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PREFACE

This report was produced under Contract No. DOT-TSC-367, Modification No. 1, from the U.S. Depart-
ment of Transportation, Transportation Systems Center, Cambridge, Massachusetts.

Authors and contributors to this report are:

Lloyd E. Berggren
Wendell G. Huotari
Lowell A. Kleven
Kamal W. Matta
Truman G. Porter
Charles H. Smoot

The equipment built and tested for this contract is based on designs developed by Uniflo Systems
Company, a subsidiary of Rosemount Inc., 12001 West 78th Street, Minneapolis, Minnesota 55435, These
designs were tested, in part, under the preceding phase of this contract and reported in DOT-TSC-73-1. The
present report describes performance on a fonger installation at speeds to 30 ft./sec.

During this work, some hardware elements were improved and capital cost estimates were refined.

International Acoustical Testing Laberatories, Inc. conducted the sound measurements portion of the tests.
The Transportation Systems Center furnished some of the equipment for measuring the 3 axis acceleration data.
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1.0 INTRODUCTION

The test facility built under the current contract allows evaluation of major full-scale subsystems of the
Uniflo PRT concept. It does not provide all the features of a full PRT system, In order that the test facility may
be placed in the proper relationship to a full system, a description of the full Uniflo PRT system is given below.

1.1 UNIFLO SYSTEM DESCRIPTION
1.1.1 Characteristics of the Unifio System

Several PRT systems are currently being developed, based on different basic concepts. The
Uniflo system is unigue in that it features completely passive air levitated and air propelled cars oper-
ating in a fully enclosed guideway. Stationary blowers located at intervals along the guideway furnish
low pressure air (2 to 3 psi) to the guideway duct system for levitation and propulsion. All controls
required to regulate vehicle motion and ensure safety are mounted in the guideway, and do not require
a centtral computer. The emergency braking system is gravity powered.

The off-line stations provide for either first-in/first-out loading, or paratiel berthing for random
operation. Cars may operate on an origin to destination or scheduled mode or in trains, Cars within a
train can be dispatched to different destinations, since cars can be safely switched off a moving train
to service intermediate stations.

1.1.2 General Description
1.1.2.1 Guideway

Uniflo vehicles operate in a fully enclosed guideway system (See Figure 1-1) that protects
the system from weather and from the careless and sometimes malicious acts of the public. The
vehicle running surface overlies a duct system that furnishes air through a valve system to the
underside of the vehicle for both levitation and propulsion. (See Figure 1-2) The guideway
enclosure may be equipped with windows permitting the passenger to view the terrain through
which the system passes.

1.1.2.2 Vehicle

The Uniflo vehicle, on which there are no inherent size constraints, will typically be
sized to accommodate 4 to 16 passengers. It is fundamentally a passive “people container.”
It contains no on-board propulsion system, fuel, contro! system, lighting system, powered
ventilating system, or powered door opening system.

The chassis or undercarriage of the Uniflo vehicle carries on its underside the [evita-
tion pads which create the air cushions that support the vehicle, the thruster vanes which
react with alr jets emitted from the track to produce thrust, the brake skids which support
the vehicle when it is delevitated, and the ferrous tabs that carry the magnetic binary address
bits which enable the system to direct vehicles in transit to their intended destination. It also
contains passive lateral guidance and switching devices.

The vehicle is lighted by stationary lights that are mounted on the ceiling of the enclo-
sure. The vehicle is ventilated by air drawn from the levitation pads. A passive heat sink/heat
exchanger unit in the vehicle heats or cools the ventiltating air as required to maintain proper
temperature and humidity. The heat sink/heat exchanger unit is recharged by industrial type
heating or refrigerating equipment in the stations during station dwell time.

The vehicle doors are normally opened and closed by the powered berth doors when
the vehicle is in a berth at a station. The doors, normally locked closed when the vehicle is
in transit, can be manually opened in the event that it comes to rest in the guideway system.

.1-
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1.2

1.1.2.3 Control

The Uniflo system uses redundant track based controls that govern the speed, maintain
safe spacing, and prevent collisions of vehicles in transit. It is composed of many individual
control modules which form an iterative control process which does not depend on any one
module. A central computer is used to supervise the distribution of empty vehicles, to adapt
the system to applied traffic loads, to monitor the operations of the system, and to generate
a display of system operation at the central control.

1.1.24 Power Supply

The Uniflo system is powered by low pressure (typically about 2 psi) air furnished by
stationary blowers located periodically along the guideway. The blowers can be powered by
any kind of prime mover, however, it is expected that electric motors will be commonly
employed as the prime mover.

1.1.2.5 Stations

Uniflo vehicles in transit never stop on the main line because all stations are off-line.
The stations can be designed to off load and load the vehicles on a first-in/first-out basis.
Since Uniflo vehicles can move sideways just as easily as forward, Uniflo stations may be
designed for parallel berthing, which means that several vehicles can be loaded simultaneously
with no constraint on the sequence in which they are dispatched.

With stations designed to provide paralle]l berthing, Uniflo vehicles can be dispatched as
single entities or as trains consisting of two or more vehicles. Vehicles in 2 train may be dis-
patched to 2 common destination or to different destinations. Vehicles bound for inter-
mediate destinations will be switched off (and simultaneously decoupled from the train) as
the train passes the diverge switch serving the intermediate station; the balance of the train
continues its trip unaffected by the decoupling process.

1.1.2.6 Networks

Deployment of transit systems based on new technology is greatly facilitated if the
initial installation can be of modest size, yet capable of expansion into a large integrated net-
work. The Uniflo system can be expanded by a variety of means and strategies:

a. New stations can be added on existing routes with no adverse effect on service.

b. Existing routes can be extended by adding vehicles, guideway, and stations as required.

¢. Intersecting or abutting loops can be added featuring stations that facilitate passenger
transfers or vehicle transfers, or alternatively, vehicle interchanges.

PREVIOUS DEVELOPMENT WORK

Uniflo Systems Company, a wholly owned subsidiary of Rosemount Inc., was created in 1969 to
develop the Uniflo system. A privately funded program was undertaken to develop components necessary to
implement the Uniflo transit system concept. The initial development work was done on components de-
signed for use on a twenty inch gauge track. The twenty inch gauge track is a closed loop with one four-berth
parallel loading station. Though still in use for development work, the track is fully operational and demon-
strates addressing, dispatching, acceleration, merge, cruise, diverge, deceleration, berthing, and vehicle training -
options.

Under Contract No. DPOT-TSC-367, Uniflo Systems Company constructed 55 feet of full-scale guide-
way . Tests were conducted on this guideway with a full-scale, eight passenger prototype Uniflo vehicle. The
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test program yielded data on the performance of the linear pneumatic turbine thrust system, the levitation
system, the emergency braking system, ride quality, and noise generation.

Corrolary to the test program, studies were conducted related to system costs and a passive vehicle
heating and cooling system. '

The results of this contract work were reported in Report No. DOT-TSC-UMTA-73-1.

CONTRACT GOALS

On October 7, 1972, Uniflo Systems Company was awarded an extension to Contract No. DOT-TSC-367
to evaluate major full-scale subsystems of a pneumatically operated passive vehicle personal rapid transit
system, ‘

The contract requires fulfiliment of the following items:

1. Furnish data on component reliability, thrust system performance, vehicle ride quality,
noise levels inside the vehicle, and noise levels outside of the guideway.

2. Construct a guideway system for the test program consisting of a fully enclosed guideway com-
prised of a straight section of track, a spiral, 280 foot radius superelevated turn, and a switch—all
designed to permit operation of a full-scale, eight passenger car at speeds up to at least 30 feet per
second.

3. Provide capital equipment cost estimates for production quantities of the components
employed in this project. The results of the test program and the cost estimates shall be included in a
final report.






2.0 TEST FACILITY

The test facility is located in Eden Prairie, Minnesota, on the property of our parent firm, Rosemount Inc,
Figure 2-1 shows the outside of the completed facility, and Figure 2-2 shows the inside.

2.1 GENERAL DESCRIPTION AND METHOD OF OPERATION

The test facility is composed of 371 ft. of grade level operating surface enclosed in a structure made
from precast concrete planks. The facility lies in a north-south direction, and is shown in Drawing E-00550,
Sheet 6. Starting at the south end at station 28 is a 280 ft. radius curve which changes to a spiral at station
21. The spiral ends at station 16, which is also the beginning of the tangent for straight through operation
as well as the beginning of the spiral for the switch area. On the north end of the main operating surface is a
plywood runout section which is provided with levitation capability only. The remaining enclosed area at
the north end is used for a shop and work area,

Three vehicle arresting mechanisms are provided—two on the north end, and one on the south end.

An air supply system is composed of a 150 HP centrifugal blower located in an underground pit with
inlet and outlet pipes located inside the enclosure. This blower was the same one used in the first phase
of the contract,

A control console is located at station 17, which enables the operator to view vehicles during opera-
tion. The control is completely manual with control of forward or reverse thrust, levitation enable,
levitation start, and switching. A track based switch mechanism is located at station 18 which causes the
vehicle switch wheels on one side of the vehicle to be extended, while the switch wheels on the other side of
the vehicle are simultaneously retracted.

Stations 12 to 20 are acoustically treated for the sound tests described in Section 4.0.

Turbine modules are provided for thrust in both directions. From stations 5 to 11, full thrust (8
turbine modules per section) is provided in each direction. From stations 14 to 18, full thrust is provided in
the south direction. The remainder of the track has 25% thrust capability (2 turbine modules per ssction in
each direction).

The controls can select whether the vehicle will run on 25% thrust (2 turbine modules per section) on
the whole track or on full thrust in the areas provided. The vehicle has an 8 passenger capacity, with a 4
passenger per door arrangement, The vehicle is constructed of aluminum channels, tubing, and sheet, with
the interior treatment making extensive use of vinyl. Sound absorption and reduction materials were also
used. The empty vehicle weight is 2, 100 Ibs. and the full loaded weight is 3,700 1bs. (assuming 200 Ibs.
per passenger).

The 280 ft. radius curve section is 96.25 ft. long (station 28 to station 21). The curve is superelevated
10% which produces zero lateral acceleration at 30 ft./sec.

The curve leads into the spiral which is 68,75 ft. long (station 21 to station 16). The relationship for
the spiral is given by:

y = (.8647) x 10 353
where
y = distance moved laterally from the tangent line
s = distance moved longitudinally (s is positive in the direction station 16 to 21)

Without superelevation, the jerk on the spiral segment would amount to 0.044g/sec. at 30 ft./sec.
Since the track is superelevated for zero lateral acceleration at 30 ft./sec., no lateral jerk would occur at this
speed. ‘

The switch section is 151.25 ft. long between tangent points and is offset 74 in. from the main oper-
ating surface. The switch curve is composed of four equal spirals which run from station 16 to station 5. The
relationship describing the spiral from station 16 to station 13.25 is:

y=(0.9465)x 103 s 3
where
y = distance moved laterally from the tangent line
s = distance moved longitudinally (s is positive in the direction station 16 to
station 13)

Preceding page blank .




Figure 2-1. Exterior View of Test Facility

Figure 2-2. Interior View of Test Facility
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The three remaining spirals have the same shape, but of course have different orientations. The com-
posite switch curve results in a jerk level of 0.048g/sec. with a maximum acceleration of 0.06 g at a system
speed of 30 ft./sec.

The general procedure for operation of the vehicle is as follows, The vehicle is levitated and thrust
applied. The vehicle accelerates to one end of the track and engages the vehicle arresting mechanism, is
brought to rest, and then accelerates back to speed in the opposite direction. At the same time, the operator
reverses the thrust direction of the turbine modules; hence, the vehicle continues to accelerate until it
engages the other vehicle arresting mechanism. By this process, the vehicle can accelerate to any speed up to
37 ft./sec. with an empty vehicle and 30 ft./sec. with a fully loaded vehicle. At these speeds, the arresting
mechanism on the south end is stretched to the limit of the track length.

During any of these shuttles, the switch may be activated, causing the vehicle to be switched off the
main line. The vehicle will proceed at speed until it reaches station 10 where emergency braking is applied
automatically and the vehicle is brought to rest. With manual operation of the control, the vehicle can be
relevitated and moved out of the switch area with the turbine modules in that area. All the test work was
accomplished using essentially this operating scheme.

GUIDEWAY ENCLOSURE & SITE

The enclosure was designed with two main objectives, low cost and adequate sound attenuation. In

‘order to fulfill these goals, the enclosure was made from precast concrete planks held in place by steel

beams forming inverted U shapes. Drawing E-00550, Sheet 4, shows typical construction details. The north
end of the enclosure is 15 ft. wide and 12 ft. 8 in. high and remains at that cross section until station 9.

At station 9 it begins to taper, reaching a width of 10 ft. at station 13. The cross section is constant from
station 13 to 28.

The general construction process was started by grading a level surface and then boring two holes, 2 ft.
diameter by 5 ft. deep, for the footings for each steel frame. Reinforcement bars were set into the holes
which were then filled with concrete. After the concrete was cured, the exact location of each beam was
surveyed, four holes were drilled for anchor bolts, and prefabricated steel frames were set in place and squared.

The prefabricated concrete panels were installed by sliding them between the flanges of the steel beams.
Weld plates were provided on one end of the concrete plank to fasten it to the steel frame, The other end of
the plank was held in place by a wood block between the flange and plank. This loose end provided for
thermal expansion of the planks. (Figures 2-3 thru 2.6 show the construction steps).

A layer of coarse gravel was applied to the floor of the enclosure.

Plastic sheet windows were installed in all the window areas except in stations 12 to 20 where acousti-
cal glass was installed on the east side. The acoustical testing was carried out in this location. (See Drawing
E-00550, Sheet 6).

-10-
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Tigure 2-3. Boring Footing Holes Figure 24, Tooting Boring Ready for Concrete

Figure 2-5. Setting of Steel Frames



2.3 OPERATING SURFACE

The operating surface includes the levitation surface, levitation valves, cross beams, 30” diameter air
duets, turbine modules and guide ruils. These are essentially all the unique Uniflo components, and they are
interfaced to the supporting structure by the cross beams. The operating surface is divided into 13 ft. 9 in.
modules, These modules are preassembled and installed, one-half section at a time, as shown in Figure 2.7.

Pyl

Figure 2-7. Installation of Operating Surface Module

These modules are installed on the cross beams in the proper position to follow track aligniment. The guide
rails are then attached to the prealigned guide rail brackets. Any further changes in alignment are made by
the adjustment provided at the end of the cross beams for either vertical or lateral adjustment. These further
adjustments are required to compensate for foundation settling or errors in initial positioning. The installed
surfaces are shown in Figure 2-8 and 2-9. lustalled in the siding areas of the switch is 55 f1. of profotype
guideway which was constructed for use in the previous contract.

Drawing E-000685, E-00686, and E-00687 show the configuration of these surfaces. Drawing E-00688
shows the switch and/or dual guideway configuration.

Figure 2-8. Installed Surfaces Looking North Figure 2-9, Installed Surfaces Looking South
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In the switch area the operating surfaces required special shapes to diverge from one track to two, By
making use of standard operating surface sections, only 8 special surfaces were required for the switch. In a
portion of the switch area, no turbine modules could be mounted. In this area (station 11 to 13) levitation
valves with angled nozzles were used for propuision. The ltevel of thrust provided by these valves is small,
but sufficient to move a stopped vehicle from the area. When the vehicle is at speed, it can easily coast over
the area against the thrust of these valves.

The levitation surface is made from 12 gauge galvanized steel and is supported by two 13 in. bar joists.
The surface is held to the bar joists by tack welds. The surface has 20 formed holes for the levitation valves,
The levitation valves are installed by a 22° turn that locates the mounting tabs in detents of the formed
holes. A connection to a rectangular tube control header is made automatically when the valve is installed.
Under and attached to the levitation surface is a 5 in. square duct which supplies levitation air to the valves,
The duct is attached to the levitation surface by spot welding. Sealing of the duct-levitation surface inter-
face is with a weld through sealant applied before the duct is welded to the levitation surface. Two 3 in.
diameter tubes connect this duct to the main 30 in. diameter air supply duct. Pressure sealed rubber
gaskets are used on both ends of the 3 in. tube.

Main air supply is by two 30 in. diameter ducts. Each 30 in. diameter duct is held by strapping to the
bar joist of each levitation surface. This tubing is made from spiral wrapped 22 gauge galvanized steel strips
joined together by lock seams. This tubing is commercially available and made for heating and air condi-
tioning systems. The seam strength of the tubes is sufficient to contain 48 psi pressure within the tube.
Weight of the tube is 12.7 lb./ft.

A gap in the levitation surface occurs at each cross beam. This gap is bridged with a spring held plate,
(See Drawings E-00690 and E-00691). This plate allows for thermal expansion at the joint and still main-
tains continuity of the surface without losing air from the levitation pads.

Connections between the 30 in. diameter tubes are made with a short piece of pipe which fits inside
the 30 in. tubes. On each end of the short pipe is a pressure activated rubber gasket. The short pipe is held in
place by a strap riveted to one tube and the short pipe. This short pipe allows the 30 in. tubes to be slightly
misaligned, to change directions as required for curves and spirals, and to fake up any thermal expansion
movement,

Guide rails are attached to cast steel brackets along each side of the operating sutface, The rails are
2 in, square by 3/16 in. wall tubing. A 1 1/2 in. square steel tube placed inside the 2 in. tube makes the
connection between the individual rails. The ends of the guide rails arc cut at 45° so the wheel can transverse
the joint without falling in the gap.

On top of the guide rail, a 2 in by 2 1/2 in. by 1/4 in. stee} angle is attached for the catch rail in the
switch areas. Drawing E-00692 shows the vehicle operating surface/guidance interface.

Turbine modules are installed in the operating surface with two brackets which connect to a bent
flange on the levitation surface. A clip from the bottom of the bar joist to the bottom of the turbine holds
the turbine from tipping due to thrust and pressure forces.

Air connection from the 30 in, diameter duct to the turbine is made by a 5 in. diameter elbow with
pressure activated seals on the ends.

The operating surface was checked for deflections due to vebicle imposed loads. With a fully loaded
vehicle (3,700 1bs.) centered between cross beams, the measured deflections were .050 in. at the center of
the bar joist span, with a cross beam deflection of .023 in. With the vehicle centered on the cross beam, the
deflection increased to .029 in. The bar joist deflection alone calculated at .027. These deflections show no
substantial change in stiffness from the operating surface used in the previous contract.

The weight of the operating surface, including cross beams, is approximately 100 lbs. per foot.

The use of rubber pressure activated seals introduced a leakage problem during cold weather start up
operation (+10°F — -20°F). The rubber became very stiff at the lower temperatures, and the seals would
only partially seat until the system had run for a period of time. Both the slight warming of the air by the
blower and the length of time the pressure acted on the seal reduced the leakage. Several changes are
necessary to have a more effective seal. The effectiveness of the seal at low temperatures can be improved
by employing a different rubber material instead of neaprene (which is subject to crystalization at low
temperatures) and by modifying the configuration of the seal,
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Several improvements were made on the design of the operating surface during this phase of the
contract. The major items which were improved are listed below:

The levitation valves were mounted in a socket formed directly into the operating surface.

The levitation valve control line was changed from a fabricated bracket and tube assembly to
a simpler rectangular tube,

The edges of the levitation surface were formed to increase the edge stiffness.

Pressure activated rubber seals were employed for all air supply connections, replacing
clamped connections previously employed in some locations.

A splice plate was developed to simplify the assembly of levitation surfaces to the supporting
cross beams.

Guide rail brackets were redesigned as a casting in place of the previous weldment.

The air supply connections to the turbine modules were redesigned for simplified pressure
seal connections.

The end supports for the operating surface modules have been redesigned to improve
the load distribution on the cross beam flanges and to allow for thermal expansion.

24 AIR SUPPLY

The main air supply is provided by a 150 HP electric motor/centrifugal blower combination. The
blower, a standard unit manufactured by Buffalo Forge Co., New York, was used for the previous contract
work. The performance curve furnished by the manufacturer is shown in Figure 2-10. The blower has variable
inlet vanes which altows some pressure regulation with flow (see Figure 2-10). These vanes are normally set so
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Figure 2-10. Blower Performance Curves Per Manufacturer
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the blower will not surge under low flow conditions. The performance curve measured in our system is
shown in Figure 2-11. This curve presents electric horsepower into the motor, output pressure, and efficiency
versus flow at the variable inlet vane setting used for the turbine performance tests in Section 6.0. This
blower is operating much betow normal efficiency for these tests. The observed 40% to 50% efficiency
should improve to 80% for a properly sized blower in its normal load range. This particular blower was de-
signed for a 400 HP motor and much higher flows than the test work required.,
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Figure 2-11. Installed Air Supply System Performance

The blower was instalted in an underground concrete block pit with inside dimensions of 10 ft. square,
with a depth of 8 ft. The roof was made from 6 in. precast concrete planks, and covered with 6 in. of dirt.
Figure 2-12 shows the instailation. An underground inlet pipe (30 inch dia.) leads from an inlet box (with
filter) located in the window area of station 1 to the blower. Approximately 25 ft. of this inlet pipe is of the

Figure 2-12. Blower Installation
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acoustical type (outer-tube with a perforated inner tube with the annular space, approximately 1 in, filled
with fiberglass). The outlet pipe (30 inch dia.) runs from the blower through 235 {t. of acoustical pipe and
then through a 12 in. venturi section. The venturi is used to measure air flow. The pipe is connected with
45° laterals to the four 30 in. main air pipes at station 5. Figure 2-13 and 2-14 show the inlet and outlet
pipes before théy were covered with fill, .

By placing the blower underground, a substantial noise reduction was obtained. Noise above the
blower pit was 63dBA facing away {rom the trap door opening. At 25 ft. from the blower pit, the sound
level was 50dBA. In the blower pit the noise level was 108 dBA.

A 460 volt, 60 hertz, 160 KW supply with a silicon controlled rectifier starter for reduced voltage
starting was provided for the motor. The main disconnect, wattmeter and other clectrical service controls
were located inside the enclosure. Lighting and 115 volt circuits were provided with a 208 volt, 3 phase,
15 KW transformer.

Figure 2-13. Blower Inlet Pipe Figurc 2-14. Biower Qutlet Pipe-Venturi Section

2.5 TURBINE MODULES

Turbine modules are used to provide the thrust for vehicle propulsion. They are essentially a linear
form of a rotating, re-entry, impulse turbine. Air at low pressure {2 to 3 psi) is provided to a nozzle which
reacts with the vehicle bucket. This air is then redirected back to a stationary bucket which redirects it back
to the vehicle bucket. When the air is redirected in the stationary bucket, it 1s mixed with the nozzle flow to
increase its momentum and sustain the process. The air which reacts with the vehicle bucket provides the
forward thrust. Performance tests of the turbine are contained in Section 6.0.

For the test work 200 modules were constructed. The configuration of the module is shown in
Drawing E-00681. Previous contract work presented in Report DOT-TSC-UMTA-73-1 indicated some short-
range improvements were necessary, both in mechanical and performance aspects. Time limited the scope of
the changes undertaken, but those accomplished were:

1. Redesigned the passageways to reduce pressure losses inside the turbine module by increasing
the power diaphragm opening area, usc of an aluminum flow shield, and a more gradual expan-
sion of the flow area downstream of the power diaphragm sealing surface.

2. Increased bucket size from 4.5 in. to 5.0 in., reducing the number of buckets per module from
6 to 5, and addition of side skirts, These changes allowed a better sized exhaust area in the
vehicle bucket, reduced air leakage, and increased the thrust by 11%.
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3. Improved the mounting of the module to increase its rigidity and make installation easier.

4.  Replaced the flexible hose and hose clamps for connection of the module to the main air supply
with a metal elbow and pressure activated rubber seals. This resulted in easier installation and a
more reliable connection.

5. Integrated a pressure relief valve in the amplifier valve, the purpose of which was to keep the tur-

bine from turning off with high levitation pad pressures.

The operation of the turbine module can be explained by reference to Drawing E-00681. Supply air is
provided through a 5 inch diameter opening on the side of the module, This air is directed to the nozzles in
the module, and is turned on and off by the action of the power diaphragm. When a vehicle pad passes over
a port on the levitation surface, the pad pressure is directed to the sensing port on the amplifier valve. The
amplifier valve increases the sense port signal and operates the large poppet valve in the center of the power
diaphragm. The air pressure between the power diaphragm and the control diaphragm is changed from
supply pressure to atmospheric pressure. The power diaphragm then moves, opening the supply air passage-
way to the nozzles until stopped by the control diaphragm. The position of the control diaphragm is set
before the module is activated by the vehicle. Its position is set by bleeding the air, contained between the
control diaphragm and the outer case of the module, through an orifice for a preset period of time. The
amount of opening of the power diaphragm will determine the total pressure at the nozzle by the throttling
action produced between the power diaphragm and its seat. The nozzle total pressure is directly related to
the thrust produced by the module. A typical plot of thrust versus bleed time of the control diaphragm
is shown in Figure 2-15, This process is referred to as modulation or thrust modufation in the report. This
approach to thrust modulation produces some undesirable results. The throttling process is inefficient,
and when set at low thrust levels, the power diaphragm produces reeding with the accompanying noise. In
future work the module should be designed so nozzle area is changed to produce changes in thrust level.
This can be accomplished, for instance, with individual valves on each nozzle and by turning on the nurber
desired for a required thrust level. This can give 40 steps in thrust from zero to maximum available. Because
of the above mentioned problems and others described in the control section (2.7), thrust modulation for
testing was done by blocking the number of nozzles required to obtain proper thrust levels.

Another function provided on the module is the ability to inhibit its operation. This is accomplished
by putting supply pressure in the inhibit port of the amplifier valve. This biases the primary or pilot dia-
phragm of the amplifier valve against the levitation pressure forces. Since pad pressure can never be higher
than supply pressure, positive inhibiting is obtained.
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The basic shell and buckets of the module are made from polyester fiberglass. The diaphragms are
made from neoprene rubber, and the other parts of the amplifier valve are made of phenolic. For future
designs, the material of construction should be reevaluated in order to increase production rates, lower
costs, reduce maintenance due to breakage, and generally improve performance of the varicus parts.

Because of the dimensional change in the buckets, a new bucket mold was constructed. The molds for
the plenum halves were modified to incorporate the changes discussed above. Each turbine module was
checked for proper operation and then installed in the operating surface in groups of eights and twos. The
modules used in the previous contract work were installed in the siding area of the switch.

LEVITATION VALVES

The levitation valves turn the levitation air on and off in response to levitation pad pressure as the
vehicle passes. Figure 2-16 shows a cutaway view of the valve. The levitation pad pressure acts on the pilot
diaphragm through the sensing port and opens the pilot orifice. This reduces the pressure behind the power
diaphragm because the air from supply pressure through the bleed orifice is insufficient to maintain the
pressure. The supply air can then pass out the-nozzle by movement of the power diaphragm. When levitation
pad pressure is removed, the spring under the pilot diaphragm moves it to close off the pilot orifice and
pressure increases under the power diaphragm which closes off the nozzle. The inverted cone of rubber on
the bottom of the valve connects its control port to a control header in the opening surface. When duct pres-
sure is applied to the control header, the pilot diaphragm is held against the pilot orifice, and the valve is
inhibited. When the levitation valve is inhibited, the vehicle passing over it will go into the emergency
braking mode.

Two different styles of levitation valves are used in the system: one as shown in Figure 2-16 which
imparts a horizontal component to the air jet to provide thrust, and the second which is identical to the
thrust type except it has a restricted outlet on the nozzle which dlsc.harges a vertical jet and thus provides
only levitation air.

For this contract, 1,000 valves were constructed and generally operated satisfactorily. When cold
weather operations (+10°F to -15°F) were tried, several valves produced erratic operation. Two failure
modes were observed. In one, the inverted rubber cone which connects the control port to the control

AIR JET

AIR INLET VALVE BODY

CONTROL PORT

SENSING PORT\}\

e «“ﬁ\%\'g\\

AIR BLEED HOLE

POWER DIAPHRAGM
DIAPHRAGM BLOCK
N1
; Pilot Orifice

$ENSING PORT CHAMBER

PILOT BIAPHRAGM

PLATE

Figure 2-16. Levitation Valve
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2.7

;

header became very stiff and exhibited a compression set. Supply air would then leak into the control
header and increase its pressure until the levitation pad pressure was insufficient to turn the valve on and
the vehicle would stop. This problem can be overcome by redesign of the valve/control header connection.
The second problem observed was that some of the valves stayed on after the vehicle had passed. This
resulted from 2 pressure buildup in the sensing port chamber caused by supply leaks into the chamber from
the pilot orifice. Effectively, this amounts to having too large an air bleed hole, and is caused by rubber seal
stifthess and compression set, However, in all cases, the valves will close when inhibited by supply pressure
in the control header.

These two problems will require modest further development work on the levitation valve. The
failures observed do not compromise system safety. One results in system stoppage if enough operating
surface sections are involved, and the other uses excessive system supply air,

CONTROL SYSTEM

The control system was designed to provide for manual operation of the system, and is electric
with soleroids which perform the electric to pneumatic signal conversion. A fully implemented control
system would use a track based speed, spacing and safety system,

The control system enables the operator to control vehicle levitation, direction and amount of thrust
application, as well as the switching function. {See Section 2.8}. Levitation control has two functions: one
function (levitation start) initiates the self-perpetuating levitation pad pressure, and the second function
inhibits the valves for emergency braking. Thrust control is obtained by selecting forward or reverse thrust,
cruising on groups of two turbines or groups of eight turbines per section, and modulation of the thrust
pioduced in each module. The operator’s control console, shown in Figure 2-17, contains the switches that
provide the electrical signals needed to control the vehicle movements.

As described in Section 2.5, thrust modulation is accomplished by bleeding air from the control volume.

When applied to a single turbine, this technique works as described. However, to reduce costs, groups of §
to 12 turbines were connected to bleed into a2 common manifold with the result that modulation became
imprecise. This occurs because the flow interacts between interconnected control volumes and causes the
turbines to shut off, rather than to operate at a modulated setting. For proper operation, individual module
control valving is necessary.

Because of the difficulties noted above, speed modulation for the test program was effected by block-
ing up to three nozzles in each turbine module. This, in combination with the selection of groups of two
turbines or groups of eight turbines, allowed the desired thrust level to be obtained.

In the siding area of the switch, the last 5 sections of track are always inhibited unless the operator
holds a momentary switch closed. This ensures that the vehicle will be stopped on the shorter track avail-
able, when switched off at high speeds.

Figure 2-17. Control Console
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2.8

Future ci’evelopment work on a control system will not be aimed at the type of control discussed
above, but will be a track based control system composed of repeating identical control modules for each
section of guideway.

SWITCH

A vehicle will switch or not switch off the main line, depending upon the position of a set of wheels
on the vehicle base. The wheel position is determined by a stationary ramp and a movable switch arm. The
switch wheels engage a catch rail formed by an angle located on top of the guide rails. The mechanical posi-
tioning of the switch wheels, guide wheels, guide rail, and catch rail is shown in Drawing E-00692, Section
2.3. These catch rails occur only in switch and merge areas of the guideway, and produce single side guidance
of the vehicle, rather than the two sided guidance normally employed. The catch rail is straight on one side
of the switch area for guiding the vehicle straight through.

An identical pattern of catch rails and guideway is used in merge areas, but the use of a movable switch
arm is not required. A stationary ramp locaied after merging is complete moves the switch wheels to the
straight through position, the normal position for travel on the guideway.

Details of the vehicle based switch mechanism are given in Scection 3.3.

The switch was designed to permit selective switching of trailing vehicles in a multi-vehicle train
traveling at 70 ft./sec. The required switch response time is 0.1 sec. from the time the vehicle is at the
reader (which decodes the addressed magnetic tabs on the vehicle) until the switch is locked. This rapid
response time facilitates the switching of vehicles coupled together in trains. The basic premise is that
vehicle trains are made up in a station with the vehicle, or vehicles, for the closest destination at the rear of
the train. The vehicle with the next closest destination is next, with the vehicle with the farthest destination
first in the train. When the train approaches the switch, the switch arm operates on the reanmost veliicles
first; hence, the switch arm has to move in approximately 1/2 vehicle length to miss the forward vehicles and
switch the rear vehicle. It should be noted that switching can be accomplished by action of the ramp on either
the front or rear switch wheels. The process is repeated at each succeeding switch that is a destination for the
vehicles, removing the rear vehicles until all have reached their destinations.

The switch is composed of a ramp, or movable arm, 84 inches long which pivots about the upstream
end and translates laterally 5.25 inches at the downstream end, Translation is obtained by the action of a
cam follower mounted on a guided plate. The plate is moved by the action of a linear induction maotor (Poly-
noid manufactured by Skinner Precision Industries, Inc., of New Britain, Connecticut), and the cam follower
moves a half sine wave (peak to peak) shaped plate which is attached to the moving switch ramp. Figurc 2-18
shows a photograph of these elements. The ramp is in the switch position in the figure. The cam plate has a

Figure 2-18. Switch Drive Mechanism
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ranout section tangent to the two peaks of the sine wave to allow overtravel of the cam follower plate and
to provide positive locking of the moveable arm at its two extreme positions. In addition, it allows the linear
motor rod to start moving before it encounters any significant resistance.

The linear induction motor is highly overpowered, and therefore has a duty cycle of 2.5%. A holding
coil keeps the motor rod at the end of its travel, and the motor is turned off to avoid overheating. -

In the test facility, the switching cycle is set up by pressing the switch enable button on the control
console which arms the circuitry. A pressure sense port located in the deck upstream from the switch arm is
conpected to a pressure switch. When a levitated vehicle moves over the port, the pressure switch closes and
energizes the linear motor contactor and holding circuits. After the vehicle passes the switch, a pressure
switch is activated which drops out the holding circuits and the motor rod is retracted by springs connected
to it. Two springs are used for redundancy,

Figure 2-19 shows the arm in the divert position, and Figure 2-20 shows the arm in the straight through
position. Figure 2-21 shows the vehicle switch wheel moving along the ramp. In Figare 2-22, the switch
wheels are about to engage the leading edge of the catch rail which is ramped slightly for smooth engagement.

o

Figure 2-20, Switch Arm in Straight
Through Position :

Figure 2-21. Switch Arm Moving Switch Wheels Figure 2-22. Switch Wheceis About to
Engage Catch Rail
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Since speed of operation is an important criterion of the switch, all parts were made of aluminum where
feasible, and minimum weight was obtained by removing excess material.

The response times of the various elements of the switch were determined by plotting their actuation
times through the use of an oscillograph (see Section 5.2. 1, Item 1). In order to determine the response
time of the pressure switch, the position detector (Section 5.2.1, Item 8) was adjusted to denote the point
where the pressure switch closed with the vehicle moving slowly. For the test runs shown in Table 2-1,
time zero was taken as the time when the vehicle reached the position detector.

TABLE 2-1 RESPONSE TIMES OF SWITCH COMPONENTS

Elapsed Time (Milliseconds)
Vehicle Pressure Linear
Velocity Switch Motor Switch Arm Switch Arm
Run No. (ft./sec) Closed Energized Motion Starts Locked

1 4 21 31 61 143
2 8 21 33 64 145
3 16 21 35 65 146
4 19 22 35 - 66 147
5 215 21 35 65 146
6 23 21 38 69 152
71 15 19 31 62 145

1_ For this run, an 850 1bs. 1oad was added to the vehicle in the front passenger compartment to raise the
levitation pad pressure.

Table 2-1 shows the response time of the pressure switch to be 0.021 seconds, and constant at vel-
ocities of 4 ft./sec. and up. Increasing the pad pressure caused a slight decrease in pressure switch delay. The
contactor requires .012 to .017 seconds to close. The variation probably depends on where in the voltage
curve of the 60 Hz line the pressure switch is closed. In the table, the “Switch Arm Motion Starts” column
is when the arm has moved 0.3 inches. The delay from the time the motor is energized is very consistent,
and is .031 seconds, '

The “Switch Arm Locked” times are .112 seconds within £.002 seconds from motor energization. The
motor rod travels further, is decelerated by a shock absorber, and comes to rest. However, the locking of the
arm is safely completed before the rod comes to rest. The total motior: of the switch arm is 5.25 inches.

The operating time for the switch is from .122 to .131 seconds from contactor energization (*‘Pres-
sure Switch Closed™). A reader for the coded magnetic tabs can be expected to have a delay time less than
.01 seconds. Therefore, the maximum overall switching time for this switch would be .141 seconds. This
switch time will allow trains up to 50 ft./second. Minor changes will accommodate higher speeds. Switch
operation time for this design is a non-critical item in systems employing individual vehicles.

To reduce the loads on the vehicle switch wheels and mechanisms, the shape of the switch arm was
designed so as to accelerate the switch wheels at a constant rate to a desired lateral velocity, and to then
keep the wheels moving laterally at this velocity. The constant acceleration portion of the switch arm oc-
cupies the first 33% of its length and was designed to impart an acceleration of 5 g to the switch wheels at a
vehicle speed of 70 ft./sec. The constant acceleration section on the arm can be observed in Figure 2-19 and
2-20. At this vehicle speed, the design lateral velocity is 5.2 ft./sec. while the wheels are moving on the
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2.9

constant velocity portion of the switch arm. At 35 ft./sec., the design lateral velocity is 2.6 ft./sec. and the
design lateral acceleration is 1.25 g. The actual lateral accelerations and lateral velocities of the switch
wheels were not measured.

- The stationary ramp shown in Figure 2-23 was also designed with constant acceleration and constant
velocity sections. At a vehicle speed of 70 ft./sec. the design lateral acceleration of the wheels is 1.43g, and
the design lateral speed at the constant velocity portion is 2.75 ft./sec.

Figure 2-23. Stationary Ramp

The function of the stationary ramp is to ensure that the switch wheels are in the “not switch” posi-
tion when approaching the switch arm. Since the vehicle travels in both directions on the test track, it is
necessary that the stationary ramp be bidirectional (a ramp in both directions). For an installation where
vehicles travel in one direction only, a single ramp will suffice.

Because of the bidirectional travel of the vehicle in this test installation, an arm safety interlock is
provided which retracts the switch arm if it should happen to be in the “switch” position when the vehicle
is moving opposite the normal switching direction.

The switch has been used for vehicle speeds up to 35 ft./sec. with no malfunctions. Approximately
500 switch cycles have been achieved.,

Future switch development work should investigate switch wheel and mechanism loads, testing of the
switch at higher speeds, testing with trains, testing with an address reading device, and improving switch
response times.

ARRESTING MECHANISM

Three vehicle arresting mechanisms are provided—two on the north end and one on the south end.
Figure 2-24 shows the installed arresting mechanisms. They are made from rubber exerciser cord. The exer-
ciser cord is a cotton covered multistranded rubber of 5/16 in. diamter. 144 strands of cord are used, 72 on

each side of the track. The two ends are joined together with steel cable which mates with the vehicle bumper,

and the remaining ends are anchored to the enclosure structure:
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Figure 2-24, Vehicle Arresting Mechanism Installation

Two loops made of the exerciser cord retain and align the mechanism in its rest position. A pair of
steel cables retain these loops when the cords are elongated so they will catch the mechanism on the return
stroke.

The spring constant for the mechanism was designed to be 83.7 lbs./ft.; however, the cords used had
an elasticity on the low side of nominal. This resulted in a spring constant for the cord on the north end of
70 Ibs./ft. and a spring constant on the south end of 53.5 Ibs./ft. This limited the maximum speed to
30 ft./sec. loaded, and 37 ft./sec. empty to keep the vehicle from going off the track on the south end. The
working extension limit of the cords is 50 fi., and at this limit they store 88,000 ft.-lbs. of energy (north)
and 67,000 ft.-lbs. of energy (south).

2.10 SUMMARY AND RECOMMENDATIONS

The test facility consisting of 371 feet of operating surface, a control system, and a switch which are
enclosed in a structure fabricated from precast concrete planks was completed and operated.

Components of the operating surface include the levitation surface, levitation valves, air supply and
turbine modules.

The turbine module was modified to increase its efficiency, increase its thrust, and make installation
easier. Turbine performance characteristics are treated more fully in Section 6.

The levitation valves used were of the same design as was used for the original contract. Some mal-
functions in cold weather operation were observed which could result in vehicle delevitation or increased air
consumption due to leaks. These malfunctions are of the “nuisance” type and do not compromise system
safety. Additional development efforts, while modest in scope, should be expended to correct these mal-
functions.

The switch design concept was demonstrated to perform satisfactorily. The switch responds rapidly
enough to switch trailing vehicles in a train moving at 50 ft./sec., while allowing feading vehicles to continue
on the main line. Additional development work should include testing with trains, testing with an address
reading device, and improving the switch response times.

The control system, using electric solenoid valves for controlling the various functions, was designed
for manual control of the system. Future development work should be directed toward the track-based auto-
matic control system. Top priority should be given to the full scale implementation of this system.

The air supply was provided by the same electric motor/centrifugal blower combination used on the
previous contract. The blower was installed underground to reduce noise levels.

Most of the elements of the Uniflo system described above are near the implementation stage. The
additional development suggested above for the various elements could be carried out during production
engineering phases of design and construction. ’

Other areas requiring consideration are train operation, vehicle-berth interface and operation, lighting
systems, and safety systems.
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3.0 FULL SCALE VEHICLE
3.1 GENERAL DESCRIPTION AND DESIGN GOALS

The Uniflo vehicle, a passive, nonpowered people container, was designed with several objectives in
. mind. These are to comfortably contain the people in a pleasant environment, provide easy ingress and
egress, provide safety, and efficiently carry them to their destination. To provide these conditions, the
vehicle empty weight per passenger should be low, sound levels pleasant, ride quality good, seats comfortable,
and visibility and lighting adquate.

To accomplish these goals, the vehicle design incorporated an all aluminum structure. The empty
weight is 2,100 Ibs. (260 lbs. per passenger), and with a payload of 1,600 Ibs. the gross weight is 3,700 Ibs.
The vehicle seats 8 people in two compartments of four with facing seats. A sound level criteria of NCA-60
was adopted as the design goal based on previous contract work. To accomplish this, lead-foam sandwiches
were used for sound attenuation. Windows were used in the sides of the vehicle for passenger visibility and
along the top for future lighting trials. The windows used were chosen for their sound reduction, thermal
insulation, and weight reduction properties.

A secondary suspension was provided for good ride quality. A switching mechanism on board the
vehicle and operated by a track based mechanism was designed for speed of operation and simplicity. This
will allow its future use with trains of vehicles. The guidance and switch wheels were designed for loads to
800 Ibs, each, and speeds to 70 ft./sec.

Overall size of the vehicle, less bumpers, is 15 ft., 3 in. long, 3 ft., 10 in. wide, and 6 ft., 5 in. high.
Drawing E-00689 gives the outline dimensions of the vehicle.

In the test installation, special bumpers had to be designed for mating with the vehicle arresting
mechanism and would not be typical of a normal vehicle.

‘During testing and operation, the vehicle traveled approximately 260 miles without any maintenance
or repairs required. Although this is a short distance, the operation with no problems indicates first level of
reliability. However, long term life and wear tests should be undertaken to prove its reliability and routine
maintenance requirements.

3.2 VEHICLE SUPERSTRUCTURE CONSTRUCTION

The structural framing and skins of the superstructure were made entirely of aluminum. Standard
extruded aluminum shapes were used for the framing to reduce costs and make construction possible with-
out elaborate tooling. All the skins had single curvatures, so no compound forming was necessary. The
finished weight of the superstructure alone was 1,570 Ibs. The individual components’ contribution to this

weight were:
Basic framing, floor and skins — 610 1bs.
(including acoustic floor treatment)
Seats — 240 Ibs.
Windows — 220 1bs.
Interior acoustic treatment, carpeting,
and trim moldings — 420 Tos.
Bumpers 80 tbs.

The superstructure floor forms the structural base to which the vehicle base and superstructure frame
are attached. It is constructed out of aluminum squares, channels and angles (See Figure 3-1). Aluminum
sheet is riveted to the top, then the assembly is sprayed with Sound-off mastic to dampen the floor structure
(See Figure 3-2). A sandwich of 1/4 in. urethane foam, 0.5 1b./ft.2 lead, 1/2 in. foam, 0.5 1b./ft.2 lead, and
1/2 in. foam was put in place (See Figure 3-3) and the bottom sheet was riveted to the floor structure
(See Figure 34),
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Figure 3-1. Superstructure Floor Framework

Figure 3-2, Framework with Sound
Damping Applied

Figure 3-3. Sound Damping Sandwich Ready to be Applied Figure 34, Riveting of Bottom Sheet 1o Floor
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At the same time, a jig structure was constructed for aligning the seven structural frames. Figure 3-5
shows the fixture. The frames were made out of aluminum squarce tubing, which was bent by filling with
polyglycol. Slots were cut to form the small radii. The frames were assembled on the jig structure and con-
nected together by channels as illustrated in Figure 3-6. After the frames and the longitudinal channels were
riveted together, the jig structure was disassembled and removed (Figure 3-7). Braces for lateral stiffness
and seat frames were constructed {Figure 3-8). The end frames were formed from aluminum channels as

Figure 3-5. Superstructure Frame Alignment Fixture Figure 3-6, Assembly of Superstructure Frame Using Fixture

NP

Figure 3-7. Completed Superstructure Frame Figure 3-8. Seat Frames and Latera] Bracing
with Fixture Removed
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shown in Figure 3-9. The door frames were constructed in place using the same method as the other frames.
The top and bottom of cach dpor has a square aluminum tube, which holds two flanges. Each flange has two
roller bearings perpendicular to each other, which means that each door is carried by eight roller bearings—
four for vertical loads, and four for lateral loads. These bearings run inside a square aluminum tube fixed to
the floor and upper door opening of the vehicle. The bumper support bearings were fixed to the square
floor tubes. Weather seals on three edges of the door performed satisfactorily. However, the placement of a
seal on the rear of the door was difficult because of the close fit of the door and vehicle surface. This seal
was placed in only part of the rear edge and hand placed seals were used in the acoustical testing.

Figure 3-9, View of End Frames

The skin of the superstructure is .040 alclad aluminum sheet, which was formed and drilled in place,
and then riveted to the frame using countersunk rivets. See Figure 3-10 and 3-11. The spherical corners were
constructed from polyester auto body filler applied to preformed aluminum screen (See Figure 3-12). The
finished structure ready for painting is'shown in Figure 3-13.

Figure 3-10. Superstructure Skin Applied to Frame Figure 3-11. Superstructure Skin Applied to Frame
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Tigure 3-12. Detail of Spherical Corner Construction Figure 3-13. Completed Structure Awaiting Painting
using Polyester Filler

The interior of the vehicle is finished with frosty metallic blue, crushed grain, perforaled vinyl. This
vinyl is the surface of the acoustic material laminated the same as described above with the viny! applied to
the 1/2 in. foam, A pressure sensitive adhesive on the 1/4 in. foam aided attachment. The interior was {ixed
to the superstructure frame using polished aluminum trim moldings. Stainless steel sheets were added next
to the floor and between the seats to protect the acoustic material. Windows were insulated glass made up
of the following: Acousta-Pane 36; 3/4 in. air gap; hard cote polycarbonate with Acousta-Pane on the in-
side. Eight vinyl bucket seats of the type used in Chevrolet Vega automobiles were bolted on the seat frames.

- Figure 3-14 shows a view of the interior on the finished superstructure, and Figure 3-15 shows a view of the
interior through the door.

Figure 3-14. Vehicle Interior
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Figure 3-15, Vehicle Interior

The vehicle superstructure performed satisfactorily with the exception of the rear seal on the doors,

and favorable comments were received from passengers given rides.

In this prototype, a heating, ventilating and air conditioning system was not installed. A description

of this system based on a passive heat sink is reported in the Report No. DOT-TSC-UMTA-73-1.
Future development work on the superstructure should include the heating and air conditioning
system, acoustical noise reduction (See Section 4.0), and vehicle door/berth door interface.

Through a more detailed structural analysis of the frame, an optimized design can be reached which
will result in a lighter framec. More work on reducing the noise at its prime source will result in using lighter
and less expensive acoustical material, The materials and methods of construction used for the vehicle are
convenient for a prototype. For production purposes, both the materials and production methods should be

revised. Plastics should be considered, especially for the ends of the superstructure. Better door seals
should be considered.

A weight reduction program, as well as a safety analysis of the superstructure, are required additions

to the development work.

3.3 VEHICLE BASE CONSTRUCTION

The vehicle base, constructed almost completely of aluminum, contains the levitation pads with an

air interconnect system and emergency braking skids, the mating half of the linear turbine, secondary

suspension, roll restraining torsion bars, guide wheels, switch wheels and overcenter mechanism, and a struc-

tural frame to connect the assemblies together. Drawing E-00693 shows the assembly and outline dimen-
sions and Figure 3-16 is a photograph of the completed assembly,

The structural frame is composed of four 3” x 17 x 1/8” aluminum channels running the full length
of the base. Ten 3” channels run laterally and are connected to the longitudinal channels. Diagonal 27 x 17
% 1/8” channcls arc connccted to make the frame a truss in the horizontal plane. This truss uniformly trans-
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Figure 3-16. Completed Base Assembly Figure 3-17. Secondary Suspension Assembly

fers loads from switch and guidance wheels through the secondary suspension to the superstructure. The
structure is held together by stainless steel rivets. The structure is very flexible in the vertical plane and in
‘rotation through a longitudinal axis to allow the base to conform to the operating surface in spirals, hori-
zontal curves and vertical curves,

Eight levitation pad assemblies are attached to the frame in two rows of four, Directly above the
center of each pad a secondary suspension assembly is mounted. These assemblies, shown in Figure 3-17,
provide three axis suspension. Two horizontal rubber shear mounts provide vertical and lateral suspension,
as well as pitch, roll and yaw suspension. The two vertical shear mounts provide longitudinal suspension
through the action of a fous-bar mechanism. The platform on top of the suspension assembly is bolted
directly to the superstructure, while the horizontal shear mounts are bolted to the structural frame of the
base. The vehicle vertical spring constant is 1,300 Ibs./in. from measuremeant of height change with vehicle
load. The longitudinal spring constant is 1,100 1bs./in. calculated from measurementis on one suspension
mount. The lateral spring constant calculated value is 600 Ib.fin.

To improve the roll resistance in the longitudinal axis of the suspension, eight torsion bars were con-
nected across the vehicle. These bars increased roll stiffness approximately four times. This stiffness reduces
the need for damping in the suspension. Although no damping was added to the suspension, more analysis
and testing would be desirable to improve suspension characteristics.

In each corner of the vehicle are mounted a pair of guidance whecis (See Figure 3-18); one fixed wheel
for the normal two rail guidance, and one movable wheel for switching. The wheels are made from cast
aluminum hubs which are covered with a 1/2” thick band of urethane rubber. Each wheel uses two tapered
roller bearings on a steel axle. The axle is mounted to a moving arm whose pivot point is a steel axle with
two tapered roller bearings mounted in a square aluminum hub. The hub is attached to the base structural
frame. The switch wheel and guide wheel are similar in mounting. The travel of the guide wheel is limited to
1/4” by a compression mount made from rubber with a high damping coefficient. The switch wheels have
two positions as shown in Figure 3-18 and 3-19, and are held in these positions by an overcentering spring
device. Outward travel of the wheel is controlled by a link and parallel bar slider (See Figure 3-18 and 3-19)
which is attached to the end of the switch wheel arm. This link also carries part of the switching loads into
the base. At the other end of the switch wheel arm is a reach rod which connects to one end of a longitudinal
torsion bar. (See Figure 3-20). The torsion bar connects the front two switch wheel arms to the rear two
switch wheel arms. At two locations on the torsion bar an overcenter spring mechanism is placed. Figure 3-21
shows a photograph of the overcenter spring. .

In the connection between the reach rod and switch wheel arm, a rubber bushing is used to reduce
shock loads on the system, A rubber stop is also used on the parallel bar slider to reduce impact shocks.

.43



Figure 3-18. Guidance Wheel and Switch Wheel Figure 3-19. Switch Wheel Extended

Figure 3-20. Reach Rod and Torsion Bar Figure 3-21. View Showing Over center Spring

Eight levitation pad assemblies are mounted on the base, These assemblies have an aluminum back plate
to which a neoprene rubber pad is attached. Figure 3-22 and 3-23 show the assemblies. The levitation pad
system has a spring constant of 6.8 x 104 1bs.fin. To promote load sharing between pads because of the high
spring constant, an interconnect system was installed. This system puts a pressure signal from the highest
pressure pad to the tower pressure pad, which causes the lower pressure pad-to extend. This increases its
pressure, and therefore, its share of the load.* In the center of the pad a double row of turbine buckets are
placed to derive thrust from the angled nozzle of the levitation valves in the switch arca. Along cach side of
the pad buckets a brake skid is placed. Two different materials are used to achieve a braking friction
coefficient of .3 ¢.

On each of the four.corners of the vehicle, two rectangular bars extend which fit under the guide
rails. (See Figures 3-22 and 3-23) These bars keep the car from overturning.

*U.S. Patent 3,757,699 further deséribes the levitation system.

-44 .



34

figure 3-22, Levitation Pad Assemblies Figure 3-23, Closeup of Levitation Pad

In the center of the base, two rows of turbine buckets are attached, one for the forward direction,
and one for reverse. These assemblies are made from light gauge aluminum, and riveted together. A damping
compound was sprayed on the assembly to reduce vibrations. The top of the turbine was covered with a
sound absorbing baffle (not shown in the figures).

The total weight of the base is 550 Ibs., which is above a desired goal of 400 1bs. Several areas of
weight reduction are possible, and future work should include a weight reduction program.

SUMMARY AND RECOMMENDATIONS

Since the Uniflo vehicle is a passive, nonpowered lightweight people container, simple construction
using standard aluminum extrusions and sheet was possible, Vehicle windows and interior trim, while selected
for their noise reduction characteristics, also enhance the aesthetic treatment.

The prototype vehicle constructed and tested in this contract performed satisfactorily, and proved the
soundness of the basic concepts. Additional work should be directed toward improvements in the suspension
system, acoustic noise reduction, weight reduction and simplified construction methods. Also, reliability and
maintenance requirements need additional consideration.

An area which should receive first attention in future work is the heating, ventilation, and air condi-
tioning system.
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4.0 SYSTEM NOISE DESIGN AND TESTING

4.1

42

INTRODUCTION

Vehicle interior and guideway exterior sound levels of the Uniflo system were measured and analyzed.
Exterior noise levels were very low, placing the system in the “no impact” regime for suburban areas. The
levels meet the criteria of NCA-45 or PNC-50 at 25 feet from the guideway during all operations. Maximum
fevel observed during operations was 50 dBA,

Vehicle interior noise levels were slightly higher than desired. During cruising up to 30 ft./sec., the
interior levels would meet the criteria of NCA-65. However, during deceleration the levels were slightly above
NCA-70. The maximum “A” weighted levels were 68 dBA for cruising and 77 dBA for deceleration. A
reduction of 10 dBA at frequencies below 1,000 Hz would bring the noise level to the NCA-60 criteria. The
following sections describe the noise reduction design, sound level measurements and analysis of the
measurements,

DESIGN CONSIDERATIONS FOR ENCLOSURE AND VEHICLE

The noise reduction design was based on the recommendations of the previous contract work reported
in Report No. DOT-TSC-UMTA-73-1. The noise criteria cited in that work was NCA-60, The enclosure was
made of 4 in. thick concrete planks which represents the material used for an elevated guideway structure;
however, the concrete would probably be 8 to 12 inches thick in the lower half of the structure. The sound
transmission loss for 4 in. concrete (taken from National Bureau of Standards Test No. 804) shown in
Table 4-1 would be more than adequate to meet NCA-60 sound levels,

The enclosure windows used were Acousta-Pane 36 made by Amerada Glass Company. The glass is
9/32 in. thick, and is made by laminating two plies of glass with an interlayer of soft transparent plastic. This
plastic reduces the resonance and coincident effects which single panes of glass exhibit,

The transmission loss for this glass is also shown in Table 4-1 as tested by Riverbank Acoustical
Laboratories.

TABLE 4-1 SOUND TRANSMISSION LOSS dB
Frequency Hz 125 175 250 350 500 700 1,000 1400 2,000 2800 4,000
Acousta-pane 36 25 28 28 30 33 35 36 36 35 35 39

4 in. Concrete 37 33 36 44 45 50 52 - 60 — 67

The glass recommended in previous work was Polarpane, manufactured by C. E. Glass, Inc., and would
average about 7 dB more reduction than the Acousta-pane 36. The Polarpane is constructed of a 1/4 in. glass
plate panel separated by 51 mm from a 3/16 in. glass panel. This construction increases costs, and there is
some question about the suitability of this type of construction in an unheated structure because of the
sealed inner air chamber,

Acousta-pane glass is available with higher transmission losses, but the glass, being thicker, is made of
plate instead of sheet, which increases the cost.

Mounting of the glass was by use of a rubber “H” gasket, which will increase the transmission loss up
to 5 dB.

The sound level of NCA-60 was expected to be achieved due to the combination of low percentage
(17%) of glass area on the side of the enclosure and the rubber mounting of the glass. In fact, levels much
lower than NCA-60 were realized.

To further improve noise levels outside the enclosure and inside the vehicle, the walls and ceiling of
the enclosure were lined with 3 1/2 in. fiberglass household insulation to increase sound absorption. A 24 ft.

| Preceding page hlank
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4.3

strip of insulation was also put along each side of the operating surface and below the turbine modules.
Measurements in the enclosure indicated the insulation reduced the sound levels by 5 to 7 dBA.

Installation of the insulation was from station 12 to station 20, and the Acousta-Pane was installed in
the same sections, but on the acoustical test side only. The acoustical testing was done only in these sections.
To reduce the noise levels from the air supply system, the blower was put in an underground pit with the
feed pipes buried. In addition, the pipes were lined with sound absorbing materials.

In the vehicle design the use of massive structures to reduce the noise levels was unacceptable. The
recommendation from the previous contract was the use of lead-urethane foam laminated materials. The
material chosen was composed of 1/4 in. urethane foam, 1/2 Ib. per square foot lead, 1/2 inch foam, 1/2 lbs.
per square foot lead, and 1/2 in. foam covered with perforated vinyl which was the interior upholstery. The
interior aluminum skin and frames of the supesstructure walls and ceiling were first covered with a spray-
able damping compound, and then the vinyl lead-foam sandwich applied.

The vehicle windows were the thermal insulating type with the inner pane of Acousta-Pane 36, a 3/4
in. zir gap and then an outer pane of 1/8 in. hard coat polycarbonate. The use of a polycarbonate outside
pane was to reduce weight and still have an insulating window which is deemed necessary when air condi-
tioning and heating of the vehicle is undertaken. The floor of the vehicie was made from aluminum sheet,
top and bottom separated by aluminum frames, and the same lead-foam material used on the walls, but with
no vinyl. These aluminum sheets and frames were also sprayed with the damping compound. The floor of
the vehicle was covered with a sponge rubber rug pad, then a 1 Ib. per square foot lead sheet, and finally a
nylon carpet.

On the back edge of the doors, the scals did not perform as expected for purely mechanical reasons,
and they were omitted. Therefore, additional seals were put in place by hand during testing of the noise
levels inside the vehicle. A 3 dBA change in noise level with the additional seals was observed.

The interior seats were vinyl covered with a limited pumber of perforations which contribute to the
sound absorption.

The turbine buckets in the vehicle base were covered with the sprayable damping compound, and a
baffle made from aluminum sheet and covered with 1 in. urethane foam was placed over the buckets.

Additional vehicle construction details are given in the vehicle Section 3.0 of this report.

TEST EQUIPMENT AND METHOD

The acoustical measurements, test equipment, and data reduction were performed by International
Acoustical Testing Laboratores, Inc. INTEST) of St. Paul, Minnesota,

Tests were made inside the vehicle as well as 25 ft. from the guideway with the vehicle loaded and
urtloaded. In addition to these basic conditions, several vartations in speed and performance were recorded.
For the outside sound measurements the unloaded vehicle weighed 2 430 Ibs. with speed monitoring
equipment and associated operator. Inside-the-vehicle testing increased the total weight by 200 Ibs. to
2,630 lbs. In the loaded condition, for both the inside and outside measurements, the vehicle weight was in-
creased to 3,723 Ibs. Under the above four basic test configurations, the following variations were measured:

Ambient —  blowers off
Ambient —  blowers on
Levitated—  at rest
Cruising — 10 ft./second
Cruising — 20 ft./second
Cruising — 25 ft./second
Cruising — 30 ft./second

Full Dynamic Braking from 25 ft./second
Full Acceleration from 25 ft./second

The speed was held within 1 ft./second of the desired velocity in the acoustical test area. The thrust

was modulated by closing the number of nozzles required to maintain constant speed through the test
area (See Section 2.5 and 2.7 for details).
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Weather conditions during the outside testing were wind from the south/southwest at 3-5 knots, temp-
erature 15° F and relative humidity 57%.
The equipment used for sound level monitoring was:
# Kudelski (NAGRA) Precision Portable Tape Recorder
#® Bruel & Kjaer Impulse Precision Sound Level Meter Model 2204
® Bruel & Kjaer | in. Microphone Model 4145
® Tripod and 3 Meter Cable
# Pistonphone Calibrator Model 4220
® Windscreen Model UA 008A (outside measurements only)
Figures 4-1 and 4-2 show the test setup and microphone positions for the sound level measurements.
The data was recorded on tape with witness marks for indicating when the vehicle entered and left the
acoustical test area.

Tigure 4-1. Acoustical Test Equipment for Figure 4-2. Acoustical Test Equipment for
Vehicle Interior Noise Levels Exterior Noise Levels

4.4 TEST RESULTS

The sound data was reduced at the INTEST facility using the following equipment:
® Kudelski (NAGRA) precision tape recorder
® Bruel & Kjaer impulse sound level meter Model 2204
® Bruet & Kjaer 1/3 octave band filter Model 1612
¢ Bruel & Kjaer high speed level recorder Model 2304
The data was reduced in two forms--1/3 octave band sound pressure levels, and A-weighted sound level
time histories for each variation indicated above. (See Appendices B and C).

4.4.1 Vehicle Interior Noise

Figure 4-3 plots the background levels inside the vehicle with the blower on and off. Also, the
A-weighted value is given. The background levels for the vehicle arc sufficiently low so the measurements
of interior noise are not affected by them. Only when the blower is on and at the low frequency and
high frequency ends of the plots is the background noise level close to the levitated only levels. How-
ever, since the blower is a part of the system, its noise should not be discounted in the overall effect.

Figures 4-4 and 4-5 plot the levels for an empty and a loaded vehicle for cruising and levitated at
rest. The cruising plots were made from the data by plotting the highest and lowest level at each
frequency band without regard for vehicle speed. The plot essentially gives the range of noise levels
for cruising. Appendix B has a table for the noise levels at each speed with levels generally increasing
with vehicle speed with more effect shown for a loaded vehicle.
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10000

In the levitated at rest condition, the loaded vehicle has a slightly higher level (2 dBA) than the
empty vehicle, which is most likely caused by the higher pad pressure. The levels for cruising are
generally the same for a loaded and empty vehicle, and meet the requirements of NCA-60, except for
a few db in the 100 to 400 Hz range. Since the curves are plotied in one-third octave bands, the noise
criteria curves plotted in the figures of this section have been reduced by 5 db from their normal
presentation in one-octave bands.

Figures 4-6 and 4-7 show the noise levels during acceleration and deceleration for the loaded
and empty vehicle. These levels approach the NCA-70 criteria and exceed it at 400 Hz when an empty
vehicle is decelerated. This may indicate more structural-born vibrations from the turbines when the
vehicle is empty. The length of time these levels persist is relatively short (approximately 10 seconds)
since full acceleration and deceleration occur at the start and finish of each trip. This time factor has
to be weighed in the overall effect. As cruising speeds and thrust levels increase, the noise will move
toward these levels so additional work on the lower frequency end is desirable.
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In order to get a better understanding of the problem, the PSIL (Preferred Speech Interference
Level) was obtained from the data. The PSIL is defined as the arithmetic average of the sound pressure

levels in the 500, 1,000, and 2,000 Hz octave bands.
Reference 1 gives a table of speech difficulty related to PSIL which was taken from Peterson

and Gross (reference 2) and is given in Table 4.2.

TABLE 4-2
MAXIMUM PERMISSIBLE VALUES OF PSIL FOR
RELIABLE CONVERSATIONS
(IN dB re 2x10~2N/m2)

Voice Level
Distance {ft.) Normal ‘Raised Very Loud Shouting
1 70 76 82 88
3 60 66 72 78
6 54 .60 66 72
12 48 54 60 66

Reference 1 also recommends a PSIL of 60 which would give understandable conversations at
3 ft., which is the probable separation of people in each compartment of the vehicle.

Table 4-3 gives the PSIL obtained from the acoustical tests for the various test conditions. In
-addition, another factor contributing to speech difficulty, loudness level (LLY}, is also shown. The dif-
ference in LL and PSIL {(LL-PSIL) is also given. The overall level in dBA is shown for reference.

Beranek (reference 3) recommends that the LL-PSHL should not exceed 22 dB for acceptable - -
noise levels for executive office personnel and a PSIL of 40 or less. However, in stenographic and large
engineering drafting rooms, a PSIL of 55 and a LL-PSIL of 30 dB for conversations ““often™ to “very
often” at 3 to 4 ft. give a favorable acoustic environment. From: this criteria of PSIL and LL difference
of 22 and 30, the NC and NCA curves, respectively, were developed where the particular curve is the
PSIL rating. As can be seen in Table 4-3, the PSIL of 55 was accomplished in all cruising conditions.
During acceleration the PSIL reaches 56, but during deceleration the PSIL reaches 64 and 58 for an
. empty and loaded vehicle respectively. The subjective rating from Beranek would fall between
moderately noisy and noisy for these periods, and below moderately noisy for the cruising conditions.
Since the LL-PSIL is about 30 units, this rating would apply. Beranek also recommends that LL-PSIL
should not exceed 30 units for transportation vehicles. In addition, he recommends an NCA-60
criteria to avoid passenger complaints on trips of any significant length. Reference 1 recommends the
use of PNC-60 for personalized rapid transit vehicles. The PNC curves are very similar to the NC curve,
but were developed more recently to reduce the unpleasantness of sound levels matching the NC and
NCA curves. PNC-60 criteria is plotted in Figures 4-6 and 4-7. The NCA curves allow more low and
high frequency sound levels than the PNC curves, but have been more commonly used for latest transit
noise levels. The trip time probability has some influence on the criteria, but a subjective rating was not
available. To meet the NCA-60 criteria for all conditions, a reduction of 10 dB in the frequency range
of 60 to 800 Hz will be required. If the PNC-60 criteria is used, a reduction of 15 to 20 dB at 100 Hz
is required. Noise reduction in this frequency area is more difficult and expensive and probably will
add weight to the vehicle. As the development of the system proceeds, economic considerations will
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play an important role in determining which criteria will apply, particularly for reducing the noise
levels on the low frequency end.

Future noise design work on this system should concentrate on the lower frequencies to make a

more pleasant interior acoustic atmosphere. However, noise levels are probably acceptable at the
present time, considering trip time, economics, and what passengers of presently operating transit
modes experience.

PSIL
Empty Vehicle
Loaded Vehicle
LL

' Em.pty Vehicle
Loaded Vehicle
LL-PSIL
Empty Vehicle
Loaded Vehicle
dBA

Empty Vehicle

Loaded Vehicle

TABLE 4-3

PREFERRED SPEECH INTERFERENCE LEVEL (PSIL),
LOUDNESS LEVEL (LL) AND INTERIOR NOISE (dBA)
(IN dB re 2x10"5N/m2)

Dynamic Acceler-
TEST CONDITION Braking ation
Ambient Ambient Levitated Cruising from from

(No Blower) (Blower On) At Rest 10 ft./sec. 20 ft./sec. 25 ft./sec. 30 lt./sec. 25 ft./sec. 25 {i.[sec.

31 33 41 52 54 55 54 64 56
31 33 42 51 54 54 54 58 56
46 59 66 80 84 84 83 91 87
46 59 69 79 83 84 85 88 87
15 26 25 28 30 29 29 27 31
15 26 27 28 29 30 31 30 31
36 44 50 65 68 68 68 77 70
36 44 52 64 67 68 69 73 70

A4.4.2 Exterior System Moise

Figure 4-8 shows the background noise for the testing with the blower on and off. Since the
background with the blower off is somewhat variable during the tests and very close to results of the
tests, its influence is important. No attempt has been made to subtract the background noise from the
test results because its variation and the system noise including background produce acceptable noise
levels for a community.
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A measure of annoyance or objectionableness of a sound can be made by determining the “Per-
ceived Noise Level” (PNL). Table 44 lists the PNL 25 ft. from the guideway for various operating
conditions.

The table shows that operating the system typically increases the PNL level only 5-8 PNdB.

Figures 4-9 through 4-12 present the exterior noise levels under the various test conditions. As
can be seen from the plots, the noise emissions produce sound levels that are below NCA-45 criteria.
They only exceed NCA-40 in the range of 200 to 2,000 Hz under deceleration conditions. These con-
ditions only occur in station areas, and are less in number during the nighttime hours when recommended
noise levels are lower,

. TABLE 4-4
PERCEIVED NOISE LEVELS 25 FT. FROM GUIDEWAY (PNdB)

Fdﬁynamic Full
Ambient Ambient Levitated : Braking  Acceleration
(No Blowers) (Blowers On) At Rest 10 ft./sec. 20 fi./sec. 25 ft./sec. 30 ft./sec. 25 fi.fsec. 25 ft./sec.

Empty . .

Vehicle 55 59 59 60 60 61 62 63 62
Fully

Loaded

Vehicle 55 59 56 59 6l 60 61 62 60

-55.



80

& MAX LEVEL} CONSTANT SPEEDS
o MIN LEVEL|10,20,25§ 30 FT/SEC

70 o LEVITATED AND AT REST
[
0

48 dBA o Yb dBA
4/ dBA — — —PNC-R/Q

[

7
J
I/
4
/

©0

50 . S S -

4o ' = e
30 %%2\\(\‘%\“* o
| \\ﬁ% ‘G\K‘ NCA

20 £ 30

o L1l RN RN

3140 60 100 200 400 400 (00D 2000 40006000 10000
FREQUENCY Hy

Figure 4-9, Sound Pressure Levels, 25 Ft. From Guideway, Empty Vehicle

THIRD OCTAVE-BAND SOUND-PRESSURE LEVEL
(dB re 2 X 1079N/m2 )
!
/

80 5 MAX LEVEL}CONSTANT SPEEDS
o MIN LEVEL{10,20,258& 30 FT/SEC
70 o LEVITATED AND AT REST
5 4B dBA o 4348
PR - N | o 43 dBA — — — PNC-50

T

60 8
S

50 , P S

4o S S —

30 %D\iéﬁ‘m [

| —Red ~

20 2~

L1 IR L ]

0
3140 60 100 200 400 600 1000 2000 4000 600D 10000
FREQUENCY Hy

Figure 4-10. Sound Pressure Levels, 25 Ft. From Guideway, Full Vehicle

THIRD OCTAVE-BAND SOUND-PRESSURE LEVEL
(dB re 2 X 1079N/m? )

.56 -



3l U0 0 100 200 400

-

Y 80

4 o FULL DYNAMIC BRAKING 2R.FT/SEC
W 4q |6 FULL ACCELERATION 25 FT/SEC

o N , o H0 dBA -~ — PNG-R0

" & 4T dBA

Lﬂt’:\ 60 { i \\

TE I

ét{g r)o ‘tk e —

g 9 . M -~ P <4

o T -

n X ~

D’C\] L}‘O v L"& ~h = -~ 4+ — 4 4
Y NCA
f:facg 10 ﬁ____ 40
g\./ ; m& !
5 20 8] |
[

% 10 IR ] SRR - Ll
= 600 1000 2000 U000 6000 10000

FREQUENCY Hy

Figure 4-11. Sound Pressure Levels, 25 Ft. From Guideway, Empty Vehicle

d

< 80

Y o .FULL DYNAMIC BRAKING 2% FT/SEC

W 4q o6 FULL ACCELERATION 2% FT/SEC

25 o 49 dBA — — — PNG-R0

w_. > & Wb 4BA

“JNE 60 e :

&2 ng \\\

2% %0 = W Sl I

3 RSV "1

D: 4o \l T - — 1T
E TR
T2 30 - - y |40
P

<

S 20 \

o]

oLl IR SN

F 3140 60 100 200 400 600 1000 2000 4000 6000 10000

FREQUENCY Hy
Figure 4-12. Sound Pressure Levels, 25 Tt. From Guideway, Full Vehicle

.57.



Reference 1 recommends a noise fevel of PNC-50 for future PRT systems. His analysis indicates
a PNC-50 would increase the level of the suburban community by 10 dB and would be 5 dB above a
“minor impact” level. The system noise spectrum is less than that allowed for PNC-50 as shown in
Figures 4-11 and 4-12. Reference 1 calculates a level of 57 dBA represents the PNC-50 criteria at 25
feet, and 48 dBA at 100 feet. Since alt the noise levels for the system were S0 dBA and below, the
system would be expected to raise the suburban noise level by 3 dBA, which falls into the “no impact™
range. At 100 feet, the noise level would calculate 41 dBA which would be accepted in most suburban
areas. In more active areas, some of the sound reduction of the enclosure can be reduced such as the
absorption material on the walls, etc. The amount of relaxation on internal sound absorption has an
affect on the vehicle interior noise, and consequently requires careful study. The whole area of sound
treatment on the enclosure needs cost analysis to determine its effectiveness.

4.5 CONCLUSIONS AND RECOMMENDATIONS

The sound levels measured inside the vehicle indicate a reduction of 10 dB is required on the low fre-
quency end to meet the criteria of NCA-60, but the levels presently would most likely be acceptable to users
of the system. Further study of cost effective sound treatment of the vehicle is desirable.

The noise levels introduced into the community are in the “no impact” area, which makes them
acceptable at present. However, some cost analysis of sound reduction methods is necessary to optimize the costs.
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5.0 RIDE QUALITY TESTING
5.1. INTRODUCTION

Ride quality testing was performed by measuring accelerations in the lateral, longitudinal, and vertical
directions while the empty or fully loaded vehicle was subjected to various conditions, These conditions
included switching, cruising and banked tuins; all were performed at various speeds, Ride quality informa-
tion was recorded separately on instrumentation supplied by Uniflo Systems Company (USC) and the
Transportation Systems Center (TSC),

5.2 TEST EQUIPMENT AND METHOD
5.2.1 Equipment

The following items were used during the testing:
. Honeywell Visicorder, Model 1508A
. Lambda Power Supply, Model LP-412A-FM
. Terado Inverter, Model 50-202-3
. Statham Accelerometer, Model A5-2-350 (range * 2 g} (two)

—

. Statham Accelerometer, Model A45-2-350 (range £ 2 g) (one)
. Dynalco Corporation Tachometer, Model T421

. Uniflo Systems Company Signal Conditioner

. Uniflo Systems Company Position Detector

. Battery, 12V

Yo T T T T S S N )

—
<

. Ithaco Power Supply, Model R
. Ithaco Preamplifier, Model 143-LM-102 (three)
. Data Acquisition Amplifier, Model 451 {three)

i b
TN e

13. Endevco-Dynamics Accelerometer (three axis), Model 2223D
" 14. TEAC Corporation of Americé Recorder, Model R-70
15. General Radio Calibrator, Model 1562A
NOTE: Items 1 through 9 were supplied by USC
Items 10 through 15 were supplied by TSC )

5.2.2 Method

The USC-and TSC accelerometers were mounted to a wood block (Model A5-2-350 were used
for vertical and lateral measurement, Model A45-2-350 used for longitudinal measurement, TSC unit
provided three axis in a single unit). The wood block was attached to a steel beam (box section)
which was attached to the seat support structure of two facing seats, The accelerometers were
centered between the two seats on their common centerline. (See Figure 5-1)

The tachometer was connected to a drive wheel, and was mounted as shown in Figure 5-2.
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Figure 5-1. Accelerometer Mounting Figure 5-2. Tachometer Mounting

The position detector was mounted on the vehicle. Indicating tabs were mounted every 5 {1,
along the guide rail with additional tabs being used at particular stations to simplify vehicle position
identification.

The remaining test apparatus was mounted as shown in Figure 5-3. The battery in conjunction
with the inverter provided an on-board source of 110V, 60 Hz power.

The mounting of the TSC equipment is not shown.

The USC accelerometer, tachometer, and position detector outputs were connected to the
signal conditioner, and the conditioned outputs were then fed to the Visicorder galvanometers. The
acceleration galvanometers which were used were M24-350 with a damping factor of 1.15 on each
channet. This resulted in an amplitude reduction of 7% at 5 Hz, 21% at 10 Hz, and 49% at 20 Hz. The
tachometer also was connected to a M24-350 galvanometer. The position detector was connected to a
M5000 galvanometer.

Figure 5-3. Test FEquipment
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The TSC accelerometer channels were connected to the preamplifier, then the amplifier, and
then into the recorder where they were recorded on magnetic tape.

Calibration of the USC accelerometer channels was done by orienting the appropriate acceler-
ometer to a position where it would experience 0.5 g, and then adjusting the Visicorder to give a
S in, deflection.

Calibration of the TSC accelerometer channels was performed using the General Radio calibra-
tor adjusted to give a signal of a known frequency, since the data was recorded in FM on magnetic tape.

Gross vehicle loaded weight during the testing was 3,734 Ibs. This simulates the loading
encountered when carrying eight passengers each weighing 200 1bs. Gross vehicle “empty”” weight
during the testing was 2,434 lbs., which includes a 200 1b. passenger and the test equipment.

Each test run sequence was as follows:

The vehicle was brought to approximately the desired cruise velocity while northbound at the
north end of the track. (Refer to Figure E-00550, Sheet 6). It entered the arresting mechanism, which
reversed its direction at some loss of velocity. Data recording commenced prior to the vehicle leaving
the arresting mechanism. With the vehicle now heading south, thrust was applied as required to bring
the vehicle to the desired cruise velocity. At the south end of the track, the arresting mechanism
again caused the vehicle to reverse its direction. As-the vehicle headed north, the switch mechanism
was energized, causing the vehicle to switch off the main line, The run terminated with an emergency
stop in the switch area.

5.3 TEST RESULTS

5.3.1.

Vehicle Natural Freguencies

Table 5-1 below lists the values of the natural frequencies for the six motions. These values were
computed from the vehicle weight and spring rates, with adjustments in the values made based on
apparent natural frequencies which were observed upon examination of the oscillograph records of
various operating conditions.

TABLE 5-1
VEHICLE SECONDARY SUSPENSION NATURAL FREQUENCIES

Vehicle Empty Vehicle Loaded
Axis (Gross Weight 2434 1bs.) {Gross Weight 3734 1bs.)

Vertical 2.6Hz 20Hz
Lateral 1.7Hz 1.3Hz
Longitudinal 2.4 Hz 1.8Hz
Yaw . 1.9Hz 1.3Hz
Roll 2.3 Hz 2.1Hz
Pitch 2.6 Hz 19Hz

The primary suspension (air cushions) has a spring rate of approximately 6.8x 10% 1b./in. (loaded)
which gives a natural frequency of 13.1 Hz.

5.3.2 Vertical and Lateral Ride Quality

Figure 5-4 shows a typical trace obtained on the USC equipment, Figure 5-5 shows the results of
the same run as recorded on TSC equipment with the data subsequently processed to produce an RMS g
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RMS ACCELERATION
dBre 106 g

level trace. Separate traces were prepared for the vertical and lateral directions. In Figure 5-5, 80 dB
corresponds to an acceleration of 0.01 g, and 100 dB corresponds to an acceleration of 0.1 g. The levels
shown when the vehicle contacts the arresting mechanism would not be encountered in a continuous
track, since the arresting mechanism would not be required, See Section 5.2.2 for a further description
of the test sequence.
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Figure 5-5. RMS Vertical Acceleration Levels for Loaded Vehicle
Moving at 20 ft/sec in Spiral and Curve

Also as part of the data reduction, one-third octave frequency spectra were prepared by TSC
(See Figure 5-6). The vertical and lateral ride quality in the straight section, in the spiral and curve,
and through the switch segment were analyzed separately. Thus, in Figure 5-6, only the vertical
acceleration in the spiral and curve portion of the run is shown. Note that in addition to the levels in
the various frequency bands, the total RMS level is also shown, The integration was performed for the
band from 1.5 Hz to 1,250 Hz. In Figure 5-6, the total RMS is approximately 0.018 g (85 dB).
Appendix D shows all the frequency spectra for the various test conditions.
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Table 5-2 shows the total RMS acceleration levels for the various test conditions in the frequency
band from 1.5 Hz to 1,250 Hz. Examination of Table 5-2 shows generally higher RMS levels in the
lateral direction than in the vertical direction. The table shows the lateral acceleration levels to be
greatest in the straight section, with the exception of the cases where the vehicle is moving in the spiral
or curve section at a speed of 25 ft./sec, In the spiral and curve section the operating surface is made
up of plane sections, rather than curved sections. Thus, the vehicle receives discrete changes in
direction at intervals corresponding to the section length, rather than continuous changes in direction.
At 25 ft./sec. in the curve section, the vehicle encounters a new operating surface section at a frequency
close to the natural frequency of the vertical and pitch directions. Due to the interaction of the
suspension in the vertical, lateral, and pitch, roll, and yaw directions, the vertical inputs also cause
lateral movement,

TABLE 5-2
RMS ACCELERATION IN THE FREQUENCY BAND 1.5Hz TO 1250 Hz-g's

Loaded Vehicle
Vertical Lateral
Vehicle Straight Spiral & Switch Straight Spiral & Switch
Speed Section Curve Section Section Curve Section
20 {t./sec. 018 018 015 028 026 023
25 ft./sec. 022 .028 018 038 053 032
021 036 018 040 050 030
30 ft./sec. 025 020 .022 .040 032 032
042 020 023 053 033 033
Empty Vehicle
35 ft./sec. 029 .023 020 050 .045 042
033 023 020 063 041 042

Figures 5-7 to 5-12 show the maximum and minimum measured values of RMS acceleration in
the lateral and vertical direction for various operating conditions. Also shown are the 95% probability
instantaneous acceleration limits, as well as the 95% probability instantaneous acceleration limit
specification for two recent D.O.T, RFP’s. (Ref. 5 and Ref. 6) Figures 5-7 to 5-9 show the RMS values
for a loaded vehicle, and Figures 5-10 to 5-12 show the RMS values for an empty vehicle. The RMS
acceleration is plotted in octave bands from 3 to 50 Hz.

It is seen that the highest levels are experienced in the lateral direction when moving on the
straight section. This effect can perhaps be attributed to the fact that the straight section has only
single sided guidance, Although this is also true for the switch section, when the vehicle moves through
the switch, the guide wheels are loaded due to the switch curvature. This was not the case in the
straight section. Clearances of 0.125 in, to 0.250 in. were observed in the catch rail/guide rail/guide
wheel/ switch wheel alignment, Additional work should be done to quantify the effects of this clear-
ance. The levels in the lateral direction when moving on the spiral and curve section, as well as in the
switch section, drop significantly above 12 Hz. It is difficult to make any generalized statements con-
cerning the vertical direction, except that the RMS levels tend to be lower in the vertical direction
than in the lateral direction.

The instantaneous acceleration comfort limits established by the HPPRT specification (Ref, 5)
and the Dulles specification {(Ref. 6) state that the indicated values shall not be exceeded more than
5% of the time throughout a sample period of 10 seconds or longer, The specifications also state that
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Figure 5-12. Acceleration Levels — Switch Section —
Empty Vehicle — 35 ft./sec.
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the maximum peaks shall not exceed the indicated values by more than a factor of two using one-
octave filters, Note that the ride quality test data is plotted in RMS levels--not instantaneous levels.
If the ride data were sinusoidal, the maximum instantaneous acceleration could be determined by
multiplying the RMS value by 1.414. If the ride data were a true random function, then the accelera-
tion levels would be distributed normally about the mean value of zero. Since the RMS value corres-
ponds to the one sigma limit, the instantaneous acceleration levels would not exceed twice the RMS
value (two sigma) more than 5% of the time for the true random condition. Therefore, for the test
conditions, we may conclude that the instantaneous acceleration will not be greater than twice the
RMS value more than 5% of the time, and more likely would fall somewhere between 1.4 and 2 times
the RMS value, Referring to Figure 5-7 to 5-12, we see that the ride conditions meet the 5% specifica-
tions limits with the possible exception of the lateral direction with the vehicle moving in the straight
section (6 to 12 Hz band),

Since the highest measured RMS level is approximately one-half the indicated specification
value, and since the specification allows maximum peaks of twice the indicated values, it follows that
the four sigma limit defines the percent of time that the “maximum peak™ specification will be met.
The four sigma limit will be exceeded less than 0.01% of the time, so we may conclude that the
“maximum peak” specification is also met. )

In order to provide an indication of the actual peak values observed during the testing, Table
5.3 was prepared using data from the oscillographs. It shows the maximum acceleration levels (peaks)
with any sustained acceleration considered as the mean. No attempt was made to identify the frequency
associated with a particular acceleration level, However, it can be seen that in the vertical direction,
all the values meet even the most severe requirement (6 to 20 Hz band). In the lateral direction, at
speeds up to 30 ft./sec, with a fully loaded vehicle, even the most severe requirement is met (except
for one value of 0.08 g in the switch section). At 35 ft./sec, with an empty vehicle, peak values in the
range of 0.070 g to 0.1 g are observed. However, since the frequency composition of the peaks is
unknown, it is not possible to compare these peak values directly with the specification,

5.3.3 Longitudinal Ride Quality

The vibratory acceleration levels in the longitudinal direction are significantly lower than in the
lateral or vertical direction. Also, analysis of the oscillograph data indicates that the frequencies expe-
rienced are normally above 8 Hz. The turbine modules apparently cause little vibration in the
longitudinal direction, indicating a smooth transition and application of thrust, even in those sections
with only two turbine modules.

5.3.4 Damping

Secondary suspension damping was provided by the solid damping of the rubber shear mounts,
which are the primary elements of the secondary suspension. To determine the equivalent viscous
damping in the vertical direction, the logarithmic decrement was determined from the vertical
amplitude oscillograph trace. This value was then used in equating the energy dissipated per cycle in
the solid damping to the equivalent energy dissipation with viscous damping. Finally, this value was
used to determine the equivalent viscous damping ratio of 0,14,

Damping in the lateral and longitudinal directions was calculated by the same method. The
equivalent lateral viscous damping ratio is 0.07. The equivalent longitudinal! viscous damping ratio is
0.11. The differences in the damping ratios are attributable to friction in the suspension components.

Tests were also made in which additional damping was provided by attaching one or two
Volkswagen shock absorbers at each end of the vehicle at approximately a 30° angle to the horizontal.
This configuration thus provided additional damping primarily in the lateral direction, with some
effect in the vertical direction, and none in the longitudinal direction. Several different attachment
techniques were used. In general, based on analysis of the oscillograph records, the additional damping
provided no significant improvement uader any operating conditions, and resulted in degraded ride
characteristics under some operating conditions.
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TABLE 5-3
PEAK ACCELERATION LEVELS-g's

Vehicle Vibratory Straight Spiral & Switch
Velocity Direction Section Curve Section
Lateral .020 025 .050
10 ft./sec. Vertical .020 010 .013
Longitudinal .010 010 010
Lateral 015 025 .045
10 ft.fsec. Vertical 015 015 015
Longitudinal 010 010 0I0
Lateral .030 050 025
20 ft./sec. Vertical .020 025 015
Longitudinal 015 010 010
Lateral 025 .050 030
20 ft./sec. Vertical - 020 025 .020
Longitudinal 015 .010 015
Lateral 030 050 .035
25 ft./sec. Vertical .030 .035 018
Longitudinal 015 010 .015
Lateral .040 050 035
25 ft./sec. Vertical .025 040 .015
Longitudinal 010 010 015
Lateral 035 060 080
30 ft./sec. Vertical 030 040 045
Longitudinal 015 015 015
Lateral .035 050 .060
30 ft./sec. Vertical 025 .040 050
Longitudinal 015 015 015
Lateral .030 060 .095
35 ft.[sec. Vertical .030 070 .040
Longitudinal 015 020 .020
Lateral 040 075 .100
35 ft.[sec. Vertical 035 .070 030
Longitudinal .020 020 020

54 CONCLUSIONS AND RECOMMENDATIONS

The passenger experienced vibrations are the resuit of deflections and irregularities in the operating
surface and changes in vehicle direction (lateral and/or vertical) due to spirals, curves, or switches, However,
the vibration levels which were seen indicate that the present system (Operating surface, guide rails, primary
and secondary suspension) produces a very acceptable ride up to 30 ft./sec. in the straight section, in the
spiral and curve, and in the switch section. Additional testing and analysis should be done to verify the
suitability of the present system at higher speeds, and to investigate such things as the effects of misalign-
ments in the operating surface and guide rails, Also, additional work should be done on the damping to
optimize the secondary suspension. This work may consider such things as different damping ratios, or
possibly the addition of semiactive or active damping,
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6.0 VEHICLE ACCELERATION CAPABILITY
6.1 INTRODUCTION

The Uniflo passive vehicle system may have variable acceleration capability at different sections of its

guideway. The linear air turbine elements can be installed in varying densities up to 2 maximum depending
‘upon the power required for the local conditions. Normally, maximum power is required only for climbing
- steep grades or rapid acceleration and deceleration.

Figure 6-1 shows the acceleration test arrangement. Maximum acceleration capability was installed in
two locations, labeled the south test area and north test area, Lower acceleration capability existed through-
out the rest of the track. At each end of the track a restraint/rebound mechanism permits vehicle speed to
be built up beyond the normal capability of such a short test track.

The test program was designed to provide data on vehicle drag, vehicle acceleration, reversed thrust
braking, and linear air turbine performance.

Vehicle behavior was measured by recording the outputs of sensors measuring vehicle position (at
discreet points along the guideway), instantaneous vehicle velocity, and longitudinal acceleration. Additionally,
the vehicle static drag was measured with a spring scale, and system air flow was determined from the
differential pressure measured at the venturi in the supply pipe.

Due to the track length limitations, a relatively short period of full vehicle acceleration was available
for each run. Numerous runs were performed to determine the consistency of the results.

Vehicle acceleration capability is the result of the linear air turbine thrust acting on the vehicle
weight and vehicle drag. Testing at speeds up to 34 ft./sec.and with weights representing neatly empty and
fully loaded vehicles was carried out. In the absence of thrust, the measured deceleration of a coasting
vehicle permits the calculation of vehicle drag. When thrust is applied, the resulting acceleration, combined
with the previously determined drag, allows the turbine thrust to be calculated. The turbine output and its
efficiency were computed using vehicle velocity, turbine thrust, incremental air flow, air pressure and incre-
mental power to the blower motor.
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Figure 6-1, Acceleration Test Arrangement
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6.2 DRAG TESTS
6.2.1 Test Conditions

Drag tests were conducted in the areas identified as south test area and north test area. These
places were selected because it was planned to conduct acceleration tests in the same zones. Measure-
ments were taken for a large number of runs in each direction, and at three different initial speeds.
The vehicle was brought up to the desired test speed and was then allowed to coast with no thrust
input from the turbines until the speed had been reduced to about 8 ft./sec. During the coasting
portion of the run, vehicle speed and longitudinal deceleration were recorded. The instrumentation
described in Section 5.0 was utilized for these measurements.

The vehicle runs covered a variety of conditions. The lightest load in the vehicle produced a total
weight of 2,434 Ibs, gross, and the heaviest load produced a vehicle weight of 3,734 lbs. gross. These
corresponded to a vehicle with a single passenger and some test instrumentation for the light case, and
a fully loaded vehicle for the heavier example. Test information from the south test area is represen-
tative of a smaller vehicle enclosure than that at the north test area. The single track section of the
south area has a ratio of enclosure area to vehicle area of 3.2 to 1.0, At the north test area in the dual
track section the ratio of enclosure area to vehicle area is 4.9 to 1.0. In all cases measurements were
taken with vehicles moving in both north direction and south direction and at three different speeds.
All tests are based on measurements of two or more runs for the same conditions. Finally, some tests
were run with the south end of the enclosure open to the outside atmosphere to measure any possible
influence on vehicle drag for such conditions.

6.2.2 Test Results

Figure 6-2, Variation of Vehicle Drag with Velocity, summarizes the results of the drag.testing
program. The total vehicle drag may be divided into two parts. There is a static drag which does not
depend upon vehicle velocity, and a variable drag, which may be attributed to the aerodynamic drag of
the vehicle. The size of the static drag is somewhat dependent on the vehicle weight, Static drag meas-
urements averaged 6 lbs. for an empty vehicle and 8 1bs. for a full vehicle. The static drag forces are
attributed to the lateral guidance system and the levitation pad system.

There is a considerable variation in the drag measuyrements under various conditions. The causes
of these variations are not always obvious. For example, in northerly moving vehicles, the drag is greater
1in the south test area than at the north test area. This could be explained by the larger drag coefficient
inherent in the reduced enclosure/vehicle area ratio, However, there are also differences in the drag
between northbound runs and southbound runs not explained by the area ratio rationalle. Figure 6-3
shows the range of calculated drag for various conditions and various test runs, }

The vehicle drag results as shown in Figure 6-2 may be represented by an equation as follows:

D=D, +.043VZorD=D_+1/2pAC4V2 where

D = vehicle drag in lbs. at velocity V
Dg = vehicle drag at zero speed

= 6 lbs. for empty vehicle

= 8 Ibs. for full vehicle
V = vehicle velocity ft./sec.

= air density (.0024 siug/ft.3)
A = vehicle frontal area = 24 ft,2
Cq= drag coefficient = 1.5

The values of the zero speed drag were verified by a pull test at very low speeds.
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6.2.3 Conclusions

The vehicle drag changes with vehicle weight, its position on the track, its direction and its
speed, The drag formula given above could be used in future designs to estimate vehicle drag.
Additional studies should be made to minimize the acrodynamic drag. This will result in improving
the propulsive efficiency of the system, especially since this drag represents a major factor at higher
speeds. More tests and studies shouid be done to define the change of the drag coefficient with the
enclosure/vehicle area ratio.

6.3 VEHICLE ACCELERATION TESTS
6.3.1 Test Methods

Acceleration tests were run to determine the maximum acceleration capability of both empty
and loaded vehicles. The same north and south test areas were utilized for acceleration testing as had
been employed to measure vehicle drag. Vehicle aceeleration was measured both directly with a
longitudinal accelerometer and also by the rate of change of instantaneous velocity. The instrumenta-
tion used was described in Section 5.0, Acceleration was tested at various speeds up to 34 ft./sec.

Since the Uniflo passive vehicle system derives its acceleration from track based linear turbine
modules, the acceleration applied to a vehicle may be varied as it moves over various sections of track.
Both the north test area and the south test area have a short section of track in which the maximum
number of turbine moduies have been installed per section. The maximum number of thrust modules
is 8 units per 13 ft. 9 in, track section, Other portions of the test track contain fewer turbine modules
per section. ,

As in the drag test, vehicles are accelerated to the desired test speed by cycling back and forth
between the end restraints until the required velocity for initiating the test acceleration run has been
achieved, While continuous recordings are being made of both velocity and acceleration, the full
available thrust is applied to the vehicle traversing the test section. Both the change in velocity and the
instantaneous acceleration values are used {o determine the actual vehicle acceleration.

Because of the limitations in the test track, the periods of acceleration and data gathering are
relatively short. Therefore, numerous runs were conducted to improve the reliability of the results.

Since the acceleration tests were also to be used to determine the linear air turbine performance,
simultaneous measurements were also taken of the system air pressure, system air flow, and blower
motor electrical input power.

Because of the variation in thrust at varicus points along the test track, the system air flow,
system air pressure, and electrical horsepower inputs are quite variable. To make comparisons under
varying conditions more meaningful, all of the acceleration data were converted to equivalent data for
a duct pressure of 2.5 psi. This permits all of the reported results to be compared without inconsistencies.

The air supply and distribution system has a relatively high “tare” value of air flow and input
horsepower. This is not representative of commercial systems, but is a reflection of the extremely
small size of the test system coupled with a blower designed for much larger air flows.

6.3.2 Test Results
Figure 6-4 shows a summary of vehicle acceleration at varying vehicle velocities, The accelera-
tions are shown for normal forward vehicle acceleration and also for reverse thrust braking. The curve

shows the results for a fully loaded vehicle and a vehicle with minimum instrumentation and operator
load.
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Figure 64. Vehicle Acceleration and Reverse Thurst Braking

The tests showed the relationship between changes in vehicle thrust and vehicle velocity. They
also indicate that it would be desirable to increase the thrust available throughout the vehicle speed
range. Increased thrust can be achieved by increasing the system supply pressure, by changes in nozzle
size and location, and by changes in bucket configuration. Another more promising version of a linear
air turbine is discussed in the conclusions and recommendations,

64 TURBINE PERFORMANCE

6.4.1 Test Method

The information acquired in the vehicle drag tests and vehicle acceleration tests combined with
air flow, air pressure, and electrical power measurements were utilized to determine the linear air
turbine performance. The air turbine thrust force is equal to the force required to accelerate the
vehicle mass.at the observed rate, plus the force required to overcome the aerodynamic and static drag
forces. For reverse thrust braking runs, the turbine thrust is equal to the force required to decelerate
the vehicle at the observed rate minus the aerodynamic and static drag forces.

By utilizing these thrust forces and the vehicle velocity, the effective power output of the linear
air turbine is calculated. The air power input to the linear turbine was computed from the supply air
pressure and the air flow through the turbine. To convert the air power requirement to electrical
input power, the efficiency of the blower/motor combination and distribution losses must be taken
into account.

Since the system utilizes the same air for levitation purposes and makeup of any system leaks,
the turbine air flow and power input requirements were determined by the change in system air flow
and system power input as the turbine sections were turned on. From the air flow measurements, an
empty stationary vehicle required 10 ft.3 [sec, for levitation and a loaded stationary vehicle required
8 ft.”/sec. for levitation. While the vehicle was moving during the drag tests, these values increased to
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15 ft.3/sec. to levitate a moving empty vehicle, and 12 ft.3 [sec. to levitate a moving fully loaded

vehicle. Some of the increase between a moving and stationary vehicle air flow was due to levitation
valves staying open after the vehicle had passed (see Section 2.6). Table 6-1 summarizes the air flow
changes in the various operating modes and the range of duct pressure. Quiescent air flow was 63 ft.”/sec.

TABLE 6-1
TEST DATA SUMMARY
Duct Pressure Incremental Flow
Operating Mode lbs./in.2 ft. 3/sec.
Empty Vehicle 2.5 9-10
Levitated, At Rest
Full Vehicle 2.75 8
Levitated, At Rest
Empty Vehicle 2,75 ) 15
Levitated, Moving
Full Vehicle 2.75 12
Levitated, Moving
Vehicle Accelerating 24-27 66 - 83
(Turbine Air Flow Only)
Vehicle Braking 24-27 66
{Turbine Air Flow Only)

6.4.2 Test Resuits

Vehicle acceleration was measured both by a record of the longitudinal accelerometer instailed
in the vehicle and by a recording of the instantaneous vehicle velocity. In all cases the acceleration as
measured by the accelerometer indicated higher values than the acceleration measured by the change
in vehicle velocity. The accelerometer records were subject to greater variation and it was felt that
these higher values were less credible than the accelerations indicated by vehicle velocity, For
this reason all values shown in the graphs are based on the more conservative indications from changes
in vehicle velocity, Figure 6-5 shows the turbine thrust at velocities varying between 0 and 30 ft./sec.
in both the acceleration and reverse thrust braking modes. The chart also shows the net effective
propulsive power supplied by the linear air turbine in the accelerating mode.

The type of reentrant impulse turbine tested and reported above is the result of several modi-
fications intended to improve its performance over varying operating conditions. Prior to applying this
turbine to the test track and vehicle bottom, many minor variations were modeled and tested on a
static test stand. The version used for this test track included a modification to the vehicle portion
which increased the turbine’s tolerance to lateral misalignments. These changes, unfortunately, did
not substantially improve the performance of the turbine over the version tested in the previous
coniract.

Figure 6-6 shows the turbine efficiency plotted against vehicle velocity. These curves indicate the
turbine efficiency will reach its peak value at vehicle speeds in the range of 40 to 50 ft./sec. The
curves also show the expected turbine efficiency as computed from static test stand measurements of
zero speed thrust and a thrust vs, speed relationship, percentagewise, the same as the test track results.
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CONCLUSIONS AND RECOMMENDATIONS

From the results of the above testing, two areas of further work were indicated. The first is reduction
of the aerodynamic drag of the vehicle. Drag improvements may be found in changes of vehicle shape, use
of pressure recovery blades, or the use of turbine air flow exhaust to control air flow over the vehicle. Tunnel
to vehicle area ratios should also be studied. :

The second area of work is in turbine performance. The basic requirements of the propulsive system
for Uniflo passive vehicles are quite different from conventional systems. It has to be inexpensive, since it
is distributed along the guideway, rather than being vehicle based. The propulsion system efficiency does
not need to be as high as conventional systems to achieve the same energy consumption per seat mile. This
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results from the very low weight vehicle in combination with low drag. The present turbine design would
have application in low speed systems with small vehicles. However, increased acceleration capability and
higher efficiencies are desirable for high performance systems.

Because of these demands, Uniflo started work on other turbine configurations to meet these higher
design goals. After analytical evaluations and model tests of several turbine configurations, a significant
improvement was realized. An increase in efficiency of two times was indicated by a new design. This new
design is 4 two-stage impulse turbine with air flow in an upward direction from the track. This turbine does
not employ the reentrant vortex path of air flow and the associated mixing losses, but uses more conventional
rotor and stator blading. Static tests of this turbine indicate turbine propulsive efficiency will reach 62% at
speeds of 105 fi./sec., and 48% at 60 ft./sec, This turbine is also capable of considerable increase in thrust
per unit length. Vehicle accelerations of .25 g’s at all loads and speeds to 60 ft./sec. are indicated.

It is, therefore, recommended that a prototype of this turbine version be developed, installed in the
present facility, and tested throughout the available load and speed range.
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7.0 COMPONENT COST ESTIMATES

7.1

1.2

BACKGROUND

The contract work objective was to provide cost estimates in accordance with the following:

a.  Provide a detailed breakdown of all system component costs obtained on this contract.

b.  Provide capital equipment cost estimates based on production quantities of all equipment items
evaluated on this contract.

Under this contract, certain Uniflo system components were designed and built as prototype units for
the functions of support and guidance, air distribution, acceleration and levitation. A prototype vehicle and
a switch assembly were also built under this contract.

The cost breakdowns reported in Section 7.2 are based on actual costs incurred on this contract for
building the prototype units. The costs are broken into three main categories of design and development
engineering, fabrication, and tooling. These categories are cost reported as direct material, direct labor,
overhead of 130% (less than the actual USC rate) of direct labor and general and administrative expense of
20% (also less than the actual USC rate). No profit is included in these costs.

SYSTEM COMPONENT COSTS

The actual system component costs obtained on this contract are listed below. To facilitate visual-
izing the various components, refer to Figure 7-1, Uniflo System Components. Detailed descriptions of
these components are given earlier in this report. The actual costs incurred in this contract are listed in the
first column of costs. The second cost column is an estimate for producing the same number of components
as the contract required, but reflect the dropping of nonrecurring costs of engineering and tooling plus the
learning curve factors. The installation costs were for installing the operating surface cross beams, air distri-
bution (not including blower and its air ducts), turbine modules, levitation valves, guide rails, and alignment
of the guide rails and operating surface. The cost of installing controls is not included.

SUPPORT & GUIDANCE

This Contract Cost Cost Per Foot
Per Foot of Guideway to Extend Existing
Based on 344 ft. Built Track 344 ft.

(FY *73 Dollars) (FY *73 Dollars)

Design and Development

Engineering

DirectLabor ........ ... ... .. $ 15.15 5 *
Ovethead (130%) ...... ... . iy 19.70 *

Fabrication _

DirectLabor .......... ... .. .t 6.89 5.84
Overhead (130%) ......... e 8.96 7.59
Material .. ... ... ... .. 97.04 106.74

Tooling

DirectLabor ... ......... ... iiiay. — -
Overhead (130%) .... ... .0 nenn.. ——— —-——
Material . ........ ... .t 12.32 *

Total Labor & Materdal . .................. 160.06 $120.17

General & Admin. (20%) .................. 32.01 24.03

TOTALCOST ..... ... ..., $192.07 $144.20

*These costs are nonrecurring because of existing design and tooling.
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AIR DISTRIBUTION

This vC()ntract Cost Cost Per Foot
Per Foot of Guideway to Extend Existing
Based on 344 ft. Built Track 344 ft.
(FY *73 Dollars) (FY 73 Dollars)
Design and Development
Engineering »
Direct Labor . ... ... ... $ 2.67 *
Overhead (130%) ......... i 347
Fabrication .
DirectLabor ......... ...t iienenn 122 $§ 104
Overhead (130%) . ........ccciviunn. 1.59 1.35
Material ............ T, 23.76 26.17
Tooling
DirectLabor ...........cciiirennnenn. 149 *
Overhead (130%) ......... vt Ve 1.94
Material .. ....... ... .. .67 *
Total Labor & Material ................... $36.81 $28.56
General & Admin. (20%) .. ................ 7.36 5.71
TOTALCOST . ... . it i iiiin . $44.17 $34.27

*These costs are nonrecurring because of existing design and tooling.

TURBINE MODULE ASSEMBLY

This Contract Per Cost to Extend
Unit Cost Existing Track
Based on 200 Units Based on 200 Units
(FY 73 Dollars) (FY >73 Dollars)
Design and Development
Engineering
DirectLabor ...........¢couviiieun.unn $ 11.38
Overhead (130%) . .....cciiviiiinrren. 14.79
Fabrication
Direct Labor .. ..... i ii i e nnas 31.51 $ 31.51
Overhead (130%) ... v i it e i iiie e e 40,96 4096
Material ........0 i iie ittt 33.15 33.15
Tooling
Direct Labor .. ....c.oiiiiin i innn.. 26.94 »
Overhead (130%) .. ... iiinannn. 35.02 *
Material .. ... e N 2.34 #*
Total Labor & Material ................... $196.09 $105.61
General & Admin. (20%) ......covvviun... 3922 21.12
TOTALCOST .......... ... ... ... L $235.31 $126.73

*These costs are nonrecurring because of existing design and tooling.

-81-




LEVITATION VALVE

This Contract Per Cost to Extend
Unit Cost Existing Track
Based on 1,000 Units Based on 1,000 Units
(FY *73 Dollars) (FY *73 Dollars)
. Design and Development
Engineering
DirectLabor ... . .vt it ittt $0.37 *
Overhead (130%) ............. ooty 0.48 *
Fabrication
Direct Labor . ... ...t iriiinennnnnnn 1.60 1.60
Overhead (130%) ....... ..o 2.08 2.08
Material . ... ... .. i i i 1.22 1.22
Tooling .
Directlabor .........c.iivven.. e 0.69 *
Overhead (130%) . .... ... oo vivinn 0.90 *
Material . ........ .t _— ———
Total Labor & Material. ... .............. .. $7.34 $4.90
General & Admin. (20%) .................. 1.47 98
TOTALCOST ..ot ee e s $8.81 $5.88

||.

*These costs are nonrecurring because of existing design and tooling.

INSTALLATION COSTS OF OPERATING SURFACE
INCLUDING AIR DISTRIBUTION, TURBINE MODULES,
AND LEVITATION VALVES

This Contract Cost Per Foot
Cost Per Foot of Guideway to Extend Existing
Based on 344 ft. Built Track 344 ft.
‘ (Fy *73 Dollars) (FY *73 Dollars)

Design and Development
Engineering
DirectLabor ........... ... ——— - ==
Overhead (130%) . ...... .., ——— -
Fabrication
Ditect Labor ..o vvvr e iem et iieeennnnan $16.47 $13.18
Overhead (130%) .. .. v v vt i iiii e 24.01 17.13
Material . ... ... ... . 3.49 2.97
Tooling
DirectLabor ........ .. ... 1.45
Overhead (130%) . ....... i, 1.89
Material ........... 00ttt 0.12
Total Labor & Material ................... $47.43 $33.28
General & Admin. (20%) .................. 9.49 6.66
TOTALCOST ... .. i $56.92 $39.94

|
|

*These costs are nonrecusring because of existing tooling.
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GUIDEWAY SWITCH ASSEMBLY

This Contract
Per Unit Costs Cost to Produce
Based on 1 Prototype Unit 1 Additional Unit
{FY *73 Dollars) (FY °73 Dollars)

Désign and Development
Engineering
Direct Labor . . .. i it ittt e e $1,249.00
Overhead (130%) ........... .. ... ounn. 1,623.70
Fabrication
Direct Labor . ..o viiine it ee e 704.73 $ 528.54
Overhead (I130%) .. ....ccviiin e 916.15 687.11
Material .. .... ..ttt 1,076.57 861.26
Tooling
DirectLabor ......... ... _— ———
Overhead (130%) ... nnot, - ———
Material ... ...t e ——— - ——
Total Labor & Material . .................. $5,570.15 $2,076.91
General & Admin. (20%) . .............. ... 1,114.03 415.38
TOTALCOST ... i e enn $6,684.18 $2,492.29

*These costs are nonrecurring because of existing design.

UNIFLO 8-PASSENGER PROTOTYPE VEHICLE

This Contract
Per Unit Cost
Based on One Cost to Produce
Prototype Unit 1 Additional Unit .
(FY 73 Dollars) (FY 73 Dollars)
Design and Development
Engineering
Direct Labot . .\ o v i i v e i e $11,842.00 *
Overhead (130%) .. .....coviiinrnennnnn. 15,394.60 *
Fabrication
Direct Labor . .o v it e e 15,475.80 $13,928.22
Overhead (130%) .. ....ovvi i, 20,118.54 18,106.69
Material ... ... ittt e 11,279.73 9,587.77
Tooling
DirectLabor .......... .ot enernnn. —_—— - ——
Overhead (130%) . ....... .. v - -
Material .. .. P 588.00 *
Total Labor & Material .. .......oouvueun.. $74,698.67 $41,622.68
General & Admin. (20%) .................. 14,939.73 8,324.54
TOTALCOST . ...ttt e i i i e $89,638.40 $49,947 22

*These costs are nonrecurring because of existing design and tooling.

-83.



GUIDEWAY ENCLOSURE

This Contract Cost Per Foot to
Cost Per Foot of Guideway Exiend Existing Track
Based on 371 ft. Built 371 ft.
(FY *73 Dollars) {FY *73 Dollars)
Design and Development
Engineering
Direct Labor .. ... e e e e $ 2.49 *
Overhead (130%) ......c' v iinnnn 3.23 *
Fabrication
Direct Labor .. .... .. ..o iverinnennnn 15.67 $ 1254
Overhead (130%) ... ..o, 20.37 16,30
Material .......... e e e ' 101.69 101.69
Tooling
DirectLabor ........... ... e, T —— ———
Overhead (130%) ............ e ——— -
Material ... .0 ... . i i e ' - -——
Total Labor & Material ................... $143.45 $130.53
General & Admin. (209%) .................. 28.69 26.11
TOTAL COST . R $172.14 $156.64

*These costs are nonrecurring because of existing design.

7.3 ESTIMATED CAPITAL EQOUIPMENT COSTS

The following capital cost estimates cover the components of the Uniflo Personal Rapid Transit
System which have been evaluated on this contract. These estimated costs are based on the production
quantities indicated, using a fully developed design with tooling and production facilities designed specific-
ally for producing the Uniflo equipment.

In order to establish a quantity for estimating the cost of the components, we have assumed a 20 lane-
mile system for estimating a normal volume production quantity. After establishing the quantities involved,
estimates were secured from the local suppliers who furnished the equipment for this contract. These esti-
mates covered finished parts prepared for final assembly, and shipped to Uniflo Systems Company.

The guideway enclosure was not included in these estimates, since the current design is not applicable
to a demonstration or installed system. The enclosure would be satisfactory for a test system where enclo-
sure aesthetics are not important. The installation costs for the operating surface and air distribution were
not estimated for the 20 lane-mile system, since the installation costs on the present contract did not cover
all the items which have to be installed in a deployed system.

The estimated capital equipment costs are priced FOB Uniflo Systems Company, and do not include
installation.
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HYPOTHETICAL 20-LANE MILE SYSTEM
Estimated Capital Costs

Typical Number Capital Cost

Production Unit Cost Capital of Units Per Per Mile for

Item Quantities Basis Cost Mile Single Lane
Support and Guidance 105,600 ft. per foot § 103 5,280 $ 543,840
Air Distribution 105,600 ft. per foot 23 5,280 121,440
Turbine Module 46,080 each 67 2,304 154,368
Levitation Valves 307,200 each 5.70 15,360 87,552
Switch 60 each 1,740 3 5,220
Vehicle 400 gach 13,270 20 265,400

TOTAL $1,177,820

7.4 SUMMARY AND CONCLUSIONS

The costs of components manufactured for this contract have been detailed. In our previous contract,
DOT-TSC-367, the actual costs of some of the same items were reported. A comparison of these costs is
shown below. The cost for the earlier contract did not include development engineering, and an overhead
rate of 120% was used. The comparison shown below has used an overhead rate of 130% on both sets of
costs and the development engineering has been dropped from the current contract costs. In the case of the
turbine module, the tooling costs have been dropped from the present contract since existing tooling was
used in the previous contract. These changes make it possible to compare the two contracts and the produc-
tion estimates on an equivalent basis. The earlier contract was based on 55 feet of single-lane guideway,
while the present contract is for 344 feet. The production cost estimates are shown for a 20-lane mile system.

The comparison shows the general decrease in costs produced by increased quantities and learning
factors. This trend tends to support the production cost estimates.

COST COMPARISONS
Contract ‘ . Contract Production
Item DOT-TSC-367 DOT-TSC-367/Mod 1 Quantities
Support and Guidance $204.23 per foot $  150.25 per foot $ 103.00 per foot
Air Distribution $ 51.69 per foot § 36.80 per foot $ 23.00 per foot
Turbine Module $196.77 each $ 126.73 each $ 67.00 each
Levitation Valve $ 6.26each $ 7.79 each $ 570 each
Switch Not Applicable $ 3,23694 each $ 1,740.00 each

Vehicle Not Applicable $56,248.88 each $13,270.00 each
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APPENDIX A
REPORT GF INVENTIONS

Modification 1 of Contract DOT-TSC-367 is intended to measure and evaluate full-scale
subsystems of the Uniflo pneumatically operated passive vehicle personal rapid transit system. In
order to fulfill the objectives, considerable construction of prototype equipment was required. The
prototypes, however, were based on designs already developed, and therefore, mvolved little op-
portunity for fundamental development or invention.

Some significant improvements, although not believed patentable, may be worthy of note,

The air distribution system was improved by providing flexible connections between each 13
ft. 9 in. section of guideway operating surface. This involved the use of a pair of pressure actuated
lip seals at each end of a connecting sleeve between distribution piping sections. The air supply to the
turbine modules was also improved by eliminating a flexible air hose having clamp type connections,
and substituting a metalic connection utilizing pressure seals both at the distribution pipe and
turbine module ends.

The linear air turbine modules were modified to reduce the pressure losses across the control
valve and approach to the turbine nozzles.

A vehicle door latch was developed which produces equalized loading along door seals of
complex shape.

A switching arrangement was tested utilizing movable on-board switching wheels which are
preset by a trackside device.

A three axis secondary suspension system composed of rubber shear mounts was designed
and tested.

It is believed that the above mentioned improvements and other features of the system as
it was tested represent good engineering practice, but do not meet the requirements of patentable
inventions.

Therefore, we believe that no patentable inventions were developed or first reduced to practice
during the performance of this contract,
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APPENDIX B

This appendix contains tables of 1/3 octave band sound pressure levels measured 25 ft. from the
guideway and inside the vehicle at various operating conditions. This data was used to prepare the
plots shown in Section 4.0, and also for Tables 4-3 and 4-4.
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APPENDIX C

This appendix contains time history plots of A-weighted sound pressure levels measured 25 ft.
from the guideway and inside the vehicle at various operating conditions.
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Figure C-2. Background Noise Inside Vehicle
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Figure C-4. Full Vehicle Noise Emissions Measured Inside Vehicle
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APPENDIX D

THIRD-OCTAVE-BAND FREQUENCY SPECTRA FOR
LATERAL AND VERTICAL ACCELERATION

This appendix shows the third-octave-band frequency spectra which were prepared by
TSC from acceleration data recorded under various test conditions. The loaded vehicle (gross
weight 3734 1bs.) speed was varied from 20 to 30 ft./sec., while the empty vehicle (gross
weight 2434 1bs.) was run only at 35 ft./sec. The data was analyzed separately for the
vehicle on the straight section, on the spiral and curve, and through the switch.
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