AL TECHNOLOGIES 1N THE SHAPING OF THE MODERN WORLD, 1514 70 1945

ELECTRIC

\ '. ‘wr
| \ %
] 1 | ] IlI
. Fl "-._ _:!!|._ .H: . '|I p
i HER ) .

2 4 i
H\ |

\

l | FREDERIK

L NEBEKER
| #

SIWILEY QIEEE




Dawn of
the Electronic Age



IEEE Press
445 Hoes Lane
Piscataway, NJ 08854

IEEE Press Editorial Board
Lajos Hanzo, Editor in Chief

R. Abari T. Chen B. M. Hammerli
J. Anderson T. G. Croda 0. Malik

S. Basu M. El-Hawary S. Nahavandi
A. Chatterjee S. Farshchi W. Reeve

Kenneth Moore, Director of IEEE Book and Information Services (BIS)
Jeanne Audino, Project Editor

Technical Reviewers
James Cortada, IBM
Bill Ruck, Broadcast Engineer



Dawn of
the Electronic Age

Electrical Technologies in
the Shaping of the Modern
World, 1914 to 1945

Frederik Nebeker

IEEE History Center
Rutgers University

Celebrating 125 Years
of Engineering the Future

$WILEY

A John Wiley & Sons, Inc., Publication



Copyright © 2009 by Institute of Electrical and Electronics Engineers. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form
or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee
to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400,
fax (978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission
should be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street,
Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/
permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best effects
in preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be
suitable for your situation. You should consult with a professional where appropriate. Neither the
publisher nor author shall be liable for any loss of profit or any other commercial damages, including
but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print
may not be available in electronic formats. For more information about Wiley products, visit our web
site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data is available.

ISBN: 978-0-470-26065-4

Printed in the United States of America.

10987654321



Contents

Introduction 1

9.

10.

The Great War and Wireless Communications
Electrical Technologies in Total War
Electrification in the Interwar Period

The Jazz Age and Radio Broadcasting

Postwar Recovery and the Great Depression:
Electrical Technologies in Industry and Commerce

Electrical Technologies and the Consumer Culture

Communication Technologies in Democratic and
Totalitarian Countries

Electrical Engineering in an Age of Science
World War II and Electrical Technology

Radar, the Weapon That Decided the War

Conclusion: Dawn of the Electronic Age 469

Notes on the Illustrations 477

Sources 479

Index 513

11

47

83

121

179

229

279

321

359

413



Detailed Contents

Introduction 1

1. The Great War and Wireless Communications

11

1.1

1.2

1.3

1.4

Land-Bound Communications 11

1.1.1 The Battle of Tannenberg and the Electron Tube 11

1.1.2  The Telegraph 15

1.1.3  The Telephone and the Battle of Neuve Chapelle 17

1.1.4  Ground Telegraphy 20
Communication Through the Ether 21
1.2.1  Origins of Wireless Telegraphy 21
1.2.2  Wireless at Sea 24

1.2.3  Wireless on Land and in the Air 26
Eavesdropping 30

1.3.1 Military Intelligence 30

1.3.2  Cryptology and the Zimmermann Telegram 34
The Art and Science of Radio 37

1.4.1 The Manufacture of Electron Tubes 37
1.4.2  The Science of Electron Tubes 40
1.4.3 Radio Engineers 43

2. Electrical Technologies in Total War

47

2.1

2.2

23

Remote and Automatic Control 47

2.1.1 The Battle of Jutland and Electrical Technology at Sea
2.1.2  Fire Control and Analog Calculation 51

2.1.3  Gyroscopic Control 54

2.1.4 Sound Ranging and Other Systems of Control 58
Military Research and Development 62

2.2.1 Research Against the Submarine Threat 62

2.2.2 A War of the Engineers 66

2.2.3 Institutionalizing Military R&D 69
Mobilization for Total War 72

2.3.1 A War of Attrition 72

2.3.2 Electrical Technology and Mobilization 75

2.3.3 The War for Minds 77

2.34 The Legacies of World War I 78

3. Electrification in the Interwar Period

47

83

3.1

Lenin’s Program of Development Through Electric Power

83

3.1.1 “Communism is Soviet Power Plus the Electrification of the

Whole Country” 83

vii



viii

Detailed Contents

3.1.2 The State Adopts an Electrification Plan 85
3.1.3 Engineers Gain in Status 87
3.2 Generators, Power Lines, and Motors 88
3.2.1 Generating Electric Power 88
3.2.2 Transmitting Electric Power 90
3.2.3 Using Electric Power 92
3.2.4 Interconnecting Power Networks 94
3.3 Power Engineering 97
3.3.1 The Science of Power Engineering 97
3.3.2 Network Analyzers 99
3.3.3 The Business of Power Engineering 101
3.4 Technology Transfer to the Soviet Union 102

3.4.1 Transfer of Technology from One Country to Another 102
3.4.2 The Soviet Context 104
3.43 The GOELRO Projects 105
3.4.4 Soviet Electrification in the 1930s 107
3.5 Worldwide Dissemination of Technology 109
3.5.1 Third World Industrialization 109
3.5.2 Electrification of Brazil 110
3.5.3 An International Arena for Power Engineering 114
3.6 Rural Electrification 115
3.6.1 The Soviet Countryside Electrified 115
3.6.2 The Tennessee Valley Electrified 117
3.6.3 Rural Life Transformed 118
4. The Jazz Age and Radio Broadcasting 121
4.1 Radio in the Twenties 121
4.1.1 The Battle of the Century 121
4.1.2 The Radio Craze 123
4.1.3 Sports, Music, and Drama 125
4.1.4 Ballyhoo, Politics, and Religion 128
4.1.5 Synergy of Radio and Culture 130
4.2 The Establishment of Broadcasting in the United States 132
4.2.1 Radio Amateurs 132
4.2.2 The Formation of RCA 134
4.2.3 The Beginning of Regular Broadcasting 137
4.2.4 Advertisements and Networks 138
4.2.5 Government Regulation 142
4.3 The Establishment of Broadcasting in Other Countries 143
4.3.1 The British Broadcasting System 143
4.3.2 Broadcasting in Other European Countries 146
4.3.3 Broadcasting in Asia, Africa, Australia, and the Americas 148

4.3.4 International Cooperation 151
4.4 Radio Engineering 152

4.4.1 Electron Tubes 152

4.4.2 Edwin Howard Armstrong 154



4.4.3 Interference 156
4.4.4 Advancing the Radio Art 158
4.5 How Good is this Radio? 161
4.5.1 Quantification in Radio Engineering 161

Detailed Contents

4.5.2 Standardization of Measures of Receiver Performance 165

4.6 Radio’s Golden Age 168
4.6.1 A Radio in Every Home 168
4.6.2 The Expansion of Programming 171
4.6.3 Educational and Other Uses of Radio 173
4.6.4 The Social Impact of Radio 175

. Postwar Recovery and the Great Depression: Electrical

Technologies in Industry and Commerce

ix

179

5.1 Electrifying the Factory 179
5.1.1 Electric Motors in Manufacturing 179
5.1.2  Electrochemistry and Electrometallurgy 181
5.1.3  Electrification of Industry 184
5.1.4 Electrical and Electronic Control of Machines
5.1.5 Mass Production and Popular Culture 194
5.2 Processing Information 196
5.2.1 Information-Intense Businesses 196
5.2.2 International Business Machines 201
5.3 Electrifying Transportation 206
5.3.1 Streetcars and Subways 206

187

5.3.2 The Diesel-Electric and Turboelectric Drives 207

5.3.3 Automobiles, Aircraft, and Elevators 210
5.3.4 Control in Transportation 213

5.4 Fostering Economic Growth 217
5.4.1 Postwar Recovery and Electrification 217

5.4.2 New Products and Industrial Research-and-Development 221
5.4.3 The Great Depression and the Economic Infrastructure 225

. Electrical Technologies and the Consumer Culture

229

6.1 Electricity in the Home 229
6.1.1 Electric Lighting 229
6.1.2 The Modern Kitchen 234

6.1.3 Cleanliness and Comfort with the Aid of Appliances 238

6.2 Mass Entertainment 243
6.2.1 Music for the Masses 243
6.2.2 Movies 250
6.2.3 A Common Culture 259
6.3 The Consumer Culture 264
6.3.1 A Plethora of Consumer Goods 264
6.3.2 Standardization 268
6.3.3 The Americanization of National Cultures 271



X

Detailed Contents

7. Communication Technologies in Democratic and Totalitarian

Countries 279

7.1 New Communication Technologies 279
7.1.1 The 1936 Olympic Games: Technology in the Service of
Propaganda 279
7.1.2  New Types of Wire Communications: Teletype and
Phototelegraphy 280
7.1.3 Distant Vision: Television 283
7.1.4 Convenient Recording of Sound: Magnetic Recording 287
7.1.5 Avoidance of Static: FM Radio 288
7.2 Telephone Technologies and Services 290
7.2.1 Providers of Telephone Service 290
7.2.2 The Negative-Feedback Amplifier 294
7.2.3 Increased Transmission Capacity 295
7.2.4 Automatic Switching 298
7.2.5 Social Impact of the Telephone 302
7.3 Technology, Politics, and Governance 304
7.3.1 Radio and Politics 304
7.3.2 Cinema and Politics 310
7.3.3 Outdoor Lighting and Public-Address Systems 312
7.3.4 Governments and Information Processing 315
7.3.5 Society and Communications 316

Electrical Engineering in an Age of Science 321

8.1 An Age of Science 321
8.1.1 1932, The Year in Science 321
8.1.2  Science Shaped by Technology 324
8.1.3 Facilities for Research 327

8.2 Measuring and Imaging Instruments 328
8.2.1 Measuring Instruments 328
8.2.2 Imaging Devices 335
8.2.3 Means of Manipulation 337
8.2.4 Medical Technology 339

8.3 Calculating Machines 342
8.3.1 Growth of Applied Mathematics 342
8.3.2 Digital Computers 343
8.3.3 Analog Calculators 346

8.4 The Profession of Electrical Engineering 348
8.4.1 The Image of the Electrical Engineer 348
8.4.2 Societies, Journals, and Standards 350
8.4.3 Education 354
8.4.4 Engineering Science 355

9. World War II and Electrical Technology 359

9.1 The World War Resumed 359
9.1.1 Renewal of War 359



10.

9.1.2 Mobilizing for War 361
9.1.3 Propaganda 364
9.2 Electrical Technology in Battle 371
9.2.1 On Land 371
9.2.2 At Sea 378
9.2.3 In the Air 382
9.3 Control Systems and Computers 385
9.3.1 Guided Missiles 385
9.3.2 Control Systems 388
9.3.3 Computers 390

Detailed Contents

9.4 The Battle of the Atlantic, Codebreaking, and Sonar

9.4.1 The Battle of the Atlantic 397
9.4.2 Codebreaking 401
9.4.3 Sonar 408

Radar, the Weapon That Decided the War

397

xi

413

10.1 The Battle of Britain 413
10.1.1 Operation Sea Lion 413
10.1.2 Technical Developments 418
10.1.3 Variety of Radars 425
10.2 Radar Countermeasures 430
10.2.1 Detecting, Jamming, and Changing Frequency
10.2.2 Chaff, Coating, and Active Deception 433
10.3 The Proximity Fuse 436
10.3.1 A New Weapon 436
10.3.2 The New Weapon in Combat 439
10.4 The Radar-Computer Combination 442
10.4.1 Fire Control 442
10.4.2 Bombing Systems 446
10.5 Electronic Navigation 449
10.5.1 Navigational Systems for Strategic Bombing

10.5.2 Radio and Radar Applied to Navigation 452

10.5.3 The Identification Problem 455

10.6 Government-Industry-Academia Collaboration
10.6.1 Technology by Command 456
10.6.2 Radar’s Legacy 462

Conclusion: Dawn of the Electronic Age 469

Notes on the Illustrations 477

Sources 479

Index 513

430

449

456



Introduction

Even at the end of the twentieth century, there are those who consider the Panama
Canal the engineering wonder of the century, more impressive than space travel or
supercomputers." When it was completed in 1914, it was called “the greatest engi-
neering work of all time”, and its technological features were quite astonishing.” The
physical tasks of digging deep channels, moving mountains of earth, and construct-
ing dams and locks required ingenuity and mammoth effort, and the success in
conquering yellow fever and malaria became famous, but most impressive to many
observers were the electrical technologies providing motive power, communication,
and control for this “all-electric canal”.

The canal is about 50 miles long, much of it at 85 feet above sea level across
the artificial Gatun Lake. There are three sets of locks, twelve lock chambers in
all. Each chamber is 1000 feet long, 110 feet wide, and 81 feet high (see Figure 0.1).
In 1914 these lock chambers were the largest machines ever made; they were
larger than the largest ship and of greater extent than the tallest building, and
each contained thousands of moving parts. At each end of the lock were two sets
of gates as a precaution against ramming, and each gate was 7 feet thick and
weighed 500 tons. Most of the locks had intermediate gates so that, when the size
of the ships permitted, the lock could be operated as a pair of locks in order to con-
serve water. Every gate had struts, gears, and motors for moving it. There were
valves—some of which weighed 10 tons—for controlling the flow of water through
the 70 openings in the floor of each lock. Outside the lock at each end there was a
fender chain (to protect the gates) that was raised and lowered appropriately, and at
the upstream end there was an emergency dam that could be swung across the lock
entrance.’

The gates, valves, fender chain, and emergency dam were all moved by electric
motors. So were the mule locomotives that ran atop the walls of the locks. Ships
were not allowed to move under their own power in the locks, so all motive force
came from these mule locomotives, either by towing or by winding cable onto a
large windlass (powered by its own electric motors) in the center of the locomotive.
Indeed, motive power throughout the canal came from electric motors—some 1500

! Frederick Allen, p. 8.
> McCullough, p. 590.
* “How the locks ...”, and McCullough, pp. 590-595.
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=

Figure 0.1. The first trial lockage of the Gatun Locks (photo courtesy of the Library of Congress,
LC-USZ62-128562).

in all—and one of their great advantages was that they could easily be controlled
centrally.*

Typical was the control house for the Miraflores Locks. It contained a 60 foot
electromechanical control board built by General Electric in 1910. The control
board, which was essentially a model of the set of locks, indicated the position of
fender chains and lock gates, the water heights, and the status of water valves, and
it permitted control of these variables. The operator, however, was constrained by
the control mechanism, which required that some operations be performed in a
particular order (for example, opening the gate before lowering the fender chain) or
that certain conditions be met before an action is carried out (so that, for example,
a gate may not be opened unless water levels are equal on the two sides). The locks
occurred as parallel pairs (one for travel in each direction) and shared water passages
in the wall between them; the control system prevented operation of one lock from
interfering with that of the parallel lock.’

Operation of a lock was more complicated than one might imagine. For example,
once gates were closed, they needed to be clamped together by a special mechanism.
There was also the requirement that at the upper end of the lock the water in the
space between the principal gate and the guard gate be kept at an intermediate level.
Sometimes water was saved by “cross-filling”, that is, using water from the parallel
lock. Thus the lock was not only an enormous machine, but also one of intricate
operation. Nevertheless, as the journal Scientific American reported, the control
board was “so ingeniously conceived and constructed that a single man, who need
never see the ships which are passing through the canal, opens and closes lock gates
weighing many tons and governs the course of thousands and thousands of gallons
of water.”® Perhaps even more impressive is the fact that this electromechanical
control board at the Miraflores Locks was so well designed and built that it remains
in use today.’

* McCullough, p. 599. In earlier canals, hydraulic or pneumatic systems provided the power to operate
the valves and gates of a lock [Schildhauer].

3 Frederick Allen, and “How the locks. ...”

¢ “How the locks ...”, p. 110. This writer has understated the volume of water involved: raising a large
ship through the Gatun locks required 26 million gallons of water, “the equivalent of a day’s water
supply for a major city” [McCullough, p. 596].

" Frederick Allen.
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Figure 0.2. The Gatun dam and hydroelectric station (photo courtesy of the Library of Congress,
pan 6a23215).

Electrical communications (especially telegraph and telephone), lights for navi-
gation (in range towers and beacons), and lights for illuminating the locks (using
400-watt tungsten bulbs) were also important.® In building the canal, electrical tech-
nologies had been important in the form of floodlighting (so that excavation could
continue at night), cranes, cableways, rock crushers, cement mixers, and dredging
pumps.” And the new technology of radio was used to communicate with ships
within a few hundred miles of the canal.”

The canal, whose muscular and nervous systems were electrical, produced all
of its own energy hydroelectrically from the water in Gatun Lake (see Figure 0.2).
The Gatun dam was, at the time, the largest ever built. Since the water behind the
dam also did the work of raising and lowering ships in the locks and since Panama
receives no rainfall in a 3-month-long dry season, it was often necessary to conserve
water as much as possible. The waterwheels and generators, therefore, had to be as
efficient as possible. The main equipment consisted of three units, each a massive
turbine connected to a 2000-kilowatt generator (built by the General Electric
Company), which achieved an efficiency of 95%. The power plant itself was an
intricate machine that one person could operate from a central control-board. Electric
motors moved the gates of the intake pipelines, ran small generators to provide
exciting current for the main generators, adjusted the speed of the turbines, and
pumped oil. Many of the operations were made to occur automatically. Because of
the extent of the Canal Zone (about 50 miles by 10 miles), a high-voltage (44,000
volt) transmission system with four substations was constructed. The system included
a backup 6000-kilowatt plant with steam-driven generators. "'

The canal was a demonstration of the virtues of electric power: power could be
generated in one place, transported with little loss throughout the Canal Zone, and
turned into mechanical power or light exactly where required and in the quantity
required. Moreover, electricity gave ease of control; some of the lock motors, for
example, were half a mile from the control board. General Electric performed most

¥ Beyer, and “Navigating lights ...”.
° McCullough, p. 599.

' Radio stations at Colon and Balboa communicated with vessels within 300 and 200 miles
respectively; already by late 1914 larger transmitting stations, capable of communicating with vessels
within 500 miles, were being built to replace the first ones at Colon and Balboa [The Electrician, 30
October 1914, p. 102].

' “Gatun hydroelectric development ...”, and Schildhauer. The hydroelectric station provided power
also to the villages along the canal.
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of the electrical work, with Edward Schildhauer as the lead engineer. According to
one historian, “This was not merely a very large government contract ... but one
that would attract worldwide attention. It was a chance like none other to display
the virtues of electric power, to bring to bear the creative resources of the electrical
engineer.”'? The engineering—notably the locks, which worked perfectly from the
first—was a resounding success. Even more importantly, the project as a whole
was so effectively carried out (ahead of time, under budget, and fully up to specifica-
tions) that it set an extremely favorable precedent for government—industry
collaboration.

The canal changed economic geography overnight, making Japan and Australia
closer to New York than to London, putting the Pacific coast of South America in
direct touch with the Atlantic coast of North America, and cutting the water distance
between San Francisco and Liverpool by 5600 miles. At the end of the twentieth
century the Panama Canal retains its economic significance. More surprisingly, it
remains, physically and technically, essentially the canal that was completed in
1914." As the culmination of work that began with a French company under
Ferdinand de Lesseps in 1881 and as an embodiment of the latest technology, the
canal should have received worldwide acclaim on its official opening in August
1914. Other events, however, stole the limelight. On the same day—3 August
1914—that a ship made the first ocean—to—ocean transit, Germany declared war on
France and invaded Belgium, making clear that the conflict that had begun a few
days earlier in eastern Europe would involve almost all of the continent.

This book concerns the years 1914 through 1945. In 1914 Germany was the
coming power in Europe: its economy, already leading the world in several sectors,
was growing rapidly, and its population had doubled between 1870 and 1914, reach-
ing 65 million, while the populations of Britain and France remained near 40 million.
Two non-European nations had taken prominent positions on the world stage: the
United States, with extensive area and a population of some 100 million, had a
booming economy; and Japan, through rapid industrialization and victories in the
Sino-Japanese War (1894-1895) and the Russo-Japanese War (1904—-1905), had
become the dominant power in east Asia. At the end of 1945 the scene was quite
different; Germany and Japan were in ruins from a war that had left the U.S. rela-
tively unscathed, and a new power, the Soviet Union, had joined the U.S. as the so-
called superpowers of the postwar world.

The period from 1914 through 1945 was one of continual crisis. It began and
ended with global wars, which, together, lasted more than 10 years. The 21 years in
between were darkened by baneful effects of the first of these war (physical devasta-
tion, dislocation of large populations, and political instability); by numerous armed
conflicts between and within states (the Russo-Polish war, fighting between Japan
and China, Italy’s invasion of Ethiopia, the Spanish civil war, and many others); by
economic crises (the huge war debts and reparations, the hyperinflation in many

2 McCullough, p. 601.
13 Frederick Allen.
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countries in the early 1920s, and the Great Depression worldwide in the 1930s); and,
in the late 1930s, by the threat of another global war. Indeed, the entire period from
1914 to 1945 may be regarded as a single world war with a long armistice in the
middle. The historian Eric Hobsbawm has written:

The decades from the outbreak of the First World War to the aftermath of the Second,
was an Age of Catastrophe. ... For forty years [the world] stumbled from one
calamity to another. ... While the economy tottered, the institutions of liberal
democracy virtually disappeared between 1917 and 1942 from all but a fringe of
Europe and parts of North America and Australasia. ..."*

And Hobsbawm called these years “an era of havoc comparable to the Thirty Years’
War of the seventeenth century in German history.”"?

Most historians see this period less negatively. It is true that democracy seemed
in retreat in the 1930s, but the preceding decade was one of unprecedented advance.
Democracies were established in Germany, the Baltic states, and the four successor
states to the Habsburg Empire. Democracy seemed to be working in Japan and,
sporadically, in China. In many countries women gained the right to vote, and it was
a time of social legislation, as in restricting child labor or providing old-age pensions.
There seemed to be goodwill among nations, manifested especially in 1925 at the
Locarno Conference, when Great Britain, Germany, France, Italy, and Belgium
mutually guaranteed the peace and Germany recognized the German—Belgian and
Franco—German borders established by the Versailles Treaty. The 1920s was a
decade of economic prosperity in many parts of the world, and even in Europe the
late 1920s were good ones economically.

Whatever the political, social, and economic ups and downs, from the techno-
logical vantage point the period 1914 to 1945 was an age of spectacular progress.
The First World War gave an enormous impetus to a wide range of technologies;
these and others evolved rapidly in the interwar period; and the Second World War
provided even more of a boost than did the First. It is true that the wars retarded
technological advance in some areas and that the Depression slowed it in many, but
progress there was nevertheless, and it was progress of a magnitude the world had
never before experienced. In this 31 year period, the generation, distribution, and
application of electric power saw great advances. Telegraph and telephone commu-
nications extended their reach. Radio, for point-to-point communications and broad-
casting, propelled the development of electronics, a new realm of techniques that
found a great many new application areas before 1945. Computer technology was
arising in numerous contexts.

Despite the world wars, new dictatorships, and economic depression, when this
period ended many people felt optimistic and expected an age of social progress,
with increased material prosperity, better education, wider appreciation of arts and
literature, and scientific advance. The optimism owed much to the technological

!4 Hobsbawm, pp. 6-7.
!5 Hobsbawm, p. 52.
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advance of this period, since all these goals would—it was thought—be more achiev-
able because of the new technologies.

This book is a story of electrical technologies and the modern world: how
societies elicited from individuals and companies much improved and sometimes
entirely new technologies, and how the technologies in turn affected the political,
economic, and social worlds. Because a great many of the technological and social
developments appeared first in the U.S., much of the narrative concerns that country.
An effort, however, has been made to review events throughout the world, and
several chapters focus on countries other than the U.S.

This book will be concerned with how the technologies themselves worked—
otherwise the course of technological development would be quite mysterious—but
explanations will be nonmathematical and understandable to the general reader.

One of the most remarkable aspects of the story here told is that relatively few
physical phenomena underlie almost all of the technologies involved. Perhaps the
most basic of these phenomena is an electric current. The atoms that compose the
physical world consist of a small positively-charged nucleus surrounded by elec-
trons, which are negatively charged. In the materials called conductors, which are
typified by metals, the electrons are relatively free to move from one atom to another,
so that if one end of a wire is placed at a source of electrons and the other end is
able to discharge electrons, there will be a flow of electrons through the wire. In
1799 Alessandro Volta discovered how to produce such a current chemically, that
is, he devised the first battery. Others later found that a current could do useful things,
such as electroplating (placing a continuous thin coating of a metal such as silver
or chromium on another metal) and carrying a signal (activating an indicator or, as
in telegraphy, bearing a longer message).

Another basic phenomenon, discovered by Hans Christian @rsted in 1820, is
that an electric current always generates a magnetic field. (See Figure 0.3.) This
discovery led not only to electromagnets, but also to electric motors. The latter
are possible because it is easy to cause motion with a magnetic force; in one early

electric current

magnetic field

Figure 0.3. Qrsted showed that a current in a wire generates a magnetic field, whose lines of force
(imaginary lines indicating the direction a tiny north magnetic pole would move) circle the wire.
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. direction of
'-‘ current

rotating loop

uniform magnetic field

Figure 0.4. Moving a wire through a magnetic field generates a current in the wire. If a loop of
wire is rotated in a magnetic field as shown, the currents generated in the two sides of the loop

reinforce each other.

electric motor the current caused a bar magnet to rotate. This created, for the first
time, the conversion of electrical energy into mechanical energy.

In 1831 Michael Faraday discovered an inverse phenomenon (electricity from
magnetism rather than magnetism from electricity); one could generate an electric
current by moving a conductor in a magnetic field. (See Figure 0.4.) Here mechanical
motion produces an electric current, and a device that does this is called an electric
generator or dynamo. Many people contributed to the gradual development of effi-
cient dynamos, and they began to be used to power electric-arc lighting in the 1870s
and incandescent lighting and electric motors in the 1880s.

Finally, one other basic phenomenon of great importance to nineteenth century
electrical technology was electroacoustic transduction: the conversion of sound into
an electric signal and the reconversion of the signal into sound. In 1876 Alexander
Graham Bell demonstrated his telephone, which converted human speech to a con-
tinuously varying electric current at the mouthpiece and turned current back into
speech at the earphone.

This book’s story opens in 1914, the year not only of the completion of the
Panama Canal and the outbreak of war, but also of Henry Ford’s $5 day (double the
prevailing wage for factory work), Irving Berlin’s musical Watch Your Step (the first
of many), and Charlie Chaplin’s movie Tillie’s Punctured Romance (which broke
new ground in length, filling six reels). The economies of the industrialized nations
had been growing, mass production made many goods available for the first time to
ordinary people, and innovations such as automobiles, airplanes, electrical appli-
ances, wireless telegraphy, and motion pictures excited people.

Electrical technologies had long since become economically important. In the
U.S. in 1914, the annual sales of electrical apparatus, such as generators, transform-
ers, and motors, had reached the $1-billion level. Supplying electric power was a
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$500-million business, while the operation of electric railways and subways was
even larger, $780 million annually. Telephone systems grossed $380 million annu-
ally, telegraph systems $100 million. The manufacture of electrical lighting fixtures
was an $80-million business, and electroplating was a $10-million industry.'

Electric technologies began to leave their mark on the largest scale: man-made
lakes behind hydroelectric dams and long-distance transmission lines. Electric
trolleys were the principal means of urban and, in some places, suburban transit,
and electric cars still claimed a sizable fraction of the automobile market. One could
send telegrams, either by undersea cable or by wireless, across the Atlantic. Telephone
service became more and more extensive, first spanning the North American conti-
nent in January 1915.

Besides these technologies, which people encountered every day, there was
much talk of the newest electrical marvels. There was wireless voice-transmission,
and a tour-de-force of 1915 was a voice transmission between Arlington, Virginia
and the Eiffel Tower. A teletypewriter and a portable fax machine were developed.
In Paris in 1914 was demonstrated the Sperry autostabiliser, a complex system
involving four gyroscopes and many electrical components that automatically main-
tained straight and level flight.'” The popular attitude was reflected in Charles W.
Eliot’s inscription for the Union Depot in Washington DC completed in 1907:
“Electricity: carrier of light and power; devourer of time and space; bearer of human
speech over land and sea; greatest servant of man—yet itself unknown.”'®

The world had entered an age of electricity, leaving behind the age of coal that
the Industrial Revolution had created. In the nineteenth century, steam engines
powered factories, ships, and trains, and artificial lighting usually came from flames.
Now jobs were increasingly done by electric motors, and electric lighting was clean,
safe, effective, and readily available. In addition, instantaneous communications by
telegraph and telephone—and, recently, radio—had transformed commerce and
directly affected everyday life.

In all of these technologies, an electric current was made to do useful things.
Power came ultimately from fossil fuels or swiftly moving water, was transmitted
over considerable distances in the form of electricity, and then turned into mechani-
cal work, heat, or light. The characteristic devices were dynamos (to turn other forms
of energy into electric energy), transformers (to change the electrical tension or
voltage to levels appropriate to transmission or use), electric motors, heating ele-
ments, and light bulbs. The current was controlled by a mechanical device (just as
a steam engine was controlled by a valve on the pipe carrying steam to the piston).
The simplest, an on-off switch, sufficed for many applications. A rheostat or poten-
tiometer allowed graduated control of the current, and the transmitter of Bell’s
telephone gave continuously varying control. Telegraph engineers had developed
electrically-triggered switches; an electric current in one circuit could open or close

'® Bright, p. 13.
7 Bennett 1979, p. 134.
'8 Boorstin, p. 539.
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Figure 0.5. In the from period 1914 to 1945 electrical engineering expanded to include the newly
discovered realm of electronics.

a switch for a second circuit. These were called relays because they allowed a tele-
graph signal to be regenerated at a distant location. (See Figure 0.5.)

Sophisticated as many of these control devices were, all of them were in part
mechanical, which is to say that they involved physical motion on a macroscopic
scale. In the first decades of the twentieth century, there emerged a different means
of controlling electric currents. This means is called electronics and is an entirely
electrical way of controlling electric currents. As Chapter 1 will show, the funda-
mental idea is to cause a current to flow through a vacuum or low-pressure gas and
there exert control over the current. Indeed, electronics may be defined as the study
and use of devices involving the flow of electric current through a vacuum or gas.
(This definition worked in the years considered in this book, but with the invention
of the transistor in 1947 it needed to be modified: the study and use of devices
involving the flow of electric current through vacuum, gas, or semiconductor.)

The secret of electronics is to free electrons in order to control them more pre-
cisely and rapidly. The freedom and the control occur within a glass envelope, called
an electron tube, where a stream of electrons moves through a vacuum. The control
is exerted in a great variety of ways, many of which will be covered in more detail
in the chapters of this book, but following are several basic types. The strength of
the electron stream can be varied according to a signal; then the tube is an amplifier.
By connecting the output of a tube to its input, the stream can be made to consist
of a regular train of pulses; then the tube is an oscillator. By using a signal to control
the amplitude of an pulsing stream, the signal can be imprinted on a continuous
wave; then the tube is a modulator. By directing the stream of electrons toward the
end of the tube, which has been coated on the inside with phosphors, and by deflect-
ing the stream up or down or side to side according to a signal, the signal can be
made visible on the end of the tube; this is the cathode ray tube.

A crucial point is that the means of fine control of electron flows involves no
macroscopic mechanical motions. The absence of mechanical inertia in control loops
means that they operate almost instantaneously and that they may be compounded—
control loop on control loop—almost without limit. This opened up, as we will see,
entirely new possibilities for communications, machine control, instrumentation, and
computing.
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The social transformations of the twentieth century are unprecedented in all of
history. These transformations all involved technological change. Electrical engi-
neering—encompassing all electrical, electronic, and computer techniques—played
a part, often the leading role, in most of the century’s technological changes. The
period with which this book deals was pivotal. Though electrical engineering was
well established at its outset, electronics was bringing in a new technological age.
All of the traditional electrical technologies—electric power for lighting, traction,
and machinery in the factory, office, and home, and electric communications—were
greatly enhanced by electronics, and there emerged the new technologies of radio,
television, radar, and electronic instrumentation. Moreover, this period sowed the
seeds—by the development of electronics—of much greater technological and social
change in subsequent decades. Though it was a troubled period, most people believed
in social betterment and saw electrical technologies as means to that end.

The next chapter turns to the events that stole the limelight from the opening
of the Panama Canal. Known to a generation as the Great War, World War I had a
profound influence on the development of electrical technologies. Conversely,
electrical technologies constantly affected the course of that war, often in surprising
ways.



Chapter 1

The Great War and Wireless
Communications

1.1 LAND-BOUND COMMUNICATIONS

1.1.1 The Battle of Tannenberg
and the Electron Tube

The guns of August 1914 thundered along a western front from Belgium through
northeastern France to the Jura mountains and along an eastern front from East
Prussia through Russian Poland and Austro-Hungarian Galicia. (See Figure 1.1.)
When war broke out at the beginning of that month, German leaders followed a
strategy formulated by Alfred von Schlieffen nine years earlier in directing most of
the available manpower and materiel against their enemies in the West, while fight-
ing a holding action against the Russians. Fearful of a two-front war, they hoped to
force France to sue for peace before the massive Russian armies could be brought
effectively to bear on the much smaller German armies in East Prussia and
Silesia.

In the West, the Germans moved steadily through Belgium, entering Li¢ge on
7 August and Brussels on 20 August, and at the same time sharply repulsed the
French offensive in Alsace-Lorraine. But news from the Eastern Front was, from the
German point of view, quite disturbing. Russia’s huge First and Second Armies,
numbering some 200,000 men each, had mobilized and reached the front much faster
than expected. On 17 August the Russians took the offensive, and on 20 August the
Germans suffered a defeat at Gumbinnen. Soon a third of East Prussia was in Russian
hands. There was widespread fear and some panic behind German lines, and refugees
streamed westward toward Berlin.

This was the situation on 20 August when the chief of the German general staff,
Helmuth von Moltke, placed a telephone call from his headquarters near the Western
Front, in Koblenz, to General Max von Prittwitz, commander of the German Eighth
Army in East Prussia. Prittwitz could talk only of the many difficulties of his
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Figure 1.1. Map of Europe showing the disposition of military forces in August 1914 and the
locations of Moltke’s and Prittwitz’s headquarters.

position, and his defeatism so appalled Moltke that on the following day he relieved
Prittwitz of command. To take Prittwitz’s place, Moltke called out of retirement the
little-known, 66-year-old General Paul von Hindenburg and named Erich Ludendorff
as Hindenburg’s chief of staff. Thus—from one long-distance telephone conversa-
tion—began Hindenburg’s rise to military and political prominence.' Battlefield
success later led to his appointment as chief of the general staff and to the Hindenburg
Cult of the later war years, when he served as the revered father figure behind whom
Ludendorff operated as virtual dictator of Germany. And in 1925 came his presi-
dency of the Weimar Republic that continued into the early 1930s, when he provided
a respectable front behind which Adolf Hitler came to power.

Hindenburg and Ludendorff quickly assumed command of the Eighth Army.
They moved almost all of their forces so as to entrap the Russian Second
Army, trusting to the reliability of intercepted radio messages that the Russian First
Army, positioned further north, would not advance.” There resulted, beginning on 26
August, the Battle of Tannenberg, which changed the course of the war. The Russian
Second Army was devastated, the Germans taking more than 100,000 prisoners. Not
only was Tannenberg one of the most complete victories in military history, it was

! Marshall, p. 60, and Falls.

2 At this time the Germans regularly intercepted Russian radio messages. Barbara Tuchman writes
[1962, p. 307]: “[Lieutenant Colonel Max] Hoffmann acknowledged the intercepts as the real victor of
Tannenberg. ‘“We had an ally,” he said, ‘the enemy. We knew all the enemy’s plans.””
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also a decisive victory that put an end to the Russian threat to Prussian territory and
allowed Germany to continue to give most of its attention to the Western Front.’

The telephone call that led to the change of command in the East Prussian
army—and thence to the battle of Tannenberg and the rise of Hindenburg—was
possible only because of a remarkable and very recent technological advance.

Since the introduction of the telephone in the late 1870s, engineers in many
countries had sought ways to extend its range, particularly through the development
of an effective telephone relay or repeater, a device able to restore the strength of
an attenuated signal. Many inventors, beginning with Thomas Edison in 1877,
proposed forms of microphonic amplification, with the mechanical oscillations of a
telephone receiver actuating a microphone in a second circuit (whose stronger
current made possible amplification).* Even with the best of these devices, however,
the amplification process so degraded the signal that they were scarcely practical.
What finally allowed a successful telephone repeater was what is now known as the
triode-electron tube. This device appeared at about the same time on the Continent
and in the U.S.

A key event in the Continental line of development was a 1906 patent on a
“cathode-ray relay” by Robert von Lieben of Vienna.’ A discovery made in 1903 by
a German researcher, Arthur Wehnelt, had impressed von Lieben. Wehnelt was
studying cathode rays (what we now think of as a flow of electrons), which could
be produced in an evacuated tube when a high voltage was applied across two metal
contacts inside the tube. Wehnelt discovered that if the negative contact (the cathode)
was coated with calcium or barium oxide and heated to incandescence, a much lower
voltage sufficed to produce cathode rays.’

The cathode rays bridged the gap between cathode and anode, completing a
circuit. Lieben realized that one might obtain amplification if a way could be devised
for a weak input current to control the stronger current from cathode to anode. His
first successful device, patented in 1906, regulated the current by the effect on the
cathode rays of a magnetic field produced by the input current. Working with Eugen
Reisz and Siegmund Strauss, Lieben then made a much improved amplifier by
replacing magnetic control with electrostatic control: a wire grid, connected to the
input current, was placed between cathode and anode. In this arrangement, a negative
charge on the grid diminished the cathode-ray current (because it repelled the

* Falls, and Cruttwell, pp. 44—47.

* Hunt, pp. 61-65. Two successful means of extending the range of telephony were the use of heavier
lines and the placement, along the telephone lines, of inductance (either continuously or, more usually, at
intervals with so-called loading coils).

> Principal sources for the information on Lieben’s work are Siemens, pp. 11-14, and Tyne, pp. 73-83.

® Wehnelt pointed out that if the heated electrode was made electrically positive and the other electrode
negative, no current flowed, hence the device could be used to convert alternating current to direct
current. Indeed, it was as a rectifier that Wehnelt patented the device on 15 January 1904.

If within the tube there is a very high vacuum, then almost all the current consists of a flow of
electrons from cathode to anode. Whenever gas molecules are present in the tube, some of the current
consists of motion of ionized molecules to the electrodes. In most early tubes, including Lieben’s and
Lee de Forest’s (discussed below), ionized gas accounted for a large part of the current.
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Figure 1.2. The weak input signal from circuit 1 controls the stronger current in circuit 2 because
the flow of electrons from the cathode to the anode is highly dependent on the charge on the grid.
Thus the signal in circuit 2 is an amplification of the signal in circuit 1.

electrons leaving the cathode) and a positive charge enhanced it. This device, pat-
ented in 1910, is now known as the triode, or three-element electron tube. A sche-
matic triode is shown in Figure 1.2.

Four German companies were so interested in this tube that they jointly con-
tracted with Lieben, Reisz, and Strauss for its further development.” In 1912 there
resulted an improved tube, known as the LRS relay, that was manufactured both by
Siemens & Halske and by the Allgemeine Elektrizitits Gesellschaft (AEG) and its
subsidiary Telefunken. The LRS Relay was used in a number of telephone circuits
shortly before the war and, in August 1914, in the circuit connecting the central army
headquarters in Koblenz with the East Prussian headquarters, more than a thousand
kilometers away. By the end of the war the Germans were using about a hundred
telephone repeaters of the LRS type.

The U.S. line of development began with the invention in 1906 by Lee de Forest
of a “three-electrode audion”.® De Forest was influenced by the Englishman John
Ambrose Fleming’s 1904 discovery of a two-electrode vacuum tube, which was used
as a rectifier of alternating current and as a detector of high-frequency electromag-
netic waves. De Forest’s key contribution was to add a control grid as a third elec-
trode. Initially the audion was used only as a detector of wireless signals, but in
1912 several people recognized that the audion might be made to work as an ampli-
fier. One of the first to succeed was Fritz Lowenstein, who applied in April 1912 for
a patent on an improved form of the audion as an amplifier. Irving Langmuir at
General Electric undertook a quantitative study of the audion’s behavior, and by the
end of 1913 General Electric Company was manufacturing an amplifying tube under
the name Pliotron. It was also in 1912 that de Forest himself succeeded in getting
audio-frequency amplification from the audion, and he gained the interest of the

" Tyne, pp. 234-240. The four companies were AEG, Siemens & Halske, Telefunken, and Felten &
Guilleaume.

¥ Principal sources for the information on de Forest’s audion are Aitken 1985, pp. 194-249, and Tyne,
pp. 52-72, 84-92, 133-142.
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American Telephone and Telegraph Company (AT&T) in the device. AT&T needed
to make substantial improvements before the tube could be used as a telephone
repeater, but this process was completed by 18 October 1913, when a triode repeater
went into service on the line between New York and Washington, D.C. Such repeat-
ers subsequently attracted great notice when they were used in the transcontinental
telephone line between New York and San Francisco that opened on 15 January
1915.

The triode vacuum-tube is one of a small number of technical devices, such as
the printing press and the internal-combustion engine, that have radically changed
human culture. It defined a new realm of technology, that of electronics, which
before the invention of the transistor, could be conveniently defined as the technol-
ogy of devices incorporating electron tubes. Though invented in 1906, the triode
was little developed before 1912, as its function—detecting wireless signals—could
be performed satisfactorily by several other devices (such as the electrolytic detector
or the crystal detector). But in 1912 there began a remarkable development of the
technical potentials of the device. Before the end of the Great War it had found
numerous applications and was being mass produced in huge quantities. This techni-
cal development and the proliferation of applications continued at a rapid pace in
the decades after the war, to the degree that the world that emerged after the next
Great War was, as a result of electronics, strikingly different in many respects from
the world of 1914.

1.1.2 The Telegraph

Communication is of supreme importance in war, and war and the threat of war have
often stimulated inspired efforts to improve communications. The chain of signal
fires to warn of the approach of the Spanish Armada in 1588 and the semaphore
system initiated by Claude Chappe in Revolutionary France are two examples.

Wartime communication serves two vital functions, permitting one to solicit and
receive information and to direct military forces on land and sea. Improved com-
munications allows more and better information to be used in decision making, and
improved communications permits concerted action to be larger, more rapid, and
more flexible. For example, the dispersion of an army along a front several hundred
kilometers wide became practical only through the use of the telegraph.” The
immense size of armies in World War I, with chains of command having a dozen or
so links, and the need to coordinate infantry, artillery, tanks, and aircraft made
extreme demands on communications capabilities. Even on a single battlefield, com-
munications were vital. (Wellington once remarked that the art of war was knowing
what was happening on the other side of the hill.)'” Artillery, especially, depended
upon rapid communication as its increased range frequently meant that gunners
never saw the targets at which they were shooting.

° Van Creveld, pp. 169-170.

1% Cusins.
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The mainstays of diplomatic and military communications in the First World
War were the telegraph and the telephone. Despite the increasing availability of
triode telephone repeaters, the usual means of communications over more than a
few hundred kilometers remained the telegraph. In particular, business between
governments was conducted largely by telegraph.

Since wars often result from misunderstandings, one might suppose that teleg-
raphy contributed to the long peace enjoyed by most European countries from 1815
to 1914. This was, indeed, the view expressed by a telegraphy expert in 1898, who
wrote that the telegraph “has often been the means of averting diplomatic ruptures
and consequent wars during the last few decades.”"! Yet because telegraphic com-
munications increased the speed of decision making, it may on occasion have con-
tributed to the outbreak of war. This was the opinion of the French historian Charles
Mazade, who wrote in 1875 that the Franco-Prussian war might have been avoided
if diplomats had taken time for deliberation rather than reacting swiftly to tele-
graphed messages.'? Telegraphy has been implicated too in the outbreak of the Great
War: the historian Stephen Kern writes that diplomacy failed at that time because
diplomats had not learned to cope with the volume and speed of electrical commu-
nications. A feverish tempo of questions and demands, constant use of the telephone,
piles of telegrams, and ultimatums with time limits unthinkable in an earlier age
contributed to Austro-Hungary’s declaration of war—delivered by telegram—on 28
July and the fateful decisions of the next few days."

Military operations became heavily dependent on the telegraph. An indication
of the volume of traffic is the estimate that the wired network built by the U.S. Army
in Europe was conveying more than a million telegraph messages a month (more
than 30,000 messages a day) by the end of the war."* In response to the huge wartime
need for communications, the German telegraph network increased its capacity
through the use of a new high-speed telegraph, which was put into use as fast as the
Siemens company could manufacture the devices."> Naval operations, too, made
much use of the telegraph. By 1890 almost all major ports worldwide had telegraphic
service, prompting a U.S. Navy officer while on the China station to comment, “Now
we have become mere messenger boys at the end of the cable.”'®

The British government had long recognized the military significance of teleg-
raphy. In the first decade of the century, it formulated policies for censoring telegraph
service in the event of war, and by 1912 it had achieved its goal of invulnerability to
such interruption on the part of other countries by having for “every important colony
or naval base ... one cable ... which touches only on British territory or on the terri-
tory of some friendly neutral.”"” When war broke out, Britain moved rapidly to isolate
its main adversary; the first British act of war was the severing of five German under-

' Charles Bright quoted in Headrick, p. 75.
12 Headrick, p. 74.

13 Kern, pp. 275-2717.

' Report of the Chief Signal Officer, p. 186.
15 Siemens, p. 8.

'® Howeth, pp. 10-11.
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sea cables, leaving Germany only one transoceanic link, the Liberia-Brazil cable—it
too was cut by 1915—and the first British military engagement was a raid on the
German cable station at Lome, Togo.'® The severing of these cables meant, for one
thing, that German cruisers away from the Continent were almost incommunicado,
as they were reluctant to risk giving away their position by using wireless."

The Germans, too, sought to disrupt enemy communications. They made attacks
on three British cable stations overseas, and they severed land lines connecting
Britain to India and the Baltic cables connecting Britain and France to Russia.”’ The
disruption—and threatened disruption—of telegraph links gave a great impetus to
the development of wireless communication. Telegraphy suffered from two other
shortcomings: a telegraph link required trained operators on both ends, and the
encoding and decoding of a message took some time. Hence, on the battlefield it
was principally the telephone that gave commanders up-to-the-minute information
and control-by-wire.

1.1.3 The Telephone and
the Battle of Neuve Chapelle

Telephone lines connected each unit to its subordinate and superordinate units, so
that, for the first time in a major war, commanders at different levels (such as
company, brigade, division, and corps) could be in direct contact. This allowed the
exchange of information and tactical ideas and the immediate conveyance of orders
(Figure 1.3).

The military telephone system appears in Arnold Zweig’s novel about the war
on the Eastern Front, The Case of Sergeant Grischa. Zweig described it as “that
great net, that tissue of slender telephone wires which, like a spider’s web, brought
that vast land within the hearing of its masters”.?’ He wrote of the signalers, the
telephone stations, the labor companies, and the repair parties needed to construct,
operate, and maintain the system:

... there stretched over the land a network of black lines in all directions: wires,
flexible and coated with rubber, soaked in protective solution, and covered with
twisted thread. Like thin black nerves, they coiled over the earth in shallow ditches,
Jjust beneath the surface, or traversed the air on tall poles. They accompanied the
telegraph wires along all the railway lines; they crossed the forests on straight paths
decreed for them. The telephone wires of the army hung high above the earth in the
forest tree-tops; their course was marked on the map and the line was carefully
secured whenever necessary. In the summer no one paid any attention to them, but in
the winter they paid dearly for this neglect. The forests, where the wind-spirit waved
his snowy hands, took little heed of these black rubber-coated wires.*

'7 Headrick, pp. 98-99. The quotation is from a British government report of 26 March 1902.

'8 Beesly, p. 2.
° Cruttwell, p. 74.
% Headrick, pp. 141-142.

Zweig, p. 71.
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WUNTIH_" ANSWERTHEL Au' Figure 1.3. Field telephone in World

War I (photo courtesy of the Library of
Congress, World War I Posters,
LC-USZC4-12670).

At the front, the telephone lines connecting artillery observers to those directing
the guns were extremely important. (The telephone could even be used in observa-
tion balloons, as the telephone line could be attached to the tethering cable.)® The
telephone was used, too, to warn of the firing of a long-range gun—a shell could be
as much as five minutes in flight—in those cases where a telephone line joined an
observing post near the enemy gun with the intended target.”* And telephone lines
were unrolled to keep advancing units in touch with base camps. The battlefield
importance of telephony is suggested by the efforts of the U.S. Signal Corps to
provide communications for the American Expeditionary Force in the final year of
the war: the Signal Corps strung approximately a quarter million kilometers of tele-
phone wire and set up 273 telephone exchanges, and by the time of the armistice,
Signal Corps telephone traffic had reached some 150,000 local calls and 4000 long-
distance calls every day. Advanced techniques, such as multiplexing, were exploited;
4 copper wires could be made to simultaneously carry 3 telephone circuits and 12
telegraph streams (6 in each direction).”

22

Zweig, p. 298.
% Clark.
#* Cruttwell, p. 531.

» Kennelly, pp. 225-228, and Report of the Chief Signal Officer, p. 174. For U.S. use some 100,000
field telephones were manufactured; the telephone was a modification of one Western Electric had made
before the war for the forestry service [Report of the Chief Signal Officer, pp. 10, 232].
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Though the telephone was clearly the favored means of communication in the
field, it was also, as experience repeatedly showed, a deficient means. One problem
was that telephone lines were frequently tapped by the enemy.”® Much more serious
was a problem revealed clearly in the battle of Neuve Chapelle.

In August and early September 1914, the Germans moved rapidly through
Belgium and deep into France, threatening to take Paris. An Allied counterattack,
the “Miracle of the Marne”, pushed the leading German forces back to the Aisne
River, and there followed a series of flanking movements that extended the battle
line northwestward to the sea. The line thus established, stabilized by entrenched
troops with machine guns behind barbed-wire barriers, would hardly move in the
next three and a half years of intense combat. Commanders then, of course, did not
know this and continued to believe the war could end quickly with one breakthrough.
In fact, despite dozens of major attempts in four subsequent years of fighting on the
Western Front, the opposing line was cleanly broken only three times.?’ The first of
these penetrations was the battle of Neuve Chapelle.

In February 1915 Russia suffered another colossal defeat when the Germans
destroyed its Tenth Army, taking 110,000 prisoners, at the second battle of the
Masurian Lakes. Germany decided to reverse the von Schlieffen strategy and was
now sending as many troops as it dared to the Eastern Front, trying to knock Russia
out of the war and standing on the defensive in the West. France and Britain, there-
fore, felt obliged to relieve the pressure on their ally by launching a major offensive.
Sir John French, commanding the British forces, decided to break the enemy line at
Neuve Chapelle, not far from the German held railway junction at Lille, with an
assault launched early in the day on 10 March.

It began with a 35-minute “hurricane bombardment” that was one of the first
demonstrations of the unprecedentedly intense use of artillery that became
characteristic of the war. This opening barrage carried more shells than had been
fired in the whole of the Boer War, fought from 1899 to 1902.”* The Germans
likewise made heavy use of artillery. One unforeseen result was an almost
complete disruption of telephone communications, even though signalmen worked
constantly to mend line breaks and repeatedly laid new line. So although British
units broke through the German line, the lack of communication—Ilaterally at the
front, between advancing units and commanders trying to coordinate actions, and
between guns and observers—precluded exploitation of the initial successes.
According to one historian, “it was glaringly obvious that the breakdown in com-
munications, the inevitable lack of speedy reaction to the situation at the front, the
shattering of the telephone lines between observers and the guns, had been almost
wholly responsible for the frustrations and delays.”” The Germans succeeded in
reforming their trench line just a thousand yards or so farther back, and the battle

% Hartcup, p. 78.
7 Marshall, p. 87.
# Gilbert, p. 132.
¥ Macdonald, p. 140.
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ended, in the words of another historian, “Neither a defeat nor a victory, but a two-
sided blood sacrifice. ...”*

The battle of Neuve Chapelle, intended to be a decisive blow, instead showed
how difficult it would be to break the stalemate. The vulnerability of telephone lines
to artillery fire continued throughout the war. Even along stationary lines, enormous
numbers of shells were fired, and an assault could be preceded by a barrage of a
million rounds. On one occasion on the Western Front, an artillery barrage caused
350 breaks in a l-kilometer line.*' A contemporary assessment was that, in the
forward zones of warfare, “the intense effect of modern artillery fire has practically
ruled out the use of wired communications.”** Late in the war, the practice of
preceding an assault by a massive bombardment fell into disfavor, as it removed the
element of surprise, yet Ludendorff and other commanders still advocated the use
of a short artillery barrage before an attack, specifically to disrupt enemy commu-
nications. Some immunity from shellfire could be obtained by burying the line 6
feet underground, and the British began doing so in 1915.%* Still, telephony was
hardly suited to offensive operations. Indeed, the historian Peter Dewey has written:
“Perhaps the greatest weakness of the attack lay in the lack of communication once
it had begun. Commanders in the trenches were almost powerless to communicate
with their advancing troops.”*

1.1.4 Ground Telegraphy

To overcome such problems—which of course also beset traditional telegraphy—
there was frequent reliance on the ancient means of battlefield communication, couri-
ers (dispatch riders and, much more usually, runners), and, occasionally, on carrier
pigeons, messenger dogs, and signal flags. (Adolf Hitler was one of the thousands
of soldiers who served as dispatch runners.) An electrical technology, signal lamps,
came to be quite important, as lamps suitable for daytime as well as nighttime use
were developed, including ones using ultraviolet light in order to be invisible to the
enemy.” Another electrical technology that avoided reliance on electrical lines was
TPS (télégraphie par le sol), also called “ground telegraphy” and “earth current sig-
naling”.* The experiences at the battle of Neuve Chapelle and other early actions
gave great impetus, in mid 1915, to the development of this technique.

Engineers had long known that electric impulses could be detected after travel-
ing several hundred meters through the ground. The enterprising engineer Gustave-

% Marshall, p. 87.

! Kennelly, p. 230.

2 Cusins, p. 768.

* Woods, pp. 126, 195.
* Dewey.

* Kevles, p. 137.
 Sources for the information on TPS are Amoudry, pp. 179-181; Blake, pp. 332-334; Hartcup,
pp. 76-78; and Kennelly, pp. 243-244.
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Auguste Ferrié, who headed the French Radiotélégraphie Militaire, had two important
insights: the newly available electron tube could significantly extend the range of
this technique, and it might then be of enormous value in the fighting on the Western
Front. He made improvements in the signal generator and in the receiver—notably
by the use of a triode amplifier—and achieved a usual range of several kilometers.
The transmitter was essentially a buzzer (an electromechanical device that interrupts
the circuit at a very high rate) powered by a battery. Ferrié found that there was less
interference when high tones were used. The receiver was an amplifier, employing
a triode electron tube. Earth connections were usually made by driving steel pins
into the ground; often a short length of insulated wire was laid along the ground and
anchored at each end by a spike.

These devices began to be used in large numbers in 1916, and by the end of the
war the French had produced almost 10,000 of them for use by the Allies. The
Germans also deployed a system of ground telegraphy; it was mainly the work of a
young mathematician, Richard Courant, who became famous after the war for his
work on quantum mechanics.?” So did the Americans.*®

Users of ground telegraphy discovered that their receivers frequently could pick
up telegraph and telephone signals from lines buried nearby. They were thus used
to tap enemy lines and also to receive one’s own telegraph or telephone signals when
a line had been severed. These receivers came to play a large role in eavesdropping,
a subject considered more fully below.

Its portability and its freedom from electrical lines made ground telegraphy an
important means of communication during the Great War. It was a technique,
however, that scarcely outlived the war. Even before war’s end it began to be dis-
placed by another wireless communication technique, one with a much wider appli-
cability and a much greater potential.

1.2 COMMUNICATION THROUGH THE ETHER
1.2.1 Origins of Wireless Telegraphy

The leaders in developing the new communications medium were the navies of
several nations. They had long used other wireless means, such as lanterns and
gunfire, to signal from ship-to-ship or ship-to-shore. The availability of telescopes
led in the mid seventeenth century to signal-flag systems, which underwent consider-
able refinement over the next two-and-a-half centuries.* A major advance came with
electric-light signaling, which the U.S. Navy adopted in 1878 for conveying Morse

7 The famous physicist Arnold Sommerfeld also contributed to the German development of ground
telegraphy [Hartcup, p. 77]. In the United States Lee de Forest patented a system of signalling by earth
currents [Blake, p. 334].

*# A 2-way earth telegraphy set, the SCR-76, was designed by Western Electric engineers [Report of the
Chief Signal Officer, p. 290].

¥ Howeth, pp. 4-10.
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code.” All of these signaling methods were slow and had a range of only 10 or 20
kilometers, even under the best of weather conditions. Hence when wireless com-
munication by electromagnetic waves became possible, many naval officers showed
interest.

The origin of radio may be traced back to James Clerk Maxwell’s prediction,
made in the early 1860s, of the existence of electromagnetic waves (thus called
because they consist of interacting electric and magnetic fields) or to Heinrich
Hertz’s demonstration of their existence a quarter century later. In 1892 William
Crookes attracted international notice in arguing that these waves provided an excel-
lent means of communication, yet the exploitation of this possibility, either for
commercial or military purposes, took several years." The person most responsible
for turning the laboratory demonstration into a useful device was the young and
largely self-taught Guglielmo Marconi.

In the late 1890s Marconi developed a wireless system that drew heavily on the
achievements of contemporaries, notably the Hertzian transmitter of his teacher
Augusto Righi and the coherer detector of Edouard Branly (which registered the
presence of an electromagnetic wave by the changed conductivity of a tube of metal
filings). (See Figure 1.4.) The historian Hugh Aitken writes of Marconi: “The origi-
nal acts of creative insight were seldom his. Where he excelled was in the indispens-
able process of critical revision.”** Marconi succeeded not only as what would today
be called a systems engineer, but also as an entrepreneur.

After extensive experimentation with antenna designs (which showed him that
he could achieve much greater distances with a grounded vertical antenna), Marconi
in 1896 put together a system capable of signaling several kilometers and soon
obtained an English patent. The following year a company was formed to exploit
the patent, and in 1900 a second company, specifically for marine communications,
was established. What came to distinguish the Marconi companies was their provi-
sion of a complete service, not only the equipment but also the personnel to operate
and maintain it.

Effective use of radio was hindered by a problem associated with early transmit-
ters. Most pre-war transmitters were the so-called spark oscillators, which generated
radio-frequency waves in extremely short pulses that were rapidly damped. Both the
short pulse-length and the damping caused a substantial broadening of the signal
spectrum (that is to say, the signal contained a wide range of frequencies). (See
Figure 1.5.) Interference between two simultaneous transmissions was then almost
inevitable, since they could not be sharply tuned to different frequencies. It was
widely recognized that a reliable generator of waves of a single frequency could

“ Howeth, p. 10.

' The belief that Oliver Lodge’s Hertzian-wave demonstration in 1894 (at the annual meeting of the
British Association for the Advancement of Science) included the transmission and reception of Morse
code, as Hugh Aitken concluded [Aitken 1976, p. 123], has been convincingly refuted in Sungook
Hong’s 1994 article in Technology & Culture.

2 Aitken 1976, p. 187. The main source for this paragraph is Aitken 1976, pp. 179-297.
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Figure 1.4. The system of wireless communication that Marconi developed by the turn of the
century.
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Figure 1.5. These curves indicate how Morse code is carried by the output of a spark transmitter:
at the top is output typical of a spark transmitter, in the middle is the code for the letter L (dot-dash-
dot-dot), and at the bottom is the transmitted signal.

solve this problem. (As we will see, another crucial advantage of a continuous-wave
generator was that it made possible transmission of voice signals.) Efforts to produce
a continuous-wave transmitter predated the war, and two means of generating con-
tinuous waves were already successfully developed: the Poulsen arc transmitter and
high-frequency alternators.

At the beginning of the nineteenth century, Humphry Davy had observed that,
under certain conditions, if he made a small break in an electric circuit the current
continued to flow in a steady arc-discharge across the gap, and he exploited the
phenomenon to produce an extremely bright light (later commercialized as arc light-
ing). Almost a century later, the Danish engineer Valdemar Poulsen, building on the
recent work of the English scientist William Duddell, showed how to obtain regular
oscillations in the radio-frequency range from a steady arc-discharge, and in 1903
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he demonstrated transmission over 150 miles.* In 1913 the U.S. Navy began build-
ing Poulsen-arc transmitters,* and most of the major units of the British navy were
equipped with Poulsen transmitters by the end of 1916.* Though the arc transmitter
easily outperformed spark transmitters, its range was less than hoped for, as it proved
difficult to increase the power much beyond 30 kilowatts.*®

Greater power was obtained with radio-frequency alternators. Generators of
alternating current for electric power provided, of course, great power—a capacity
of several thousand kilowatts was common in the first decade of the century*’—but
at a frequency, typically 50 or 60 Hertz (cycles per second), far below what was
needed for radio. The person most responsible for the successful redesign of alterna-
tors to produce radio frequencies was Ernst EW. Alexanderson of General Electric,
and in 1909 that company began produced the first 100-kilohertz, 10-kilowatt alter-
nator.” In February 1917, General Electric delivered a 50-kilowatt alternator to the
Marconi wireless station in New Brunswick, New Jersey; the station was taken over
by the navy after the United States entered the war in April 1917, and beginning in
February 1918 it was regularly used for official radio traffic to Europe.*’ This trans-
mitter was used when direct radio communication with Germany (through the station
at Nauen, near Berlin) was established in October 1918.”° A still more powerful
radio-frequency alternator was built by the French company Société francaise
radioélectrique (SFR); its 125 kilowatts of power were ample for communication
across the Atlantic.”!

By war’s end, it was clear that the future of radio transmission lay with continu-
ous-wave generators. Some engineers thought the Poulsen arc would become the
dominant type, others the high-frequency alternator. In fact, as we will see, the future
lay with a third means of generating continuous waves.

1.2.2 Wireless at Sea

In the first decade of the century, the Marconi companies and other promoters estab-
lished a place for wireless in maritime and naval operations. In 1900 the Cunard and
White Star lines began installing wireless apparatus on their liners, and in 1901
Lloyds of London, the marine insurance firm (which had more than 1000 agents in
ports around the world), signed a contract with the Marconi Company. In the U.S.
the Radio Ship Act of 1910 required all ocean-going vessels carrying 50 passengers

* Howeth, p. 133.

* Aitken 1985, pp. 93-95.
Hartcup, p. 128.

Aitken 1985, pp. 96-97.
Hunter and Bryant, p. 346.
Brittain 1992, p. 67.

* Brittain, pp. 117-131.

* Brittain, p. 130.
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or more to be fitted with radio equipment. Besides for ship-to-shore and ship-to-ship
communications, radio was important in another way; accurate navigation at sea
required accurate timekeeping, and just after the turn of the century the Greenwich
Observatory began broadcasting time signals.

Navies, too, found wireless a boon to operations. The British navy began equip-
ping its ships with Marconi wireless sets in 1900, and in 1903 the newly created
Telefunken began receiving orders from the German navy.””> As early as 1905
wireless played a major role in combat, allowing the Japanese navy to surprise the
Russian navy at the time of the battle of Tsushima.” The U.S. Navy, however, was
unusually slow to adopt the new technology; it was not until 1913 that tactical
signaling by wireless became regular practice.™

At the highest level, radio changed the way navies fought. According to the
British historian C.R.M.F. Cruttwell, “... the Admiralty from its great wireless masts
in Whitehall necessarily directed and controlled strategy far more powerfully than
in earlier wars.”> Wireless finally ended the need for dispatch vessels, which carried
messages to and from ships at sea. It also made possible the new British strategy of
distant blockade. The traditional British practice of cutting off enemy trade by close
blockade of harbors was too dangerous because of torpedo boats and U-boats, but
good communications and reconnaissance allowed the safer alternative to be almost
as effective.”

Wireless was also important at the tactical level. In fleet operations, however,
the British, concerned that wireless transmitting would reveal their locations
and aware of the danger that their codes might be broken, maintained wireless
silence when using other forms of signaling made this possible.”” German warships
made greater use of wireless, not knowing how skilled the British were at locating
transmitters and falsely believing as we will see below, that their codes were
secure.

Wireless communication was especially important for submarines, as their
deployment could often benefit from recently received information about threats
from the enemy and about possible targets. In April 1915 Admiral John (Jacky)
Fisher reported to Winston Churchill, First Lord of the Admiralty, that German U-
boats were transmitting and receiving signals, day or night, at distances up to 300
miles and termed it “vitally necessary” that the British submarines be capable of the
same.’® (British submarines on patrol could not report sightings in a timely way

52 Headrick, pp. 118, 123.

53 Griset, p. 104, and Okamura, p. 54.
5 Susan Douglas 1985.

% Cruttwell, p. 62.

56 Schmitt, p. 40.

57 Beesly, p. 32. Communicating by signal flag was neither rapid nor reliable. For example, at the Battle

of Dogger Bank early in the war orders conveyed by signal flag were misinterpreted; otherwise the
British would have achieved a much greater victory [Beesly, p. 62].

% Hartcup, p. 128.
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because, in the first year and a half of the war, their wireless sets had a range of only
30 miles or s0.)*

To achieve longer-range communications, two avenues were pursued. The first
was the development of more sensitive receivers. Electron tubes helped here in three
ways: as detectors (the purpose for which both Fleming’s diode and de Forest’s triode
were invented); as amplifiers (the purpose of electron tubes in telephone repeaters);
and as local oscillators for what is known as “heterodyning”.

The process of heterodyning—whereby the incoming signal is combined with
a continuous wave generated in the receiver—had been proposed before the war as
a way to gain sensitivity.® (The so-called beat frequency—equal to the difference
between the input frequency and the local-oscillator frequency—carries unchanged
the audio signal.) There were, however, no good sources of local oscillation at
appropriate frequencies, as neither the alternator nor the Poulsen arc could be readily
scaled down to the right size.®' The electron tube proved to be ideal as a small, low-
power oscillator, and, indeed, it was for heterodyning that the electron tube first
became standard in naval apparatus.®

The second avenue toward long-range radio was the development of more
powerful and effective transmitters. During the war the most powerful and effective
type was the Poulsen-arc transmitter. Built in various sizes—the largest for the
highest-power land stations, the smallest for transmitters for submarines—the arc
transmitter functioned well, both for telegraphy (its usual use) and telephony. For
the latter application there gradually emerged a rival in the electron-tube oscillator.
Alexander Meissner, Telefunken’s chief engineer, produced an effective transmitting
tube early in 1915,% and engineers in Britain and the United States achieved similar
results at about the same time. As we will see below, tube transmitters were devel-
oped for the mobile use of radio telephony, and for a short time this seemed the only
area where it was preferable to the Poulsen arc.

1.2.3 Wireless on Land and in the Air

With the availability of powerful transmitters, radio became a vital means of long
distance communication for several governments. Its oceanic cables severed,
Germany could communicate with its colonies and ships away from the Continent
only by radio; the transmitter at Nauen could reach America, South-West Africa, and
China.* France relied on radio to communicate with its allies in Eastern Europe

¥ Hezlet, p. 97.

% Heterodyning was first introduced, by Reginald Fessenden in about 1901, as a way of making audible
the Morse-code signals sent by a continuous-wave transmitter [Aitken 1985, pp. 58-59].

" Gossling. Small Poulsen-arc oscillators were, in fact, developed for use in heterodyning, but were
soon displaced by vacuum-tube oscillators.

2 Gossling.
 Hartcup, p. 127.
 Beesly, p. 30.
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(Russia, Rumania, Greece, Montenegro, and Serbia) and with certain of its colo-
nies.® After U.S. entry into the war, a radio link between Lyon and Sayville, New
York permitted the exchange of 40,000 words per week between the two allies.*”
The most important of the French transmitting stations was at the Eiffel Tower,
which Alexandre-Gustave Eiffel had made available in 1903 to the French military
for radio communication.” It was, indeed, from the Eiffel Tower that the message
stopping the war was transmitted at 5:00 am on 11 November 1918.%®

Armies in the field made considerable use of wireless. Because early sets were
not very portable, wireless was used principally between headquarters, though small
radios for use in the trenches were developed before the end of the war.% In the first
year of the war, Moltke made wireless a favored means of communicating with
general headquarters, but his lack of radio capacity, a problem greatly exacerbated
by intentional interference from the Eiffel Tower station, caused severe communica-
tion deficiencies.”® Electron-tube transmitters, which became available for field use
toward the end of the war, alleviated two difficulties associated with earlier transmit-
ters: the much narrower signal spectrum made it easier to tune out other transmis-
sions; and the smaller size improved portability.”' These transmitters were particularly
welcome for communicating between gunners and forward observation posts.”

These, as well as the naval uses of wireless mentioned above, were applications
of wireless telegraphy, which conveyed Morse code or some other discrete code. As
early as 1900 Reginald Fessenden, a Canadian-born electrical engineer, had recog-
nized that radio waves could transmit voice and music, provided one found a source
of continuous waves at radio frequency. The audio signal could be imposed on the
continuous wave at the transmitter and extracted from the incoming signal at the
receiver. (See Figure 1.6.) Fessenden’s idea was that one could design an alternator
able to produce radio-frequency oscillations (in the neighborhood of 100,000 Hz,
rather than the 60 Hz produced by many electric-power generators). General Electric
pursued this idea and, as mentioned above, built a series of radio-frequency alterna-
tors. In 1906 at Brant Rock, Massachusetts, Fessenden used one of them for experi-
mental broadcasts of speech and music that were received by wireless operators on
nearby ships.”

 Griset, p. 105, and Amoudry, p. 185.
5 Griset, pp. 105-106.

7 Libois, pp. 52-53. The Eiffel Tower, completed in 1889, was the tallest structure in the world for four
decades.

% Amoudry, p. 201. The message transmitted read “Marshall Foch to the Allied commanders: Hostilities
will cease at 11:00 a.m.”

% Kennelly, p. 234.
" Cruttwell, p. 25, and Amoudry, p. 155.

"' Eoyang, p. 29. Early in the war the problem of mutual interference was so severe that the British army
allowed only one radio set per division along the front.

2 Cusins.
3 McNicol, pp. 74-77.
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Figure 1.6. These curves indicate how a voice signal is carried by a continuous wave, which is
then called the carrier wave: at the top is a single-frequency wave, in the middle is an audio wave
produced in speaking, and at the bottom is the carrier wave modulated by the audio signal.

The two other sources of continuous waves—the Poulsen arc and the electron
tube—were also applied to radio telephony. In 1914 Bell engineers began to inves-
tigate electron-tube circuits as oscillators, and in April 1915 they transmitted speech
from Montauk, Long Island to Wilmington, Delaware. These engineers then con-
structed a transmitter containing some 300 oscillating tubes (in order to reach a
power of two to three kilowatts) and in October 1915 successfully transmitted speech
across the Atlantic (to the Eiffel Tower station of the French military).” During the
war and in the first few postwar years, the Poulsen arc, along with the radio alterna-
tors, were favored over the electron tube because they generated much more power.
Both, however, were much larger, so not suited to portable radio telephones.

Radio was also important to the military use of aircraft. Aviation underwent
rapid development during the war, both in numbers—by Armistice Day some
200,000 aircraft had seen service—and in capabilities. Speed increased from 100 to
200 km/hr, motor power from 100 to 300 horsepower, flying height from 1200 to
9000 meters, and flight duration from 5 to 9 hours.” The most important military
function was reconnaissance.”® Here rapid communication was essential, especially

™ Fagen, pp. 364-368.
> Braun, p. 202.



1.2 Communication Through the Ether 29

when the purpose was the directing of artillery fire. In 1912 the U.S. Navy success-
fully tested a radio transmitter and receiver mounted in an aircraft, but the consider-
able weight of the apparatus and the difficulty of communicating in telegraphic code
made wireless unpopular with aviators.”” In Germany airplane transmitters under-
went testing as early as 1912. By the end of 1916 they were standard equipment,
and German planes began to be equipped with receivers as well.”®

One of the most important improvements was making radio apparatus smaller
and lighter. Using an on-board generator (run by the airplane motor or a wind-driven
vane) rather than batteries reduced the weight further. Since keying in Morse code
was difficult in that era’s airplane and also required considerable training, alternative
means were sought. The Germans experimented with automatic code senders (so
the aviator needed only to key in letters) and with wireless transmission of drawings
from aircraft to the ground.” Cylinder phonographs were used to record observations
in the air, though with this device the information could not be shared until the flight
ended.*® The most important advance was the transmission of voice rather than code,
something that the electron tube, as oscillator and amplifier, made possible.

One of the engineers who developed radiotelephony for aircraft, A. Hoyt Taylor,
recalled some of the problems:

The first time [ went up in a plane and listened to signals from the ground, I felt pretty
hopeless. The places assigned for the radio operator were in no way shielded from the
tremendous noise of the engines. Engine mufflers were not too efficient. In addition to
this, the ignition interference from the spark plugs in the engine was terrific. In order
to shut out the engine noise we experimented with all kinds of radio helmets, the
telephone receivers being buried in the ear caps of the helmet, surrounded with a
sponge rubber device, which was supposed to close up the ear against extraneous
sound.”!

Work went into ameliorating the interference problem and making a transmitter that
would respond well to the human voice, but not to engine or wind noise. Engineers
devised a soundproof helmet bearing both microphone and earphone, an antenna
system that would radiate effectively but not interfere with tactical maneuvering,
and a power supply suitable for the electron-tube circuits. It was necessary to make
the set as simple to operate as possible, and the tubes had to be small and rugged,
yet capable of mass production.*?

The French successfully tested air-to-ground wireless telephony at the battle of
Verdun in 1916 and air-to-air telephony at Villacoublay the following year.** The

 Hartcup, p. 152, and Howeth, p. 189.
7 Howeth, pp. 189-191.

™ Schwarte, p. 193, 266-268. Some planes were equipped with telephones between pilot and observer,
because engine noise made communication between them difficult [Hopkins p. 50].
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latter use of wireless allowed a group of airplanes to coordinate their actions in the
course of a mission; thus the voice-commanded squadron became a new fighting
unit.* The Royal Air Force began using interplane communication in 1917. In early
1918 aviation radiotelephones (SCR-67 and SCR-68) began to be produced in large
numbers in the U.S.* By the end of the war, wireless communication was generally
recognized as having great value for military aircraft.*® While pilots in 1915 usually
regarded a radio set as an unwelcome nuisance, many in 1919 refused to fly without
one.”

Aviation presented the greatest need for radio telephony, but sea and ground
applications followed quickly. During the war Western Electric produced a small
radio telephone (the CW-936) that was used on sub-chasers and destroyers, and this
set popularized voice communications in the U.S. Navy.®® Toward the end of the
war, radiotelephones began to be used in tanks; without them, unplanned mass
maneuvers of tanks were not possible.”

A contemporary wrote: ““... radiotelephone-equipped airplanes closed the control
loop and subjected airplane pilots to the same principles of command and control
incumbent upon the rest of the Army.””® Radio served similarly with ships at sea
and tanks on land. On a larger scale, radio combined with other means of instanta-
neous communication to change forever the nature of military activity. In 1920
Arthur Kennelly wrote:

Just as a spider on watch at the center of her net, becomes a combined spider and

net organization, extended into space as a circular plane surface with physiological
and nervous mechanism at the center; so a human being armed with a sufficiently
powerful radio apparatus becomes in the same sense, a combined man and ether
organization, pervading the whole world, and capable of initiating intelligent response
over all the globe.’!

1.3 EAVESDROPPING
1.3.1 Miilitary Intelligence

Homer’s Iliad, one of the oldest accounts of war, portrays the use of runners for
communications and the practice of infiltrating enemy lines to eavesdrop.”® The use

8 Kennelly, p. 238.
% Clark.

% Prince, and Hartcup, p. 155.

%7 Prince.

8 A. Hoyt Taylor, p. 64.

% Clark. This difficulty was clearly foreseen by the British Colonel Ernest Swinton, one of the early
proponents of the tank [Dupuy, pp. 221-223]. At the battle of Cambrai in November 1917, a few tanks
carried radios [Macksey, p. 94].

% Clark.

! Kennelly, p. 234.

22 See, for example, pages 283, 286, and 336 in Robert Fagles’ translation of the /liad.
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of radio in war facilitated communications enormously, but it facilitated eavesdrop-
ping even more. Wireless, indeed, opened two new windows on the activities of the
enemy: messages sent by wireless could be intercepted and interpreted; and infantry
units, artillery units, ships, and zeppelins using transmitters could be located with
direction-finding antennas even when the messages could not be read. The historian
Daniel Headrick has written: “As secret interception and code-breaking were added
to the arsenal of the warring powers, a new weapon was forged: communications
intelligence. This ... was as important to the outcome of the First World War as the
strategies and tactics that were formerly emphasized.””?

All of the belligerents worked to eavesdrop on enemy communications. The
British navy, for example, maintained a large network of radio listening stations,
and along the Western front the Allies maintained a sequence of such stations at
intervals of about 15 kilometers.”* Frequently, even wired communications could be
overheard. On occasion it was possible to tap directly into an enemy line.” More
often, one could pick up a telegraph message or telephone conversation with a
receiver of the type used for ground telegraphy, since the signal-bearing wire induced
currents in the ground. This became an important use of the ground-telegraphy
receivers, and often collecting loops were laid out in the ground as close to enemy
communications as possible.” The listening services of the opposing armies were
so effective that both the British and the Germans were prompted to develop devices
(the Fullerphone and the Unabhorchbare Telegraph, respectively) for sending tele-
graph signals that could not easily be tapped.”’

The other new window that radio gave to military intelligence was
direction-finding. Radio waves generally travel in straight lines from the transmitter,
though, like other waves, they are subject to reflection, refraction, and diffraction.
The direction from which they arrive at a remote location can be roughly determined
by using an antenna consisting of wire wrapped on the perimeter of a square wooden
frame; there is no signal when the antenna is perpendicular to the line of propaga-
tion, and maximum signal when the line of propagation lies in the plane of the
antenna. (See Figure 1.7.) By taking the bearings of a transmitter at two or more
locations, one can then determine its approximate location.

The British had used crystal radio-wave receivers for direction finding, but the
availability of electron tubes beginning in about 1914 made the technique much
more powerful, since tube receivers were immensely more sensitive. Direction

% Headrick, pp. 138—139. Perhaps the earliest instance of intercepted radio communications in wartime
was the reading by Japanese radiomen of Russian fleet signals during the 1904-1905 war [Dear, p. 626].
% Kennelly.

% U.S. forces used a device called the telautograph that indicated any variations in line conditions, but
if a line was tapped skillfully, even with the telautograph it was difficult to detect the wiretap [Report of
the Chief Signal Officer, p. 243].

% Cusins. A countermeasure was the use of twisted-pair conductor; with ground-telegraphy receivers
could read messages from single-wire lines up to a distance of four miles [Report of the Chief Signal
Officer, p. 115].
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Figure 1.7. Direction-finding
antenna (photo courtesy of NIST
Y Boulder Labs).

finding, therefore, grew to be a large branch of military intelligence, one employed
almost every place the enemy used wireless transmitters.”

The Germans used the technique as early as the first month of the war, following
the location of the Russian staff, which was using a transmitter, throughout the battle
of Tannenberg.” The French used direction finding to follow the forays of German
zeppelins, in particular in warding off such attacks on Paris.'” It was the British,
though, who most effectively employed the technique. Whenever a German surface
ship, U-boat, or zeppelin in the North Sea made a radio transmission, it was likely
that several British listening stations determined its direction. The information was
telegraphed to the Admiralty, where the location of the transmitter was calculated."”"
By May 1915 the British were in this way tracking U-boats across the North Sea
with an accuracy of about 20 miles.'” For the Atlantic Ocean, fewer listening sta-
tions and greater distances meant that the accuracy was only about 50 miles. Direction
finding was thus an effective tool in the fight against the U-boat, and it became
especially important after the institution of the convoy system, since evasive routing
was then possible (and because the latest information could be supplied to the
convoy by wireless).'®

* Cusins. The first use to which British-army engineers put the triode was in a direction-finding
receiver.

" Cusins. According to Cusins, Hindenberg gave some credit for the victory to this employment of the
direction-finding technique.
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The information gathered by direction-finding stations could be used in another
way: “traffic analysis”. Even without decrypting enemy messages, one could often
deduce much about their activities and intentions by analyzing when wireless trans-
missions were made, from what locations, and in what numbers. The significance
of deviations from established patterns could sometimes be guessed. On many occa-
sions traffic analysis combined with direction finding and cryptanalytic results to
give an accurate picture of enemy operations.'® Of course, if one drew conclusions
from radio traffic, one could also be deceived by it. In the summer of 1918 the British
increased wireless activity at a position on the Western Front where they wished to
make the Germans believe an offensive was imminent, and the deception was report-
edly successful.'”

Aviators used direction finding for navigation in two different ways. In the first,
the aviator transmitted a coded message identifying himself. Direction-finding sta-
tions replied, also in code, giving the bearing of the first transmission. With responses
from two or more stations, the aviator could find his position on a map. (The British
learned the identifying code of many German zeppelins and were thus helped in
tracking zeppelins across the North Sea.) The second way had the advantage that
the aviator need not break radio silence, but required direction-finding capability on
the plane: the aviator took bearings on two or more transmitters in known loca-
tions.' Many ships acquired direction-finding sets, which they used to determine
their bearings relative to what might be called “radio lighthouses”, stations set up
along coasts to broadcast identification signals for navigation purposes.'” In the
1920s it became usual for ships to have direction-finding sets, and in 1935 it became
mandatory for all large ships on the British ship register.'®

During the war Telefunken devised a way for a navigator without direction-
finding equipment to determine his bearing relative to a known location. Lighthouses
had long provided such a service for mariners; a light flashed when the rotating beam
aimed directly north, so that the bearing could be deduced from times from the flash
to the passage of the beam and from the passage of the beam to the next flash.
Telefunken built a transmitter with 32 directional antennas oriented as the points of
a compass. After a start signal, which was radiated from all 32 antennas, the antennas
radiated in sequence, one at a time, each for 1 second, moving around the circle
from North. The navigator deduced his bearing simply by counting seconds from
the start signal to the transmission that was loudest.'”

Heavy artillery use, as we have seen, was often intended to disrupt wired com-
munications. The belligerents sought also to disrupt radio communications by
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9 Terraine 1965, pp. 165-166.
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jamming; that is, by sending out strong interfering signals so that enemy messages
would be unintelligible. The technique began early in the war, and its use grew as
the use of wireless transmissions grew. In the 1918 offensives German jamming
stations put out what was described as a “wireless barrage”.'"’

The enormous efforts made during the war to maintain one’s own wireless com-
munications, to interfere with the enemy’s by jamming, to intercept and decode the
enemy’s messages, to prevent the enemy from doing the same, and to use direction-
finding to locate the enemy constituted what was called “the wireless war” or “the
war of wave lengths”.""" This highly technological warfare, where any move might
elicit a countermove, resulted in many innovations. Besides the ones already men-
tioned, there was high-speed automatic transmission of code (regularly used by the
Germans and countered by the French using phonographic recording of the transmis-
sion) and frequent changes of transmission frequency (used by the Germans and
countered by the British with automatic searching devices)."? Of the many intelli-
gence and counter-intelligence activities, the one that attracted the greatest efforts
and yielded the greatest returns was cryptanalysis.

1.3.2 Cryptology and the Zimmermann Telegram

In the course of battle, especially early in the war, messages were sometimes sent
“in the clear,” that is, without encryption (other than into the dots and dashes of
Morse code). Such messages were then almost equally accessible to the enemy. As
mentioned earlier, the German victory at Tannenberg owed something to intercepted
Russian transmissions, which had been sent “in the clear.” It soon became practice,
however, to encode all messages before transmission, and this had the result, not
surprisingly, that both sides devoted considerable resources to decoding enemy
messages.

Though cryptography (encoding and decoding messages) and cryptanalysis
(solving unknown codes) are ancient practices, they first became major government
activities with the widespread use of wireless during World War I.'"* The French
had for decades cultivated cryptology (the study of cryptography and cryptanalysis)
in the Bureau du Chiffre, and during the war they repeatedly broke German
codes."* For example, intercepted information vitally contributed to Allied victory
at the Battle of the Marne, which in September 1914 finally stopped the
German on-rush a few dozen miles from Paris."> Other French successes due to
intercepted and decoded messages were the capture of the spy Margheretta Zelle,

0" Cusins, p. 769. To overcome the effects of such jamming, the General Electric engineer Ernst

Alexanderson devised an antenna system called the “barrage receiver” [Gorowitz, p. 11.58].

""" The former phrase is Beesly’s, the latter Hartcup’s.
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better known since as Mata-Hari,'""® and a successful counterattack on 18 July
1918," that drove the Germans—who had again approached within a few dozen
miles of Paris—north of the Marne and marked the final turning of the tide in the
war in France.

The British case provides a more typical picture of the status of cryptanalysis
in 1914. Early in the war, Admiralty and other wireless stations picked up strange
unintelligible messages that were passed on to the Director of Naval Intelligence,
Rear-Admiral Henry Francis Oliver. The messages accumulated on Oliver’s desk
until he chanced one day to talk with Alfred Ewing, Director of Naval Education.
Ewing, it happened, cultivated cryptology as a hobby and asked to be allowed to
study the messages. Ewing quickly determined that these were German encryptions
and was asked by Oliver to set up a department to see if such transmissions could
be decrypted.'®

The department, which became famous as Room 40, grew in size—by 1917 it
employed 800 wireless operators and between 70 and 80 cryptographers and
clerks—and delivered valuable information throughout the war.""” The British were
extremely fortunate to obtain, in the first months of the war, copies of codebooks
for the three principal codes used by the German navy.'?” Intercepted messages led
to the destruction of the German raider Dresden on 14 March 1915 and the German
collier Rubens later that year.'”' An early British naval victory, the battle of Dogger
Bank, came about because the German operation order was intercepted and decrypted
by the British.'” Intercepted messages and direction finding afforded Room 40
knowledge of the number of U-boats at sea and the number in port, as well as
approximate positions for many of them.'” According to one historian, radio intel-
ligence was “the most important single factor in the defeat of the U-boats in 1914—
18”."** In other ways, too, the work of Room 40 was vital to the Royal Navy’s control
of the sea routes throughout the war, and without this control, victory by the Allied
armies would not have been possible.

In early 1917, Room 40 scored a triumph on the diplomatic front that changed
history: it intercepted and decoded—and then shared with the U.S. government—
what came to be called the Zimmermann telegram. (See Figure 1.8.) In this com-
muniqué, German foreign minister Alfred Zimmermann proposed that, in the event
of U.S. entry into the war, Mexico become an ally of Germany, saying that in
exchange for this action Germany would promise a return of the “lost territories” of
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Figure 1.8. A copy of the Zimmermann telegram (photo courtesy of the National Archives).

Texas, New Mexico, and Arizona.'” Ray Stannard Baker, Wilson confidant, said of
the Zimmermann telegram, “no single more devastating blow was delivered against
Wilson’s resistance to entering the war.”'?® Secretary of State Robert Lansing, who
hoped to move public opinion toward support for U.S. entry into the war, said that
the telegram “in one day accomplished a change of sentiment and public opinion

125 This was, it should be remembered, a time of animosity between the United States and Mexico. On
28 January 1917 U.S. forces under General John J. Pershing were recalled from Mexico, which they had
entered seven months earlier in a fruitless attempt to capture the revolutionary and bandit Pancho Villa.

126 Quoted in Tuchman 1958, p. 199.
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that otherwise would have required months to accomplish.”'?” Barbara Tuchman
wrote:

Had the telegram never been intercepted or never been published, inevitably the
Germans would have done something else that would have brought us in eventually.
But the time was already late and, had we delayed much longer, the Allies might have
been forced to negotiate. To that extent the Zimmermann telegram altered the course
of history.'*

Other belligerent also intercepted and decoded enemy messages. Even after the
Russians stopped sending wireless messages “in the clear” (which they did for the
first year of the war), the Germans succeeded in reading them because they obtained
the Russian cipher.'® Also, they broke the American cipher used for messages prior
to the major assault on the St. Mihiel salient on 12 September 1918, so the Americans
found the position largely evacuated."® Yet in the same engagement, a German
counterattack on 14 September was repulsed, in part because of foreknowledge
gained by the U.S. Radio Intelligence Subsection through decrypting a German
message. "'

Later chapters show that governments continued to support cryptologic activi-
ties in the years after the war and, at a much higher level, during World War II.'*
An important consequence for the history of electrical technologies is that these
activities played a large role in the development of the modern computer.

1.4 THE ART AND SCIENCE OF RADIO
1.4.1 The Manufacture of Electron Tubes

When war broke out, electron tubes were used as detectors in radio receivers and as
repeaters in a few long-distance telephone circuits. When the war ended, tubes per-
formed four essential functions for radio: generating the carrier wave in transmitters,
modulating the carrier wave with the audio signal, detecting the signal in receivers,
and amplifying signals in both transmitters and receivers. In addition, tubes were
used as oscillators in heterodyne receivers, as amplifiers in ground telegraphy and
some instruments, and in several other ways (mentioned in Chapter 2).

More striking than the proliferation of uses was the burst in tube production.
The total number of audions sold before 1913 was less than 2000; in 1913 sales

127" Quoted in Tuchman 1958, p. 199.

128 Tuchman 1958, p. 200. U.S. entry into the war was helped by the fact that Russia’s Czarist
government was overthrown in March 1917 and replaced by a provisional, ostensibly democratic
government; thus the Allies could more plausibly claim to be fighting to save democracy.
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132 The U.S. and French navies had cryptographic departments during the war and retained them after the
war; in the 1920s the German and Japanese navies set up cryptographic departments [Hezlet, p. 164].
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reached 1700 and in the following year almost 6000.'** By then, of course, the tube
had undergone considerable development and other manufacturers had entered the
field. French engineers designed an improved version of the audion (with a cylindri-
cal, coaxial arrangement of the electrodes), known as the TM tube (the initials
coming from “Télégraphie militaire”). Mass production began in October 1915, and
by war’s end more than a million had been made, most of them by Grammont and
Compagnie Générale des Lampes, two incandescent-lamp manufacturers.'** Because
the TM tube was both effective and robust, the British mass produced several ver-
sions of it."** By late 1918 many types of radio receiving tubes were being manu-
factured by several German companies, and a single Telefunken tube (the RE16)
was being turned out at the rate of 1000 a day."*

Western Electric developed a number of tubes for the U.S. Signal Corps and
the U.S. Navy. For example, the 203A (designated the VT-1 by the Signal Corps and
the CW-933 by the Navy) was a general purpose tube, used as detector, amplifier,
and oscillator."”” General Electric was another major U.S. supplier of tubes. GE and
Western Electric had agreed to divide the task, GE manufacturing transmitting tubes,
Western Electric receiving tubes.'”® By the end of the war, GE had supplied the
military with some 200,000 tubes, and Western Electric had supplied half a
million.'¥

For the manufacture of electron tubes it helped enormously that light bulbs had
been mass produced for many years. Both devices consisted of metal filaments, with
external connections, in an evacuated or gas-filled glass enclosure. But electron tubes
were more delicate physically, and their behavior depended sensitively upon the
shape and spacing of electrodes, the precise level of vacuum, and the presence of
adhering or occluded gases on surfaces within the bulb."® Engineers worked out
techniques for mass production at the same time other engineers were improving
tube design.

In the U.S., AT&T, GE, and Westinghouse made the largest contributions.
Westinghouse pioneered high power tubes for radio transmitters.'*' In the 1920s both
GE and Westinghouse marketed tubes through RCA, which set up its own manufac-
turing facilities in 1930.'* The number of tubes made continued to increase; in the
United States the production of receiving tubes alone reached 69 million for the year
1930."* In Germany one of the most important tube manufacturers was Siemens &
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Halske, where Walter Schottky pioneered the development of multigrid tubes.'*
Whereas Siemens & Halske concentrated on tubes for wire telephony, the other
major German tube manufacturer, Telefunken, concentrated on tubes for radio.'®

England in the 1920s had some half dozen major tube manufacturers. Two of
the most innovative were Metropolitan-Vickers Electrical Company and Marconi
Osram Valve.'* The latter was formed in 1919 when the Marconi Company and
GEC (General Electric Company Ltd., not affiliated with the General Electric
company in the U.S.) set up a joint company for the design and manufacture of
electron tubes. In the Netherlands, N.V. Philips Gloeilampenfabrieken, a manufac-
turer of incandescent bulbs, began producing electron tubes in 1917 and soon
became an international leader in the field.'*” France in the 1920s had four major
manufacturers of electron tubes; particularly innovative was Société La
Radiotechnique, which introduced the “azide” or “nitride” process of filament manu-
facture in 1926 and AC tubes in the following year.'*® In 1931 La Radiotechnique
was purchased by Philips. In Japan the Tokyo Electric Company (which after merger
with Shibaura Engineering in 1939 became Toshiba) began manufacturing three-
element electron tubes in 1917, and already in early 1920 five Japanese companies
were in the business.'"’

Widespread use of electron tubes received a great boost from the government
imposed standardization, all tubes had to be made to the same government specifica-
tions.”® A British engineer commented that during the war the standard triode
became: “as much an article of consistent manufacture as a metal-filament
lamp.”"*' Among all users of tubes, telephone engineers were probably most con-
cerned that tubes be uniform in their characteristics, stable in operation, and long
lived. (A long-distance telephone connection might involve more than a hundred
tubes, and failure of a single tube could break the circuit.) Bell System engineers—
some of them in the engineering department of Western Electric, which manufac-
tured tubes—brought about many improvements. In 1925 the life expectancy of a
tube was 50 times that of the early tubes of 1914."*

There was, of course, more to the radio art than tube production; transmitters,
receivers, power supplies, and antennas also needed to be manufactured. Many
companies, typically those already involved in electrical technology, began supply-
ing the rapidly growing needs of the military. The largest French company, the
Société francgaise radioélectrique (SFR), like most of the others, adopted the tech-
niques of mass production; by itself during the four years of the war, SFR produced
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and installed for the Allied armies 63 permanent wireless stations, 300 ship stations,
18,000 airplane stations, and 12,500 mobile stations.'>* Batteries, which provided
the power for radios, were manufactured in huge numbers, more than a million in
the U.S. alone."™

1.4.2 The Science of Electron Tubes

The triode vacuum-tube, which revolutionized 20th-century technology, had a slow
start. For six years after its invention in 1906, it was used only as a detector of radio
waves, where it was just slightly more effective than the diode tube or a galena
crystal.'™ Other applications for the triode—in wired telephony and in wireless
communications—began to be found in 1912, but these came only after improve-
ments in the tube design.

Most important was the move from the “soft” tube, containing gas at low pres-
sure, to the “hard” tube, with the enclosed space at high vacuum. De Forest had
believed the gas necessary for the tube’s operation. He and others were misled by
the fact that when used strictly as a detector of radio waves, the “soft” tube was
indeed more sensitive than the “hard” tube.'*® For the tube to function effectively as
an amplifier or oscillator, however, a high vacuum was necessary. This was recog-
nized in about 1912 by several engineers working independently: Harold Arnold at
AT&T’s manufacturing subsidiary, Western Electric; Irving Langmuir at General
Electric; and Alexander Meissner at Telefunken.

Other improvements came rapidly. Harold Arnold devised filaments (of
alkaline-earth oxides on a platinum-alloy core) that were much better electron
emitters.'”’” Better electrode-configurations—such as the cylindrical, coaxial arrange-
ment of the electrodes in the TM tube, mentioned above—were found. Tubes came
to be designed for particular applications: for radio reception, for radio transmission,
for telephone repeaters, for various types of amplifiers, and so on. A few examples
are a double-grid tube designed by Walter Schottky of Siemens and Halske for
terminal amplification in telephone circuits, a tube (the EVNI129) designed by
Telefunken as a heterodyne oscillator, and a tube (the Type E) designed by Western
Electric for transmitters in airplanes.'”® For use in aircraft, ships, and other places
where mechanical shocks and vibrations were common, “ruggedized” tubes were
designed."”’

Some tubes had one or more electrodes in addition to the cathode, control grid,
and anode of the audion. In 1913 Langmuir, who had discovered “space charge” (a
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build-up of electrons in the space around the cathode), found he could reduce the
space charge, and thus increase gain, by inserting a grid between the cathode and
control grid.'® In 1916 Schottky inserted a grid between control grid and anode in
order to increase gain, thus making what came to be called the screened grid
tube.'!

As these examples suggest, much of the advance came from increased under-
standing of how the tube functioned. Walter Schottky of Siemens & Halske, G. Stead
at the Cavendish Laboratory of the University of Cambridge, Henry J. Round of the
British Marconi Company, and Harold D. Brown of Western Electric were leading
contributors, but perhaps most influential was Irving Langmuir of General Electric.
A Columbia University graduate who obtained a Ph.D. under H.W. Nernst at
Gottingen, Langmuir began publication of his studies of vacuum tubes in 1913. His
most famous paper, presented to the Institute of Radio Engineers in April 1915, was
entitled “The pure electron discharge and its applications in radio telegraphy and
telephony”; it made famous the so-called “3/2 power law”.

Walter Schottky published a landmark paper in 1918. It analyzed two basic
sources of noise in an amplifying tube: thermal noise (arising from random heat-
motion of atoms) and the shot effect (arising from the randomness of emission of
electrons from the cathode). In the 1920s Bell System engineers John B. Johnson
and Harry Nyquist extended Schottky’s theoretical and experimental work, and such
studies enabled engineers everywhere to reduce electronic noise in a great variety
of circuits.'” The Bell System engineer H.J. van der Bijl pioneered in the analysis
of tube performance using measurable parameters and in the techniques for design-
ing circuits whose behavior could be predicted from these parameters. His 1920 text
The Thermionic Vacuum Tube and Its Applications was a widely-used guide to such
methods.'®

Better understanding of the electron emission process and better materials for
filaments and filament coatings led an increase in the efficiency of cathode emission
by a factor of four in the 1920s.'** The continued proliferation of tube types yielded
tubes well suited to a great variety of tasks. In power output, for example, the tubes
of the 1920s ranged from one-hundredth watt (in the miniature or “peanut” tubes
used especially in portable devices) to 100 kilowatts (in the large water-cooled
transmitting tubes).'®

Wartime urgencies, which brought great human and material resources to the
development of wireless communications, resulted in startling technological
advances. Other factors contributed. The hindrances of patent claims were swept
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aside by government edict.'® In the U.S., Assistant Secretary of the Navy Franklin
Roosevelt told contractors to use any patented invention required, guaranteeing
them against claims for government work.'®” The patent moratorium and the fact
that almost all radio equipment was manufactured for the military caused companies
to concentrate on research and development rather than on litigation or marketing.'®®
Technology transfer was facilitated by collaboration by different companies on
government orders and by sharing of techniques between allies.

One finds in the writings of engineers who were involved in radio at this time
many expressions of how rapid the wartime development was. Arthur Kennelly
wrote: “It has been estimated that ... the war advanced [radio communication] more
in four years than perhaps might have been accomplished in twenty or thirty years
of peace. ...”'® Less exaggeratedly, George Squier commented on the development
of vacuum tubes in the period of the U.S. involvement in the war as follows: “The
engineering advancement accomplished in less than two years represents at least
a decade under the normal conditions of peace. ...”'"" The British engineer B.S.
Gossling wrote:

The thermionic valve passed during the period of the war through all the various
stages of the transition from an instrument the value of which was already recognized,
but whose operation was erratic and theory obscure, to a product as reliable and as
thoroughly standardized in manufacture as the incandescent lamp, and in addition
capable, as regards all the main principles of its action, of explanation in terms of
well-established principles of physical science. ...""

It is important to recall the status of wireless communications before 1914. In
1912 a U.S. court condemned Lee de Forest for “abuse of trust on the basis of
valueless patents, in particular a three-electrode lamp called an ‘audion’ which
has been proved to be without any interest whatsoever!”'* At that time electron
tubes had found only one use, as a detector of wireless signals, and even in this
application other devices, notably crystal detectors, were much more widely used.
Wireless technology itself had only limited applications. The historian Howard
Aitken has written, “What was the new technology good for? Until World War I the
answer could without serious error be summed up in two words: ships and
lighthouses.”'"

1% The most famous example of legal logjam was the ruling in 1916 by the U.S. District Court in New
York City that the audion infringed on Fleming’s valve patent, but that the third electrode was protected,
so that both patents were required to manufacture triodes [Barnouw, p. 47].
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Military needs so stimulated radio’s development that the years 1914 to 1920
stand out as a distinct phase in its history.'™ This period followed the experimental
period from 1886 to 1900 (set off by Hertz’s investigations) and the maritime period
from 1900 to 1914 (dominated by the Marconi companies, which provided ship-to-
shore and ship-to-ship communications), and it prepared the way for the broadcast-
ing period beginning in 1920 (the subject of Chapter 4). Indeed, the technology of
broadcasting came directly from wartime work. In the United States most of the
early household receivers were copies of ones designed for the military, and early
transmitters used the techniques developed for military and other governmental use
during the war.'”

1.4.3 Radio Engineers

Radio engineering involved much more than tubes. The most powerful transmitters
were Poulsen arcs and alternators. Intense laboratory study by engineers at the
Federal Telegraph Company, led by Leonard F. Fuller, resulted in much more power-
ful arc transmitters; a 100-kW arc was built in 1916 and several 500-kW arcs just
two years later."”® By 1920 some 200 stations were using arcs for transmission.'”’
As mentioned earlier, the AC generator, or alternator, was another way to generate
continuous oscillations, and alternators were used in some of the most important
transmitting stations during and after the war.

There were advances in all facets of radio. Antennas were improved. The U.S.
Navy, for example, developed a number of static-reducing antenna systems.'”® Power
supplies for radio transmitters and receivers were improved. According to the Chief
Signal Officer of the U.S. Army, “Scarcely a single piece of technical apparatus
that was regarded as adequate at the beginning of the war is to be found in the
Signal Corps equipment at the time of the signing of the armistice.”'” Perhaps most
remarkable for the military period of radio development was innovation in transmit-
ting and receiving circuits.

The so-called regenerative circuit was discovered just before the war. In 1912,
while working to obtain greater amplification with his audion, Lee de Forest found
that when the output of a tube was connected to its input (in order to obtain greater
amplification), the tube sometimes produced a howl in his earphones, and he then
worked to eliminate the phenomenon. At about the same time, Edwin Howard
Armstrong made the same discovery and recognized how important it was that an
electron tube could generate oscillations. Indeed, tubes were soon in use in transmit-
ters to generate continuous waves and in receivers as the local oscillator in
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Figure 1.9. The superheterodyne circuit.

heterodyne circuits. Though the arcs and alternators were more powerful, they were
much larger and much more expensive than tubes. Moreover, they could not reach
frequencies that tubes could, 200kHz being an upper bound for almost all arcs and
alternators. Thus when high-power transmitting tubes were developed in the 1920s,
they displaced these devices.

Another great advance was the heterodyne receiver, described above. A refine-
ment of the heterodyne principle was the superheterodyne, invented by Edwin
Howard Armstrong while serving in the U.S. Signal Corps in France. Armstrong’s
idea was to build first a highly efficient fixed-frequency amplifier (at the so-called
intermediate frequency), then to tune a local oscillator so that the difference between
the incoming frequency and the locally generated frequency equaled the intermedi-
ate frequency (which was then produced by heterodyne action). (See Figure 1.9.) In
the 1920s it became, and remains today, standard in radio receivers.

Another achievement of this period was the establishment of professional soci-
eties for radio engineers. In the first decade of the century, the electric power indus-
try, already large, was still rapidly growing, and power engineers dominated the
American Institute of Electrical Engineers (AIEE). Many of those concerned with
other types of electrical technology, such as electrochemistry or wireless telegraphy,
felt that the AIEE was not serving their interests adequately, and some of them
formed new societies. In 1909, in an effort to prevent further splintering of the pro-
fession, the AIEE directors decided to promote the establishment of technical com-
mittees within AIEE, such as the Electricity in Mines Committee and the Electrically
Propelled Vehicles Committee. This organizational innovation succeeded in its
purpose, as the technical committees, numbering 13 by 1915 and 51 by 1962, under-
took more and more activities for their members.'*

The wireless engineers, however, had already set up their own professional
home. In 1912 the Society of Wireless Telegraph Engineers (started in Boston in
1907) and the Wireless Institute (started in New York in 1908) merged to form the
Institute of Radio Engineers (IRE).'*' The following year Proceedings of the Institute
of Radio Engineers began publication. With papers by such engineers as Michael

18 McMahon, pp. 124-127, and Ryder and Fink, pp. 61-62.
181 McMahon, pp. 127-132, and Ryder and Fink, pp. 65-67.
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Pupin, Lee de Forest, and Arthur Kennelly in its first year, it quickly became a
premier journal of the rapidly developing field. From its beginnings, the profession
of radio engineering had an international character. The founders of IRE decided
against including “American” in its name, arguing that IRE interests were interna-
tional in scope, as was radio itself.'®

Radio engineering, even more than traditional areas of electrical engineering,
had close connections with science. Maxwell, Hertz, Lodge, and Fleming were all
physicists, and many of the inventors of wireless techniques, such as Lee de Forest
and Walter Schottky, had been educated as physicists. The better understanding of
electron behavior, as in photoemission or space-charge buildup, was physics of
direct relevance to tube design, and engineers made important contributions to this
type of physics. Moreover, radio raised new questions for physicists. For example,
Marconi’s long distance transmissions, which surprised physicists (who knew that
radio waves, like light waves, propagate in a straight line), led to the discovery of
a reflecting layer in the atmosphere, soon given the name “ionosphere”. And radio
engineering provided new tools for physical investigation, as in the studies of the
ionosphere in the mid-1920s by Gregory Breit and Merle Tuve.'®® Later chapters
pick up the story of radio’s growth as a business and a technology and describe its
continuing close relationship with science.

182 Ryder and Fink, p. 66.
183 G. Breit and M.A. Tuve (1925), and G. Breit and M.A. Tuve (1926).



Chapter 2

Electrical Technologies
in Total War

2.1 REMOTE AND AUTOMATIC CONTROL

2.1.1 The Battle of Jutland and
Electrical Technology at Sea

By the time of the Great War, electrical technology was important on virtually all
ocean-going vessels. Consider, for example, the installations of the British liner, the
SS Aquitania.' Tt contained some 200 electric motors, which operated ventilation and
heating fans, passenger and service elevators, winches for lines and lifeboats, and
culinary and other equipment. Lighting was electric—a momentous change that
made ships much brighter and safer—and so were gyroscopes and sounding machines.
There were 18 loudspeaking telephones to facilitate the navigation of the ship and
27 intercommunication telephones. There were electric signaling lamps, an electric
helm indicator, electric fire alarms, remote control—from the bridge—of bulkhead
doors, electrically controlled whistles, and remote reading of water level in the
boilers. There was a master clock controlling electric clocks throughout the ship,
and some 1500 bell-pushes with indicator lights, mainly for signaling from the state
rooms.

Warships made many other uses of electrical technology as well. Electric power
turned guns and turrets and raised ammunition from the magazines up to the guns.’
Searchlights—both incandescent and carbon-arc—became vital for nighttime navi-
gation, for long-range daytime signaling, and for illuminating enemy ships in night
engagements.’ Indeed, so rapid was the wartime development in this area that an
' Lowson.

% Von Hase, pp. 85, 88.

* Kelly. Searchlights were used, perhaps the first time in naval combat, in the clash of Japanese and

Russian fleets at Tsushima in 1905 [Macksey, p. 54]. Because searchlights provided a target for enemy
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engineer writing in 1919 asserted that “searchlights purchased in one year became
almost entirely obsolete the next year.”* The cooling, feeding, and rotation of elec-
trodes within the searchlights were done though automatic controls.’ There were
other control systems: for gunnery, for navigation, and for stability (some of them
described below). Increasingly, steering gear came to be electrically powered and
controlled, and by the end of the war electric steering was standard in the British
navy.’

Electric propulsion was becoming important. All submarines, when submerged,
were powered by electric motors running off batteries; when surfaced, the vessels
used diesel engines for propulsion and for recharging of the batteries. For large ships
the most efficient prime movers—steam turbines and diesel motors—ran best at
speeds far above propeller speeds. Rather than connecting the engine to the propeller
by shafts and elaborate gearing, one could directly couple a generator to the engine
and an electric motor to the propeller, with only electric wires in between. (The
diesel—electric locomotive, introduced shortly after the war, worked on the same
principle.) The U.S. Navy launched its first electrically propelled ship (the USS
Jupiter) in 1912, and in 1915 chose a turboelectric drive for a new battleship (the
USS California, which entered service under the name USS New Mexico).”

Electrical technology was also vital for communication within the ship. Warships
often had two extensive telephone systems: one for control of guns and one for all
other uses.® Besides indicator lights, as for showing which bulkhead doors were
open, there were “telegraphic indicators” that automatically conveyed quantitative
information from one part of a ship to another, as from engine room to the bridge
or from range-finding stations to the fire-control room.’

Just as electrical technology helped a field army function as a single entity by
providing rapid communication—which facilitated information gathering, central
control, and feedback from all parts—so electrical technology made a ship a more
integrated system. There was greater central control, mainly because of greater
awareness of the state of the vessel through automatic and human-mediated signal-
ing. And, of course, the electric lighting and electric motors used throughout a ship
greatly enhanced local control. A British electrical engineer drew the following
picture in 1918: “Electricity plays a vital part in the lighting, heating, ventilation,
internal and external means of communication, operation, and control of every

gunners, star shells and parachute lights (which could illuminate enemy ships while leaving friendly
ships in darkness) were often preferred in night fighting; toward the end of the war, naval searchlights
were also used against enemy aircraft [Kelly].

* Kelly, quotation on p. 1606.
° Hughes, 1971, p. 218.
¢ Nielson.

" Gorowitz, pp. 1147, 11.52; Nielson; and McBride. In next few years turboelectric or diesel-electric
drives were chosed for other warships and some cargo ships, but improvements in reduction gearing
soon made direct-drive propulsion preferable in large ships.

® Fagen, p. 175.

° Von Hase, pp. 78-80, 106.
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possible means of defence and offence of a modern battleship, cruiser, and even
torpedo-boat destroyer. The switchboard is the heart of a battleship, the electric
cables radiating or controlled therefrom are its nervous system. ...”'° The British
admiral Jacky Fisher contrasted modern battle with that of a century earlier at
Trafalgar: once Admiral Nelson had given his orders, he had nothing to do but walk
“up and down the quarterdeck of the Victory, having a yarn with his Captain! He
had got his ships alongside those of the enemy and had nothing more to do, and then
it became a sailors’ battle. But now it’s the Admiral’s battle. All is worked from the
conning tower. You press a button and off go the torpedoes. Another electrical signal
fires the guns, a third works the engines, and so on.”"!

Electrical technology revolutionized fleet operations as well. As we have already
seen, wireless apparatus was soon regarded as essential, and the larger the fleet, the
more difficult to maintain control and receive information by other means of signal-
ing. With the availability of radio, naval battles have increasingly been directed by
fleet commanders, rather than ship commanders.'? These points were underlined in
the greatest naval battle of the war.

At 2:15 on the afternoon of 31 May 1916 in the North Sea, West of Jutland, the
easternmost ship of Vice Admiral David Beatty’s battle cruiser fleet spotted smoke
on the eastern horizon. It sailed to investigate what turned out to be a Danish mer-
chant ship. At the same time, two destroyers from Rear Admiral Franz von Hipper’s
battle cruiser fleet were approaching the merchant ship from the other side. The
British and German warships sighted each other, shots were exchanged, and mes-
sages were radioed to both fleets. The Danish ship thus acted as a magnet in drawing
together two of the most formidable navies ever to sail, for the two battle cruiser
fleets were but advance guards for the main fleets of the two great naval antagonists.
The British Grand Fleet, under the command of Admiral John Jellicoe, consisted of
24 dreadnoughts—as battleships similar to the HMS Dreadnought were called—four
fast battleships, nine battle cruisers, and more than a hundred other ships. The
German High Seas Fleet, under the command of Admiral Reinhard Scheer, consisted
of 16 dreadnoughts, 6 pre-dreadnought battleships, 5 battle cruisers, and 72 other
ships.

From the turn of the century, Great Britain and Germany had engaged in a naval
arms race—the first technological arms race—that was given enormous impetus by
the launching in 1906 of the Dreadnought."” Powered by turbine (rather than recip-
rocating) engines, heavily armored, and equipped with large-caliber, long-range guns
directed by new means of fire control, Dreadnought made obsolete all earlier war-
ships.'* Britain, Germany, and, to a lesser extent, other countries, rebuilt their fleets
at a frenzied pace.

1% Nielson, p. 57.

" Quoted in Massie, p. 441.
2 Brody 1941, p. 248.

'3 Van Creveld, p. 207.

* Cruttwell, p. 56.
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By the end of 1915, a year that saw little movement on the Western Front, people
on both sides thought increasingly that the war might be won by sea power, hoping
for some dramatic payoff from the enormous expense of the naval buildup. On the
aforementioned day in the late spring of 1916, each battle cruiser fleet was seeking
to lure the enemy into range of its main fleet, neither knowing that the enemy’s main
fleet was also present. Thus began the battle of Jutland, the only encounter of the
war between the Grand Fleet and the High Seas Fleet. It was also the only full-scale
encounter between fleets of dreadnoughts that ever took place. Indeed, the battle of
Jutland was a watershed in the history of naval warfare, being the last major action
in which the opposing ships fought within sight of each other, also the last fought
mainly by means of guns.'” Electrical technology played many important roles in
the encounter.

Radio signaling was crucial. It was used to bring the two main fleets into contact
as well as for tactical signaling in the course of the battle. It was even responsible for
the calling out of the Grand Fleet, since the British had advance knowledge, through
intercepted and decoded German messages, of some German fleet action. The British
were surprised, however, to find the High Seas Fleet at sea; they had been misled into
believing that it was still in port because they did not know of the German practice
of assigning the flag ship’s call sign to a shore station when the fleet sailed (in order
that the admiral not be bothered by administrative matters when at sea).'®

In the course of the battle, the British did most of the tactical signaling by means
of flags. This proved to be error-prone. Twice in the 80 minute clash of Beatty’s and
Hipper’s battle cruiser fleets that initiated the battle, the British missed important
signals that might well have altered the outcome.'” As it was, the British suffered
more, losing two battle cruisers. The clash was broken off when one of Beatty’s
ships sighted the main German fleet approaching from the south. Beatty turned north
and radioed Jellicoe that he was approaching with the entire High Seas Fleet in
pursuit. The two fleets closed, and a 20 minute encounter was broken off when
Admiral Scheer found himself in an unfavorable tactical position. He extricated his
fleet by ordering Gefechtskehrtwendung (“battle about-turn”), the difficult maneuver
of a simultaneous reversal of course by every ship, which ran a high risk of collision
and which the naval historian Colin White called “a miracle of seamanship”.'® Less
than an hour later the fleets closed again, and again Scheer soon broke off the
engagement by ordering Gefechtskehrtwendung. The German fleet was outnumbered
and outgunned in these encounters and suffered considerable damage. The Germans
had an advantage, however, in that they made much greater use of radio for tactical
signaling; this signaling was a low-power transmission that did not reach the British
shore stations where it could be decoded.”” The British, by contrast, relied mainly

' Information on the battle of Jutland comes mainly from Beesly; Cruttwell, pp. 318-338; Macintyre;
and Ruge.

16

Macintyre, p. 548.

17

Macintyre, p. 549, and Livesey, pp. 86—88.

'8 Colin White, quotation on p. 121.

1 Beesly, p. 160.
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on flag and lamp signaling, and partly as a result had consistently poor communica-
tions throughout the battle.”

Nightfall found the Grand Fleet between the High Seas Fleet and its bases in
Germany. Jellicoe decided against night action, partly because the Germans had
much more powerful searchlights, and he expected to resume the battle the following
day.” In the night, however, Scheer managed to slip past the British, helped by the
failure of some British ships to communicate sightings of the German ships and by
the failure of information gained by Room 40 to reach Jellicoe promptly.** The battle
was thus at an end, the British having lost twice as much tonnage as the Germans
(three battle cruisers, three armored cruisers, and eight destroyers versus one battle
cruiser, one pre-dreadnought battleship, and five destroyers). The German claim of
victory had immediate propaganda value, and, more importantly, the battle put an
end to British thoughts of opening the Baltic to Allied shipping, something Russia
had long argued for and urgently needed.”

Whether the Germans should be considered victorious is, however, doubtful.
For the remainder of the war, the High Seas Fleet avoided another such encounter,
spending most of the time in port. This inaction contributed to the mutiny of the
sailors beginning 28 October 1918, which in turn contributed to the willingness of
the German government to accept peace terms. Perhaps the most important effect
of the battle of Jutland was that the German navy turned to submarine warfare.
Within a month of the battle, Admiral Scheer reported to the Kaiser: “A victorious
end to the war at not too distant a date can only be looked for by the crushing of
English economic life through U-boat action against English commerce.”*

The damage that each fleet was able to inflict on the other depended directly on
how accurately the guns were aimed. This was a task carried out by a man—-machine
system of utmost complexity.

2.1.2 Fire Control and Analog Calculation

In 1900 naval guns could not fire a shell more than 4000 yards, and in the Spanish-
American War (1898) and the Russo-Japanese war (1904—1905), warships exchanged
fire when a few thousand yards apart.”® But ranges increased so much that two
encounters early in the Great War (the battle of the Falklands and the battle of
Dogger Bank) took place at a distance of about 16,000 yards (approximately nine
miles).?® As the range of naval guns increased, so did the need for improved means
of directing the guns.

% Colin White, pp. 121-122.

2L Cruttwell, pp. 333, 336, and von Hase, p. 218.

* Cruttwell, pp. 333-334; Macintyre; and Beesly, pp. 160, 162.
» Ruge, p. 555.

* Quoted in Cruttwell, p. 336.

» Hughes 1971, p. 231.

* Sumida 1989, pp. 297-298.
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At the turn of the century, when electrical firing made it possible for a group of
guns to be fired simultaneously with the push of a button, there appeared the concept
of “fire control” or “director firing,” which was the centralized and coordinated
control of the large guns of a warship.”” Two important objectives were thereby
fulfilled: to avoid duplication of effort in determining the aim of the guns and
to improve aim correction by firing the guns together (in salvos).

The general procedure was that one determined the course and speed of the
target ship by taking range and bearing measurements. One then combined this
information with knowledge of the course and speed of the firing ship—ideally
taking into account roll, pitch, and yaw—in calculating the bearing and elevation of
each gun. The measurements taken of the target ship had to be conveyed to the fire-
control station, and the firing orders had to be sent from there to each gun. The
system involved, then, three functions—measuring, communicating, and calculat-
ing—and by the time of the Great War electrical technology was playing an impor-
tant part in carrying out all three. This was an early example of a type of control
system that would become common in military and civilian technologies by mid-
century: distributed sensors, data transmitters, centralized information processing,
control-signal transmitters, and distributed sensors.”

The ways electrical technology could assist in the measurements required
for fire control may be illustrated with the system designed by Elmer Sperry in the
U.S. in the years from 1912 to 1916.” Since accurate measurement of the bearing
of the target required an accurate reference line, Sperry devised a system of repeater
compasses, whereby the reading of the extremely accurate gyroscopic compass he
had invented was duplicated at the sighting telescopes and in the plotting room. Two
other measurements were automatically performed and conveyed to the plotting
room: the true compass course of the ship and the speed of the ship (determined by
revolution counters on the ship’s propeller shafts).

The second function, communication, was enormously improved by electrical
means. For example, on the German battle-cruiser Derfflinger there was a “tele-
graphic indicator” that conveyed the readings of the range finders to the control
room, and in the control room there was a “director” that automatically conveyed
firing directions to all the guns of the ship.*® In most ships telephones connected
observers, gunners, and controllers.

The third function, calculating the aim of the guns (that is, the bearing and eleva-
tion of each), was extremely complicated. It was not enough to calculate the exact
relative position of the target ship, because the target and firing ships were moving
relative to each other and because the measurements, the calculations, and the flight
of the shell all took time. (A shell took a minute or so to travel 20,000 yards.) The
task, then, was to use current data on the relative motion of the target, together with
time-of-flight data, to set the aim so that shell and target would reach the same

" Massie, p. 417, and Sumida 1989, p. 48.
% Mindell 1995.

* Hughes 1971, pp. 230-233.

* Von Hase, pp. 79-80.
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Figure 2.1. Schematic drawing of the operation of the Mark IV.

position at the same time. One scheme was to measure not only current distance and
bearing, but also the rates at which those quantities were changing, and then assume
that these rates of change would be constant over the next minute or two.

In the first decade of the century, a number of mechanical calculating aids were
developed, especially in England, as aids to this calculation. In 1902 John Dumaresq
invented a trigonometric slide rule that calculated the changes in range and bearing
from the courses and speeds of the two ships, and shortly thereafter the armaments
firm of Vickers developed a clockwork device that indicated range continuously after
being set with initial range and the change-of-range rate.’'

By the time of the Great War, much more sophisticated electromechanical cal-
culators had been built that could accommodate changing rates-of-change. It was
also appreciated that automatic calculation, since it was faster, could be vital in
coping with such tactics as zigzagging.*> Perhaps most advanced was the Mark IV
calculating table, made by the Argo Company for the British Admiralty. Its operation
is depicted in Figure 2.1.

A key component of this electromechanical calculator was the ball-and-disk
integrator, depicted in Figure 2.2 below. Integration, the calculation of the cumula-
tive effect of many small changes, is a recurring task in many areas of science and
certain types of technology. For continuous changes with known mathematical
description, the techniques of the integral calculus are applicable. Even so, the
problem can be difficult and is often not possible except by approximation or by
physical-analog techniques. The ball-and-disk integrator is an example of the latter.

! Sumida 1989, p. 74.
2 Hartcup, p. 121.
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u Figure 2.2. The ball-and-disk
integrator.

An electric motor turns the disk at a constant rate. The ball at the end of a shaft can
move in or out, but is held firmly against the disk by a spring. The amount the shaft
turns is then the integral of the function (“y” in Figure 2.2) that determines the dis-
tance between the ball and the center of the disk. (If the values of y are plotted as
the height above the time axis in a rectilinear coordinate system, then its integral is
the area under the curve.)

Jon Sumida, a historian of fire-control technology, concludes that the British
hits made during the battle of Jutland were largely attributable to superior fire control
(since the British ships that scored hits were, by and large, the ones with the
most advanced fire control).*® The relative success of the German ships in the battle
is explained by a variety of other factors, including that the Germans had better
range finders, that conditions of visibility favored the Germans, and that British
armor-piercing shells did not function properly.**

2.1.3 Gyroscopic Control

In this century, land, sea, and air vehicles have been great exploiters of electrical
technology. Using electricity for motive power had advantages that often outweighed
the principal difficulty of either transferring electricity to the moving vehicle or
storing or generating it in the vehicle; in some situations, such as underwater or in
subway or mine tunnels, electric power was the only practical means. Electric power
in smaller quantities was suitable for many other tasks in the vehicle, such as light-
ing, ventilation, and hoisting. Navigation and communication often depended
on electrical technology. And as vehicles became larger and faster, electrical means
of control became increasingly important; gyrostabilizers provide a significant
example.

Though the device we call a gyroscope was not known by that name until the
mid nineteenth century, the peculiar properties of a spinning top or a spinning hoop

* Sumida 1989, pp. 299-305.

** Tain Russell (1989) disputes the view presented in standard accounts of the Battle of Jutland that the
German rangefinders (manufactured by Carl Zeiss) outperformed the British rangefinders (manufactured
by Barr & Stroud).
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Figure 2.3. The gyroscope.

were long known. Two properties are particularly striking: if a flywheel is mounted
so that it is free to tilt in any direction and set spinning rapidly, then its axis of rota-
tion will continue to point in the same direction regardless of any transverse or rotary
motion imparted to the mounting; and if a spinning flywheel is subjected to a force
oblique to the spin axis, the flywheel will respond by moving not in the direction of
the force, but orthogonal to it (“precession” is the name given to the resulting change
in direction of the spin axis). (See Figure 2.3.) It proved to be difficult to use the
first property alone in a practical device,” and gyrocompasses and gyrostabilizers
exploited the second. (The basic idea was Foucault’s: precession caused by gravity
and the earth’s rotation might keep a gyrocompass pointing north.)

For a gyroscope to be a practical device, there had to be a way to drive the rotor
continuously (to counteract the unavoidable friction generated by its motion). This
could be provided by the electric motor, as G.M. Hopkins demonstrated in 1878.%
The gyroscope is an example of a basically mechanical device that became practical
only with the help of electrical technology. Other such devices are the submarine
(requiring electric motors and storage batteries), the assembly line (in many cases
requiring movable power tools), motion pictures (requiring an electric motor and an
intense source of light), and a large-scale digital computer (requiring electronic
switches).

The person who did the most to exploit gyroscopic properties was Elmer Sperry,
who Thomas Hughes calls “the father of modern electromechanical, feedback guid-

* J.E.D. Williams writes [p. 158], “It was not until 1950 that an aircraft gyro-direction indicator with a
random wander of only 1 ° per hour was available. This standard of accuracy was invaluable in aircraft
flying for a few hours in very high magnetic latitudes; but it would have been of little value as a ship’s
compass. ...”

¢ J.E.D. Williams, p. 157.
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Figure 2.4. Schematic drawing of the operation of the Sperry ship stabilizer.

ance-and-control systems”.”” Sperry, who grew up on a farm in upstate New York,
had earned a high reputation as an inventor and engineer before beginning, in 1907
at the age of forty-six, the work with gyroscopic instruments that was to make him
known throughout the world.* In the years immediately preceding 1907, the German
Ernst Otto Schlick and the Englishman Louis Brennan showed how to stabilize a
vehicle (a ship and a monorail car, respectively) with a large gyroscope; a destabiliz-
ing force caused the precession of an onboard gyroscope rather than the overturning
of the vehicle. Sperry went beyond this work by designing an “active gyro,” whose
precessional motion was artificially initiated by an electric motor. The precession
motor was controlled by a system that was sensitive to extremely small motions (of
the sort to be eliminated) and that incorporated feedback in order that motions not
be overcompensated. (See Figure 2.4.) Sperry later designed much more sophisti-
cated stabilization systems, but in the meantime perfected a device that gained a
much larger market.

The magnetic compass worked satisfactorily on wooden ships, but quite unreli-
ably on steel ships and not at all in submarines. In Germany, Hermann Anschiitz-
Kaempfe recognized that a gyrocompass, which determines North not by any
magnetic sensor but by its response to the rotation of the earth (the spin axis is
automatically positioned parallel to the earth’s axis), would solve the problem. The
Anschiitz compass, whose rotor was driven by electric motor, passed a sea trial in
1908, and soon the German and British navies were installing the device on their
vessels. In 1910 Sperry, already at work on the gyrostabilizer, began work on
improving the Anschiitz compass. As with the gyrostabilizer, Sperry designed an

¥ The principal source for what follows on gyrostabilizers and gyrocompasses is Hughes 1971.

¥ As Hughes explains and as was appreciated at the time, the gyroscope will not exert a stabilizing
effect unless it is free to precess, that is, turn in a direction orthogonal to the motion to be damped.
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electrical feedback system, incorporating sensors and servomotors, that improved
the performance of the compass. He also designed a mechanical analog computer,
to be attached to the gyrocompass, that automatically corrected certain errors. The
gyrocompass had the advantage that, as an electrical device, its readout could rela-
tively easily be replicated at many points in a ship. This became increasingly impor-
tant: at the turn of the century a battleship might have compasses at seven or eight
locations, while by mid-century a battleship—bristling with guns, torpedo launchers,
radar, sonar, and other equipment where directional information was needed—might
have repeater compasses at more than a hundred locations.*

Sperry continued to develop his compass in cooperation with the U.S. Navy.
Before the war he sold compasses to the navies of the U.S., Great Britain, Russia,
and Italy, and with the coming of war, his business boomed, as the Allied navies
turned to Sperry to provide the compasses they needed on all vessels. After the war
the gyrocompass became the primary means of determining direction on all large
ships.*

Before the war Sperry had begun applying the gyroscope to the problem of air-
plane stabilization. In 1914 he completed a system that used signals from gyros to
activate servomotors that moved the airplane’s control surfaces.*’ Though Sperry
gained the interest of the U.S. military and the interest of several Allied governments
in the device—he sold 40 of them to the French in 1916—combat aircraft were not
so equipped during the war, mainly because the stabilizer added substantial weight
and because use of automatic control reduced maneuverability.**

Electrical technology, though, did prove valuable to airplanes in many other
ways, as electricity was used for heating, defrosting, position lights, control of aerial
photography, light signaling to the ground, and wireless telegraphy. So important
were these functions that in 1916, the French agency overseeing aircraft construction
established a section for electrical equipment.” Because batteries were heavy, the
power in many applications came from a generator whose rotor was turned by the
air moving past the airplane. Automatic control solved a problem with this onboard
generator. Since the speed of an airplane varied considerably, so did the output of
the generator (which turned by the motion of the air). Soon such generators incor-
porated a vacuum tube automatic compensator that helped maintain constant voltage
over a wide range in speed.*

Automatic control was carried to a high level in the aerial torpedo built by
Sperry in the last two years of the war.*® Here the gyrostabilizer was but one

¥ Hitchins, pp. 97-98, 111.
4 Kayton.

*! Hughes 1971, pp. 190-192.
*2 Hughes 1971, pp. 261-264.
> Bongrain.

# Kennelly, p. 237.

* Hughes 1971, pp. 262-274, and Hughes 1989, pp. 126-135. After witnessing a Sperry aerial-torpedo
test in 1917, Charles Kettering led another project to develop an aerial torpedo (see Leslie 1983,

pp. 80-87).
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component of a complicated system that would maintain the aircraft in level flight,
hold it on a preset course, and cause it to dive at its target after flying a preset dis-
tance. On 6 March 1918 the aerial torpedo made a successful test flight, taking off
automatically, achieving level flight, and shutting off at the preset distance of one
thousand yards. But further tests were less encouraging, and the aerial-torpedo
project did not reach fruition before the end of the war. This line of development
eventually resulted in the automatic pilots installed in many airplanes.

2.1.4 Sound Ranging and Other Systems of Control

The history of technology is the story of efforts to enhance and extend human control
over things and processes. The technical devices that are the subject of much histori-
cal writing—such as a spinning jenny or a steam turbine—function as tools or as
power sources in processes that are still directly controlled by people. But machines
may also convey human control over great distances and even take over some of the
control themselves.

Because electrical signals can be conveyed over a light-weight wire, or
even through the air, many electrical systems of remote control were developed
during the Great War. We have already seen that some ship operations, such as steer-
ing or opening and closing of bulkhead doors, could be controlled from the bridge.
The detonation of explosives from a distance—a well-established practice and prob-
ably the oldest military use of electricity—occurred in many contexts.*® Explosives
placed in tunnels dug under enemy lines were thus detonated. Late in the war the
Germans used remote control to set off anti-tank mines. Some Allied minefields off
the British Isles and the French and Belgian coasts had both underwater microphones
(hydrophones) and mines connected to the shore by cable, so that mines could
be triggered remotely when a hydrophone revealed the presence of an enemy
submarine.”’

Such systems might involve other types of remote control, as in the remotely-
steered explosive boats the Germans deployed to hinder the operation of British
ships off the Flanders coast.*® At first these were controlled by signals sent through
a cable that trailed behind the boat. Later they were controlled by wireless. Some
hydrophones, including ones towed behind a ship, could be rotated by a remotely
controlled motor in order to determine the direction of a sound.*” Remote controls
were also developed for the directing of searchlights, since they were often so bright
that anyone close to the searchlight would be blinded by the glare.™

# Caron and Cardot, p. 899.

" Hartcup, p. 134. Hartcup writes: “Two U-boats were definitely sunk, two possibly sunk and two
damaged. Of course the same results might have been achieved if hydrophones had not been used.”

* Siemens, p. 16, and Miessner, p. 28. These boats sank at least one British warship [Hammond and
Purington, p. 1260]. In 1898 Nikola Tesla had demonstrated wireless control of model ships [Aitken
1985 p. 179].

* Hayes 1920.
% Hughes 1971, p. 220.
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Automatic control is a subject conceptually richer than remote control. Today
it almost always involves electrical and electronic techniques, but when electrical
technologies burst onto the scene in the late nineteenth century, there was already a
long tradition of automatic control by means of mechanical devices.”' A few exam-
ples are the float regulator for a water clock built by Ktesibios of Alexandria in the
third century Bc, the furnaces of Cornelius Drebbel in seventeenth century Holland
that had automatic temperature control, the “fantail” invented by Edmund Lee in
1745 that kept a windmill headed into the wind, and James Watt’s centrifugal gov-
ernor for a steam engine of the late eighteenth century. But as electrical devices
proliferated in the nineteenth and early twentieth centuries, so did the needs and
opportunities for automatic control. Systems for automatic control of the distance
between the electrodes of an arc lamp were patented as early as 1847, and beginning
in the 1870s systems were designed to control the voltage or current from electric
generators.™

Control devices were the essence of a development of World War I that has been
emphasized by the military historian Martin van Creveld.”® Earlier, the technical
devices used in war were, in most cases, tools used by an individual, and it was
people who were coordinated in military action. In the Great War, technical devices
were increasingly part of an integrated system of men and machines, with the
machines themselves coordinated. This, indeed, is the defining characteristic of what
van Creveld calls the “Age of Systems”. He writes: “... the technological revolution
that opened with the telegraph and the railway very largely turned war itself into a
question of managing complex systems.”>* We have already seen examples in com-
munications systems (involving automatic recording and automatic repeaters), in
naval fire-control, and in Sperry’s gyrostabilizers.

A man-machine system of great military importance in World War I was the
directing of field artillery. Especially on the western front, where the front lines
hardly moved for three-and-a-half years, the war was largely a battle of artillery.”
Even when movement was the objective, artillery was expected to make it possible:
“Artillery conquers, infantry occupies,” as General Henri Pétain expressed it. The
British preliminary bombardment for the first battle of the Somme required 2,000,000
shells; for the third battle of Ypres, it required 4,300,000.%

The most difficult part of fire control was the location of targets. Often the
principal target was the enemy artillery. Guns were typically placed out of enemy
sight from one to five miles from the front line, and aerial reconnaissance was often

5! Two monographic treatments of this subject are Bennett 1979 and Otto Mayr 1970.

52 Both of these topics are treated in Bennett.

53 Van Creveld, pp. 153-156.
* Van Creveld, p. 161.

5 William McNeill writes [p. 319]: “In all previous wars, field artillery spent nearly all the time trying

to get into firing position. Active bombardment of the foe usually lasted only a few hours. ... The trench
warfare of 1914-18 reversed matters, for the guns were perpetually in position to fire. ... The supply of
shells ... therefore became the effective limit on operations as never before.”

56 Pearton, p. 156.



60 Chapter 2 Electrical Technologies in Total War

ineffective because typography, trees, camouflage, dummy emplacements, clouds,
and fog obscured enemy guns. Hence both sides developed means to locate guns
from the sounds of the firing.

The principle behind sound ranging is simple. If one measures the time interval
between the arrival of a sound at two locations, then, knowing the speed of sound,
one can plot on a map a curve—it will be a hyperbola—somewhere on which the
source of the sound must lie. If this process is repeated for another pair of locations,
then the location of the source is given by the intersection of the two hyperbolas.
Carrying this scheme through successfully depended upon several capabilities of the
electrical technology of the time: the almost instantaneous transmission of electrical
impulses along a wire, the selectivity of special microphones in responding to certain
frequencies only, amplification by means of the electron tube, and the ability to
measure a short time interval.”’

Experiments by the French in the fall of 1914 were encouraging enough to
establish a sound-ranging service, but it was not until electron tubes were used for
amplification that convincing results were obtained.’® A typical sound-ranging system
consisted of six listening posts, a central station, and two forward observation sta-
tions. As soon as a person at one of the forward observation stations heard enemy
artillery, he activated, by remote control, the recording apparatus at the central
station. After the sounds were recorded, people at the central station calculated the
locations of enemy guns and conveyed that information to the counterbatteries. The
disposition of a sound-ranging system is depicted in Figure 2.5.

A crucial contribution was that of Lucien Bull, a French physicist who had been
working on electrocardiography. He adapted an instrument for sound ranging that
he had used for physiological measurement, the string galvanometer, an extremely
sensitive device in which the current passes through a fiber suspended in a magnetic
field. (Even a feeble current would cause the fiber to move.) A microphone in each
listening post was connected to a galvanometer fiber at the central station. There the
motion of all the galvanometer fibers was simultaneously recorded by the casting
their shadows on light-sensitive paper. Also recorded on the paper were chronomet-
ric marks, one hundred per second, produced by the motion of a toothed wheel
governed by a tuning fork. The sound of a gun, when it arrived at a listening post,
caused a twitch of the corresponding galvanometer wire, so one could readily deter-
mine the precise interval between the times of arrival of a sound at the different lis-
tening posts. Where use of a stopwatch failed because of the variable reaction times
of a person, this scheme succeeded by the automatic recording of sound and time.

To be effective in battle, considerable refinements were necessary. One difficulty
was that correction had to be made for the dependence of the speed of sound on
temperature and for the direction and speed of the wind; this was partially overcome
by arranging to receive meteorological information and by making rapid calculations

" The information on sound ranging comes mainly from the following sources: Trowbridge; Kevles;
Hartcup, pp. 68-76; Hensman; and Amoudry, pp. 159-160. The first two also contain information about
flash ranging, a similar system of locating enemy artillery.

* Amoudry, p. 159.
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Figure 2.5. A typical sound-ranging system consisted of six listening posts, a central station, where
the sounds are recorded and locations calculated, and two forward observation stations.

by graphical means. The greatest difficulty in sound ranging, however, was distin-
guishing the muzzle report from many other sounds: the bow wave of the shell as
it passed over the listening post, the explosion of the shell, rifle fire, the barking of
dogs, the sounds of vehicles, and so on. A solution was found by the English physi-
cist W.S. Tucker, who designed a microphone that only responded to very low fre-
quencies.” He knew that a wire that was being heated by carrying an electric current
would show a change of resistance when air moving past the wire cooled it. He
hypothesized that low-frequency sounds would cause this effect, but that high-
frequency sounds, where the back-and-forth motions of the air are extremely rapid,
would not, since the layer of warm air surrounding the wire would not be displaced.
The resulting device, called the Tucker microphone, served its purpose in responding
only to low-frequency sounds and was even more sensitive than the human ear to

% The bow wave is heard as a sharp crack. Similarly, most of the other interfering sounds predominantly
consist of higher frequencies.
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these frequencies. It came into service in June 1916, and some 13,000 were manu-
factured in the next two-and-a-half years.®

The accuracy of sound ranging was sufficient enough that commanders did not
doubt its value, though one should probably treat skeptically the claim of Augustus
Trowbridge, head of the U.S. sound-ranging service in France, that the error in the
average of a series of sound-ranging locations was “often less than ten meters and
rarely more than twenty-five meters at a distance of from five to eight miles.”®' And
sound-ranging equipment could do more than locate enemy guns. The sound records
were distinctive enough that one could estimate the caliber of the gun. Sound ranging
also proved useful in correcting the fire of friendly batteries, since shell bursts could
be detected and thus located.

Sound ranging succeeded because it was the subject of considerable research
and development, especially in France and England. We next consider another major
research effort to gain military advantage by the sensitive detection of sound:
anti-submarine research.

2.2 MILITARY RESEARCH AND DEVELOPMENT
2.2.1 Research Against the Submarine Threat

In 1914 few people thought of the submarine as a commerce destroyer. Rather its
expected role was to protect the coast and accompany the fleet into battle.®> As sub-
marines gained cruising range and long-range communications, other possibilities
emerged. Still, in the first year or so of the war, the Germans used the submarine
mainly as a submerged torpedo boat against enemy warships.®® In this role, it had
some success, notably the sinking, on 22 September 1914, of three British armored
cruisers. Thereafter the British were very cautious about exposing warships to sub-
marine attack, with the result that the movement of the fleet was severely restricted.**
For example, at the battle of Jutland, Admiral Jellicoe’s failure to pursue the High
Seas Fleet late in the first day was due in part to his fear of submarines.

From the beginning of the war, both sides did interfere with the commerce of
the other. Germany mainly used surface ships, some of them disguised as merchant-
men. Britain too relied on surface ships and succeeded in cutting off almost all of
Germany’s maritime trade, except for shipping in the Baltic. It is noteworthy that
the effectiveness of this blockade owed much to British control over long-distance
communications, because the British used the information gathered from ports

%" A Tucker microphone was also used in a device that could determine direction of artillery from a
single location; see Hunt, p. 40, and the references cited there.

" Trowbridge, p. 85.

2 J.M. Roberts, and van Creveld, p. 209.
® Hackmann 1984, p. 12.

® Hackmann 1984, p. 12.
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around the world to prevent goods from reaching Germany through neutral coun-
tries.”® The damage to the German economy was severe. Civilians especially suffered
privations of various sorts, and the winter of 1916/17 was known as “Turnip Winter”
(Kohlriibenwinter) because people ate fodder beets in place of potatoes.®

As a reply to the British blockade, Germany announced that beginning on 4
February 1915 any ships in the waters around the British Isles might be sunk without
warning. After the 7 May sinking of the Lusitania, with the loss of 1198 lives (114
of them American), strong protests from the U.S. government led to Germany’s
abandonment of that policy in August. German submarines continued, however, to
attack Allied shipping, and losses in 1916 were 1,237,634 tons, nearly 50% higher
than in the previous year.®” One of the lessons drawn by German admirals from the
battle of Jutland in the spring of that year was that little could be gained from that
sort of fighting, and shipyards switched from building surface ships to building
submarines.®®

In February 1917 Germany again adopted unrestricted submarine warfare,
believing the weapon so potent that it could win the war with or without U.S.
involvement. In the next four months, 3,750,000 tons of Allied shipping were lost,
and one ship out of every four leaving British ports never returned.” Jellicoe
said at the time, “It is impossible for us to go on with the war if losses like this
continue.””” France too suffered from the interruption of commerce, and 1917 came
to be called I’année des privations.” Despite U.S. entry into the war on 6 April, it
seemed to many that the submarine blockade would prove decisive.

Even earlier, a great many engineers and physicists in England, France, and the
United States had been recruited to work with naval officers in developing counter-
measures. In December 1916 the British anti-submarine research, which had been
conducted by three different divisions of the Board of Inventions and Research, was
united under the newly formed Anti-Submarine Division.”” Before the end of the
war such research was carried out at some two dozen centers.”” In France antisub-
marine research was carried out—under the auspices of the ministry of inven-
tions—in laboratories in Paris and at three naval bases.” In the United States, work
on submarine detection involved both the National Research Council and the Naval
Consulting Board in the Special Board on Anti-Submarine Devices, formed in the

5 Roskill.

% The Nobel-Prize winning physicist Wilhelm Wien, who worked on U-boat communications during
the war, recalls that winter in his reminiscences [Wien, p. 37].
57 Roskill.

8 Taylor, p. 144.

% Hackmann 1984, p. 12, and Taylor, p. 177.

" Quoted in Taylor, p. 180.

I Marwick, p. 787.

> Hackmann 1984, p. 20-26.

* Hackmann 1984, p. 22.

™ Hackmann 1984, p. 14.
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spring of 1917.” And several measures were taken to facilitate cooperation between
research groups in different countries.”

Though attempts were made to detect submarines by their own magnetic fields
or by their inductive effect on generated magnetic fields, most research aimed at
means of picking up the engine noise of U-boats by hydrophones (underwater
microphones).”” Many of the devices, some of them functioning just as a stethoscope
does, were purely acoustic, that is, non-electrical. Several factors, however, led to
the widespread development of electrical detectors: the sensitivity of (electric)
microphones, the ability to convey an electrical signal a considerable distance (per-
mitting the detector to be placed in locations inaccessible to a human listener), the
existence of electrical filters cutting out certain frequencies, and the amplification
allowed by electron tubes.

By the summer of 1915 the British naval officer C.P. Ryan had developed a
sensitive hydrophone (where the microphone was of the type standard in telephones)
that could be used on ships for the detection of submarines.” This device did not,
however, reveal the direction of the sound, but soon several types of directional
hydrophones had been built, including one designed by the physicist Ernest
Rutherford.” The devices developed before 1917 required the hunting vessel to stop
its engines in order for the hydrophones to be used effectively.*® A partial solution
to this was the towed hydrophone, which placed some distance between the hydro-
phone and the engine of the hunting vessel. A further improvement, made by the
French in 1917 and also by the Americans, was the use of amplifying tubes for
increased sensitivity.*' U.S. researchers were probably the first to employ electrical
filters to enhance the signal-to-noise ratio.*

During the war, three main types of microphone were employed (see Figure 2.6).
In the magneto type, current is induced in a coil of wire that is attached to a diaphragm
and that moves in a magnetic field. In the carbon-granule type, the resistance of a disc
of carbon granules varies according to the pressure applied by a diaphragm, which is
moved by the sound vibrations. In the condenser type, the electric charge held by a
capacitor (then usually called a condenser) varies with the movement of the dia-
phragm, since that movement changes the spacing of the capacitor plates.

All three types were of ancient lineage, relatively speaking.®* Alexander Graham
Bell used the magneto type for the transmitter—as the microphone in a telephone

> McMabhon, pp. 142-145.

" An Allied committee was formed in 1914 [Crowther, p. 154] and in 1917 a commission from Great
Britain and France brought information on submarine detection to the United States [Hayes].

" Most of the information on anti-submarine research comes from Drysdale 1920; Hackmann, pp.
11-71; Hartcup, pp. 129-140; Hayes; and Kevles, pp. 117-126.

8 Hartcup, p. 129 and Hackmann, p. 46.

79

Hartcup, p. 130.

% Hartcup, p. 132.

81

Hartcup, p. 132, and Kevles, p. 123.

2 Hackmann, p. 58.

% Fagen, pp. 59-103, 179-182.
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Figure 2.6. Schematic drawings of three types of microphone used during World War I for
submarine detection.

was called—in his first commercial telephones. In 1877 Thomas Edison used com-
pressed lampblack in a transmitter, and in 1886 he showed that carbon granules gave
superior performance; the carbon-granule microphone soon became the standard in
telephones. The origin of the condenser type may be traced to C.F. Varley’s discovery
in 1870 that a capacitor could emit sounds (through movement of the plates) when
subjected to a varying current, but a practical condenser microphone did not emerge
until the Great War.

The principal reason for this delay was that, by itself, the condenser microphone
was much less sensitive than the carbon-granule type. When, however, it was
enhanced with the newly-gained capacity to amplify sound, using the electron tube,
it gave superior performance because it produced much less noise than the carbon-
granule type (which therefore could not stand as much amplification).* For the same
reason, electronic amplification gave new life to the magneto type as well.*> These
advances came too late, however, to find much use during the war in submarine
detection, and acoustic and carbon-granule microphones were the ones principally
used.®

By the end of the war, about 4000 Allied vessels were equipped with hydro-
phones, as were a few dozen minefields connected to listening stations on shore.*’
According to the British Admiralty, of 255 encounters between patrol vessels and
U-boats, hydrophones played a part in 54 of them, while shore-controlled minefields

8 Fagen, pp. 179-182. The most important developer of the condenser microphone was E.C. Wente of
Bell Telephone.

% Drysdale 1920, p. 578.

% Hayes, p. 9. Before the availability of amplification, the magneto type was used in at least two
applications where its limited sensitivity was an advantage: in minefields triggered by remote control
(mentioned in the previous section) and in towed hydrophones. When carbon microphones were used in
minefields, their long range made it impossible to tell when the submarine was very close to the mines
[Hackmann, p. 47]. With towed hydrophones, noise of the water moving past the hydrophone masked
the sounds sought; magneto type microphones were less affected by water noises than were carbon
microphones [Hackmann, p. 55].

8 Hackmann, pp. 64, 68.



66 Chapter 2 Electrical Technologies in Total War

were credited with two U-boats sunk, two possibly sunk, and two damaged.®® (Half
of the 307 German submarines employed in the war succumbed to enemy action.)®
More significant, no doubt, than the damage thus inflicted was the restriction in
U-boat activity that hydrophones caused.

A much more sophisticated and effective means of detecting submarines was
sonar, or echo ranging as it was then called.” In the years just before the war, several
people had the idea that ships could locate objects, such as icebergs, by detecting
sound reflected off them. Because of the wartime need for a means of detecting
submarines, a large developmental program for echo ranging began in France in
March 1915, the main contributors being a Russian electrical engineer, Constantin
Chilowsky, and a French physicist, Paul Langevin. What finally led to a successful
system was the use of the piezoelectric effect, discovered by Jacques and Pierre
Curie. Certain crystals, including quartz, change dimension when subjected to an
electric potential and, conversely, produce an electric potential when subjected to
pressure. Langevin designed both a quartz transmitter and a quartz receiver (the
latter constituting a new type of microphone) that exploited this effect. According
to the historian Willem Hackmann, achieving a practical system required two break-
throughs. First, Langevin obtained excellent quartz crystals and designed an appro-
priate receiver incorporating them. In Hackmann’s words, “The second, and much
more important, event was that at last a high-frequency amplifier had been developed
that could cope with the extremely feeble piezoelectric charges produced by this
transducer without masking these signals by self-noise generated within the ampli-
fier.””' The amplifier Langevin used was one designed by the Radiotélégraphie
Militaire that contained eight electron tubes. In February 1918 Langevin achieved
a transmission range of eight kilometers and, for the first time, obtained clear echoes
from a submarine, and after several more months the range of detection of a sub-
marine reached one and a half kilometers.

The French shared their results with their allies. Both Britain and the United
States started their own development programs for echo-ranging, and both reached
the stage of successful operational trials before the end of the war. However, all
these developments, including the French work, came too late to play a role in the
fighting. Had hydrophones and, more importantly, the convoy system not succeeded
as well as they did in reducing losses due to submarines, echo ranging probably
would have played a role in the war.

2.2.2 A War of the Engineers

Around the turn of the century, the German navy, perhaps influenced by the difficulty
of overtaking Great Britain in numbers and size of warships, concentrated on techni-

8 Hartcup, pp. 134-135.
% Winter, p. 158.

% Accounts of work during World War I on echo ranging are in Hackmann, pp. 73-95; Hartcup, pp.
136-140; and Hunt, pp. 44-53.

' Hackmann, p. 80.
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cal advances. As the British responded in kind, there resulted history’s first qualita-
tive arms race. At the beginning of the war, the German warships were better
armored than the British, German guns fired further, German explosive shells and
torpedoes were more effective, and German mines were better.”> Moreover, Germany
outpaced Great Britain in developing newer means of warfare such as mines, torpe-
does, and submarines.”® The war itself, from its very outset, so clearly displayed the
value of technological advance that Great Britain and its allies made great efforts to
overtake the Germans technologically. Comment on this aspect of the war was fre-
quent: in 1915 Admiral Jacky Fisher wrote, “The war is going to be won by inven-
tions”; the same year H.G. Wells wrote that the war was essentially a “struggle of
invention”; and in Germany the war was called “Krieg der Ingenieure”.*

The advances that attracted most attention were non-electrical technologies.
Among the weapons used for the first time on a large scale in this war were the
rapid-fire rifle (capable of a sustained rate of fire of 15 rounds per minute), the
machine gun (capable of eight rounds per second), and some large-caliber field artil-
lery (such as the Austrian 30.5-centimeter Skoda).” Poison gas, the flamethrower,
and the tank were developed during the war. Mechanized transport played a large
role for the first time in war. Dirigibles, especially the German zeppelins, provided
reconnaissance on land and sea, and airplanes evolved into specialized weapons for
reconnaissance, bombing (both tactical and strategic), and attacking other airplanes.
Naval warfare was changed by the greater speed of warships, by rapid-firing and
long-range guns, by torpedoes and mines, and by submarines.

New electrical technologies, too, were important. We have already considered
the roles played by several new means of communications (long-distance telephony,
wireless telegraphy and telephony, ground telegraphy, and signaling lights) and by a
variety of automatic and remote controls (naval fire-control systems, gyrocompasses
and gyrostabilizers, and sound-ranging systems). In the section that follows, a
number of new electrical technologies that were important in increasing the industrial
capacity of a country—such as arc welding and electric metallurgical furnaces—will
be described. And there are a great many others, too numerous for detailed treatment.
Sensitive detection of sound played a part in systems to locate aircraft, in devices to
detect the digging of trenches and tunnels, and in devices to eavesdrop on conversa-
tions of the enemy.” To impede infantry advance, electrified barriers were erected.”’

2 Zentner, p. 220. In 1914 Jellicoe admitted that the German ships were of higher technical quality.
% O’Connell, p. 248.

% Fisher and Wells are quoted in Hackmann, on pages 17 and 13 respectively; the German designation
of the war is mentioned in Braun, p. 194. Both Fisher and Wells emphasized that the British were not
keeping pace technologically with the Germans. Fisher wrote, “Eleven months of war have shown us
simply as servile copyists of the Germans. When they have brought explosive shells into damnable
prominence, then so have we ... Noxious gases made us send professors to study German asphyxiation!
German mines and submarines have walked ahead of us by leaps and bounds ...” Wells commented,
“On our side we have not so far produced any novelty at all except in the field of recruiting posters ...”

% Dewey, p. 71, and Livesey, p. 20.
% Hartcup, p. 163; Amoudry, p. 159, and Hartcup, pp. 79-80; and Tyne, p. 240.
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Searchlights proved to be important in land, sea, and air warfare; high-intensity
searchlights, mobile searchlights, and remote-controlled searchlights were devel-
oped.”® X-ray machines improved treatment of the wounded.”

The prominence of new technologies in the Great War greatly increased the
interest in scientific research for improving military and industrial techniques. The
interruption of international trade caused by the war further heightened this interest,
as industrial research was needed to match or to substitute for the products earlier
purchased from abroad.'” (German overseas trade was largely blocked off, while
Great Britain, France, and the U.S. found themselves without suppliers of many high
technology products that had come from Germany before the war.) And some people
hoped that new technologies would break the long stalemate on the western front.

Even before the war, it should be pointed out, there was a growing interest in
research and development. In the United States, leaders of certain industries, recog-
nizing the commercial value of research, provided for in-house R&D. DuPont,
Goodyear, General Electric, AT&T, Eastman Kodak, Westinghouse, United States
Steel Corporation, and others established research divisions before the war. The war
certainly heightened this interest among leaders of industry. In his presidential
address to the AIEE in 1916, J.J. Carty said that the European war had brought with
it “a growing appreciation of the importance of industrial scientific research, not
only as an aid to military defense but as an essential part of every industry in time
of peace.”'"!

Unlike most leaders of industry, a great many government and military leaders
entered the war with little appreciation of the value to the nation of R&D. A British
engineer wrote in 1917, “... the lesson which has been driven into our lawyer politi-
cians and generals is that this is a war of engineering, where every powerful and
delicate device which the resources of science can give is needed.”'” The astronomer
George Ellery Hale, who did war-related research, wrote: “At the outbreak of the
war the statesmen of the Allies were but little concerned with the interests of
research. Necessity, as we have seen, soon opened their eyes, and the results so
rapidly obtained convinced them that a radical change of policy was essential.”'”®
The author of a history of General Electric Research Laboratory wrote: ““... in 1917,
no one in Washington except Secretary [of War Josephus] Daniels seemed interested
in mobilizing science in the national defense. ... The laboratories which contributed
to the war effort did so for the most part on their own initiative and at their own
expense.”'” Lenin wrote: “The war taught us much ... especially the fact that those

97 Caron, p. 898.

% A table on page 897 of Caron shows the increase in size of searchlights during the war. Other sources
of information of searchlights during World War I are Hughes 1971, p. 221, and Nye, p. 66.

% Caron, p. 898.
" Kevles, p. 103, and Hawkins, p. 59.
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who have the best technology, organization, and discipline, and the best machines
emerge on top. ... It is necessary to master the highest technology or be
crushed.”'®

The new interest in technological advance and in R&D immediately led to the
establishment of institutions to support and direct military R&D. This no doubt was
one of the most important effects of the war, as many of the institutions became
permanent parts of the governmental or military bureaucracy.

2.2.3 Institutionalizing Military R&D

The “military—industrial complex” can be defined as an informal coalition of groups,
from the military, industry, university, and civilian government, with vested interest
in high levels of defense spending.'” The phrase itself became current through
President Eisenhower’s 1961 farewell address, while widespread public attention to
the relationship between industry, the military, and the state dates back at least to
the “merchants of death” theory of the 1930s."”” (According to this theory, the
international munitions industry had encouraged hostile feelings between nations
and helped bring about World War 1.) Many scholars regard the modern military—
industrial complex as emerging in the wake of the Korean War (with the unprece-
dented level of peacetime defense spending); some see its roots in the naval buildup
of the late nineteenth century; and others see the modern military—industrial complex
as emerging in World War 1.'® This last named view is supported by an examination
of one important aspect of the military—industrial complex, namely, state direction
and support of military R&D.

As already shown, the war convinced most government and military leaders of
the value of military R&D. There resulted a variety of new governmental institutions,
which took different forms in different countries. (See Figure 2.7.)

In 1915 the British government established a Board of Invention and Research
and an Advisory Council for Scientific and Industrial Research; the former dealt
mainly with inventions of strictly military value, the latter mainly with improve-
ments in manufacturing.'” Both of these organizations grew, spawning many sub-
sidiary units, and both became lasting institutions. During the war, other parts of the
British Empire, including Australia, Canada, New Zealand, and South Africa, also
established institutions, having large government appropriations, to direct military
and industrial R&D.'"°

France had at least two institutions of this sort before the Great War: the
Commission d’examen des inventions intéressant les armées de terre et de mer,

19 In McDougall, p. 24.
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Figure 2.7. Some of the government institutions established in Great Britain, France, and the
United States, to direct military and industrial R&D.

established in 1887, and the Caisse des recherches scientifiques, established in 1901.
Both of these became very active during the war, and many new committees and
offices were established.'"! Examples of other research institutions established during
the war are the Comité technique of the Ministry of Commerce, Industry, Post and
Telegraph and the Service d’études et de recherches techniques of the Ecole
supérieure des postes et des télégraphes.'”

In the U.S. the Naval Consulting Board was formed in 1915 to consider the
whole range of scientific and technological problems of interest to the military.'"”
Shortly thereafter, the National Academy of Sciences, itself created during the Civil
War to give advice to the government, established the National Research Council to
bring research organizations—governmental, academic, and industrial—into coop-
eration for the national defense.'"* Also formed at this time was the National Advisory
Commission for Aeronautics. All three of these new organizations long outlasted the

" Paul, pp. 320-338.

12 Libois, p. 225. The Service d’études et de recherches techniques, established in 1916, became
an autonomous service in 1934, and in 1941 it became the Direction des recherches et du contrile
techniques.
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war: the Naval Consulting Board evolved into the Naval Research Laboratory, which
still exists; the National Research Council still exists; and the National Advisory
Commission for Aeronautics evolved into the National Aeronautics and Space
Administration (NASA). Indeed, it is a recurring pattern in U.S. history that war
produces new institutions that survive the war and influence the growth of science
and technology in the peacetime that follows.'"

In Great Britain, France, and the U.S., the war brought about a momentous
change in the government role with respect to defense-related technologies: a shift
from merely screening innovations proposed by civilians to government manage-
ment of directed R&D. It is also noteworthy that engineers, as distinct from scien-
tists, assumed more importance in this period. In 1916 the National Academy of
Sciences created a section for men who had contributed “to the science or art of
engineering”.'"® Members of the National Research Council included several
electrical engineers, and the major funding for the NRC came from the Engineering
Foundation, headed by Gano Dunn and then Michael Pupin, both electrical
engineers."” The Naval Consulting Board was composed almost entirely of
engineers, and when the absence of members of the American Physical Society
from its roster was pointed out, a spokesman for the Board said that the intention
was to name “practical men who are accustomed to doing things, and not ralking
about it.”"'®

Other countries, too, established institutions during the war for military and
industrial R&D. In Italy a Department of Invention and Research was created,
and in Russia scientific committees were formed to meet military and industrial
needs.'”® Japan’s Institute for the Study of Iron and Steel was established in 1916
especially to further military technology.'*® Germany, which had the strongest tradi-
tion of industrial research, was further helped by the establishment of Kaiser Wilhelm
Gesellschaft ziir Forderung der Wissenschaften in 1911, which supported research
institutions such as the Kaiser Wilhelm Institute for Physical and Electrochemistry
(1915), which became the center of research for chemical warfare.'!

The Great War was the first in which there were “technical liaison officers”,
who worked to match technical possibilities with military needs.'” Also new with
this war was the scientific mission, whose purpose was to share technical advances
with one’s allies. Great Britain and France formalized scientific cooperation with an
agreement on 6 October 1916, and scientific exchange between these two countries
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and the U.S. began soon after the latter entered the war.'”® And during the war Great
Britain and France provided technological aid to Russia and Italy.'**

The war showed the military and industrial value of technological advance, and
this lesson had lasting impact. Shortly after the war George Ellery Hale wrote: ...
if scientific methods and the aid of scientific research were needed in overcoming
the menace of the enemy they will be no less urgently needed during the turmoil of
reconstruction and the future competition of peace.”'* The assumption by govern-
ment, both civilian and military, of responsibility for fostering advance by establish-
ing R&D institutions was, however, but a small part of the enormous increase in
state power brought about by the Great War.

2.3 MOBILIZATION FOR TOTAL WAR
2.3.1 A War of Attrition

In August 1914 most people believed that the war would last no more than a few
months and that civilians would not be greatly affected. What followed, however,
was a protracted contest involving all the inhabitants of the belligerent nations.
History’s first “total war”, the struggle elicited the mobilization of entire economies
and evolved into a war of attrition rather than of battlefield exploit.

Great battles there were. Before the end of 1914 the Western Front saw the
German advance through Belgium and northeastern France, the Battle of the Marne,
and the Race to the Sea (a series of flanking movements to the northwest), and the
eastern front saw the Battle of Tannenberg and the Battle of the Masurian Lakes. In
this period the Allies lost a million and a half dead, wounded, or captured, and the
Central Powers nearly that many.'*® Yet no nation had sued for peace nor seemed
likely to do so soon, and the expectations that the fighting would be over by
Christmas and that most people could pursue “business as usual” despite the war
were clearly belied.

The difficulty of breaking enemy lines and of exploiting a breakthrough when
it did occur—difficulties that seemed to increase in 1915 and 1916—Iled some mili-
tary leaders to a new overall strategy: to inflict casualties on the enemy over a long
period at a rate exceeding what could be replaced. Battles came to be justified, not
because they won strategic ground, but because they inflicted greater losses than
they incurred on the attacker. The major Allied offensive of 1916, the Battle of the
Somme (which produced one and a quarter million British, French, and German
casualties), was partly motivated by the idea that the Allies could win the war by a
process of attrition on the battlefield, since the population of England and France
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exceeded that of Germany.'”” The French chief of general staff Joseph Joffre used
the phrase “Je les grignote” (“I am nibbling them”) to describe his strategy.'®® In
1916 the Germans made Verdun their objective in a 10-month battle (which produced
900,000 casualties); they knew that the French would suffer enormous losses rather
than relinquish that venerated fortress, and it was their objective, as chief of staff
Erich von Falkenhayn expressed it, “to bleed the French white” rather than gain any
particular piece of ground.'”’

The generals who saw the war as a war of attrition thought mainly of attrition
of soldiery. The war indeed turned out to be one of attrition, but attrition of weapons,
ammunition, vehicles, equipment, fuel, food, national financial credit, and national
industrial output generally rather than of soldiers. It was a clash more of national
productivity more than of armies. As the historian Alex Roland has written, “The
machines on the home front producing bullets and canning beans contributed more
to the outcome of the war than did any machines on the battlefield, save perhaps the
machine gun.”'* The Germans used the word Materialschlacht (battle of materials)
to describe the fighting on the western front."'

In England, although almost five million men served in the army, the civilian
workforce was not severely depleted as 3.3 million new workers (1.7 million men
and 1.6 million women) were recruited.'** Not surprisingly, production of arms and
munitions increased enormously; for example, 274 machine guns were manufactured
in 1914, 120,864 in 1918. In addition, the army and navy required vast stores of
food, clothing, equipment, and other supplies. These needs were met by the whole-
sale redirection of the economy by the government. In the summer of 1918, 61% of
the male industrial labor force was engaged in war work, and government expendi-
ture, which accounted for 7% of England’s gross national product in 1913, accounted
for 57, or 58% at its peak in the middle of the war.

Germany, too—once it became clear that the war would not be quickly decided—
mobilized most of its economy for the war effort, but its mobilization differed in
three respects from England’s. In Germany it was the army rather than civilian
authority that managed the economy, beginning with a War Raw Materials
Department (Kriegsrohstoffabteilung) established in August 1914 within the Prussian
War Ministry and achieving a high degree of control with the Hindenburg Program
instituted in late 1916."* Secondly, Germany had to devote great resources to devel-
oping and producing substitute products, as the British naval blockade stopped
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almost all of its seaborne trade."** And Germany, unlike England, inflicted great
deprivation upon the civilian population in order to meet military needs.'*

In some ways France effected the most remarkable economic mobilization of
any belligerent country. The German occupation of northeastern France, which
lasted almost the entire war, had deprived France of much of its industry. The dis-
tricts invaded or under fire—though in area only 11.5% of France—employed 21%
of the manufacturing workforce in 1913, and many basic industries were concen-
trated there.'*® These districts accounted for 74% of French coal production in 1913,
81% of its pig iron production, 94% of its copper production, 44% of its chemical
production, most of its wool and linen production, and most of its glass production.
French authorities called upon existing firms to manufacture war materiel often quite
different from their usual products. Production methods suitable to local conditions
were improvised, machinery was converted to new uses, and new assembly lines
were set up.'*’ Though dependent on imports for many raw materials, France equaled
or exceeded its allies in production of arms, munitions, and military equipment; in
the words of William McNeill, “France, more than Britain and far more than
America, became the arsenal of democracy in World War 1.

What happened was that in each of the warring countries, the government,
beginning with new laws governing the manufacture of munitions, assumed greater
and greater control of the economy, so that by 1916 dirigisme was the rule.'”’
Civilian and military government agencies, labor unions, and businesses were all
guided by laws and bureaucratic administration so that the whole functioned as a
single national firm for waging war."*® In 1916 an American observer wrote, ... [the
war in Europe] has gotten down ... to the question of whether every man, woman,
and child of the nation has been engaged and is engaged in the production of some
kind of materials for the armies at the front.”'*!

The success achieved in mustering the national productive capacities for war
depended heavily upon electrical technology. The demands of a war of attrition thus
led to what William McNeill calls, “a distinctive hallmark of the twentieth century:
the industrialization of war and the politicization of economics.”'**

134 At first the substitutes (Ersatzprodukte) were always regarded as inferior to the original, but
beginning with the production of synthetic ammonia just before the war, certain ersatz products were

seen as equal or superior to the original [Braun p. 15].
35

Dewey, p. 80.

36

Fontaine, pp. 3-21.
7 McNeill, p. 319.

38

McNeill, p. 322. McNeill points out that most of the heavy equipment of the U.S. Expeditionary
Force was supplied by French factories and arsenals.

13" Pearton, pp. 158-160.
140 McNeill, p. 317.

141" The statement came from Howard E. Coffin, chairman of the Committee on Industrial Preparedness
of the Naval Consulting Board [Coffin 1916].

12 McNeill, p. 294.



2.3 Mobilization for Total War 75
2.3.2 Electrical Technology and Mobilization

The enormous demand for munitions and all manner of military supply, together
with the need to produce goods formerly imported, required the building of a great
many new factories, large and small. In most of these the mechanical power came
from electricity, which was provided by central power stations. For example, in
England, where 95% of munitions factories were electrically powered,'*® an engineer
wrote that “their rapid construction and setting to work would not have been possible
had it not been for central power and lighting being available. ...”"** The expanded
hours of operation in factories required artificial lighting, and there were no good
alternatives to electric lighting. Steam power was, in most cases, the only alternative
to electric power, and if it had been necessary to install boilers and steam engines
in every new factory, the mobilization would have been much slower.'* The indus-
trial use of electric power was, it should be pointed out, rapidly increasing in the
decade before 1914, but the trend was accelerated by the war. According to two
British engineers, “It may be said that the War definitely established the pre-emi-
nence of electricity as the motive power for industry.”!*°

The great demand for electric power had several consequences. First, new
power plants were built. In England the additional generating-plant capacity installed
or ordered during the war equaled the capacity existing when the war broke out.'"’
A war-induced shortage of coal stimulated the development of hydroelectricity in
some countries; this was the case in Italy, for example, where the price of coal
increased 40-fold."*® Second, great efforts were made to conserve power and improve
efficiencies. One such measure, daylight-savings time, led to significant reductions
in private consumption of electricity, since lighting was the main use—often the
only use—of electricity in homes. Third, a movement that had begun before the war,
the interconnection of electric-power networks, was greatly accelerated. This inter-
connection of networks permitted fuller use of existing generating capacity, but
required standardization of frequencies and voltages. In many countries, government
intervention helped bring about this standardization.'* In 1917 a British engineer
said, “... [the war] has been primarily a mighty solvent, dissolving many obstacles
to progress that formerly existed. ...”"*°
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The availability of electric power not only made it easier to set up new factories,
but also gave new freedom to arrange a factory for an efficient production flow.
(Before electric power, a factory had to be laid out with the machines in long rows
so that they could be powered by belts attached to overhead shafts.) In this and other
ways, electric power greatly facilitated adoption of assembly-line production.
Although there are isolated uses of this technique in Europe as far back as the early
19th century, it was the example of Henry Ford’s factory in Highland Park and the
urgent needs for industrial products during the war that stimulated the widespread
adoption of the technique in Europe."”' In 1915 an English truck manufacturer and
a French aircraft-engine manufacturer began using a moving assembly line; the fol-
lowing two years saw the technique adopted in new factories in Italy (the Fiat factory
at Lingotto) and France (a truck-assembly factory at Vénissieux); and by the end of
the war tanks, artillery, and aircraft engines were among products being mass-
produced by assembly lines.'*

The import of this innovation has been widely appreciated by historians. Hans-
Joachim Braun and Walter Kaiser attribute the rapid proliferation of assembly-line
production in the 1920s to its widespread adoption during the war.'> Patrick
Fridenson has written, “It was ... the First World War which urged (and helped) the
Europeans to follow the trend epitomized by Henry Ford ...”"** William McNeill
has written, “The subsequent industrial and social history of the world turned very
largely on the continuing application of the methods of mass production whose scope
widened so remarkably during the emergency of World War 1.”'* Less widely
appreciated is how important electrical technology was to the widespread adoption
of assembly-line production, a point that the historian David Nye has emphasized.'*®
Electric cranes and lifts, electric illumination, and electrically powered ventilation
enormously enhanced flexibility in factory design, and electrically powered tools
could themselves be moved in the fabricating and assembling process.

Usually connected with the interest in Europe for assembly-line techniques
(Fordism as it was called) was interest in the style of scientific management
promoted by Frederick W. Taylor (Taylorism), which sought to increase industrial
output by rationalization of the production process.'”’ Electrical technology played
a part in improving productivity: electrical control of machinery was increasingly
adopted, and there was a great increase in automatic machinery for testing, which
in some cases made it possible to use only partially skilled labor where skilled
laborers had been required.'*®
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Most important in industrial production was electric motors, but other electrical
technologies were extremely important. There was great reliance upon electrochemi-
cal and electrometallurgical processes.'*”* The manufacture of, for example, calcium
cyanamide (for explosives and as a fertilizer) or of aluminum required large quanti-
ties of electricity.'® Especially noteworthy was the rapid wartime adoption—in
England, France, and Germany—of electric furnaces for steel making.'®" Another
electrical technology widely adopted during the war was arc-welding, which was
only one of many electrical technologies important in shipyards (where electricity
ran machine tools, pumps, air compressors, cranes, and lifts).'%

Crucial to every country’s mobilization was rapid communications; here the
telegraph and, especially, the telephone were vital. The complicated tasks of acquir-
ing and allocating scarce raw materials, of building and equipping new factories, of
arranging for supply of materials to factories, of organizing the distribution of the
products—all required long-distance communication. These tasks would have taken
much longer before the age when offices were equipped with telephones, even if
they did have messengers for shuttling to local telegraph offices.

2.3.3 The War for Minds

Communications played another role: enlisting support for the war among the popu-
lation at large. Most important were newspapers, since mass literacy and large cir-
culation gave them great influence. Particularly significant were the atrocity stories,
fabricated on both sides, that in the first months of the war inflamed public opinion
against the enemy and for the war.'” Propaganda played a large role in winning
support for the Allies in the U.S.; British control of the transatlantic cables gave
them a great advantage in supplying U.S. newspapers with stories favorable to the
Allies.'®

Another important means of shaping public opinion was the cinema. In England
the Committee on Public Information produced such films as The Kaiser: The Beast
of Berlin, and Charlie Chaplin made several propaganda films, including one pro-
moting British war loans.' Cinema was also influential in wartime France.'® In the
U.S., the Committee of Public Information, headed by George Creel, commissioned
movies such as Under Four Flags and Pershing’s Crusaders, and in 1917 D.W.
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Griffith filmed Hearts of the World in France, showing realistic battle scenes and
the mistreatment of civilians by Germans, which reportedly boosted recruitment in
the U.S.'Y

Recorded music was used for propaganda purposes, as was radio, though this
was before radio broadcasting existed. The German, French, and British govern-
ments all issued bulletins that were broadcast by wireless; so did the U.S. after it
entered the war.'® Such messages were intended for the press in other countries,
though they also reached radio amateurs (even after, as occurred in several countries,
amateur use of a receiver was forbidden). After the Bolsheviks took power in Russia,
Leon Trotsky used a powerful transmitter at Petrograd to publish to the world the
secret treaties to which Russia had been party;'® this no doubt increased antiwar
sentiment in the Allied countries.

The difference made by propaganda in World War I is difficult to assess.'” Tt
was vital in eliciting support for the war (mobilizing the home front and maintaining
the morale of soldiers), and so raised the intensity of war. Moreover, propaganda
made it more difficult to settle the war by compromise as it typically depicted the
conflict as a challenge to national values, such as Russian barbarism against German
culture, or German absolutism against British democracy.'”' Whatever the effects,
it is clear that propaganda assumed, during the Great War, an important place
among the means of waging war, and electrical technologies—telegraph, radio,
and cinema—provided effective means for propaganda.

2.3.4 The Legacies of World War |

The political and economic impact of the war was enormous. Four empires—the
Hohenzollern, the Hapsburg, the Romanov, and the Ottoman—met their end, new
republics were established in place of monarchies, and the map of Europe assumed
essentially its present form.'”” The war marked the end of the colonial period of
European history and the beginning of great political significance for the Third
World. Everywhere the war increased state powers, and in many countries the gov-
ernment assumed and retained large powers to direct the economy. Destruction of
buildings and equipment and disruption of trade, great as they were, were remedied
fairly rapidly; most countries surpassed their prewar production by 1925. What was
lost forever, according to the historian A.J.P. Taylor, was the old order of financial
stability, as depreciated currencies, reparations, and war debts plagued economies
for years to come.'”
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The social impact, too, was enormous. The death toll reached one million for
the British empire, a million and a half for each of France and Germany, and prob-
ably more for Russia than all the rest put together.'” During and after the war there
were major displacements of peoples, and adding to the chaos of the last year of
the war was an influenza epidemic that, before 1919 was over, claimed 20 million
lives.

The status of women changed. In every belligerent nation women were recruited
to jobs men had held before the war. In England during the war an additional 1.6
million women entered the workforce, 800,000 of them to jobs in industry.'” Many
others became typists in business and government offices, as “the male office-clerk
vanished for ever”.'® In Paris women ran the Métro. Auxiliary military services
for women were established in many countries, and in Russia women’s combat
battalions were formed.'”” Electrical manufacturers reflected this change: at Brush
Electrical Engineering Company the percentage of women employed increased from
3.7 to 27.5; Dick, Kerr & Company employed 3000 women at war’s end, 10 times
the prewar number; in AEG factories in Berlin the number of women rose from 3000
before the war to 11,000 in 1917; and at Siemens Brothers almost half of the 5600
employees at the time of the Armistice were women.'”®

A war that caused so much destruction, suffering, and death could not help but
have a great cultural impact. It was, indeed, a watershed for sensibilities, with the
optimism, belief in progress, and idealistic nationalism of the postwar world lost in
the widespread disillusionment that followed. Guillaume Apollinaire, France’s great-
est war poet, wrote that artillery gave birth to the modern literary spirit.'” The liter-

ary critic Paul Fussell has written that “... the dynamics and iconography of the
Great War have proved crucial political, rhetorical, and artistic determinants on
subsequent life” and that “... there seems to be one dominating form of modern

understanding; that it is essentially ironic; and that it originates largely in the appli-
cation of mind and memory to the events of the Great War.”'®" In some circles the
postwar disillusionment included rejection of technological progress, though this
was certainly a minority view.

If asked what difference electrical technologies made in the war, we might dis-
tinguish between technologies of the battlefield and technologies of the homefront.
Particular technologies, such as those for locating enemy artillery, controlling naval
gunnery, and detecting enemy submarines, certainly made a difference in fighting.
Warships and, by war’s end, airplanes were more effective instruments of war
because of various electrical technologies. Rapid communications—by telegraph,
telephone, ground telegraph, and wireless—were vital to military operations. Also
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important were the disruption of enemy communications (severing wires or jamming
wireless transmissions), the interception and decoding of them, and the use of them
for direction finding. Rapid communications was vital also on the homefront in
directing the production and distribution of goods. And the mobilization of produc-
tive capacity for the war depended heavily upon electric power.

If asked what difference the war made for electrical technologies, we might be
forgiven a longer answer. The war, called the “war of invention” and “Krieg der
Ingenieure”, brought technology to the attention of everyone. It convinced many
people that wars would henceforth be dominated by weapons and weapon systems;
in Edison’s words, “Modern warfare is more a matter of machines than of men.”'®!
This led to enormous efforts in military R&D, and many of the national R&D insti-
tutions outlived the war. Industry leaders, taking note of the effectiveness of this
directed research, increased their commitment to research; R&D expenses by U.S.
firms doubled in the period from the end of the war to the beginning of the 1930s,
while R&D by German firms tripled.'®

It was not only military technology that advanced in these years. For example,
the immense popular interest in the war gave a great stimulus to improvement in
techniques of news gathering and dissemination. The telegraph was the principal
means of conveying information from the battlefields to the cities, where newspapers
were the principal means of disseminating that information to the people. Even with
the frequent appearance of extra editions of newspapers, faster means of disseminat-
ing information were sought. In Copenhagen, three new means were employed, all
of them electric technologies: a “telephone newspaper”, public posting of telegrams
from the war, and display of the latest news in lights, on an electric moving message
board, at the city-hall square.'®* The cultural historian Stephen Kern has even argued
that the wartime communication technologies changed the way people thought about
space and time:

“... [the fighting was] witnessed by the millions at home, who learned about these
multifarious events almost at the same time as they were happening. ... Europe
became a communications network that processed more information than ever before
about more people involved in more events in widely distant places at the same time.
World War I was the simultaneous drama of the age of simultaneity.”'®*

In a few areas of electrical technology the war acted to slow advances.
Improvement in civilian telephony slowed, particularly the installation of automatic
switching."® The war certainly restrained the sale of a great many electrical products
for the home, such as electric toasters, washing machines, razors, and vacuum clean-
ers, that were introduced before the war. The war also slowed the development of
television, an active area of work in the decade preceding the war.'®
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The wartime disruption of commerce was, however, beneficial to some electrical
manufacturers, as it reduced competition from foreign manufacturers. For example,
the British blockade greatly reduced German exports of electrical equipment, with
the result that the Swedish and Swiss electrical industries expanded vigorously,'®’
and Philips of Eindhoven, the Netherlands, was forced into greater self-reliance,
taking up the manufacture of products it had earlier imported.'™

The war gave, of course, an enormous impetus to the development of technolo-
gies of military importance. There were many besides the ones described above,
such as the cathode-ray oscilloscope. At the suggestion of J.J. Thomson, it was
developed to study underwater explosions of the sort produced by mines, and the
device proved so valuable that, for other investigations, a self-contained and portable
oscilloscope was designed.'® As with this example, the development for military
ends frequently found other applications.

Perhaps the largest single effect of this type was the impetus given to the devel-
opment and application of the electron tube. At the beginning of the war the electron
tube was a little-known and scarcely exploited device, manufactured by hand in
small numbers. During the war it came to be employed in a wide variety of ways
and mass production began, and by Armistice Day, millions had been manufactured.
After the war, the electron tube continued its increase in numbers, varieties, and
effectiveness, all the while finding new applications. The war was the dawn of the
electronic age.

In March 1917 strikes and riots in Petrograd (St. Petersburg) led to the abdica-
tion of Czar Nicholas and the establishment of a parliamentary government. There
was no talk of Russia’s leaving the war.'” Indeed, most people expected that removal
of the discredited and ineffective Romanov officials would strengthen the country
militarily. However, one prominent figure, Vladimir Ilyich Lenin, leader of the
Bolsheviks, the more radical of two main factions of the Russian Communist party,
advocated Russian withdrawal from the war. But Lenin was in exile in Switzerland,
and he was not allowed to pass through France and England.

In April German military authorities, hoping to incite revolution in Russia
but not in Germany, permitted a “sealed train” to carry Lenin and other
Bolsheviks across the Reich, and on 16 April he arrived in Petrograd.'”' Lenin’s hope
was to gain power and give Russia a new political and social order. A central element
of his plan was the rapid development of electric power, as made famous in his
slogan, “Communism is Soviet power plus the electrification of the whole
country.”

Lenin, influenced no doubt by Karl Marx’s view that technological changes
bring social ones, became interested in electrical technology as a transforming force
while in exile in Siberia in the 1890s."”* A fellow exile was the engineer G.M.
187 Siemens, p. 26.
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82 Chapter 2 Electrical Technologies in Total War

Krzhizhanovsky, who argued that “The rise of a machine culture on an electrical
basis can be achieved in the most perfect and unfolded form only in conditions of
socialist economy.”'”* By the time of the war Lenin believed that “the ‘electrification’
of all factories and railways [would] accelerate the transformation of dirty repulsive
workshops into clean, bright laboratories worthy of human beings” and that electri-
fication “will provide a link between town and country, will make it possible to raise
the level of culture in the countryside and to overcome ... backwardness, ignorance,
poverty, disease, and barbarism.”'** Lenin was probably impressed with the electrical
technology he saw in the West, particularly in Switzerland, whose electrification on
the basis on hydroelectric power was already far advanced in 1914.

In November 1917 Lenin and the Bolsheviks overthrew the parliamentary gov-
ernment headed by Alexander Kerensky, and by the end of 1920 electrification was
the declared means by which the new government aimed to achieve its political and
economic goals.'”” The outcome of Bolshevik efforts to electrify a huge, largely
agricultural nation is the main subject of the following chapter.

1% Quoted in Hughes 1989, p. 260.
1% Quoted in Coopersmith, pp. 153-154.
195 Coopersmith, p. 1.



Chapter 3

Electrification in
the Interwar Period

3.1 LENIN’'S PROGRAM OF DEVELOPMENT
THROUGH ELECTRIC POWER

3.1.1 “Communism is Soviet Power Plus
the Electrification of the Whole Country”

When the Bolsheviks seized power in Petrograd in November 1917, Vladimir Lenin
announced his program: immediate peace, land to the peasants, and industrial devel-
opment through socialism. The war had impoverished the country, causing economic
and political breakdown and killing millions of soldiers and civilians. At Brest
Litovsk the Bolsheviks signed a treaty with Germany that ended the war but sur-
rendered a third of Russia’s territory.'

There followed a civil war between the Communists and the Whites, led by
Czarist generals. Leon Trotsky ably organized the Red Army, which by the end of
1919 had defeated the White forces. When a Polish army attacked Russia the same
year, the Red Army turned it back and invaded Poland, but was defeated outside
Warsaw. The Treaty of Riga, which followed, ceded large areas of ethnic-Russian
territory to Poland.

The revolutions, civil war, Russo-Polish war, and attendant circumstances (such
as a trade embargo by several Western nations) so disrupted the economy that people
spoke of the de-industrialization of Russia. In 1920 the output of manufactured
goods was only 13% of the prewar level. Many urban workers drifted back to their
native villages, so that in 1920 Petrograd had lost 70% of its population, Moscow
45%.*

' Taylor, p. 1027.
% Johnson, p. 88.
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84 Chapter 3 Electrification in the Interwar Period

Lenin, like most socialists, believed that a socialist revolution would first
succeed in an advanced industrial country, and the Russian revolution in March 1917
greatly surprised him. After taking power in November he believed that continued
Bolshevik rule required the spread of the revolution across Europe. When this did
not happen, he decided that Communism could survive in Russia only through rapid
industrialization.?

The autocratic, expropriatory measures of his first years of rule Lenin called
“war communism”, arguing that the threat to the new regime from reactionaries and
foreigners justified them. Agricultural produce was forcibly taken from the peasants,
and factories and other businesses were nationalized. The production of electric
power, like most types of agricultural and industrial production, continued to fall in
these years, yet there arose, in certain circles, an optimism for societal transformation
through electrification.”

Many Russians in the decade preceding 1917 proposed plans for rapid electri-
fication, believing it to be a great force for economic and social development. The
electrical engineering community, which gained political influence from the great
demand for electric power during the war, advocated rapid electrification based on
regional stations. In addition, the war increased support, in Russia as elsewhere, for
large-scale, state-directed engineering projects.’

Many people, then, favored the idea of a government program to electrify the
country rapidly. As early as December 1917, a month after taking power, the
Bolshevik government proclaimed the need for a network of state-owned regional
stations.® What turned that goal into reality was its advocacy by Lenin.

As we have seen, Lenin became interested in electrification in the 1890s and,
like the engineer G.M. Krzhizhanovsky with whom he shared exile in Siberia,
believed that a socialist economy would best allow electrification to effect its benefi-
cent transformation of factories and homes. After the October revolution, his empha-
sis on electrification increased. One historian writes that the phrase “after the
electrification of Russia” assumed in Lenin’s speeches the same role that “after the
revolution” had earlier, and H.G. Wells, who met with Lenin in September 1920,
wrote, “For Lenin, who like a good orthodox Marxist denounces all ‘Utopians’, has
succumbed at last to a Utopia, the Utopia of the electricians.””

Krzhizhanovsky, the chief architect of the electrification plan that was soon
adopted, remembered:

Our country was still in the midst of the calamity of war; we were still continuing to
roll into the abyss of deepest economic disorder. And then, according to directives of
the Party, there was created the first prospective economic plan. We proceeded to
collect a handful of people, scientific and technical workers, and under the immediate
guidance of Vladimir Ilyitch [Lenin], we tried to pick our way among the chaos

* Taylor, pp. 1026-1030.

* Coopersmith, p. 121.

° Coopersmith 1991, pp. 220, 224.
¢ Coopersmith 1991, pp. 220-221.
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3.1 Lenin’s Program of Development Through Electric Power 85

surrounding us, tried to harness to the conquest of science and technique those active
elements among the workers and peasants whose creativepower we perceived and
recognised in the midst of ruin and war. In this plan we daringly sketched an
impression of our future, a design of that building which we can and must convert into
reality. Very soon we were assailed with banter: people said that it was not a plan of
electrification but of ‘electric-fiction’; they said it was poetry, an imaginative creation,
far from reality.®

Lenin believed that Communism could survive in Russia only if the country
industrialized rapidly, and he believed electrification was the means to rapid indus-
trialization. His slogan became famous: “Communism is Soviet power plus the
electrification of the whole country.” He wrote, “We shall consider the victory of
socialism over capitalism ... guaranteed only when the proletarian state power ...
reorganizes the whole industrial system on the basis of large-scale collective produc-
tion and the newest technique, with electrification throughout.”

Because of Lenin’s nearly absolute control over the Communist Party, his advo-
cacy of electrification was decisive. The historian Jonathan Coopersmith writes:
“Lenin proved invaluable in prodding the state bureaucracies into action. His col-
lected works contain numerous letters to obtain supplies, gather information, and
make disagreeing officials agree. His assistance proved especially helpful in obtain-
ing foreign equipment for regional stations, an assist necessitated by the newly
established state monopoly on foreign trade.”'® Thanks to Lenin’s support, by 1920
construction had begun on four regional stations in the Moscow and Petrograd areas.
His most important action was generating support, both by party leaders and by the
population as a whole, for GOELRO, an extremely ambitious plan of country-wide
electrification."

3.1.2 The State Adopts an Electrification Plan

In 1920 the Communist party made electrification the state technology. In February
the Supreme Council for the National Economy created the State Commission for
the Electrification of Russia (GOELRO), to reconstruct and modernize the country
through electrification. About a month later the Ninth Party Congress called for an
electrification program as part of the state economic plan; and in December of that
year the Communist Part approved a 10-year plan, worked out by GOELRO."
GOELRO decided to concentrate on Russia’s industrialized regions, where large
industrial users and large cities could provide the load commensurate with high-
capacity power stations; less industrialized regions would have to wait."* GOELRO

¥ Quoted in Dobb, p. 315.

° Quoted in Lawton, p. 372.
1% Coopersmith, p. 154.

" Coopersmith, pp. 147, 155.
12 Coopersmith, pp. 151, 158.
13 Coopersmith, pp. 159-160.



86 Chapter 3 Electrification in the Interwar Period

chose to electrify the country in a centralized way by building large regional stations.
Two alternative paths of development, though each had many proponents, were not
chosen: a conservative path of expanding existing utilities, and a radical path of
rapidly electrifying the countryside in a decentralized manner."* GOELRO assumed
that the West would provide, as it had under the Czars, both technology and financ-
ing for electrification.'” Because of a serious fuel shortage, GOELRO sought to avoid
conventional thermal stations: where water power was not available, low-grade
fuels, such as peat or industrial wastes, would be used for thermal stations.'®

The first GOELRO plan called for 100 power stations. In January 1921 that
overly ambitious goal was reduced to 27 stations. The unavailability of many sup-
plies and types of equipment and a shortage of skilled labor made progress extremely
difficult, and two years later only three projects were receiving any attention. These
were the Svir and Volkhov hydroelectric stations, both in the Petrograd area, and the
thermoelectric station at Nizhni-Novgorod.'’

Some sectors of the economy were barely functioning, and the regime was in
danger of losing political control. A strike by Petrograd workers in February 1921
and mutiny at the Kronstadt fortress in March convinced Lenin that the country
would no longer accept the stringencies of “war communism”. He therefore
announced a New Economic Policy, which was in part a return to a free enterprise
economy.'® Lenin replaced requisition of agricultural products from the peasants
by a tax in kind and permitted the peasants to trade surplus products. This greatly
reduced peasant discontent and stimulated agricultural production.'’

Work on the new regional stations proceeded, but proceeded slowly. The Svir
and Volkhov stations were the first large hydroelectric plants in Russia, and they
used recent technology, including 115-kilovolt (kV) transmission lines.”” The Svir
hydroelectric station took 13 years to complete, even though several U.S. and
Swedish construction companies contributed and the turbines and generators were
imported.?' At the Volkhov station, Swedish engineers implemented Swedish con-
struction methods. Though completed in 1927, its operation was irregular and unreli-
able. Four of the eight generators came from Sweden, and four were built in
Petrograd. Problems arose in operating them together.”> Progress was also slow at
Nizhni-Novgorod, where British and German firms contributed.”

GOELRO set an example that the Communist leaders adopted generally. A
historian of the Soviet economy wrote, “Planning machinery, as a specialised and

Coopersmith, pp. 152-153.

15 Coopersmith 1991, pp. 222-223.
Coopersmith, p. 161.

7" Sutton, p. 201.

'8 Bradley, p. 1011.

1" Schapiro, pp. 215-216.
Coopersmith, p. 149.

Sutton, pp. 201-202.

2 Sutton, p. 202.

% Sutton, pp. 201, 204.

)



3.1 Lenin’s Program of Development Through Electric Power 87

permanent arm of the State, had its beginnings in the foundation of the famous
GOELRO, or State Commission for Electrification, mainly on the initiative of Lenin,
in March, 1920. ...”* And in February 1921 GOELRO was merged into a larger
body, the state planning commission known as Gosplan.”

3.1.3 Engineers Gain in Status

What Lenin promised the Russian people was technological modernization. For the
peasants, the single most important aspect of the new life was electric lighting. Lenin
took advantage of this to win support for his programs. According to a 1924 obitu-
ary: “Only ‘Illich’ [Lenin] understood the might and role of electricity in the national
economy and transformed it from a narrow, technical idea to the ideal of peasants
and workers, connecting it organizationally to Soviet power.”*®

The regime glorified electrical power. Coopersmith has written, “The image of
the peasant seeing his first light bulb has been immortalized on Soviet lacquer boxes,
posters, stamps, photographs—on anything that would convey the message.”*’ And
the regime distributed posters that advertised the benefits of electrical power.

Other Soviet leaders shared Lenin’s view of the importance of technology for
state-building. Trotsky, though not valuing electrification as highly as Lenin did,
still regarded it as an important long-term goal, and in 1925 he wrote that “scientific
technology is one of our most important weapons of our state self-assertion in the
world struggle.”?® The historian Paul Johnson has written, “Thus [because of Lenin’s
enthusiasm for electrification] began a curious cult which has persisted in the Soviet
Union to this day, and which has made the heavy electrical engineer the most valued
figure in Soviet society (next to the arms designer).”” Electrification came to be
associated with Communism in the popular imagination. In George Orwell’s Animal
Farm, a depiction of the evils of Communist society, the animals electrify the farm.

Lenin, along with many other educated people at the time, had great hopes for
the transforming power of new technology. He greatly admired Karl Ballod’s Der
Zukunftsstaat, published in 1919.* During World War I in Russia, as in many other
countries, a centralized and technocratic approach to social problems gained favor,
and this trend continued in the first years of Communist rule. A particularly influ-
ential expression of the technocratic vision was Vasilii Grinevetskii’s 1919 Postwar
Perspectives on Russian Industry, which advocated electrification of industry through
regional stations.’ (It might be pointed out that the Bolshevist embrace of an

* Dobb, pp. 314-315.

» Dobb, pp. 315-316.

% Quoted in Coopersmith, p. 155.
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88 Chapter 3 Electrification in the Interwar Period

ideology of technological transformation made Bolshevism attractive, or less unat-
tractive, to many Russian engineers.)*

Technocracy, as the movement was called, was popular elsewhere as well. In
the U.S. a number of artists of the 1930s portrayed technology in a positive way.*
And in the U.S., technocracy was an intense but short-lived movement that began
in 1932 with the formation of the Committee on Technocracy based at Columbia
University. Its members argued that new technology could create abundance, but
only if social organization were adjusted appropriately.* The technocractic move-
ment attracted much interest, but it failed to provide a detailed alternative to existing
social structures and a plan to achieve the necessary changes.*

3.2 GENERATORS, POWER LINES, AND MOTORS
3.2.1 Generating Electric Power

Large power stations and long-distance transmission of electricity formed the basis
of the Soviet program. Electric power technology was then a half-century old, having
grown out of a long series of scientific investigations of electric currents that began
early in the nineteenth century.

Alessandro Volta’s 1799 invention of the electric battery set off a great deal of
experimentation by giving investigators a convenient source of constant current. In
1820 Hans Christian Oersted found that an electric current creates a magnetic field.
Eleven years later Michael Faraday found a reverse effect; moving a conductor in
an magnetic field generates an electric current. (See Figure 3.1.) There was then a
second way to produce electrical energy—by converting mechanical energy, rather
than chemical energy as in a battery—but it was not until the 1850s that Werner
Siemens in Germany, F.H. Holmes in England, and others developed practical
generators.

At first, generators, or dynamos as they were also called, were used to power
electroplating or arc-lighting systems for single users, with the generator on the
premises. A new technological era began in 1882 when Thomas Edison, shortly after
his invention of a practical incandescent light, set up public systems in London and
New York, showing that a central station could supply electricity to many users by
means of distribution lines. Such a system comprised three principal components,
which we will consider in turn: generation, distribution, and utilization.

Though chemical, thermal, or solar energy can be converted directly into elec-
tricity, the large-scale generation of electric power has proceeded by producing
mechanical power, which a dynamo then converts into electric power. The prime
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Figure 3.1. As the loop of wire turns in the magnetic field, an electric current is induced to flow in
the wire, first in one direction, then the other. Here the loop is provided with a commutator (the split-
ring device at the left) so that the current flows in one direction only (though it fluctuates greatly in

intensity).

movers have been the traditional (reciprocating) steam engine, water wheels and
water turbines, and steam turbines. The most efficient have been the large turbines,
either water or steam driven.

Beginning in the late 1820s water turbines (usually with curved vanes on a
central shaft along which the water flowed) gradually replaced older types of water-
wheels, and later in the century when people began converting water power to elec-
tricity, they used turbines. Steam turbines, developed by Charles Parsons in England
in the 1880s and 1890s, were more efficient than reciprocating steam engines.*® The
turbine had another important advantage: its speed (Parsons’ first turbine ran at
18,000rpm) greatly exceeds that of a reciprocating engine (perhaps 1000 rpm) and
matches well the speed of a dynamo of corresponding power, so that the turbine and
the dynamo can be directly coupled.”” Milestones in large-scale energy production
are the 2500-horsepower system Sebastian Ferranti built in 1889 to supply London,
the three 5000-horsepower hydro turbogenerators installed in 1895 at Niagara Falls,
and the 1500-kilowatt steam turbogenerator put into operation in 1901 by the
Hartford Electric Light Company in Connecticut.”™ So effective were turbines that
their widespread use in power plants after 1900 gave rise to excess capacity and the
search for more load.”

The generators developed by Siemens, Holmes, and others in the 1850s under-
went continual improvement. Magnetos, which are generators whose magnetic fields
comes from permanent magnets, gave way to generators using electromagnets.
Greater efficiency came from improvements in arrangement of the field coils (pro-

* Hannah, pp. 13-14.
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ducing the magnetic field) and in design of the armature (bearing wires in which
current is generated). Using the ring armature invented by Antonio Pacinotti, the
Belgian engineer Z.T. Gramme in 1870 designed a machine producing a fairly con-
stant direct current (DC) that for the first time made large-scale commercial DC
generation possible. A further advance was the drum armature introduced in 1872
by Friedrich von Hefner-Alteneck, chief designer at Siemens & Halske; it became
the standard for the next quarter-century.*’ In the first decade of the new century a
different design became standard; instead of a fixed magnetic field and a rotating
armature, it used a rotating magnetic field, the current being generated in the
stator.!

Most striking was the continual increase in generator size and power. When
Edison opened his New York station in 1882, his 90-kilowatt (kW) Jumbo generator
was the most powerful in the world.** The move to turbogenerators brought higher
power; in 1900 the C.A. Parsons company supplied two 1500-kW generators to
Elberfeld, Germany. By 1895 the average size of generators being installed in British
power stations was S00kW; in 1905 it reached 2.5 megawatts (MW) and in 1913,
5MW.*#

Technical advances gave a clear competitive advantage to large-scale power
generation. Had it been otherwise, universal electric power might have been supplied
by means of generators in each home, office, and factory, just as heating is usually
provided locally. Indeed, the efficiency of the very large generators was one force
moving the electric supply industry to larger and larger power networks, a subject
of the last part of this section. Large networks also required efficient means of power
transmission, this chapter’s next subject.

3.2.2 Transmitting Electric Power

Though difficult to store, electrical energy is easy to transport. In 1729 Stephen Gray
discovered that an electric charge was readily spread from one object to another if
the two objects were connected by certain substances, which we now call conduc-
tors. In 1827 G.S. Ohm published what is now famous as Ohm’s law: V=1R. It
says that the current I in a conductor is proportional to applied voltage V, with the
constant of proportionality R, called the resistance, being determined by the particu-
lar composition and form of the conductor.

Power, defined to be the rate of doing work, is often measured in horsepower
or kilowatts. The power P transmitted by an electric line is simply the product of
current and voltage: P=1 V. So to transmit a particular level of power, there are
many possibilities; any reciprocal change in current and voltage, such as doubling
the current and halving the voltage, leaves the power the same. Such a change does,

" Atherton, pp. 119-123.
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circuit 1 RS circuit 2

Figure 3.2. Schematic drawing of a transformer.

however, affect the power loss. In typical situations, power loss is approximately
equal to I’ R, where I is the current and R the resistance. This means that doubling
the current would multiply the power loss by a factor of four. Hence, to reduce power
loss it is advantageous to use very low current, and therefore very high voltage.

High voltage, however, is dangerous. It might, nevertheless, safely be used for
transmission if there were an efficient means of converting it to a low voltage before
it entered factories, offices, and homes. Almost all electric power systems of the
1870s and 1880s used direct current, and it proved very difficult to build efficient
and reliable DC transformers. For example, one could step voltage down by coupling
a high-voltage motor to a low-voltage generator. With alternating current, on the
other hand, voltages could be stepped up or down by means of a simple device with
no moving parts (see Figure 3.2).

The electric power transmitted in the 1880s was, almost everywhere, direct
current, and DC systems continued to be built into the twentieth century. But the
more efficient transmission of alternating current (AC) and the development of
efficient AC motors and power meters gradually led to the virtually universal adop-
tion of alternating current. (For a time there were some mixed systems—the power
transmitted as AC, but used as DC.)

One of the first demonstrations of the system that became standard occurred at
the 1891 International Electrical Exhibition in Frankfurt am Main. The German firm
of AEG (Allgemeine Elektrizitits-Gesellschaft) and the Swiss firm of Maschinenfabrik
Oerlikon collaborated in demonstrating a three-phase AC system for long-distance
power transmission. According to Thomas Hughes, the exhibition “contributed
greatly to the establishment of this system as standard instead of the two-phase
system that was being tried by Westinghouse in the United States and by other
manufacturers abroad.”** Westinghouse and GE collaborated to build a system of
AC power generation and transmission that tapped the energy of the Niagara River

* Hughes, pp. 129-135. In a typical two-phase system, electric power is provided by two oscillations of
electric current, 180 degrees out of phase. In a typical three-phase system the three oscillations are 120
degrees apart.
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and sent part of it to the city of Buffalo, 20 miles away. The system, which began
operation in 1895, used both two- and three-phase current.*

Transformers were improved, as by subdividing the iron core to reduce power
losses due to eddy currents. William Stanley, working for George Westinghouse in
the early 1880s, contributed greatly to better transformer design. There were improve-
ments also in power lines, switches, and system operations (some of which are
considered below). As a result, it became practical to use higher and higher voltages
for transmission. By 1910, 110,000-volt transmission lines were practical; by 1923,
220,000-volt lines.*

By the turn of the century, the large electrical manufacturers accepted the three-
phase AC system for providing electrical power, which had been developed mainly
by AEG in Germany and Westinghouse in the U.S.*” Of course, such systems spread
only because there were devices that made electric energy useful to people.

3.2.3 Using Electric Power

Electricity gave rise to the telegraph, telephone, and electroplating industries before
there were many central power stations. Power stations proliferated in the 1880s
and subsequent decades for electric lighting and, to a lesser degree, for electric
motors.

Though the English chemist Humphrey Davy, one of the first to experiment with
Volta’s battery, found how to produce a brilliant and continuous electric arc in 1808,
this type of illumination did not become practical until efficient electric generators
became widely available in the 1870s. Arc lighting then began to be used for light-
houses, street lighting, and interior lighting in large public buildings, such as railroad
terminals. One of the most successful types was the Jablochkoff candle, invented by
the Russian Paul Jablochkoff in 1876 (see Figure 3.3). Yet the market for arc lighting
proved quite limited. In telling this history, W.A. Atherton has written, “The bril-
liance of the arc lamp made it unsuitable for widespread domestic use. Hardly
anyone wanted a lighthouse in their living room.” Efforts to “subdivide the electric
light” met success only with a different technology: incandescent lighting.*®

Thomas Edison in Menlo Park, New Jersey, and Joseph Swan in Newcastle,
England, independently developed practical incandescent bulbs in the late 1870s.
Both Edison and Swan set up companies to manufacture electric lamps, and, as we
have already seen, Edison was soon in the business of building public power stations.
For some decades, however, electric lighting remained a luxury in most places, since
it was more expensive than other forms of lighting, including gas lighting.

An electric generator, if supplied with current, can operate as a motor, a fact
brought to public attention at the 1873 electrical exhibition in Vienna when Z.T.

* Hughes, pp. 135-139.
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Figure 3.3. A Paris street lighted by the Jablochkoff candle in about 1880 (photo courtesy of
IEEE).

Gramme used one of his dynamos to drive a second one in reverse. Because motors
could run on the same current supplied for lighting, their use spread.*” The first
motors ran on DC, but by 1890 the work of Galileo Ferraris in Italy, Nikola Tesla
in the U.S., and Michael von Dolivo-Dobrowolksi in Germany had led to a practical
AC motor (see Figure 3.4).%

The business historian Leslie Hannah has pointed out that at the turn of the
century England was still a man-powered and horse-drawn society: “The steam
engine had replaced these animate power sources in a limited range of uses in fac-
tories and on railways ...” and “... the population of horses did not in fact reach its
peak until the early years of the twentieth century.”> Chapter 1 covered the use of
electric motors in industry; the flexibility of electric drive allowed much more effi-
cient manufacturing processes, including the assembly line. Mechanical power was
the most important industrial use of electricity, but thermal devices (such as bread
ovens, brass foundries, and enameling furnaces) for heating and electrochemical
devices (especially for plating and electrolysis) were also important. Chapter 4
considers in more detail the multifarious industrial applications of electric power.
Suffice it to say that by 1920, about two-thirds of the electric power sold in Britain
went to industry.*

4 Atherton, p. 153.

%" Atherton, p. 158.

°! Hannah, pp. 14-15.
52 Hannah, p. 60.



94  Chapter 3 Electrification in the Interwar Period

split
ring north )
commutator malﬂﬂﬂtlc
K ole
L brush P
DC power R .

supply %

\ south
brush magnetic
pole

Figure 3.4. Schematic drawing of the operation of the electric motor.

The first widespread application of electric motors, however, was in transporta-
tion rather than manufacturing. In 1879 at the Berlin Exhibition, the Siemens
company ran a small electric railway and two years later began operating an electric
streetcar service in the Licterfelde district of Berlin. Perhaps the first commercially
successful electric trolley system was the one built in 1888 for Richmond, Virginia,
by Frank Sprague. Soon cities throughout the U.S. and in Europe were building
trolley systems. There resulted rapid growth of cities and of suburbs. These develop-
ments, too, are considered in more detail in Chapter 4.

3.2.4 Interconnecting Power Networks

The success with interconnection of power networks during World War I, described
in Chapter 1, stimulated further interconnection after the war.® In many countries
people argued that an abundant and inexpensive supply of electric power, which was
necessary for national economic strength, required a unified system under govern-
ment control. Outstanding proponents of control were Governor Gifford Pinchot in
Pennsylvania, Treasury Minister Wilhelm Mayer in Germany, and the engineer
Charles Merz in England.*

Large power networks allow lower costs, because they are better at taking
advantage of differences in the time-distribution of load. High daytime use of elec-
tricity in an industrial area, for example, might be matched with high evening use
in a residential area. Large systems can more readily compensate for the failure of

3 Hughes, p. 296.
* Hughes, pp. 285-323.
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a component. A large system can have a complementary set of energy sources, for
example, a hard-coal urban plant, a lignite plant at an open pit mine, a high-head
hydroelectric site, and a run-of-river (low-head) hydroelectric site. Besides greater
reliability, this confers lower costs, because one can adjust production schedules to
take advantage of changes in the relative costs of the different energy sources.
Finally, a large system is better able to deal with uncertainties about future resources
and demands.”

After the war, interconnection proceeded in the U.S., but the movement was not
directed by any governmental plan for an entire state or region.”® Governor Pinchot
championed an integrated system for Pennsylvania, believing that inexpensive elec-
tricity and rural electrification could bring about a social revolution.”” Though his
plan was not approved by the state legislature, interconnection nevertheless pro-
ceeded, though fitfully and uncoordinatedly. Such piecemeal integration was typical
of the developments throughout the United States.

A notable step in interstate integration of power systems was the Pennsylvania—
New Jersey (PNJ) Interconnection. It joined the systems of three private utilities:
Philadelphia Electric, Public Service Electric & Gas of New Jersey, and Pennsylvania
Power and Light.”® (See Figure 3.5.) When formed in September 1927 it was the
world’s largest centrally controlled power system, with a capacity of one-and-a-half
million kilowatts. By means of the PNJ Interconnection, the three utilities achieved
economic benefits of a large system while remaining separate companies. This busi-
ness arrangement prospered. In 1981 the Pennsylvania—New Jersey—Maryland
Interconnection, as it was then called, had a capacity of 45 million kilowatts and
connected private utilities.

In Europe, too, interconnection continued. On 31 December 1919 the young
Weimar Republic enacted legislation to place electric power under government
control, but the new law was never implemented since objections by the various
utilities (some governmental, some private, some of mixed ownership) were not
overcome.”® Several utilities, however, cooperated through the Bayernwerk, a
regional transmission grid using 110-kV lines, which began operation in 1924.%

Great Britain followed the same course. Parliament passed the Electricity Supply
Act of 1919, which called for the establishment of joint electricity authorities (JEAs)
to consolidate electricity generation and provide regional transmission, but because
implementation was left to voluntary action and persuasion, results were quite
limited.®!

In the 1920s loss of national prestige and power was a dominant issue in Britain,
and many placed blame on the fragmented electric energy system and a slowness
5 Casazza, pp. 5-6, and Hughes, p. 367.
5 Hughes, p. 313.
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Figure 3.5. The 220,000-volt trunk lines of the Pennsylvania-New Jersey Interconnection.

(relative to Germany and the U.S.) in electrifying industry and transportation.®> The
1926 Electricity Supply Act aimed at organizing the generation and distribution of
electric power. The national grid began operating in 1933, and by 1936 it was in full
operation in all regions except the northeast coast of England. Interconnection was
a major factor in the reduction in the cost of electricity in Britain from 1.1 pence in
1923, to .34 pence in 1939.

The development of electric power in Britain was slowed by the great variety
of voltages and frequencies; in 1924 there were 17 different frequencies in use in
Britain.” The high cost of converting frequencies required standardization of fre-
quency when two networks were connected.** Thus standardization came with
interconnection.

In the early stages of a technology, it would probably be unwise to impose
standardization as it would limit exploration of the technical possibilities.
Standardization itself, however, often yields great gains in economies of operation
and production—standardized manufacture of all types of power equipment—and
in directing technical developments to a particular channel. But these gains come

2 Hughes, pp. 350-362.
 Hannah, pp. 39, 88.
 Hannah, p. 32.
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after standardization, and achieving it was expensive. Power generating and trans-
mission equipment as well as motors and other user equipment had to be replaced
or converted. So both interconnection and standardization proceeded slowly.

3.3 POWER ENGINEERING
3.3.1 The Science of Power Engineering

Matthew Boulton, partner of James Watt in manufacturing steam engines, once said,
“I sell here, Sir, what all the world desires to have. Power.” From the 1880s on,
electrical engineers have offered the same commodity, and the business of operating
electric power systems has grown steadily. In the U.S. it reached annual sales of $84
million in 1902 and $1.8 billion in 1927.% This made electric power a major branch
of engineering and stimulated continual technical advances.

Most people imagine that engineering advance results from the application of
antecedent science. Thomas Hughes, historian of electric power, argues that in the
period from 1890 to 1930, power engineering advanced through its own research
and development, with little contribution from physics. He argues further that the
principal relationship between science and engineering is not that the latter derives
from the former but that the two share a methodology:

The authorities they cited and the periodicals they used and for which they wrote
represented organized knowledge; the engineers consciously or unconsciously used
and attempted to formulate general statements or laws; mathematics was an analytical
tool and a language for them; hypotheses were formulated by them; and experiments
were designed for the laboratory or in nature to test these hypotheses.®®

Such theories constitute engineering science, as distinguished from natural
science (analytic language and hypotheses relating to the natural world). Another
historian, Ronald Kline, made a detailed study of the development of alternating-
current motors that shows clearly the growth of engineering science; in the last two
decades of the nineteenth century, scientists and engineers, well versed in mathe-
matical physics, elaborated theories accounting for the behavior of electric motors,
and then used these theories to design better motors.”” With the design of dynamos
and transformers, too, an engineering science was painstakingly developed.®®

In the new century, power systems became larger and larger and more and more
complicated. In the 1920s regional systems flourished, as point-to-point transmission
gave way to network with several generating stations and major switching stations.®
Control became much more complex. Earlier, there was typically a marble-paneled

% Brights, p. 13.

% Hughes 1976, p. 659.
7 Kline 1987.

% Atherton, pp. 149-159.
% Hughes, pp. 363-364.
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switchboard located in the power house, and the switches were operated manually.
In the 1920s, a control center was typically separate from the power house and the
switchyard. Remote sensors kept the control center informed about the state of unat-
tended units throughout the system, and at the switchyard, remote-controlled elec-
tromagnets and motors operated oil-filled switches. So complicated was control that
large models of the systems were maintained to simulate their behavior. Such control
centers were emulated in other industries.”

Pioneering in the use of instruments and controllers was the electric power
industry, which before 1930 installed systems to maintain constant frequency and
voltage and to control the operation of boilers. Early voltage regulators had moving
parts that compromised reliability, so electronic regulators (incorporating the thyra-
tron tube, a rectifying tube containing a low pressure gas instead of a vacuum) were
developed in the 1930s. An additional benefit of electronic control was, in the words
of G.E. engineer A.W. Hull, “the absence of mechanical inertia which made the
method remarkably free from hunting or overshooting of voltage with sudden
changes of load.””' The accurate control of frequency made electric clocks practical.
Subsequently, the use of electric clocks required power companies to maintain an
exact frequency.

The power industry set an example not only with such control centers, but also
with industrial R&D. Hughes points out that “Edison and his associates formed an
urban utility at about the same time they launched their research-and-development
program for developing an electric lighting system.””* The Siemens companies were
also pioneers in industrial R&D.

With high voltages came new phenomena, such as power loss between lines from
the corona effect.”” There were also problems posed by other types of short circuit,
by lightning (which created the need for surge-proof components, adequate insula-
tion, circuit breakers, and lightning arresters), and by rectification (streetcars, for
example, continued to use DC motors). As a result there arose high-voltage laborato-
ries, both in industrial and academic settings.” Beginning in 1913, the Schenectady
plant of General Electric, EW. Peek, Jr., conducted scientific studies of lightning and
its effect on power lines for 20 years.” At Cornell University, Harris J. Ryan pub-
lished some three dozen articles on high voltage and transmission problems in the
period between 1904 and 1925. A 1905 paper by Ryan, for example, presented an
equation relating the critical corona voltage to conductor size and separation.”

A science of insulation arose, though this was an area in which much work had
already been done by telegraph engineers.”” In Britain in the years after World War

" Hughes, pp. 372-374.
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7 Hughes 1976, pp. 647-648.
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3.3 Power Engineering 99

I, transmission voltages increased from 20 to 30kV. The design of underground
cables that had performed satisfactorily at 20kV proved problematic at the higher
voltage. After considerable research on dielectrics and on cable design in laborato-
ries in Europe and the United States, solutions were found. A notable advance was
Luigi Emanueli’s cable design, introduced in 1920, that was soon in use around the
world for high voltages.”

The power engineering R&D stimulated the development of many research
instruments. For example, to investigate corona (the glow at the surface of an electri-
cal conductor that indicates an early stage in the electrical breakdown of the sur-
rounding gas) FEW. Peek designed a 200kV impulse generator, and later used it to
study lightning, increasing the power of the impulse generator to the order of a
million kilowatts so as to be able to approximate natural lightning.” Harris J. Ryan
pioneered in the use of the oscilloscope to study AC phenomena.*® Perhaps most
impressive was the development of analog calculating devices, to which subject we
now turn.

3.3.2 Network Analyzers

The first chapter covered electromechanical computers for fire control on warships
and for piloting unmanned aircraft. In the 1920s power engineers designed even
more sophisticated analog computers to assist in the understanding and control of
large-scale power systems.

Just after World War I, engineers at General Electric began building laboratory
simulations of power systems, in which the actual generators, transmission
lines, and loads were modeled by much smaller components. At MIT in 1924,
Hugh Spencer and Harold Hazen, working under Vannevar Bush, constructed
a power-system model that adequately represented the behavior of the full-scale
system. MIT and General Electric collaborated in building a much more sophisti-
cated device for modeling power systems, which in 1929 received the name “network
analyzer” !

The network analyzer, though built as an educational tool, was made available
to commercial users for a fee.*> Also in 1929 Westinghouse built a similar device,
the AC Calculating Board, which it manufactured and sold to electric utilities in
many countries. Network analyzers soon became a standard tool of power systems
engineering, and they remained in use into the 1960s when they were replaced by
digital computers.® (Phyllis A. Fox, in her 1949 MIT master’s thesis, may have been
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the first to demonstrate that power-system stability problems could be solved using
a digital computer.)*

Network analyzers simulated the operation of power systems. Through experimen-
tation with the laboratory analog, engineers could better understand and thus better
control a full-scale power system. A more cerebral approach was to write equations
describing the power system and then study the equations. Engineers were indeed able
to write a set of equations constituting a mathematical description of the system, but
deducing the logical consequences of the equations was extremely difficult.

In 1924 Vannevar Bush, in the midst of a several-month-long struggle with
equations describing a particular power system, wondered whether a machine might
be built to carry out parts of the calculation. The following year Bush, assisted by
Herbert Stewart and Frank Gage, completed a “product integraph” that calculated
integrals using a watt-hour meter (a commercially produced device to measure
electric energy consumption). The machine, which could solve first-order differential
equations and, through successive approximation, second-order equations, was
applied to a number of other engineering problems.® Because similar equations arise
in many areas of engineering, the more cerebral approach to solving stability prob-
lems of power systems proved widely useful.

Bush and his research assistant Harold Hazen designed improved calculating
machines. In 1931 they completed the “differential analyzer”, able to solve a sixth-
order differential equation with an accuracy of one part in a thousand. Instead of
watt-hour-meter integrators, it used “disk-and-wheel” integrators. The differential
analyzer won wide acceptance, and similar machines were built elsewhere in the
U.S. and in the United Kingdom, Norway, and the Soviet Union.*

What made this much more complicated machine practical was the use of a
torque amplifier. Invented originally for power steering in motor vehicles, this is a
mechanism in which an electric motor provides the torque that augments the torque
exerted by the input shaft. Thus the small output of a disk-and-wheel integrator can
drive shafts, gears, and other integrators. This electromechanical calculator, like the
fire-control calculators, used electricity only for motors and simple switches; the
elements for integrating, for amplifying torque, and for storing and transferring
quantities were essentially mechanical.

The differential analyzer, as a successful and fairly general-purpose device,
stimulated the development of other computers, both analog (some of them entirely
electronic) and digital. In 1935 Bush began developing an improved differential
analyzer that represented variables as electrical signals rather than as shaft rotations.
Here it was not a human operator but electrical relays and servomotors controlled
by the information on a punched-paper tape that set up the machine for a particular
problem.”” Other development of other computers influenced by the differential
analyzer are described in Chapters 4, 7, and 8.
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This section looked at engineering research; the next section turns to the busi-
ness of power engineering. It was primarily economics, not science, that directed
that research.

3.3.3 The Business of Power Engineering

The electric power industry was a principal shaper of national economies in the twen-
tieth century, as it reduced costs for existing industries and established markets for
new industries. The many advantages of electrified production methods; discussed in
Chapter 1, led to their rapid adoption in the first decades of the century; hardly used
in industry at the turn of the century, electric motors provided 78% of all mechanical
drive by 1930.% The power industry contributed by continually reducing the cost of
electric energy and by helping to develop means of using electric energy.

Electric power systems are large human-and-machine systems whose operation
requires technical, business, and political considerations. At the technical level,
systems engineering is required to achieve the proper functioning and coordination
of the many components. The remote sensors, test instruments, and analog comput-
ers already discussed assisted in this systems engineering. A principal aim was to
achieve reliable operation, which, by one definition, a system had attained if the
reserve generating capacity was at least as large as the largest likely failure of a
generator or a transmission line.* (Since joining two systems makes it easier to meet
this condition, it provided an additional reason for interconnection.)

Of the business considerations, one was to increase the consumption of electric-
ity, and utilities promoted industrial, commercial, and residential uses. Another
principal business consideration was the concern to reduce fluctuations in load.
Because capital costs were a large part of the cost of providing electric power,
obtaining a more constant load factor (defined as the ratio of electricity produced to
the amount that would have been produced if peak demand had been maintained
throughout the period) greatly increased efficiency. To this end, each utility sought
diversity of load. (Here, too, interconnecting two systems confers an advantage.)

There were also political considerations as utilities came to be regulated, and
in many cases owned, by governments. In Britain, for example, electric power was
partly private and partly governmental, until full nationalization in 1948.%

The highly technical operations of electric power companies gave rise to a
thriving business of industrial consulting. Thomas Hughes has written:

Consulting engineers also played a highly important, though still largely
unacknowledged, role in furthering the growth of regional systems. The technical,
organizational, and financial problems inherent in regional systems demanded the
entrepreneurial spirit, comprehensive experience, and talent possessed by the
consulting engineering firms and their principals. When political problems entered the

% Devine, p. 21.
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mix as an important component, the consulting engineer’s broad view and capacity
for a multifaceted response became even more important. The consulting engineer
assumed the mantle of the entrepreneur ready to preside over technical change in a
complex environment.”'

In Great Britain, at the turn of the century, many municipalities took the lead in
building power systems, and they often relied on consulting engineers.”? In England,
Merz & McClellan was the leading power consulting firm. In Germany, it was Oskar
von Miller. In the United States, the firm of Stone & Webster provided engineering
expertise to 28 power, light, gas, and traction utilities throughout the country; it
pioneered in the use of statistics as a management tool.”

The benefits of interconnection, along with other advantages of size, led to the
formation of many utility holding companies. In the U.S., the five most important
were American Gas & Electric (formed in 1906), American Power & Light (1909),
National Power & Light (1921), American & Foreign Power (1923), and Electric
Power & Light (1925).** In Great Britain the two most notable were the Greater
London and Counties Trust, which controlled 54 utilities by the end of 1929, and
the Power Securities Corporation.”” In Germany, it was the Rheinish-Westfilisches
Elektrizititswerk.

The organizational mechanism of the holding company made it easier to
raise capital and to achieve regionalization and standardization.”® The holding
company could provide the most effective management tools, just then being
developed.

3.4 TECHNOLOGY TRANSFER
TO THE SOVIET UNION

3.4.1 Transfer of Technology from
One Country to Another

Improved technology allows greater efficiency in producing goods and providing
services, and may consequently raise a nation’s standard of living. Historians have
given more attention to the development and introduction of new technologies than
to their transfer to other companies or countries. This and the following section focus
on the latter process.

Technology transfer occurs in various ways: purchase of equipment or patent
rights, flow of information through technical journals and trade shows, movement
of people for study or employment abroad, and activities of foreign firms. The central
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mechanism in the case of Soviet economic development in the period from 1917 to
1930 was the concession whereby a foreign company organizes, finances, equips,
and operates a business in return for the surplus, which is usually taxed by the host
country. In the 1920s in the Soviet Union there were many variants on this arrange-
ment, such as the mixed company—with both Soviet and foreign participation—or
operation of the business by a Soviet organization. In these cases a foreign company
paid for the opportunity of making money in the Soviet Union. In the “reverse
technical concession”, the Soviet government paid a foreign company for the right
to exploit its technological resources (such as patents or designs).”” All of these are
vehicles for technology transfer.

Because the characteristics of a technological system usually depend to some
degree upon local conditions—geographic, economic, social, or political—the trans-
fer of technology is usually a complicated process, involving a great deal of organi-
zational and technical innovation. For example, though Edison exported his
central-station technology to Germany with the formation of the Deutsche Edison
Gesellschaft fiir angewandte Elektricitit in 1883, the German company, which
changed its name in 1887 to the Allgemeine Elektricitéits-Gesellschaft (AEG), soon
developed its own style of central station technology.”® The adaptation of technology
to local conditions will be more fully described below in the cases of the Soviet
Union and Brazil.

Another way in which the phrase “technology transfer” may mislead is in sug-
gesting that the flow of information is in one direction only, which is seldom the
case, even when one region is much less technically advanced than another. Russian
engineers working in Europe and the United States contributed greatly to the devel-
opment of electrotechnology; prominent examples are Pavel Jablochkov (who devel-
oped the world’s first commercially successful arc light while working in Paris),
Mikhail Dolivo-Dobrovolskii (who in 1891 in Germany directed AEG’s successful
demonstration of long-distance transmission of AC power), and Achilles de
Khotinskii (a pioneering manufacturer of light bulbs in Russia and the West in the
1880s).”

Finally, “technology transfer” may mislead in suggesting that it is only technol-
ogy that is transferred. Almost always there is transfer also of business practices,
popular expectations, and social practices. Very often, the people active in transfer-
ring technology also worked to transfer other aspects of foreign cultures. For
example, in Brazil in the late nineteenth century, many prominent citizens, who
admired many European ideas and institutions, saw themselves as “modernizers”.'®
The historian J.M. Roberts has commented: “Few modernizing statesmen in the
non-European world have been able to confine their borrowings from the West to
technical knowledge.”'"!
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3.4.2 The Soviet Context

Rapid industrialization began in Russia in the 1890s, about 40 years later than in
the U.S. The Tsar ruled autocratically through a highly centralized government,
and his Minister of Finance, Sergei Witte, vigorously promoted industrialization.
So successful were his policies that by 1914 Russia ranked behind only four
countries—United States, Germany, Great Britain, and France—in industrial
production.'®

In the half-century up to 1914, tens of thousands of Russians went abroad for
technical and scientific training. Within Russia too foreign technology was studied:
a 1913 survey of graduates of the St. Petersburg Polytechnical Institute found that
they read 13 electrical journals, three of them Russian, three British or American,
and seven German.'”

Russian industrialization in the half century up to World War I involved massive
transfers of technologies from Western countries, mainly Germany. The army and
navy were the main actors in the introduction and diffusion of electrotechnology
into Russia, exemplifying, according to the historian Jonathan Coopersmith, the
frequent pattern in Russian history of “the military sector keeping up with Western
activity and the civilian sector lagging behind. ...” German firms, especially Siemens
& Halske and AEG, dominated the electrical industry, although other foreign firms,
such as Brown-Boveri (Swiss), Westinghouse (U.S.), and Metropolitan Vickers
(British), and Russian firms took part. (An exception was the domination of the large
electric-trolley business in Russia, as in other countries, by Belgian firms.) By 1914
Russian firms were supplying half the country’s electrical equipment, but the war
painfully revealed the country’s continued dependence on foreign electrical
technology.'™

Foreign firms provided financing, equipment and techniques, as well as training
of engineers, managers, and workers. An electric power system, however, is a site-
specific technology. Topography, demand for electric power, availability of fuel, the
qualifications of workers, financial resources, and governmental constraints—all of
these shape a power system wherever it is constructed.'® Hence innovative engineer-
ing and management is necessary to bring about technology transfer.

The Russian electrical equipment manufacturing industry, which employed
some 60,000 people in 1917, came through the Revolution with little damage to its
equipment. Partly because of its prewar standing and partly because of Lenin’s
advocacy, in the 1920s the electrical industry was the most advanced sector of the
Soviet economy.'® The next section considers how that sector grew in that decade
and the next.
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3.4.3 The GOELRO Projects

In the 1920s Soviet industrial plants reached agreements with many foreign compa-
nies to participate in the development of Soviet industry. Among the companies
involved were General Electric (US), RCA (US), Western Electric (US), AEG
(German), Siemens (German), Metropolitan-Vickers (British), A.S.E.A. (Swedish),
Ericsson (Swedish), and Companie Générale de TSF (French). The agreements
usually called for technical assistance, patents, drawings, and exchange of personnel,
but sometimes the Western company obtained a concession to develop a business
opportunity in the Soviet Union using its own expertise and capital.'”’

Several examples will illustrate some mechanisms of technology transfer. The
Soviet production of electric lights was increased from four million bulbs in 1922—
1923 to 33 million bulbs in 1929-1930 with the aid of expertise from Osram
(German), Phillips (Dutch), and General Electric (US).'”® A contrasting example is
provided by the Ericsson company, which itself operated a telephone manufacturing
plant in Russia (as a foreign concession), with output rising from 13,300 telephones
in 1923-1924 to 117,000 in 1929-1930.'” In 1923 the Companie Générale de TSF
reached agreement with a Soviet trust to supply technical assistance. The trust sent
its engineers to France for training, and French engineers came to the trust plants to
give technical assistance. Equipment and patents were obtained from the French
company. In the first two years of the agreement, 38,000 technical drawings and
3000 technical specifications were transferred.''

With contracts signed in 1928 and 1930 there began a long period of technical
assistance from the General Electric Company. Soviet engineers received training
in the U.S., and groups of GE engineers worked in many Soviet factories. The
Soviets set up an office at GE headquarters in Schenectady, New York, and GE set
up an office in Moscow. This was one of the most significant channels of technical
information to the Soviet Union, and in 1943 (at a rare time of favorable public
opinion of the Soviet Union) a General Electric publication called it “a continuous
uninterrupted record of close technical collaboration and harmonious commercial
association.”""" In 1927 RCA signed an agreement to provide the Soviets with radio
equipment and technical assistance; another such agreement was signed in 1935,
and it was extended until mid-1941.""*

Another such channel flowed from Metropolitan-Vickers, a British subsidiary
of Westinghouse. The company had long operated in Russia, building several power
stations and electrifying the Moscow tramway system in the first decade of the
century. After the war, Metropolitan-Vickers returned and by 1924 was at work on
several large projects. Notable for this business connection was the speed with which
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technical advances made in Britain were put to work in the U.S.S.R. Indeed, some
new Metropolitan-Vickers equipment was installed in the Soviet Union earlier than
in Britain. For example, the company installed transformers for Soviet 110kV and
115kV transmission systems in 1923, five years before the British grid began using
such voltages. And in 1926 the generator with the fastest operating speed in the
world was one that Metropolitan-Vickers had installed in a Soviet power station.'"
In all of its contracts in the period from 1921 to 1939, Metropolitan-Vickers helped
install one million kilowatts of generating capacity, making it the single most
important firm in the electrification of Russia.'"*

During the 1920s in the Soviet Union there was a political struggle over who
would direct electrification—the central government or local governments.'” In the
early 1920s, according to Coopersmith, “With four central plan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>