A STUDY OF THE ECONOMIC VALUE

OF SIPHON SETTINGS FOR LOW-HEAD
HYDRO-ELECTRIC POWER PLANTS

THESIS FOR DEGREE OF C. &.
C. J. MC LEAN

1932

0ot 2UTeTelernio MR e | Ta S 0 o eein T 1% 8 o ST TE0 24 T8 0, Te e BT T Tad et
e e gy T

'
v
.




THESI® \
O T
QXL ad A A

)/)’“GL(JZ\ - GV‘ vl '

TPQ aiia, o

e y—




[




4 STODY OF
THE ECONOMIC VALUE OF SIPHON SiTTINGS FOR
LOW - HEAD HYDRO - ELECTRIC
POVZR PLANTS

A Thesis Submitted to the TFaculty of
MICHIGAN STATE COLLEGE
AT
Rast Lansing, Miohigan.

BY
Cecil John Mclean B, S, end M. S. in Eng.
Candidate for the Degree of
CIVIL ENGINEER
JUNE 1832



e
El

THESg

o



List of Illustrations

Plate No. Description Page

h I Interior and exterior view of plant 14
at Sterling, Illinois with bevel
mortis gear drive.

2¢ Comparison of o0ld and new plants at 15
Cheboygen, Michigan.

Se Cross-section of the plant of the 18
Concord Electric Compeny at
Sewalls Falls, New Hermpshire,
Vertical Type Triplex turbine
built in 1905,

4, Cross-section of the plant of the 19
Edison Sault Electric Compeny at
Sault Ste., Marie, Michigan.
First direct connected single run-
ner plant in the United States,

Se Cross-section of the plant of the 22
Rock River Light and Power Company
at Sterling, Illinois.

6e Plant of the Roock River Light amd 23
Power Company, Sterling, Illinois,
Construction view showing draft¢
tube forms,

7e Pages from catalogune of Stout Mills 27
end Temple showing early siphon
settings.

8. Pages from catalogue of Stout Mills 28
and Temple showing early siphon
settings,

9. Section of Pleinwell (Mich.) plant 33
using new type of high speed
turbine s,

10, Cross-section of plant at Oregon, 35
Illinois with siphon setting
built in 1921,

11, Cross-section of Green Isleand, New 36
York plant of Henry Ford and Son.

1023901



List of Illustretions ( 2 )

Plate lo. Descrintion Tage

12, Curve s owing laximum values of 42
Snecific speed attained et various
periods during the past 70 years,

13, Proneller Type turbine installed at 56
Dixon, Illinois.

14. Cross-section of the plant at Dixon, 51
Illinoise.

15. View of the turbine setting for the 53
plent at Dixon, Illinois,

16. View of the turbine setting for the 57
plant at Sterling, Illinois (New
unit).

17. Cross-section of the plant &t 58
Sterling, Illinois (New unit).

18, View inside the Sterling vlant show- 60
ing o0ld and new generators.

19. Efficiency curves for units of 64
various s cific speedse. '

20. Cross-section of the plant at 72
Rockton, Illinois.,

21. Views of the plant at Otsego, 83
Michigan.

22. Cross-section of the plant at 92

Lppleton, isconsin,

23. Cross-section of the plant under 96
construction at Vergon, Sweden.

24, Interior View of Iydro Plant at 106
Dixon, Illinois,

25, Bxgerior View of Hydro Plant at 107
Dixon, Illinois.

26. Map of the United States showing 123
location of principal hydro-

electric power plants using
siphon settings.



Page No, 1
INTRQDUCTION |

The developments in the design of hydro-eleo-
trie power plants and the advances made in the design
of the necessary machinery have been very rapid during
the last fifteen years., Many plants operating today
while not obsolete in the sense that they cannot oom-
pete in production with newer plants are nevertheless
far from modern when eompared with the latest develop-
ments. New ideas are developed with each new plant de-
signed and while it is not the duty of the enginecer to
keep plents in style with the latest fashion, it is his
duty to keep pace with the modern developmants so that
the plants which he designs mey be as efficient and
productive as it is possible for them to be, The large
investment necessary for a hydro-electric plant demands
that the maximum produstion possible bs obtained., The
steady downward trend of costs of current in large
steam generating stations makes it necessary that hydro-
eleotric costs also be reduced to the absolute minimum,
The time was not so long ago that hydro power represent-
ed the only really cheap power availeble, Those o ties
or industries blessed with this power in the necessary
quantities were able to reduse costs of producing manu-
factured goods and so obtained an advantage over their
neighbors, This presemt age has brought us low cost
steam power but more valuable still, eleotric power from

central generating stations which means low cost power
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to the small as well as the large consumer, Under these
new oonditions the designer of hydro-electriec power
plants must teke adventage of every modern msans to in-
erease efficiency and reduce the investment in the
plants which he designs.

There are no two hydro plants that are exactly
alike and eaoh development presents its own special
problems. The high-head hydro-clectriec plant uses a
small quantity of water under high pressure. This pre-
sents problems to the designer which must be met amd
solved. The low-head hydro-electrie plant mst utilize
large quantities of water and this condition presents
its problems equally subject to serious study in order
that the loss of head mey be reduced to a minimum and
that the acceleration and deceleration of so large @&
mess of water may be accomplished during load changes
without serious injury to the plant or equipment,

The terms low-head and high-head are relative,
Plants with heads as high as eighty (80) to one hundred
(100) feet mey be end are oonsidered as low-head develop-
ments. It is easy to see how the operator of a plant
with @ head of eight hundred (800) feet might comsider e
plant with e head of eighty (80) feet as a low-head
plent, However, to the operator of a plant with a head
of eight (8) feet the plant with the head of eighty (80)
feet really appears to be a high-head plant. In order
thet this sudjeot may be properly limited to those
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plents where the siphon setting is appliceble, the temm
*Low-Head hydro-electris power plent™ as used in this
thesis shall be taken to mean only those plents operat-
ing with a heasd of twenty (20) feet or less. While
this type of plamnt is not the kind that challenges the
imagination of the publie mind it nevertheless is & very
prevalent type of installation in this country and
Canade, These plants mey be found slong meny of our
streams and they are usually designed to take what water
is available as it comes as no storage is available as &
Tule. H. E. M. Kensit writing in the Eleoctrical Times,
London, on the subjesct of "Weter Power in Great Britein®,
states that in Cenada there are about thirty (30) central
station plants operesting with & head of ten (10) feet or
less, This does not include that multitude of plents
developed by private industries to provide power in
their own fsoctories, So Cenada with its abundant water-
power resources 8lso sees value in the low-head hydro-
electrie plant. In this country the number of this type
of plants is even larger and the extent to which they
are developed is no doubt due to the early use of hydro
power by the people who settled end developed the great
central territory of our country. The higher heads have
been more rapidly developed since the generation of”
eleotricity by water power has made possible their
utilization. In a report of the weter power resources

of Illinois published in 1913 over 50 power sites were
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listed in the state., Most of these were operating small
mills or factories at that time and only three (3) of
the plants listed hed heads over fifteem (15) reet.,

Many of these plents have since been converted to moderm
hydro-elestriec plants,

The term *Siphon setting™ as used in the title
to this thesis refers to that design of the turbine pit
or wheel pit which permits the water surrounding the
turbine to be raised above the level of the nomal head
water by & siphon or vecuum 2ction to provide the re-
quired submergence of the turbine. It differs from the
open flume setting which is the type of design which
preceeded it, mainly by reason of the fact that the
walls and oeiling of the pit are air tight and at the
intake or entrance, the upstream wall extends below the
surface of the head water to form a lip. This 1lip pre-
vents air being drawn into the turbine pit while the
unit is operating. A more detailed description will be
given later vhen desoribing actual installetions in
operation., While this simple principle is 0ld its
general application to powerhouse design is rather re-
cent,

No study oen be made of any one feature of
power house design without also considering the part
which the improvements in machinery and equipment have
played in its development. So long &s power was re-

quired in small units and used direot in feactories
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there wes no demand for lerge ocapacity high speed tur-
bines. 'Then necessity demended it the turbine designer
produced the high specifie speed turbine vhich is now
built in such large capaoities that for low-head hydro-
eleoctric power plants the siphon setting becomes an ab-
solute economioc nscessity. A brief review of the his-
tory of the development of water power is necessary for
this study of the economiec value of siphon settings for
low-head hydro-electric power plants,

Beside the Nile, the Euphrates and the Yellow
Rivers thousands of years ago primitive Hydreulie Engin-
eers planned and constructed their simple forms of
current wheels. These comsisted simply of a wheel with
paddles attached to the rim and so set that the paddles,
dipping below the water surface were moved by the
current end the wheel kept in motion. They utilized
this eneréy whieh they took from the stream to raise
water for irrigation and so transformed the otherwise
barren lend edjacent to the streams into gardens of
Plenty. In some remote sections of China there can
still be seen in operation irrigation works which are
almost as primitive but which are nevertheless working
end supply their owners with all the power they need.
As oivilizetion developed man found ways of developing
power from the more swiftly moving water at rapids eand
fells, at first with breast wheels and later with the

overshot water wheels. The enercy thus obtained was
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epplied to the grinding of graim as well &s pumping enmd
@8 long as man was able to provide the power necessery
for his immediate needs and relieve him of the hard
manuel labor incident to grinding end pumping for irri-
gation he was satisfied and little progress was made for
thousands of years. By the time of the American Revolu-
tion these weter wheels were developed to a state that
made them of considerable value vherever a dam ocould be
built or where nature had provided the necessary fall,
They were generelly used for the grinding of feed and
flour and such other menufacturing 2s had at that time
been developed to & state where power could be applied
to the process. The mills were built on the banks of
the streams and the power was taken directly from the
waterwvheel shaft either by belts or srude gears. The
development of these water power sites in New England
was the beginning of the industriel development of this
part of our country. As the scentral part of our country
was settled, power sites eslong the streams were develop-
ed for grinding feed and flour that were later destined
to0 be redeveloped as hydro-electric generating plamts to
provide more universal use of this waterpower. The
plants at these dams are today in still another stage of
redevelopment as modern hydro-eleestriec plants whioch are
intergonnected in large systems supplying power to many
fer removed from the banks of the sirecam,

The 0ld type breast and overshot water wheels
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served for meny centuries as the principle means of power
development but in 1843 the hydreulie turbine was intro-
duced into this country by Ellwood Morris of Pennsylvenim.
This turbine was later developed and brought to popular
attention largely through the inventions of Uriah ..
Boyden., The great advantages claimed for the water tur-
bine over the o0ld style water wheel were (1) it occupied
e smaller space, (2) 4t operated at @ higher speed, (3)
it would work submerged, (4) it ocould be built in meh
greater ocepacity, (5) it eould be used in e¢old climates
as it was more readily proteoted from ice. All of the
ebove features had become increasingly importent with
the more widespread epplicstion of power to manufactur-
ing processes. Here again the turbine was a product
bora of man's necessity.

About 1849 Jemes B, Francis, Hydreulic Engineer,
connected with the hydraulie plants at Lowell, Masse-
chusetts, designed an inward flow turbine whick had many
improvements and & higher efficienoy than the turbines
then in use, This type of water turbine, mmech improved
today and now mnufectured by many water whael menu-
faocturers still bears the name of the Francis type runmr,
These water turbines rapidly replaced the older less
efficient overshot and breast wheels and they are to be
found in practically all sections of the country today.

On the smaller strcam the power was usually

developed by a single individual or compeny but on the
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larger streams more power was avalleble than could
profitably be used in one factory and in suoh oases con-
panies were formed to make the develortment end the power
was allotted to the several owners in proportion to the
acount of money they had put into the eomrpany for the
building of the dam and canals. This era of development
laested from ebout 1843 until neer the end of the last
century., This period was marked by & wide spread appli-
cation of waterpower to industry end meny of our present
large industrial institutions had their beginnings in
this period when the factory with available water power
had a conmiderable advantage over its competitor. These
industries as a rule used small turbines as turbines are
rated today and the development of the low heads which
were avallable on most streams presented no very serious
problem. IThen more power was required then could be
developed with one turbine as many turbines as were requir-
ed were installed and their ocombined output utilized by
gearing them to a common shaft, There were many examples
of this type of development elong the Rock River in
northern Illinois and the heads available &t these dams
were usually very low,

In 1879 Edison invented the electriec lamp end
the following year installed the first generating station
for produoing electric power with steam. In 1882 there
was installed at Appleton, Wisconsin the first hydro-

elestric power plant. This plent contained one of the
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early Edison bi-poler generators of 250 lamp capacity.
The single turbine was geared to a horizontel sl ft and
a belt from this shaeft turned the gemerstor. This plant
was crude indeed when c¢ompared with the modern plents of
today, but the idea developed in this o-iginal plant was
used in meny small eleoctrioc generating plants for years
until the increased use of electricity and development
of the steam turbine provided the urge for further
development in the hydro-electric plant. The result is
the large capacity high-speed hydraulic turbine which
today replaces several small turbines and s> combines
in a single compact unit what befare was en inefficient
collection of gears, bearings, shafting end in many
cases long expensive belts.

The modern type of hydro-electric plant with
its oonorete foundations and substantial superstructure
of brick or conorete is so different from the early typs
of hydro-elestrie plant of 40 or SO years ago as hardly
to be recognized as a decendent. In place of the tur-
bine operating in an open flume umually floored over
with planks soaked with grease from frequent applioca-
tions of 0il end gear dope the modern turbine is entire-
ly enoclosed in an air tight chamber and operates without
vibration or noise and where 0il or grcase is required
it is applied with such efficiency that there is no sur-
Plus remaining to soek the floor or detract from the

cleanliness of the place. In place of the numsrous
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gears, shefting and bearing boxes reguiring constant
sttention and maintenance a single rugged shaft extends
vertically through a substantial waeter lubricated bear-
ing, In place of the large pulley and long belt or end-
less rope drive a few strong bolts conneot the turbine
shaft and the generator shaft together and the two
pieces of machinery operate as a single unit,

The low-head hydro plants which a few years
ago were turning factory or mill wheels and which later
were converted into electrie generating stations by
belting generators to the turbine shafts are now being
economically converted into modern hydro-elsotrie plants
with the generators directly connected to the turbines.
The machinery developed for this purpose requires the
application of the principle of the siphon setting for
low heads but these plants have already proved their
worth 1n many cases by.several years of successful
operation., Considerable progress has already been made
in this redevelopment of the old power sites but there
are many more waiting to be modernized,

In addition to those sites which were pre-
viously developed as sources of power for factories and
whieh are now being changed to modern hydro-eleotrie
plants there are many sites which are not utilized,
These sites are equally veluable and many of them may
now be exonomically developed. Some of these sites are

being utilized but as these plents must of necessity be
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run-of-river plents they cen be most economically utilized
as a8 part of interconnected systems where steam reserves
are already aevaileble to supply the demand in seasons of
deficient flow. Steem porer end hydro power have now
joined hands in interconnected systems to supply power
for home and 1ndustrj in 2 way which was impossible a
few years ago.

Modern Low-head Hydro-electrie

Power Flants with Siphon Settings.

The energy of falling water is converted into
electricity, a more useful end more readily ocontrolled
form of energy, by means of hydro-eleetrie power plents,
Following the installestion of the first hydro-electrie.
plent et Appleton, Wisconsin in 1882, meny of the power
sites which were furnishing power to grist mills and
small industries were changed to electrioc gencrating
plants by belting the generators to the horizontal shafts
of the hydraulic plent. Prior to 1890 synchronous speeds
were not @ problem in water turbine design &s mest in-
stalla tions were provided with either belt or gear drive
between the prime mover and the generator. Turbines were
built with elther vertical or horizontal shafts derending
on the anplication but for the very low-head plants
vertical turbines with bevel mortis gears emd horizontal
shafts were generally used, These early plants oconsisted
of an open box or flume in which the turbine was set,

The upstream side was open and was protected with rack
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bars to keep out drift wood and ice, Beneath the turbine
was a similar area opening down stream. The draft tubes
used with these early turbines comnsisted of shart conical
sections which di scharged vertically into the draft pit,
These ecrly draft tubes were not very efficiemt as they
were short and the discharge veloocity was high, Another
source of loss in the extremely low-head plants was the
eir which was drawn into the turbine by the vortexes or
small whirlvools. In order to prevent the fomation of
these vortexes and reduceé the loss in pbwer from this
source it was considered necescary to install the turbine
so that the top of the gates were from one to one and a
quarter times the turbine diameter below the surface of
the water. This rule of submergenee, given in Professor
Mecadts text on Water Power, was a limiting factor in the
size of the turbines for low-head plants and in order to
reduce the cost of the generator and improve its
efficiency, several turbines geared to & horizontal
shaft through bevel mortis gears were usually employed
to drive the generator, A typisal installation of this
kind built in 1908 is still in operation at Oregon,
Illinois on the Rock River, In this plent there are
three Leffel Samson turbines and two New Americen tur-
bines driving a horizontel shaft through bevel mortis
gears., The turbines operate at 66 2/3 r.p.m. end the
shaft revolves at 200 r.p.me

Another tyvical plent of this kind desigred
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by Professor Mead end built in 1904 is still in opera-
tion at Sterling, Illinois, Plete No, 1 shows an inter-
ior and an exterior view of this plent. The number af
turbines employed to drive one generator veried and de-
pended usually on the water aveileble. The type of
drive also varied, some generators being driven by gears,
some were belted and others were direct connected to the
horizontel shaft,

Improvements in turbine design and methods of
menufacture made possible some developments elong en-
tirely different lines and in the period from 1900 to
1910 & great meny multiple runner units were built where
the head was sufficiently high. Thece usually consis ted
of either a double, triple, or quadruple runner unit on
one shaft and built so that the thrust on the runners was
balanced. The shafts were usually set horizontel and
this type of plent, illustrated on plate No., 8, utilized
larger ocapacity generators opereting at higher speeds
whish not only reduced the cost of the direct-connected
generator but also inoreased its efficiency. With this
tyve of installetion the length of the plant was reduced
as two or four units were placed in a flume not much
wider than would have been required by a single runner
of the same diameter but the distance from the inteke to
the downstream side of the power house was greatly in-
ereased. This type of runner could be used only with

sach heads as would provide submergence of the turbines
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Plate No, 1

Interior view of plant with bevel mortis gear drive
at Sterling, Illinois,

Exterior view of the plant at Sterling Illinois,
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with the shaft high enough to permit the generstor being
placed well ebove tail water. At the Kilbourne plant of
the Wisconsin Fower and Light Compeny on the Wisconsin
River the top of the runners were so close to the water
surface that a steel cover or umbrella was provided over
the top of the runners to prevent the cdrawing of air in-
to the turbines. One of the disadvantages of this type
of‘plant was the placing of the generator so low that
the generating room was below high tail water during the
flood season., This type of plant could not be built
where the heads were extremely low amd at these sites
the vertical unit plants with bevel mortis gears con-
tinued to be built,

During this period from 1900 to 1910 a number
of instella tions were also made with multiple runners on
vertical shafts. This acocomplished the desired result
of high speed on the generator shaft and placed the gen-
erator well above the high tail water elevation, The
distance from inteke to the down stream wall of the
pover house was recuced and the longer spillway was re-
tained but a very complicated conerete strueture was re-
quired for the draft tubes., Among the earlier plants
with this type of instellaetion wes the plant at Bezneu,
Switzerland built ih 1901, The turbines were rated at
1000 h.p. and operated at 67 r.p.ms¢ The effective head
was 14.5 feet., 4 similar plent was built in this country

for the Coneord Eleotric Company at Concord, New Hampshire
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in 1905. The head was 16 fect and the turbine ceracity
was 900 h.p. at 100 r.p.m. & sketech showing this plant
is shown on plete No.8. Lkeany units of this type were
built in this country following the Concord units and
one instellation was made with & twin runner for a head es
low as ? fcet at Carpentersville, Illinois. This unit
was replaced with a single runner turbine in & sivhon
setting in 1927.

Engineers were continuelly working toward the
goal of increased size, increesed speed, and 1noreaséd
economy through simplification of the power house design.
To the late Gardner S, Williems, however, belongs the
credit for pioneer work with direct conncoted single
runner units, In 1906 he designed and installed the
first plant of this type for the Edison Sault Eleotrie
Compeny at Sault Ste. Marie, Michigan. This plant 1is
illustrated on Flate No. 4. The head on this plant was
14 to 18 feet and the turbines operated at 100 r.p.m.
They were 71 inch Samson runners of 785 h.p. each. The
following yeer Mr. Williems designed @ similar plant
using the same sized units at the Superior plant of the
Eastern Michigen Edison Eleetric Company near ¥Ypsilanti,
Michigen, In 1910 he designed and built a plent for the
city of Sturgls, lMichigan in which direct-connected
Allis Chalmers' units were installed. This plant had a
head of 85 feet., All of the above installations by Mr,
WWilliems are also noteble for the faot that he employed
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Cross-section of the plant of the Concord Electric Company
at Sewalls Falls, New Hampshire.

Vertical type triplex turbine built in 1905
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Plate No, 4
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Cross-section of the rlant of the Edison Sault

Electrie Company at Sault Ste. Marie, Michigan

First direct connected single runner rlant in

the United States.
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a concrete soroll case tyre of wheel pit which depesrted
from the conventionsl open flume type of setting in
general use. He also employed conorete elbow type
draft tubes wvhich were new in dreft tube design at that
time.

With these pioneer plants by Mr. Williems in
successful operation there besen about 1910 a new era in
low-hsed power plant design. In 1911 a 5 unit plant was
installed et Defiance, Ohio with 1450 h.p. single runner
turbines opereting under a head of 22 feet. While this
was an upward step in turbiné capacity for low heads the
big step was taken in 1912 when the 10,000 h.p. turbines
were installed on the Mississippi River at Keokuk, Iowa
where a head of 37 feet was erested by & masonry dam
across the river valley. ¥hile plents with heads below
15 feet do not command the attention of the publie as do
plents like Niegara and Keokuk, there were equally in-
teresting developments with these low-head plents during
this period just prior to the world war, In 1912 there
was instelled for the Centralia Pulp end Paper Company
at Grend Rapids, Wisconsin & 4 unit plant on the Wiscon-
sin River., This plant has a head of 13 feet and the
units have a oapacity of 590 h.p. end operate gt 90 r.p.m,
The same year the Allis Chalmers Manufacturing Company
built three 600 h.p. turbines to operete at 60 r.p.m.
with a head of 9 feet for a plant at Vatertown, New York.

The following year these units were duplicated for a $
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unit plent on the Rock River st Sterling, Illinois for
the Rock River Light eand Power Company. These units
developed 560 h.p. under an 8,5 foot head and als
operated at 60 r.p.ms¢ This plant is shown on Plate No.

5 and 1t is interesting to note that the foundations for
this plant were built in 1904 when the bevel mortis gesr
type of plants were considered the best and logiocel
development for this low head, Six wheel pits were

built and the plans were for six units driving one gen-
erator through bevel mortis gears and a horizontal shaft,
When built in 1913 and 1914 the plant contained the 5 direeot
connected units described above and one wheel pit was left
without a unit until 1930 when a direct connected, ad-
Justable blade turbine was installed in a siphon setting,
This plant was vlanned durin:s en era of multiple unit in-
stellations and because of delays in finencing wes not
built until the era when single runner direct connected
units were installed., TIlete No. 8 shows construction in
progress at this plant in 1913. The forms for the elbow
draft tubes can be seen laying on what later became the
generator floor,

By 1915 the single runner vertical shaft tur-
bine had become thoroughly established and had for all
practical purposes superoéeded the gecred arrangement,
the multiple runner horizoﬁtal shaft and the multiple
runner vertical shaft turbines. For instellations such

as hed previously required rultiple runners or several
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Cross-section of the plant of the
Rock River Light and Pover Company

at Sterling, Illinois.
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Plate No. 6
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Plant of the Rock River Light ani Porer
Comrany ©Sterling, Illincis

Construction view showing iraft tube forms,
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runners geared to a horizontal chaft there was now avail-
able single runner turbines which would overste at speeds
sufficiently hizh so thet 60 cycle alternating current
generators ocould be built for direct connection. These
units were of sufficient capacity in h.v. so that the
generators were r¢asonably esonomical and efficient., A
generator operating at less than 60 r.n.m, was considered
imprcctical and if the generator size was small the cost
per K.%. made the unit uneconomical.

Referring to the drowing showing the units at
Sterling, Illinois, it will be noted that these units were
installed in open flumes with less than the usual submer-
gence and operated at 60 r.pems Thelr capacity was rela-
tively lerge being 560 h.p. ¥hile they are not large tur-
bines when compared to present day standards they are
large units for this head as messured by the standards
of 1913. It will be noted that these turbines in order
to avoid losses due to l=ck of proper submergence were
placed with the lower seal ring below even the lowvest
tail water which was determined by the crest of a dam
one-half mile down stream. Even this lowering of the
turbine setting hes failed to entirely remove this
source of loss and because of this low setting the cost
of mailntenance has been higher than it would otherwise
have been and the original investment was increased by
the cost of permanent steel stoplogs that had to be pro-
vided., These units reprecented about the largest

procticel instzllation that could be made for this low
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head with the equipment available in this country at that
time and they were a very decided improvement over the in-
stallations at a dem one-half mile dowa stream where own-
ers of water power sites had established plants along
races on either side of the river. Many orf these old
plents ere still in operation snd they represent almost
every possible style and type of design offered by the
manufacturers of small turbines to users of water power
at low dams previous to 1910, The modern type of in-
stallations with siphon settings are an equally marked
improvement over the installations of 1910 to 1915.

It is not definitely known just whemn the first
eprlication of the principle of the siphon setting was
made but rrom the records thet are available the use of
this principle is elmost as 0lé as the turbine itself.

As stated above the question of synchronous speeds did
not come in for consideration until about 1890, Pre-
vious to this time most of the installations were for
direct connection to factory and mill machinery and the
manufacturers of this equipment usually made up the
units completely assembled rcady for setting by a mill-
wright or loecal meohdnio, little or no engineering en-
tering into the construction of many of these plants.
As they were usually required for some smell local
factory they were often quite small and thelr capacity
in h.p. would compare with the electriec motor sizes

which are purchesed today for the same purpcses. Some
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of these oompletély asczembled units erec housed in plate
steel cases or flumes from whioh the air ocould reeadily
be exhausted and 1t 1s quite evident that the tops of
some of these steel ceses were set above the hezd-water
level where the heads were low and the air exhausted %o
ralse the water to the top of the case, Photostats of
four pages of an o0ld catalogue of Stout Mills and Temple
are shown on Plates No. 7 and No. 8. The date of this
catalogue is not known but from a penciled date below
the out labeled "Design No. 19™ it is evident that a
similar installetion was mede in 1887. From the design
and the descriptive matter it will be seen that this
prinoiple was understood and aoplied in this country at
 even this early date. In a letter written in 1921 to
Mr. A. Streiff of the Fargo Engineering Company, Mr. J.
H. Felthausen of the Engineering Department of the S.
Morgan Smith Company makes the following statement:
"There were other instellations on the

vaouum flume principle, during the period

between 1870 and 1890 by several of the

turbine manufacturers in this ocountry but

either for reasons of their not being

thoroughly worked out and the possibilities

of the principle being dets=rmined more

closely, or from lack of oonfidence in the

subjeoct generally there seems to be no

records of such installations kept by the

different builders, from which en intelli-

gent description could be worked out from
one step to the other.,”

Manmufacturers continued to build these turbines
with vacuum flumes but there is no indiecation that they

wWere very popular. The S. Morgan Smith Compeny built a
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dunlex unit of this type in 1904 for the Empire Sulnhite
Pulp Compeny of Carthage, New York which had a capacity
of 120 h.p. and operated at 87 r.p.m. This was a hori- )
zontal unit and was belted to the generator. The idea
seems next to have gone abroad and while engineers like
Mr. Gardner S, Williams were working on the vertical
single unit direot connected type of plant, the European
enzginecrs who still favored the horizontal shaft princi-
ple wers increcasing the size of these unité by an eppli-
cation of the principle of the siphon setting. In an
article published in the magazine "Die Turbine™ Vol. IX
page 80, December 5, 1912 Mr., H. Keller describes several
plants in Burope utilizing this principle. The first
described was a plent with three gquadruplex units of 650
h.p. each at 15.4 feet head installed in 1908 at Unter-
bruch, Germany. In 1909 two units were installed at St,
Mortier, France producing 945 h.p. each under a head of
23 feet. In 1910 & smaller quadruplex unit operating
under a 10,5 feet head was instelled at Kennelbach in
Austria which produced 250 h.p. A& similar unit was in-
stalled at Barcelona, Spein in 1911, No doubt there
were many other units of this type placed in service
before the war broke out in 1914. All of the above
plants oconsisted of multiple turbines on a horizontel
shaft similar to the arrangement shown on Plate No. 2.
In order that the size might be as large as possible
under the low heads available the turbine pit was sealed
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by extending the upstrezm wall of the power house to a
point below'the surface of the head water and in this
way an alr tizht chember was formed into which the water
might be.raised by exhausting the air from ebove the
turbine either by means of an ejeotor or by connecting
the turbine pit to the throat of the draft tube. The
Escher \Tyss Company of Zurich were evidently thepioneers
in developing these units in Burope but tests of units
in siphon settings were mede later in the testing flume
of the J. M. Voith Company in Heidenheim, Germany and
these tests show that there may be a drop of about one
vercent in turbine efficiency where siphon settings are
used., With present day refinements in power house de-
sign it 1s doubtful if tests today would show this same
drop in turbine efficiency by the use of this principle.

In this country the vertical shaft direct-
connected unit became so popular that it practically
replaced the multiple unit horizontal shaft type of
development long before the war. The horizontal shaft
units thet have been installed since that time have
usually been installed in wheelpits built for horizon-
tal units where it is desired to keep the costs of re-
development down by utilizing the 0ld wheel pit. Flate
No, 2 shows a case of this kind where a quadruplex unit
at Cheboygan, Michigen was replaced with a single runner
horizontal unit 72 inches in diameter driving the orig-
inal 500 K.V.A. generator. This plant was designed in
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1917 by Garflner S. Williems who had pioneered the verti-
cal single runner direct conneocted unit principle as
mentioned above., The repvlacing of the quadruplex unit
with a larger diameter single runner turbine where the
head was only 17 feet reduced the clearance above the
runner so0 much that it was necessary to empnloy the si-
phon prineiple and seal the turbine pit. This was one
of the first ap:lications of this principle to modern
installations in this country and very definitely demon-
strated the economie value of this principle. An un-
usual feature of this design was the placing elso of a
part of the draft tube chember above the head water'
elsvation.

A similar redevelopment was made by the Fargo
Engineering Company of Jackson, Michigan under the
direotion of AMr. A. Streiff in 192)l. This plant was
for the Indiane and Michigan Electrie Company at Elkart,
Indiana., In this plent, which has a head of 18 feet,
Mr, Streiff followed the examples of the Eureopean de-
signers and placed a guadruplex horizontal unit of 2400
h.p. capacity in a vacuum flume. ¥While Europsan example
was followed in this design the size wes much larger
than previous instellations. The flume was 22 feet wide
and 71 feet long and the headwater was raised four and
one-half (4%) feet by means of ejectors and this re-
quired the removel of over 7000 ocubioc feet of air to

completely exhaust the air from the wheel pit,
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The first avslication of the principle of the
sinhon setting to the modern vertical type unit in this
country so far es the writer has been able.to learn was
at Plainwell, liichigan., This plant was also designed by
Mr., Streiff of the Fargo Engineering Compnany and e Nagler
high speed propeller type turbine was used. This plant
replaced an older vlent with timber flumes ocontaining
seven old type turbines geared to shaft and coupled to
one 720 K.W. generator. A fire destroyed the 0ld plant
on May 20, 1919, The new plent shown on Plate No. 9 went
into operation on Jenuary 28, 1920 and contained three
direct connected units in siphon settings, each with a
cavacity of 400 K.V.A, Within the same space limita-
tions a plant of practically 50 percent increased capaci-
ty hed been installed. This increased capacity and high
speed of 164 r.p.m. wWas possible due to the newly devel-
oped Nagler runner but runners of the size installed would
not have had the reguired submergence in the conventional
open flume. The siphon setting therefore made possible
the use of the larger sized turbines in an installation,
that would normally have been made with much smaller
$urbines because of the head availeble, This plent was
desocribed in the Electrical VWorld for July 17, 1920 by
Mr. Streiff end Plate No. 9 1s from this paper,

The Plainwell plant was equipped with the
hydreucone tynpe of draft tubes but the turbine pit was

the conventionsl open flume tyre of setting with only
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the edditioh of air ticht roof and an upstream wall ex-
tending below the surrece of the headwecter. A4 similar
though smaller unit in a sivhon setting was installed
ebout this time at Oregon, Illinois for the Illinois
Northern Utilities Company. This unit ococupied an idle
wheel pit that had been built for en additional unit to
be geared to & horizontel shaft driving @ horizontal
generetor. The five units adjecent to this siphon flume
unit generate ebout 450 K.W. or about 90 K.W. per tur-
bine under a head of 8 feet. The direct oonnected unit
which is shown on Plate No. 10 generates 125 K.W. or
nearly 40 ¥ more end is installed in the same sized
flume., By use of the higher speed Leffel "Z" turbine
a8 speed of 80 r.p.m. was obteined. The adjacent units
operated at 66-2/Z r.p.m.

%hile these two plents were being builsg,

Stone and Webster were designing for Henry Ford and Son
a vacuum flume plant with four units which was installed
and placed in operation in 1922 at Green Islend, New
York on the Hudson River, This plant is showmn on Plete
No. 11, It will be noted from this illustretion that in
this plant a scroll type of flume wes used and in aeddi-
tion to extending the upstreem wall below the weater sur-
face 1t was curved and extended toward the roof of the
pit near the turbine., This lip arrangement tends to re-
duce eddies and increases plamnt efficiency. The Green

Island plant, while one of the early plents of this type,
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is the lergest in h.p. can:icity bullt so far in the
United States. The turbines are rated et 2000 h.p.
and operate st a speed of 80 r.p.m. under a heed of
13 feet,

Lfter the step had once been teken the number
of plapts operating with siprhon settings increased
rapidly. In Appendex No. II 1s given a chronilogical
tabuletion of such plants of this type as the author
has been abie to colleoct data on. The principle has
been arnlied to a large variety of plants with heads
from 7 to 18 feet and with capecities from 200 h.p. to
2000 h.p.

As has already been pointed out the applica-
tion of this principle hes made possible the installa-
tion of turbines of large size by providing the neces-
sary submergence without placing the turbine so low that
the cost of excavation 1s prohibitive and excessive
operating and maintenance costs result. The lerge pro-
peller type turbines now being used for low-head in-
stalla tions represent real economies over the smaller
units formerly of fered by manufaocturers of power plemt
equipment and their use in the larger sizes is only
possible by the use of siphon settings. The plaoing
of these turbines at the higher elevations possible
with the vacuum flume and the use of the hydraucone or
spreading type of draft tube has reduced the excava-

tions necessary for most instsllations. The placing
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of larger units in the prlants has reduced the number of
units necessary and while the flumes may be larger the
net result is a shorter plent than one of equal capacity
built with smaller units without the use of siphon sett-
ings. These festures have tended to reduce the invest-
ment required per h.p. end with the reduced exocavations
and shorter power house design the eonstruction costs
for cofferdams and excavations have also been matetially
reduced, Still further reductions have been made in power
costs by reduections in opereting expenses,

It is8 not the purpose of this paper to compare
costs of various projects in an effort to prove the
economie value of siphon settings but rather to show by
exemple, where savings have been made in plants that
have sirhon settings. No two projects are alike and
direot oomparisons of cost if they were availeble would
not tell the story of economy. Labor c¢osts vary from
place to pluce, construction materials very in price
depending on their proximity to the project and the
founde tion conditions may affect materially the cost of
the instelletion. Two plants built from the same set
of plansg at different localities midht vary in cost to
a oonsidereble extent. It is rather the abjeot of this
thesis to show that by the use of the principle of the
siphon in the design of low-head plants real economies
have resulted., It will be shown that larger sized, high
speed turbines are possible in siphon settings which hes
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resulted in lower cost ner h.p. Larger sized units have
mede 1t possible to equip vlaents with fewer gencretors
and less suxilliary anpcratus. The equipment being more
compact, smaller power houses are required which has
contributed to reduced construction costs. The above
economies have not only resulted in lower fixed charges
but also have mede possible considerable reductions in

overating and me intenance costs.
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Reduction in Investment by the Use of Larger

Sized Turbines Operating at Higher Speeds.

In the outline of the development of power
plant design given above 1t will be noted that through
the years engineers were constantly striving for in-
crcased size and speed of turbines es a means of simpli-
rying‘the power plent layout and thereby reducing the
plant investment. The progress made so far is dué to a
large extent to the efforts of turbine designers who
have been working not only toward the improvement of
turbine efficiency but also toward the inorecase of tur-
bine speeds and capacities. The history of water tur-
bine development &s we know water turbines today 1is
covered by the developments of the past thirty or forty
years. This means that improvement in turbine design
has gone' hand in hand with the growth of the eleotrical
industry which alone has made possible the utilization
of high capezoity units opereting at high speeds. In the
matter of speeds, electrical generetor development has
permitted of higher limits of r.p.m. than water turbine
designers lave been cble to reach under low-head and
large ceapacity conditions.

At the time the first hydro-electric plant
weas placed in operetion in 1882, turbine designers hed
been able to build turbines that had efficiemocies of
ne&rly 90 4 when tested at the Holyoke testing flume.

Demands for high speed and large capacity were not made
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upon the designers and there were many turbines on the
market under vaerious trade names which gave good results
when operating under conditions that required slow speed
in r.p.me¢ In order to compare turbines of this early
period with those menufactured today it 1s necessary to
set up some standard of comperison so that their charac-
teristios may be oompared under identical conditions.
Water-power sites are far from standard and no two of
them are slike as to head, quantity of water available
ar foundation conditions. To compare any two runners
of the same pe;iod or of different dates of manufactare
some common ground is necessary. This canr best be done
by a comparison of "specifie speeds™ or *ocharacteristio
speeds®™ of the turbines, This term is defined in most
text books on the subject of water power. Professor
Mead in his text on "Water Power Engincering® defines it
as:

*The number of revolutions per minute

of a vheel of such size that it will produce
one h.p. under a head of one foot."

Plate No. 12'showa graphiocally how this value
hes inereased through the years as improvements have
been made in turbine design, 4t the time of connecting
the first gencrator to a water turbine in 1882 the value
of this constant was only a little abore 80 for the
highest speed wheels then installed and this value was
twice that of the ecarly Frenoils turbines of 1849, During

the period of the multiple runner developments speed was
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increased so that srecific speeds of 75 to 80 were possi-

ble. Through the efforts of Professor Zowski of the
Tniversity of Michigan and others, further increases in
snecifie speed were mede in the period from 1905 to 1915
and this increese in specific speed mede possible the
single runner direet conneotéd plants for low heads. In

the plent at Sault Ste, Marie, Michigan and the plant at

Superior near ¥Ypsilanti, Michigen designed by Mr. Gardner

S. Williems the specific speed of the runners was about
74. The direct oonnected plants at Wetertown, New York
and at Sterling, Illinois have turbines with specifie
speeds of 93.4. In 1914 Professor Zowski published an
article in whioh he described tests of a unit with a
srecifio speed of 102 and with an efficiency of over

90 4. The high values of turbine efficiencles now
possible leaves very little room for improvement in this
direction but increcases of even fractions of a percent
are weloomed by plent designers.

The work of Larner, Moody, end Zowski was
directed principelly toward the improvement of the
Franocis type or mixed flow turbine. Improvements in
specific speed of this type of turbine were aocompanied
by decrcases in the top dismeter of the runner and by a
cutting beck of the intake edge. This outting back was
carried to the ultimete in the Nagler or propeller type
turbine which is virtually an eaxial flow turbine with
specifie speeds as high as 175 to 200, This turbine was
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a radiocal departure from th= accepted standards of the
day but has become today the recognized standard rorrlow
heads and has been built for heaas as high as 66 feet in
this country end for heaeds as high as 75 feet in Europe,

In low-head plants where a large amount of
power i3 to be developed it 1s desirable to mmke the
units as large as possible. 4As en inorease in size is
accompanied by a decorcase in turbine speed the lower
limit of generator speeds becomes a limiting factor in
turbine capacity and the short space between upper and
lower pool levels places still further limitations on
the size of units, The first limitetion has now been
reised by the increaese in the specifioe speed and the
svace limitation has been practically removed by the
application of the principle of the siphon setting
which raises the water inside the wheel pit above the
heed water level before 1t enters the turbine.

Mr., Forrest Nagler first presented a desorip-
tion of this new type of turbine to The American Society
of Mechanical Enginsers at its annusl meeting in Decem-
ber 1919, Several of these runners had previously been
built and placed in successful operation, Mr. Negler in
his paper presented a history of the development of this
runner and clearly set forth its hydraulie ocharacteris-
tios. The commercial advantazes vhich he claimed for it

were as follows:

a. Lower generator cost due to an increased
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speed of 50 % and over.s This saving varies from
15 to 35 percent of the generator cost dcpending
on the size and speed.

be Lower turbine cost due to simpler runner,
This averages around 10 percent of the turbine cost,
the weight being about one-third the weight of the
corresponding mixed flow turbine and mich easier to
build,

6. oSmaller generator diameter which means a
smaller power house,

d. Higher generator efficiency due to better
design possible with higher speeds,

e, Greater turbine flexibility which permits
the plant to give more power under flood conditions

when the head is greatly reduced.
All of these advantages have bheen proved in

practice as will be shown by examples of actual install-

stions. These high speed runners are now designed by

most turbine manufacturers and improvements in design

have raised the efficiency of these turbines to a value

above 90 percent.,

New types of draft tubes have also been devel-

oped with these high specific speed turbines which have

aided materially in improving efficienocy and operating

characteristics. As will be shown later these new type

draft tubes have also helped considerably in reduocing

plant costs by a reduction in excavation necessary for
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foundations and the dreft pit,

Wwhen the speed in r.p.m. gand the maximum h,.pe.
which a unit will develop under a given head are known,
the specific speed can be celculated by the formula

R.P.M. x ((EP. )3

Specific Speed =
( Head )5/4

From this formula it will be noted that for a
given specific speed any increase in cavmcity, which
means an inecrease in the physicel dimensions of the unit,
rust of necessity mean a decrease in speed. Low specifie
speed units were built which would operate at speeds above
60 r.p.m. but the capacity was so low that generators of
this size were impractical. Increases in specifioc speed
were therefore an absolute necessity before the direct
connected units at Sault Sts. Merie and Ypsilocnti were
possible., With propeller type units it was possible to
increase both the speed and horsepower capacity of low-
head units because of thelr high specifio speed but for
heads below 15 feet units of maximum size had already
been attained due to the limitation of submergence re-
quired. While inorecases in speed and h.p. would result
in deoreased cost and increased efficiency larger units
could not be installed in open flumes as they woald not
have sufficient submergence. To overcome this difficulty
engineers revived the principle of the vacuum flume
which, as has been stated above, wus used by some manu-

facturers of water turbines vrevious to 1900. Siphon
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settings therefore have made vossible the use of high
specifiec speed proveller type turbines in larger sizes
than would have been vossible in oren flumes and are now
almost universally used for heads below 15 feet., Some
examples of the economlies that have been effected by the
use of these turbines will serve to demonstrate the
economioc value of the sipvhon setting which mekes possi-
ble their use when the head 1s so low that sufficient
submergence cannot be obtained in an open flume.

The first modern verticzl unit with a sichon
setting, as mentioned sbove, was at Plalnwell, Michigan,
The repla ¢ing of 7 turbines by 3 proveller type turbines
represented not only a considerable reduction in the
number of moving perts to be carefully machined and
assembled but also because of the simplicity of the
runner & considereble saving in the weight of the mater-
ials used, This saving as estimated by Mr. Nagler is
about 10 % in the cost of the turbines. The higher
speeds possible with the new runner at Plainwell made
it possible to install direct connected generators of
400 k.ve.a. capacity overating at 164 r.p.m. The saving
in generator costs and the elimination of the oumber-
some harness work and gearing all helped in reducing the
investment in this installation., With the runner diameter
of 6 feet the top of the turbine was too high for proper
submergence and the siphon setting was used to raise the

head-water inside the turbine pit to provide sufficient
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cover over the top of the wicket gates. The specifie
speed of these turbines wes 143 end with & speed of 164
T.po.ms much smaller generators were necessary than were
usually employed. This reduction in generator size not
only improved the appearsnce of the plant but also pro-
vides more space between the units.

L considereble number of turbirnes of this tyre
have been installed along the Rock River in Illinois and
Wisconsin, The unit insteslled at Cregzon, Illinois the
year following the Flainwell instailation ves much smaller
in capacity and the head being only 7 feet the use of the
siphon setting was even more essential for & successful
direct connecoted vertical unit. The Oregon rlant in
1920 contained 5 turbines geered to a horizontal shaft
driving & horizontel type generator direct. The speed
of the shaft and generator was 200 r.p,m. but the tur-
bines operated through gears with a three to one ratio
so that their speed was about 66-2/3 r.p.m. Six wheel
pits had been installed but only five of them were in
.use in 1921, To provide additional capacity ard also
partly as an experimental installation a unit with a
siphon setting was installed in this idle wheel pit in
1921, The original turbines had specifie speeds of
epproxims tely 60. The new turbine installed was one of
the Zowski turbines manufactured by the James Leffel Ani
Company. It had a specifie speed of 80 and operated at
80 r.pemes This unit had its top set et head water eleve-
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vation and the roof of the wheel pilt wesabout six and
one-half feet above the head-vater elevation. The small
size of this unit mede its cost »er h.p. higher than
some lerger units but its satisfectory operetion has
demonstreted its economy.

The next installation on the Rock River was at
Rockford, Illinois. Two units were installed for the
Rockfard Elesctric Corpeny in & plant that originally
containe@ four units. In the intercsts of economy as
much of the original foundetions were used as possible.
The units were designed for operation et 100 r.p.m. and
developed 750 h.r. under a head of 9 feet., The specifio
speed was 175, The replaucing of four units by two units
revresented & considerable saving and the increase in
speed made further savings possible in the cost of the
electrical equipment,

The nlant at Dixon was sterted in July 1924
and finished in June 1925, A view of the propeller type
runner built by the I. P. Morris Department of the Wm,
Cramp and Sons Ship and Engine Building Comreny and now
a division of the Baldwin-Southwark Corparation is shown
on Plate No. 13. The physical dimensions are compara-
tively large and the wide areas between blades permit
the passage of large quantities of water, This type of
unit has the further adventage of permitting a wider
raok svacing end results in a reduction in reck losses,
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