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‘Speed ratio, kinematic viscosity

Density, angle of friction of the claws

Direct stress

Bending stress

Fatigue strength

Hertzian stresses

Reference stress

Torsional stress, torque increase with combustion engine
Gear step, bending angle

Basic step with progressive stepping

Progression factor with progressive stepping

- Gear step with geometrical stepping
- . Angular velocity

Nominal or initial state
Pinion (= small gear), input
Wheel (= large gear), output
Atpoint1,2,3, ...
Offer, related to area, drive shaft, power train, moving off
Demand, brake
Clutch
Constant gear
Countershaft
Duration, fatigue-resistant, deficit, opening, direct drive
End
Excess
Vehicle, root, free-wheel
Gearbox -
Adhesion, main, main gearbox, main shaft wheel, ring gear, high (= fast)
Input shaft
Air, load, low (= slow)
At bearing point, at bearing point 1, 2
Engine, motor, model
Main shaft
Rear-mounted range-change unit
Output shaft
Pump, pump wheel, planetary step
Pump test
Transverse
Reverse gear, roll, slip, friction, wheel, range-change unit, reactor
Roll ' '
Status, system, splitter unit
Pulsating (strength)
Gradient
Turbine wheel, drive
Torque converter
Circumference
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Preface to the English Edition

“Automotive Transmissions” was first published in German in May 1994. It was so well
received that we decided to publish the book in English, especially in view of the trend to
market globalisation.

This book gives a full account of the development process for automotive transmis-
sions. It seeks to impart lines of reasoning, demonstrate approaches, and provide compre-
hensive data for the practical task of developing automotive transmissions. Much of the
content is concerned with aspects of technology and production in the field of automotive
transmissions that are of general validity, and hence of endurlng relevance. The dynamics
of the automotive transmission market since 1994 is reflected in numerous new types of
transmission. Principal factors include the increasing use of electronics, light-weight
construction, and the automation of manual gearboxes. Chapter 12 considers numerous
production designs. to illustrate the theoretical principles expounded in the earlier
chapters, considering the main types of transmission and examining important detail
solutions incorporated in specific mechanisms. Today’s current design engineering is no
longer state of the art tomorrow, with the next change of model. The designs presented -
here therefore claim to represent the -different types of transmission design considered,
rather than the latest production technology.

Certain aspects of the book relate to the situation in Germany, particularly as regards

~ transport systems and the economic significance of motor vehicles.
This English language edition could not have come to fruition without the assistance
-~ of many contributors. We are particularly indebted to Dipl-Ing Joachim Ryborz as the
manager and co-ordinator of the project, and to his assistants at the Institute of Machine
Components (IMA), University of Stuttgart.

We would also like to thank Stephen Day of Ubersetzungsbiiro Herrera for hlS profes-
sional translation of this book, and Dr Ian Cole for proof-reading the final text.

We also wish to gratefully acknowledge the consistent financial support of the follow-
ing companies: Audi AG, Robert Bosch GmbH, BMW AG, DaimlerChrysler AG, Ford
Werke AG, GETRAG Getriebe- und Zahnradfabrik Hermann Hagenmeyer GmbH & Cie,
Krupp Berco Bautechnik GmbH, Mannesmann Sachs AG, Adam Opel AG, Dr.-Ing. h.c.
Porsche AG, Renk AG, Volkswagen AG, and ZF Friedrichshafen AG.

Stuttgartv and Augsburg
February 1999 Gisbert Lechner

Harald Naunheimer




- Preface to the German Edition

It was in 1953 that H. Reichenbécher wrote the first book on motor vehicle transmission
engineering. At that time the German motor industry produced 490 581 vehicles includ-
ing cars, vans, trucks, busses and tractor-trailer units. In 1992 production had reached 5.2
million. The technology at that time only required coverage of certain aspects, and Mr
Reichenbicher’s book accordingly restricted itself to basic types of gearbox, gear step
selection, gear-sets with fixed axles, epicyclic systems, Fottinger couplings and hydrody-
namic transmissions.

Automotive engineering and the technology of mechanism design have always been

subject to evolution. The current state of the art is characterised by the following inter-
relations:

Environment < Traffic < Vehicle <> Transmission.

Questions such as economy, environment and ease of use are paramount. The utility of a
transmission is characterised by its impact on the traction available, on fuel consumption
and reliability, service life, noise levels and the user-friendliness of the vehicle.

There are new techniques which now have to be taken into account, relating to devel-
opment methodology, materials technology and notably strength calculation. Examples
include serviceability calculations, the introduction of specific flank corrections, taking
account of housing deformation, and the need for light-weight construction.

Transmission design engineering bas been enriched by numerous variants. The man-
ual two-stage countershaft transmission, preferred for longitudinal engines, and the sin-
gle-stage countershaft transmission preferred for transverse engines now have many sub-
variants, €.g. automatic transmissions, continuously variable transmissions, torque con-
verter clutch transmissions, twin clutch transmissions, and transmissions for all-wheel
drive. »

The engine and transmission must increasingly be considered as one functional unit.
The terms used are “power train matching” and “engine/transmission management”. This
can only be achieved by an integrated electronic management system covering the me-
chanical components in both engine and transmission. '

The technique of Systematic Engineering developed in the 1960’s, and the increasing
use of computers for design, simulation and engineering (CAD), are resulting in ever-re-
ducing development cycles. This trend is reinforced by competitive pressures. Systematic
product planning is another significant factor in this regard. ,

It was therefore necessary to create an entirely new structure for the present book
“Automotive Transmissions”. Modern developments have to be taken into account. The

- great diversity and range of issues in developing transmissions made it difficult to select
the material for this completely new version of “Automotive Transmissions”, especially
within the prevailino constraints. Not everv topic conld he covered in detail. Tn those
places where there is an established literature, the authors have chosen to rely on it in the
interests of brevity.




The purpose of this book is to describe the development of motor vehicle transmissions
as an ongoing part of the vehicle development system. Only by actively taking this inter-
action 1nto account is it possible to arrive at a tully viable transmission design. The aim is
to highlight the basic interrelations between the drive unit, the vehicle and the transmis-
sion on the one hand, and their functional features such as appropriate gear selection,
correct gear step, traction profile, fuel consumption, service life and reliability on the
other. Of course another major concern was to represent the various engineering designs
of modern vehicle transmissions in suitable design drawings. :

The book is addressed to all engineers and students of automotive engineering, but
especially to practitioners and senior engineers working in the field of transmission
development. It is intended as a reference work for all information of importance to trans-
mission development, and is also intended as a guide to further literature in the field. .

Without the assistance of numerous people this book would not have been written.
We would like to thank Dr Heidrun Schropel, Mr Wolfgang Elser, Dr Ekkehard Krieg,
Dr Winfried Richter, Mr Thomas Sporl, Mr Thilo Wagner, Dr Georg Weidner and Prof
Lothar Winkler for researching and revising chapters. We also wish to acknowledge the
contribution of numerous assistants and postgraduates for important work on specific

- . aspects. :

We wish to thank Christine Hibich for her professional editing. We would like to
thank many employees and scientific assistants of the IMA (Institut fiir Maschinenele-
mente) for reviewing and checking various parts of the text. - '

Such a book cannot be published without current practical illustrations. The publish-
ers wish to acknowledge their gratitude to numerous companies for making illustrations
. available: Audi AG, BMW AG, Eaton GmbH, Fichtel & Sachs AG, Ford Werke AG,
 GETRAG, Mercedes-Benz AG, Adam Opel AG, Dr.-Ing. h.c. Porsche AG, and Volks-

wagen AG. We are particularly indebted to ZF Friedrichshafen AG who have always
- been most forthcoming in responding to our numerous requests for graphic material.

We are also indebted to Springer-Verlag for publishing this book. We would particu-
larly like to thank Mr M Hofmann, whose faith in our project never wavered, and whose
- gentle but firm persistence ensured that the book did indeed reach completion. Dr Merkle

- then prepared the work for printing. We must also thank the publisher of the “Design
Engineering Books” series, Prof Gerhard Pahl for his patience and advice. Our thanks
especially to our families for their understanding and support.

Stuttgart
May 1994 Gisbert Lechner

Harald Naunheimer
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Terms and Symbbls

A formula you cannot derive is a corpse in the brain /C. WEBER/

Physical variables are related by mathematical formulae. These can be expressed in two
different ways: :

O quantity equations,
O unit equations.

Quantity Equations

Quantity equations are independent of the unit used, and are of fundamental application.
Every symbol represents a physical quantity, which can have different values:

Value of the quantity = numerical value x unit .

Example: Power P is generally defined by the formula
P=Tw, (1)

- where T stands for torque and @ stands for angular velocity.

Unit Equations

If an equation recurs frequently or if it contains constants and material values, it is con-
venient to combine the units, in which case they are no longer freely selectable.

In unit equations the symbols incorporate only the numerical value of a variable. The
units in unit equations must therefore be precisely prescribed.

Example: In order to calculate the effective power P in kW at a given rotational speed n
in 1/min, the above equation (1) becomes the unit equation

_Tn
9550

(2)

IR o . 3 e Nt A evea Gy S P ap— | XX T i AT ,\h,q, 1
The unit cquation (2) applics where the prescript I is expiessed in KW, Tin Nm and » 1o

1/min, -

e




Terms and Symbols

(Only those which occur frequently; otherwise see text)

A Surface area, transverse couple surface area = projection of vehicle front
area

AR Synchroniser friction contact

Bio System service life for a failure probability of 10%

By System service life for a failure probability of x%

C Pitch point, dynamic contact figure, constant

cC Torque converter lock-up clutch

CG Constant gear

CGy Front-mounted splitter constant high

CGL Front-mounted splitter constant low

CGhmain Main gear unit constant

CGr Range constant

D Diameter

E Modulus of elasticity

F , Force ' _

F, ~Acceleration resistance, axial force

Fg - Braking force

Fy Slope negative lift force

F1, Alr resistance, bearing force

Fn Normal force

Fq Transversal force

Fr Wheel resistance

F; Radial force

Fg Lateral force j

Fsy Gradient resistance |

Tangential force i
Circumferential force '
Traction :
Distribution function, failure probability
Wheel load

Mass moment of inertia

Gear characteristic value

Service life

Bending moment

Torsional moment

Reference moment

N By~
SRETZS9IIIT

N Fracture cycles

P Power

Pa Friction power related to area (synchroniser)

Pe Effective power at engine output

Pn Average friction work during synchroniser slipping times
Pz Demand power at wheel

0 Lateral force, volume flow

R Reaction force

R, Average peak-to-valley height




Terms and Symbols ' XIX

iG, tot
icG
IM
IN

is
iy

k(v)

Yield point

Tensile strength

Survivability, reliability

Safety factor, locking safety with synchronisers, slip, interlock value
Brake slip

Rear-mounted splitter unit high

Rear-mounted splitter unit low

Drive slip

‘Torque, characteristic service life

Acceleration torque (synchroniser), locking torque (differential)
Load torque

Friction torque (clutch, synchroniser), reactor torque (torque converter)
Torque converter

Torque converter clutch

Revolutions

Total displacement

Moment of resistance, work, usable work, friction work

(Specific) friction work per unit area

Moment of resistance against deflection

Moment of resistance against torsion

Acceleration, axle base

Form parameter, failure gradient, overall length, width, fuel consumption
Size factor

Specific fuel consumption

Surface factor

Fuel consumption per unit of distance
Constant, rigidity, absolute speed

Tooth spring rigidity

Circumferential component of absolute speed
Drag coefficient

Average value of tooth spring rigidity over time
Diameter

Eccentricity

Deflection

Coefficient of rolling resistance

Density function

Acceleration due to gravity

Load cycle

Ratio

Power-train ratio (from engine to wheels)
Final ratio

‘Gear ratio

Overall gear ratio, ratio spread

Constant gear ratio

Centre gear ratio

Hub gear ratio

Moving-off element ratio

Variator ratio

Number of friction contacts

Wohler curve equation exponent
Characteristic value of a torque converter




Uth
Uw
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A(t)

Ho
4G
4H

& e TR

Gear modulus, mass, linear scale (converter) R
Vehicle mass o

Rotational speed, quantity, stress reversals, number of hearines

Engine speed N

Contact pressure, pressure, number of gear pairs

Gradient, surface load

Gradient in %

Radius, degree of redundancy

Dynamic tyre radius _

Travel, gearshift sleeve travel, fin pitch

Root thickness chord

Statistical variable, time

Time without failure

Mean of Weibull distribution

Slipping time, friction time

Shifting time

Gear ratio, circumferential speed

Speed, flow rate

Vehicle speed

Theoretical speed where A = 0

Wind speed ,
Work input, relative wind speed : |
Co-ordinates

Number of speeds, number of teeth, number of load cycles
Number of teeth gear i

Meshing angle, taper angle of a taper synchroniser, viscosity pressure
coefficient ”

Throttle valve angle

Force meshing angle relative to tip edge

Statistical form factor

Normal meshing angle

Gradient angle

Strain ratio

Helix angle at pitch circle, aperture angle of claws

Dynamic beam stress rate ’

Interval, difference

Wear path

Wear

Total contact

Transverse contact ratio

Overlap ratio

Efficiency, dynamic viscosity

Temperature X 1 ;
Performance coefficient (converter, retarder), drive slip, rotational inertia ; ?
coefficient : : ' "
Failure rate

Torque conversion, coefficient of friction

Stall torque ratio

Coefficient of sliding friction

Coefficient of bonding friction
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Speed ratio, kinematic viscosity
Density, angle of friction of the claws
Direct stress

Bending stress

Fatigue strength

Hertzian stresses

. Reference stress

Torsional stress, torque increase with combustion engine
Gear step, bending angle ‘

Basic step with progressive stepping

Progression factor with progressive stepping

Gear step with geometrical stepping

Angular velocity

Nominal or initial state

Pinion (= small gear), input

Wheel (= large gear), output

Atpoint 1,2, 3, ...

Offer, related to area, drive shaft, power train, moving off
Demand, brake

Clutch

Constant gear

Countershaft

Duration, fatigue-resistant, deficit, opening, direct drive
End

‘Excess

Vehicle, root, free-wheel
Gearbox

- Adhesion, main, main gearbox, main shaft wheel, ring gear, high (= fast)
- Input shaft '

Air, load, low (= slow)

At bearing point, at bearing point 1, 2
Engine, motor, model

Main shaft

Rear-mounted range-change unit
Output shaft

Pump, pump wheel, planetary step
Pump test

- Transverse

Reverse gear, roll, slip, friction, wheel, range-change unit, reactor
Roll :

Status, system, splitter unit

Pulsating (strength)

Gradient

Turbine wheel, drive

Torque converter

Curcumterence , :

Front-mounted splitter unit, variator, loss, trial

XXTI -




Reversing (strength) ‘ i

N =

Traction, tensile load, intermediate gear, tooth, opening
a Acceleration, axial, values at tip circle, tip of gear, outlet; external
abs Absolute :
b Bending
dyn Dynamic
e Effective, inlet
- fric Friction
front Front
fuel Fuel
rear Rear
1 Internal, control variablei=1,2,3,...n
id Ideal
in Input
1] At point i, j
] Control variable
k Control variable ‘
kt Beam stress
m Mean, number of stress classes ;
main Main
max Maximum i
min Minimum
n n-th speed, nominal, nominal operating point f
oil Oil
out Output :
perm Permissible
r Radial §
red Reduced
ref Reference
rel Relative
res Resultant
spec Specific
stat Static
t Torsion, time
th Theoretical
tot Total
twist Twist
w _ Reversing, pitch circle
X,Y,Z In x, y, z direction, around x, y, z axis
z Highest speed, number of speeds




1 Introduction

Every vehicle needs a transmission!

1.1 Preface

All forms of motorised transport, including vessels and aircraft, need transmissions to -
convert torque and rotation (Figure 1.1). There are distinctions between transmissions
according to their function and intended use, for example selector gearboxes, steering
boxes and power take-offs. This book deals only with road vehicle transmissions, or
transmissions for vehicles for combined road and off-road use (outlined in bold in Figure
1.1).

Figure 1.2 gives an overview of transmission types in general current use. Further de-
tails are given in Chapter 6 “Vehicle Transmissions Systems: Basic Design Principles”.

The function of a vehicle transmission is to adapt the traction available from the drive
unit to suit the vehicle, the surface, the driver and the environment. The main parameters
are technical and economic competitiveness. The transmission has a decisive effect on
the reliability, fuel consumption, ease of use, road safety and transportation performance
of passenger cars and commercial vehicles (Figure 1.3).

Vehicles
Land vehicles Vessels Aircraft
Road-going Construction Agricultural Tracked and Rail vehicles
vehicles vehicles vehicles special-purpose
vehicles
Exclusively Construction vehicles
on-road use on+off-road use

Transfer boxes

Power take-offs Final drives Differential gears Steering boxes
: Differential locks

Figure 1.1. Definition of the term “automotive transmission” for the purposes of this
book




Transmission types
z-speed-transmissions. Continuously variable
(geared transmissions with z speeds) transmissions
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o o ®
With power interruption Without power interruption (powershift)
Moving off and : v
disengagement with _ Automatic continuously variable moving off
foot-operated clutch . : ;
' Semi- s L :
Manual automatic Automatic Automatic torque and
gearshift gearshift gearshift speed conversion ’t
¢
Figure 1.2. Systematic classification of vehicle transmissions
T

Reliability Economy

Road safety

Service life Fuel consumption Transport capacity

Ease of operation
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100%

Partly developed | Highly developed | Consumer goods

technologies technologies | ——
T - >l /: - -
- Monorail, V/ehicles, Refrigerators,
@ computer gearboxes, binoculars,
@ machine detergents,
g tools, bicycles
5 antifriction
5 bearings
[} ,
(%} .
- Moderate Small... Figure 1.4.

increase Achievable increase
in utility of a product

by additional devel-
opment effort

. Development, production and marketing resources required —
Vehicle transmissions are technically and technologically highly mature mass-produced
products. They are categorised as highly developed technologies (Figure 1.4). One nota-
ble feature is the specific power handling capacity Pgpec in kW/kg of vehicle transmis-
sions, which is more than twice that of industrial transmissions (Table 1.1), despite the
fact that vehicle transmissions have more speeds. But industrial transmissions have to be
designed for longer service life.

There are unlikely to be any further fundamental innovations in vehicle transmission
technology. There is more likely to be a process of gradual evolution. The main trends
are system thinking embracing the factors Environment < Traffic < Vehicle <
Transmission, and greater use of electronics for control and monitoring processes. This
defines the superordinate development goals for vehicle transmissions (Figure 1.5). Their
development has to be fast and market-orientated. There has to be flexibility in adapting
to customer preferences, especially in the case of commercial vehicles. Legal require-
ments also have to be taken into account, such as kW/t constraints and the maximum
permissible noise level. ' :

Table 1.1. Comparison of a vehicle transmission (commercial vehicle) with an industrial

transmission
Number | Ratio | Power Input Volume Specific
Transmission of stages/ i | P(kW) | torque (m3) power
gears T1 (Nm) | Mass (kg) | Pspec (kW/kg)
Industrial use
Two-stage 0.2823 0.479
125 | 330 2100
1 Gear ' 680 100%
Two-stage
or 3-stage | 13.8 0.159 1.06
16 gears |[in1st| 356 ~ 1700
i leveise | yoar 335 2219
gear '
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inaiket-oricnitaicd i . )
‘ requirements
development

Y

Superordinate

Take account of technical
development goals 7<— developments

/ T~_

Optimal conversion of the High reliability, adequate

engine power available: LT :
service life, low noise and

good economy and :
acceleration environmentally sound

Figure 1.5. Superordinate development goals for vehicle transmissions

The main goal when developing a vehicle transmission is to convert the power from the
engine into vehicle traction as efficiently as possible, over a wide range of road speeds.
This has to be done ensuring a good compromise between the number of speeds,
climbing performance, acceleration and fuel consumption of the vehicle. Technical and
technological advances have to be taken into account, as do operational reliability and
adequate service life. It is also essential to have regard for environmental and social
considerations. ' v

Vehicle transmissions always have to be developed within the framework of planning
horizons for new vehicles (Figure 1.6). Transmissions have to be developed or adapted in
parallel with the development phase of a vehicle. This also involves preparing and intro-
ducing new production technologies for mass production.

Development
phase

Production

|Product update

Presence on the road

0 2 4 6 8 10 12 14 16 Years 20

Figure 1.6. Time dimensions and planning horizons in the automotive industry as per [1.1]




1.1 Preface

‘the product IS to be used, apart from just the product. A system overview is essential, and
is presented in Chapter 2.

The critical const'raints fpr the vehicle transmission designer are the vehicle, the
engine and the operating environment. Basic knowledge of these factors is essential for
meaningful development. Chapter 3 highlights the interaction between the power re-
quired and the power available. The first specific development task involving the gearbox
is then selecting the range of ratios, or “overall gear ratio”, to be covered. The function-
ing of vehicle and transmission as a system can then be assessed, and decisions made as
to the number of speeds z, the ratio of the individual speeds, and the resultant gear stages.
Taking into account the operating environment, the designer then has to decide whether
the vehicle has adequate acceleration, the required climbing performance, and the top
speed Umax stipulated in the specification. This also determines whether the transmission
enables efficient motoring, especially in terms of fuel consumption. This issue is ex-
amined in detail in Chapters 4 and 5.

Creative design remains essential, and is now supported by systematic engineering
design. This involves carrying out a functional analysis at the concept stage. Solutions
must be found and assessed for the various individual functions, and then combined to
form an overall solution. The necessary knowledge of vehicle transmission systems is
given in Chapter 6.

Chapters 7 to 11 examine the design and construction of the main components of a
transmission: gearwheels, shafts, bearings, synchronisers, and hydrodynamic clutches
and torque converters. The sophisticated techniques now in use, such as the finite element
method (FEM) and gearwheel calculation to German standard DIN 3990, are not exam-
ined in detail. An attempt is made to describe the fundamentals of design methodology
and engineering processes.

System Y
overview

Engine, vehicle

Testing, and environment
reliability asparameters |
N
Use of computers/ _ﬂ_ T ngrall gear U
1 | : ratio, ratios,

driving simulation

traction diagram

|

|
[

T 11| e I B | Vehicle
Product plannlpg 1 Y1 - — — 1 transmission
and sys?ematlc | , systems

“design L
) 1 -/
Electronics and Design of
information : R main
networking —Examples of vehiclel | components 7-11

transmissions in

Figure 1.7. Map of the processes involved in developing vehicle transmissions,
overview of chapters




Chapter 12 examines the construction of various types of transmission, with a detailed
review of numerous existing designs and key design elements.

INo treatment of the subject would be complete without considering the increasing use
of electronics. Developments are leading to integrated engine/transmission management
(Chapter 13). Electronics is also being applied to assist the shifting process in conven-
tional manual transmissions and in automatic transmissions.

Important development tools for designing vehicle transmissions are dealt with in the
latter part of this book. Product planning, project planning and systematic engineering are
examined in Chapter 14. Chapter 15 considers the use of computer-aided design (CAD)
and driving simulation for optimising transmission design. ,

Product reliability is becoming increasingly important. The customer is principally
concerned with the reliability and service life of the system as a whole. Extensive testing
on suitable test rigs is essential for determining service life and reliability. This topic is
dealt with in Chapter 16. '

A special attempt has been made in this book to show the user how to proceed, and to
provide comprehensive data for practical transmission development work. As DUDECK
has stated, “One of the tasks of engineering science is to refine complicated models to the
point of simplicity”. This book strives towards that aim. :

1.2 History of Vehicle Transmissions

Knowledge of the past and of the state of the Earth
affords the human spirit delight and sustenance
' /LEONARDO DA VINCY/

Applying the lessons of the past! Development engineers and designers should have a
grasp of the historical development of their products. They can then assess what yet
remains to be achieved, and the level of technology represented by current product de-
velopment. Such knowledge complements systematic design (see Chapter 14).

1.2.1 Fundamental Innovations

Fundamental innovations are discoveries, inventions and new developments without
which the existing product could not have been developed. These seminal innovations
inform subsequent discoveries, inventions, new developments and designs, leading to the
creation of new products (Figure 1.8).

The aim of such development processes is to investigate and research certain phe-
nomena to ensure reliable operation of the product. Table 1.2 is an attempt to trace the
development of basic mechanical engineering innovations which lead to motor vehicles
and thus to vehicle transmissions.
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1.2 History of Vehicle Transmissions

Basic innovations for vehicles and vehicle transmissions
examples see Table 1.2

Inventions, new developments and research work
derived from basic innovations

Development steps with vehicles and vehicle
drives: examples see Table 1.3

Development steps with vehicle transmissions:
examples see Table 1.4

Development steps of toothing and other
gearbox components:
examples see Table 1.5

Development steps with hydrodynamic
converters and clutches: see Table 1.6

\/\/;

Investigation of phenomena: examples
see Table 1.7 "Research into transmission
loss phenomena"

Figure 1.8. Products are developed on the basis of fundamental innovations!

Table 1.2. Examples of seminal innovations for vehicles and vehicle transmissions

4000
BC
2500
BC

2000-
1000
BC

500
BC
200
BC
1754

1769
1]04

Mesopotamian vase with a picture
of a cart ' '
Wheels made of two semicircular
wooden discs, presumably with
leather tyres

Spur gears with pin wheel gear as
drive element for water scoops
(Sakie, Figure 1.10), worm gears for
cotton gins

Greek scholars discover the
principles of mechanics

Lever, crank, roller, wheel, hoist,
worm gear and gearwheel are in use
Euler’s law of gears for gearwheels,
involute toothing

Watr Patent for steam engine

Wair Gearbox with constant-mesh
engagement

1829

1877

1885

1897
1905

1907

1923
1925

Stephenson Rail vehicle, steam
locomotive

Otto Patent for 4-stroke gas engine
with compression

Benz Three-wheeler with internal
combustion engine

Bosch Magneto electric ignition
Fottinger Hydrodynamic torque
converter

Ford Mass production of model T;
the passenger car becomes a mass-
produced item

Bosch Injection pump

Rieseler Automatic passenger car
transmission with torque converter
and planetary gear-set




1.2.2 Development of Vehicles and Drive Units

Figure 1.9. Conversion of reciprocating
movement into rotary movement. Twin-
cylinder power unit with opposed pistons
in steam passenger car (CUGNOT, 1725
to 1804)

Table 1.3. Chronological development of vehicles and drive units

5000- First technical inventions known:
500 BC wheel, cart, gearwheel

1500

1690

1769
1784
1800
1801
1801
1814

1817
1832

Diirer Sketch of a self-pro-

pelled vehicle

Papin Designs an atmospheric
steam engine with cylinder and
pistons

Cugnot Steam vehicle with
rectifier transmission

Watt Double-acting steam engine
with rotary movement and flywheel
Trevithick Patent for high-pressure
steam engine

Trevithick Use of steam vehicle to
carry passengers

Artamonow Metal bicycle with
pedal cranks

Stephenson First steam locomotive
Drais Steerable road wheel

Pixii Rotating alternating current
generator

1845
1862

1866

1877

1884
1885

1885

1886

1888
1889

1897

Thompson Invention of the pneu-
matic tyre

Lenoir Double-acting gas piston
engine

Siemens Discovery of the dynamo-
electric principle and design of an
operational dynamo

Otto Patent for four-stroke gas
engine with compression

Parsons Patent for steam turbine
Benz Three-wheeler with com-
bustion engine

Daimler Motorcycle
Daimler/Maybach Four-wheel
motor car’ ,

Dunlop Pneumatic rubber tyre
Maybach-Daimler Steel wheeled
passenger car with open 2-speed
transmission

Bosch Controlled electric
magneto ignition
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1897  Diesel Diesel engine; heavy fuel 1934 Porsche Project draft of the Volks-
engine with compression ignition wagen
1903  Wright brothers Powered flight 1970  Thyssen Henschel Transrapid
1907  Ford Introduction of mass pro- maglev monorail
duction line 1980  France TGV high-speed trains
1926  Gregoire Constant-velocity joint. 1990  Bundesbahn ICE high-speed trains

The Tracta joint opens the door to
mass-produced front-wheel drive

1.2.3 Stages in the Development of Vehicle Transmissions

Gear systems were undoubtedly used more than 1000 years ago to enhance the effec-
tiveness of human and animal effort. Like the bullock gear systems, that are still in use in
Egypt today, the two mating parts interlock by means of wooden pins or teeth (Figure
1.10).

The first drawings of gear systems are from the Middle Ages. Muscle power was
used in the absence of mechanical power. The human “machines” had to do the hard
work. This was the origin of the first “vehicle transmissions”. In Albrecht Diirer’s etching
of a “muscle-powered vehicle” around 1500, the limited human power stroke is con-
verted into propulsive force by means of a thrust crank, a bevel gear and a spur gear
stage.

”
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Figure 1.10. An early gear system! Egyptian water scoop (Sakie) in Luxor,
approximately 2000 to 1000 BC

- Table 1.4 gives examples of the important stages in the development of vehicle transmis-
sions. It shows that all the main elements and design principles for vehicle transmissions
had been developed by 1925. Developments since that date have been aimed at improv-
ing service life and performance, and/or reducing weight and noise, and improving ease
of use. Four lines of development can be distinguishéd (Figure 1.11): '

O mechanical z-speed geared transmission,

O semi-automatic or fully automatic z-speed geared transmission,

O conventional hydrodynamic/mechanical geared automatic transmission,

O mechanical hvdradynamic hydractatic ar electric cantinuanely variable
transmission. '
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Figure 1.11. Development sequence of passenger car and commercial vehicle transmis-
sions. @) Transmission with sliding gear engagement; b) Transmission with constant-
mesh enagagement; ¢) Synchromesh gearbox; d) Torque converter clutch gearbox, semi-
automatic: converter + gearshifting clutch + synchromesh gearbox; e) Transmission with
multipfate clutch shift; f) Transmission with converter and rear-mounted powershiftable
countershaft transmission; g) Hydro-planetary transmission; h) Conventional fully auto-
matic transmission; i) Hydrostatic continuously variable transmission with power split,
fully austomatic; k) Mechanical continuously variable pulley transmission

I O N

Table 1.4. Examples of importantrdevelopment steps in vehicle transmissions

1784  Wart stipulates that steam engines 1821  Griffith 2-speed transmission with |
require additional ratios for road- sliding gears (Figure 1.12) 4 |
going vehicles. 1827  Pequeur First differential in a road-  § i
Watit patents variable-speed gear- going vehicle (Figure 1.12) 1
box with dog clutch engagement 1834  Bodmer Planetary transmission |
and constant mesh of gearwheels with stallable ring gear body using
(Figure 1.12) brake band

) e v e
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1849

1879

1885
1886

1889

1890

1899
1899
1899
1899

1900

1900

1900

1900
1905

1906

1906

1907

Napier/Anderson 2-speed belt
transmission (Figure 1.12)

Selden Patent enclosed sliding gear
transmission with reverse gear and
clutch (Figure 1.12)

Marcus Cone clutch for motor
vehicles ,

Benz Belt-driven bevel gear
differential (Figure 1.12)
Maybach-Daimler 4-speed
transmission with sliding gears .
(Figure 1.13)

Peugeot Complete power train with
sliding gear drive (Figure 1.13)

Buchet Continuously variable belt
transmission with axially adjustable
taper discs

Krauser/Schmidt Continuously
variable friction gear with taper
discs

Darracq - Léon - Bollée 5-stage
variable-speed belt “transmission
gearbox”

Oliverson - Killingsbeck Continu-
ously variable belt transmission
with axially adjustable taper discs -

Reeves - Pulley Continuously
variable belt expanding pulley
transmission with thrust links and
axially adjustable taper discs

Léo 3-speed transmission with face
dog clutch engagement, integral
differential and chain drive reverse
gear ‘

Lang 3-speed geared transmission
with constant-mesh wheels and
draw key shifting

Diamant Speed Gear Company
Helical gear transmission

Pittler Hydraulic drive system with
hydro pump and hydro motor

Renault Pneumatic transmission
with piston compressor and piston
engine

Didier Two-stage planetary gear
transmission with shifting using
brake band and clutch of the plane-
tary gear via friction plate face
clutch

Renault Hydrostatic transmission
with axial pisten pump and axial

piston motor

1907

1915

1925

1925

1926

1928

1928

1929

1931

1932

1934

1939

1939

1042

11

Ford Mass production of the model
T with 2-speed planetary gear
ZF-Soden transmission 4-speed all
constant-mesh transmission with
constant-mesh gearwheels with pre-
selector shifting and with synchro—
nising aids

ZF Commercial vehicle standard
gearbox with spur toothed sliding
gears

Rieseler Automatic passenger car
transmission with torque converter
and planetary gear-set

Cotal 3-speed planetary gear with
automatic shifting via 3 electro-
magnetic clutches

Development of the TRILOK con-
verter — a precondition for modern
hydro-mechanical “conventional”
automatic transmissions

Maybach Overdrive auxiliary gear-
box for reducing engine speed,
shifting by means of override face
clutches, and ground helical cut
gearwheels to reduce noise

ZF Aphon transmission Helical cut
4-speed transmission with multi-
plate synchromesh

DKW F1 with driven front wheels.
Transverse-mounted 2-cylinder
2-stroke engine

Wilson transmission Multistage
planetary coupling gear with identi-
cal ring gears that are alternately
fixed against the housing by means
of brake bands

ZF All-synchromesh gearbox
4-speed gearbox, helical cut, all
speeds synchronised

General Motors Hydra-Matic trans-
mission First mass-produced con-
ventional automatic transmission:
13 million produced; hydrodynamic
clutch, 4-speed planetary transmis-
sion, 2 belt brakes, 2 multiplate
clutches

ZF 4-speed transmission, helical
cut, gearshift mechanism with
electro-magnetic multiplate
clutches

General Motors Dyneaflow-trans.

- mission with polyphase converter
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1950

1952

1953

1953

1958

1961

1961

1962

1962

1962

X S A A e AR T b e S 55 o 5 DA e A

and 2-speed Ravigneaux planetary
gear-set

rackard Uliramaiic transmission
Conventional automatic trans-
mission with torque converter lock-
up clutch, 2-stage 2-phase converter
and 2-speed planetary gear

Van Doorne “Variomatic” Mass
production of continuously variable
V-belt transmission with axially
adjustable taper discs (diameter
adjustment)

Borg-Warner “Warner Gear”
transmission Conventional
automatic transmission with
TRILOK converter and 3-speed
planetary gear-set.

Borgward Automatic transmission
with converter and 3-speed spur
gear drive with electro-hydraulic
shifting

ZF Hydromedia transmission for

buses; 3-speed transmission with
converter and hydraulically acti-
vated multiplate clutches

Smith Magnetic-particle double
clutch with rear-mounted 3-speed
spur gear stage transmission and
electrically activated dog clutches

ZF 3-speed automatic transmission
for passenger cars; converter with-
out lock-up clutch, 3-stage planetary
gear-set and hydraulic control

Daimler-Benz 4-speed automatic
transmission, of 2-range design with
hydrodynamic clutch

ZF 6-speed transmission series for
commercial vehicles; dog clutch
engagement or synchronised;
optional 12-speed version with
front-mounted splitter unit

(2-unit design) '
Eaton 9-speed commercial vehicle
transmission with power split to 2
countershafts for a shorter overall
design length

Commercial vehicle range change
type transmission designs with

9 and more gears, especially with

a rear-mounted range unit of plane-
tary design start to become estab-
lished

1967

1970

1971

1972

1975

1976

1978

1980

1983

1985

1990

1990

1991

VW Semi-automatic transmission -
with torque converter clutch and
sCai-tiouwicd S-specd geaicd
transmission

Various companies develop a torque
converter clutch transmission for
commercial vehicles with a torque
converter lockup clutch and sec-

‘ondary 6-8 speed geared transmis-

sion

Sundstrand “Responder” Mass
produced hydrostatic commercial
vehicle gearbox with power split
through planetary gear-set

Turner Commercial vehicle trans-
mission with output constant gear
and synchromesh on the counter-
shaft to increase service life

Van Doorne Continuously variable
transmission for passenger cars with
steel thrust chain and axially adjust-
able taper discs

ZF 16-speed commercial vehicle
transmission with integral front-
mounted splitter and rear-mounted
range unit

5-speed passenger car gearboxes
with increased overall gear ratio to
reduce fuel consumption become
established

Converter with lock-up clutch in
automatic passenger car trans-
missions

Eaton/Fuller Twin Splitter 12-
speed commercial vehicle transmis-
sion with 4-speed main gearbox and
2 rear-mounted splitter units ’
Porsche Re-discovery of the twin
clutch principle as an automatic
transmission for passenger cars

Mass production of conventional
automatic transmissions with torque
converter, lock-up clutch, five
speeds and electro-hydraulic shift
Voith Continuously variable hydro-
static power split transmission for
buses. Possibility of braking energy
recuperation with energy accumula-
tor

Renewed interest in alternative
power-train concepts: electrical and
hybrid drives
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hil

1784 Watt patent
2-speed gearbox with dog clutch
engagement

1834 Bodmer
Shiftable planetary gear

1879 Selden
Complete vehicle transmission
with clutch, R gear and housing

Around 1885 Marcus
Engaging cone clutch

=
— =

——
=——] e

—=

1821 Griffith
2-speed gearbox with sliding gears

1827 Pecqueur
Differential gear

=l E i =

= gIrr=

1849 Anderson
Shiftable belt transmirssion

_E-___

1886 Benz
Belt-driven bevel gear
differential

Figure 1.12. Early vehicle gear components and mechanisms
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With the development of the steam engine, the need arose ‘to adapt the’engine power

available to the intended use. The first steam-powered vehicles were driven by ratchet
geare (Fionre 1.0V Hicher rating were required to climb gradients than to drive on the
flat. In 1784 JAMES WATT patented the constant-mesh gear with constantly meshing
gearwheels (Figure 1.12), which is still in common use today. The variable-speed
transmission was born. Production of road vehicles only really started several decades
later. The steam vehicle builders EVANS and TREVITHICK, 1801, solved the problem of
torque adaptation, but still by interchanging a gear pair. .

‘There were a number of important inventions as early as the beginning of the 19th
century (Figure 1.12). In 1821, GRIFFITH disclosed the sliding gear transmission system,
which was extensively used as an inexpensive solution into the 20th century. In 1827,
PECQUEUR succeeded in equalising wheel speeds when cornering, by means of a
differential. In 1834, BODMER designed a partial power-shift planetary transmission.
The change in gear ratio is achieved by disengaging the shifting dogs and tightening a
brake band. In 1879, SELDEN patented a sliding gear drive with clutch and reverse gear
as part of an overall patent for a piston engine vehicle.

It is striking that around the turn of the century there was already intensive effort
devoted to the continuously variable transmission, which is ideally suited to the internal
combustion engine. This involved considering not only mechanical solutions, but also
hydrostatic and even pneumatic solutions (Table 1.4). But they did not gain acceptance,
because of their low power rating or mechanical complexity. The hydrodynamic Fot-
tinger torque converter (Table 1.6), invented in 1905 for ship propulsion systems, was not
applied to vehicle power trains until 1925.
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1889 Maybach-Daimler gearbox 1890 Peugeot driveline

Figure 1.13. Early vehicle transmissions

Direct drive was another important development, with which BENZ created the classic
countershaft transmission with coaxial input and output, which remains valid to this day.
It is not yet incorporated in the exemplary 1890 Peugeot power train (Figure 1.13). This -
design of countershaft transmission with direct drive and four forward speeds proved
effective in practice. The basic problems of ratio changing were solved.

Another phase of development started around 1920. In an effort to improve comfort
and ease of use, development effort focused on ground and/or helical-cut spur gears, or
reducing engine speed to reduce noise and make changing gear easier. Another important
breakthrough was the standard gearbox (i.e. gearboxes which are structurally identical or
which vary only in their ratios and connections) to facilitate efficient, cost-effective
production (Table 1.4).
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The first gearshifting aids date from the year 1915. The ZF Soden transmission had
constant-mesh gearwheels, preselector and synchronising mechanisms. This transmission
provided preselection, whereby the driver set a knob on the steering wheel to the required
gear and pressed on the pedal. The clutch disengages. When the shift pedal is released,
the pre-selected gear engages automatically. The advantage of almost effortless shifting
could not make up for the disadvantages, such as the difficulty of adjusting the cable
controls, and the complex gearbox design.

In a General Motors transmission, the shifting action and power transmission was
effected by means of dogs with a taper synchroniser. In 1928, MAYBACH succeeded in
substantially reducing vehicle noise with his auxiliary overdrive and helical-ground
gears, by reducing gear hobbing faults and substantially improving the engine speed. At
the same time the quiet-running ZF Aphon gearbox was produced, with three gears
synchronised with plates. In the ZF fully synchromesh gearbox (1934), all the forward
gears already had taper synchronisers. :

The last striking changes in format without any change in design of mechanical pas-
senger car transmissions occurred after the Second World War, when rear-wheel drive
and then front-wheel drive with transverse engine became more prevalent on the market,
a development which has now penetrated as far as upper mid-size vehicles. The direct
gear and coaxial design were abandoned, and the engine, transmission and differential
were combined in one unit to save space. From around 1978, 5-speed geared transmis-
sions with an increased range of ratios and finer ratio stepping became increasingly
common.

Gear shifting aids, leading up to automatic systems, represent an independent line of
development. From around 1956, Fichtel & Sachs supplied DKW (now Audi) with an
electrically controlled semi-automatic clutch, the SAXOMAT. The system consisted of a
centrifugal master clutch and a vacuum-operated gearshifting clutch. When the gearshift
lever is touched, a vacuum-controlled servo device opens the gearshifting clutch. When
the gearshift lever is released, air is slowly released to the servomechanism through a
nozzle, thus engaging it. Pressing the accelerator pedal increases the flow of air, and thus
the engaging action. This represented a considerable advance in ease of operation com-
pared to vehicles with a foot-operated clutch. In 1967 VW presented a semi-automatic
3-speed torque converter clutch transmission for passenger cars.

H. RIESELER designed an automatic transmission as early as 1925, consisting of a
torque converter and rear-mounted planetary geared transmission, whose main compo-
nents (torque converter with planetary gear shifted by means of clutches and brakes) are
now typical for all automatic transmissions. Rieseler thus made an outstanding contribu-
tion, the advantages of which were not yet recognised by subsequent designers. They
continued to merely replace the mechanical clutches with a fluid clutch. Conventional
automatic transmissions began to establish themselves from 1939, comprising a torque
converter (some with a clutch), three- or four-stage planetary gear-set and hydraulic
control. The first mass-produced transmission of this type was the General Motors
Hydramatic. These transmissions spread rapidly in the USA after the Second World War.
They achieved a market share of around 85%. In Europe, conventional automatic
transmissions still only reach a market share of around 15% even today. In 1953,
Borgward developed the first automatic transmission design in Germany. It had a power-
shift countershaft transmission with a front-mounted torque converter used only for
moving off. After building under licence for some time, Daimler-Benz and ZF launched
their own designs in 1961. Daimler-Benz still had an old design similar to the
Hydramatic transmission, with planetary gear transmission and front-mounted fluid
clutch. These automatic transmissions underwent constant development to reduce fuel
consumption. A torque converter lockup clutch and a fourth and fifth gear to increase the




range and adaptation of ratios became standard.: The introduction of: electrohydraulic.

controls made shifting easier. _

The continuously variable transmission reanpeared 50 vears after the first develon-
ment. The van Doorne Variomatic was developed in 1950, and in 1958 became the first
mass-produced continuously variable transmission. The power was transmitted by rubber
V-belts and V-belt pulleys whose diameter could be varied by axial displacement; the
Variomatic used centrifugal weights and a membrane acted on by vacuum. On the output
side, the pressure is applied by a spring. There is no need for a differential in this design
with two parallel mounted belts. The difference in rotational speed is compensated by
belt slip. The rubber V-belts placed a limit on power. The permissible input torque was
around 100 Nm. The transmission was therefore only suitable for small passenger cars.
Van Doorne then invented the “steel V-belt”. The thrust link chain consists of a steel belt
made up of thin belts, onto which the thrust links are pushed, linked to the V-belt pulleys.
This transmission, developed from 1970 onwards, was ready for use in 1975. It went into
mass production around 1987. This continuously variable transmission with steel link
chain is not yet fully developed. It is hoped to increase its capability to make it suitable
for- mid-range passenger cars. It is not yet clear whether the continuously variable
transmission can really reduce fuel consumption enough to justify introducing it on a
large scale. At all events a variable-capacity pump and axial adjustment of the taper disc
are necessary to improve the lower level of efficiency of such transmissions compared to
toothed gear transmissions. , ' ~

The only difference between passenger car gearboxes and commercial vehicle gear-
boxes until the Second World War was their size. There was then a fundamental change.
Payloads increased as tyres with greater load-bearing capacity were developed, the truck
moved into long-distance as opposed to local haulage, and the motorway network was
expanded, etc., all of which meant a greater range of ratios (i.e. greater overall gear ratio),
and thus higher number of speeds. The development sequence shown in Figure 1.11 also
applies to commercial vehicles.

The development goals for mechanical geared transmissions for commercial vehicles
were firstly low weight (= larger payload), reduced noise and improved ease of use with
the introduction of synchronisers. One particular requirement was long service life of up
to 1 million km. Initially five to six speeds were adequate, although these were fitted with
front-mounted splitter units to give finer grading of the overall gear ratio. The 6-speed
gearbox became a 12-speed gearbox. The increase in specific power output (kW/t) with
commercial vehicles gave rise to the requirement for an increased overall gear ratio.
Transmissions with nine and more speeds were developed. To provide greater economy
or better performance, transmissions with twelve to sixteen speeds became established in
the early seventies for heavy trucks. These were range type gearboxes (see Chapter 6). A
modern 12-speed gearbox of this type is shown in Figure 1.14.

Synchromesh did not establish itself in commercial vehicle gearboxes to the same
extent as in passenger car gearboxes, because of service life problems. But especially in
Europe more and more commercial vehicle transmissions were fitted with synchromesh.
Other approaches to improving ease of operation were also investigated. The SYMO -
selector was developed by Faun and Siemens from 1954 onwards. In this engine-based
synchromesh, the gear is engaged under electronic control at the precise point when the
element to be engaged is synchronised. The accelerator is also controlled by the elec-
tronic system when shifting. In critical situations, such as downhill slopes or on hills, -
equalisation of rotational speed by the engine may not alone be sufficient, or may be
impossible if the electronic system fails, creating a dangerous situation for the driver,
vehicle and load. Since this situation could never be completely excluded, the system
never went into mass production. An attempt was made around 1970 to make commercial
vehicle transmissions semi-automatic by developing torque converter clutch transmis-
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“sions. The combination of a torque converter with a conventional gearshifting clutch and
a 6- to 8-speed transmission made moving off with heavy tractor-trailer units easier. The
torque converter increases the overall gear ratio without requiring more than six to eight
speeds. Although transmissions of this type are in use, they have not proved popular,
achieving a market share of only 1-2%. The reasons are principally the system’s com-
plexity and consequently its price and the increase in fuel consumption.

~ Automatic transmissions have not yet become common in trucks because of the
questions of economy and reliability. Where commercial vehicles are exported to devel-
oping countries, reliability and ease of maintenance are prime considerations. Automatic
transmissions are however standard equipment for city buses (Figure 1.11h). In 1971 the
first production version of a continuously variable hydrostatic power split transmission
(via a planetary gear-set) for city delivery vehicles, the Sundstrand Responder, did not
prove successful, and production was stopped. Continuously variable bus transmissions

were under development (at Voith, Heidenheim) in the early 1990’s, with hydrostatic

units and mechanical power split via a planetary gear, and the possibility of regenerative
breaking. But these transmissions did not go into mass production either. Especially for
city buses, the main thrust of development is currently towards electrical drives combined
with fuel cells. | '

1.2.4 Development of Gear-Tooth Systems
and other Transmission Components

Vehicle transmission components are now themselves undergoing a process of evolution.
We examine below the development of components such as gearwheels, shafts, bearings,
synchronisers and clutches, as well as electronic controls (Table 1.5).

The most important component is the gearwheel. The historical origins of the gear-
wheel cannot be precisely determined. But gear drives were in use at an early stage for
increasing human or animal power, and for exploiting wind and water power. It is reason-
able to assume that the use of wooden gearwheels with crossed axes, like the bullock gear
systems still in use for irrigation in Egypt today, is one of the earliest examples of the use
- of the gearwheel (Figure 1.10). Derivants of this design are mill drives and serial-
- mounted geared drives to achieve greater transmission ratios, recorded in a great variety
- of forms in contemporary drawings. The use of gears for power transmission has been
particularly beneficial too in mining and mill construction. The great artist and inventor,
LEONARDO DA VINCI, laid the foundations for modern machine elements as early as
the 15th century. ,

- The scientific study of gear systems started in the late 17th century with the work of
DE LA HIRE, continued by EULER, WILLIS and REULEAUX. The law of gears finally
formulated by SAALSCHUTZ in 1870 states:

There will be uniformity of transmission of motion between two meshing gearwheels
where the common normal of both tooth curves passes through the pitch point C at
any contact point of the flanks.

The precondition for gear hobbing by machine was the use of mathematical, graphical
methods to create theoretically correct flank profiles. The development of the rolling
process opened the way for industrial gearwheel production (Table 1.5).

Whereas previously pinwheel and cycloid gears were the most important types of
gear, today it is the involute. It can be accurately manufactured and measured because of
its straight flanked tool. which meshes on the base circle. It also has the characteristic of
being insensitive to changes in gear centre distance.




Table 1.5. Chronological development of gear tooth systems and other transmission
components :

- 2000- Spur gears with pinwheel gear, worm 1850  Willis Systematic classification of
1000 gears. Transport of heavy loads on gears: Moduli: possibility of combi-

BC  rollers o ning any gearwheels from the same
230  Philon of Alexandria ' modulus
BC Multi-lever wheel with gearrack 1856  Schiele Hobbing process useable
100 Sun wheels and planetary gears ' with insertion of index gears
BC in the astrolabe of Anticythera - 1857  Application and spread of ball and
1300 Giovanni da Dondi Astronomic roller bearings in bicycles, first
: clock with internal gearing and _ patented cup-and-cone bearing
elliptical gearwheels A 1865 Reuleaux Description of “general
15th C.Idea of helical gears gear hobbing”
~ Sprocket wheels for link chains 1869  Surirey Ball bearing
15th C. Leonardo da Vinci “Book of move- 1872  Wagen-Thorn Cutter shaping method
ment”, “Book of gravity”, “Book of 1876  Reuleaux Line of action
moment of force”, principle of virtu- ‘1881  Hertz Theory of contact and
al speeds, principle of independent pressure of solid elastic bodies;
superposition of movements, princi- Hertzian stress
ple of the potential lever 1882  Bilgram Invention of bevel gear
15th C. Gearwheels for transmitting production
movement in windmills 1883  Petroff - Tower - Reynolds Hydro-
1639  Désargues Cycloid profiled gear- dynamic lubricant film theory in
wheels - plain bearings
1694  De La Hire Founder of gearing 1885 Marcus Cone clutch for auto-
science, point gearing: teeth paired mobiles (Figure 1.12)
with points or journals, involute 1887  Grant Cutter shaping method for
circles helical gears
1733 Camus Pair gearing, teeth paired 1890  Sachs Patent on precision bicycle
with teeth, cycloid toothing ~ wheel hub
1754  Euler Involute toothing - 1895 Maybach Gate shift for automotive
1765  Euler Curvature centre-points transmissions, grouping speeds in
1780 Wasborough/Pickard “gates”
Thrust crank transmission 1897  Pfauter Universal gearwheel milling
1820  Axial ball-bearing with cage as machine for spur gears, worm gears
bearing for castors and helical gears
1820 Tredgold Validation of gearwheel 1902  Stribeck Work on the chief characte-
strength calculation ristics of plain bearings and roller

bearings
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1903  First deep groove ball bearing 1934 Determination of module series
1907 SKF Self—ahgmng ball bearing 1938  ZF Introduction of lock synchroniser
1908 Norma First useable cylindrical 1956  Fichtel und Sachs Saxomar Electri-

roller bearing

cally controlled semi-automatic
1912 Humphrie Synchromesh to make

clutch comprising centrifugal master

changing gear easier clutch and vacuum-activated gear-
1915 Maag Gear grinder shifting clutch
1916 v. Soden Patent application for 1955  Novikov Round-flank toothing for
synchromesh unhardened spur gears
1925  Gleason Hypoid gear } 1983  Free tooth formation according to the
1927  ZF Bevel grinding law of gears using numerically

1930  Palmgren Method for calculating
anti-friction bearings based on the
concept of service life

controlled gear hobbing machines

Other important transmission components such as ball-and-roller bearings, clutches and
synchronisers were then developed in the second half of the 19th century and the early
20th century. :

It should finally be noted that as a means of converting torque and rotational speed,
toothed gearing has a better power/weight ratio than other converters such as belt or
chain drive, hydrodynamic or hydrostatic transmission or the electric motor.

1.2.5 Dev_elopment of Torque Converters and Clutches

The individual components of the automatic transmission were initially slow to develop,
but then proceeded very rapidly, considering the complexity involved.

The foundations were laid by H. FOTTINGER when he applied for a patent for a
torque converter in 1905, and some time ‘later for a hydrodynamic clutch. FOTTINGER
had designed this torque converter for use in ships, and never considered its use in auto-
mobiles. The development of the torque converter is a good example of the systematic
development of a transmission component (Table 1.6 and Chapter 10). '

Table 1.6. Chronological development of torque converters and clutches, and their use
in conventional automatic transmissions ' : '

1900 Steam turbines start to replace steam 1910 German Patent No. 238804 for hydro-
engines. Ship propulsion systems dynamic clutch = converter without
require a reversible reduction gearbox reactor
approx. 1:4 for several 1000 hp 1917 Gearwheel transmissions catch up
between the turbine and the propeller with and displace torque converters in

marine engineering. But the signifi-
cance of the hydrodynamic clutch

1902 Fortinger is commissioned by the
“VULCAN?” shipyard in Szczecin

where he works to study this problem; continues to increase
the largest gearwheel transmissions 1925 Rieseler, a colleague of Fottinger,
deliver only 400 hp constructs and tests an automatic
1905 Fottinger’s patent specification on 24 vehicle transmission with torque
June, with the basic idea of hydrody- converter and planetary gear unit
namic power transmission. Integra- - 1928 The TRILOK consortium in Karls-
tion of pump and turbine to reduce ruhe (Spannhake, previously a col-
lesser, Cenman Tatent Mo, 221122 league of Téttinger, Kluge and van

Sanden) develop the Trilok converter.




B.oth.phases run in a single fluid 1961 The first in-house development by
circuit, first the torque phase Daimler-Benz. Hydrodynamic clutch
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Vmax = 0.5--0.9) aud thea e uich willisear-niounied 4 specd 2 unit

phase (77nax = 0.98) planetary transmission

1939  General Motors develops the first 1963 3 HP 12 from the gear manufacturer
mass-produced (10 million) fully Zahnradfabrik F, riedrichshafen AG:
automatic vehicle transmission, the Trilok pressed-steel converter with
Hydramatic, with hydrodynamic rear-mounted 3-speed Ravigneaux
clutch planetary gear-set

1948 Dynaflow transmission by GMC with 1965 Trilok converter with lock-up clutch
4-phase torque converter for commercial vehicle torque con-

1955 Borgward builds the first automatic - verter clutch transmission. Cast
mass-produced transmission in pump, pressed steel turbine
Germany, with hydrodynamic 1980 Trilok converter with lock-up clutch
converter with lock-up clutch and for automatic passenger car trans-
rear-mounted 2-speed transmission mission '

As an electrical engineer, FOTTINGER recognised the potential of combining a hydrody-
nalr;lic prime mover (pump) and machine (turbine), and initially developed them theoreti-
cally. , A
Thus it was almost two decades before the first attempts to use Fottinger torque con-

verters and clutches for a vehicle transmission. The Trilok converter was produced by
SPANNHAKE, KLUGE and VAN SANTEN, and combined the benefits of the torque con-
verter with those of the more efficient clutch. By mounting the reactor in the housing by
means of a freewheel unit, the reactor runs freely when the moment of reaction is re-
moved, i.e. at the precise point when the output torque falls below the input torque. The
torque converter becomes a clutch, and can thus exploit the high level of efficiency of the
fluid clutch in the high speed range. This combination has long since established itself in
conventional automatic transmissions world-wide. In 1925 RIESELER recognised the
potential of the torque converter as a device for moving off and limited torque conversion
in automatic vehicle transmissions. The pump and turbine have recently been fitted with
a lockup clutch in the main driving ranges to bypass the slip necessary for power trans-
mission in the Trilok converter.

1.2.6 Investigation of Phenomena: Transmission Losses and Efficiency

The successful and reliable application of vehicle transmissions requires the investigation
of a great variety of phenomena. Hertzian stress, tooth root strength, elasto-hydrody-
namic lubrication and serviceability are just a few examples.

Let us take the phenomenon of friction as an example of historical development.
Friction generates heat in a transmission. Friction arises where tooth flanks and bearing
parts have rolling or sliding contact from shifting and from circulating, flowing oil.

The generation of heat in transmissions therefore soon became a matter of concern.
The importance of determining transmission losses (toothing, bearing and churning
losses) increased. The question of the friction coefficient along the contact path became
acute. Understanding the efficiency of the transmission, and its relation to design, load
and speed of rotation is important in terms of fuel efficiency. The investigation of these
phenomena is shown in Table 1.7.




1.2 History of Vehicle Transmissions

Table 1.7. Chronological development of research into transmi

1869
1883
1886
1911
1946

1954

1960

1965

1.2.7

Reuleaux First formulations to
determine frictional work losses
Ernst Losses in spur gears and
perpetual screws

Lewis Measurement of efficiency of
worm gears v
Rickli/Grob Measuring loss in
transmissions with a torque test rig.
The reading is the actual loss, and no
longer the input and output power
Hofer Approximation formula sup-
ported by measurements for calculat-
ing the efficiency of a gear stage
Niemann develops a formula for
calculating efficiency

PV
=R

LD
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Niemann, Ohlendorf Systematic
experiments and calculations to deter-
mine transmission losses. Gear losses
in the mixed friction area (power loss
through dry.friction), information on
churning losses and bearing losses

Hill investigates the connection
between gearing geometry and
efficiency; he calculates the trans-
mission efficiency at a constant
average coefficient of friction

Overview

1967

1971
1972
1975
1980
1982
1985
1988

1990
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ssion loss phenomena

Lechner Scuffing resistance with
Spur gears made of steel. Heat genera-
tion in gearwheels. Investigation of
the phenomenon of gear scuffing as a
function of gearing geometry and
operating conditions

Duda Detailed analysis of the influ-
ences of tooth geometry on efficiency
Schouten Rolling, sliding action as
elasto-hydrodynamic problem
Rodermund Elasto-hydrodynamic
lubrication with involute gearwheels.
Losses with variable coefficient of
friction along the contact path
Lauster Investigation and calculation
of the thermal economy of mecha-
nical transmissions

Walter Investigation of splash lu-
brication of spur wheels at circum-
ferential speeds of up to 60 m/s

Funk Heat dissipation in transmis-
sions under quasi static operating
conditions

Mauz Hydraulic losses of spur gear
systems at circumferential speeds of
up to 60 m/s

Greiner Investigation of lubrication
and cooling of injection-lubricated
spur gear systems

The history of the development of vehicle transmissions can be divided into four stages.

Circa 1784 to 1884 Recognition that the torque/speed characteristic of steam engines
and internal combustion engines in vehicles had to be adapted to
the load by means of a transmission in order to extract the maxi-
mum power. The first solutions were variable-speed transmissions

Circa 1884 to 1914

with sliding or constant-mesh gears.

Search for the correct torque/speed conversion principle. A great
variety of transmission designs were tried in addition to toothed
gearing, such as chain, belt and friction gears, electric, hydraulic
and even pneumatic transmissions, geared transmissions and espe-

cially contirmonsly variable frangmiscione were trind. Fach frans-

mission design was specially tailored to a particular vehicle.
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Circa 1914 to 1980 Geared transmissions becameé popular because of their high power/ IS AN
- weight ratio. The idea of a standard gearbox that can easily be
adapted for use in dilferent vehiclos becaine eotablishicd. Thoir de-
velopmept ha}s continued through the subsequent decades up to the
present tlme In terms of service life, reliability, noise level and ease |
of. operation (synchromesh, conventional automatic transmission : |
sh'1ft1_ng with uninterrupted traction, semi-automatic transmission, S
with electronically controlled shift control). The number of speeds
and overall gear ratio steadily increased. >
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Figure 1.14. Modern 12-speed commercial vehicle transmission ZF-AS TRONiC 12 AS
1800. Double countershaft type, three-range transmission (2x3x2). Maximum transmis-
sion input torque Tj = 1850 Nm; overall gear ratio iG_ ot = 15.8

Circa 1980 to date Development effort is aimed principally at increasing fuel effi-
ciency. Introduction of geared transmissions with five to six speeds
for passenger cars, and twelve to sixteen speeds for trucks (Figure
1.14), and the greatest possible overall gear ratio. Various degrees
of automation for manual gearboxes with power interruption are
under development and coming onto the market for cars and com-
mercial vehicles. Conventional automatic transmissions also ac-
quire more speeds. Their torque converter is fitted with a lock-up
clutch. There is a renaissance in the development of continuously
variable transmissions for low- to medium-powered passenger cars.
Work is carried out on engine/transmission management to mini-
mise fuel consumption and emissions. Intensive effort is again de-
voted to alternative power-train designs with electric motor drive or
hybrid drive.




-2 Overview of the Traffic — Vehicle — Transmission

System

Communication and mobility are essential
to all human communal interaction! /WALTER KOCH, 1980/

2.1 Fundamental Principles of Traffic and Vehicle Engineering

Traffic and traffic engineering are closely and fundamentally interrelated with the econ-
omy as a whole. The basic economic function of transport processes is similar to that of
money, without which a modern economy, based of the division of labour and with com-
plex system processes, cannot function (Figure 2.1).

Vehicle transmissions are embedded in the “road traffic” transport system as a sub-
system characterised by the following parameters:

Man & Vehicle < Road & Traffic <& Cargo .

This formulation contains a conflict of interest (Figure 2.2). Increasing one’s own quality
of life is beneficial for the quality of life of society at large only in the short term. If each
individual seeks to improve her quality of life without regard for others, the quality of life
of the society in which she lives will suffer. This conflict of 1nterest is starkly illustrated
by the current problem of traffic and environment.
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On the subject of the Rodd Traffic Transport System, H. J. FORSTER writes as follows
[2.2]: ’

“Since MAN, with all his wishes and needs, far outweighs all dther interests, optimising the
system is not necessarily the same thing as optimising transportation performance. People using
the traffic system also suffer from its ill effects, both as motorists and as citizens. Classic
measures of transport effectiveness, such as transportation volume (passenger kilometres), and
the cost and speed of travel, should therefore become secondary considerations. Priority has to
be given to more complex human criteria such as journey quality, hurman satisfaction, and
especially environmental impact. For goods traffic, economic factors such as-transportation
volume (tonne-km), transport costs (cost per tonne-km) and journey speed (km/h) contirnne—to
outweigh considerations of social and environmental impact.”

2.1.1 The Significance of Motor Vehicles in our Mobile World

Mobility is an ancient basic human need. There are two factors influencing human choice
of means of transport. One is actual satisfaction of objective needs, such as transportation
performance, door-to-door access, and attainability of the destination. The other is satis-
faction of putative subjective needs such as comfort, convenience, and freedom to decide
the mode, destination and timing of the journey. Individual mobility by motor vehicle is

also an expression of the freedom enshrined in our social order. Individual traffic is sto--

chastic; it is neither determinable nor susceptible to a planned economy. Public transport
is determinable. Its use can be planned.

HELLING [2.3] proposes sketching situations and development goals for road traffic
by considering it as a black box (Figure 2.3) and comparing inputs and outputs. This sim-
plified view represents the task as achieving the desired transportation output with the
least negative side-effects and input of resources. The resources required to manufacture
motor vehicles are shown as ambivalent to the extent that they contribute to adding value
and creating jobs (Figure 2.4).
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The motor industry is of enormous economic significance, both in terms of employment
and in terms of satisfying human needs. For example in Germany approximately one in
seven of the population earns his living from the automobile industry! The turnover of
the vehicle industry is in Germany twelve times that of the machine tool industry. For a
“company producmg predominantly motor vehicles or products for the motor vehicle
i re is no other product with the same production volume to provide anything
like as many jobs..The motor vehicle has acquired great significance for the individual
human being, and should serve to improve his quality of life.

There is no alternative to the motor vehicle industry in sight! The trend to the auto-
mobile continues despite impending gridlock (Figure 2.5). There is no alternative system
available or under development to indicate that the motor vehicle could be displaced in
the foreseeable future. ’

Vehicle parts, — -
6.5% accessoFr)i s ‘ 10% :Vlotor vehnc@
s ' ndustry
| fittings :
/ i VA Vehicl
) ey
17% | haulage, : :
taxi
B t Filling stations,
10% | garages,
vehicle dealers

services

Insurance,
2%, | banking,

Public administration
1.5% | (registration, road

traffic police)

Jobs dependent on the - | Refining, steel industry, etc.
Ger?nanpmotor vehicle industry: 46.5% | (as required for motor vehicle
4.2 million approx. | industry)

Figure 2.4. Breakdown of jobs dependent on the motor transport industry in Germany
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Vehicle ownership: Inhabitants per vehicle

There is an upsurge of entrepreneurial spirit in the railways, with high-speed trains and
rail trailer shipment for long-distance haulage representing steps in the right direction.
But for the time being the motor vehicle fulfils the basic human need for mobility, and
also enables door-to-door transport of people and goods. The motor vehicle plays a domi-
nant role in both passenger and goods transport. The various types of vehicle are shown
in Figure 2.6.

Road vehicles

Other road vehicles Motor vehicles Motor vehicle
: » | trailers and
| ﬁ I semi-trailers
Motorcycles Automobile |
Motorcycle ]
Motorcycle with ! '
side car Passenger Commercial Road Train
Motor scooter car vehicle
Power assisted Saloon Truck, Motor bus Towing with
bicycle Estate Tipper truck traile
Sports Tractor Truck train
Convertible Fire-fighting appliance  Articulated truck

Figure 2.6. Classification of road vehicles and motor vehicles to German standard
DIN 70010

Statistics confirm the relentless rise of the road transport! Environmental destruction and
the threat of gridlock fail to deter, given the overriding desire for mobility. Since 1946
the number of motor vehicles in the world has increased at the rate of 10% per year
(Figure 2.7).

The average annual rate of increase in Germany durmg the period 1907 to 1990 (Re-
unification) was 9%, despite the slump caused by the World Wars (Figure 2.8). During
the same period, the number of motor vehicles per head of population increased from
0.00044 to 0.52345. Thus by 1990 roughly 1 in 2 inhabitants in Western Germany owned
a motor vehicle (Figure 2.9).
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8. Growth of the number of vehicles in Germany [2.5]

Even with intensive promotion of mass transit facilities, the demand for motor vehicles
will probably continue to increase, especially in Eastern Europe and in developing coun-
tries, although not at the rate that has pertained in industrialised countries. It is therefore
important that vehicles exported to and produced in these areas are as efficient and eco-
nomical as possible.
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The prognosis for the Road Traffic Transport System is thus:

There will be no long-term challenge to the pre-eminence of the motor-vehicle, despite
some shifts within some areas of transpQrt. Road transport meets the-demand for personal
mobility and flexible movement of goodsyand infrastructure-spending will permit only
gradual change because of the complex establis Cture of traffic systems [2.2].

2.1.2 Trends in Transport Engineering

Transport is the sum of all the processes serving to overcome constraints of distance,
including relocation of people, goods and information. The environment of vehicle trans-
missions as a product is determined by the transport system. There are five categories of
transport:

O local transport: urban transport,

O regional transport: transport in conurbations,

O transport between conurbations: long-distance transport,
O continental traffic: long-distance transport,

O inter-continental transport.

As regards passenger car and commercial vehicle gearboxes, a useful distinction can be
made between local and long-distance transport; in the case of buses there is a threefold
distinction between urban, local and long-distance traffic (coaches). This transport struc-
ture in turn influences the design and development of vehicle transmissions.

The factors relating to transport performance are specified in Table 2.1. The most
striking figures are the level of vehicle ownership, and passenger kilometres and tonne-
kilometres per year as measures of passenger and goods transportation performance.

Haulage performance is the measure for goods transport (Table 2.1/5b). The gradient
of increase of specific transportation performance has always been greater than the gradi-
ent of population growth throughout all stages of the historical development of road
transport, i.e. the per capita consumption of goods and the haulage distance have always
grown more rapidly than the population.
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“Table 2.1. Measures of transportation effectiveness-

HER FINREL:
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Name Definition Calculation Unit

1. Vehicle .

‘ . Total number of vehicles .
R;)‘%Iatlon circulating in a region or state mvp Motor vehicle

2. Level of ve- | Number of vehicles per head i
hicle owner- | of population in a region or MVO= MvP M
ship MVO state ' Inh Inhabitants

3. Total \ ’ o n

Number of vehicle journeys Journeys
volume of . . ; VT = Y fi=>TF SRS
traffic VT in a particular period i; ! E‘I ! Year

sa. E:fsf;enger Number of car and bus VTp = Zfi + Z fi Journeys
VTp trips in a particular period i€lcar i€ lBus Year
3b. Individual | Nymber of car trips in a VTin = X fi Journeys
traffic articular period n '
VTIn p P i€ lcar Year
3c. ?of?%s Number of truck trips in a Vg = 2 fi Journeys
rat particular period : Year
VTg i € lcom. veh.
4. Transport Wei fi
ght of transported _ tonne
volume - - : V=), Y. gk
ods in a particular period
TV g° particuar peno i€ lcom.veh. k=1 Year

5. Total trans- | To r of km travelled 3 é km
portation per-4by all vehicles in rticular TP = Sik
formance/?l{ period & s 1' Year

5a. Passenger | Km travelled by passenger fi Pk

vehicles multiplied by the TPp = 2 zsik Pik i

number of occupants " e lggrutpus k=1 Year

| 5b. Goods Km travelied by goods f .
traffic vehicles multiplied by the TPg = Z Zsik Oik tonne-km

TPg weight of the load i€ Icom. veh. k=1 Year

6. Total spec. Transportation performance fi km
transportation| as above, but related to the TPspec =2, 2.5k |Inhabit. x Y
performance | number of inhabitants ' Inh 'y 21 nhabit. x Year

7. ;Il'ransport Effective volume per hour T m

ow of a traffic conduit F h
TF '

8. Specific Transport flow related to the TF m
transport flow | cross-sectional area required TFspec = — —
TFspec by the traffic conduit A h

Observations: Time interval considered At=1 year

MVP : Motor vehicle i € 1, ..., MVP=1where I =lg, U lgys'’ lcom. veh.

Inh :Inhabitants j € 1, ...., Inh

: Number of trips of the i-th motor vehicle /At ke 1,..., fi

sy :Journey length of the k-th journey of the i-th vehicle
py - Number of people of the k-th trip of the i-th vehicle
gy - Weight of the load of the k-th trip of the i-th vehicle




The trends in modern transportatlon engineering relate to the solutron of four main prob-
lems: -

O satisfying all transport needs,

O reducing the environmental impact of transportation,

O reducing primary and secondary energy consumption,
O exploiting the potential of electronic communication.

The various means of transport such as road, rail, canal and pipeline can be categorised
accordlng to their purpose or their technology. A transport system consists of:

O means of transport: -
— transport medium (vehicle),
— transport infrastructure (road, track, and rail),
O transport organisation (operational control, administration).

Vehicle transmissions are thus components of a transport system. The factors affecting
this system are environmental constraints, market needs, leglslatlon and individual cus-
tomer requirements.

2.1',3 | Passenger and Goods Transport Systems

The purpose of transport engineering is to develop and provide dependable, acceptable
transport systems.

A distinction is made between passenger and goods transportation. The most impor-
tant means of transport for passengers are walking, bicycle, motorcycle, private car, taxi
(passenger car on demand), bus, railway, aircraft and ship. Roller-skates and walkways
can be added to the list as exotic items.
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Figure 2.10. Growth of passenger traffic in Germany
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Figure 2.11. Comparison of passenger transport supply and demand related to length of
journey [2.3]

Figure 2.10 shows that the largest share of passenger traffic is carried by the passenger
car, far exceeding passenger transport by bus and by rail. If length of journey and
transportation performance of the various means of transport are compared (Figure 2.11),
it is evident that there is a transportation shortfall in the range 1-10 km and in the range
100-1000 km.

Figure 2.12 shows the travel times for various means of passenger transport related to
length of journey. For short passenger trips, the passenger car and taxi are the fastest
means of transport.
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- Figure 2.12. Local passenger traffic journey times [2.3]
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Figure 2.13. Traffic distances: Diagram of a goods transport chain

Because of their lower average speed, scheduled service buses are significantly slower
than high-speed urban trains, given the same idle time. For longer trips of around 17 km
and more, high-speed urban railways offer shorter travel times than passenger car or taxi.

There are five different means of transport for goods: ‘

O railway, _

O commercial vehicle (road transport),
O ship (canal, sea freight), '
O aircraft (air freight), '

O pipeline.

These means of transport often form a transport chain (Figure 2.13). New approaches are
urgently needed to reduce the amount of goods traffic on the roads. These means of trans-
port can be compared by various features such as speed of transport, transport flow, space
requirement, and transport flow related to space requirement.

Means Transport | Transport| Profile Specific

of | Cross-sectional | Speed flow surfacel  ransport flow
trans- profile 5 '

port , v (kmh) | TF (m%h) | A(m?)| TF. = TF/A(m/)

spec

Rail-
way

50 20000 | 37 541

Motor-| |mEg px -
way | |EJE || 50 | 14500 | 115 | 126

Canal 12 | 6250 | 470 | 13.3
Pipe- 72 | 2850 | 0.4 | 7125
line

Figure 2.14. Comparison of goods transport alternatives: rail, motorway, canal, pipeline
[2.4]
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If these various means of transport are compared in terms of transport speed and transport
flow (Figure 2.14) the railway emerges as particularly effective, followed by the truck.
The pipeline does not fare well in this comparison. The relative transport flow offers an
interesting comparison, showing how well utilised the transport facility is relative to the
cross sectional area it requires. On this measure the pipeline is well in the lead, followed
by the railway and motorway. Canal navigation emerges unfavourably from this com 1
SOn.

Figure 2.15 shows the efficiency of various means of transport. The relationghip be-
tween overall weight and payload is best with the pipeline, followed by the barge, rail-
way and truck. The payload ratio is much less favourable for aircraft. '

8
[l Pipeline 6.7
Barge
g° ’ -
> 4 Railway 7 LA
9 L
3 = Truck —
24 |
2 [} Aircraft
& q>)
0
i A Figure 2.15. Relationship between total weight and payload for various means of transport

[2.4]

a Commercial vehicles carry most of the annual volume of goods traffic (Figure 2.16), with
rail and barge well behind. There is no immediate prospect of sufficiently expanding rail
} § freight to noticeably relieve the burden of goods traffic on our roads.
8 A key feature for a goods transport system is door-to-door access — enabling goods to
* be transported by the same means of transport without transhipment. The reason for the
enormous increase in the number of trucks is door-to-door transport, speed and economic
efficiency, and just-in-time delivery to assembly lines. Transport systems have to be as-
sessed on the basis of satisfying transportation needs, environmental impact, and energy
efficiency. First of all certain structural adjustments have to be made. In particular road
and rail must be treated equally in financial terms. In this respect rail is at a disadvantage
to road traffic. Using the road as a cheap storage facility in the just-in-time system of de-
livery is not economically viable in the long term. It contributes to traffic congestion.

L B TS

2.1.4 Alternative Transport Concepts

Innovative mass transit systems have been under consideration since around 1960. There
is a distinction between local transport within conurbations, and high-speed links for
easing the burden of long-distance traffic on the roads. Prototypes of such concepts aie in
existence, some of them using new technologies such as maglev or air cushion technol-
ogy. Some experimental tracks have been constructed.
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