregular magway. (Young, J. W. and Wormley, D.N. “Optimization of Linear Vehicle
Suspensions Subjected to Simuiltaneous Magway and External Force Disturbance”, ASME Journal of
Dynamic Systems, Measurement, and Control, June, 1973. )

The vehicle has two bogies, each consisting of-two suspension coil modules and one propulsion coil
module. To illustrate the characteristic behavior, consider the vertical plunge or heave motion. The
magnetic force varies approximately as the inverse square of suspension gap between coils and magway.
At the design gap hy, the total force is equal to the vehicle weight. For small variations in gap about hy,
there is an effective magnetic spring stiffness k given by:

k = 2mg/h,

where m is the vehicle mass.
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Design Suspension Height of 0.2m
Passive Aerodynamic Damping

Desirable Damping Factor Range = 0.2 to 0.7

45 Passenger Vehicle 140 Passenger Vehicle
Mode Frequency | Damping Frequency Damping
-~ (Hz) Factor (Hz) Factor
Plunge 1.27 0.0077 1.27 0.0038
Pitch 1.37 0.025 1.46 0.012
o Sway . 0.92 0.0106 0.92 0.0052
L Yaw 1.00 0.034 1.06 0.017
Roll 0.64 0.020 0.64 0.020

Figure 85 Suspensiori natural frequencies and damping factors

The plunge natural frequency fp is given approximately by:
[2¢

&

k \ho

=|Rop=\ 0

- fP mu 2%

The frequency is determined uniquely by the design gap, hy, and typical values are shown in Figure 84.
The design operating gap is 0.2 m and the undamped natural frequency is about 1.6 Hz.

The magnetic spring constants can be related to the fundamental single module stiffness k using the
configuration and notation summarized in Figure 86. The modes are considered separately and comprise
the translations of and motions about the vehicle center-of-gravity. For a stable vehicle, the
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center-of-gravity must be located below the effective magnetic center of the superconducting levitation
coils. The lateral modes also involve side-force stiffnesses arising from the magnetic keel and relative
motion between the superconducting propulsion and LSM coils. Using the vehicle geometry and the
actual propulsion and levitation coil properties, the mode-by-mode natural frequencies were obtained more
exactly, as shown in Figure 85. Also presented in Figure 85 are the modal damping factors arising from
the passive aerodynamic damping. These are typically more than an order of magnitude lower than
desirable, and active damping must be used.

In the complete dynamic response of the vehicle, the modes will be coupled and the natural frequencies

will be slightly modified. The simulation discussed in Section 3.2.2.g. incorporates the full magnetic,
aerodynamic and mode coupling.
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VEHICLE SIDE-VIEW

PITCH ¢PLUNGE

. ( l'_‘(l: G : SWAY

X S w

C ~—>»r<— C —>i
SC - SUPERCONDUCTING COIL
CONDUCTING SHEET ] ’\ 2d
PLUNGE STIFFNESS = 4 k cos %0 LSM

PITCH STIFFNESS =4 k c?cos?0

SWAY STIFFNESS = 4 k sin®8 + k+ k,,

YAW STIFFNESS = (4 k 8in20 + kp+ k) ¢?

ROLL STIFFNESS =4 kd?/3+2ks%sIn20+2(k.+k,) (R-38)?
where k = SINGLE MODULE STIFFNESS

kp, = STIFFNESS FROM RELATIVE MOTION BETWEEN SC AND LSM COILS

ky, = MAGNETIC KEEL STIFFNESS FROM ITERACTION BETWEEN THE SC
COILS AND THE EDGES OF THE CONDUCTING SHEET

Figure 86 Magnetic spring constants
1
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Number of Passengers Shield Coil Weight (kg) Shield Coil Power (kW)
140 3400 33
45 2300 22

Figure 87 Shielding coil weight and power requirements

3.2.1.i. ELECTROMAGNETIC SHIELDING

3.2.1.i.1. WEIGHT AND POWER

The feasibility of an active coil shielding system for the Magneplane vehicle has been demonstrated. The
results presented here are for the 140 passenger case. Shielding coils of similar geometry, but less power
and weight would be required for the 45 passenger vehicle because the bogie coil geometry for this case
is identical and the amp-turn requirements are reduced. The weight and power requirements for the
shielding coils for both the 140 passenger and 45 passenger cases are given in Figure 87.

3.2.1.i.2. BOGIE SHIELDING COIL CHARACTERISTICS

Figure 89 shows an outline of the superconducting coils in a single bogie. They consist of two pairs of
levitation coils and a set of six propulsion coils. The propulsion coils carry considerably more amp-turns
than the levitation coils and are, therefore, somewhat more difficult to shield. However, the thrust
developed by the interaction of the propulsion coils with the LSM windings in the magway is primarily
dependent on the total ampere-turns in the propulsion coils and not on the distribution of the amp-turns
among the six coils in the set. Hence, the distribution of the required total amp-turns among the six coils
have been tailored to aid in the natural decay of the magnetic field. This approach is discussed in more
detail in a trade study later in this report.
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Limiting Field Level Distance from Centerline
(gauss) (m)
50 2.9
5 4.6
1 6.5

Figure 88 Summary of magnetic field

The idealized current distribution for the shielding coils can be found by first specifying planes on which
the coils are to be located. Figure 90 shows a set of planes which overlay on the coils and coordinate
system in Figure 89. Shielding coils in these planes would be located beneath the floor and in the walls
of the bogie section of the vehicle, and would decrease the fields experienced by the passengers. The
planes are located so as to allow a walkway that is 1.2 m wide over the bogie. Personnel access through
the walkway would be restricted and passenger access would be prohibited.

Figure 91 shows an isometric view of an ideal shielding coil winding distribution on the selected planes
for the baseline case of 2.42E+05 amp turns in each levitation coil, 7.8E+05 amp turns in the central
four propulsion coils and 3.9E+05 amp turns in the end coils of the propulsion coil set. The contours
are drawn such that the shielding coils should be wound with 1E+04 amp-turns between contours. A plan
view of the ideal coil pattern is shown in Figure 92 .

Contours of constant field over the vehicle cross-section in a typical plane containing the bogie using an
extended shield is shown in Figure 93. Contours are labeled and indicate that the bulk of the volume
within the vehicle is below 50 gauss. However, this will be a restricted area with no passenger access and
used for storage or location of selected items of equipment.

Figure 93 also indicates the extent of the field beyond the vehicle in the vicinity of the bogie. Figure 88
summarizes the distance in the transverse plane from the vehicle centerline to the field level listed as
measured at vehicle floor level.

Depending on field exposure criteria to be applied in terminals, the figure indicates the area swept by the
vehicle bogie fields as it enters a terminal and the area to have restricted access until the vehicle is
stopped. Once stopped, these areas, which are only located near the bogies, could have no access or could
be actively shielded by coils in the terminal.

The extent of the field along the vehicle length is indicated in Figure 94. It shows that the active coils
on the vehicle result in a passenger compartment that is almost entirely below the 1 gauss level. The
addition of localized shield coils may be necessary near the ends or around field sensitive equipment. We
have allowed for this with a 50% contingency on shield coil weight and power in Figure 87.
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More extensive discussion of fields, as well as plots of fields from the LSM may be found in the
Supplementary Report on "Magnetic Field Analysis”, which shows the fields from the bogies to be
dominant.

The examples given in this section demonstrate the feasibility of shielding the fields from the levitation
and propulsion coils in the Magneplane bogies to the 1 gauss level for the passengers in the vehicle.
Further investigation might prove that these requirements can be achieved with less shielding coil weight
and/or power, but it is clear that the goal can be achieved.
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Figure 89 Outline of propulsion and levitation coils in bogie
NN e e e e

§ 3.2.1.5. 131



September 1992

System Concept Definition Report

Magneplane International
National Maglev Initiative

ﬂsﬂa‘k(b()()(b(biﬁu \
VAV AVZAVEAW AW AVAVAVAVAVAVA
VEAVAVAVAVZAWAVAVAVAVAVAVA, .

Figure 90 Surface in bogie region on which shielding coils are being located
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Figure 91 Isometric view of ideal current pattern for shield coils (propulsion coil currents:
390/4x780/390)
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Figure 92  Plan view of ideal current pattern for shield coils (propulsion coil currents:
390/4x780/390)
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1 gauss

Figure 93 Contours of constant field magnitude in transverse plane over bogie with shields active
MO07) :
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Figure 94 Magnetic field contour for 1, 5, and 50 gauss for the baseline 140 passenger vehicle with
active shielding coils near bogies (M07)
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3.2.1.j. MAGWAY TO VEHICLE ENERGY TRANSFER

3.2.1.j.1. INDUCTIVE PICK-UP COIL CONCEPT

Power for electrical loads on the vehicle will be transferred from the magway using an inductive pick-up
coil in the lower fuselage of the vehicle. The coil will be magnetically coupled to the LSM winding and
excited by an auxiliary (non-propulsive) frequency current. The auxiliary current generates a magnetic
field which is not synchronous with the vehicle. This field induces a voltage in the pick-up coils and
provides power to the vehicle.

To help visualize how the auxiliary current excites the pick-up coil, assume that the vehicle is travelling
at the design speed of 150 m/s. The propulsion frequency is 100 Hz. If the auxiliary current is applied
at 150 Hz the pick-up coil will perceive an ac field at 150-100 or 50 Hz. This difference between the
propulsion and auxiliary frequencies is called the “slip” frequency.

Power transfer to the pick-up coil can be improved by reversing the direction of the auxiliary power
travelling wave with respect to propulsion. With three phase power, the direction of the travelling wave
is reversed simply by reversing the phase rotation - equivalent to interchanging two leads on a three phase
motor. To see how this helps improve the power transfer, assume the vehicle is travelling in the +X
direction at an equivalent frequency of 100 Hz. Auxiliary current at 100 Hz applied in the -X direction
will produce a slip frequency of 200 Hz. This improves power pick-up without increasing the magway
voltage. The Magneplane system uses this principal to improve power transfer to the pick-up coil.

This improvement is not without some penalty however. Since the extra slip frequency is generated by
the vehicle, a mechanical load occurs. In effect, the vehicle coils act as an induction generator. The
faster the vehicle goes, the more power is generated. But the fraction of power that comes from the
vehicle motion needs to be supplied by the propulsion system. Fortunately this load is relatively small
compared to the propulsion power. At 134 m/s every 100 kW supplied by vehicle increases the drag by
1500 N - less than 3% of rated thrust for a 7.5 MW system.

The pick-up coil will be constructed with the same pitch and width as the LSM winding. The 140
passenger vehicle has approximately 20 meters between propulsion bogies. A coil approximately 18
meters long has been designed to fit this space and is shown in the sketch of Figure 95. The sketch
shows a single layer of a coil which spans 24 pole pitches of the LSM winding. One phase of a three
phase coil will consist of several layers stacked on top of each other. The phases will be staggered in
the X axis so the entire coil structure becomes a replica of the LSM winding but with multiple layers.
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Output
terminals

Figure 95 Simplified diégram of power pick-up coil

3.2.1.j.2. CIRCUIT ANALYSIS

Once the slip frequency is known, the inductive pick-up circuit can be modeled as an air-core
transformer. The coupling equations for the transformer are:

Vi = ® + oLl — joML
V, = joM]; — R,y + julyh

where subscript 1 refers to the primary (magway) circuit and subscript 2 refers to the secondary (pick-up
coil) circuit. v is the slip frequency in rad/s.

The coupling between the pick-up coil and the LSM winding is expressed in terms of the mutual
inductance M. R, and L,, and R, and L, are the resistance and self inductance of the LSM winding and
pick-up coil respectively. When w, I; and I, are given, V, is maximized by maximizing M and
minimizing R, and L,. This observation defines fundamental design tradeoffs. M is increased by
decreasing the distance between the coils. R, and L, are reduced by increasing the physical size of the
pick-up coil.
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Figure 96 Mutual inductance of pick-up coil to LSM winding

Although M cannot be controlled directly it is an important parameter in the design. Figure 96 shows.
the mutual inductance between a one layer coil and the LSM winding as a function of height. Preliminary
designs presented later in this section are based on-a nominal coil height of 0.3 m to allow for coil build.

Power transfer to the load is improved dramatically if the self inductance of the coil, L,, is cancelled by

an external compensating capacitor as shown in Figure 97. ‘When compensated this way the power in
the load becomes
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Figure 98 Efficiency, power, and weight of the pick-up coil

The power dissipated in the coil is

and the efficiency becomes
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The maximum power that can be delivered is:

Some of the resulting relationships are shown in Figure 98. Maximum load power occurs when the load
resistance equals the coil resistance (R = R,). At this point, the efficiency is 50% since the power used
by the load equals the thermal dissipation in the coil itself. Thus maximum output can be achieved only
with significant coil power loss. Increasing coil weight by 5 times improves efficiency to 83% but at a
significant weight penalty. Another trade-off in the design.

A preliminary design for the pickup coil is shown in Figure 99. Additional design constraints and
detailed design issues need to be considered to finalize the design. This concept can be made to deliver
power for all on-board loads but modification to the following operating parameters will be needed:

1. Auxiliary current
2. Auxiliary frequency
3. Vehicle load requirements

Sufficient flexibility exists to modify these parameters but experimental work will be required to finalize
the design. Modifications should not compromise present cost or weight estimates.
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Figure 99 Preliminary design of pick-up coil

Standard Layer Definition
Conductor length 93.6
Conductor area 1
Resistance 0.02677
Volume 0.00936
~ Mass 253
Mutual inductance 1o Guideway 36
Mean coil height 0.3
Operating Characteristics
Guideway frequency -500
Vehicle speed 150
Coil frequency 600
Guideway aux current 167
Guideway prop cumernt 1075
Guideway total current 1088
Guideway aux voltage 7450
Guideway prop voltage 9591
Guideway total voltage 12145

m
cmi2
Ohms
m*3
kg
uH

<<< P> EEE
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Layer characteristics

Layer OC voltage 22.7
Max layer output power 4797
R load/coil 6
Layer power dissipation 392
Layer power output 2350
Etficiency 85.7
Coil system characteristics

OC Voltage 579
FL Voltage 496
Output Current 121
Total output power 180
Total coil power dissipation 30
Efficiency 85.7
Number of layers 26
Total Coill Mass 1936
Percent of 50000 kg 39
Total Coil Volume 0.72

volts
Watts

Waits
Watts
%

\Y
Aphase

%
fphase
kg

m'3
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3.2.1.k. INSTRUMENTATION AND CONTROL

Instrumentation and control functions within the Magneplane vehicle are implemented by a computer
system employed within a multi-controller architecture. This architecture implements various computer
based sub-systems for managing the internal/external communications, the internal environment, the flight
recorder as well as vehicular control operations. The vehicle control system consists of two computer
subsystems, the flight control processor and the vehicle flight I/O processor. Communication between
these two subsystems, and the other subsystems is via a digital serial ethernet link. The two subsystems
that make up the vehicle control system are called the Integrated Flight/Propulsion Control System
(IFPC). This system is used to implement two primary functions; Propulsion Control and Vehicular
Stabilization.

The system features a computer architecture which provides fault-tolerant operation through hardware and
software failures. The hardware topology insures that any critical operations can be sustained during a
system or sub-system failure, thus ensuring fail-safe operation. Software reliability and robustness is
enhanced by the non-dependance on interrupt driven events which in turn permits critical functions to be
serviced sequentially.

To implement the control functions, the IFPC System integrates every device on the vehicle which can
sense or produce a force or moment on the vehicle. This includes inertial sensors, aerodynamic control
surfaces, the propulsion thrust, and the landing gear braking functions. A summary of these available
control effectors is presented in Figure 100.

3.2.1.k.1. PRIMARY IFPC FUNCTIONS

"~ The IFPC provides the required capabilities for performing the inertial control functions which are
necessary to operate the Magneplane. These include propulsion and aerodynamic measurement and
controller operations for implementing propulsion and stabilization servo loops, along with various
emergency and backup operations. For the propulsion control loop, the system is used in conjunction
with on-board communications and propulsion components, along with the wayside control processor.
The IFPC is used to acquire and process sensor data to generate frequency, phase and magnitude data
for the linear synchronous motor (LSM) magway winding. These commands are sent to the wayside
control processor across an RF link, to affect the LSM winding excitation as part of the propulsion
control loop. Figure 101 depicts the data flow of the IFPC.

Velocity commands and route information is recelved at a 12 Hz rate across an RF link from the wayside
control processor. Motion and displacement sensor data is derived from sensor platforms distributed
within the vehicle. Optical height sensors and three axis accelerometer groups are positioned inside the
vehicle to measure these parameters. Magnetic field sensors are configured as an array inside the vehicle
to derive data on the magnetic wave that the vehicle ’rides’. Air data is derived from sensors located on
the outside surface of the vehicle to measure the angle of attack and yaw forces. The propulsion
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Aft Rudder

Figure 100 Summary of available control effectors
|

parameters are based on the vehicle static and dynamic response, which is dependent on the size of
vehicle and its load. This data is acted upon to derive the control of the aerodynamic surfaces to stabilize
the vehicle, and the propulsion commands which are returned to the wayside processor for implementa-
tion, across the RF link at a 96 Hz rate. Additional control functions include the landing gear, which
is activated at low velocities, and the emergency braking.

The IFPC performs all facets of the control function which include: acquiring sensor measurements,
implementing the control laws, and operating the aerodynamic surfaces to induce the proper response.
The control laws for the system must consider the interactions of all various control effectors in response
to various inputs as well as to the input feedback response from any effector. This shall include any
cross-coupling effects. The vehicle response to a particular effector will vary with flight conditions. The
control law processor computes the overall force or moment to provide the desired response, then parcels
the control command among the available effectors to optimize their usage.

3.2.1.k.2. IFPC ARCHITECTURE

The resulting architecture used on the Magneplane vehicle is depicted in Figure 102. Using state-of-the-art
equipment, the IFPC maintains the necessary flying and ride qualities for all required modes.

New, but proven, technologies will be utilized for the force-motor controlled surface actuators and
microprocessor based controllers. All actuators and sensors that are critical for a safe flight default to
fail-safe operation (first failure produces no significant degradation in safety) using a combination of cross
channel and in-line monitoring. Aerodynamic control surfaces have redundant sources of electrical

supply.
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The following summarizes the electrical redundancy levels for the IFPC system components:
Flight controller - Two channels with identical software in both cﬁamels
Vehicle-to-magway Height Sensors - Six sensors feeding two channels
Magway Position Sensors - Dual Channels
Magnetic Field Sensors - Thirteen sensors feeding tw;) channels
Inertial Sensors - Duplex Accelerometer Packs (Three-axis)

- Angle-of-Attack Sensors - Dual inputs for both pitch and yaw.
Sﬁbilator, Elevon_and Canard Actuators - Duplex force motor
Air Data Sensors - Static and dynamic air pressure and speed
RF Transceivers - Dual Transmit/Receive units
In addition, a Global Positioning System (GPS) is provided to accommodate special situations.

The IFPC consists of the Flight Path Control Set (FPCS), the vehicle control 1/0 set, the vehicle
aerodynamics actuators, the flight control sensors, the propulsion control sensors, the attendant interface,
the maintenance interface and backup hardware. The FPCS contains two (2) digital Flight Controllers
(FC), resulting in duplex-synchronous system operation.

The FPCS interconnection pathway diagram is shown in Figure 103. The command chain for the FC’s
is such that one channel is designated as the primary channel. A second, shadow FC processor duplicates
the operations of the primary FC using independent transducers. Internal performance monitoring soft-
ware routines running on each FC permit the shadow FC to take over partial or total system control
should problems develop with the primary FC channel. Use of a combination of dedicated and shared
sensors provides the necessary FPCS inputs to meet the safety, computational and mission reliability
requirement. Command inputs, vehicle motion/displacement and air data sensors, as well as surface
actuators, are supplied with transient resistant electrical excitation/power. The actuator servo loops are
digital, with the FC closing the loop, thus providing maximum rejection of radiated and conducted noise
effects that would impact more sensitive analog loops. Vehicle dynamics are monitored by analog sensors
which are converted and transmitted to the controllers over redundant digital busses. All data transfers
for an FC channel or between the individual FC’s are digital for increased data accuracy, flexibility, and
reliability.

The vehicle I/O control set are dual processors that operate in a similar primary and shadow manner to
that described for the FPCS, and provide the interface between the non-flight hardware and the FPCS.
The interface to the FPCS is via the ethernet link. The non-flight hardware includes the RF link, the
attendant displays, the voice channels, GPS, and the maintenance interface.
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The system architecture is structured for flight safety as well as redundancy with one-half the system
physically separated from the other. This is true of both the communications and power distribution
busses such that a single catastrophic failure of a sub-system has minimal effect on overall system
performance and passenger safety. The IFPC interface block diagram is shown in Figure 104 and clearly
defines the redundant functionality and data highways.

The system is partitioned into two major functional blocks; Flight Control and Vehicle Communications
1/0 .

For the Flight Control function, digital computations based on the flight control laws are made by a Flight
Control (FC) processor. Each channel of the FPCS contains a single FC, each supporting electrically
erasable programmable read only memory (EEPROM) for storage of the Operational Flight Program
(OFP). The EEPROMS’s containing the control laws can only be re-programmed by authorized personnel
through a series of protection and password schemes. This capability is only available while in the
maintenance depot and access is restricted while the vehicle is in service.

Vehicle sensor outputs are converted into digital form and transmitted simultaneously on redundant
busses. Multiple sensors are used to measure the vehicle-to-magway displacement, to detect encoded
magway position data, and to measure the vehicle’s acceleration and air speed/direction at various loca-
tions. Duality is implemented with the sensor arrays where required to augment the duplex nature of the
flight control function. Critical flight data is transmitted on two (2) separate digital serial busses, one
link going to each channel of the FPCS.

Aerodynamic control surface actuators are state-of-art designs developed for military programs. All
actuators are fly-by-wire with various levels of hydraulic and electrical redundancy as required for the
specific location on the vehicle.

Vehicle Communications I/0 processing is performed by dual redundant communications processors with
a similar architecture to that of the Flight Control processors. A VME architecture is adopted for this
function with duality retained for the data highways. All external vehicle communication I/O are
processed via this pathway and passed to/from the FC shared memory area. The interface supports the
vehicle duplex RF link for Voice and data (Propulsion loop processing), decoded GPS time and position
reference data, attendant display 1/0 and off-line maintenance 1/0. The VME environment ensures that
the data processing capability exists to meet the computational throughput required to adequately perform
these functions in the context of normal and abnormal vehicle operations. The fault tolerant VME proces-
sor design uses a Reduced Instruction Set Computer (RISC) architecture, similar to the Global center
hardware (see section 3.2.3.a). The prime criteria for adopting a dual redundant approach is passenger
safety. Failure of the communications processing function will isolate the RF link to the wayside
controller from the flight controllers. This results in loss of vehicle control by the Global center, and
loss of propulsion winding control by the vehicle. The dual I/O processor insures that one failure can
be tolerated without affecting the system performance, and permits the vehicle to travel to its destination
prior to a repair being required.
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3.2.1.k.3. PROPULSION CONTROL ACTIVITIES

Prior to a Magneplane departure, the vehicle’s GPS system will be used to provide position data as
necessary to the wayside and global controllers. The global controller will generate a trip profile
consisting of coordinate descriptions of eleven (11) meter sections of the magway that the vehicle must
follow along its path. Sufficient mapping data is transmitted to the vehicle for the immediate magway.
This mapping data is appended as the vehicle proceeds along the magway, by the Global Center, enabling
dynamic re-routing to be instigated without corrupting this database.

When the Magneplane departs, the initial function is to propel the vehicle towards the main pathways.
A starting sequence is employed to synchronize the power excitation to the vehicle’s position while
accelerating the vehicle along the magway. After synchronization, a normal propulsion control loop will
be invoked for this purpose. Once the vehicle is underway, propulsion control parameters are computed
by the vehicle and sent to the wayside controller which adjusts the LSM winding excitation for frequency,
phase and amplitude. The landing gear will be withdrawn when the Magneplane achieves flight velocity.
Control of the vehicle requires that the relative position of the magway field and the vehicle’s field be
maintained. Phase command words for the LSM excitation are sent to the wayside control processor
across the RF link at a 96 Hz rate. The phase data is derived from the magnetic field phase of the LSM
coil with respect to the vehicle. The required frequency and amplitude of the LSM winding excitation
field is also sént to the wayside control processor. These are derived from the vehicle’s relative velocity
and position along the magway, and the height between the vehicle and the magway.

3.2.1.k.4. LSM FIELD DETECTION

The LSM field strength will be measured on the vehicle using fluxgate magnetometers located between
the bogies on the vehicle above the propulsion windings. These sensors depend for their action on
saturation in magnetic material, usually a toroidal ‘ '

coil, which maintains a closed flux path for the excitation and sensed fields. External fields coupling into
the core introduce odd harmonics in the sensed output winding on the core, directly proportional to the
magnitude of the external field. This method of sensing is more linear than conventional Hall effect
sensors and does not suffer from the temperature sensitivity found with semiconductor sensing devices.
Since the distance of the sensor array from the magway windings has an effect on the magnetic field
strength measured, vehicle to magway height and orientation-displacements must be factored into the
readings. Similarly, to reduce any interference effects due to the levitation magnets in each bogey, the
sensor array is located at a midpoint location on the underside of the vehicle at an equal distance from
each bogey. Measurement errors introduced by magnetization of local ferrous materials in the vehicle
and distortion effects of the vehicle structure can be compensated by performing periodic calibration of
the sensor array in a sterile magnetic environment.

An array of 13 sensors arranged as shown in Figure 105 will be used to detect the magnetic field strength
of the magway windings. The arrangement of the sensors in the array is chosen to provide at coverage
over at least two pole pitch’s (1.5 m). This configuration improves the accuracy of the LSM waveform
reconstruction from the sampled data points by ensuring that at least two sensors will be detecting flux
transitions near the zero crossing point of the waveform. The relative position of sensors in the array
is derived from the physical relationship of the phase coils in the magway which are offset from each
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other by 1/3 of a pole pitch (0.25 meters). The composite magnetic field generated by the three phase
coils has a wavelength of 1.5 meters, as do the individual phase components. The sensor arrangement
is such that the sinusoidal LSM field pattern can be reconstructed from the individual field strength data
points with a high degree of accuracy. The number of sensors in the array permits single failures to
occur without significant reduction in the accuracy of the reconstructed waveform. The phase offset
between the vehicle propulsion coils and the LSM magway coils is computed using the reconstructed flux
waveform, knowledge of the vehicle to magway height and the index offset of the sensor array to the
vehicle propulsion coil geometric center. Calculations indicate a flux-gate sensor with a dynamic range
of 76 dB shall be sufficient for this application, which is within the capability of current commercial
technology.
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Figure 102 IFPC system diagram
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3.2.1.k.5. VEHICLE-TO-MAGWAY HEIGHT DETECTION

In addition to.magnetic field strength measurements, the distance between the Magneplane and the
magway must be acquired. This will be accurately performed by a sensor that uses an optical scheme
to triangulate a pulsating photolight source transmitted from the vehicle to the magway.

The sensor provides a infrared light pulse at a repetition rate of 20 kHz which illuminates a field covering
5to 7 mm. The pulse is reflected into a lens system on the vehicle and focused onto a photo-detector.
The detector produces a current depending on the light’s intensity and position to the center of focus.
The signal is processed by the electronics which produces an linear analog output as a function of the
height between the sensor and the surface (25 mV/mm). The measuring range for this device is specified
at + 125 millimeters with at an offset distance of 400 millimeters. The linearity performance is less than
1 percent.

The device will automatically adjust itself to the reflected light intensity. So, only some amount of
reflectivity is required on surfaces to perform measurements. The levitation plates will be used for this
purpose. Any transient light intensities, such as those experienced in the transition into or out of tunnels,
do not effect the sensor performance. The sensor receiving element has a peak response tuned to that
of its internal light source and is insensitive to the relatively low ambient light content at the internal light
source wavelength. Sensor signal jitter is filtered by electronics which provide a detector bandwidth of
30 Hz.

This sensor is a commercial product that has been used in other high speed applications up to 250 miles
per hour, which represents the limit for today’s surface vehicles. The manufacturer is confident about
operating the device beyond this speed and indicates that adjustments to the design to achieve higher
performance will be straightforward.

Six (6) height sensors will be used to perform the height measurements. Three sensors will be mounted
along the vehicle on each of the right and the left sides. This will provide coverage of the vehicle
regardless of the misalignment from the center of the magway coils. Data from all six sensors is shared
by both channels of the FPCS. The redundancy provided insures a gradual degradation in data if one or
more of the sensors fail during flight.

3.2.1.k.6. POSITION/VELOCITY MEASUREMENTS

The primary method for detecting the velocity and position of the magneplane along the magway will
employ the use of RF markers placed along the magway. The Magneplane implements RF receivers so
that the unique marker codes can be captured and processed as the vehicle passes a transmitter which
continuously emits a code. The transmitters are spaced eleven (11) meters apart and emit a unique code
to represent the position along the magway. Peak detection will be used to determine when a marker is
passed. The velocity will be derived by computing the frequency at which the markers are passed.
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To receive the code, two receivers will be mounted on the magneplane near or at the center line height
of the vehicle. The position of the receivers will insure detection over a 45 degree orientation of the
magneplane along the magway. The second receiver provides a fail-safe operation for the function.

One of the benefits of this approach is that it allows operation throughout various environmental
conditions. Passive detection schemes which depend on visual recognition of light/dark patterns can
become defective from environmental conditions and general wear.

3.2.1.k.7. PROPULSION LOOP PROCESSING

. The input processing of the flight controller integrates sensors of each type and produces results that are
crosschecked for expected and reliable operation based on the vehicle’s current status. The reliability of
the data provided by a sensor is assessed by verifying it against other data acquired both temporally and
spatially from other sensors. This provides measurement coverage for various orientations of the vehicle
for achieving the required performance. It also permits failed sensors to be taken off-line to prevent
continued corruption.

The communications between the vehicles and the wayside control processors is achieved with an RF link
which accommodates the transmission of the vehicle’s propulsion commands, the vehicles position and
velocity along the magway, and the voice communications between the vehicle and the wayside. The
position and velocity data will be provided at a sample rate of 12 Hz. Voice communications will be
provided with a 3.5 kHz bandwidth, consistent with modern telecommunications standards.

Negotiating a turn-off is considered no different from a coordinated curve, hence it has no impact on the
propulsion control activities implemented by the FC.

For arrival sequences, the controller will reduce the velocity of the vehicle until the landing gear can be
employed. Braking activities are performed by the FC using the Braking Controller. The function of
the Brake Controller is to provide control of the landing gear in order to obtain controlled vehicle
deceleration. For the normal braking mode, deceleration is obtained through use of the propulsive
magnetic fields, essentially by creating a negative thrust through the magway/wayside control loop. The
Brake Controller is also capable of providing independent braking control for both forward and rear
landing gears. Both modes are dependent on information from the Flight Path Control Set (FPCS). The
Brake Controller interfaces with the FPCS via a digital bus. Failure monitoring for the FC employs
monitoring of the brake control servos, both speed sensors, input power and autobrake. Also, a
completely separate emergency braking system is provided through the extension of the emergency skids.
The emergency braking system is a direct two-state system, and no linear control is employed to stabilize
the emergency brakes.

3.2.1.k.8. STABILIZATION CONTROL ACTIVITIES

The Magneplane’s ride quality depends on two factors. The first one defines how well the vehicle can
be controlled with respect to the correct roll angle in the magway, and the second one establishes how
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well inertial disturbances can be dampened by the vehicle. For stabilization, the aerodynamic control
features of the Magneplane are used. These features are implemented as part of the IFPC. This includes
the inertial sensors, the air sensors (velocity, pressure, and direction), the FC’s, and the surface actuators,
which interface with the controlled surfaces. The Magneplane design is naturally stable, but underdamped.
The vehicle will inherently adopt a centered and coordinated position in the magway, rolling to align in
curved sections when traversing at the (curve) design speed, and returning to an upright position in
straight sections. The vehicle shape, center-of-gravity, moment of roll and interaction with the magway
are all designed to provide this stability. Perturbations due to acceleration, wind gusting, magnetic keel
and magway misalignment will result in a decaying oscillatory motion, which is undesirable for passenger
comfort. These perturbations can occur more frequently than they can be dissipated unless an active
control scheme is incorporated.

When the vehicle is in flight, aerodynamic stabilization is performed by the FC for controlling roll
through the magway turns and switches. These maneuvers are coordinated by the FC which utilizes route
information cross-referenced by the vehicles known position on the magway. In this way, the vehicle
attitude can be modified prior to entering a switch or curve, thus maintaining its optimal trajectory for
the maneuver. Stabilization is also used for controlling the vehicle from external disturbances, such as
those caused by wind velocities and imbalances of levitation forces on curved sections. The role of the
stabilization control function is to null out any tendency that would cause the Magneplane not to follow
its assigned profile. »

3.2.1.k.9. INERTIAL MEASUREMENTS

Acceleration disturbances will be measured using linear accelerometers which compose an Acceleration
Sensor Assembly (ASA) using three orthogonal sensors. Each channel of the FPCS receive a normal
lateral acceleration sensor signal from one (1) of two (2) identical dual ASA’s. Each of the dual ASA’s
will be located in the Fwd and Aft of the vehicle and displaced about the horizontal center line of the
vehicle. The instruments are DC powered by the appropriate FC channel to maintain continued operation
through periods of transient or emergency operation. The ASA’s are fully developed operational units
currently in use in production aircraft.

3.2.1.k.10. AIR/PRESSURE MEASUREMENTS

Directional sensors will include Angle-of-Attack (AOA) sensors, for both pitch and yaw, and pressure
sensors. Each FPCS channel interfaces with one AOA transducer input for each of the axes. This
provides independent data to the primary and shadow FCs to permit sensor datal‘- verification to be
implemented.

Static and dynamic air pressure sensors are maintained by the Air Data Sensor Assembly (ADSA). The -
ADSA is a dual unit which supplies signals to the FPCS primary channel. These signals are then
supplied to the internal FC cross channel data link to the shadow FC element. They are used within the
FC along with the AOA signals to derive differential air speed, from which the vehicle velocity can be
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established. The ADSA is DC powered by the corresponding FC channel as with the ASA’s described
in section 3.2.1.k.9.

3.2.1.k.12. STABILIZATION LOOP PROCESSING

Input data from the inertial instruments and the air/pressure sensors will be processed similarly as
described for the magnetic field strength measurements and the vehicle-to-magway height measurements.
All inertial measurements will be filtered and used to extract the six inertial moments of the vehicle;
thrust, pitch, heave, roll, sway and yaw. The results, along with the air/pressure measurements, the
vehicle’s profile commands, and the magway curvature computations, will be used by the FCs control
laws. These laws use six (6) degrees-of-freedom to provide directional and lateral control for various
maneuvers required by the Magneplane. Similarly, as in traditional aircraft applications, for example,
coordinated turns require roll control of the vehicle. However, adverse yaw effects may be induced
which require rudder deflection in the direction of the roll. The FC control routines will also be used
to null disturbances that would cause pitch, roll, yaw, sway, heave or thrust. The results of these
computations will command the actuators of the various surface control devices (stabilators, elevons,
rudder and canard). The actuators are arranged in a duplex configuration to drive each of these
assemblies. Each actuator within a duplex is driven by separate channels of the FC across a digital
interface. The duplex arrangement will provide the required fault coverage for these assemblies
(Fail-safe). Although the stabilization scheme has much similarity in concept with aircraft, the natural
confinement of the magway, the limited suspension forces of the levitation scheme and the specific
placement of the control surfaces fore and aft of the vehicle yields a unique set of control laws (see
section 3.2.2.g).

3.2.1.k.13. POWER CONDITIONING REQUIREMENTS

Power for each FPCS is supplied from two different buses. Both buses are tied together during normal
electrical system operation through a current limiting device. An Uninterruptable Power Source (UPS)
is included to provide emergency and transient suppression power to the FPCS. The transient suppression
feature provides power to the FPCS via two dedicated bus channels to each FC. Emergency power is
supplied to each FC as required, by automatic switching of UPS which is capable of sustaining FPCS
operation for a minimum of 120 minutes.

3.2.1.k.14. ENVIRONMENTAL PROVISIONS

The vehicle will house separate and independent controllers to maintain the environmental conditions in
the vehicle. This includes meeting requirements for air-conditioning, heat, overall lighting, local audio
communications, and internal sensors/ actuators for passenger doors as well as local lighting. Envi-
ronmental data will be collected and stored into the flight recorder.
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3.2.1.k.14.1. DE-ICING AND ANTI-ICING PROVISIONS

State-of-the-art de-icing equipment will be used to automatically sense and correct any icing conditions
on external aerodynamic surfaces of the vehicle. The system combines unique features for detection and
elimination. Detection is accomplished using ultrasonic sensors whose resonance changes as ice forms
on the exposed probes, the change in resonant frequency being detected by the control electronics. The
actual de-icing mechanism is based on pneumatic inflation/deflation of flexible membranes on the leading
edge of the control surfaces. Inflation pressure requirements for this type of scheme are low, in the range
of 0.5 to 1 PSI. Similarly, the power requirements to operate the system are negligible since power is
tapped from the compressor in the braking system. Under normal conditions, pressure loss in the braking
system is compensated by action of the compressor. It is estimated that the operating power requirements
for the entire de-icing system is equivalent to the small losses observed in the high pressure braking
system. Once the vehicle has been placed in service, the continued operation of the de-icing elements
provides an efficient anti-icing scheme that prevents ice build-up on the control surfaces while the vehicle
is in motion or stationary.

3.2.1.k.15. DATA/AUDIO COMMUNICATIONS

Information will be shared among the various processors through a two-way digital interface bus tailored
to the ARINC 629 standard. This is one of the most recent standards being implemented on commercial
aircraft. The bus is specified to operate at a 2 Mhz bit rate using a fibre-optic data link.

The communications between the vehicles and the wayside control processors is an RF link which
accommodates the transmission of the vehicle’s position along the magway, velocity, LSM commands
and voice communications. Voice information is routed directly to the Global control centers over the
FDDI Wayside to Global voice and data links. The position and velocity data will be provided at a
sample rate of 96 Hz whereas voice communications will be provided with a bandlimit of 3.5 kHz. Packet
switching will be used to accommodate the RF coverage overlap for nearby wayside control processor
transmissions such that LSM field synchronization can be accomplished for magway block transitions.

For the IFPS, redundant serial busses tailored to the ARINC 629 interface standard will be used for
interfacing vehicle sensors and actuators to the FC’s. Again, fibre-optic data links will provide the
connections. For the interface between the FC and the surface actuators, the intention is to retain a
bidirectional digital structure for command and feedback signals. All necessary D/A and A/D conversions
shall be accommodated by the actuator interface electronics. This configuration eliminates the need to
distribute sensitive analog control signals from the FC’c to the actuators.

3.2.1.k.16. GLOBAL POSITIONING SYSTEM (GPS).

Each vehicle incorporates a GPS receiver to provide both the vehicle and Global Control Center with
vehicle position data during a system "Wake-up" or restart. Vehicles located in areas where GPS satellite
coverage is not available (Tunnels etc.) will make a coordinated restart in conjunction with the wayside
control processor which will move the vehicle toward the next block boundary at low speed. A transition
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into the adjacent block provides the necessary position initialization for correct on-board systems
operation. The GPS time reference data is also used for synchronizing LSM drive level commands issued
by the vehicle to the wayside units.

3.2.1.k.17. TEST PROVISIONS

The FPCS will contain a comprehensive Built-In-Test (BIT), which consists of Periodic BIT (PBIT) and
a manually Initiated BIT (IBIT). PBIT operates continuously whenever the FPCS is operating. It
performs computer self-test and collects failure data from hardware and software monitors. PBIT sets
the necessary cautions and warnings for display to the vehicle operator and central control and also
collects status and maintenance codes for problem analysis and maintenance. Sufficient data ia contamed
in the status information to enable alternate route planning.

IBIT has a number of submodes: Preflight BIT, Dial-A-BIT, and special operator intervention submodes.
Preflight BIT is used to determine that the IFPC system is mission ready by means of an end-to-end check
of sensors, computers, and actuators. Dial-A-BIT is used to facilitate maintenance. The operator can
select specific tests, single step through a test, or auto stop-on-failure.

Brake Controller (BC) BIT testing is not under the control of the FPCS and occurs with application of
electrical power. The status is reported to the operator and Global Control via the FPCS.

3.2.1.k.18. EMERGENCY OPERATIONS

Ultimately, in the event of unforeseen failures within the transit system, it is critical that the Magneplane
operates in a manner that maximizes the safety of the passengers. A more detailed appraisal of potential
hazards to the vehicle is given in section 5.3.10. Global failures could affect such functions as vehicle-to-
wayside control communications or LSM propulsion. These failures require emergency procedures that
affect multiple vehicles over a wide area and utilize the coordinated response of adjacent Global centers.
Likewise, certain failures within the vehicle may require safety measures that affect not only it, but other
vehicles controlled by neighboring wayside control processors. In either case, the action taken by the
system, wayside or vehicle elements should be a coordinated response that minimizes the impact the
existing hazard without introducing additional dangers.

Communication failure with the wayside control processor will result in the vehicle not receiving velocity
command at the anticipated 12 Hz rate. If the vehicle determines that a number of successive commands
have not been received then it will automatically initiate a braking maneuver and stop. A vehicle will
traverse less than 50 meters in the time required to determine four successive commands have been
missed. As the wayside control processor and Global center are also aware that communications to a

vehicle has failed, automatic procedures can be instigated to stop downstream traffic, anticipating that the

affected vehicle will automatically deploy its brakes.
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Gross propulsion failures due to LSM or vehicle failure will also require braking procedures to be
invoked for coordinated stopping of the vehicle. The vehicle will broadcast such a failing to the wayside
control processor across the RF link, so that appropriate coordinated action at a Global level is instigated.

Another situation may include the loss of the Magneplane’s control over its surfaces. Emergency
procedures would require that the vehicle operate at reduced speeds until it is within a safety envelope.
Likewise, certain gross sensor failures may require the vehicle to operate at reduce speeds while using
other sensors to interpolate for the missing sensors. For example, height detectors would be used to
measure pitch and roll with some degraded accuracy. The profile data that was stored in the FC would
be used in conjunction with the height measurements along the magway to interpolate the vehicle’s inertial
attitude. If the circumstances did not allow any of these approaches, emergency braking procedures
would be used.

General power failures on the vehicle will be managed by switching over to the backup power system
which has sufficient reserve to allow time for the vehicle to continue to its intended destination or an
earlier exit, as determined by the Global controller.

In general, many séfety and emergency features will be employed. The goal of all control functions
performed by the Magneplane is to insure passenger safety regardless of circumstance.

3.2.1.k.19. VEHICLE ATTENDANT

It is anticipated that an attendant will be on-board every vehicle in transit. The prime responsibility of
the attendant will be to insure passenger comfort, and notify/monitor the passengers to insure that they
are seated and belted when required. The attendant has access to a display unit which provides a
summary status of the vehicle operations, and any data/messages received across the RF link from the
wayside control processor. This permits Global updates (via wayside), so that passengers can be kept
updated on arrival time, weather conditions etc. Keyboard communications augmented with voice
communications will be available across the RF link. The keyboard communications will be limited to
reporting status of the vehicle/magway/passengers. The presence of an attendant insures that any
passenger problems (illness etc) can be addressed in an appropriate manner, and any impending problems
(local weather, excessive perturbations on a stretch of magway etc) can be reported in a timely manner.

The attendant has no control of the vehicle, other than requesting velocity or route changes via the RF
communications in an abnormal event, to the wayside. The Global center will coordinate such changes
in a safe manner, with human intervention to initiate the change in the scheduling, implemented by the
Global center control system on all affected vehicles.
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3.2.1.el. VEHICLE/VEHICLE DYNAMIC INTERACTIONS

In the Magneplane system, vehicles are not coupled. They do not normally fly on the same electrical
block, so there are no vehicle\vehicle dynamic interactions.

For justification of vehicle/consist capacity, see section 5.3.2.3.
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3.2.2. SYSTEM DESCRIPTION -
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3.2.2.a. CIVIL CONSTRUCTION

3.2.2.a.1. GENERAL

The magway consists of the magway trough and its supporting structure. See Figure 1. The magway
trough is composed of two levitation plate box beams and a LSM winding as described in Section 3.2.2.b.
Depending on the depth of the box beams, the trough is able to span up to 15 m (49 ft) between vertical
supports as shown in Figure 2. If it is required that the distance between vertical supports exceed 15 m,
the magway trough is supported by a horizontal structure that spans between vertical supports. Where
it is required, the horizontal structure consists of a steel truss or concrete box beam which supports the
magway trough at 4.57 m (15 ft) intervals. The depth of the aluminum box beams spanning 4.57 m is
0.41 m (16"). This depth increases to 0.8128 m (32") for a 9.14 m (30 ft) span.

The vertical supports are columns or piers that have crossbeams to support the trough or the spanning
structure and are described in Section 3.2.2.a.4. The piers in turn are supported on concrete foundations
as discussed in Section 3.2.2.a.5. Section 3.2.2.a.3. describes the spanning structure. The design criteria
is given in the following section:

3.2.2.a.2. DESIGN CRITERIA

The civil structure (including the magway trough) is designed to meet the minimum requirement (MR)
of a 50-year life. The entire structural system is also specifically designed for the following loading
combinations:

D

D+S

D+L

D+W

D+E

+E
(D+L+E)x75%
(D+L+E)x75%
(D+L+B)x75%
D+L+ [(%)zw +Wy]

Where,

D=  Dead load includes weight of magway and structure and a 100 plf utility load

§ 3.2.2.a. 1
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L= Moving live load due to vehicle (Includes impact)
S= Snow load of 40 psf on the horizontal projection of the magway and supporting structure

W= Design wind load against the structure. This load was calculated in accordance with input from
the COE using ASCE 7-88 with a basic wind speed of 38 m/s (85 mph) and an importance factor
of 1.10

Wy= 30 mph steady state wind load against the vehicle, 50 mph gust, with the vehicle traveling at
design speed

E,= Transverse earthquake based on Seismic Zone 2
E = Longitudinal earthquake based on Seismic Zone 2
B= B(égng force from vehicle = 0.65 g

The above loading combinations are consistent with U.S. Building Code requirements. The AASHTO
bridge specification requirements have also been reviewed, however, they are not considered to be 100%
applicable to maglev magways since, for example, Magneplane vehicle live loads are more predictable
than highway live loads. As such, they should not require the same factors of safety.

In addition, the magway structure is designed for a delta T of 83°C (150°F) which is consistent with U.S.
highway and railroad bridge criteria. The magway trough is designed to accommodate up to a 157°C
(284°F) temperature delta (see Section 3.2.2.c.). The following additional requirements have been
established by the system dynamic analysis in order to meet ride quality guidelines:

° The design natural frequency in hertz shall be greater than 160/L, where L is the span
in meters
° The dynamic live load deflection shall not exceed L/2000 or 0.02 . (0.8")

3.2.2.a.3. SPANS

Several materials and many configurations were considered for the supporting structure spanning between
columns. These options are discussed in Section 5.3.2.23. That section also discusses the preliminary
screening and the results.

The optimum structural system for both at grade and elevated magways was found to consist of the
aluminum box beams spanning between vertical supports. The at grade and elevated magways are shown
in Figure 2 and Figure 3. When it is required to span distances longer than 15 m (49 ft), it is cost
effective to provide a horizontal steel truss to support the magway. Concrete beams were also considered
for this purpose but were found in this study to be more costly than the steel truss system. It is
recommended, however, that designs for both steel and concrete supporting members be considered in
the future as the relative costs of steel and concrete can change based on local situations and market
conditions. Highway bridge designers traditionally provide both options to encourage competitions
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between the two industries. The trade studies relating to the selection of these structural systems are
presented in Sections 5.3.2.25. and 5.3.2.26.

The calculations included a dynamic analysis that indicate the dynamic load factor for the nominal span
to be approximately 1.20. Allowable stress levels were based on fatigue considerations as required by
applicable codes. The restriction on the natural frequency and live load deflection generally controlled
the design of the spanning members. The present design for the steel truss or concrete beam members
assumes simple spans between supports.

3.2.2.a.4. COLUMNS OR PIERS

The columns or piers have caps or crossbeams that support the ends of the spanning members. As noted
in Section 3.2.2.c., which follows, the bearing pads at the ends of the spanning members shall be
designed to provide 0.04 m (1.5") of adjustment to allow compensation for foundation settlement. The
support columns have been estimated for the purpose of providing preliminary dead loads and costs for
input to the tradeoff study in Section 5.3.2.23.. For the selected optimum spans a more detailed design
was done which refined the sizing to efficiently and adequately support the magway structure under all
loading conditions. The design shall be aesthetically pleasing and where practical be designed for a
minimum footprint such as would be required in the median strip of an urban or suburban interstate
highway. The present design of hexagonal columns and rectangular piers and their caps or crossbeams
configured to support various structural systems are shown in Figure 4, Figure 5 and Figure 6.

§3.2.2.a. 3
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3.2.2.a.5. MAGWAY FOUNDATIONS

Trade studies for various foundation types and sizes, including piles and spread footings, were completed
by Bromwell & Carrier, Inc. (BCI). Foundations selected for the Magneplane magway will vary in size,
type, and cost, depending on the following criteria:

Static and dynamic loading of the structure
Soil or rock type encountered

Variability of soil with depth and area

Soil strength and compressibility
Environmental constraints

For purposes of this report, foundations were designed assuming static and dynamic loading information
supplied by others of the MI team, a soil with uniform conditions as described below, and no major
environmental constraints. These parameters are described in detail in the following sections. Spread
footings were analyzed for bearing capacity, sliding, and settiement. Deep foundations were analyzed
for both axial and lateral capacity.

3.2.2.a.5.1. LOAD CRITERIA

Foundation loads were determined for a variety of different cases during trade studies conducted by the
structural engineers. Figure 8 shows a typical footing and column detail, which describes the direction
convention and the various loading cases used in these analyses. Axial loadings consisted of the column,
the contributory weight of the magway, utilities and ancillary components, snow, and the weight of the
vehicle. Lateral loads and moments were induced at the footing by seismic, wind on the magway and
vehicle, and emergency braking forces. An analysis was completed for each loading combination shown
in Figure 8. :

For a given magway type, span length, and column height, each of 10 load combinations were analyzed
and a spread footing was sized for that load combination. Over 1000 load combinations were sized based
on these parameters. Due to the eccentric loading conditions, each footing was initially designed to
assure that the loading was within the kern (middle third) of the footing, and adjustments were made
depending on the calculated minimum and maximum stresses on the soil beneath the footing. However,
it was determined that for emergency loads, it is not necessary to keep the resultant in the kern. Footings
were designed based on this assumption. Ultimately, the final size of the footing was chosen as the
maximum dimensions of width and length based on the list of footings designed for each load condition,
and rounded up to the nearest 0.1 m. '

3.2.2.a.5.2. SOILS CRITERIA
Although trade studies could be completed to determine the best foundation type for each soil condition,
this was not deemed appropriate for this report. Instead, uniform soil conditions similar to those

presented by the Government for use in the Severe Segment Test were assumed, and trade studies were
completed on various loading conditions.

170
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' Parameter | U.S. Units | S.I. Units '

dry density 90 pef 5.62 kg/m®

total density 100 pef 6.24 kg/m®

angle of internal friction 29 deg. 29 deg.

cohesion | 0 psf 0 KN/m?

water table depth below footing 5 feet 15 m

SPT N value 10 10

allowable bearing pressure 3.0 ksf 150 kN/m?

modulus of subgrade reaction 25 pei 6770 kN/m3

modulus of subgrade reaction (saturated) | 20 pci 5430 kN/m3

Figure 7 Soil type parameters
]

In reality, varying soil conditions will exist, and will impact the selection of the appropriate foundation.
For conditions which are environmentally sensitive, or for which conventional construction means are
limited, the "end-on" construction may be employed to erect the Magneplane magways. The relationship
between end-on construction, foundation installation, and cost is discussed in a later section of this report.

The soil type selected for analysis herein is a loose, slightly clayey sand. The detail parameters for the
soil type are given in Figure 7.

It is noted that the allowable bearing pressure, above, is equal to the criteria given by the Government
for the Severe Segment Test. Other parameters are correlated from the bearing pressure value.

3.2.2.a.5.3. FOUNDATION TYPE

Various foundation types considered in our preliminary trade studies as potentially appropriate to the
Magneplane system include the following:

spread footings

drilled shafts (belled, straight)
driven piles

augercast piles

pullout anchors

§ 3.2.2.a.5. 11
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pin piles

step-tapered piles
grout anchors in rock
in-place stabilization

Of these, augercast piles and pin piles were deemed to have limited capability to resist the high moments
that are induced on the magway by wind and earthquake loadings. Pullout anchors and rock anchors
could be used in conjunction with spread footings to take some percentage of the loads and thus reduce
the size of the footing. In-place stabilization of poor soils may be the most cost effective way of
improving soil conditions such that less conventional foundations are feasible for construction.

Detailed analyses of four foundation types - steel and prestressed concrete (PSC) piles, spread footings,
and drilled shafts - are presented below. From these, the spread footing option was chosen for use in -
the cost and other trade studies on the Magneplane system, again to be consistent with the SST
parameters.

3.2.2.a.5.4. SPREAD FOOTINGS

Spread footings which would support the Magneplane magway were designed and analyzed based on load
and moment data obtained from UEC, Denver Colorado. A total of five different support structures were
analyzed during trade studies.

Assumptions made for the analyses are listed below.
. The allowable bearing capacity of the soil is approximately 150 kN/m?, or 3.0 ksf.
. The weight of the footing is neglected.

. The footing is rigid and the applied loads and moments are uniformly distributed
throughout the foundation.

. Loads applied to the footing and footing dimensions are those shown in Figure 8. The
bottom of the footing is at least 1 m below the ground surface to avoid frost penetration.

. Under normal loads (ie. dead loads, live loads, snow loads) the minimum soil pressure
must be greater than or equal to zero, the maximum soil bearing pressure must be less
than the allowable pressure and the resultant force must fall within the kern (middle 1/3
of the foundation base) as shown in Figure 9, Case 1.

. During transient loading conditions (ie. wind loads, emergency breaking loads, and
earthquake loads) the resultant force is permitted to fall outside the kern.

. During transient loading conditions the minimum foundation bearing pressure may be less
than or equal to zero providing that the maximum foundation bearing pressure does not
exceed the maximum allowable bearing capacity as shown in Figure 9, Case 2 and Case
3. -

12
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The formula used to calculate the maximum and minimum loads exerted on the soil by the foundation
is shown below.

where
q = load exerted on the soil
Q = summation of the forces in the vertical direction
e = eccentricity
L = footing length
B = footing base

Analyses of the typical magway section, i.e., the aluminum box beam double magway, with a span of
9.1 m and a height of 5.2 m, resulted in a footing base of 4.1 m and a footing length of 5.6 m. Footing
sizes for other spans and magway heights for the aluminum box beam are shown in Figure 10. Footing
sizes for the concrete pier single magway, concrete pier double magway, steel truss single magway, and
steel truss double magway are shown in Figure 11, Figure 12, Figure 13, and Figure 14 respectively.

Immediate settlement was calculated from the Meyerhoff equation, using the assumptions listed above
including the allowable net bearing capacity. The settlement was 0.025 m, which is the maximum
allowable based on the preliminary Severe Segment Test criteria. A reasonable construction procedure
would be to compact the soil before constructing the footings, which would increase the density of the
foundation materials and decrease the amount of settlement which might occur.

3.2.2.a.5.5. PILE FOUNDATIONS

The pile foundations for the Magneplane magway were designed and analyzed using a static bearing
capacity analysis computer program (SPT91) and a lateral capacity program (LPILE). These computer
programs are commercially available. The pile foundations analyzed were 0.46 m square prestressed
concrete (PSC) and 0.46 m diameter pipe piles.

Axial loadings consisted of the column, the contributory weight of the magway, utilities and ancillary
components snow, and the weight of the vehicle. Lateral loads and moments were induced at the footing
by seismic, wind on the magway and vehicle, and emergency braking forces.

The design for the double aluminum box beam magway was analyzed using the braking load combination.
This combination represented the highest load in the axial and lateral direction. The design for the steel
single truss magway was analyzed using the braking and wind load combinations. The wind load
combination was the controlling factor in the axial design of deep foundations. The braking load
combination was the highest load based on the lateral analysis.

The axial column loads.were equally distributed to a four pile group. The moment imposed on the
column was distributed on the piles as an compressive or tensile axial load, depending on the magnitude
of the moment. Figure 15 shows the distribution of the loads on the piles. The design was initiated by
using the axial capacity vs. depth to determine the length of the pile assuming both skin friction and end
bearing, along with appropriate safety factors. The next step was to determine the pile length required

§ 3.2.2.a.5. 13
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for fixity against rotation/deflection based on the lateral 1oad response. The final design of the pile length
and size was determined by a comparison between the axial and lateral responses.

Figure 16 summarizes the results of the axial capacity analysis (SPT-91). The allowable pile capacity
reached 1177 kN at 30.5 m depth for a 0.46 m square prestressed pile (PSC). The allowable capacity
was 925 kN at 30.5 m for the pipe pile. Figure 17 and Figure 18 are examples of the lateral design
response to the 5.2 m span aluminum box beam, on a 0.46 m square psc pile.

The axial capacity controlled the design of the double aluminum box beam and the steel single truss. For
these two magway types, lateral fixity was achieved at a relatively shallow depth.

The final deep foundation configurations for various load conditions are listed in Figure 19. For each
loading case, this table indicates the number, length, and diameter of piles/drilled shafts in the group.

3.2.2.a.5.6. DRILLED SHAFT FOUNDATIONS

Drilled shaft foundations for the Magneplane magway were designed and analyzed using a static bearing
capacity analysis as outlined in the FHWA’s Drilled Shafts: Construction Procedures and Design Methods
(1988). Lateral capacity analyses were completed using the computer program LPILE (tm) which is
commercially available. Drilled shaft diameters considered in our analyses ranged from 0.76 to 1.22 m.

The design for the double aluminum box beam magway was analyzed using the braking load combination.
This combination represented the highest load in the axial and lateral direction. The design for the steel
single truss magway was analyzed using the braking and wind load combinations. The wind load
combination was the controlling factor in the axial design of the deep foundations. The braking load
combination was the factor used in the lateral analysis.

The column loads were equally distributed to a four-shaft group. The moment imposed on the column
was distributed on the piles as a compressive or tensile axial load, depending on the magnitude of the
moment. Design consisted of determining the axial capacity vs. depth, including uplift capacity, and also
determining the length of shaft required for fixity against rotation/deflection based on the lateral load
response. A comparison between the two response curves was used to determine the length required to
meet capacity.

Figure 20 summarizes the results of the axial capacity analyses for drilled shafts. The allowable/design
capacities as shown are based on a factor of safety of 2.5.

Based on soil and loading conditions analyzed for this study, it was determined that 0.91 m is the
optimum shaft diameter. The axial capacity controlled the design for the double aluminum box beam and
the steel single truss span. The lateral fixity was achieved at a relatively shallow depth. The final drilled
shaft dimensions for various load conditions are listed in Figure 19.

Given the lack of shallow competent rock or other suitable end bearing material within the subsurface
profile used for this study, drilled shafts do not appear to be the most practical foundation alternative
based on the hypothetical project conditions. Construction of drilled shafts within the soil profile used
for this study would require the use of "wet-hole" techniques due to the shallow groundwater conditions
and the generally loose somewhat sandy soil profile.

14
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Among the conditions in which drilled shafts could be considered a cost-effective foundation alternative
include loading conditions in which large uplift capacities or moments are possible. Also, shafts drilled
into bedrock can carry very high loads which could eliminate the need for a "pile cap" since most loads
can be carried on a single pier/shaft. ‘ :

§ 3.2.2.a.5. 75



System Concept Definition Report

Magneplane International
September 1992

National Maglev Initiative

0.76m

S

Figure 8 Magneplane foundation loading conventions

“

16 )



Magneplane International
National Maglev Initiative

@

System Concept Definition Report
September 1992

Middle 34
(Kern)

7, 7z, .
SRS -

!

Qmin—

D

Yo 7
R KR

CASE 1
Qmax=150 kN/m?2
| Qmin=g kN/m?2

7, 7 Z
SIS

e

~

CASE 2
Qmax=150 kN/m?2
Qmin= @ kN/m?2

i TR ]

Figure 9 Magneplane footing load distributions

50

§ 3.2.2.a.5.

CASE 3 (UPLIFT)
Qmax=150 kN/m?2
| Qmin<g kN/m?2

17



Magneplane International
National Maglev Initiative

System Concept Definition Report

September 1992

I(=}ruideway Guideway [Foundation [Foundation| Exca- Form
Span Height Base Length vation | & Pour | Backfill

| m | m | (m m | m*3) | m~3) | m~3)
13.7 19.8 6.4 6.9 558 33.4 224
13.7 9.1 5.2 4.9 339 19.2 14.6
13.7 7.6 4.9 4.9 32.1 18.1 14.0
13.7 5.2 4.7 4.7 30.3 17.0 13.3
13.7 0.9 3.0 9.1 38.0 21.2 16.8
13.7 0.6 3.0 9.1 38.0 21.2 16.8
9.1 19.8 6.9 6.1 534 31.8 21.6
9.1 9.1 5.0 5.0 33.9 19.3 14.6
9.1 7.6 4.9 4.9 32.1 18.1 14.0
9.1 5.2 4.1 5.6 315 17.7 13.8
9.1 0.9 3.0 9.1 38.0 21.2 16.8
9.1 0.6 3.0 9.1 38.0 21.2 16.8
4.6 19.8 6.6 6.1 51.2 30.4 20.8
4.6 - 9.1 5.0 4.9 33.0 18.7 14.3
4.6 7.6 4.6 5.2 320 18.0 14.0
4.6 5.2 4.3 5.0 293 16.3 13.0
4.6 0.9 3.0 9.1 38.0 21.2 16.8
4.6 0.6 3.0 9.1 38.0 21.2 16.8
9.1 0.0 6.1 14.6 109.0 67.9 410

18

. Figure 10 Footing spread summary - aluminum box beam double magway
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=f}Luideway Guideway | Foundation| Foundation| - Exca- Form
Span Height Base Length vation & Pour | Backfill
(m) (m) (m) (m) m”3) | m73) | m™3)
33.5 19.8 11.1 11.1 146.8 94.3 52.6
36.6 9.1 9.0 9.0 98.3 61.6 36.7
36.6 7.6 8.7 8.7 92.1 57.5 34.7
36.6 5.2 8.2 8.2 83.3 51.6 31.7
36.6 0.9 1.9 7.3 72.1 44.1 28.0
36.6 0.6 7.9 7.3 72.1 44.1 28.0
22.9 19.8 7.3 7.3 67.0 40.8 26.2
22.9 9.1 5.5 5.5 39.6 229 16.7
22.9 7.6 5.3 5.3 37.7 21.7 16.0
22.9 5.2 5.0 5.0 339 | 193 14.6
22.9 0.9 4.3 4.1 24.6 134 11.2
22.9 0.6 4.3 4.0 23.8 12.9 10.9
9.1 19.8 6.1 6.1 47.9 28.3 19.6
9.1 9.1 4.3 4.3 25.4 139 | 115
9.1 7.6 4.1 4.1 23.8 12.9 10.9
9.1 5.2 3.8 3.8 20.8 11.1 9.8
9.1 0.9 3.5 2.6 14.0 6.9 7.1
9.1 0.6 3.0 3.0 14.3 7.1 7.2

Figure 11 Footing spread summary - concrete single pier
- |

§ 3.2.2.a.5. 19
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"ﬁuideway

Guideway Foundation| Foundation| Exca- Form

Span Height Base Length vation | & Pour | Backfill
(m) (m) (m) (m) | m”3) | (m*3) | (m*3)
.36.6 19.8 14.6 14.2 240.2 157.9 823
36.6 9.1 12.2 11.7 168.5 109.0 59.5
36.6 7.6 12.2 11.3 162.2 104.7 575
36.6 5.2 11.6 10.8 1486 | 954 53.1
229 19.8 10.4 9.3 115.9 73.4 42.5
22.9 9.1 7.9 7.6 74.9 46.0 28.9
22.9 7.6 7.6 7.3 69.5 42.5 27.1
229 5.2 7.3 6.7 61.8 37.4 24.5
9.1 19.8 8.5 7.3 773 47.5 29.7
9.1 9.1 6.1 5.2 414 24.1 17.3
9.1 7.6 6.1 4.9 39.2 22.6 16.6
9.1 5.2 5.5 4.6 33.7 19.1 14.6

Figure 12 Footing spread summary - concrete double pier
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"Guideway | Guideway | Foundation| Foundation| Exca- Form
Span Height Base Length vation & Pour | Backfill
(m | (m) (m) m | m?3) | (m73) | m™3)
36.6 19.8 12.5 3.7 59.6 34.8 24.8
36.6 9.1 9.1 3.2 39.6 223 17.3
36.6 7.6 8.5 3.2 371 20.8 16.3
36.6 5.2 7.3 3.2 32.2 17.8 144
36.6 0.9 6.1 24 218 11.3 10.5
36.6 0.6 5.5 2.7 21.8 11.5 10.3
22.9 19.8 73 4.3 41.2 238 174
22.9 9.1 5.5 3.5 26.7 14.6 12.1
22.9 7.6 4.9 3.5 24.1 13.0 11.1
22.9 5.2 4.9 29 20.5 10.8 9.7
22.9 0.9 3.7 1.8 11.1 5.1 - 6.0
22.9 0.6 34 1.8 10.3 4.7 5.6
9.1 19.8 5.5 5.0 36.6 21.0 15.6
9.1 9.1 4.6 3.8 24.4 13.3 11.2
9.1 7.6 4.3 3.7 222 11.9 10.3
9.1 5.2 3.8 3.2 18.0 9.3 8.7
9.1 09 | 30 1.7 8.9 39 5.0
9.1 0.6 3.0 1.5 8.3 3.5 4.8

Figure 13 Footing spread summary - steel truss single magway
- -

§ 3.2.2.a.5. 21
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[Guideway éﬁideway Foundation| Foundation| Exca- Form
Span Height Base Length vation & Pour | Backfill
(m) (m) (m) (m) m?73) | m”3) | (m*3)
36.6 19.8 10.7 10.1 128.3 81.7 46.6
36.6 9.1 8.5 7.9 83.2 S1.5 31.7
36.6 7.6 8.1 7.6 76.2 46.9 29.3
36.6 5.2 7.6 6.6 62.8 38.0 24.8
36.6 19.8 8.5 7.6 80.2 49.5 30.7
22.9 9.1 7.2 6.2 56.8 34.1 227
22.9 7.6 6.7 6.4 54.7 32.7 220
22.9 5.2 6.6 5.5 46.6 274 19.2
229 0.9 7.3 6.1 56.7 34.0 22.7
22.9 0.6 7.0 6.2 55.7 334 224
22.9 19.8 6.7 6.7 57.1 34.2 22.8
9.1 9.1 5.3 5.3 377 21.7 16.0
9.1 7.6 5.0 5.0 339 19.3 14.6
9.1 5.2 4.6 4.6 28.6 15.9 12.7
9.1 0.9 4.9 2.4 17.8 9.1 8.8
9.1 0.6 4.6 2.6 17.7 9.0 8.7

Figure 14 Footing spread summary - steel truss double magway
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Figure 15 Load distribution to deep foundations
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Figure 20 Drilled shaft axial capacity versus depth

28



Magneplane International System Concept Definition Report
National Maglev Initiative September 1992

3.2.2.b. MAGLEV ACTIVE/PASSIVE ELEMENTS

3.2.2.b.1. GENERAL

The magway trough is made up of the active/passive elements as shown in Figure 1. The sides of the
trough are made up of passive aluminum levitation plates curved to conform to the shape of the vehicle;
they form one surface of a box beam as explained below. The bottom section of the trough is the active
propulsion element called the LSM winding in the Magneplane System.

'3.2.2.b.2. LEVITATION BOX BEAMS

The levitation box beams, which are part of the magway trough, consist of a pair of three-celled box
beams symmetric about the magway centerline. Referring to Figure 1 it can be seen that each box beam
is made up of a curved upper sheet of 2.1 m radius, 45° arc length, and .02 m thickness. The bottom
plate is a curved panel of .00476 m thickness, encompassing an arc of 28°. The two curved panels are
held together by four equally spaced longitudinal stiffeners of .00635 m thickness. The overall depth of
the box beam is designated as "d". This required depth "d" is a function of the span lengths of the levita-
tion box beams. The box beam material is aluminum alloy 6061-T6.

The box beams have been designed to withstand loads imposed by the levitation bogies. Each passenger
vehicle has two levitation bogies with a center-to-center spacing designated as "L". For the 45 passenger
vehicle, L=13.11 m; for the 140 passenger vehicle, L=28.65 m. Each bogie consists of two levitation
modules, one on each side of the magway centerline. Each module has two levitation coils which impart
loads perpendicular to the curved .02 m thick magway sheet. The load footprint for the two levitation
coils is shown in Figure 21. For design purposes this load footprint is assumed to move along the
magway at 134 m/s (300 mph).

Three separate analyses were performed to insure the integrity of the levitation box beams. In the first
analysis, the box beam was analyzed as a multi-span continuous beam subjected to moving loads
(spanning in a direction parallel to the magway). In the second analysis, the top .02 m thick magway
sheet was analyzed as a curved panel supported by the four stiffeners which are parallel to the magway.
This analysis was performed to check the adequacy of the specified 0.02 m thickness. In the third analysis
the box beam was checked for combined longitudinal stresses from the first analysis and from stresses
due to the thermal heating of the levitation plate. Detailed calculations are provided in cupplement C.

The first analysis was performed using a modified version of the program DYNACB which was obtained
from Paul Johnston of Failure Analysis Associates. The second analysis was performed using ANSYS-
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PC LINEAR, Revision 4.4A. The third analysis was solved using ANSYS PC THERMAL, Revision
4.4A.

Acceptance criteria for the first two analyses were two-fold. For the case of the box beam acting as a
multi-span continuous beam, the maximum dynamic deflection was limited to the span length divided by
2000. Secondly, since the dynamic loads produce considerable alternating stresses, the stresses were
compared to allowable fatigue stresses as set forth in the Fifth Edition of the Aluminum Construction
Manual issued by the Aluminum Association. Allowable stress ranges were determined assuming an
infinite number of load cycles.

The overall depth "d" of the box beams was determined for the following span length conditions:
1% Four (4) - 4.57 m spans (18.29 m overall length).
2. Two (2) - 9.14 m spans (18.29 m overall length).
3. One (1) - 13.72 m span (13.72 m overall length).
4, One (1) - 18.29 m span (18.29 m overall length).

The thermal analysis was performed for two cases; one 9.14 m simple span, and two 9.14 m continuous
spans. The 9.14 m span was chosen as the results of the first two analyses and the work documented in
sections 5.3.2.23 and 5.3.2.26 indicated it to be near the optimum span length. The heat input from the
electromagnetic drag was based on Magneplane vehicles traveling at 30 m/s at a 20 second headway as
given in [fig 4, sect. 3.2.2.g.5]. The temperature distribution in the levitation box beam was solved using
ANSYS with the aluminum and the enclosed air modeled using 3-D isoparametric thermal solid elements.
Convective and radiant heat transfer was modeled with appropriate convection and radiation links. The
temperature distribution thus obtained was input to a second program that calculated longitudinal stresses
and deflection due to the temperature gradient. These stresses were then combined with beam stresses
due to the moving vehilce and compared with the allowables as set forth in the Aluminum Association
manual.

3.2.2.b.3. SUMMARY OF RESULTS

L. Required depth "d" of box beams
Figure 22 summarizes the results of the analysis for the 4 span length conditions.

II. Required thickness of magway sheet.
A dynamic analysis of the magway sheet was accomplished which indicated that the fluctuating
bending stresses are within the allowable fatigue stresses for aluminum and that the thickness of
the 2 cm sheet is adequate.

III.  Results of the thermal analysis.
Based on an ambient temperature of 32 deg. C, the steady state temperature in the top plate was
found to be 127 deg C;';j:ud the bottom plate was 51 deg C cooler at a temperature of 76 deg C.
The upward deflection due to this thermal gradient is 0.01307 m and 0.00354 m for the simple
and continuous span respectively. The combined stresses due to the thermal gradient and the
moving load were found to be a maximum of 7.164x10” N/m? at the center support of the
continuous span.
) - ) =+ /
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15 FT SPAN 30 FT SPAN 45 FT SPAN 60 FT SPAN
(4.57M) (9.14M) (13.72M) (18.29M)

PROPERTIES FOR EACH BOX BEAM:
(IE, ONE HALF OF THE GUIDEWAY THROUGH)

DEPTH OF SECTION (M) 0.4064M 0.8128M 1.3208M 1.7272M.

(167) 32") 527) (687)

CROSS-SECT. AREA (M*2) 4.9228E-02 6.0964E-02 7.5634E-02 9.818E-02

MOM. OF INERTIA (M*4) 1.2834E-03 6.1918E-03 1.9785E-02 4.0888E-02

SECTION MODULUS (M*3) 3.7442E-03 1.0290E-02 2.2138E-02 3.7281E-02

NATURAL FREQUENCY (HZ) 61.2 30.19 21.53 15.281
RESULTS:

MAX. DYNAMIC DEFL (M) 0.00219 0.00436 0.006517 0.009030

MAX. STRESS RANGE (N/M*2) 3.35E+07 3.24E+07 2.866E+07 2.789E+07
CRITERIA:

ALLOWABLE LIVE LOAD DEFL 0.002286 0.004572 0.006858 0.009144

(L/2000) :
ALLOWABLE STRESS RANGE 4.14E+07 4.14E+07 4.14E+07 4.14E+07
MATERIAL PROPERTIES: DENSITY: 26600 N/M~3 (0.098 LB/IN~3)
(ALUMINUM 6061-T6) E: 6.895E+10N/M~2  (10E+06 PSI)
ULT STRESS: 3.103E+08N/M*2 (45000 PSI)
YEILD STRESS: 2.758E+08N/M~2 (40000 PSI)

Figure 22 Aluminum box beam section properties and summary of results
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3.2.2.b.4. LSM WINDING SUPPORT STATIC LOAD STRUCTURAL
ANALYSIS

A finite element analysis of the propulsion winding support structure was performed to ensure that, when
subjected to various static load conditions, the stresses induced in the structure were of an acceptable
magnitude. The structure’s geometry was modeled using an inverted U-shaped cross section. The web
and leg dimensions were 1.4 meters wide by 4 centimeters thick and ‘0.5 meters long by 2 centimeters
thick, respectively. The 9 meter long section was modeled with its legs supported every three meters to
simulate rigid bolted connections. The material was modeled as an isotropic, fiber-reinforced polyester
(FRP), similar to Glastic’s commercial product, UTS.

The structure was subjected to four separate loading conditions. The first of these was the dead load of
the structure, including the weight of the FRP (2976 Ibs), aluminum (1194 Ibs) and epoxy (estimated to
be 10% of the FRP weight = 297 1bs). The dead load was 4467 Ibs (19,900 newtons) for the 9-meter-
long structure. The second loading condition imposed was comprised of the structure’s dead load with
a uniform, 40 pound per square foot (1920 pascal) snow load (equal to 24,200 newtons).

The remaining two loading conditions were combinations of the structure’s dead load with two unique
vehicle loadings. Both of these cases imposed considerably higher loads on the support structure than
the cases previously described. The assumed vehicle weight (491,000 newtons) and landing gear
geometry (each 1.1 meters wide by 2 meters long) was that of the 140-passenger vehicle. The first
vehicle loading condition considered a vehicle stopped in the magway and rotated 10.6° around the
magway’s longitudinal axis (see Figure 23). This orientation increases the landing gear area in contact
with the web of the winding support structure, and results in a load of 46,000 newtons distributed over
an area of 0.7 square meters (65,700 newtons per square meter). This loading is larger and, therefore,
conservative when compared to the 5400 newton load distributed over an area of 0.1 square meter when
the vehicle is in the "Normal Upright Attitude" (54,000 newtons per square meter).

In addition, a worst-case vehicle loading condition was considered. The vehicle was positioned in the -
magway as described above, however the load-carrying capabilities of the aluminum box beam were
ignored. Thus, the winding support structure was assumed to carry the entire landing gear load. This
loading condition resulted in a load of 122,780 newtons (approximately one-fourth the total vehicle
weight), distributed over the same 0.7 square meter area of the support structure web.

Illustrations of the applied loads and contour plots of the resultant displacements (meters) and Von Mises
stresses (newtons per square meter) associated with the two vehicle loading conditions can be seen in
Figure 24, Figure 25, Figure 26, Figure 27, and Figure 28. The magnitudes of these stresses and
displacements are highlighted in Figure 29, as is the tensile strength of the modeled FRP material.

The largest stresses reside around the "bolt" locations and are approximately 28 % higher than the largest
stresses experienced in the web (directly under the landing gear). Therefore, proper design of these
connections appears to be especially important. Examination of principal and shear stresses resulting
from the loading conditions indicated that they were less significant than the Von Mises stresses.
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In summary, the analysis indicates that use of an FRP structure to support the propulsion windings is
feasible. It should be noted, however, that several simplifying assumptions relating to the material have
been made in this analysis. Therefore, additional investigation into the actual properties of the specific
material to be used must be carried out to fully understand factors including, but not limited to, the
material’s isotropic/anisotropic characteristics, elastic/plastic behavior and environmental sensitivity, to
ensure its success in this application. In addition, special care must be taken to ensure proper design of
the "bolted connections," as supports generally experience higher stresses than the rest of the structure.
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Figure 25 Dead load plus 10.6° rotated vehicle load: resultant displacements, stresses and FRP

material strength ,
—
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Figure 26 Dead load plus 10.6° rotated vehicle load: Von Mises stresses
—
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rotated vehicle load, no box beam support: resultant displacement
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Figure 28 Dead load plus 10.6° rotated vehicle load, no box beam support: Von Mises stresses
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' MAXIMUM GLASTIC UTS
LOADING MAXIMUM VON MISES TENSILE
CONDITION DISPLACEMENT STRESS STRENGTH
DEAD LOAD PLUS :
- 10.6° ROTATED 7.346 x 10° m 145.8 X 105 N/m?
. VEHICLE (0.289 inch) (2115 psi) 6.14 x 107 N/m?
DEAD LOAD PLUS 8900 psi
" 10.6° ROTATED 17.45x 10°m 358.4 x 10° N/m? (8300 psi)
i VEHICLE, NO BOX (0.687 inch) (5198 psi)
- BEAM SUPPORT

Figilre 29 LSM winding support; induced displacements, stresses and FRP material strength
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3.2.2.b.5. LSM WINDING CONSTRUCTION

LSM winding construction is illustrated in Figure 31. The winding consists of a stranded aluminum
conductor wound on slotted fiber reinforced plastic (FRP) structure. The primary means of insulation
is epoxy impregnation of the wound form. Approximate dimensions are shown in the Figure. The end
turn construction and conductor deta11 are shown in Figure 32.

A winding diagram is shown in Figure 33. Each phase uses two litz-wound aluminum conductors
approximately 0.03 m in diameter. There are 12 conductor slots per phase. The pole pitch is 0.75 m
and the active transverse width of the winding is 1.2 m.

3.2.2.b.6. LSM WINDING ATTACHMENT

The box beam segment length has been identified as 9.14 m. As long as the length of the box beam is
near 9 m, the exact length can be changed with no detrimental impact on the design. One option under
consideration is to reduce the box beam length to 9.0 m to coordinate the length with the 0.75 m pole
pitch of the LSM winding. The remainder of this discussion presumes that this adjustment has been
made.

LSM winding segments 9 m long will be attached to box beam segments using a spacer and bolt
arrangement. The coefficients of expansion of aluminum and the FRP are sufficiently close (or can be
made close by altering the FRP base material sllghtly) so that rigid attachment can be used over this

length.

Thermal expansion of the box beams is accommodated by their mounting arrangement. One end of each
beam is bolted to a concrete pier. The other end of each beam rests on a shelf which is part of the
adjacent beam. The shelf plays a dual role. First, it allows for thermal expansion. Second, it provides
a sufficient amount of aluminum so the electromagnetic interaction with the vehicle’s levitation magnets
is not disturbed near the expansion joint.

Thermal expansion of the box beam and LSM winding can be analyzed based on the coefficient of
thermal expansion for aluminum. Figure 30 shows the total Jength change for the 9.0 m beam for various
changes in temperature.

The variation in length of the LSM winding has the effect of altering the phase of the magnetic field
perceived by the vehicle’s propulsion coils. This phase alteration causes a change in the heave force.
The spacing of the bogies determines the type of effect on the vehicle. If the center-center spacing of
the bogies is a multiple of 9 m, then the force shows up as periodic heave variation. If they are spaced
at 9 x N + 4.5 m, then it is a pitching variation with no net heave component. The forces are relatively
small and well above the natural frequencies of the vehicle.
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Change in Temperature "

Total Length

" AT (in °c)

Variation (CM)

Variation (°C) II Change (CM)

Worst Case: 150 +75 3.12 *1.56
100 +50 2.08 +1.04
Typical: 50 +25 1.04 +0.52

Figure 30 Thermal expansion in LSM
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3.2.2.c. ALIGNMENTS

3.2.2.c.1. THERMAL EXPANSION

The baseline levitation plate box beam design as described in previous Section 3.2.2.b. includes thermal
expansion joints to accommodate thermal expansion/contraction in the aluminum and preclude excessive
warpage of the box beam. The joint design as shown in Figure 34 allows for up to 0.076 m (3") of
travel. It incorporates a 1 m long backing plate that straddles the joint region underneath. One box beam
is fixed at the support while the other is supported by and allowed to slide over the backing plate.
Alignment guides are incorporated to prevent uplift or movement transverse to the vehicle travel.
Temperature fluctuations in the magway can be caused by ambient temperature swings, the suns rays,
emergency braking, and electromagnetic drag. The sum of the first two effects has been taken at 83°C
(150°F) which is consistent with U.S. highway and railroad design requirements. The heating effect of
emergency braking has been calculated in Section 3.2.1.d.2. to cause a temperature rise of 2°C (3°F).
The thermal calculations described in section 3.2.2.b.2. indicate that the heat buildup in the aluminum
levitation plate due to vehicles traveling at 30 m/s at a 20 second headway could cause a temperature rise
of up to 95°C (171°F). Conservatively, the sum of the above effects is a 180°C (324°F) temperature
delta. Using a coefficient of expansion for aluminum of 0.0000131 per degree F, the maximum length
between expansion joints would be 18 m (59°). This joint spacing was also checked to not be a multiple
of the bogie spacing for either size vehicle.

3.2.2.c.2. SETTLEMENT AND DEFLECTIONS

The Magneplane system is not a close tolerance system as it operates with a nominal separation of 0.15
m between the vehicle and the surface of the levitation plates. Misalignments in excess of 0.02 m (0.8")
would, however, adversely affect ride quality. The total vertical or horizontal misalignment due to the
combination of construction "out of tolerance" and dynamic deflection shall be limited to 0.02 m. The
supporting structural members will be specified to be cambered to reduce dead load deflections. Any
remaining out of tolerance deviations in the supporting structural member can be mitigated by the shim
adjustments provided at each magway trough support point. The supporting structural members will be
designed to limit live load dynamic deflection to less than the span length divided by 2000. Foundations
will be designed to limit settlement to 0.025 m (1"), however, the end bearing of each spanning member
will be designed to accommodate adjustments of up to 0.04 m (1.5").
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3.2.2.d. MAGSWITCH

Several switching options have been considered in the course of the Magneplane study. The present
baseline is an electromagnetic switch that has been investigated sufficiently to show concept feasibility.
The back-up alternative is a mechanical switch that was developed earlier in the program. The baseline
is expected to provide a faster cycle time and to be less expensive. See section 5.3.2.22. for the tradeoff
analysis.

The magswitch depends on the use of the propulsion coils on the vehicle and null flux coils on the
magway to provide lift and guidance while traversing the main body of the switch surface which is flat.
Speed control during the process is provided by the LSM. The baseline speed is 134 m/s straight through
and 100 m/s for the branch, but there is no inherent speed limitation. The latter is governed by ride
quality considerations and the availability of real estate for the particular switch location. In addition, the
baseline clearance to the vehicle of 0.15 m has been maintained.

Sufficient computations have been performed to establish the dynamic equilibrium of the vehicle for a
particular coil configuration. This has allowed us to provide data for cost estimation purposes.
Optimization of the configuration and studies of the vehicle stability are yet to be done and will be
pursued in a future phase of the program. This section begins with a description of the switch and then
continues with some of the analyses performed in the process of the concept development.

3.2.2.d.1 CONFIGURATION

The switch configuration is shown in Figure 36. Upstream and downstream of the switch the magway
configuration is the usual baseline as illustrated in section A-A. In the central part of the switch, it is flat
as shown in sections C-C and D-D. There are also transition regions on entry and exit from the central
sections in which there will be a transition from the double sheet curved magway with 1.4 m gap for the
LSM to a single sheet magway with LSM and null flux coils mounted over the magway. The regions in
between will use a smooth transition as the gap narrows. In the transition process, the vehicle will rise
from a clearance of 0.15 m above the standard section to a distance of 0.415 m above the single
aluminum sheet in the central flat sections. The clearance in the latter, however, will still be 0.15 m
because the LSM and null flux coils will be mounted within the 0.265 m distance over the single
aluminum sheet. The space on each side of the windings will be filled in with concrete to assure a flat
surface. This is necessary for low speed operation when the air pads would be extended or if the vehicle
must stop in the switch.

Figure 36 also shows that structural sections have been included along the sides of the switch. These are
not used during the usual switching operation, but are included for safety purposes.

Figure 37 shows the cross-over variant of the switch, formed by two single switches.
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Figure 35 Normalized lift vs. height of propulsion coil centerline over single sheet aluminum
magway

3.2.2.d.2. LEVITATION AND GUIDANCE IN THE SWITCH

Analyses to date show the feasibility of providing the necessary levitation and guidance forces by using
a narrowing gap between the two levitation sheets to lift the vehicle higher as the single sheet flat section
is approached. They also show the availability of sufficient guidance forces through the use of the "keel"
effect with the two magway sheets in combination with null flux coils as the two sheets become one. The
operational selection of "straight through” vs "branch" is made by short circuiting the passive null flux
coils in that direction and also operating the LSM in the desired direction. This concept is illustrated in
Figure 38.

Two figures in section 3.2.1.a.1. illustrated the source of the "keel" effect by showing the differences
in the eddy current patterns in the two parallel magway sheets if the vehicle centerline was aligned with
or offset from the centerline of the magway sheets. The interaction between the propulsion coils and the
edge of the magway is dramatic and gives rise to guidance forces that tend to keep the propulsion coils
centered over the space between the magway sheets. It is also obvious that the propulsion coils could
provide lift if the magway sheets were to extend under the propulsion coils. This would lead to a loss of
some of the interaction with the LSM, however, which would be compensated in the switch area by
increasing the LSM current if necessary.

The level of the electromagnetic lift and guidance interactions that can be achieved with the "keel" effect
is indicated in the table in Figure 39. The table was generated for the baseline set of propulsion coils
traveling at the given height (column 1) above two flat magway sheets, each having the baseline width
of 1.5 m, but with different gaps (column 2) between the sheets that are under the coils. The interaction
with the levitation coils was not included and is small because they are relatively high above the flat
sheets. The column labeled "offset" is a specified horizontal distance between the centerline of the
propulsion coils and the centerline of the magway system. The lift and guidance for each of the conditions
is given in columns 4 and 5, respectively, with the values normalized to the weight of the vehicle. The
result is, therefore, equivalent to force as a fraction of gravitational force.
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The first 4 rows in the table give the lift and guidance variations for several gaps between the sheets, no
offset, and a height of 0.2 m. The latter is consistent with other sections of this report in which the
baseline is a clearance from vehicle to magway surface of 0.15 m plus an allowance of 0.05 m for the
distance from the outside of the cryostat to the centerline of the propulsion coils. Results indicate that the
gap width controls the lift. Specifically, sufficient lift can be generated to levitate the entire vehicle with
a gap width of about 0.85 m, and the lift decreases to zero at about 1.25 m. (Note: along curved,
standard sections of magway, the gap is 1.4 m, hence there is no lift provided by the propulsion coils.)
The guidance force is zero in this section of the table because the offset is zero.

The second set of results in the table are for the same height of 0.2 m, a gap of 0.85 m, and selected
offset values. Results indicate that both lift and guidance forces increase with offset at this gap value.
Furthermore, since guidance forces will be limited to about 0.1 --0.2 g’s from the ride quality standpoint,
sufficient guidance will result with only a few centimeters of offset.

The last three rows in the table indicate the variation of lift and guidance forces with height for a gap of
0.85 m and an offset of 0.1 m. It shows that large guidance forces are retained with the height change,
thus implying that the height and offset will adjust for the constant lift condition for the vehicle and for
the guidance forces required by the dynamics of the situation.

Calculations to date indicate that the interaction with the narrowing gap may provide sufficient forces for
levitation and guidance, but that the restoring moment for roll may not be sufficient. Hence, we have
included null flux coils and the use of a single magway sheet in the flat section of the switch.

Figure 35 shows the normalized lift that can be achieved as a function of the height of the propulsion coil
centerline above a single aluminum sheet due to the interaction of the propulsion coils with the induced
currents in the magway. Lift is normalized to vehicle weight. The table, therefore, indicates that the
levitation height above the single sheet magway section will be 0.465 m. Since there is 0.05 m between
the coil centerline to the outside of the cryostat, the distance from the outside of the vehicle to the
aluminum sheet will be 0.415 m as indicated earlier for the baseline switch.

Figure 40 shows a schematic of the six coils in a propulsion coil set moving over the magway at the
clearance of 0.465 m. The vectors on the coils represent the local forces of electromagnetic origin on the
coils. The end view shows that the coils are moving at a slight angle relative to the plane of the magway
in this case and that the lift force distribution is non-uniform. Furthermore, it is clear that there is a
restoring moment on the vehicle that will tend to decrease the angle and restore the vehicle toward
parallelism with the magway. The figure also indicates that the lateral (y-directed) force on the coils is
unbalanced in this situation, primarily because there is now only a single sheet and no "keel" effect. This
leads to the need for the null flux coils in the section of the switch that has only a single sheet.

Figure 41 illustrates the case where there is a single aluminum sheet under the vehicle. This provides
sufficient lift to raise the vehicle to a height of 0.465 m relative to the sheet and allows enough space to
mount the LSM windings and a set of null flux coils under the vehicle. The result is that the clearance
to the vehicle of 0.15 m. can still be maintained. The space on either side of the magway coils can be
filled with non-conducting material (e.g., concrete with non-ferromagnetic reinforcement) to provide a
flat surface as may be required for abnormal operations.
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Each of the null flux coils in magswitch is equipped with a contactor so that it can be in an open or short
circuited state. The selection of branch vs straight through operation is done by activating the proper line
of switches as indicated earlier in this discussion and schematically indicated in Figure 41 by selecting
either the "solid" or "dashed" null flux coils.

The shape and dimensions of the null flux coils have not yet been optimized. However, calculations have
been performed for a specific set to show that the lateral and vertical shifts of the vehicle centerline that
will be necessary to achieve dynamic equilibrium, are within reasonable bounds.

The top sketch in Figure 42 is a schematic, end view (i.e., motion perpendicular to paper), of the
propulsion coils moving relative to the null flux coils and the magway. The turn associated with the
switching action will require that the plane of the propulsion coils shift relative to the plane of the null
flux coils and these displacements are defined by the increments dy and dz. The lower sketch also shows
an angle defining the mounting of the plane of the null flux coils relative to the plane of the magway.
This. may be unintentional and related to tolerances, or intentional if future studies show that there is
sufficient benefit to a non-planer mounting arrangement.

The dynamic equilibrium results for dy and dz as a function of the mounting angle are shown in
Figure 43 for several speeds and for a fixed lateral g force of 0.1 on the vehicle. The results indicate that
the displacements are relatively small and acceptable even if the tolerances for mounting the null flux
coils are as much as a few degrees. The stability of the passage through the switch requires analysis and
further optimization of null flux coil geometry is no doubt possible. This will be pursued in future design
activities. The calculations done thus far, however, show the feasibility of the fully electromagnetic
switch.

3.2.2.d.3. MAGSWITCH LENGTH

The length of the magswitch depends only on the speed and ride quality desired. Figure 44 shows the
relationships involved. Nine options are given - the one actually chosen depends on route-specific
considerations. For our baseline system, 100 m/s at MIN-B ride quality is used. Since switching is done
mostly for take-off and landing, the best ride quality possible is not necessary. (In fact a lower ride
quality requirement for a switch greatly reduces the cost of a magport, because it reduces the cost of the
necessary entry and exit ramp lengths.)
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Figure 39 Level of lift and guidance forces that can be achieved with "keel" effects for the baseline
propulsion coil set over a flat magway
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Figure 43 Propulsion coil displacement for equilibrium as a function of null flux coil angle for
several speeds
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3.2.2.e. CONSTRUCTION TECHNIQUES

It is imperative for the success of this project that all phases of design consider ease of fabrication and
constructibility to minimize costs and mitigate environmental impact. In many cases techniques can be
implemented that serve both goals, i.e. maximizing shop fabrication which reduces field labor thereby
both minimizing costs and reducing the impact of construction on the environment. On the other hand,
mitigation of the construction impacts on a wetlands area may require the more expensive alternative of
top down construction as explained later in Section 3.2.2.e.2. In all cases, however, the design must
consider and be responsive to fabrication and constructibility issues.

3.2.2.e.1. GENERAL

The following are specific examples of techniques to be considered for reducing cost (and environmental
impacts):

o The fabrication of the aluminum levitation plate box beams is being researched to
maximize the amount which can be extruded thereby reducing the welding requirements.
This not only reduces costs of welding itself but increases the allowable stress in the
member since stress reductions are specified in areas adjacent to welding.

° The use of metal saddles to permit the joining of the two box beams and the LSM
winding in the shop for transportation and erection as a unit.

o Provide simple means of adjustments between the magway trough and the structural
supporting members to that expensive overly restrictive tolerances need not be specified.

] Design a jig to permit alignment of the magway trough use of laser instrumentation.

o Keep both steel and concrete designs in competition as much as practical as is done for
highway bridge projects.

L] Further investigate the use of prestressing for the concrete box beams and the crossbeams

over the columns.

o Design should take advantage of repetition and the economies of scale.
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3.2.2.e.2. END-ON CONSTRUCTION

National and state government concerns for wetlands impacts from construction of the Magneplane
magway will become a factor in choosing alignments and construction methodology. The crossing of
isolated wetlands and littoral or tidal zones along lakes, rivers and estuaries will probably be unavoidable
for any real Magneplane route, except in areas with arid climates. Traversing these sensitive areas will
require that the contractor avoid any major disturbance of the vegetation and the typically soft substrate.

Conventional wetland area crossings are typically done by first constructing a temporary haul road.
These roads are often built with the aid of a geotextile material which is placed on a cleared but
ungrubbed surface. The geotextile provides a working surface that can be subsequently buried with
imported granular fill. The haul road surface is then used to provide access for material delivery
vehicles, cranes and temporary structure support, such as shoring or scaffolding.

This type of construction access is detrimental to the wetland environment in the following ways:

1) The natural vegetation is removed and the substrate covered with a granular fill. This linear
feature causes breaks in the vegetative canopy.

2) The haul road changes sheet flow drainage patterns in the wetland areas. These drainage pattern
changes can impact the hydroperiod of receiving or downstream areas, which in turn would affect
the survival of certain wetland vegetation species and cause flooding in upstream areas.

3) Even if the haul road is removed after final superstructure construction, the exposed ground/muck
surface will likely be revegetated voluntarily by exotic or undesirable species that are difficult to
control or eradicate.

Considering these impacts, governmental permitting agencies will often deny wetland crossing projects
that involve even temporary haul roads, unless existing parallel features are already impacting the
environment and watershed characteristics. ' .

In response to these concerns, recent elevated roadway (low height bridge causeways), similar to the
Magneplane magway, have been constructed using a process called end-on construction. Projects in
Louisiana and South Carolina have recently been designed and constructed (or under construction) using
this end-on construction. Articles about these projects were featured in Engineering News Record (ENR)
in the November 4, 1991 and February 24, 1992 issues see Figure 45.

As discussed in the ENR articles, three different approaches to the end-on method have been selected by
each of the contractors to complete the building of the superstructures over the sensitive wetland areas.
However, the basic concept of working from a temporary superstructure, followed by installation of the
final surface without intruding on the sensitive lands except for foundation, has been used in all of these
projects.

The basic steps of the end-on construction are as follows:

1) Working from a barge or temporary ground surface platform at the edge of the wetland area,
construct two bents or piers, on driven piles.
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2) Place temporary steel and/or wood beams or trusses between the first two piers to form the first
span of the elevated structure.

3) Relocate cranes and other lifting and pile driving equipment to rest on temporary first span beams
or trusses.

4) Install the third bent and the second temporary span.

5) Move foundation equipment to second temporary span, remove first temporary span and replace
it with the first permanent superstructure members. Install the fourth bent and third temporary
span using the temporary beams from the first span.

6) Begin final construction of permanent spans and use advancing permanent spans to transport
materials to the equipment working on the temporary spans.

)] Continue "leap-frogging" temporary and permanent spans across wetland area.

The system as described above and ENR utilized heavy steel beams for temporary spans and precast,
prestressed concrete beams for the final spans. The width and capacity of the superstructure was designed
for commercial truck and car traffic but had to be built to handle the heavier live loads of the cranes and
trucks delivering long prestressed concrete piles and precast bridge deck panels.

The magway of the Magneplane will likely have a different final geometry than the flat bridge type
structures currently being built using the end-on method. However, this concept may very well have
application. As shown by other contractors, the end-on method can be modified to use temporary rails
supporting overhead cranes, rather the temporary steel beam decking.

End-on construction has some built in higher costs as compared conventional low-bridge construction.
Based on discussions with the contractor and Louisiana DOT officials, their cost differential was primarily
due to using precast concrete bridge deck panels versus cast-in-place. The costs of precast versus cast-in~
place panels were estimated to be $290/cy and $180/cy, respectively.

End-on projects involving temporary piles to support the working platform or overhead cranes would
have higher costs than the Louisiana project, where the same piles were used for both temporary and
permanent support. ,

The Louisiana contractor also reported that pile installation production and costs were similar for both
end-on and conventional land-based foundation construction. They were able to install concrete driven
piles up to 150 feet long in one piece, without major difficulty, from the temporary bridge spans.

Wetland areas typically have a soft, substrate of silts, clays and organic soils. In coastal areas these soft
deposits can often be more than 100 feet thick. Therefore, support for temporary and permanent
foundations for magway or roadway construction in a wetland environment will include driven piles
and/or drilled piers. Use of pile or pier foundations also generally limits the amount of wetland surface
area impacted by the foundation footprint.
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Designing foundations for these wetland areas also requires special knowledge of the local conditions and
techniques to determine the subsoil properties. Environmental per<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>