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Executive Summary

This project studies a new system concept for freight transportation. The idea is to

use capsules to transport cargos in concealed pipelines powered by linear electric motors.

Such a concept advocates the separation of freight transportation from human movement

and can be very effective in reducing the ever-increasing highway congestion problem. In

addition, it provides an efficient mode of freight transportation for special corridors such

as between an airport and a city center, between two locations within a city, or between

two major cities.

The concept of freight pipelines has existed for many years. However, the freight

pipeline systems that have been extensively examined so far employ pneumatic blowers

as the power source. Pneumatic pipelines suffer from short haul range, high noise level,

and poor energy efficiency. In the proposed concept, linear electric motors are used as

the power source. The use of linear electric motors is always more efficient than that of

pneumatic blowers, with little environmental pollution and much longer range capabil-

ity. Underground pipeline systems have little impact on environmental surroundings. In

comparison with a subway system, a pipeline system is easier to build and to maintain.

It also eliminates potential dangers to human presence. An automated pipeline system

can operate around the clock. In Minnesota, such a system can operate regardless of the

weather conditions.

This report examines the technical aspects of such a freight pipeline system powered

by linear induction motors. Forces acting on a capsule are first discussed, followed by the

study of aerodynamic drag forces on a capsule and linear induction thrust forces. Stabilities

of both a single capsule and a multiple capsule system are also discussed. These results

reveal the basic characteristics of a freight pipeline system, propelled by linear induction

propulsion. Various technical issues are discussed.





1. Introduction: Freight Transportation via Pipeline

It has been well recognized that the current highway system is approaching saturation

with the ever-increasing traffic in both freight transportation and human movement. Many

of the nation's roads are clogged and congestion continues to worsen. The conventional

approach of building more roads has ceased to be effective in most areas of the country

for both fiscal and environmental reasons. Research is being conducted to enhance the

capacities of the existing infrastructure. At the same time, it is very important to study

new transportation infrastructures.

Freight transportation and human movement have different characteristics. Mov-

ing people requires flexibility, convenience, and speed; transporting freight requires cost-

effectiveness, on-time delivery, and security in transit. Today, most human movement is

achieved with a combination of personal automobiles and air flight. On the other hand,

freight transportation is mainly achieved by long overhaul trucks. Truck transportation

offers more flexibility but not necessarily at a lower cost than trains.

However, the mixture of freight transportation and human movement presents a con-

straint to the highway capacity and safety. Truck drivers often have to operate the vehicles

for a long time and while fatigued. During Minnesota winters, trucks are especially intim-

idating to travelers in automobiles. At the same time, personal automobiles also present

a challenge to trucking operation. Truck drivers have to yield for cars and have to be

ever-watchful of small cars. In fact, the separation of freight transportation from human

movement will increase the efficiency and safety of both [1].

In this report, we study the use of electricity-powered pipelines in efficient freight

transportation. The idea is to use capsules for carrying cargos in concealed pipelines

powered by linear electric motors. This report focuses on the technical aspects of such

a pipeline system. In particular, we examine the basic characteristics and technological

requirements associated with the use of linear induction motors.

The proposed system concept can also be used for human movement. Detailed re-

quirements for freight transportation and human movement will be different. For example,

people capsules would have to have their own air supply to insure that air pressure changes



could not harm passengers. Nonetheless, the preliminary technical analysis conducted in

this report will apply to both cases.

1.1 Freight Transportation via Pipelines

Freight transportation via pipelines is not a new concept. Among the first advocates,

George Medhurst proposed pipeline systems b.oth for freight transportation and for pas-

senger movement [2]. Small diameter pipelines powered by pneumatic blowers have been

in use since before World War II for high-priority movement of documents. After World

War II, large diameter pipelines for transporting limestone and garbage were developed in

Japan and Russia. Freight pipelines have been the subject of extensive studies [3-8].

Indeed, pipeline systems for freight transportation have many desirable features.

Freight pipelines buried underground would have little environmental impact on surround-

ings once installed. These systems can be fully automated and do not interfere with human

movement. Pipeline systems are closed and can thus be operated regardless of weather

conditions.

Freight pipeline systems so far use pneumatic blowers as the power source. They

move capsules through a duct by using a vacuum or air pressure. However, booster pumps

have to be used to transport cargos beyond a distance of several miles. Since capsules

cannot go through the pumps, it becomes necessary to interpose a set of valves and air-

locks through which the capsules can bypass the booster pumps. In addition, pneumatic

pipelines suffer from low energy efficiency and high noise level. Coupled with the fact

tunneling technologies were very expensive and challenging until recently, these system

concepts were deemed impossible and were dubbed "pipe dream." Except for transporting

coal and other materials over short ranges, pneumatic pipelines have not been widely used.

1.2 Electrical Motor Freight Pipelines

Over the last several decades, technological advances in two areas have made a different

but similar concept very feasible. Developments in linear electric motors have made them

desirable for freight pipelines. Indeed, the use of electric motors would retain all the

advantages of a pipeline system and yet eliminate disadvantages of pneumatic propulsion.



In particular, pipelines powered by electric propulsion will be able to carry freight with

much higher efficiency, and lower noise and pollution. At the same time, developments

in tunneling technology have made underground pipelines much easier to build [9]. As

a result, underground pipelines system powered by electrical motors have become quite

feasible.

In 1984, Ampower Corporation of Alpine, New Jersey proposed and patented a capsule

pipeline system powered by linear induction propulsion [10]. Economic analyses were

conducted to demonstrate the feasibility of such a concept [11]. However, the technical

details are yet to be developed. Recently, Japanese researchers have constructed and tested

a prototype linear tube transportation system powered by linear synchronous motors [12].

Therefore, we here examine a freight pipeline system powered by linear electric mo-

tors. Conceptually, any rotary motor has a linear counterpart. While all electric motors

operate based on principles of electromagnetic interactions, there are different types of

motors. Polyphase synchronous motors and induction motors both use alternating cur-

rent as input electricity source [13]. Direct current motors are normally used for small

horsepower applications. Correspondingly, there are linear synchronous motors (with per-

manent magnet or wound field), linear induction motors, and linear direct current motors.

The economically feasible choices for a pipeline system are linear induction motors (LIM)

and linear synchronous motors (LSM).

The choice between linear induction motors and linear synchronous motors depends

on specific system designs and will be examined further in later research. In general,

linear synchronous motors can achieve better energy conversion levels than linear induction

motors at the expense of higher costs per motor. In particular, the secondary of a LIM

does not require any physical contact with the external power source, while the secondary

of a LSM needs direct current to generate a magnetic field or has to use a permanent

magnet. A LIM with a solid-iron secondary is very rugged and requires low maintenance.

In the current study, linear induction motors are used for freight pipelines.

A linear induction propelled pipeline system has some additional advantages. It would

require low maintenance effort compared to other modes of freight transportation. Beside

addressing the highway congestion problem partially caused by trucks, this concept may



help to reduce the wear and tear of trucks on highways and the associated maintenance

costs. In addition, this concept may lend itself to accept standard size containers.

The use of linear induction motors brings in a host of technical challenges. Although

many research results on pneumatic pipelines are of reference value, LIM-powered pipelines

really represent an entirely different transportation concept. In a pneumatic pipeline sys-

tem, for example, high air pressures produced by blowers are the driving forces to capsule

motions. In a LIM-powered pipeline, on the other hand, the air pressure should be main-

tained low to avoid high drags. Correspondingly, designs of capsules and pipelines in the

two systems are very different.

This report presents results of technical research on the basic characteristics of a

LIM-powered pipeline system. It represents the only technical work on this subject that

we know of.

1.3 System Layout

Figure 1.1 shows a schematic drawing of the proposed pipeline transportation system.

In this system, freight is contained in capsules mounted on wheels. Linear induction motors

are used to provide the driving force.

Figure 1.1 A Pipeline Transportation System

A linear induction motor (LIM) consists of a primary and a secondary. When powered

by three-phase alternating current, a moving flux is produced in the primary winding

[14-20]. Current induced in the secondary reacts with the flux, producing a mechanical

force (Figure 1.2). Both the primary and the secondary of LIMs are flat structures. The



interaction of flux and current moves the secondary linearly. In particular, LIM secondaries

are much simpler and less costly than the rotors of conventional induction motors.

There are two choices in using LIMs in pipelines. (1) One can put primaries of LIMs

on the freight capsules. This configuration requires complicated windings on the capsule

cart, and electrical current transfers between the traveling capsules and the stationary

pipetubes via some sliding connection. (2) Alternatively, one can put primary windings on

the pipetubes and build capsules as secondaries. The latter configuration makes the system

much simpler. If the number of capsules is very small, the second configuration is less

efficient than the first one because primaries produce flux without moving secondaries. The

proposed pipeline transportation concept is envisaged to move a block of capsules at a time.

We assume the second configuration in the current analysis. In fact, German researchers

also recommend the second configuration for use in the high-speed train TRANSRAPID

system [21-26].

0. 1-in. aluminum secondary

Laminated silicon-steel core (stacked 10.5-in. wide)

Figure 1.2 Anatomy of a Linear Induction Motor

Figure 1.3 shows the free-body diagram of a capsule in the vertical direction. Forces

in the vertical direction that affect the longitudinal motion include: LIM thrust force (F),

LIM normal force (P), aerodynamic drag on the capsule (D), rolling friction acting on the

capsule wheels (f), normal force acting on the wheels (N), and capsule weight component

(mg cos 0). Forces in the lateral direction include: restraining forces on the wheels from

rails (Fs, Fs2 ), side aerodynamic force (Y) that can be assumed small, and force due to

gravity caused by tilting surfaces (mg sin q). In addition, there are inertial forces due

to accelerations. These forces will be automatically included in derivation of equations

I I



of motion. The LIM normal force is generally an attraction force between primary and

secondary, but becomes repulsion at high frequencies. This normal force is typically 10%

of the thrust force [14].

0

mg cos 4
Figure 1.3 Capsule Free Body Diagram

Among these forces, aerodynamic drag on a capsule and LIM thrust force must be

studied first before any further analysis can be made. The following chapters present

results on capsule drag and LIM thrust force.

1.4 Summary of Main Results

Aerodynamic drag constitutes a major force on capsules. In this study, the total drag

force is divided into three components: pressure force on the frontal surface, pressure drop

caused by friction along the capsule length, and pressure force on the back of a capsule.

Drag modeling leads to the understanding of an interesting phenomenon. If the annular

gap between a capsule and the pipeline is small, the flow speed along the gap could become

sonic and restrict the flow through the gap. This phenomenon, called "choking", would

cause much larger drag and should be avoided during normal operations. As a result, there

is a limit on how fast a capsule can travel for a given gap between capsule and pipetube.

On the other hand, the choking phenomenon can be used advantageously as a passive

6



braking and/or collision avoidance technique. Fins that can be extended may be mounted

on capsule surfaces. The extension of these fins can be controlled through a collision

surveillance sensor and/or pipeline control station. When extended, these fins increase the

cross-sectional area of a capsule and thus decrease the gap. As a result, aerodynamic drag

will increase suddenly to serve as a slowing force.

In a linear induction motor (LIM), alternating current is applied to the primary wind-

ing directly and is induced in the secondary winding via transformer action. When excited

from a balanced polyphase electric source, an LIM will produce a magnetic field in the

air gap between the primary and the secondary. This magnetic field will travel at a syn-

chronous speed determined by the number of poles and applied frequency at the primary,

exerting a thrust force on the secondary. The thrust force depends on the difference be-

tween the synchronous speed and speed of the secondary, the number of poles, and the

voltage and frequency applied at the primary. The transient behavior of an induction

motor usually disappears very rapidly in comparison with mechanical transients. For our

purpose, a steady-state relation between secondary speed and LIM's thrust force is ade-

quate. This relation is discussed. The thrust force of an LIM can be controlled by changing

either voltage or frequency of the applied electric current at the primary.

There are three active braking methods for a linear induction motor: regenerative

braking, counter current braking, and dynamic braking. (1) In regenerative braking, the

applied frequency is changed to lower the synchronous speed, so that a capsule would

travel in a generator mode. The linear induction motors extract energy from the capsules

and thus slow the vehicles down. This method is the most convenient of the three. (2)

In counter current braking, primary winding polarities are switched to produce a thrust

force of opposite direction. This method can produce a large braking force resulting in an

abrupt stop. (3) In dynamic braking, the polyphase electric source is replaced by heavy

resistors. Capsules would stop gradually after losing energy. This method produces a very

small braking force at low speeds. These braking properties of linear induction motors

make them much more ideal than traditional blowers as the power plant for the pipeline

system.

Results on capsule stabilities indicate that feedback control efforts are needed to keep

precise capsule spacing. A single capsule is always stable in speed and neutrally stable

7



in position. In other words, a capsule will resume its nominal speed some time after

being perturbed from the nominal speed. During this process, it will develop a finite

deviation from the nominal position history. On the other hand, a multiple-capsule system

is unstable. Due to differences in weight, aerodynamic drag, thrust force, and/or friction,

any two capsules will tend to either drift away infinitely or lose sufficient separation.

The flow wake structure behind a capsule is a low pressure region. As the next capsule

approaches the capsule in front, this low pressure region will exert a suction force toward

the second capsule. Because every capsule would experience the same thrust force from

linear induction motors at the same speed, a multiple capsule system will become unstable

as capsules get closer to each other. Therefore, it is necessary to keep enough separation

between capsules to avoid capsule oscillations and collisions.



2. Capsule Drag Modeling

Aerodynamic drag constitutes a major force on a capsule in a pipeline system. As a

result, its modeling is crucial to the understanding of capsule dynamics in a pipeline. In

addition, a phenomenon called "choking" plays an important role in the design of pipeline

systems.

2.1 Aerodynamic Drag on a Capsule

V
0

FBC

Figure 2.1 Aerodynamic Drag of a Capsule

Figure 2.1 shows the drag determination model used in this method. The total aero-

dynamic drag on a capsule inside a pipetube is divided into three components: the inviscid

pressure drag caused by high pressure on the capsule nose and low base pressure at the

rear, a viscous contribution caused by shear stresses in the high speed annular gap region

between the capsule and the tube wall and a contribution due to a viscous pressure drop

in this gap which causes an additional decrease in the base pressure. These effects are

modeled here term by term.

(1) The momentum integral theorem provides a formula for inviscid drag. For steady flow

in a reference frame attached to the capsule

Di= (p pu2)dA - (p+ pu2 )dA
Jupstream,a Jrearf ace,e



= At(pa + pV 2) - (peAt + (At - A)pw 2) (2 - 1)

where w is the velocity in the gap, V is the approach velocity at the upstream station

a, At is the tube area, A is the capsule area, and pe is the pressure in the gap which

is assumed to be the same over the whole capsule rear face, where the velocity is zero.

By the Bernoulli equation [27],

1 1
Pa+ pV2 Pe+ pw 2  (2 - 2)2 2

and by conservation of mass

VAt = w(At - A) (2 - 3)

By eliminating w from the last two equations, we find

Pa-Pe= - V2 A -1  (2-4)P2 - P - - (At - A)2

Using this and w from Eq. (2 - 3) gives

1
Di -pV 2ACDi (2 - 5)

2

with

CDi = /3/(1 - 3)2  (2 - 6)

where /3 = A/At is the blockage area ratio.

(2) The shear stress contribution may be obtained by assuming that the gap is small

compared to the length I of the capsule and that the flow in the gap is like a turbulent

channel flow. In this case
1

Df = Cfpw227rRl (2-7)2
where Cf is a friction coefficient (per Schlichting [28]). Using Eq. (2 - 3) for w gives

Df = C4 pV 2 (A- A) 2rRl (2 - 8)

and therefore

S2f 1 (2- 9)
(1 - ) 2

10



(3) The pressure drop in the annular channel is given by

1
Ap(At - A) = Cf 2pw22r(R + Rt)l (2 - 10)

or
1 At 2 21

Ap = -p (2-11)
2 KAt - A Rt- R

Since this lower pressure is felt over the whole rear face, the additional drag is

DAp = AAp = -pV2A 1- -2 Cf (2- 12)2 A 1-013) Rt - R

and this gives
1 21

CDP• Cf (2 - 13)(1- ,)2 Rt -R
Combining these into a single drag coefficient one finds

CD = CDi + CDf + CDp

__3 (1 + p1/2) 21C(
(1 -#)2 (1_-)3

where Cf depends on the Reynolds number in the gap.

When applied to a situation where the capsule has velocity V and the tube carries air

with velocity v one should calculate the drag using the relative velocity, i.e.

1
D CD P p(V-v)2A (2 - 15)

using Eq. (2 - 14) for the drag coefficient. Values of the drag coefficient obtained from

Eq. (2 - 14) are very close to experimental results reported by Tsuji [29].

2.2 Choking Phenomenon and Aerodynamic Braking

The analysis shown in the last section was for incompressible flow. While in most

cases the capsule has a fairly low velocity compared to the speed of sound, the velocity

in the gap is much larger and can approach sonic if the gap is small. If this occurs the

analysis must be modified to account for the compressibility of air. When the gap velocity

reaches the speed of sound the mass flow through the gap is restricted and the flow is said

11



to be "choked" [30]. Calculations reported by Hammitt [6] show that the drag coefficient

stays close to the incompressible value until the gap Mach number nearly reaches one and

then rapidly increases to a value which is easily double the incompressible value. This can

occur at moderate capsule speeds if the gap is small.

Flow choking should be avoided during normal capsule operation. As a result, the gap

must be large enough for high speed capsule operation. Correspondingly, capsule design

speed is limited by a maximum value for the blockage area ratio.

The choking phenomenon may be used as an aerodynamic braking technique. Specif-

ically, fins that can be extended may be mounted on the capsule surface. These fins

are held under the capsule surface during normal operation and can be extended to stop

the capsule. The extensions can be controlled remotely in the operation station. They

can also be triggered by a sensor mounted on the capsule nose to avoid collisions, or by

some mechanical device at the exit station to stop the vehicle. The proposed concept of

aerodynamic braking is similar to the concept discussed in Tsuji, Morikawa & Seki [31].

2.3 Efficiency of Linear Electric Propulsion

In a pneumatic system, simply stated, a pump/blower raises the pressure on one end

of the tube and blows the capsules through the tube. Under ideal operating conditions

the capsules are moving at the same speed as the pumped air and there is no aerodynamic

drag on the capsules. The pressure difference required across the ends of the tube is the

same as required to pump air at that speed, namely

1
ApAt = pV227RtCf (2 - 16)

2

where Ap is the pressure difference, At is the tube area, p the density of air, V the capsule

speed, Rt and Lt the tube radius and length and Cf is a friction coefficient. The power

required is
1

Ppn = 2pV327rRtCf (2 - 17)

This is independent of the number of capsules in the tube. This formula neglects rolling

friction, which would require an additional pressure drop across each capsule to overcome

12



this friction, and a consequent air speed in the tube which is greater than the capsule
speed.

In the linear electrically driven system each capsule is individually driven by the motor
force and is resisted by aerodynamic drag. In a tube, which is open to the atmosphere at
both ends, the moving capsules force part of the air to pass through the gap between the

capsule and the tube wall and also force some air to flow through the tube. The balance

between these effects is determined by the size of the gap. If the gap is very small more air

is pushed through the tube. In this sense the linear electric motor takes the place of the

pump in the pneumatic system. The pressure distribution in the tube, proceeding in the

direction of motion, consists of pressure increases across each capsule and pressure drops

between the capsules because of the air friction with the tube walls.

The force on a single capsule is
1

p(V - V)2 ACD (2 - 18)2
where A is the cross section area of the capsule, the drag coefficient CD is given in section

2.1 and v is the velocity of the air in the tube. It may be shown that
V

CD = (V - v) = (2 -19)

where
3Rt nCD -20

a = (2 - 20)
2Lt Cf

Here n is the number of capsules in the tube and 3 = A/At is the blockage ratio. The

formula takes into account the frictional resistance of the pushed air, which depending on

parameters, can offer less resistance than forcing the air through the gap.

The total power required to drive n capsules is
1

Pi -= pV 3AnCD/( + a) 2  (2- 21)
2

and therefore the two power requirements may be compared by the efficiency ratio

Pl a2

P= a(2- 22)
Ppn (1 + a) 2

where a is the relative friction parameter defined above. This ratio is always less than one.

Under maximum traffic conditions (large n) it approaches one. However, when there are

only a few capsules in the tube, it becomes much smaller than one. This is because the

pneumatic blower has to maintain the same power independently of the number of capsules,

in order to keep the speed up. One may therefore conclude that the linear electrical system

is always more efficient, and can be much more efficient when the traffic is light.
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3. Linear Induction Propulsion Forces

Linear electric motors belong to a special group of electrical machines that convert

electrical energy directly to mechanical energy in translational motion [13-20]. Linear

electric motors in general include d.c. motors, induction motors (asynchronous motors),

synchronous motors, and so on. Among these, the most popular one is the linear induction

motor.

A linear motor can be obtained by cutting a rotary motor along its radius from the

center axis of the shaft to the external surface of the stator core and rolling it out flat.

The stator becomes the primary and the rotor becomes the secondary (Figure 3.1). The

principles of an LIM are basically the same as of a rotary induction (asynchronous) motor.

For simplicity, we use the rotary motor as an example to explain the principles of induction

motors.

2.

Figure 3.1 Evolution of a Rotary Induction Machine into LIM

3.1 Principles of Induction Motors

In the induction motor, alternating current is applied to the stator winding directly

and to the rotor winding by transformer action or induction from the stator. When excited

from a balanced polyphase source, it will produce a magnetic field in the air gap rotating

at a synchronous speed ni (rpm) determined by

n=120f (3 - 1*
p
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where p is the number of poles in the stator, and f is the frequency (in Hz) of applied

current at the stator.

Now assume that the rotor is turning at the steady speed n (rpm) in the same direction

as the rotating stator field. The rotor is then traveling at a speed (nl - n) rpm backwards

with respect to the stator field, or the slip of the rotor is (nl - n) rpm. Slip is usually

expressed as a fraction of synchronous speed. The per-unit slip s is:

s =  (3-2)

This relative motion of flux and rotor conductors induces voltages of frequency sf,

called slip frequency, in the rotor. In the induction motor, the rotor terminals are short-

circuited. At starting, the rotor is stationary, the slip is s = 1 , and the rotor frequency

equals the stator frequency f. The field produced by the rotor currents therefore revolves

at the same speed as the stator field. A starting torque results, tending to turn the rotor

in the direction of the stator-induced field. If this torque is sufficient to overcome the

shaft load, the motor will come up to the operating speed. The operating speed can never

be exactly equal to the synchronous speed nl, for the rotor conductors would then be

stationary with respect to the stator field and no voltage would be induced in them.

The transient behavior of the induction motor can be studied by assuming that a

3-phase short-circuit takes place at its terminals. The machine will feed current into the

fault because of the trapped flux linkage with the rotor circuit. This current will, in time,

decay to zero. In practical cases, it is seen that, while the initial short-circuit current of

an induction machine is relatively high compared with its normal current, the transient

usually disappears rapidly in comparison with the duration of mechanical transients. As a

result, the electrical transients in induction machines are frequently neglected. Hence, for

many purposes the steady state situation can be used for dynamic analysis.
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3.2 Models of Thrust Forces

Figure 3.2 shows a typical steady-state torque-slip curve for electric induction ma-

chines, where both motor and generator region are shown. A reasonably good represen-

tation of the torque-slip relation in steady state operation of an induction motor is given

by:
T 2T 2(3 - 3)

Tmax S/Scr + scr/S

where Tmax is the maximum torque possible, scr is the critical slip or slip at maximum

torque. The maximum torque, Tmax, depends on the applied voltage, resistance and reac-

tance of the motor and other physical properties of the motor. Therefore, Tmax is a design

parameter.

0
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0

C
0

0 20 40 60 80 100 120 140 160 180 200 220
Speed in percent of synchronous speed

1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.6 -0.8 -1.2
Slip as a fraction of synchronous speed

Figure 3.2 Induction Machine Torque-Slip Curve

The formulation for the linear induction motor is very similar to the rotary one ex-

cept for extremity effects. One can replace rotary variables by their linear counterparts.

For example, torque and angular velocity should be changed to force and linear velocity,

respectively. The formulas are given as follows:

27 W
S = 2f- r =-- (3 - 4)T 7r
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vs •- "-
s= (3-5)

Vs

2F.•
F = 2Fma (3-6)

S/Scr + Scr/S

where 7 is the pole pitch or the distance between two poles in the primary, f is the applied

frequency at the primary, v is the secondary speed, v, is the synchronous speed, and F is

the linear induction motor thrust force. Again, the maximum thrust force Fmax is a design

parameter.

To use LIMs in a pipeline transportation system, we need to be able to control the

thrust force. The thrust force of an LIM can be controlled by changing one of the three

things: pole pitch (7), slip (s), and/or input frequency (f).

Pole pitch (s) is the distance between two winding poles in the primary. A change

in the pole pitch of an LIM corresponds to a change in the number of poles of a rotary

induction motor. It can only be done in LIMs in a discrete way by designing two or more

independent windings with different pole pitches. Therefore, it is not practical to use pole

pitch as thrust control.

The slip (s) can be controlled in an LIM with shorted secondary by changing the

input voltage, and in an LIM with wound secondary by changing both the input voltage

and the secondary circuit resistance. Thrust control by changing the input voltage alone

is not economical over a broad speed range, because both efficiency and speed stability are

adversely affected.

Thrust control via changing the input frequency (f) can be achieved by feeding an

LIM from a variable frequency source, e.g. a converter. We can keep the input voltage

constant or variable. If the voltage is changed as well in proportion to the frequency,

the flux will remain constant resulting in no change in force. Thrust control by means of

voltage and frequency variation also allows the motor to operate not only at speeds below

the rated velocity, but also at speeds above the rated velocity. The majority of LIMs can

be operated under such conditions without mechanical or thermal problems. This method

is suggested to be used for this project.
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Figure 3.3 shows the effects of frequency and voltage in thrust control. Three cases

are shown: (a) variable frequency f, constant voltage V1, (b) variable voltage V1, constant

frequency f, (c) V  = const. In Figure 3.3, Fr = rated thrust, Fma = maximum thrust,

and v, = synchronous velocity.

(al {c}
F V,

- onst

-r<r r<f f

Fr 
V

, 1

vs  I

0 ~ ~ vs

1kl
IuLJ

Figure 3.3 Thrust Control in LIMs

3.3 Linear Induction Motor Braking Methods

For the safe operation of a pipeline system, there must be reliable mechanisms to stop

capsules in emergency and/or at exit stations. Capsules may be stopped with mechanical

devices, aerodynamic drag, and/or linear induction motor thrust forces. Mechanical brak-

ing devices are widely used in trains and other ground transportation systems. Design

experiences on these systems are well documented. Mechanical braking devices need to be

employed to secure a capsule to a specified location once it is stopped. On the other hand,

aerodynamic and electrical braking capabilities represent unique and desirable features of

the proposed pipeline transportation system.
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Electrical braking occurs when the thrust is in the opposite direction of velocity [14-20].

There are three braking methods available on a linear induction motor. Figure 3.4 shows

the motor thrust force versus capsule speed in three braking modes. (1) Regenerative

braking occurs when the speed of the LIM is greater than the synchronous speed, i.e.

v > vs. In this case, the LIM operates in a generator mode and thus extracts energy from

the moving capsule. Regenerative braking is implemented by decreasing the synchronous

velocity below the motor's speed. It can be done by reducing the pole pitch (7r) or the

input frequency (f). (2) Counter current braking or plugging is obtained by reversal of

the primary winding connections while the LIM is running. When the plugging method is

used, the input voltage is often reduced to avoid excessive primary current. This method

of braking is similar to braking a direct current motor by reversing the input voltage while

it's running. (3) Finally, dynamic braking occurs when the primary windings are excited

by direct current immediately after their disconnection from the three-phase source. This

method is similar to braking a direct current motor by disconnecting it from the voltage

source and closing the circuit with a resistor.

Figure 3.4 Thrust Force versus Speed in LIM Braking Modes
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Availability of these methods makes linear induction motors even more desirable than

pneumatic blowers as the power source for a pipeline system. In comparison, the regen-

erative braking method is the easist to use. It can be achieved gradually through normal

capsule speed control and does not require any additional switching logic. The plugging

method may produce excessive current and can be used to stop capsules in an emergency.

The dynamic braking method produces very small braking forces at low velocities.
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4. Stability Analysis

In an operational pipeline system, capsules should travel at specified speeds despite

possible imperfections and disturbances in the system. We now examine capsule stabilities

in a pipeline system following specified speeds and time histories of capsule positions.

4.1 Normalized Equations of Motion

Equations of motion for a capsule can be derived from the capsule free-body diagram

in Figure 1.3.
1

mx = F - -pv 2AdCD - fr - mg sin (4-1)
2

Models of each component are discussed in previous sections. For simplicity, we assume

that ¢ = 0 and LIM normal force P = 0 in the following analysis. Nonzero 0 and/or P

will not change the conclusions below.

From Eq. (3 - 6), the LIM thrust force can be expressed in terms of capsule speed v

as
F = 2FmaxScrVs(Vs - v)(4 2)(Vs --)2+ V

Since rolling friction is -usually given by

fr = •pmg cos 0 (4 - 3)

the capsule equation of motion is

S= 2FmaxScrVs(Vs - v) 1pACDV2 - mg(( cos 9 + sin ) (4 - 4)
(vS - v) 2 + v 2

Eq. (4 - 4) can be written equivalently as a set of two first-order ordinary differential

equations for convenience. We now introduce the following normalized variables in order

to identify key parameters in the capsule equation of motion.

A XX- (4- 5)

vs/g

v = - (4 - 6)
Vs

t - (4 - 7)
vs/g

23



Denote
d( )-
dt

The normalized equations are

x = v

-, 2Fmscr(1 -) 2v =  22 +1 _ s• -_
S -)_ 2H + 1 + s2

cr

(4-8)

(4-9)

(4 - 10)

where

Fm m (4-11)
mg
Ipv2AdCD

D = p dC (4-12)
mg

P Ie = / cos 0 + sin 0 (4 - 13)

Therefore, there are four key parameters affecting the capsule motion: scr, F,, Ds,

and /e. The critical slip scr is a function of secondary resistance. It determines the shape

of thrust vs. speed curve in Eq. (3 - 6). Fm is the maximum LIM thrust force per unit

capsule weight and D, is the aerodynamic drag at synchronous speed per unit capsule

weight. pe can be considered as a combination of rolling friction and landscape gradient.

It is a constant in the equation of motion and does not affect capsule stability. It does

affect the steady-state operating speed.

Figure 4.1 Existence of Steady-State Speed Solution

At steady-state operation,

=/ 0

24

(4 - 14)



We have from Eq. (4 - 10),

2FmScr.(1 - ) _ (2
22_2 1 L' ---e = 0 (4 - 15)v" -2U + 1 + s2r

As shown in Figure 4.1, this equation normally has a solution between (0, 1). Corre-

spondingly, there exists a steady-state capsule speed between (0, v,). Such a solution does

not exist only if the linear induction motor thrust force is less than the aerodynamic drag

plus friction force. In this case, the capsule simply will not start.

To numerically determine this speed, we manipulate Eq. (4 - 15) and obtain a fourth

order polynomial.

-23 +r • + e 2 (Fm mscr 
_ + [(1+ ) -21mscr=] = 0 (4 - 16)

, s r- S Scr Ds S cr

A Newton-type of iteration scheme is used. Figure 4.2 plots the steady-state capsule speed

as a function of the normalized characteristic drag D, and normalized thrust force Fm, at

Scr = 0.2 and g.e = 0.015. A solution always exists as long as the normalized thrust force is

large enough. Figure 4.2 shows that the steady-state capsule speed decreases as the drag

increases or the thrust force decreases.

0.90

U5

a)
0.80

C)

a)
N

E0.70
0z

S-.Fm = 1.0

Fm = 0.7

Fm = 0.5

0 .2 .i.b 0. 8 1. 0

0.2 0.4 0.6 0.8 1.0

Normalized characteristic drag

Figure 4.2 Steady-State Capsule Speed
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4.2 Single Capsule Stability

We now linearize Eqs. (4 - 9) and (4 - 10) around a steady-state solution: vo and

o° = vot. In the following, vU and S5 denote perturbations from this nominal solution. In

other words,

t = to + 62 (4- 17)

V = vi + 6~ (4- 18)

From Eqs. (4 - 9) and (4 - 10), we have

5,' = 6v (4 - 19)

&D' = -A(io; Fm, D,, Scr)6~ (4 - 20)

where
2 - 2V + 1 - cr

A o = A(8o; Fm, sD, Scr) = 2D•) 0 - 2Fmscr o - + c 2 (4 - 2 1)(D2- 2 + + +sCr2 )2
From classical control theories [32], a positive Ao guarantees the stability of capsule

speed. There are two eigenvalues in the system: 0 and -A 0 . The zero eigenvalue corre-

sponds to position and -Ao corresponds to speed. If Ao > 0, the capsule will return to

a steady-state speed after perturbations. In this case, the position mode has a neutral

stability. Namely, any perturbation will result in a constant offset in the capsule position.

If Ao < 0, the system is unstable and any perturbation will cause the capsule to deviate

away from its nominal solution.
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Figure 4.3 Capsule Stability Coefficient
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For the physical system, it is always true that Ao > 0. Therefore, a single capsule

is always speed-stable. Figure 4.3 plots the stability coefficient Ao as a function of the

normalized drag and thrust force. As the drag increases and/or the thrust force decreases,

the capsule becomes less stable and it will take the capsule a longer time to return to its

nominal speed once perturbed. With larger drag and/or smaller thrust force, the capsule

will take longer time to reach an operating speed from start.

Figure 4.4 shows a typical time history of capsule speed starting from rest. The capsule

reaches the steady operating speed monotonically. This curve is obtained from numerical

integration of Eqs. (4 - 9) and (4 - 10). A fourth-order Runge-Kutta method is used.

Figure 4.4 Capsule Speed History

4.3 Multiple Capsule Stability

There is a low pressure region behind each capsule. As the second capsule approaches

the wake of the first capsule, it will experience less drag on its nose due to the low pressure

in the first capsule wake. However, the thrust force on the capsule is still the same at the

same speed. As a result, the net force on the second capsule increases. Due to the net force

increase, the second capsule will accelerate forward. It may collide with the first capsule

or oscillate back and forth while traveling forward. For safety reasons, it is recommended

to keep a large distance between any two capsules. In theory, this distance is on the order

27



of 10 times of the capsule radius. Tsuji [29] shows experimental results where there is little

effect at a spacing half of this.

The phenomenon that the second capsule experiences a smaller drag as it approaches

the capsule in front is called drafting effect. This local drafting effect, widely used in car

racing and bicycling, should be distinguished from the large scale drafting. Large scale

drafting occurs in tunnels when multiple trains cause a large air motion which affects

all the trains equally. Gawthorpe [33,34] document the average drag reduction when the

number of trains increases.

A mathematically simple way to examine multiple capsule stability is by studying

the perturbed motion of a single capsule when thrust force, drag, capsule weight, or even

friction coefficient changes. Different capsules will definitely have different weights due

to difference in cargos. Aerodynamic drag and friction force are also different due to

imperfections in capsule manufacturing. Therefore, Fm,, Dm, and Le in Eqs. (4 - 9) and

(4 - 10) are different for different capsules. Let's assume that these differences are small

and around some nominal values, denoted by ( )o, we have

Fm = Fmo + Fm (4- 22)

Ds = Dso + 6Ds (4- 23)

Pe = [to + 6/e (4- 24)

As a result, capsule speed and position will deviate from the nominal histories as expressed

in Eqs. (4 - 17) and (4 - 18). By linearizing Eqs. (4 - 9) and (4 - 10) around the nominal

values, we obtain

62' = 6t (4- 25)
2scr(1 -) (4 26))

8v' = -Ao6± + -2 ' 1+ 2 Fm V s - [e (4 - 26)
vo - 250 + 1 + sc2r

It is clear from these equations that any small changes in the nominal thrust, drag, or

friction coefficient will cause the capsule speed to deviate away from the nominal speed.
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For example, consider the case with only drag perturbation while assuming 6 Fm = 0 and
6 te = 0. From Eqs. (4 - 25) and (4 - 26), we obtain

6 vD 1(i e-Aof (4-27)

I- 2Ao 1t e-Ao) (4- 28)
-- A 0 Aoo

These equations show that a capsule with a different drag coefficient than predicted will

deviate from its nominal position history of time infinitely. Therefore, any two capsules

will either become infinitely far apart or approach each other over time. As a result,

some capsules in a multiple capsule system will collide with one another. Consequently, a

multiple capsule system is unstable without precise position control.
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5. Recommendations for Future Work

The following topics are recommended for future research. These topics address engi-

neering aspects of the proposed pipeline concept.

5.1 Effects of Adits

The choking phenomenon seriously limits the maximum speed of capsule motion for a

given pipetube/capsule geometry. To avoid drag penalties associated with choking, capsule

diameters have to be small compared to inside pipetube diameter at high speeds. Alter-

natively, we envision a pipeline freight system to consist of two parallel tubes connected

by pressure relief cross tunnels or adits. As the capsules are driving in opposite directions

in the tubes, they force air to move with them which forms a large circulation in each adit

loop. Thus all capsules participate in a large scale drafting effect which reduces the drag

on each capsule. This can be a large benefit for a small annular gap between the capsule

and wall. It will be worthwhile to study these interactions.

5.2 Capsule Position Control

The multiple-capsule stability analysis points out the need for precise capsule position

control. To conduct feedback control design, we need to consider end effects of linear

induction motors. In the modelings so far, we have treated linear induction motors as a

continuum of primary windings. In a practical pipetube, we need at least three separate

LIM primary windings; one for accelerating capsules into operating speed, one for steady-

state travel phase, and one for slowing down and stopping capsules. Furthermore, each

of these LIMs may be implemented as a series of disconnected segments for better energy

efficiency.

Unlike rotary motors, linear motors have ends and capsules traveling near the ends of

LIMs will experience different thrust forces from those in the middle. These end effects may

play an important role in the stability properties of capsules. Basically, it is important to

determine distances between LIM segments so that capsules can travel smoothly. Namely,

the thrust force changes occur in much shorter time intervals than the response time

constant of a capsule.
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5.3 Different System Configurations

There are many related questions on the system configuration design of a pipeline

system. For example, a dual pipeline would be advantageous to ship freight in both

directions during the same period. In addition, a dual system could be used in the same

direction at the same time if there is a heavy demand for one way travel at different times

of the day. The proposed pipeline system creates heat underground. This heat can be

viewed as a bi-product and used for road or building heating.

5.4 Computer Animation

The availability of high-speed and low-cost computers has certainly changed the en-

gineering design process. Computer animations can be used to display capsule motions in

a pipeline system operation.
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6. Conclusions

This report presents results of technical analysis on a pipeline transportation system

powered by linear induction propulsion. A concealed pipeline transportation system does

not interfere with human movement and has little effect on the environmental surroundings,

and has thus been studied for a long time. However, traditional pipeline systems use

pneumatic blowers as the power source. Pneumatic pipelines suffer from short travel

range, high noise, and low efficiency. This report proposes the use of linear electric motors

as the power source in a pipeline transportation system.

The use of linear electric propulsion has many advantages and makes the pipeline

concept truly desirable. Linear electric propulsion is always more efficient than that of

pneumatic blowers in terms of energy. Further, it can carry freight over a much longer

distance and produces little environment pollution.

This report examines the technical aspects of such a freight pipeline system concept

using linear induction motors. Aerodynamic drag on a capsule is determined as a sum

of three drag components: pressure force on the frontal surface, pressure drop caused by

friction along the capsule length, and pressure force on the back of a capsule. As a result, we

found an expression for the drag coefficient which is confirmed by published experimental

results. In addition, drag modeling leads to the understanding of a phenomenon called

"choking." If the annular gap between a capsule and the pipeline is small, the flow speed

along the gap could become sonic and restrict the flow through the gap. Under these

conditions, the flow is said to be "choked." Choked flow would cause much larger drag

and should be avoided during normal operations. As a result, there is a limit on how

fast a capsule can travel for a given gap between capsules and pipetube. On the other

hand, the choking can be used as a passive braking technique by increasing the capsule

cross-sectional areas through extended fins.

In a linear induction motor (LIM), alternating current is applied to the primary wind-

ing directly and is induced in the secondary winding via transformer action. When excited

from a balanced polyphase electric source, a LIM will produce a magnetic field in the
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air gap between the primary and the secondary. This magnetic field will travel at a syn-

chronous speed determined by the number of poles and applied frequency at the primary,

exerting a thrust force on the secondary. In addition to being energy efficient, linear in-

duction motors provide three ways of active braking, making them even more desirable

than pneumatic blowers as the power source. The thrust force of a LIM can be controlled

by changing the frequency of the applied electric current at the primary. For use in the

pipeline system, we propose to put primary windings on the pipeline and use capsules as

secondaries.

Analysis of capsule stabilities indicate that an uncontrolled multiple-capsule system is

unstable. In other words, capsules would approach each other and may collide with each

other if left uncontrolled. Active capsule position control is needed.
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