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Foreword

Foreword

From Rule of Thumb to Scientific Engineering: James B. Francis
and the Francis Turbineis one of a series of monographs arising out the
Princeton Summer Seminars on “The Engineer’s Experience and the
New Liberal Arts” conducted in 1987, 1988, and 1989 by David P.
Billington, Michael Mahoney, Robert Mark, and John M. Mulvey
under the auspices of the Alfred P. Sloan Foundation. The seminars
brought together faculty from liberal arts colleges for intensive work
on the development of curricular materials in engineering to be
integrated into courses at their institutions. Although the materials
selected in the first instance suited to the particular needs and
opportunities of these courses, the seminar pursued several
overarching themes:

‘Engineering (taken here to be the same as technology) has
its own set of guiding ideas, different from those of the natural
sciences. Although liberal arts college students can comprehend
those ideas without prerequisite college-level study of science or
mathematics, they should nonetheless carry out simplified numeri-
cal studies which convey the quantitative nature of modern technol-
ogy. Moreover, because engineering aims ultimately at artifacts—at
structures, machines, processes, and systems—rather than words,
students must see these objects of their study as well as hear and read
about them. Hence, the seminars emphasized the development of
visual materials in the form of slides, graphics, and models.

-Engineering is an evolving social process conditioned by
and in turn acting on politics, economics, and cultural traditions.
Analyzing this process can best beapproached through studies in the
history of technology.

‘Engineering is a human activity, which often reflects the
thoughts and feelings of individual engineers, whose lives and
works deserve study.

When set in the context of these themes, several of the
resulting projects seemed to promiseinterestand effectivenessamong
students and faculty at liberal arts colleges in general, and with
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further support from the Sloan Foundation the authors devoted
additional time in 1989-1990 to putting them in final form for
distribution in the New Liberal Arts Monograph Series. As the
product of successful classroom experience each monograph is de-
signed to be used directly by students. In addition, the authors have
tried to provide guidance for faculty who might wish to adapt only
portions of it into their own courses or simply inform themselves
about the subject.

Armnold Pacey warned in The Maze of Ingenuity that “every
technical innovation has social consequences—almostall technology
is concerned with bringing about changes in society—and to train
engineers in the twentieth century universities as if engineering is
simply a matter of pipes, electronics, concrete and mathematical
calculation seems little short of irresponsible.” In the spirit of the
New Liberal Arts Program, this monograph and its companions
eloquently demonstrate the converse of Pacey’s proposition, namely
that to train liberal arts students as if pipes, electronics, concrete, and
mathematical calculation had nothing to do with changes in society
is equally irresponsible.

David P. Billington
Michael S. Mahoney

Princeton, New Jersey
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James B. Francis

James B. Francis ( 1815-1892) was a British-born engineer who
helped to shift engineering in America froma craft to a scientific base.
He linked engineering firmly to experimental inquiry of a scientific
nature. He was associated with America’s most important early
center of textile manufacturing, Lowell, Massachusetts. In its early
stages the factory system relied mainly upon water power, and
cotton textile manufacturing was at the cutting edge of the industrial
revolution. Francis was one of the foremost figures in the develop-
ment and effective use of water power at Lowell and elsewhere.

An understanding of Francis’s work and the Lowell context
providesimportantinsights into the Industrial Revolution in America.
It was at Lowell that we can find one of the origins of a style of
technology and labor relations which helped to humanize the indus-
trial revolution; this style involved relatively high wages and a
higher level of decency and dignity for working people made pos-
sible by an advanced, labor-saving technology. The city of Lowell
became, for a time, an “ideal” industrial community which attracted
visitors from all over the world. It allegedly showed that the
industrial revolution need not be associated with the degradation of
labor.

Idealism or Cynical Realism?

Whether the labor system reflected a genuine idealism or a
cynical realism has been long debated. It is useful to compare the
work of Francis C. Lowell and Henry Ford. The work of both marked
milestones in the development of technology and labor relations. We
find asimilar paternalism toward labor and a linkage of higher wages
and shorter working hours in the systems of technology developed
by Lowell and Ford. In both cases, however, workers had to form
unions and strike to obtain the full benefits of the advanced technolo-
gies which they implemented. Henry Ford gave his system the
imprecise term “mass production,” and we can see in the work of
Lowell one of the roots of the tradition that led to Ford’s mass
production. The work of both contributed to a technological style

1
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that developed in America from 1814, when Francis Cabot Lowell’s
first textile mill began production, down to 1914 when Henry Ford
gained widespread publicity for offering five dollars for an eight-
hour day.!

Both Ford and Lowell stood for highly productive technologies
that attracted attention because they were advanced for their ageand
associated with relatively high wages for workers. The technologies
of textile and automobile manufacturing have little in common,
except for the fact that they used power intensively. Indeed, the
intensive use of power and the development of labor-saving tech-
nologies have been among the major themes in the American version
of the industrial revolution.

Many historians have attacked the myth of an idyllic relation
between labor and management in American industry. This mono-
graph will not attempt to resolve the important social issues involved
in this debate. It will, however, shed light on an important dimension
of the technological and labor systems that evolved in America in the
period since 1814. James B. Francis, in particular, helped to develop
the large-scale use of water power at Lowell. The history of higher
productivity through the substitution of power for labor is an impor-
tant and neglected part of the story of the industrial revolution in
America, but no claim is made here that it is the whole story.3

Purpose of This Study

This study shares the basic goals as the other monographs in this
series. It is hoped that it, like the others, will provide useful collateral
studies forundergraduate students. Thestory of Lowelland its novel
labor systemis often included inundergraduate surveys of American
history, as well as courses in a variety of disciplines which appeal to
students who are not science or technology majors. This study will
supplement the usual textbook coverage with additional materials
which provide an understanding of the water power technology
used at Lowell and the role of engineers in producing power and
developing technologies for industry. It will also help students
understand the relationship between engineering, power, and pro-
ductivity in the early days of the city of Lowell, when that city
foreshadowed, for a time, a new and vibrant vision of what the
industrial revolution might be like.

iv
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The Underlying Technology

Though the labor system at Waltham and later at the city of
Lowell has attracted a good deal of attention, the underlying technol-
ogy is seldom made clear in the textbooks. An assumption of this
series is that understanding the technological foundations is impor-
tant for a full understanding of history. One of the aims of this study,
therefore, is to make clear some elementary but important engineer-
ing facts and relations. Because of this it should also be of use in
giving some preliminary insights into hydraulicengineering incourses
for freshman engineers.

Though the primary audience is undergraduate, it is hoped that
this work may be relevant for anyone interested in the history of
technology. It is a case study of the “interactive model” of the
relations of science and technology. The most fundamental of claims
of the interactive model is that engineering is an autonomous com-
munity, co-equal with the basic sciences, with its own creative
methods and its own intellectual history. In particular, the interac-
tive model rejects the idea that technology is just applied basic
science.!

Technological knowledge is quantitative. Underlying all the
enormous complexities of engineering, there are certain very simple
quantitative relations. These can be understood with no more
background than elementary arithmetic. Ido not claim that nothing
is lost in such a simplification. But understanding just a few
fundamentals is enough to illuminate and enlarge the student’s
understanding.

Work of an Engineer

James B. Francis provides a remarkable case study of the work of
an engineer. Though Francis was not a founder and only arrived in
the city of Lowell some 20 years after the death of Francis C. Lowell,
he nevertheless played a critical role in the further evolution of the
system in place on his arrival. He redesigned the hydraulic system at
Lowell, and helped to introduce and further develop an important
new water motor, the turbine. Francis helped make turbine testing
something of an exact science and he invented a new type of turbine
named after him. Francis is important not just for what he did, but for
his methods. He was passionately determined to base engineering
on experimental knowledge. In this he helped to set a path for
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engineering development which generations of engineers have fol-
lowed. Much of Francis’s experimental work was devoted to the
measurement of the flow of water. Sometimes this was in connection
with power production by turbines, at other times it related to the
canal system which distributed water to the manufacturing compa-
nies at Lowell, and at other times it involved metering the amount of
water used by the various textile factories at Lowell. And it was in
measuring water that Francis made some of his most notable (and
still useful) contributions to engineering.

Francis was very skeptical of all mathematical theory. One of
Francis’s most lasting achievements was an empirical formula for
determining the flow of water, which was derived from experiment.
It still figures prominently in reference works in engineering.® It is
best seen as a contribution to engineering theory, a theory that is akin
to that of the physical sciences, but distinct from them in a number of
ways. The differences may be manifested in a lesser idealization in
engineering theory and greater generality of the physical sciences. In
either case the differences reflect the fundamental goals of engineer-
ing and scientific communities, particularly the fact that engineering
communities rank doing above knowing while the communities of
basic science rank knowing above doing.
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Courtesy of National Museumn of American History, Smithsonian Institution

James B. Francis (1815-1892)
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Introduction: Quantitative Fundamentals

CHAPTER 1

Introduction: Quantitative Fundamentals

Though history is not just numbers, numbers are an essential
part of history, particularly the history of engineering. Engineering
knowledge is mainly expressed in quantitative terms. And a few
quantitative facts shed much light on several historical questions. In
this introduction we will describe six formulas that played an impor-
tant role in the location and the evolution of the Lowell hydraulic
system and the work there of James B. Francis. They can be briefly
stated (see box next page).

The Historical Importance of Numbers

Numbers tell us nothing by themselves. They must be
combined with social facts to have historical importance. The power
of a fall of water, determined by equation (1), can help answer
questions suchas, “why was the city of Lowelllocated where it was?”
and “why was Lowell one of the largest manufacturing centers in
the United States prior to the Civil War?”

To answer the historical questions, we begin with the fact
that the developers of Lowell (called the “Boston Associates”) needed
alarge Q and a large H, and they discovered these conditions at the
falls of the Merrimack where they founded thecity of Lowell. Lowell,
with 13,940 gross horsepower, was one of the largest early textile
manufacturing centers in America; and it was the model upon which
other large centers in Northern New England were patterned. Thus
the leadership of the city of Lowell was based on a combination of
mechanical power, on the one hand, and technological and business
leadership, on the other.

Touse the power of a small stream simplearrangements are often
sufficient. To use the enormous power available at the falls of the
Merrimack, a complex hydraulic system was needed, including
dams, canals, and other hydraulic structures. The large manufactur-
ing companies established at Lowell paid substantial sums to lease
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Quantitative Relations for Understanding Waterpower

Power is fundamental to understanding all kinds of engineering
issues. Where Qis the quantity of water flowing per unit of time, whichwe
shall call simply the flow (in cubic feet per second), and H is the fall of the
water in feet (or its “head” see FIG. 1), w the weight of water in pounds per
cubic foot, and P stands for power in foot pounds of work per second:

(1) P=QwH

Since the time of James Watt, the basic unit of power has beenthe horsepower.
Watt defined one horsepower (Hp) as 550 ft. Ibs. of work per second:

2) Hp = QwH/550

The quantity of water flowing in a canal is another engineering
fundamental. Where Q is the flow of water (as in equation 1 above),
and A is the cross sectional area in feet squared, and V_ is the average
or “mean” velocity of flow in feet per second, then the flow in a canal or
other channel in cubic feet per second is given by:

(3) Q=V A

Any rational policy of power production requires the measurement
of the amount of power produced by a power source (or “prime
mover”). Where P is the rotary power of a turbine in foot pounds per
second, T the thrust or load in pounds, and V, the rotary speed' of the
prime mover in feet per second, then the power produced is expressed by:

(4) P=V T

Efficiency is another key engineering idea. Where e is the efficiency,
and P, is the actual power given in equation (4), and P the power of the
talling water given in equation (2), the efficiency of aturbine or other power
source is given by the ratio of the power realized to that potentially available:

(5) e=P /P

The flow (Q) into a water wheel was important for understanding
Francis’s work. Water is admitted to water wheels and turbines
through a rectangular opening (or openings) called a “weir.” Where Q
is the flow as before and H is the distance between the crest of the weir
and the surface of the water in the canal (see FIG. 2) this H is therefore
difterentthanthat in equation (1). Lis the length infeet of the weir (which
can have more than one rectangular opening in the direction perpen-
dicular to the flow) and n the number of sides of these openings, then
the flow of water over the weir is given by the Francis weir formula:

(6) Q=3.33(L-0.1nH)H»
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H H = head for dam

FIG. 2
L H = head for weir H

FIGS. 1 and 2 Hydraulics engineers use "H" in two ways. It is usually apparent
which is intended — FIG. 1 shows H for the head in a dam and FIG. 2 shows H for the
head in a weir.

parts of the waterpower available. Equation (3) is that used for
measuring the flow of water in a canal, such as those used to
distribute the water to the mills at Lowell. In order to manage a
hydraulic system such as that at Lowell, 2 method was needed to
measure the flow of water in order to design and operate the system
rationally, and also to ensure fairness in the distribution of water
among a number of large manufacturing companies. Equation (3)
provided the basis for measuring the flow of water in the canals that
distributed the water to the manufacturing companies at Lowell.

Mean Velocity

Although equation (3) is simple, determining the mean velocity
is not. This is because the water does not move uniformly but rather
itis divided into many separate streams or layers, each moving with
its own speed. This speed varies in rather complex ways with the
depth of the stream and the distance from the sides and bottom,
where the speed is slowest. Many other factors influence the velocity
of water, including the shape of the channel, the difference in the
height of the water from the beginning to the end of the channel,
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the amount of friction generated by the flow of the water, and even
the wind. All of these factors could influence the mean velocity of the
water and all had to be taken into account.

Efficiency

Lowelland other hydropower manufacturing centers in America
grew rapidly in the nineteenth century. This meant increasing de-
mands for power. Engineers such as Francis therefore were con-
cerned with efficiency. By increasing the efficiency of the water
wheels or turbines, Francis could extract more power from the
existing supply of water. Efficiency is given by the fifth formula.
Efficiency in Francis’s time was often given the descriptive name,
“coefficient of effect.” We will use the modern term, “efficiency.” It
is the ratio of the actual power realized at the shaft of a water motor
and the power potential of the falling of water (which is given by
equation 2).

To determine the efficiency of a water motor, Francis needed to
know its actual output of power. This had long been a matter of
guesswork, but by Francis’s time a precise measurement of power
was possible. A device that measures power output is called a
dynamometer. Francis used the fourth formula to determine the
actual output of power of a water motor by means of adynamometer.

To determine the efficiency of a water motor Francis needed not
only to determine the power output by equation (4), but the potential
power in the fall of water used by the water motor. This can be
calculated by equation (2) where the horsepower is determined by
QwH/550. The problem for Francis was that though H and w could
be measured accurately, there was no known way to determine the
volume of flow (Q) accurately at that time. Francis therefore set out
to derive an equation that would measure Q. Once this was done he
could make turbine testing (and hence the management of a large
water power system) a matter of precise, quantitative data. This can
be seen as part of a programmatic goal adopted by Francis and other
engineers of making all engineering rest upon exact knowledge.

The Weir Formula

Since theinlet toa water motor was called a weir, the formula that
Francis determined was called the Francis weir formula and is given
by equation (6). This formula had several uses. It was needed in
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determining the input of a water motor, and this, with the output
enabled him to calculate the efficiency of the water motor by equation
(5). There were other uses for this formula also. Francis used his weir
formula as a part of his method of measuring the mean velocity of
flow in a canal, according to equation (3).

Additional information, including some quantitative data, is
needed to put these five equations into perspective. For example,
why was New England the leading section in manufacturing, par-
ticularly factory production, down to the Civil War? Why did New
England lose this leadership rather rapidly after the Civil War?
Clearly a part of the answers to these questions lay in a fact of New
England geography. Theland is undergirded by hard rock which has
faulted (that is, huge sections of bedrock have slipped in relation to
adjoining sections); further, the faulting took place in a step fashion
in New England, but this pattern is highly unusual, and no other
section of the eastern United States has the potential for hydropower
that New England has. When these facts are combined with another,
that the rainfall is abundant, the result is that New England has
numerous waterfalls which early industrialists seized upon to pro-
vide power for factories.

The Merrimack River

No river in New England is more ideally suited to industrial
development than the Merrimack. It was often called “the hardest
working river in America,” in the middle years of the nineteenth
century. (The three largest manufacturing cities, Lowell, Lawrence,
and Manchester had over 40,000 gross horsepower.) It has a substan-
tial flow and it falls through a number of discrete steps. The Town
of Lowell was founded at one of the largest of these, a fall of about
35 feet at a place some 20 miles from Boston. The cotton to be
converted into cloth had to be imported by ship and the finished
product had to be shipped out, so a connection with a major port,
such as Boston, was critical. Before the founding of Lowell acanal had
already been built which provided cheap transportation linking it
with Boston.

Steam Power

Changes in power technology help to explain why New England
lost its industrial leadership after the Civil War and why Lowell lost
its position of leadership in manufacturing. Down to the 1850s the
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cost of steam power was considerably greater than water power.
Thus, steam engines in America were first used for transportation
and to supply power where there was no waterpower. But the cost
of steam power declined after about 1850, due in part to the appear-
ance of very efficient Corliss steam engines.? Steam power grew
more rapidly than waterpower, and surpassed it just before 1870. In
that year the census showed that water produced 48.8 percent of the
industrial power (1,130,431 horsepower) while steam produced 51.8
percent (1,225,379 horsepower). The rate of increase of steam was
very rapid after 1870. In the following decade steam as a source of
industrial power grew by 30 percent while waterpower for industry
increased only by 8.4 percent.?

New England was rich in waterpower, but lacked coal for steam
engines. The rest of the country lacked New England’s endowment
inwaterpower, but coal was widely distributed. Therapid expansion
of textile manufacturing (especially in the postwar South) caused
cut-throat competition and Lowell and other New England textile
centers became the sites of sick industries with social problems rather
than glamorous pace-setters at the cutting edge of technological and
social change.

REFERENCES
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CHAPTER 2

The Lowell Context

Early Training

On November 22, 1834 James B. Francis arrived at the bustling
industrial city of Lowell. Born in Southleigh, England, May 18, 1815,
Francis had had only a brief formal education (to age fourteen) before
his father, John Francis, called him home to begin his apprenticeship
as an engineerand to work ona small railroad in Wales that the father
managed. Engineers in Britain and America at that time were trained
mainly by on-the-job experience combined with self-study. James
Francis showed an aptitude for hydraulic engineering. He worked on
canals and harbor works associated with his father’s railroad. Sub-
sequently he gained further hydraulic experience while employed by
the Great Western Canal in England.

The young Francis immigrated to America in 1833, at the age of
only 18. It was probably because of his experience on his father’s
railroad that Francis was retained by Major George W. Whistler, a
West Point graduate, who had become one of America’s leading
railroad engineers. The owners of the factories and hydraulic works
at the growing industrial city of Lowell wanted a railroad to bring
cotton from Boston to Lowell. The Machine Shop at Lowell had made
and sold textile machinery and it now ventured to produce railroad
locomotives.

Whistler was invited to come to Lowell in 1834 to help with the
railroad. Francis followed Whistler and he was actively engaged in
the design and manufacture of railroad locomotives at the Machine
Shop until Whistler left in 1837. Francis was then offered the position
of engineer with the hydraulic works at Lowell. He jumped at the
chance, and spent the rest of his life in the design, construction, and
management of the largest and most important hydraulic system in
North America.!

Francis made important contributions to the development of the
water power that drove the looms and spindles at the Lowell mills,
and indirectly at many other places. Just how important his work was
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can be inferred from the fact that when he retired in 1885, his friends,
who included many of the second generation of directors, presented
Francis with a handsome set of silver, with the praise that to his
“eminent ability and wisdom” the “marked success of the Lowell
manufacturers has been largely due.”?

Although the city of Lowell was already famous when Francis
arrived, he had an influence, not only at Lowell, but, through his
publications, consultation, and professional activities, wherever
waterpower was used. He was the most important American engi-
neer in the field of waterpower. To understand this context we need
to examine the events leading to the founding and rapid growth of
the city of Lowell prior to the arrival of James B. Francis.

Successful Industrialism -

The city of Lowell was relatively new; the first mill started
operation in 1823, about 11 years before Francis arrived. But it was
already the most important textile manufacturing city in America,
and its technological and labor styles were widely copied, in textile
centers in northern New England and elsewhere. The city of Lowell
became a showplace visited by many Europeans; it demonstrated to
the satisfaction of individuals as diverse as Charles Dickens and
Davey Crockett that industrialism could be successfully adopted
without degrading the work force or undermining the character of
free citizens of a Republic. 3

The city was named after an American merchant, Francis Cabot
Lowell (1775-1817). On an extended visit to Britain in 1810-1812 he
decided to transfer the cotton textile industry and the factory system
to America. While he was impressed, like most American visitors,
with the technology used in the production of textiles by the factory
system, Lowell was also repelled by the wretched social and moral
conditions of the working classes in major British textile centers. His
emphasis, like those of Americans of that epoch, was upon the decay
of morals, but this included family disintegration and the gross
exploitation of women and children by employers.

American visitors were especially repelled by thecity of Manches-
ter, where coal-powered steam engines drove textile factories and
polluted the air which deposited its soot on the factories. Here
American visitors found the “dark Satanic mills” deplored by the
British poet William Blake. American visitors were repelled by
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immorality and the.gross exploitation of children, who, in words of
one American clergyman, were “cast destitute, helpless, and or-
phans,” in a place which provided “exhibitions of the most disgust-
ing and loathsome forms of destitution.”*

Francis C. Lowell thought that the evils of the British system of
textile manufacturing could be eliminated in America. With the
assistance of Paul Moody, an inventor and engineer of genius, Lowell
adapted British textile technology to make it more productive and
power intensive. Moody’s labor-saving inventions allowed Lowell
to adopt a novel labor system, first instituted at Lowell’s earliest
textile mill at Waltham, near Boston, which started production in
1814. The “Waltham System” was associated with relatively high
wages, the virtual elimination of child labor, and strict moral super-
vision of the operatives. Lowell sought to avoid the formation of a
permanent working class by recruiting young farm women to work
for a few years at his mills. This system was further elaborated by
Lowell’s followers, the “Boston Associates” at the city of Lowell, and
it had an enormous influence on the factory system in America.’

Use of power in previously undreamed of quantities lay at the
heart of Lowell’s system, especially as it was further expressed in the
city named after him. Lowell’s original idea for more efficient textile
manufacturing centered upon the idea of what is now called a
vertically integrated plant or “flow production.” As one of Lowell’s
associates noted, “ Mr. Lowell adopted an entirely new arrangement
in order to savelabor, in passing from one process to another; and he
is unquestionably entitled to the credit of being the first person who
arranged all the processes for the conversion of cotton into cloth,
within the walls of the same building. “ This system, combined with
many other labor-saving technologies, foreshadowed Henry Ford’s
“mass preduction” in some important ways.’

The Power Loom

Thecritical invention whichallowed Lowell to implement his
visioninvolved the perfection of the powerloom. With an automatic
loom he could integrate spinning (which was already mechanized)
with weaving (which was still a handicraft industry). ® In adopting
a loom driven by inanimate power in place of the hand loom, Lowell
tacitly built upon America’s abundant water power. Though the
power loom and integrated production were Lowell’s starting point,
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Lowell and Moody did not stop there. They invented or improved
upon labor-saving machinery which allowed the factories to run
faster and turn out a greater product with fewer employees.’

After Lowell’s premature death in 1817, his friends and follow-
ers, the Boston Associates, sought to carry out his plan by building
a large waterpowered textile-manufacturing city that dwarfed the
pioneering factory at Waltham.® They did so by purchasing the
property and charter of an old canal company, The Proprietors of
Locks and Canals, which controlled the 35 foot fall of the Merrimack
River. The company had been created in 1792 to build a canal and
locks which allowed river traffic to by-pass the falls.

Upstream from the falls of the Merrimack the Boston Associates
placed adam 950 feet long which diverted virtually all the river water
to their canal, the Pawtucket, which ran approximately parallel to its
former bed, but at some distance south of it. They built feeder canals
to distribute the water of the Pawtucket canal to the textile mills that
were built in the new manufacturing city. This allowed almost the
entire power of the river to operate factory machinery.

Industrial Developers

The Boston Associates organized the Merrimack Manufacturing
company tocarry out Lowell’s ideas on alargescale. They purchased,
besides the water power and works of the old canal company, a great
deal of land in and near their new city in 1822. The city was named
after Lowell, since his vision continued to inspire their efforts. They
started work on the first mill and residences in that year. The first
waterwheel for this first factory started to turn on September 4, 1823.

The Boston Associates were eager to sell land, water rights, and
machinery to new textile companies which they helped to organize.
The high profits attracted stockholders, and the promoters were well
rewarded for their efforts. By 1845 it was thought by many that the
city of Lowell had reached the limit of the water available. By 1845
Lowell had ten large manufacturing corporations employing 5,870
women who lived in over 500 boarding houses. In addition they
employed 1,255 males, who were also provided with houses and
apartments.The ten textile companies together had 31 mills, plus dye
houses and print works."

Lowell was, in some sense, an “ideal” industrial community.
Many visitors were impressed by the unquenchable thirst for knowl-
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Courtesy of Museum of Textile History, North Andover, MA

FIG. 3 — Lowell portrayed as an ideal community, 1858

edge of the women workers. They used subscription libraries, at-
tended lectures, and wrote, edited, and published a magazine, the
Lowell Offering. Self-help and self-education were encouraged by
employers, who assisted their employees in making Lowell a re-
markable place in its first generation. Real wages declined with
increasing competition in the 1840s, and following several spontane-
ous strikes and agitation for a 10-hour day, Sarah G. Bagley orga-
nized a union for women workers in 1844. Though intended to be an
ideal city in some sense, idealism was increasingly at odds with
profits, and when the crunch came profits tended to win out.”2

Increased Productivity Through Water Power

In discussing early industrialism at Lowell and elsewhere, it is
essential to recognize the intensity with which power was used.
Britain was not well-endowed with water power, and the early
factory system in Britain was associated with rather modest use of
water power compared to the standard adopted at Lowell and
elsewhere in America. Even the largest British textile factories used
100 horsepower or less, a small amount by Lowell standards.”® The
higher wages and improved working conditions in America were
made possible, in some significant degree, by the lavish use of
waterpower in America as compared with Europe.

It has been estimated that the Waltham technology developed by
Lowell and Moody increased the productivity of labor by more than
300 percent as compared to the original British technology. The
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output at Lowell by 1855 was more than 160 percent higher per
worker than it had been at Waltham between 1810 and 1820." As
Francis wrote, “the machines used in manufactories are usuaily great
consumers of power; the ability of a machine to turn off the greatest
quantity of work with the least manual labor, and in the least time
has been the point mainly considered...””® The use of labor-saving
machinery (supported by an ample supply of inanimate power)
became one of the central themes in American economic and techno-
logical development.’

Half the Power of France at Lowell in 1855

The power available at Lowell was enormous for the middle of
the nineteenth century. Francis noted that not long before 1855 the
total “useful effect derived from waterpower in France was about
20,000 horsepower.”'” The horsepoweravailableat Lowell averaged
about 10,000 horsepower (about half that of France) for the ten large
textile corporations and a machine shop, oranaverage of nearly 1,000
horsepower for each manufacturing company.’®

Ten thousand horsepower was an average, the amount of water
power varied with the season, with considerably less available at low
water because both H and Q diminished. Even so, the use of power
at Lowell was very remarkable forits age, and goes far to explain why
the conditions of labor at Lowell in its early years differed so much
from those prevailing in Europe.

The power leased to the Lowell companies was less than 10,000
horsepower because the quantity leased was determined by the flow
atlow water. In 1845 the Lowell corporationsleased 91 “millpowers”
(onemillpower was approximately 100 horsepower), the equivalent
to a flow of 2,348 cubic feet per second of water falling 33 feet, or by
equation (2) : QwH/550= 2348 x 62.33 x 33/ 550 = 8,781 gross
horsepower. The net power equivalent may have been about 5,500
horsepower (assuming an efficiency of the waterwheels of a bit less
than 63 percent).

By 1855 after Francis had reconstructed the hydraulic system, the
companies at Lowell leased 139.7 millpowers, or power equivalent
to a flow of 3595.93 cubsic feet per second falling 33 feet. By equation
(2) this gave a gross horsepower of 3595.93 x 62.33 x 33 /550 =13 448.
In 1855 Francis estimated the actual efficiency of the waterwheelsand
turbines at Lowell at 2/3 (or 66.7 percent efficiency). This gives a net
horsepower available at the Lowell mills of almost 9,000 horsepower
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(8,965.8 horsepower). In fact Francis was conservative both as to the
efficiencies of Lowell turbines and the actual flow at low water. The
actual power consumption was higher than the leased power. It
varied with rainfall, but averaged about 10,000 net horsepower.*

People Power Equals Only 1/10 the Power of a Horse

To form an idea of what this amount of power really meant, we
can compare this inanimate power with that produced by people.
According to several estimates, a 35 year old European working ten
hours per day produces about 1/10th horsepower above that needed
tosupport thebody’s metabolism. Humans can producemore power
under special circumstances, but 0.1 horsepower is an accepted
average.” Thusthe minimal power guaranteed by the Proprietors of
Locks and Canals to the ten textile corporations (about 8,781 gross
horsepower in 1845 and 13,448 gross horsepower in 1855, or net
horsepowers of about 5,500 and 8,965 respectively) was equal to the
work of about 55,000 humans in 1845 and about 90,000 humans in
1855. Since there were 7, 125 men and women employed at the 10
Lowell companies in 1845, and 13,187 in 1855, this means that in 1845
there was about .77 horsepower per worker in 1845 and about .66
horsepower in 1855. The human power was therefore multiplied
about seven times? The immense increase in available power
accounts for much of the increase in productivity at Lowell.
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CHAPTER 3

Francis and the Lowell Canal System

Chronic Water Shortages

Though Francis was only 22 years old when he moved from the
machine shop to the hydraulic works at Lowell in 1837, his outstand-
ing abilities soon marked him for leadership. He was thrust into
power as Chief Engineer and Agent (or manager) of the Locks and
Canals Company in 1845 at age 30 in the midst of a developing crisis
both of competition from without and inefficiencies within the city.
The hydraulic system was not working effectively and there were
chronic water shortages at some of the mills and bickering among the
ten manufacturing companies. Francis had made a careful study of
the problems of the hydraulic system, and he was in a position to
presenta comprehensive plan to the directors in 1845. They accepted
with enthusiasm and gave him the formal authority to carry out his
plan. This was a great honor for a young engineer, but also a great
challenge, perhaps the greatest challenge of his life.

The Lowell companies were eager to expand, but the power
leased to them was determined by the low water flow, and this put
a limit on their future growth. The rainfall was beyond human
control, but more water power could be allocated if the cycle of
famine and glut could be evened out. In addition some mills, more
remote from the main water supply (the Pawtucket canal), did not
get the water they were entitled to receive, even when the water
supply for the total system was adequate. To make matters worse, as
Lowell had expanded, the water carried by the Pawtucket canal had
increased in volume and velocity, leading to excessive energy losses
through friction and other effects.

Evolution of the Lowell Canals

Equation (3) inChapter1 (Q =V_A),showsthat theflowinacanal
(Q) is simply the product of its cross sectional area (A) and the mean
velocity (V). If A stayed the same and Q increased V also had to
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increase. The friction was approximately proportional to the square
of the velocity. Attempts to further increase Q in the early 1840s were
to some extent defeated by increased friction (which prevented Q
from increasing very rapidly). The canal system was simply
overburdened and unable to handle the larger flows required by the
increased use of water power.!

Francis’s plan for the redesign of the Lowell canal system can best
be understood in the context of the historical evolution of that system.
The Boston Associates had begun with the Pawtucket canal, a trans-
port canal of modest dimensions, which had been built in 1796 to
allow boats to by-pass the falls of the Merrimack. The canal diverted
water from well above the falls of the Merrimack (see map in FIG. 4)
and discharged it into the Concord River (which flowed into the
Merrimack). For more than half of its length, until it reached the
Swamp Locks, there was little fall in the Pawtucket canal; after it
passed the Swamp Locks it descended rather steeply through canal
locks to the level of the Concord River.

Kirk Boott, the manager of the first mills, converted the old canal
into a water power system. He removed the old locks on the first part

UPPER LEVEL V4 SWAMP LOCKS

\, PAWTUCKET CANAL—~ #

DAM
(3" FALL)

Reproduced from Waler Power in Lowell, Massachusetts (used in support of

H.R. 143689) courtesy of Patrick M. Malone and Larry Laniton
FIG. 4 — The Lowell canal system in 1825
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of the Pawtucket canal and built a dam 15 feet high at the Swamp
Locks. Though it was chiefly a dam, a canal lock was incorporated
into the structure at one end, so that the old canal could still be used
to transport materials for the mills at Lowell. Boott enlarged the
Pawtucket canal. It was somewhat irregular, but it approximated a
width of about 60 feet, and a depth of 8 feet along much of its course
to the Swamp Locks. The Pawtucket was enlarged by Francis after
1847, to a morerectangular shape and a depth of 10 feet. The Swamp
Locks created a large reservoir, the Swamp Locks Basin. This stored
water which could be carried by smaller feeder canals to textile mills
located close to the old river bed. Because of the new Swamp Locks
dam, the Pawtucket canal retained almost the full head of water of the
Merrimack throughout most of its course, from the Merrimack to the
Swamp Locks.?

Since the Swamp Locks were some distance inland from mills
located near the old bed of the the Merrimack River below its falls,
Boott built a new canal, the Merrimack, in 1822-1823, which carried
water from the Swamp Locks Basin of the Pawtucket canal to the first
of the new factory complexes, the Merrimack company whose mills
were located near the old river bed in order to use the maximum fall
of the water. This system worked well for the early mills, but it was
not designed to handle the enormous flow of water needed 20 years
later. In particular the Merrimack canal was not wide or deep enough
for later needs, and its excess velocity caused friction losses.

Spectacular Growth

Had the enormous growth of Lowell been foreseen by Boott, he
might have made his main canal, the Pawtucket, wider and evolved
a more rational system for the feeder canals. But the spectacular
growth of Lowell was not foreseen. One of a group of the Boston
Associates on visiting the site of the future city of Lowell in 1821 had
remarked that a town of twenty thousand might be located there
within the lifetimes of those present, but this was apparently not
taken very seriously at the time. * In 1845 the population was in fact
almost 30,000, and the town was still growing; Lowell was aspectacu-
lar success beyond the fondest dreams of its founders.*

The hydraulic system had grown piecemeal without a rational
long-range plan. As new mills were build additional canals were
constructed to supply them with water. Thus by 1845 they were
trying to feed ten large manufacturing companies with a canal
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CANAL SYSTEM
-1835-

Reproduced from Water Power in Lowell, Massachusetts
courtesy of Patrick M. Malone and Larry Lankton

FIG. 5— The Lowell canal system in 1835

system that was really adequate for only half of the mills in place. In
addition to the Merrimack canal which fed the Merrimack mill, the
Hamilton canal was constructed from 1825 to 1826. It provided water
for two new mills at different levels, the Appleton mills on higher
ground, and the Hamilton mills at a lower level (see FIG. 5). The
Lowell canal, the shortest, took its water from the existing Merrimack
canal to supply the Lowell Mills. The Hamilton and Lowell canals
were in place by 1828 to supply four sets of mills, the Merrimack,
Lowell, Appleton, and Hamilton complexes of mills.

Continued growth added more complexity to the hydraulic
system (as shown by FIG. 5). By 1836 several additional canals had
been added. The Western canal (built in 1831-1833) angled from the
Pawtucket to supply three mills upstream of the Merrimack mill: the
Tremont and Suffolk Mills on higher ground and the Lawrence Mills
at a lower level. The Eastern canal (built 1835-1836) took its water
from further down the Pawtucket canal and at a lower level. It
supplied the Massachusetts and Boott mills. The Middlesex com-
pany was exceptional: its mills were the only ones to draw water
power from the Concord River as well as from the lower Pawtucket
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canal which was fed by the discharge of the Hamilton, Appleton,and
Lowell Mills. The establishment of the ten companies did not end the
expansion; the companies built new mills and enlarged existing
mills, leading to ever larger demands upon the water supply.

Francis Increases the Leased Waterpower

Though Francis’s comprehensive plan was complicated in its
details, his strategy was simple. Francis proposed changes that
would even out the cyclical flow of water, enabling him to increase
the leased waterpower (based on average low water flow) by nearly
two thirds. Francis proposed to add additional canals to make the
distribution of the water fairer, while reducing losses due to friction.
Healso proposed to improve the metering of the use of water, so that
the amount that each company used could be determined precisely
to ensure greater fairness.

Francis met the challenge of inadequate low water flow by
upstream storage of water. The Proprietors agreed with Francis’s
farsighted planand they purchased a woolen milland other property
that controlled the outlet to Lake Winnipesaukee, the largest lake in
New Hampshire, and a chief source of water for the Merrimack River.
Later, the Proprietors were able to purchase control of the outflow
from three additional lake storage basins. As a result the water could
be impounded in these lakes at high water and then used at low
water. This raised the low-water flow dramatically, and allowed
Francis to increase the guaranteed (or leased) waterpower from 91 to
139.37 millpowers, an increase of 65.3 percent, almost two-thirds (to
13,448 gross horsepower, or almost 9,000 net horsepower).> Francis
left a margin for error. The Lowell companies paid for “surplus”
power atalower rate. Thus whereas the Locks and Canals Company
leased 8,965 net horsepower in 1855, when allowance is made for the
larger flows at high water the actual average consumption in 1856
was more than 10,000 net horsepower. This figure, about 10,000 net
horsepower, was more typical of the consumption of the Lowell mills
than the leased (or guaranteed) power.®

Surpassed by Steam

Francis's plan of 1845 sustained the expansion of Lowell for
almost 20 years, but continued growth led the manufacturing
companies to purchase efficient Corliss steam engines, particularly
afterthe CivilWar. By 1880 the poweravailable from steam at Lowell
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was greater than that from water: there were then 13,940 horsepower
available from steam engines, as against the 10,188 horsepower
provided by water power. Thus after Francis increased the water
power that could be guaranteed by two thirds, the introduction of
steam engines more than doubled the power potential of the Lowell
mills to about 24,000 horsepower.”

The Northern Canal

The most conspicuous change produced by Francis was a large,
new canal, the Northern. It was built in 18 months and completed in
1847; it was 4,400 feet long and as many as 1,000 men had been
employed in its construction. This canal served two purposes: to
reduce friction losses and to distribute the water more effectively. It
increased the total cross sectional area through which water was fed
to the feeder canals which supplied the mills. The cross sectional area
for the Pawtucket was originally about 480 square feet, increased
incrementally to 600 square feet after 1847. The Northern canal was
100 feet wide and fifteen feet deep, so its 1500 square feet combined
with the enhanced cross section of the Pawtucket amounted to 2,100
square feet. This decreased the over all velocity of flow in the main
Lowell canals and reduced the energy losses due to friction. Of
almost equal importance, the new canal contributed to a better
distribution of the water, especially to the mills that had been unable
to get their fair share.?

The Northern canal was expensive to build. It cost over a half
million dollars; about 4 percent of the total capital invented in all of
the Lowell manufacturing enterprises in 1845 (twelve million dol-
lars.)® The Northern canal paralleled the Merrimack River, through
hard rock and difficult country. One section of the new canal
traversed a ledge on the natural bed of the Merrimack. The canal was
carried over this ledge on the massive “Great River Wall,” a masonry
structure which lifted the canal more than 33 feet above the river bed
and enclosed the canal with massive masonry parapets. This struc-
ture was sufficiently impressive to became one of the main tourist
attractions at Lowell.

Since the Northern canal brought water into the system at higher
head, it reversed the flow of the Western canal which now increased
the supply of water delivered to the Swamp Locks Basin. The
Western canal had been a problem because of excess velocity; it was
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slowed down, and by supplying water to the Swamp Locks Basin, it
served to slow down the Pawtucket canal and so lowered the excess
velocity and hence the large loss of power due to the the friction
caused by the water moving at high velocity.?

The Importance of the Canal Redesign

We can make a rough estimate of the impact of Francis’s
reworking of the canal system on the velocity of flow and friction in
the main canals by the sort of “back of the envelope” calculation
engineers often use, understanding that there are many things that
influence the velocity of flow and friction that are not taken into
account in such calculations. From equation (3) where Q =V_A, if
the flow Q was constant at the 3,593.9 cubic feet per second that
Francis calculated for leased power in 1855, and the cross sectional
area (A) of the Pawtucket was 480 square feet, then, the mean velocity
of flow before 1845 would have been:

V_=Q/A =3593.9 / 480 = 7.45 feet per second

At this velocity friction was a major problem. After 1847 the
aggregate cross sectional area for the two canals rose (see FIG. 5) to
2,100 square feet (600 + 1500 = 2100) which led to a velocity:

V_ =3593.9 / 2100 = 1.71 feet per second

This is less than a quarter of the former flow (22.8 percent), with
friction reduced to only 5 percent of its former magnitude ([.228] 2=
.05 ). This calculation assumes that the two canals behaved as one
with the same mean velocity, a crude assumption useful for gaining a
rough idea of the over all change brought about by Francis’s reforms.™

An important purpose of the Northern canal was to ensure
greater fairness in distributing the power. It provided water to those
mills that found it difficult to get their allotted share with the old canal
system. Also it delivered water directly to the Tremont and Suffolk
mills. In addition, special feeders were added to supply those com-
panies that had had especially difficult problems in getting their fair
share of the water. Francis designed and built an underground
extension of the Northern canal, the Moody street feeder, which
supplied additional water to the Merrimack canal. Some of the
surplus from this feeder was diverted by a smaller underground
canal, the Boott Penstock, to remedy chronic water shortages at the
Boott mills.?
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FIG. 6 — The Lowell canal system in 1848 with guard locks and Francis gate

Francis insisted that no power be drawn at night; thus the less-
favored mills could better obtain their share if a large body of water
was impounded at its fullest height at the start of each working day.?
Francisalso developed anew method of measuring the water used by
each mill, to ensure fairness in water consumption. (See Chapter 5
on the system for metering the use of water.)

Planning for a Big Flood

It is perhaps inevitable that Francis is most often remembered not
for his extensive and sophisticated redesign of the entire hydraulic
system, but for a simple structure, his guard gate on the Pawtucket
canal. This gate saved Lowell from very severe damage and possible
destruction with attendant loss of life in two floods, in 1852 and 1936.
Francis, as part of his planning for the restructuring of the canal
system in 1845, had gathered historical data on rainfall and water
level including information on floods. He became aware of the fact
that a major flood had occurred in 1785, more than a half century
before the founding of Lowell.

The existing guard locks on the Pawtucket canal would not be tall
enough or strong enough to halt a flood of similar magnitude, with
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FIG. 7 - The Francis guard gate on the Pawtucket canal
potentially catastrophic consequences. To protect the city of Lowell
and its inhabitants against the danger of another flood of similar size
he built, in 1850, a massive timber portcullis gate 27 feet wide and 25
feet high, which was suspended over a groove in the lock in such a
way that it could be quickly lowered in place in case of need. (It had
to be suspended in the air in order to allow canal traffic to use the
canal in normal times.) It was located behind the existing Pawtucket
canal gates, and the sides of the canal were built up, setting the flood
gate into a sort of dyke.

Within two years, in April 1852, there was a flood even greater
than that of 1785. In the earlier flood the crest had been 13.5 feet above
the top of thedam; in 1852 the flood crest was 14.3 feet, well above the
top of the canal gates. The Francis gate was lowered, and was (at 25
feet) quite enough to contain the flood. Francis’s gate undoubtedly
saved the city of Lowell from severe flood damage and probable loss
of life. The Boston Daily Advertiser ran an article which praised
Francis for his decision, “to take measures to guard against what
every one considered, a very remote contingency, by what many
considered a useless expenditure of money.” Had Francis not built
the gate, “every vestige of the old guard gates would have been
carried away, and a mighty and uncontrollable river would have
swept though the heart of Lowell, destroying everything in its
course.”
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The public’s reaction was not misplaced. The public safety is one
of the engineer’s most fundamental obligations. This was Francis’s
largest single contribution to public safety, but he was also involved
in developing sprinkler systems for the mills to provide better fire
protection, as well as a safer system of construction based on iron
pillars and beams to replace the older wooden ones. He was also
interested in fire safety in public theaters.

The guard gate was a simple device. But determining that the
gate should be built at all was a result of his painstaking gathering of
data combined with good judgment. These were the hallmarks of
Francis’s style of engineering.
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CHAPTER 4

Turbine Inventions

Improved Water Motors

Francis wanted to increase the efficiency of the water wheels used
at Lowell. Though he began experiments on alternate water motors
in 1844, he was very busy from 1845 to 1848 with the redesign of the
canal system, and his friend and colleague, Uriah A. Boyden (1804-
1879) had the honor of introducing the Fourneyron turbine (a
French innovation) at Lowell. Thearrival of the turbine inaugurated
a period of intensive hydraulic experiments. Boyden made impor-
tant improvements in the Fourneyron Turbine, both in its design and
in developing improved methods of turbine testing. Francis assisted
Boyden in his testing, and after 1848 he assumed full responsibility
fordesigning and testing turbinesat Lowell. Francis was creativeand
original, but in the case of turbines he clearly built upon foundations
laid by Boyden.

The water wheels completed at Lowell from 1823 through 1844
were examples of craft-based technology. Paul Moody, who long
survived Francis Lowell, had built large large breast waterwheels to
power the the first Lowell mills. These were variations on the over-
shot waterwheel which received the water slightly below their
highest point rather than at its crest. The breast was a curved housing
within which the wheel was set which help prevent the loss of water
through its lateral movement or splashing. These waterwheels were
the final products of a long, craft-based evolution of traditional water
wheels. They had an average efficiency of about 60 percent, which
was high for a craft technology. The wasted 40 percent, however, left
room for improvement by a science-based technology.!

The Tall Water Wheels

The first company, The Merrimack Company, was the only one
to utilize the full fall of thirty-three feet. In building large water
wheels more than 33 feet high, Moody pushed the traditional tech-
nology to (and perhaps beyond) its limits. A problem with overshot
and breast waterwheels was that the wheels had to be as high or
higher than the fall of water they sought to utilize. Smaller vertical
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waterwheels were easier to design and maintain, because they and
the water they carried weighed much less. After it was realized that
the tall waterwheels at the Merrimack mills were less than com-
pletely satisfactory, the company built new feeder canals which
delivered water to two sets of mills, one higher than the other. The
33 foot fall was divided into two falls of 14 and 19 feet.

An additional problem came with high water when a rise in the
downstream water level ( called “backwater”) could flood the wheel
pits and bring the waterwheels to a stop. Thus another avenue of
approach to the power shortage was to adopt water motors that
would belessinfluenced by backwater, suchas the “reaction wheels”
invented in America.

In February 1844, Francis was making preparations for testing
novel water motors. He built a model breast wheel and he tested it
along with several of the reaction wheels then available in America.
Francis knew that American reaction wheels, whilenot very efficient,
were able to work in backwater. He was well informed concerning
European developments and he probably knew about the invention
of “ideal” water motors called turbines in France.?

Turbines, like reaction wheels, were enclosed in water-tight cases
and operated by the pressure of the water; their vanes therefore were
not directly impeded by backwater as were those of traditional
vertical wheels. The only loss for turbines in backwater was that due
to the decrease in head caused by the rise in the downstream water
level. Turbines had the added attraction of achieving efficiencies
approaching 80 percent, about a third higher than that of breast water
wheels and twice that of most reaction wheels (which typically
achieved efficiencies of about 60 and 40 percent respectively).

Uriah Boyden, Turbines, and Reaction Wheels

Boyden's built his first turbine for the Appleton Company and
completed it in 1844 and tested it in early 1845. It was an improved
version of the turbine invented by Benoit Fourneyron in France. This
first turbine was a small one which developed only 75 horsepower;
it gotan efficiency of 78 percent, about what Fourneyron got with his
turbines. In 1846 Boyden designed three large turbines for the
Appleton Company which produced 190 horsepower each at an
efficiency of 82 percent. Subsequent Boyden turbines averaged about
86 percent efficiency. Boyden designed a large number of turbines
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used at Lowell and else-
where in New England.

By 1848 Boyden tur-
bines had proved them-
selves. On Francis’s rec-
ommendation the Propri-
etors of Locks and Canals
bought out the local right
to Boyden’s patents early
in 1849, and then Francis
undertook to design,
build, and test turbines for
theLowellcompanies. His
invention of the Francis
turbine and his improve-
ments in turbine testing,
notably his weir formulas
are probably the achieve-
ments for which Francis is
best known today. The
Lowell mills today stand as derelict reminders of the glories of a past
industrial epoch, while improved Francis turbines are the most
important water motors in the world today.*

Courtesy of National Museum of American History, Smithsonian inst.

FIG. 8 — Uriah Atherton Boyden (1804-1879)

To understand Francis’s work on turbines, it is necessary first to
understand Boyden’s accomplishments. Although well versed in
the European literature on the turbine, Boyden borrowed a number
of important ideas from the American craftsmen who designed and
built reaction wheels. A notable case in point was the scroll or scroll-
casing. Because Boyden never acknowledged his indebtedness to
others, Francis was not fully aware of justhow much he owed to craft-
based inventions.

An American Reaction Wheel by James Rumsey

The American reaction wheel was invented by James Rumsey
(1743-1792), who improved upon European proposals for reaction
mills and other devices utilizing the force of reaction.” His work was
the basis of a very vigorous American tradition of reaction water
wheels which usually converted less than 40 percent of the power
potential of the water into useful work, thus being less efficient than
the traditional breast waterwheels used at Lowell. But reaction
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FIG. 9 - Francis's Tremont turbine is a Boyden-Fourneyron outward flow turbine. Water
flows down through the fixed guides (G) and out through the rotor vanes (V),
thus causing rotation of the shaft.

wheels were very cheap and so they became in the early nineteenth
century the most common form of water motor in a nation which
lacked capital and had a surplus supply of water power.6

Although the craftsmen have had some important insights, im-
provements often depended upon rule of thumb or fortunate acci-
dents. Two of the ablest reaction wheel improvers were the Ohio
millwrights, Zebulon and Austin Parker, who invented a spiral duct
(called a scroll) to conduct the water to their reaction wheel asa result
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of just such an accident, when a board happened to fall into their
reaction wheel pit in such a manner as to give a rotary motion to the
water approaching the wheel, a rotation that had the same direction
of motionas that of the reaction wheel. The Parker’s scroll was widely
imitated; it sometimes increased the efficiency of reaction wheels to
about 60 percent, but results were not always predictable.”

French Engineers: Borda and Carnot

The turbine, in contrast, was the product of deliberate efforts in
France to make engineering scientific. It was, however, not simply
an application of physical science to technology. Rather, the turbine
emerged from efforts by engineers to develop their own theories,
using experimental and theoretical methods inspired by the natural
sciences. Among the methods used in these sciences were those of
abstraction and idealization, whereby the scientist constructed a
simplified model of a system based on an analysis of the essential
factors influencing its operation.?

A French engineer Charles de Borda (1733-1799) developed a
powerful model of a generalized water wheel in 1767. His emphasis
was upon how water wheels lost energy rather than how the water
transferred energy to the water wheel. His work was continued,
extended, and popularized by another French engineer, Lazare
Camnot (1753-1823). The work of Borda and Carnot led to the
discovery of three conditions needed for the highest efficiency which
were clarified and stated clearly by Carnot as: (1) entrance without
shock, (2) exit with minimum velocity, and (3) operation with least
possible friction.?

It was clear to Borda and Carnot that water wheels (such as the
undershot wheel) lost much power through the impact or “shock” of
the stream of water upon the vane of the water wheel. “Shock” was
a sudden change in velocity leading to a loss in the energy commu-
nicated by the water to the vane of a water wheel. A second loss
came when the water left the wheel with an appreciable velocity, the
principle loss in overshot and breast waterwheels, such as the ones
used at Lowell. These still had higher efficiency compared with
undershot wheels because there was much less shock at entrance.
But they could not increase their efficiency much above 60 percent
without losing unacceptable amounts of power by being slowed
down. (They approached 100 percent efficiency as the power output
and velocity approached zero.)
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The New Physics of Energy

The ideas of Borda and Carnot were not immediately accepted.
This may appear puzzling from our modern perspective. We take the
concept of energy for granted. In terms of energy, the conditions for
ideal operation of a water motor amounted to saying that energy
losses should be eliminated or cut to a minimum. This is a truism. But
this is only the case in the framework of the concept of energy and
certain correlates, such as work, power, and energy conservation.
None of these ideas had been formulated when Borda and Carnot
wrote. Since their ideas appeared to be in conflict with the existing
consensus in science, they were rejected.

It was not until after 1820 that the concepts of energy and its
correlates were formulated and widely accepted. Bordaand Carnot,
though not without scientific interests, were primarily engineers
guided by the desire to design more efficient water wheels. Thus,
they were led to reject the prevailing scientific orthodoxy. Their
contributions to thescientific revolution associated with energy were
therefore indirect. The physics of energy was formulated by a num-
ber of leading scientists, notably William Thomson (Lord Kelvin)
(1824-1907), perhaps the most important pioneer in this area. Other
physical scientists made important contributions. Hermann von
Helmholtz (1821-1894) helped establish the doctrine of the conserva-
tion of energy, and Rudolph Clausius (1822-1888) coined the terms
“energy” and “entropy.” In this as in many cases in the history of
technology, the attempt to develop improved artifacts has contrib-
uted to important new concepts in basic physics.!

Tangent Entry of Water

As the concepts of energy, work, and power were clarified,
engineers began to think about how to realize Borda’s and Carnot’s
conditions foran “ideal” water motor. In the case of entrance without
shock, the basic solution was obvious and expressed by several
engineers; to minimize shock at entrance the water would enter
parallel to (or tangent to) the moving vanes of the water motor. This,
however, left unsolved the fundamental design problem of how to
achieve tangent entry in a real water motor.

Similarly, the early experience with reaction mills of various sorts
suggested how exit with minimal velocity might be achieved. In
reaction wheels the water was discharged in a direction opposite to
the motion. Clearly, if the velocities were the same and tangent to
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the wheel, but op-
posite in direction,
then the two velodi-
ties would cancel out,
and waterwould have
noabsolute velocity at
exit. But thoughreac-
tionwheelssuggested
this strategy, their de-
signers did not know
howtorealizethiscon-
dition to a reasonable
approximation in a
real water motor, nor
wasitimmediatelyob— FIG.. 10-1In the ic:leal case the water should le_ave the
vious how thefriction e X 8 GO g e of tne vitor s
associated with tur- ;

- - equal to the tangential speed of the rotar, but in the
bines might be sub- opposite direction, the two cancel out with no loss in

stantially reduced.”?  energy.

Though the theory of Borda and Camnot did not tell engineers
how the conditions of an ideal motor might be achieved, it led
engineers to ask the right questions. Understanding the conditions
of maximum efficiency gave French engineers clearly defined crite-
ria which allowed them to design an ideal water motor. The term
“turbine” came, for a time, to mean such ideal water motors incorpo-
rating the criteria of Borda and Carnot in their design.”

The Fourneyron Turbine — An Early Standard

Benoit Fourneyron’s turbine became the most widely used tur-
bine (in the sense of an ideal water motor) in America, prior to the
maturing of the Francis turbine in the 1860s and after. Fourneyron’s
analysis of the problem was more elegant and more successful than
that of other, earlier turbine designers. He was also an outstanding
practical designer, so that he was able to embody his theoretical
insights into a very useful, working design of a device that diffused
rapidly though France and Europe in the 1830s and, by the 1840s, to
America as well.*

The most critical problem that Fourneyron solved was that of
entrance without shock. Though tangent entry of the water with
respect to the moving rotor vanes was clearly the key, the problem
remained, however, how to realize this in an actual design. We can
think of this as two problems: first, how to direct the water at a
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predetermined angle, and second, how to determine the angle for
tangent entry of the water into the rapidly rotating rotor vanes.
Fourneyron introduced fixed guide vanes which determined the
angle of the water entering the rotor of the turbine. Fourneyron
arranged his turbine with the guides at the bottom of a vertical
penstock (an iron pipe used to admit water). The rotor vanes were
located circumferentially around these guides, and there was a small
gap between the guides and the rotor to allow the rotor (or "runner")
to move freely without touching the fixed guides (see FIG. 10).

Fourneyron then solved the problem of determining the angle of
the guides that would direct the water flow at an angle tangent to the
moving rotor. If the vanes did not rotate, determining the angle of
tangent entry would be simple. The problem was difficult precisely
because the rotor did move. This rotation caused successive points
along the rotor to move in a circular direction in successive small
intervals of time, thus changing the angle of tangent entry for water
moving through the
guides into the moving
rotorvanes. Fourneyron
found a mathematical -
formula which told him
how to determine theo-
retically the necessary
angles of guide vanes
for tangent entry into a
rotor of any given ro-
tary speed and size.
Boydenand Francisused
Fourneyron's formula,
but they also deter-
mined the angle of tan-
gent entry and in addi-
tion, the shape of the
water'spaththroughthe

23apied From: Francis, Lowell Hyd adlic Experimenss eVl TOtOT by simple geomet-
FIG. 11 — Tangent entry of water the Tremont ncx.nethods, X upon
turbine was accomplished by Francis's graphical their calculation of the
method. Starting with a static rotor vane Vv, and size and speed of the
allowing for its rotation, Francis was able to plot the rotor ( FIG. 11)
dynamic shape of of moving vane V,. The guide (G) otor {see . :
could then be shaped to make a straight lineflow ~ Fourneyron also found

tangent to the moving rotor vane V,. amathematical formula
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for the problem of exit with minimal velocity, that is, for directing the
water at exit in a direction contrary to that of the turbine rotor's motion
and approximately tangent to the outer circumference of the turbine.
Fourenyron's design methods did not allow him to approach this ideal
situation very closely, and excess velocity at exit was a source of
significant loss of energy and hence of efficiency for the Fourneyron
turbine.’

These advances allowed Fourneyron to approximate the condi-
tions of Borda and Carnot. His theory treated the turbine as a “black
box.” Heassumed that if he could control the angles of entrance and
exit that he could ignore the precise geometry of the vanes, solong as
they described smooth curves and there were no sharp bends.
Fourneyron’s three-part monograph on his turbine which he pub-
lished in 1834 became a classic upon which almost all subsequent
work on turbines was founded.’ Several efforts were made to import
turbines into America, particularly by Ellwood Morris of Philadel-
phia, who published the results of his tests upon turbines.”

$200 for Each Percentage Point Improvement

Uriah Boyden read Fourneyron’s papers and all other extant
literature on turbines before he built the first turbine at Lowell in
1844. He was able to make some significant improvements in
Fourneyron’s original design. His turbines were costly; he spared no
expense in increasing their efficiency. He cannily drafted an agree-
ment with the Appleton and other companies by which he received
a substantial fixed fee, plus $200 for each percentage point of effi-
ciency over 78 percent. Boyden had perfected his design by about
1848, thereafter his turbines usually got efficiencies in the range of
about 85 to 88 percent.’®

Boyden claimed to have achieved 93 percent efficiency for a
turbine designed and built for the Atlantic Cotton Mills at Lawrence,
near Lowell. The owners claimed that this was too much, and the
turbine was then tested with great care by James B. Francis in 1854,
who used his own more accurate weir formula in order to determine
that the efficiency was actually 88 percent. This was unusually high
for Boyden, but reflected steady improvements in Boyden’s design
methods. Boyden’s ability to improve the efficiency of his versions
of the Fourneyron turbine from 78 percent in 1845 to 82 percent in
1846, and finally to an average of 86 percent after about 1848 was a
remarkable achievement.”
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There can be no doubt that Boyden had a very deep understanding
of turbine design, an understanding which he was, however, somewhat
reluctant to part with. Boyden was secretive and never published any
of his turbine discoveries. He was obliged to share his knowledge of his
turbine with Francis by the terms of the purchase agreement reached
with the proprietors of Locks and Canals in 1849.% Buthe provided the
absolute minimum he felt necessary. Francis had to infer Boyden’s rules
for constructing turbines from the actual turbines.”!

Boyden, however, liked Francis and enjoyed dropping him occa-
sional hints. He was generous in providing critiques of Francis’s
plans for turbines. On January 14, 1854, Francis asked Boyden’s
opinion of a turbine he was designing. Francis made a note on the
conversation: “Mr. Boyden remarked ‘and this,” he says, ‘is one of the
secrets of the art.”” What Boyden then told Francis was that the
turbine blades should be so designed that the water “in passing
through the wheel, moves more rapidly on the [one] side [of the
vane] than on the [other].”2 This was a critical insight and one that
was not widely appreciated by engineers until after the invention of
the airplane when the remarkable similarity of a turbine blade to an
airfoil was made manifest.

Flow Like an Airplane Wing

The vanes of a turbine are like the wing of an airplane, in which
the air travels faster on the top, more curved, side of the wing than on
the bottom, more linear, side. The result is a difference in pressure
which produces lift on the wing. This follows from the Bernoulli
theorem, whereby, to conserve energy in a streamline, an increase in
kinetic energy (velocity) must be accompanied by a decrease in the
energy involved in producing pressure.? So higher speed means
lower pressure, and lower speed higher pressure.

Turbine vanes are geometrically more complex than aircraft
wings, but they operate very much like airfoils in that differences in
pressure on opposite sides of turbine vanes caused the rotation and
the power of the turbine. In 1856 Boyden revealed to Francis (as part
of his dispute with the Atlantic Cotton Mills) that in his design
methodology he routinely calculated the pressure exerted by the
water as it moved inch-by-inch along the vanes; that is he calculated
the pressure on both sides every few inches and by subtraction
determined the pressure exerted at each point.2*
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Fourneyron'’s turbine was called a reaction turbine, because it
acts according to Newton'’s third law of motion.”> As the work of
Borda, Carnot, and Boyden demonstrated, this may be true, but it is
not very helpful for the designer of turbines. An accurate physics
description of how an engineering artifact works does not always
capture those things that are most critical for design. Scientific
explanations left out such things as the angles of entrance and exit of
turbines, and the way pressure is exerted on turbine vanes and all of
thoseinsights that were later codified inaeronautics and thenapplied
retrospectively to turbines.

These latter insights were the products of engineering research,
research which aimed at an understanding of how to design engi-
neering artifacts, and in this case the design approach led engineers
such as Boyden to anticipate the modern treatment of turbine vanes
as similar to airfoils and, in modern times, to use aeronautical terms,
such as “lift” and “drag” in analyzing them.?

Boyden might have produced a turbine theory of considerable
value. (He was asked to produce sucha paper by the editors of a leading
technical encyclopedia.) He failed to do so. He was reluctant to publish
his discoveries. One reason for this was that he was hampered by his
excessive distrust of all mathematical theory. Boyden’s skepticism
seems to have reinforced Francis’s own prejudices against theory. To
Boyden (as to Francis) the only valid scientificunderstanding mustcome
from observation and experiments involving observation. Ina remark-
able passage in his private papers, Boyden wrote:

Unlike most other machines, [turbines] operation, that is,
the acting of the water in the wheels is done out of sight,
and there seems to be no means of comprehending the cause
of a failure, but by such abstruse investigations as caused
such men as Sir Isaac Newton and Leonard [sic] Euler to fall
into great absurdities.”

Because of his extreme skepticism Boyden missed a great deal
that he might have learned from both Newton and Euler. When
modern turbine theory was developed in Germany in the early
twentieth century it was built around Euler’s theory, for example.?®

Lubricated Bearings

Despite blind spots, Boyden’s improvements in the Fourneyron
turbine were remarkable. Boyden’s sought, for example, to reduce
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friction effects, one of the issues which Fourneyron had failed to address
adequately.” Fourneyron’s turbines rested upon a lubricated bearing
upon which the shaft of the turbine moved. The bearing was constantly
under water, and adequate lubrication was difficult.

One of Boyden’s improvements was a novel system of suspend-
ing the turbine from above, eliminating the immersion of the bearing,
thus avoiding a major source of corrosion and allowing regular
lubrication and maintenance. Boyden reduced the friction in the
bearing dramatically. He gave his suspended bearing a novel shape:
it consisted of a number of circular flanges or collars (often seven)
projecting from the shaft. These moved in grooves in the supporting
bearing, which was coating with a low-friction metal. This arrange-
ment reduced friction by increasing the bearing surface area and
making frequent servicing easy. Boyden also made all internal
passages as smooth as possible, for example eliminating projecting
bolts or rivets by using flush rivets or bolts.*

Boyden and Francis had a qualitative understanding of the flow
of water that was far ahead of their time. They understood that
water (and other fluids) flows in thin layers and when this smooth
flow (now called “laminar flow”) was disturbed this smooth flow
could change to turbulent flow (in which the water ceased to flow in
parallel layers and broke into circular eddies, a change that reduced
the work that the water could do). In order to avoid disturbing the
water, Boyden used a method of tracing out the absolute path of the
water (that is its path relative to the ground) as it flowed through a
turbine in two dimensions. Boyden apparently got the idea from the
Parker brothers. The basic idea of tracing out the absolute path of
water in a water motor was published by an American critic of James
Rumsey, William Waring. It is likely that Waring’s idea was the
source of this idea in the American tradition of the reaction wheel.*!

Some of Boyden’s most original turbine improvements were
apparently suggested by his application of the Bernoulli theorem to
the graphical plots of the absolute path of the water in passing
through a turbine. This was the source of Boyden’s insight that
velocity differences on the oppositesides of a turbine vane caused the
pressure on the vane that explained how turbines work. He saw that
by altering the geometry of the absolute path of the water (which he
could do in the design of the turbine vanes), he could control the
pressure of the water on the vanes and velocity of the water in his
turbines.
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Boyden (and fol-
lowing him, Francis)
used these insights in
order todesign turbines
in which the absolute
path of the water was
very nearly straight (see
FIG. 12) over most of its
path and in which the
speed changed uni-
formly while the water
exerted a constant pres-
sure on the turbine
vanes. They realized
that any bending of the
stream of water or any
sudden changein veloc- ~
ity tended to produce adapted from: Francis, Lowell Hydraulic Experimenss, plate VI
turbulent flow with a FIG. 12 - Absolute path of water for a Francis's

igm'ficantloss ofpower Iremont turbine, a Boyden-Fourneyron type
fiue to the ran dOlII)’l mo- outward flow turbine. Water enters at A-B with

N the rotor moving and exits at D-C, following a
tions of the water. In pearly straight flow path.

theseand otherinsights,

Boyden and Francis anticipated some important insights of the
modern science of fluid mechanics and the modern art of turbine
design.®

The application of the Bernoulli theorem to the plot of the
absolute path of the water led Boyden to a fundamental invention,
the diffuser. It was well known that water speeds up in a converging
nozzle, such as that on a garden hose. Boyden exploited the converse
effect, that water tends to slow down when moving through a
diverging passage. One of the most persistent sources of energy
losses in turbines was the excess velocity of the water at exit. Boyden
fixed a device to the outlet of his turbines which created a diverging
channel through which the water flowed after leaving the turbine
rotor. This device, the diffuser, served to reduce the excess velocity
of the water at exit, thus reducing enery loss and increasing effi-
ciency. This idea was so new that the commissioner of patents
claimed that the term “diffuser is not a technical term as applied to
water wheels,” and at first refused to grant Boyden’s patent.®

39



THE FRANCIS TURBINE Layton

Accelerated Spiral Motion

Boyden’s careful attention to the patent literature led him to
invent a cup-shaped Penstock to give the water an accelerating spiral
motion prior to its entrance into the guides. This was a version of the
scroll invented previously by Austin and Zebulon Parker. Boyden's
scroll produced a spiral motion in the water and thus prevented (or
limited) shock produced by the impact of the water with the guides.
Boyden also bent the leading edge of the guides to be approximately
parallel to the flow of the water entering the guide vanes, the further
to facilitate a smooth flow of the water and eliminate shock. Boyden’s
scroll was a more effective use of the principle of the scroll than that
of the Parker brothers’ who used the scroll as a substitute for guide
vanes. They failed to realize that the best effects are achieved when
both the scroll and guide vanes were used together.
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CHAPTER 5

Hydraulic Experiments

An Empirical Investigation

Francis gained world fame as a result of his efforts to make
engineering practice rest upon exact, experimental data. In all of his
hydraulic studies, Francis showed a strong bias toward direct em-
pirical measurement and a deep-seated skepticism of all mathemati-
caltheory. As Francis later wroteto a younger engineer,”] fear T have
a habit of doubting purely theoretical deduction in an unreasonable
degree.”!

Anexample of Francis’s experimental methods was his research
on Boyden’s diffuser. Francis was intrigued by this novel and useful
device,and he incorporated it in some of the turbines he designed for
Lowell companies. He did a series of experimental investigations of
Boyden'’s diffuser. The behavior of the diffuser depended upon a
mathematical theory, the Bernoulli theorem. Quite characteristi-
cally, Francis avoided the usual mathematical expressions of the
Bernoulli theorem, and he found ways of conducting his investiga-
tion in an entirely empirical manner.? He went back to Bernoulli’s
own original formulation which had been purely verbal, ignoring the
mathematical and theoretical development of Bernoulli’s ideas by
Leonhard Euler and others. Heshowed, by experiment, that Boyden’s
diffusers added to the effective head. (That is the excess velocity
which the diffuser checked, could be seen as a savings in the head by
the amount needed to produce the velocity saved.)

Francis’s experiments revealed that Boyden’s diffuser added
about 3 percent to the power and efficiency of Boyden’s turbines.
Francis used his knowledge of diverging underwater tubes to design
diffusers for four large 700 horsepower turbines he designed for the
Merrimack Company. Such powerful turbines were possible at the
Merrimack Company because it was the only one to use the full 33
feet of head available at Lowell; even so these were very large
turbines, with a diameter of 104.25 inches. The fact that a single
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Lowell company used in excess of 2,800 horsepower was eloquent
testimony of how power-intensive the Lowell factories had become.?

Turbine Testing with the Prony Dynamometer

It is almost impossible to overstate the importance of precise
measuring instruments in the rise of modern engineering. Measur-
ing devices were needed to determine accurately those things that
were most important in creating a rational basis for the design and
operation of all manner of engineering artifacts. For power sources
(or prime movers) of all sorts it was crucial to determine how much
power they actually produced. One of the mostimportant measuring
instruments for prime movers was the dynamometer, which mea-
sures the output of power from
any prime mover.

One of the most important
dynamometers, particularly for
water motors, was the dyna-
mometer invented by a distin-
guished French engineer,
Gaspard F. C. Riche de Prony
(1755-1839); Prony developed it
in 1826 and wused it to test
Fourneyron’s turbine in 1833.4

The operation of the Prony
dynamometer is analogous to a
shaft which can lift weights by
means of a rope which winds
itself around the shaft (see FIG.
13). The thing to be measured is
power, that is, the rate of doing
work. If we attach a weight to
the free end of the rope and al- , —
low the shaft to lift the weight by FlG. 18- ﬁ,?‘iuﬁﬁ,‘.-’f,',?,?g“ﬁ}'fh:‘ ;:?:; ro
its rotation, its rotary power P, dynamometer
is the product of the downward
force of the weight T and the velocity by which this weight islifted V .
This situation is similar to that expressed by the fourth formula from
the first chapter:

@ P=VT

RN RNRNRRANANY

WEIGHT
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The Prony dynamometer operated by converting the power of a
machine into friction and measuring the amount of friction. The
Prony dynamometer consisted of a friction brake attached to a lever
arm. The brake could be pressed tightly on an iron wheel fixed to the
shaft of the turbine, converting the rotary power of the shaft into
friction (see FIG. 14). It measured the friction by a method analogous
to weighing something ina scale (like those used to weigh patients in
doctor’s offices). That is the pressure of the brake on the wheel
attached to the shaft of the turbine was counterbalanced by weights
atthe end of alever arm. This pressure of the brake on the wheel was
equivalent to the power output of the turbine. The Prony dynamom-
eter was very simple in principle, but very difficult to use accurately,
a problem which Boyden and Francis both addressed.

Turbine Testing by Boyden

Uriah A. Boyden not only designed the first turbine at Lowell in
1844, but, assisted by Francis, he tested it witha Prony dynamometer
inJanuary and February, 1845. Hecontinued to testall of his turbines,
and he carried turbine testing to new heights. Francis picked up
turbine testing where Boyden left it. He continued to improve the
methods and apparatus used, but he was always careful to give
Boyden credit for his innovations in testing as in turbine design.

Boyden borrowed some of his testing ideas from the same Ameri-
can millwrights who had invented the scroll, the Parker brothers.
They had done much to improve the accuracy and ease of using the
Prony dynamometer. The intense mechanical vibrations produced
whenthe frictionbrake pressed tightly against the metal ring mounted
on the shaft of the turbine made accurate measurement difficult. The
Parker brothers mitigated the problem of dynamometer vibrations
by attaching a device called a “dash pot” to the lever arm.

The dash pot, a perforated piston mounted in a water-filled
cylinder, served to dampen the vibrations of the lever arm. Boyden
used the same device in his own turbine testing. In turn James B.
Francis borrowed the idea from Boyden, without being aware of its
origins. Boyden almost never gave credit forideas that he borrowed,
in sharp contrast to Francis, who took painstaking care to acknowl-
edge the source of his ideas.

Boyden made at least two contributions to turbine testing that
were apparently his own inventions. To eliminate the errors in
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making measurements he employed several observers, each making
frequent observations of just one instrument. Francis was one of the
observers in Boyden's early tests. The use of multiple observers helped
cancel out inevitable small errors. Francis followed Boyden’s practice to
minimize observational errors, though this increased the costs of testing.

Boyden's Hook Gauge

Boyden’s most important contribution to turbine testing, how-
ever, was his hook gage. The depth of water was one of the most
fundamental variables in all hydraulic experiments. The problem
with measuring the depth of water with a graduated rule or rod was
that capillary effects due to the surface tension of water (which cause
water to rise in narrow tubes) distort the measurements. Boyden had
the idea of using a hook to measure the depth of the water from below
its surface, avoiding most of the capillary distortion. The gage con-
sisted of a scale with a vernier caliper attached to a rod with a hook
at the end. Francis called Boyden’s hook gauge, “an instrument of
inestimable value in hydraulic experiments.”

In Francis’s hands Boyden’s hook gauge was capable of very high
precision. When the point of the hook reached the surfacelevel from
below it did not go through; but rather it produced a slight bulge in
the surface of the water. Francis discovered that by making observa-
tions with specially arranged lighting (e.g., light beamed from the

—al,

FIG. 14— Boyden hook gauge from Francis, Lowedl Hydraulic Experiments, Plate Xill
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side, when the wooden box in which the gauge was mounted was
partially darkened), these slight distortions could be made visible, and
the true depth read by slightly lowering the hook so the bulge disap-
peared. This technique allowed Francis to achieve a truly remarkable
accuracy of measurement for that time of one ten thousandths of a foot.®

Design and Testing at Tremont

Francis began to design and test turbines soonafter his employers
purchased Boyden'’s patent rights. Francis conducted the first test of
one of his own turbines in February 1851 at the Tremont Mills at
Lowell. The water power (P) available (as previously indicated) was
the product of the weight of the water and the distance through
which it fell, as in our equation (1), P= QwH, where Q was the flow
in cubic feet per second, w the weight of a cubic foot of water (62.4
pounds),and H thehead (or height) through which the water fell. For
the Tremont Turbine, Francis’s first test showed Q equal to 139.42
cubic feet per second, and the height equaled 12.86 feet. Thus, the
gross water power, P, available was:

P = (139.42) (62.4) (12.86) =111, 870 cu.ft/ sec

This is equivalent to 203.4 horsepower. The calculation de-
pended upon an accurate measurement for the flow which led
Francis to his studies of flow of water over weirs.

To measure theactual power generated, Francis caused the brake
of the Prony dynamometer to be pressed against the iron wheel
mounted on the turbine shaft, generating a friction force T, causing
theshafttoslowdowntothe velocity V,. The productof Tand V_gave
the power. In the first test the weight in the scale was 1443.3 pounds,
and this slowed the shaft velocity to 0.894 revolutions per second

(or 53.62 revolutions per minute). To calculate the speed, we need
distance traveled times the time.

The radius of the wheel to which the brake was fixed was 10.83
feet, so that one revolution equaled a distance of 2xr = (2) () (10.83)
= 68 feet. The velocity of the circumference of the wheel was:

V = (0.894) (68) = 60.9 ft / second

From which the net rotary power delivered by the turbine’s shaft
could be calculated by equation (4):

P =TV = (1443) (60.9) = 87,762 ft-Ibs per second

which corresponds to 159.56 horsepower.
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The efficiency (e) was measured by equation (5), showing that the
efficiency was the ratio of the actual to the potential power: e=P,. /
P. (To calculate this efficiency it is not necessary to convert foot-
pounds per second into horsepower, but it is essential that P, and P
have the same units). Thus the efficiency, e, was:

e=87,761 / 111, 870 =0.784
The Ninety-two Experiments

Francis made a total of ninety-two experiments on the Tremont
Turbine, an enormous effort which testified to his determination to
achieve the highest accuracy possible. He varied the key parameters
such as the load of the brake, the velocity of the shaft, and the gate
opening (e.g., the amount of water flowing into the turbine). Francis
found that the efficiency varied with its speed and load from zero
(when theload equaled 4080 pounds, just enough to bring the turbine
to a halt) to its maximum speed (when it ran free with no load), 1.78
revolutions per second. The top speed was:

V.., = (1.78) (68) =121 feet/ second

Francis found that the maximum efficiency was achieved in his
thirtieth test, when the turbine rotated at about half its maximum
speed, where the ratio of net to gross horsepower (the efficiency)
equaled 0.794 or 79.4 percent. This occurred where the velocity
equaled:

V = (0.851) (68.3) = 58 ft/second

The friction force (=the weightin the scale) (T) at this velocity was
1525 1bs and therefore the net mechanical power transferred to the
shaft was: P_= (1525) (58) = 88300 ft-1bs/sec. The gross power of the
fall of the water in this experiment was a bit less than that in the first
test. It equalled P= 111, 220 ft-Ibs/sec. The ratio of these gave the
efficiency (equation 5):

e= Pr /P =882300/ 111,220 =.794
The Francis Weir Formula

The validity of the determination of efficiency with the Prony
dynamometer depended upon the experimenter's ability to measure
the input. Though Prony had shown how to measure the power
output, he lacked an accurate means of measuring theinput (the flow
of water, Q and the fall H). Boyden had made it possible by the hook
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gauge to determine the head, H, with great precision. But existing
formulas for Q were not accurate. The formulas most commonly
used underestimated the flow of water (Q) so thatall of the early tests
of turbines overestimated the efficiency.

The formulas for measuring the flow of water through a weir
were deduced from theory, and failed to take into account all the
things which influenced the actual flow into a turbine. As Francis
commented after reviewing the literature:

The result, however, of these numerous labors, is far
from satisfactory to the practical engineer. On a careful
review of all thathas been done, he finds that therules given
for his use, are founded on the single natural law governing
the velocity of fluids, known as the theorem of Torricelli;
omitting, in consequence of the extreme complexity of the
subject, all consideration of many other circumstances, which
itis well known, materially affect the flow of water through
orifices.”

Francis determined an accurate weir formula by experimental
inquiry. It has become an important part of engineering knowledge
and continues to appear in engineering handbooks and is used in a
variety of contexts other than turbine testing.? Though it is a law-like
relationship, and determined scientifically, it differs from physics in
several ways. In particular, Francis’s formula lacks the generality so
characteristic of physical laws. With slightly altered conditions,
slightly different formulas have to be used. Francis’s formula is the
first to be listed in engineering works, and the others can be consid-
ered variations upon it. But a physicist would prefer a general
equation applicable to all such flows. Such a general formula can be
constructed, but it lacks the specificity so important for engineering.
That is, it lacks the accuracy of specific formulas intended to suit the
particular conditions of engineering work. Francis’s weir formula is
therefore an example of engineering research leading to scientific
knowledge that is the peculiar concern of engineers.’

The Theorem of Torricelli

Francis carried his rejection of theory to an extreme. All weir
measurements started with the theorem of Torricelli, a mathematical
expression which Francis was apparently unwilling to reproduce,
adding an element of obscurity to his derivation of his weir formula.*®
This theorem, attributed to one of Galileo’s followers, was and
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remains one of themost useful, if inevitably approximate expressions
in hydraulics. It expresses the velocity of the water (V) as a function
of g, the acceleration due to gravity (= 32.2 ft. /sec?), and the head (H),
or height though which the water falls. The usual expression is

VZ=2gHor
V=V2gH

In the case of the flow over weirs, hydraulic engineers had long
accepted a modification of the theorem of Torricelli, by which the
flow was just two thirds of that predicted for free fall in Torricelli’s
formula. Francis refers to this equation only obliquely, without
giving the formula. It was: V =2/3V2gH, where V is the velocity
ofthe water,and g and Hareasabove. The total flow was determined
by our equation (3), Q=V_A. In this case the cross sectional area
A was the product of L (the length of the passages admitting water in
the weir), and of H, the fall, so that Q =(HL)V .

Francis wanted to know the mean velocity V_, which, of course
varied inachannel withdepth. The velocity atany given depth below
the top surface, z, would therefore be V, = V2gz. By this line of
reasoning the velocity should go from zero at the surface (where
z=0) to V2gH at the bottom of the weir (see FIG. 2 where z=H). The
mean value must be between these two extremes and produces the
following formula (which Francis did not give in his derivation) for
the flow:

Q = HL 2/3 V2gH = (2/3 \2g ) LHH"2= CLH**

Q is the flow, the thing Francis wanted to determine, and C is an
unknown constant.

Francis's skepticism stood him in good stead here. He did not
take the value of 2/3 V2g as given and instead he introduced “C” a
constant coefficient whose value was to be determined experimen-
tally, and L is the length of the weir and H its depth. Francis’s
unwillingness to accept anything on faith might seem like unreason-
able skepticism. Francis wanted every term to be determined by
experimental measurement. It turns out that for rather subtle rea-
sons, the figure for2/3 \/E is inaccurate in the context of weir flow.

The accuracy and value of Francis’s formula, therefore, de-
pended upon his determination to measure every relevant quantity
by precise empirical observation. He was assisted in this by Uriah
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Boyden, who suggested a form of the equation suited to empirical
testing:

Q=C(L-bnH)H?

- L H = head for weir H

FIG. 2 (repeated)- L is the length of the weir, H is the height or head of the weir

This expression related Q, the flow to be determined by the
formula, to the length (L) and the height (H) of the weir and n, the
number of vertical sides to the weir (a weir could have more than one
rectangular opening), and the unknown constant coefficients, a, b,
and C which Francis wanted to determine experimentally.!! The
term “a” was the exponent (3/2 inthe expression given above) which
Francis assumed to be unknown in order to determine it experimen-
tally. The term “b” was simply a constant coefficient needed to get

an accurate formula for measuring Q, the volume of flow.

Francis did experiments to determine the value of a, b, and C.
The expressions a and b were relatively easy to determine experi-
mentally, by comparing the flow in two different weirs which gave
the same Q. The nice thing about this method is that a and b could
be determined independently by any set of matched experiments in
which the volumes were the same.

These experiments, donein 1851, led to the result thatashould be
1.47 (close to the theoretical 1.5, which Francis found more conve-
nient to use in most cases) and b should be 0.05. Francis found thatb
could be rounded off to 0.1 without appreciable error. Francis now
could determine C experimentally, having determined the values of
the other terms in Boyden’s equation (Q,L,H, N, a,and b). His result,
as determined by the arithmetical mean of 88 experiments in 1852,
was C=3.33.2 Thus the Francis weir formula took the form:

) Q=333(L-0.1nH)H3”
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Fairness in Water Distribution

The weir formula proved to be very useful in many contexts.
Indeed, Francis relied upon itin determining his method of metering
the water used by the various companies at Lowell. Francis’s work
in measuring the flow of water in the various Lowell canals was
necessary in order to determine the amount of water used by each of
the Lowell companies. It was an improvement over measurements
previously used and contributed to greater fairness in distributing
the water to the users.

In the case of the flow of water in the Lowell canals Francis
rejected the prior work of three distinguished engineers retained by
the Proprietors and consultants in 1841 and 1842 for precisely this
task. One of these consultants, Charles Storrow, had been educated,
in part, at French engineering schools and he admired French work
and he published English translations of some of the most important
French works on hydraulic engineering in 1835.2 He was a very
distinguished and able engineer and manager, and he was a major
figurein founding and developing Lowell’s twin hydropower textile
center of Lawrence, just 12 miles down the Merrimack from Lowell."*
After exhaustive experimental work Storrow and his colleagues
concluded that a previously published French formula (which was
based on theory) was sufficiently accurate to use as a starting point
in the metering of the flow of water in the Lowell canals.

Francis rejected the prior work of Storrow and the other consult-
ants who had provided a useful basis for the measurement of water
at Lowell. His reasons were not stated, but this was probably due, at
least in part, to Francis’s extreme rejection of mathematical theory.
(That is, the use of the formula deduced from theory.) Storrow’s
methods were successfully used at Lawrence, Lowell’s neighbor, for
many years. Also, Francis’s method for metering the flow of water
into each company also involved the use of a formula, his own
empirically based weir formula.

Francis was one of the least vain of engineers; his preference for

“his own formula appears to have been based upon the fact that his

formula and other techniques for measuring the flow in canals were

founded on exhaustive experimental investigations, involving direct
observation of the things to be measured.
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Francis’s preference for direct observation and measurement is
strikingly demonstrated in his experiments to measure the water
consumption of the Lowell companies. His method gave accurate
results, and Francis developed simple techniques which allowed his
method to be applied routinely in metering the consumption of
water by the Lowell companies. In essence, Francis sought to deter-
mine the flow by our second formula in the first chapter: Q=V_A.
Since the cross sectional area was known, Francis had to determine
the mean velocity in order to determine the flow. He chose a method
of direct measurement, using weighted tubes almost wholly sub-
merged in the canal, and observing the time they took to traverse a
measured distance. Since the poles were nearly the same length as
the depth of the canal to be measured, their velocity (apparently)
gave a direct measurement of mean velocity.

He compiled tables so that his assistants could use a stop watch
to measure the time the weighted tubes took to traverse a given
distance. The assistant engineer could then look up the velocity in a
table. But Francis had to determine various corrections to the directly
measured quantities (of which his own weir formula was one of the
most important). The tedious determination of correction coeffi-
cients reflected the fact that the weighted cylinders did not, in fact,
directly measure the mean velocity.

The most important corrections arose from the fact that these
tubes could not touch the bottom, so there was always a gap near the
bottom that was not taken into account. Nordid Francis measure this
depth directly, but assumed this to be known (though in fact it varied,
due to inequalities in the original construction and the deposit of
debris from the flowing water on the bottom of the canals). Francis
also ignored the inclination of the tubes (that is, the angle they made
with the surface). Francis’s work in measuring the flow in canals was
tedious and ithad no lasting impact outside Lowell precisely because
of his excessive skepticism of theory and his preference for direct
observation.”

But while Francis's method of metering the flow of water in open
channels has not had a significant influence, Francis relied increas-
ingly upon another method, which he developed. He found that his
detailed testing of turbines allowed them to be used as water meters.
They had consistent performance patterns, and, fora given head and
gate opening, used a predictable amount of water. This usage of
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water could only be determined by testing the turbines; but it was a
turbine “characteristic,” which was consistent, and such behavior
could be applied for measuring the water consumption of other
turbines of the same design and size working at the same head. This
allowed turbines to be used as water meters, given data on gate
opening, head, and the times of operation. Francis justified his tests
of the Swain turbine (an improved version of his own Francis turbine)
when two were purchased by the Boott Mills on the grounds that he
needed to know its water consumption under various heads and gate
openings in order to measure the amount of water being consumed.

Thus Francis measured the quantity of water Q used at one-
quarter, one-half, and full-gate at a uniform fall of 17 feet.’® It
appears that Francis used both of his methods of measuring con-
sumption for accuracy; the weighted tube measurements were still
employed even after the simpler and more accurate method of using
turbines as water meters had been developed.

Francis was an outstanding experimental researcher. His pains-
taking care and his patience were well rewarded. No one doubted
that his measurements were accurate. They served their intended
purpose very well. Francis’sdetermination tobaseall engineering on
precise, direct measurement was a remarkable success.
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CHAPTER 6

The Invention of the Francis Turbine

Large Flows at High Speed

Francis is best known for the Francis turbine which is today
the most important means of utilizing the power of falling water at
high heads and large flows. It is characterized by a flow that moves
inward and downward. This flow pattern is sometimes called
“mixed flow,” and it is the defining characteristic of Francis turbines.
The first full-sized Francis turbine was one that he installed and
tested in October 1849 at the Boott Cotton Mills at Lowell. It
developed 137 horsepower.! Fully evolved Francis turbines were
built to generate electricity at Hoover Dam, and the first of these
began to produce power in October 1936, almost exactly 87 years after
that which Francis built for the Boot Mill. These turbines were rated
at 115,000 horsepower.2 The Francis turbine is one of the most
versatile and efficient machines ever designed. Francis turbines are
noted not only for their high efficiency, but also their ability to utilize
very large flows at high heads and do so with a relatively compact
and inexpensive turbine. The Hoover dam turbines had a rotor
(“runner”) diameter of only 14.25 feet, compared to 9.33 feet for the
Boot turbine, a modest increase of 65.5 percent in this critical dimen-
sion for nearly a thousand times the power production. ?

The Popular Howd Reaction Wheel

The Francis turbine combines the tradition of scientific engi-
neering, which in turbine design began in France, with ideas devel-
oped by American craftsmen in designing reaction wheels. Indeed
the Francis turbine can be seen as a hybrid of thescientific Fourneyron
turbine and the rather crude reaction wheel invented by an obscure
millwright, Samuel B. Howd.

In 1838 Howd designed the first radial inward-flow reaction
wheel. It would be called a turbine today, but it was anything but an
“ideal”motor. Though his reaction wheel was compact and cheap,
Howd had no scientific justification for his design, and his reaction wheels
were rather primitive, but very cheap, and consequently popular.
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Francis, Lowell Hydraulic Experiments, plate VI, figure 1
FIG. 15 — In the Francis mixed flow turbine water flows from (A) in through fixed
guides (E} on through the rotor (D} and out directly below the rotor.
The Prony brake (O) is on upper part of shaft with Boyden low friction
suspension collar (M) above the brake.

Francis persuaded the Locks and Canals Company to purchasea
alocal right to manufacture turbines under the Howd patent in 1847,
in order to make an improvement in Howd’s design. When Francis
began to designa small model turbine of what was later to become the
Francis Turbine design, he called it the “U.S.” turbine. His first major
turbine, for the Boott Mills, was also labeled by Francis in his
notebook as the “U.S. Turbine.” Howd’s reaction wheels had the
brand name “United States Turbine.”*

Laminar Flow in the Francis Turbine

Though Francis had a low opinion of the American reaction
wheels, he wanted to design inward-flow turbines. As he com-
mented, “T was led to this design by the consideration of the [abso-
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lute] path of the water in passing through the wheel.”® Francis saw
from the plot of the absolute path of the water that by reversing the
direction of flow, from outward to inward, he could eliminate a
major defect of the Fourneyron-type turbine. In a radial outward
flow turbine such as that of Fourneyron, the path of the water
inevitably widens, causing eddies and turbulence. In an outward
flow turbine, the outer periphery of the rotor was inevitably greater
than the inner circumference, and as the channels widened the water
had to move laterally to keep the passages full, disturbing the
smooth, laminar flow and leading to power losses. This spreading
was made very clear by the graphic method of plotting the absolute
path of the water which Francis learned from Boyden (see FIG. 12).

The plot of the absolute path of the water in the Tremont turbine
showed a very considerable widening by the time the water left the
turbine. By reversing the direction of flow (as in the Howd reaction
wheel) Francis could hope to eliminate the loss of power due to the
spreading and eddying of the water.

Francis no doubt hoped that a rational design would increase the
efficiency of an inward-flow turbine based on Howd's patent. Francis,
however, was aware of an inherent problem with a purely radial
inward-flow turbine. As the water moved inward, the passages of
the turbine narrowed, causing an increase in the velocity on the same
principle as the converging passages of the nozzle of a garden hose.
Francis realized how this inherent defect of the Howd turbine might
be remedied. He saw that he could keep the inward flow principle
and eliminate the spreading and also avoid excess exit velocity if the
cross sectional area of the water’s passage was not decreased. The
acceleration of the waterin a convergent nozzle was due to a decrease
in the cross sectional area; but the area could be kept constant simply
by increasing the depth of the passages to compensate for their
narrowing. This implied that the flow instead of being purely
horizontal, as in the Fourneyron turbine or Howd reaction wheel,
would be both inward and downward. This “mixed flow” principle
became the distinguishing characteristic of Francis turbines.®

A Stolen Idea

Francis told Boyden of his idea, which he planned to incorporate
in the design of a new turbine for one of the Boott mills. These early
turbines had flat top and bottom plates called “crowns,” so that the
idea was that the distance between the crowns should be greater on
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the inner periphery where the water was discharged than on the
outer, or inlet, circumference. Boyden beat Francis to the patent office
with the idea. Francis thought Boyden had taken his idea from him,
and he prepared a memorandum dated April 15, 1848 to establish his
own priority:

I met Mr. Boyden on the street. I asked him if he did not
think that making the distance between the crowns of the
wheel greater on the inside periphery than on the outside
was new... He replied that he had application then pending
for patents for this idea... I was much surprised — the more
soas] had explained to him somemonthsago thatIintendedto
make the wheels for the Boott Mill with a greater height
between the crowns on the inside periphery than on the
outside — and the impression I got at the time was that he
thoughtit would notanswer and he gave me not the slightest
intimation that he claimed it as his invention.”

There were important differences in detail between the inward
flow turbines of Boydenand Francis. Soitis possible that Boyden was
thinking along thesame lines independently, and chose not to tell this
to Francis. But Boyden was shrewd and had made a fortune from his
patents; it is quite possible that he did borrow the key idea from
Francis, just as Francis believed. Francis’s motives were professional;
Boyden’s goal was to make a profit. The world has accepted the
priority of Francis because he published the details of his turbine,
whereas Boyden published nothing about any of his turbines or
design methods.

Francis, ever skeptical of theory, used the graphical plot of the
absolute motion of the water as a principle method for use in turbine
design. Any spreading of the water became evidentinsucha plot. A
sudden widening of the path of the water indicated shock. Unfortu-
nately, as Francis noted, his plot of the path of the water in the Boott
turbine revealed a small mistake.

Francis called attention to this problem; he wrote “...the section
of the stream just after it has entered the wheel, is sensibly greater
than the section of the stream as it leaves the guides... causing
shock...which implies a loss of power. This indicates a defect in the
design”® (see FIG. 12). Such candor was remarkable; Francis was
honest almost to a fault. The error is not terribly obvious from a
casual inspection of the plot of the path of the water; had he taken no
notice of the matter many readers would have missed it, or assumed
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that Francis had a reason for what he did. He also could have blamed
others. In a letter to Boyden he wrote that the error was due to
defective castings prepared by the machine shop.® As a result of this
small error Francis got a maximum efficiency of 79.8 percent for the
turbine he designed for the Boott mill.”® A few years earlier this
would have been regarded as adequate performance, but efficiencies
well above 80 percent had become the norm by the late 1840s.

Though he could have designed more mixed flow turbines, and
gotten higher efficiencies, Francis chose not to do so. He was an experi-
enced engineer and realized that progress in technology was incremen-
tal. Francis was very busy with many pressing problems and he was
happy to leave the further development of his idea to others. It is quite
probable that he also realized that the companies that were beginning to
manufacture and sell reaction wheels and turbines in a highly competi-
tive market could produce cheaper turbines than the Lowell MachineShop.

Improving the Francis Turbine

Francis thought further improvements depended on a lengthy
process of development which would depend on cut-and-try. In-
deed he concluded his 1855 discussion of his new turbine with the
words: “nevertheless, the success attending this first essay on alarge
scale, of acenter-vent water wheel, in which dueregard has been paid
to accuracy of construction and perfection of workmanship, guided
by such light as the present imperfect theories can afford, ought to
encourage us to hope, that, when it has received the same degree of
attention as the [Fourneyron-Boyden] turbine, it will not be much
behind that celebrated motor, in its economical use of power.” !

Francis’s expectations were fulfilled within a few years with the
design of the Swain turbine. The Swain turbine, patented in 1860, was
the first Francis-type turbine to be commercially and technically
successful. Asa M. Swain was a former pattern maker employed at
the Lowell Machine Shop, and he had had ample opportunity to
examine both Francis’s and Boyden'’s inward-flow turbines and to
read Francis’s account of his work.

Swain's Successful Turbines

Swain’s turbines were not exceptional in their efficiency, but they
were smaller and cheaper than Boyden-Fourneyron turbines of
similar power. Swain achieved this by exploiting an inherentadvan-
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Figt

+ £ CHNEVEY DEL. TR | : i 2

from Journal Frankiin Institute

FIG.16 — The Swaine turbine

tage of the Francis design, its downward component of flow. Swain
understood, in essence, that equation (2), Q=V_A, could be applied
to the turbine, and that Q could be increased without changing the
diameter simply by increasing both V_and A. Thiscould be done by
increasing thedownward component of flow in a Francis turbine. By
giving the water’s path a much greater downward component of
motion, Swain increased V_ by gravitational acceleration. He also
increased the cross sectional area of the passages, A, by making the
inlets deeper. Capacity (the ratio of Q to turbine diameter) is a key
determinant of cost, a fact that millwrights understood very well.

These changes also allowed the rotor to have a smaller diameter
because the vanes sloped downward, requiring less horizontal space.
This meant that the surrounding guides and the penstock could also
besmaller. By and large turbines cost is directly proportional to their
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size. A higher Q and smaller size (for a given horsepower) meant a
lower capital cost per installed horsepower.

Beginning about 1868 ten Swain turbines were sold to Lowell
companies and installed at Lowell mills. Other Swain turbines were
sold at manufacturing centers in other parts of the country.?

Thesuccess in this and later attempts to exploit the Francis design
depended upon a proper design of the turbine vanes which had a
more complex shape in Swain’s turbine. There was no theory
available for this task, and much of the work was, as Francis realized,
based on “cut and try” guided by intuition and experience. Francis
concluded that “I have no doubt if the construction of such wheels
had been continued [by Francis], still better results would have been
obtained, by making small changes on the “Cutand Try” Principle.”
Swain built himself a small dynamometer for an improvised
workship in his home and thus was able to compare the performance
of various models. He modified these models, changing the length
and shape of the vanes, and other design parameters until he got
good results.™*
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Francis Turbines at Hoover Dam

CHAPTER 7

The 115,000 Horsepower
Francis Turbines at Hoover Dam

The Hoover Dam

The Francis turbine achieved its modern form through the efforts of
a number of designers in the period 1868-1940. The Francis turbines
installed at Hoover dam are remarkable examples of modern Francis
turbines. First the setting, Hoover Dam, needs some explanation.

Hoover Dam, containing 3.25 million cubic yards of concrete,
was thefirst structure to exceed the volume of the 4,000 year old Great
Pyramid of Cheops (or Kufu) in Egypt. Itis 726 feet high and was the
highest dam in the United States when completed. It is 1,180 feet
wide along its curving, arched crest, and 660 feet thick at the base
tapering to 45 feet thick at the top. Hoover Dam created an artificial
lake, Lake Mead, with an area of 227 square miles and a storage
capacity of about 30 million acre feet of water, which is still the
world’s largest man-made reservoir. (One acre foot contains 43,560
cubic feet of water.)

Hoover is properly credited with the dam named after him.
As Secretary of Commerce he had carried out long and difficult
negotiations between the states of California, Arizona, and Nevada,
leading to a 1922 interstate compact that made possible the construc-
tion of thedam. Theactauthorizing the dam was passed by Congress
in December, 1928, a month after Hoover’s election as President.
Hoover arranged for financing, and construction started in 1931
under his administration. Hoover had the misfortune to be blamed for
the great depression whichdeveloped after 1929, and hissuccessor gave
the structure the name “Boulder Dam,” an injustice remedied almost a
generation later, when Hooverreceived therecognitionhedeserved. No
one did more to make the dam a reality than Hoover.

Construction, begunin 1931, was continued in theadministration
of Franklin D. Roosevelt. It not only provided jobs, but it was a
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technical wonder which aroused hope and enthusiasm in those dark
days. It was finally dedicated by President Roosevelt in 1935. The
installed capacity was 1,323.5 megawatts (or 1,774,813.5 horsepower;
amegawatt equals1,000,000 watts, or 1,341 horespower) of electricity
annually produced by Francis turbines and their electric generators.
This electricity (and also the irrigation water) is splitamong the three
states involved, but the lions share of the power was taken by Los
Angeles. The electric power is sent to Los Angeles on a 287,500 volt
high-tension line a distance of 270 miles.

Turbines with 115,000 Horsepower

Thelargest of the turbines at Hoover were the most powerful ever
produced until that time. They were conventionally rated at 115,000
horsepower. The rating was based on the fact that the size and other
design features of the electric generators limited the turbines to
115,000 horsepower. If the turbines could be operated with open
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FIG. 16 — Cross section of the 115,000 Hp turbine at Hoover Dam. Water flows in from
the scrollcase (S) through the fixed guides (G), through the rotor vanes (V)
and out the draft tube (D).
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gates at a head of 590 feet, they would develop 158,000 horsepower.!
Thus the gates admitting water to the turbine are used to limit the
flow of water at high heads to keep output at no more than 115,000
horespower. As equation (2) from chapter 1shows, the horsepower
is dependent upon both the head and the quantity of the flow, and
these can vary considerably.

The Hoover Dam turbines are able to operate under net effective
heads varying from 360 feet to 590 feet, though most of the time the
head fluctuates between narrower limits. For example, each of the
115,000 horsepower turbines uses a flow which varies with the net
head. When operating at an effective head of 475 feet, the discharge
has to belimited to 2323.2 cubic feet per second if the efficiency is 92
percent. Applying equation (1) from chapter 1 we can compute that
for this flow the horsepower will be 115,000 under these conditions.
That is, Hp= QwH /550 =2,323.2 x 62.3x 475 / 550 x .92 = 115,000 Hp.2

Roots at Lowell

Though Hoover Dam and its power plant have important sym-
bolicand social significance, what isrelevant hereis the fact that these
enormously powerful Francis turbines clearly show their roots at
Lowell. They have the inward-and-downward “mixed flow” charac-
teristic of Francis turbines, though withlarger inlets and longer vanes
than Francis’s first major effort. Their rotors are only 65.5 percent
larger in diameter (14.25 feet) than those of Francis’s Boott Turbine
(9.33 feet). Like the turbines designed by Boyden and Francis, the
rotor is suspended from above and the bearing surfaces are covered
by the same type of low friction metal that Boyden and Francis used
on their turbine bearings at Lowell.

Additional links to Lowell are the diffusers attached to the
Hoover Dam turbines. The diffusers have a simpler shape (a trun-
cated cone) than Boyden’s original ones (two flared collars are
needed for an outward-flow turbine such as the Boyden-Fourneyron
design). One of the advantages of the Francis turbine is that a simple
diffuser is highly effective. These cones were attached to ducts
(called “draft tubes”) which had to be bent around through a right
angle, because of the height restrictions imposed by the need to
empty into the tail water. But the draft tube-diffuser combinations at
Hoover Dam are enormously effective; the water has a velocity of 25
feet per second on leaving the turbine, but only 5 feet per second on
leaving the draft tube-diffuser. This respresents a loss of only one
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tenth of one percent of the gross horsepower due to the velocity of the
water at discharge.?

The Hoover Dam Francis turbines also show their links to the
early American millwright tradition of the reaction wheel, by their
spiral scrolls. Those at Hoover Dam are larger (a diameter of 10 feet
at the inlet from the penstock) than those used earlier, because of the
enormous flows of water that they transmit. The diffusersat Hoover
Dam are combined with draft tubes based upon the cylindrical draft
tubes invented by the Parker brothers. Draft tubes allow turbines to
be mounted above the tail water without loss of head, since the
suction of the draft tube equals the “lost” head.

Scientific Data from Experiments

The greatest similarity between Francis’s turbine work and
that of the Hoover Dam turbines although not visible, is that every
detail of these modern Francis turbines and their settings was based
on scientific data, mostly gathered by experiments. Even the flanges
and bolts of the scrolls were subject to elaborate investigation,
resulting in greater strength atless cost. The designers of thedamand
the turbine made extensive use of scale models, with many of these
tests aimed at detecting and eliminating sources of turbulence. To
this end, the Bureau of Reclamation tested models of the turbine
blades, very much in the manner of the airfoils of aircraft. The water
in the Hoover Dam turbines, like those of Francis, was designed to
exert pressure at a uniform rate from its entrance to its exit from the
turbine.*

Where the Hoover Dam turbines differed most markedly from
those at Lowell was in the high head and enormous flows at Hoover
Dam. Thus, while the turbines themselves are not wildly out of scale
withits Lowell prototypes, other things were, from the immense dam
down to the enormous ducts needed for handling the great quantity
of water moving through the Dam. The flow handled by one of the
Hoover Dam turbines was approximately the same as the base-line
power leased for the entire Lowell manufacturing complex before
Francis’s reforms in 1845 (2,348 cubic feet per second). Even more
striking was the difference in head, about 520 feet on the average at
Hoover Dam, as compared to an average of 33 feet at Lowell.
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A Modern Engineering Artifact

The Francis turbine is a modern engineering artifact, and Francis
was a modern engineer. His work represented a clear shift from a
craft to a scientific basis for engineering. This meant, among other
things, reliance upon exact knowledge rather than rule of thumb.
His redesign of the Lowell canal system, his weir formula, and his
turbine testing were examples of work aimed at basing engineering
design on precise quantitive data and reliable formulas derived by
methods akin to those used in the sciences. He was also modern in
that he published his findings, thus sharing them with the interna-
tional engineering community.

Francis was modern also in that his work was guided and
shaped by the needs of engineering, and of the needs of the corpora-
tions that employed him. He was not interested primarily in knowl-
edgeitself, but rather in the knowledge needed todesign artifactsand
for the efficient operation of hydraulic works. He was recognized as
the foremost hydraulic engineer of his day, and was called upon as
an outside consultant in numerous projects around the country. He
becamean exemplary figurefor American engineersatthetime when
they were emerging as a separate profession. His condemnation of
theory was shared by many American engineers; only in compara-
tively recent times have American engineers overcome their skepti-
cism of mathematical theory. But in his devotion to the needs of
engineering and his use of the best scientific methods he could
muster he anticipated the direction of engineering advance in the
coming century.
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PROBLEMS

1. Assuming a mean low-water flow of 3,595 cubic feet per
second, and the fall 33 feet, (a) how many foot pounds of work were
in the falling water as potential energy? (b) How many horsepower
of potential energy does this fall contain? (c¢) Assuming a constant
head, how much would the flow have to increase to produce 15,000
horsepower? (d) If the head were 40 feet and other things remained
the same, how many horsepower would be produced?

2. Givenaflowatameanlow water of 3,595 cubic feet per second,
the weight of a cubic foot of water at 62.33 and a fall of 33 feet, (a) how
much power would be produced by water wheels with an average
efficiency of 60 percent? (b) How much power would be produced
by increasing the average efficiency of the water motors to 80 per-
cent? (c) How much power at 86 percent?

3. If the mean low water flow of a hydropower system is 2,000
cubic feet per second, but the average for the entire year is 3,500 cubic
feet per second, (a) how much (minimum) horsepower could be
guaranteed throughout the year without water storage? (b) Assum-
ing the water can be stored upstream and released at a uniform rate
throughout the year, (c) how many horsepower can be guaranteed to
users throughout the year?

4. If a flow of 3,595 cubic feet per second of water is to be carried
inacanal witha cross sectionalarea of 500 square feet, (a) what would
be the approximate velocity of the water (ignoring fiction)? (b) What
would be the velocity of the water if the canal’s cross section were
widened to 2,000 square feet? (c) Assuming that the friction is
proportional to the square of the velocity of flow, by what fraction
would the friction be reduced by the shift from the canal with a cross
sectional area of 500 square feet to one with a cross sectional area of
2,000 square feet?
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5. Assuming a large breast wheel, such as those used at Lowell,
with a fall of 33 feet and an intake of 50 cubic feet of water per second,
(a) what would be the potential power of the fall of water used by the
wheel? (b) At an efficiency of 60 percent how many horsepower
would the water wheel produce?(c) Assuming that there is no shock
at entrance and no friction, what should the discharge velocity be for
100 percent efficiency?

6. Fora weir 3 feet wide with2 sides and a depth of water on the
weir of 3 feet (a) what would be the volume of water flowing over the
weir? (b) What would the volume be if there were four sides (for two
openings), a total width of the weir of 5 feet and a depth of water on
the weir of 2 feet?

7. Ifa force of 1,443 pounds is applied to the shaft of a turbine by
means of a Prony dynamometer whose brake is attached to a wheel
10 feet in diameter attached to the turbine shaft, and this slows the
shaft velocity to 0.894 revolutions per second, (a) what is the power
output of the turbine in foot-pounds? (b) in horsepower? (c) What
is the corresponding power outputs (using the same turbine and
dynamometer) where the force applied is 500 pounds and the speed
of the shaft is 1.5 revolutions per second?

8. If the turbine being tested in 7, above, consumed 131 cubic
feet per second, with a fall (head) of 15 feet, (a) what would the
efficiency be in the two cases noted?

9. If one of the Francis turbines at Hoover Dam took in 3,600 cubic
feet per second at 480 feet head, (a) what horsepower would be
produced, assuming an efficiency of 90 percent?
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GLOSSARY
Abbreviations

E energy
e efficiency
ft-lb foot-pound
Hp horsepower
T friction force
P power
Vv velocity

Boyden turbine: a Fourneyron turbine with Boyden’s improve-
ments, including a scroll case (in the form of a cup-shaped
penstock), a diffuser, and overhead suspension by means of a
low-friction bearing.

breast water wheel: a version of the overshot waterwheel, a vertical
wheel in which the water is applied from the side. The breast
wheels used at Lowell were “high breast wheels” or
“pinchback wheels” in which the water is applied to the upper
half of the wheel, often near the top.

bucket: the water holding devices on the outer periphery of a
vertical, overshot, or breast water wheel. Sometimes (confus-
ingly) applied to turbine vanes in Francis’s time.

diffuser: a diverging tube used to slow down the water leaving a
turbine, inorder to increaseefficiency, invented by Uriah A. Boyden.

draft tube: a tube into which a turbine discharges its water invented
by Austin and Zebulon Parker. For Francis turbines the diffuser
also functions as a draft tube, and the combination is sometimes
called a draft tube-diffuser.

efficiency: the ratio of the output to the input of a turbine (or any
engineering artifact or system). In the Francis era the
term” coefficient of effect” was used, but the modern word is
preferred today.
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Fourneyron turbine: a water motor invented by Benoit Fourneyron
in France. The water entered at the top through apipe-like pen-
stock. It then flowed through the fixed guides at the bottom of
the turbine. The direction of the flow of water was turned 90
degrees, and it flowed out through a horizontal rotor in the radial
direction. The water did not impact the vanes, hence it was a
reaction or pressure turbine. Because the water entered under
pressure which declined as the water moved through it, this and
all other reaction turbines must be enclosed in an air-tight,
usually metal casing. As improved by Uriah A. Boyden the
Fourneyron turbine was widely used in the United States be-
tween 1845 and 1868.

gross power: the amount of power in falling water, as distinct from
the net power realized by a water wheel or turbine. Synonymous
with “potential energy,” in most cases.

guides or guide vanes: curved devices which give a predetermined
direction to the flow of water. Fixed guides were incorporated
into the inlets of turbines by Benoit Fourneyron, and were used
in early Francis turbines. Pivoted guides are now inuniversal use
(first employed by James Leffel and later by John B. McCormick
in their variations on the Francis turbine). Pivoted vanes can
eliminate shock at the entrance to the vanes, and thus produce
more uniform efficiency under varying heads or volumes of
flow.

head: the height through which the water falls in a water wheel or
turbine.

kinetic energy: energy of motion, equal to 1/2 MV? where M is the
mass of water and V is the velocity. In English units energy is
measured in foot-pounds, mass is measured in pounds, and
velocity in feet per second.

mill power: a unit of water power used first at Waltham and later
(in slightly modified form) at Lowell. It was originally theamount
of water power needed to drive the larger of the two mills
constructed by Francis C. Lowell at Waltham. This unit was
ambiguous, and has been given different values by different
authors; it was used by Francis only in reference to legally leased
power; he gave it the value 96.49 gross horsepower.
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mixed flow: a flow regime that is both inward and downward. This
is the kind of flow characteristic of the Francis turbine.

net power: the amount of power in falling water actually converted
by a water motor into useful work.

penstock: a conduit which carries water to a water wheel or turbine.

runner: thecircular rotor of a turbine which carries the vanes. I have
usually used the more descriptive term “rotor.”

scroll or scroll casing: a spiral-shaped chamber invented by the
Parker brothers and employed in modified form by Boyden to
give a spiral motion to the water to prevent shock as the water
passed into the guide vanes. Today these devices, now some-
times called “volute chambers,” surround Francis turbines and
feed them water for the same ends as the original scroll cases.

shock: asudden change in velocity which caused aloss of power. In
modern engineering writings “shock” hasbeen replaced with the
phrase “angle of incidence losses.” In the ideal water motor (or
“turbine”) as described by Charles de Borda and Lazare Carnot,
“entrance without shock” was one of the three conditions neces-
sary to approach 100 percent efficiency.

tangent entry: when water enters a turbine parallel (or tangent) to
the moving rotor vanes, thus avoiding losses from shock.

turbine: originally (and in this work) an “ideal” water wheel, that is
one designed according to the conditions laid down by Charles
de Borda and Lazare Carnot, and hence capable of a theoretical
100 percent efficiency. In modern usage any power source oper-
ating by continuous rotary motion.

undershot water wheel: a vertical water wheel where the water acts
upon the bottom of the wheel by impacting the vanes ( “floats”).

vane: the curved surface (usually metal) which channels the water
in the rotor or “runner” of a turbine. Turbines operate by
pressure on these vanes.

weir: normally an overflow dam; in the context of turbine testing
(and this work), one or more rectangular openings through
which water is admitted to a turbine or water wheel and by which
the flow of water is measured.



