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PLAN AND SCOPE OF THE THESIS. 

The aim throughout the present work has been to 
represent in the very limited space available the 
advancement in the art of water power development. It 
has been traced very briefly and imperfectly from the 
earliest efforts made by man at the utilization of water 
power down to the most recent achievements. 

A limited amount of space is devoted to the impulse 
water-wheel, but the major portion is occupied by a dis­
cussion of wheels of the reaction type and their'accessor­
ies. A small part of the underlying theory applying 
to the impulse wheel has been included;also that apply­
ing to the reaction wheel which is generally accepted 
and much that has been gleaned from various sources which 
is more or less conjectural and has not been fully tried 
out. It was fel£ that these theoretical discussions 
serve as nothing else can to assist the eader in appre­
ciating the nature of the obstacles overcome and the 
problems which have been solved in the water power field. 
The evolution of t\-.z water-wheel and its settings is 
mainly dealt with and many of the achievements in allied 
branches of engineering which have contributed so much 
to the general advancement of the art of water power 
development have been touched upon but sparingly or left 
out entirely. 

Of these, the contributions from the electrical 
and mechanical engineering are the most noteworthy. There 
are also many other achievements in- the field of hydrau­
lic engineering which have contributed their quota, an 
account of which could not be given in these pages due 
to lack of space. Among these may be included the im­
proved designs of intakes, and the successful solution 
of penstock and surge tank problems, and the increases 
in the knowledge of hydraulic jump and the flow in 
open channels• 



RECENT ADVANCES 

IN HYDRAULIC POWER DEVELOPMENT 

HISTORICAL SURVEY 

In the course of an address entitled "What Canada owes 
to the Middle Ages" Professor Waugh*stated that the best 
way to understand and appreciate any great institution>as 
we have it to-day,is to inquire into its history. To the 
people of Canada^the history of the development of hydrau­
lic power is a fit subject for such inquiry,for the develop­
ment of our water power resources has become inseparably 
linked up with our develbpment as a nation. It is not 
simply joined with our material progress, but interwoven. 
It is the warp and the woof of our sdcial and industrial 
fabric. Certainly every engineer,and almost every other 
citizen of the Dominion can enumerate briefly the essen­
tials of a hydraulic power scheme; that it consists of a 
supply of water,conducted through a pipe to a hydraulic 
turbine which drives a generator for the production of 
electrical energy. 

How far we may make use of the water-falls of this 
country for the production of electrical power is a matter 
for adjustment in the public mind. The maximum amount of 
water which Canada and the United States are allowed to 
take from the falls of Niagara for power purposes is fix­
ed by treaty between the two countries at comparatively 
small quantities,so that the scenic beauty of the falls 
may not be impaired. Who will say that such legislation 
is not to be highly commended? Mean indeed must be his 
soul who would advocate the obliteration of such an object 
of the nation's pride,the Mecca of all Canada. It is a 
matter for universal regret that the development of many 
of our water power resources has transformed many a 
picturesque locality into a barren and ugly wasted but 
fortunately,with proper care this state of things can be 
greatly alleviated. I heard a celebrated artist quite 
recently deploring the destruction of Shawinigan Falls, 
and there are few of us who cannot readily sympathize 
with his feelings. He had visited them in his younger 
days, and had probably derived from them some of his 
finest inspirations,only to find,on revisiting the spot 
years later,that they had disappeared from the face of the landscape,so it seemed to him,forever. Unfortunately for us mortals and our aesthetic propensities,we are com­pelled by severe economic laws to balance our individual * Dept.of History,McGill University. T McCulloh, "Conservation of Water", page 98. 
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budgets as we go,which laws also apply to governments in 
the long run,and our various aspirations and desires are 
continually conflicting with one another. If we over-in­
dulge our love of the beautiful,we are liable to suffer 
quite severely in a more material way. How far we can 
afford to sacrifice the objects of the national admiration 
for the sake of utility,I have not,so far,been able to 
very well make out,but I am persuaded that the two inter­
ests very frequently clash and we are called upon to take 
our choice of one or the other• There are times when we 
must exchange the freshness and beauty of the water-fall, 
exchange that music of the night-time that lulleth to re­
pose, for the helping hand that it can lend us. 

Ruskin,who had very strong feelings upon the subor­
dination of art to the material needs of the hour^and who 
possessed to a remarkable degree that enviable faculty of 
being able to express how he felt,has expressed himself 
very forcibly on the marring of England's landscapes by 
the smoky colliery and factory: but Britain's independence 
as a nation,indeed,her very existance,has depended more 
than once on these unlovely objects. The fullest develop­
ment of our water power resources is justified where the 
exigences of the case demand, where it is necessary for 
the welfare of the community, where the benefits derived 
exceed the losses sustained. The task of the engineer is 
to make these forces available,and while utilizing,to 
conserve. 

Though the principal advances in the development of 
power from the energy of flowing water can be traced 
through comparatively recent historical times,yet water 
power was used by the ancients,and evidence is available 
to carry the origin of the utilization of water power 
back into the remotest antiquity. The knowledge of the 
science of hydraulics seems to have been quite scanty,but 
the construction of simple water-wheels was understood 
and carried out by the Babylonians,and the early Egyp­
tians and Chinese for raising water to irrigate into 
fertility the scantily watered portions of their countries. 
In the first century of the Christian era,when the power 
and grandeur of Rome had reached the zenith^ and Roman 
engineers were carrying out hydraulic engineering works 
which were never equalled until the dawn of the nineteenth 
century,even then the laws of the flow of water appear to 
have been very imperfectly understood. Frontinus attempt­
ed to determine the discharge from the aqueducts by com­
puting the combined area of the outlets without taking 
into account the head. He concluded that the failure of his calculations to check was evidence of graft in the public service.* The most substantial advances in the evolution of * Clemens Herschel's translation of the work of Frontinus. Also Taylor & Moody "Hydraulic Turbine in Evolution" Hydro-Electric Conference, Philadelphia,1922. 
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the water turbine have been made during the nineteenth 
century,though it is far from correct to state that the 
discovery of the principles of its operation all belong 
to that period; Leonardo da Vinci (1452-1519) understood 
the principles of the formation of a free vortex; 
Bernouilli had investigated the laws of flow of water 
before 1750. Many water-wheels came into existance during 
the seventeenth and eighteenth centuries,which,though not 
of very great practical importance,involved the application 
of the principles upon which modern turbines operate. 

Taking as our basis the method of deriving energy 
from flowing water, water-wheels may be divided into three 
main classes:-
(a) Gravity wheels, in which the weight of the water 

is the principal actuating force. 
(b) Reaction or Pressure wheels, which operate by 

the pressure of the water due to the head. 
(c) Impulse or Velocity wheels, which work by the 

action of a jet impinging on a series of mov­
ing vanes. Like many classifications in nature,the lines of 

demarcation are not precise,and no wheel operates on the 
one principle to the total exclusion of the others. For 
instance,in the action of the gravity wheel(Fig.l)the 
effects of impulse are not entirely absent,and this is 
also true in the case of the reaction or pressure wheel. 

Gravity wheels,though they have played a very im­
portant part during the last century in the driving of 
grist mills and small factories,and show very fair" 
efficiencies,have ceased to occupy an important place 
in the development of modern water powers. This is 
principally on account of their small capacities,and are; 
not capable of utilizing a head much in excess of their 
diameters,except by rather cumbersome adaptations,as 
shown in Fig.l, F aid G. Probably one of the most notable 
gravity wheels in existance is the Laxy over-shot wheel 
(Fig.2) in the Isle of Man, which is still used for mine 
drainage. 

One of the earliest employments of the reaction 
principle was in the tub wheel (roue a cuve,Fig.3) in 
use in France during the seventeenth century. It is of 
particular interest as being the ancestor of our modern 
mixed flow turbine. In 1804, Benjamin Tyler,of Lebanon, 
N.H.,patented in the United States a wheel known as the 
"Wry Fly",a turbine very similar in design to the French 
tub wheel,but an improvement upon it. A reaction wheel, 
invented by Barker in 1740,consists of a number of hollow 
arms connected, to a hollow vertical shaft,(Fig.4). It is 
a true reaction turbine. It is of considerable scientific interest,but it was not built in very large sizes and 
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never attained very great practical importance. 
The first highly efficient pressure turbine was,how­

ever, a development of Fourneyron (Fig.6) who installed 
his first turbine at Pont sur l'Ognon (Haute Saone) France, 
in 1827. It is an outward radial flow reaction turbine, 
receiving the water axially and discharging it radially 
outwards. The principal difficulties with this type of 
wheel,which have to a great extent prevented its general 
adoption,have been the instability of flow of water through 
the wheel passages and the difficulties of effective 
governing. There have,however,been many very notable 
installations of the Fourneyron turbine down to within a 
very short time ago. The most notable of these is perhaps 
the Trenton Falls Plant of the Utica Gas. and Electric 
Company,(Fig.11) installed in 1901. Boyden introduced 
the Fourneyron turbine into America about 1844, and so 
improved the original wheel,both mechanically and hydrau-
lically,that his first installation developed an efficiency 
of 78$. He attached the diffuser (Fig.5) which increased 
the efficiency of the turbine several per cent by convert­
ing the velocity of the outflowing water into effective 
pressure. The diffuser in its original form was not often 
used,as it was expensive and increased the size of the 
turbine. 

Shortly after Fourneyronfs turbine appeared,Jonval 
brought out his axial flow reaction turbine (Fig.7) which 
was an improvement of an earlier type known as the 
Fountaine turbine. It received and discharged the water 
in an axial direction and was supplied with guide vanes 
in a plane parallel to the plane of the runner. The 
Jonval turbine was equipped with a straight draft-tube 
and was well adapted to low heads.. It is of particular 
importance since it contains the germ of the idea which 
has given ride to the radial flow runner for low head 
service,as recently developed by Kaplan,Dubs,Moody and 
Nagler. 

The most notable step forward in turbine development 
about this time was made by J.B.Francis in 1849,who, 
placing the guide vanes outside the wheel and reversing 
the direction of flow in the Fourneyron turbine,so as to 
discharge at the centre,obtained the inward radial flow 
turbine,which bears his name,(Figs.8,9 & 10). It did not 
completely oust the Fourneyron at once from its leading 
position,as we have already seen,but it began to take a 
leading part in water power development and has received 
the greater amount of attention from experimenters and 
inventors. Its advantages over the Fourneyr6n are 
fundamental:-(a) The inlet ports and wheel passages are con­vergent, which admits of more steadyflow of water through the wheel. (b) The guide vanes,being placed externally,are more readily accessible and can be built independent of 
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the runner,making possible improvements in regelating 
devices. 

(c) An increase in speed tends to automatically '--
check the flow of water through the runner,due to an in­
crease in centrifugal action,and so tends to assist 
governing. 

(d) The centrifugal pressure of the water tends to 
balance a portion of the pressure due to the head on the 
turbine. This is a very important result and one which 
has assisted in the adaptation of tbe Francis turbine to 
very high heads. In practice the velocity of influx is 
reduced to about one half of the spouting velocity due to 
the head,the remainder of the head remains as pressure 
and is absorbed from the water on its passage through the 
wheel. By this reduction in the velocity of influx "of 
the water the hydraulic losses become less,while the very 
material reduction in peripheral speed of the wheel allows 
it to be used for higher heads than other types of pres­
sure turbine. 

(e) The outflow velocities are more easily con­
trolled, since there is no tendency to an acceleration of 
the velocity of the water by passing from the inner cir­
cumference outward,as in the case of the Fourneyron. 

It was during the last half of the nineteenth century 
that several noted scientists gave a tremendous impetus 
to the advancement of science by the introduction of new 
methods of analysis and investigation, that of experiment­
ation and the deductive system of reasoning. All science 
went forward under the stimulus of the new ideas. The 
other important agents of civilization long ago reached 
their full statute,and many of the finest products of 
human endeavour,like literature and the fine arts,have 
been through many centuries the common possession of the 
race. Even music,the most modern of the arts,is no longer 
young. But only in the last half century has science 
reached maturity and revealed its titanic influence in 
the reconstruction of the surroundings of our lives. 
The science of hydraulics shared in this general forward 
movement and the water turbine began to develop along 
more scientific lines. Possible lines of development 
were suggested by theoretical analysis and tried out 
experimentally,and the turbine quickly took on the form 
not differing widely in arrangement from the mammoth 
installations of to-day. Fig.12 will serve as an example 
of the turbine evolved during the fifties. It is one of 
the Geyelin-Jonval turbines built by the I.P.Morris Com­
pany and installed at the Fairmount Water Works,Philadel­
phia, in 1860. It embodies many of the outstanding features of the modern turbine; the single runner of simple design and unobstructed ?/ater passages,the vertical shaft arrangement and a draft-tube symmetrical about the turbine axis discharging radially at the floor of the tail-race. The speed regulation was furnished by a 
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cylinder gate at the discharge from the draft-tube. 
A period of relative inactivity succeeded the six­

ties, during which the turbine made little substantial 
progress in America. The aim of the majority of manu­
facturers of wheels appeared to be simply to make a wheel 
that would go,and little attention was given to the adopt­
ion of types to special requirements. A.T. Safford,"*" writing 
of this period,has said,"All the scientific teachings of 
Francis and Boyden were thrown to the winds,and the great 
god, Cut and Try, came into his own. If a wheel did not 
come up to expectations,its buckets were chipped back,up 
or down,or its blades pounded,until it gave something 
better. Such a period could hardly be avoided,since math­
ematical analysis and design of turbines were unknown to 
the majority of early wheel makers. The beginning of the 
testing system at Lowell,and later,at Holyoke,did much 
to relieve the situation. Before many years a manufacturer 
could not avoid a wheel test and sell wheels,with the 
result that a poor wheel was either improved or abandoned. 
For a long time a few makers managed to avoid public tests, 
but gradually they were forced to do so,and by 1890 most 
of the wheels on the market were more or less satisfactory. 
During this period,combinations of all kinds were tried 
and great ingenuity was shown,with the result that by 1873, 
reported efficiencies of 90$ had been reached" 

Unscientific as this period appears,it was not devoid 
of notable achievements. In 1875 Atkins patented his tan­
gential wheel,and judging from the evidence of his appli­
cation for patent,he had a very clear conception of the 
principles upon which tangential wheels operate. Hydrau-
lically,the tangential wheel is quite simple and definite 
and has presented few difficulties,except in the develop­
ment of a form for the wheel bucket. The most extensive 
developments of this type of water-wheel have been made 
by the Pelton Water Wheel Company,and so closely has this 
company been associated with its evolution that the words 
Pelton and tangential wheel are almost synonyms. The 
principal field of employment of the Pelton wheel is for 
situations having small quantities of water under very 
high heads,such as are found in the Rockies and in Norway 
and Switzerland. The Girard turbine was also a product 
of this period. The outstanding product of this period, 
was however,the American mixed flow turbine,which is the 
Francis turbine with its buckets extended so as to give 
a combination of radial and axial flow. It has not only 
almost replaced every other type of turbine for medium 
head service,but it is now invading the domain originally 
reserved for the Pelton. The most notable installation for high head service of the American mixed flow turbine, is at the Kern River No.3 Station of the Southern California Edison Company,operating under a head of 820 feet .f * Trans.A.S.C.E.1922. + Ely C.Hutchinson, Mechanical Engineerinp,April 1922 Also booklet issued by the Pelton Water Wheel Company. 
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The advent of electrical power opened up a new field 
of application of the hydraulic turbine,that of driving 
electrical generators. Electrical machinery,both motors 
and generators,are essentially of a high speed nature, 
since they operate more efficiently at high speed and 
provide power at a lower first cost. An increase in 
speed of a turbine also tends very materially to decrease 
the cost per horse power,both of the turbine and its set­
tings. With these incessant demands for an increase in 
speed,together with an equally incessant demand for 
closer regulation of the speed,the hydraulic turbine has 
enjoyed a period of very active development during the 
last fifteen or'twenty years. Coupled with the two 
demands as enumerated above,was the requirement of in­
creased capacities,and this,in the vertical shaft turbine, 
presented a serious problem of supporting the increased 
weight of the revolving parts,for the thrust-bearing 
problem has only very recently been solved. In an effort 
to supply these demands,the vertical shaft arrangement 
was abandoned in favour of the horizontal,and then two, 
four,and finally as many as eight runners were placed on 
a single shaft. These arrangements irvolved mechanical 
complications and considerable hydraulic losses. The 
runners were commonly fed from a commom penstock,with a 
branch leading off to each turbine,where considerable 
whirling and eddying took place and severe losses result­
ed. Perhaps the worst features of the earlier horizontal 
turbines was the proximity of the runners,where two were 
often made to discharge into a common draft-tube with in­
sufficient distance between them to avoid serious inter­
ference. Closer speed regulation of the turbines was 
sought by the improvement of the gate mechanism, ^he 
early cylinder and register gates (Fig.9 & 10) were re­
placed by the more effective wicket gate (Fig.8),but this 
greatly increased the number of moving parts. The ar­
rangements adopted v/ere not always of the best,and delicate 
parts of mechanism were often placed in inaccessible 
places and even submerged. 

A number of notable inventions have recently appeared 
which have released the turbine from its fetters. The 
principal of these is probably the solution of the thrust-
bearing problem,allowing a return to the vertical arrange­
ment. It was formerly necessary to keep the speeds low, 
in order to reduce the outflow velocities,which could not 
be easily regained. The improvement in draft-tubes,mak­
ing it possible to recover a large percentage of the out­
flow velocities,has permitted great increases in speed. 
The improvement of surge tanks,eliminating all serious surges and variations in the pressure,and the improvement of governing mechanisms,have eliminated most of the dif­ficulties of speed control. 
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The Pelton Wheel. The tangential wheel (Figs.27 & 30) 
has taken the foremost place among impulse wheels. It is 
a wheel that works entirely on the impulse principle; the 
water issuing from a nozzle at the full velocity correspond 
ing to the net head and impinging on a set of buckets at­
tached to the rim of the wheel. There are other types of 
impulse wheel,such as the Girard turbine (Fig.14) and 
certain modifications of the Girard which have given 
very praiseworthy service for small installations, but 
none have enjoyed the popularity of the tangential or 
Pelton wheel. Since Atkins1 first patents were taken 
out for his wheel the names of many notable inventors 
have been associated with the tangential wheel,the prin­
cipal of which are Knight,Moore,Hesse,Pelton,Hug,Dodd and 
Doble. Atkins had taken the hurdy-gurdy of the Pacific , 
slope (Fig.13),used to a very great extent in the mining 
districts of California about the year 1865,and had re­
placed the flat vanes by hemispherical cups,which improve­
ment, as we shall see in the development of the theory of 
the tangential wheel,doubled the theoretical efficiency. 
Tangential wheels have not presented any very great 
mathematical difficulties in the framing of a correct 
theory of operation,and since the time of Atkins the prin­
cipal improvements effected have been in connection with 
the development of an efficient wheel bucket. 

Pelton replaced the simple hemispherical bucket of 
Atkins by a bucket of rectangular form,having a divide to 
split the jet and cause discharge outward (Fig.15). This 
form of bucket resulted in a very material increase in 
efficiency,since it provided a better clearance of the 
water from the bucket,and greatly reduced eddying and 
shock losses. The general principle of Pelton has been 
retained,but the rectangular form has been superseded by 
the elliptically shaped bucket (Fig.16) invented by Doble. 
This form of bucket has now been universally adopted by 
makers as the absence of sharp corner'? and abrupt changes 
of direction of the stream favours the reduction of 
hydraulic losses. 

The Girard Turbine. Between the Pelton or tangential 
wheel with one or two jets operating under a high head 
with a small quantity of water,and the Francis or pressure 
turbine with complete circumferential admission of a 
large quantity of water under a comparatively low head,we 
would expect to find a twilight zone at medium heads where 
partial admission becomes desirable. The Girard turbine 
was designed to occupy this intermediate position. As 
might be expected,it varies in construction from a single 
jet to complete circumferential admission,according as the conditions approach one extreme or the other; the turbine always operating on the impulse principle. It may be constructed as an axial or radial flow machine,and the governing.is usually effected by means of a slide (S,Fig.14) which cuts off the inlet passages. The Girard 
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turbine was at one time quite popular for small instal­
lations, especially in Europe,but had not been extensively 
employed on this continent. It is now almost entirely 
superseded by the Pelton wheel in small sizes,principal­
ly owing to the greater facility of governing the latter. 

The Theory of Impulse Wheels. It will be interesting 
to investigate various cases of the correlation of 
momentum and energy changesnof a jet impinging upon var­
ious types of vane. However,we need consider only two 
cases in connection with the operation of impulse wheels. 
In the first of these,where a jet impinges on a plane sur­
face is involved the principle upon which the hurdy-gurdy 
operated. The second,where the jet impinges on a 
hemispherical cup,explains the action of the Pelton wheel 
and Girard turbine. 

When a stream of fluid in steady motion impinges on a 
solid surface,it presses on the surface with a force 
equal and opposite to that by which the velocity and 
direction of motion of the fluid are changed. Generally, 
in problems on the impact of fluids,it is necessary to 
neglect the effect of friction between the fluid and the 
surface on which it moves. Consider a mass of fluid 
flowing in contact with a solid surface (Fig.17) also in 
motion,the motion of each being referred to the surface 
of the earth. The motion of the fluid,then,may be re­
solved into two parts, one a motion equal to that of the 
solid,and in the same direction, the other a motion re­
lative to the solid. The motion which the fluid has in 
common with the solid surface cannot at all be influenced 
by the contact. The fluid flowing in contact with the 
surface can only have a relative motion parallel to the 
surface,while the pressure between the fluid and the solid, 
if friction is neglected,is normal to the surface. The 
pressure can therefore only deviate the fluid,without al­
tering the magnitude of the relative velocity; therefore, 
the relative component of the motion of the fluid can 
only be altered in direction,but not in magnitude. From 
this we may infer that during impact,the velocity of the 
fluid relative to the surface on which it impinges re­
mains unchanged in magnitude. This also depends upon 
the assumption that there are no shock losses,which re­
quires that the jet be received upon the surface tan-
gentially. The unchanged common component,and combined 
with it,the deviated relative component,give the resultant 
final velocity,which may differ greatly in magnitude 
and direction from the initial velocity. 

From the principle of momentum,the impulse of any mass 
of fluid reaching the surface in any given time is equal to the change in momentum estimated in the same direction. The pressure between the fluid and the surface,in any direction,is equal to the change of momentum in that direction of so much fluid as reaches the surface in one second. If Pa is the pressure in any direction, m the 
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mass of fluid impinging per second, V* the change of 
velocity in the direction of Pa, due to impact. 

Then P& s m ¥a 

If V.. (Fig.17) is the magnitude and direction of motion 
of a jet before impinging on the solid surface,moving 
with the velocity u in the direction shown,then the re­
lative velocity is given by compounding these two,and 
equal to Vr in the direction of the tangent. Since the 
relative velocity of the fluid and surface is not 
changed by- impact,the fluid will leave the surface with 
the velocity Vr and in the direction ed. Compounding 
the relative velocity of the fluid leaving the surface 
with the velocity of the surface gives the absolute 
velocity of the fluid equal to V" and in the direction 
ef. We see therefore that the motion of the fluid has 
been changed by impact from V. i.r ""he direction ab to V? 

in the direction ef. Combining V in the direction ab 
and V^ in the direction ef into trie triangle abg, gives 
V as the to#al change of motion due to impact. The re­
sultant pressure on the surface is in the direction of 
H and is equal to V multiplied by the mass impinging 
per second. That is,putting P for the resultant pressure, 
P - m ¥ 
Let P be resolved into two components, N and T, normal 
and tangential to the direction of motion of the solid 
surface on which the fluid impinges. Then N is a lateral 
force producing a pressure on the supports of the solid. 
T is an effort which does work on the solid. If u is the 
velocity of the solid,Tu is the work done per second on 
the moving solid surface. 

Let Q, be the volume, w the weight of a cubic unit of 
the fluid, then Qw is the weight of fluid impinging per 
second; let V^ be the initial velocity of the fluid 
before striking the solid surface. Then Qwv^ J~ is the 
original kinetic energy of Q cubic units of // g the 
fluid,and the efficiency of the stream,considered as an 
arrangement for moving the surface is This may be looked upon as the general statement of 
the problem. Two special cases arise in connection with 
the tangential wheels. The first,as in the case of the 
hurdy-gurdy,where the jet impinges on a flat plate; the 
second,in the case of the modern Pelton wheel,where the 
jet impinges on a curved surface. The two cases will be 
briefly presented and the maximum theoretical efficiencies 
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determined in each case. 

(a) Jet impinging on a Plane Surface. Let a jet whose 
section is A, and whose velocity v, impinge on a plane 
surface (Fig.18) moving in the same direction with a 
velocity u. The quantity impinging per second is A(v-u). 
The momentum of this quantity before impact is ̂ **-(v-u)v. 
After impact the water still possesses the £ velocity 
u in the direction of the jet; and the momentum in that 
direction of so much water as impinges in one second,after 
impact,is ?Ji(v-u)u. Tile pressure on the plane,which is 
the g change of momentum per second,is the dif­
ference of these two quantities, 
or P = M(v-u)v - Ii(v-u)u 

g g 
- wA , x2 

- -£ (v-u) 
The plane is moving in the same direction as the jet, 
and thw work done per second is therefore 

P u = —(v-u) u foot-pounds per second. 
o 

There issue from the jet Av cubic feet per second,and 
the energy of this quantity before impact is wA 3 The 
efficiency of the jet is therefore, 2g 

T) - 2(v-u)2u 
L " v3 

The value of u which makes this a maximum is found 
by differentiating and equating the differential co­
efficient to zero. 

d 

du 
•A = 2(v

2-4vu -h 3u 2)/ v
5
 = 0. 

• • U - V or U r T V. 

The former gives a minimum,the latter a maximum 
efficiency. Putting u 3 1 v, we have 

\ 
max.s 8 

27 

If instead of one plane moving before the jet, a series 
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of planes is introduced at short intervals at the same 
point,the quantity of water impinging on the series will 
be Av instead of A(v-u),and the whole pressure 3 HA(v-u)v. 
The work done is = 2£.(v-u)vu. " ® 

g 
The efficiency *n - 2u(v-u) 

This becomes a maximum foe §Q* - 2(v-2u) - 0, 
du " 

A . nr **.-v\^ + V\A-V*< ««*% jfc. or u s 2 v, and then 

v 
Hence,we see that the maximum efficiency attainable 

with a tangential wheel with flat vanes,like the hurdy-
gurdy, is 50/o. 
(b) Case of a jet impinging on a Concave Cup Vane.(Fig.18). 
Let the velocity of the water be v and the velocity of the 
vane in the same direction u. The weight of water imping­
ing per second is JjA (v_uv If,however,a series of vanes 
is introduced in g the path of the jet at the same point, 
the quantity of water impinging per second will be wA 
If the cup is hemispherical,the water leaves the g cup 
in a direction parallel to the jet. Its velocity is (v-u) 
when approaching the cup,and -(v-u) when leaving it. Hence, 
its absolute velocity when leaving the cup is u - (v-u) -
(2u-v). In the ease of a series of vanes the change of 
momentum per second is equal to the pressure on the chain 
of cups. 
wA 

The pressure P z IA v{v-(2u-v)j. 
g 

Z 2 ££(v-u)v. 
g 

Comparing this with the pressure on a flat vane,it is 
seen that the pressure on a hemispherical cup is double 
that on a flat plane. 

The work done on the cups 

= 22|(v-u)vu foot pounds. 
g 

•2 

The energy of the jet - wAv 
2g 

The efficiency orj r 4( v-u )u 
L v2 

The efficiency is greatest when £21 * 0 
du 
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or 4(v-2u) n 

2 Z u 

and u : | v. 

This gives the maximum efficiency as unity,or all the 
energy of the water is expended on the cups. A number of 
agents operate to reduce the efficiency considerably below 
the theoretical value. First,complete reversal of the jet 
cannot be effected and at the same time secure perfect 
clearance of the w&ter from the moving parts. Second, 
friction between the jet and vane involves considerable 
loss,and windage reduces the velocities somewhat below 
the theoretical. It is found in practice that a value of 
u equal to 46 or 47 per cent of y2g K gives a maximum 
efficiency. 

Characteristics of the Pelton Wheel. The Pelton 
wheel is used under heads varying from about 500 feet to 
2000 feet,although for small powers it can be used under 
medium heads of about 100 feet. On the other hand,the 
extreme high head utilized by the Pelton in a single stage 
is 5400 feet, at Fully, Switzerland,which plant will be 
briefly discussed at a later stage. In so far as the 
runner is concerned,it is the ideal type to use where 
the supply water is charged with sand or similar matter 
in suspension,as is not unusual in locations where it is 
installed. Its simplicity of construction and ease with 
which the buckets can be replaced when they become damaged 
or worn gives it a decided advantage over the Girard 
turbine. This advantage is regarded by some to be more 
apparent than real,since thw buckets wear but slowly and 
the nozzles (are what^give most trouble in this respect, 
having to be frequently replaced.* The fact that the speed 
can be regulated by the deflection of the jet is of the 
first importance,and gives the Pelton its principal ad­
vantage. 

The chief characteristic of the impulse wheel is the 
very great range of load variation during which the 
efficiency is nearly constant,and in this respect it stands 
out in marked contrast with reaction wheels,especially 
those designed to operate at comparatively high speeds 
under low heads (page 47 )• The curves from official tests 
of the Pelton wheels in four recent installations are 
shown in Figs. 19 and 20. In the first two the efficiency 
at half load is over 85 per cent,and only falls below 80 
per cent when the load is below 50 per cent of the normal. 
In the third case,Fig.20(a) the wheels appear to be slight­
ly overrated,the efficiency being a maximum at about three quarters of full loadJhowever,the efficiency is well over 

"Fully Hydro-Electric Power Station" 
Engineertog, Dec.15,1922, page 752. 
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80 per cent at 40 per cent load. In the last case, 
Fig.20 (b) the curve of the Fully Pelton wheels,the 
efficiency is not maintained at such high values during 
load changes. This unfavorable showing is due to the fact 
that the peripheral speed was designed for a value equal 
to from .517 to .550 of V2gR, depending on the head 
variation,in order to increase the security against 
racing or excessive run-away speeds. 

Specific Speed of Water Wheels. The following dis­
cussion of the power and speed characteristics is general 
and applies equally well to impulse or pressure types 
of water turbines. The direct application of the results, 
however,might be better appreciated if it had been delay­
ed until after the investigation of the dimensional re­
lations of pressure wheels. The available power from a 
water-fall depends upon the head and quantity of water. 
Both of these are subject to very great variations,which 
call for correspondingly great variations in the design 
of water-wheels operating under different conditions of 
head and quantity. High heads are usually combined with 
small quantities of water,and the energy per pound of 
water is large; in the case of low heads,the conditions 
are reversed. For a given head and diameter of wheel, 
the power would vary with the quantity of water used,the 
revolutions per minute,and,of course,within certain narrow 
limits,with the efficiency of the wheel. Hence,if we had 
two wheels of the same diameter,operating under the same 
head at the same speed,we could compare them on a power 
basis; and then,compared with some standard,the power of 
each wheel might be considered its specific power. The 
power under such conditions would vary with the quantity 
of water used,and hence we would expect to find reaction 
wheels,with complete circumferential admission of water, 
having greater specific powers than tangential wheels, 
with one or two jets; and we would expect to find the 
Girard turbine,or partial admission wheel,occupying an 
intermediate position. This is actually the case. If 
the wheels are compared on a basis of speed for a given 
power,conditions of head and diameter the same,the re­
sulting relations would give their specific speeds. At 
the beginning,the idea of specific power is perhaps 
more conveniently grasped,but the two quantities are 
interdependent and both are derived from the same dimen­
sional relations of the runners. Daniel W.Mead* develops 
a quantity which he calls the "specific poT/er", which is 
equivalent to the square of the specific speed as used 
in practice in the design of water-wheels or centrifugal 
pumps. The fundamental laws of hydraulics connecting the head, power,and speed conditions of water-wheels may be stated as follows:-(a) For different heads,a water-wheel runner will maintain the same characteristics of efficiency if the T "water Power.Engineering",Daniel w.Mead. 



IMPULSE WATER-WHEELS 15 

speed is allowed to vary as the square root of the head, 
i.e. as the water velocities,which vary as flT. 

(b) The power varies as the three-halves power of the 
head,since 

H P - Q-wH - wAvH _ wA,/2gH.H 
550 " 550 " 550 

(c) At constant head,the power of a mmner varies as 
the quantity of water it receives,which in turn varies 
directly as the area of inlet passages; for runners of 
homologous design,the areas vary as the square of any 
dimension,and hence will vary as the square of the diameter. 

(d) For a given head,the speed varies inversely as the 
diameter. 

In the comparison of runners,the basic units are one 
foot of head and one horse power. 

To compare two runners operating under different con­
ditions of head on the "specific power"basis,compute their 
power and speed for the same head. This will leave vary­
ing pov/er,speed and diameter. Next,recompute their powers 
on the basis of their being so changed in dimensions as 
to Rave the same speed. 

Hence,the specific povver of a runner may be defined as 
the power in H.P. of a model of the runner of such diameter 
that it will make one revolution per minute under one foot 
head. 

Similarly, to compare tv/o runners, opera ting under dif­
ferent heads,on the specific speed basis,compute as before, 
their power and speed for the same head. This would again 
leave varying power,speed and diameterJand the next step 
would be to recompute the it speeds on the basis of the 
same power. The definition of specific speed may be given 
as follows:-

The specific speed of a runner is the speed in r.p.m. 
which a model of that runner would have,if operated under 
a head of 1 foot,this model to be reduced proportionally 
in all dimensions from the original until it will develop 
one horse power under one foot head."* 

It is proposed to give a derivation of specific speed 
from the general laws as stated above. The following 
nomenclature is used:-
N s speed of the runner,r.p.m. 

H.P s brake horse power of the runner. 
D z diameter. 
H - effective head. 
Eu-a. unit head - 1 ft.(as stated above) 

H.En = unit power = 1 H.P.(as stated above) 
N, - speed of runner under unit head,designated 

unit speed. 

# "A New Type of Hydraulic-Turbine Runner" 
Forrest Nagler,Trans.A.S.M.E.,Dec.1919. 
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H.P.^ = power of runner under unit head,de­
signated unit power. 

Du = diameter of homologous runner develop­
ing unit power under unit head. 

N
s z specific speed. 

Then applying the laws given on page 15, we have:-

from (a) , 

Nx : N • */% : V^" > "T^u = 1 
NX s JL - (i) 

W H 

from (b) 
H. Rx : H. P. - H u^

f . H5/2 ,/H^ = l 

.-. H.P.! -2,1 . . . {ii) 
H V 2 

from (c) 
H.P^ : H.£u = D

2 : D^ , H-5U = 1 

Du = 7^—. (iiif 

VH.P.'J, 
from (d) 

Nl : N = J ^ ( w ) 
D 

Substituting equations (i) (ii) and (iii) in equation (iv), 
N 

VH" DU 

No D 
s 

7^ 
A/ H . P ^ 

. . H - N 
s -

D 

//H.P 

H5/, 4 

It is seen that the speed in r.p.m. of a runner varies 
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directly as the specific speed. It will be interesting 
to investigate how this quantity,the specific speed,arises 
out of a discussion of the dimensional relations of turbine 
runners,and this it is prdposed to do foe both impulse 
and reaction wheels. That for the impulse will follow 
after the tables below.giving the values ot the specific 
speed of the runners of rScent installation,and that for 
the reaction wheel will be given after the theory of the 
reaction wheel &&s been briefly discussed. The follow­
ing tables are of interest as indicating the limitations 
of the various types of wheel in use to-day. TABLE No.l N„ for PROPELLOR TYPE RUNNER. 

fa ' ' • " i , ^ i i 

Power Plant 

Great Falls, Man. 

torse 
'ower 

Speed Head Nfl Eff. 

28,000 138.5 56 153 84$ 

TABLE No.2 Ns for FRANCIS TYPE RUNNERS 

Power Plant 
Horse 
Pawer 

Speed Head N, Eff. 

Cedars Rapids 
Keokuk,Mississippi River 
Abitibi, Twin Falls 
Nipigon, ( "Ontario Hydro." ) 
Shawinigan Falls,(recent) 
Niagara (Amen.) Ext.No.3. 
Queenston("Ontario Hydro") 
Kern River Plant No.3 

60 Cycle Runner 
50 * " " 

10,800 
10,000 
6,000 
12,500 
41,000 
37,500 
55,000 

55.6 
57.5 
128.5 
120 
138.5 
150 
187.5 22,500 600 

22,500 500 

30 82.5 
32 76 
56.6 64.1 
78 57.8 
145 55.7 
213.5 35.6 
305 34.2 820 
820 

94 
93 

20.5 90 
17.1 90 

TABLE No.3 NQ for NEW IMPULSE TYPE of TURBINE* 

Power Plant 
Horse 
Power Speed Head 

N Eff. 

Afton,Calettwr River, 
United Kingdom 150 725 253.3 8.8 81 

TABLE No.4 Ns of RECENTLY INSTALLED PELTON UNITS. 

Power Plant Hor se 
?ower Hpeed Head 

N Eff. 

Big G r e e k^ P l ag^ u^
1^gg^ r

20,000 375 1800(var.)4.52 84$ 

Kinlocaleven H.E Station 3,300 300 875 3.84 
Double jet 

"Design and Performance of a New Impulse Water Wheel" 
Eric Crewdson. Proceedings I.C.E Vol.ccxiii. 
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TABLE No.4 - Continued. 
Horse N „ 

Power Plant Power Speed Head ^s Eff. 

Caribou Plant (Cal.) 30,000 171.4 1008 3.70 
Double Runner 

Fully Hydro-Electric Station, 3,000 500 5435 .587 81# 
Single jet and Runner 

Specific Speed of a Pelton Wheel. The maximum value 
which the specific speed of a Pelton wheel can have may 
be determined as follows. Assuming that t£o& a relation 
of 1/10 for the diameter of jet to pitch diameter of 
wheel gives and efficiency of 75%, we may work fcut the 
horse power for a given head on this basis. It is found 
in practice that a ratio greater than l/lO for the relation 
of jet diameter to diameter of wheel cannot be used with­
out considerable sacrifice of efficiency. 

Taking nri = .75, v - vel.of jet,D s diam.of wheel. 
i d s " " jet. 

H.P. 

N 
s 

Placing 

s 

— 

s 

= 

d 

5 

Ns 

.75 QwH 
550 

•085QH 

60v 
2 J D 

55.8 d 

- 1 
" To 

s 5.58 

.085Q 

The maximum power of Pelton units is frequently con­
trolled by the size of jet it is practicable to use. The 
Kinlochleven wheels have jets of 5.85 inches,and those of 
the Rjukan Hydro-Electric Station,Norway,are 6.45 inches 
in diameter. The jets of the recently installed Pelton 
wheels of the Caribou Plant,California,are 11 inches in 
diameter from 13 inch nozzle openings. 

The Governing of Impulse Water Wheels. The needle 
nozzle (Fig.23) is now used exclusively with tangential 
wheels,and most of the governing arrangements provide for 
regulation by a movement of the needle together with some 
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type of hood or jet deflector,both of which are operated 
by the oil or water pressure governor of the water wheel. 
Three systems of regulation have lately been extensively 
used, namely:-

3fc(a) By-pass regulation. 
(b) Regulation with deflecting nozzle. 

(c) Combined spear and deflector regulation. 

The first method is not used alone where economy of the 
water supply is of importance. However,where an approximate­
ly constant amount of water must be delivered into the tail 
race,such as is the case of plants combined with irrigation 
projects,or where plants below are to be fed from the same 
operating water,it becomes necessary to adopt the water 
wasting or by-pass method of regulation The second method 
was formerly used quite extensively,but it had many dis­
advantages, the principal of which were the complicated re­
lay mechanism necessary for moving a heavy section of 
pipe,the disturbance of alignment,and the difficulties of 
keeping tight a large flexible joint. It has been super­
seded by a rotating type of nozzle (Figs.21 & 22) which 
largely does away with these difficulties. The third is 
becoming the favourite method of regulation,and in large 
plants,or those having long ii>e1vstocks,is usually combined 
with a by-pass arrangement,for wasting the water during 
the time the needle nozzle is allowed to close slowly,in 
order to avoid serious pressure surges. 

The combined spear and deflector methods give very 
close regulation and has the further advantage of being 
simpler and cheaper than most other methods. It is used 
in one form on the Fully plant (Fig.27) but it has a number 
of variations (Fig.23),which will be briefly described. 
Three of the principal arrangements of this method are 
shown; a fourth,(Fig.24) has recently been brought out by 
means of which very close regulation is claimed. This 
last has been used with a small installation of a modified 
Girard* turbine,built by Gilbert Gilkes & Co., It is pro­
posed to include a brief description of this turbine at a 
little later stage. In each Ease shown in Fig„23,when 
new demands are made upon the plant,the servo -motor of 
the oil pressure governor operates the spear and deflector 
simultaneously when opening,but when load is suddenly 
thrown off the turbine,the servo -motor at once actuates 
the deflector,which cuts into the jet and diverts the whole 
or a part of the water from the wheel,while the spear, 
slowly overcoming the resistance of the dash-pot,moves for­
ward and reduces the quantity to the new requirements of 
the wheel. The deflector is then brought back to a position just tangential to the reduced jet. In each of the three designs some provision is made for allowing the deflector 

*The following description of Pelton Wheel regulating devices 
is largely taken from a paper by Eric M.Bergstrom,Pros.I.M.E. 

4-,, 192° 
T"Design and Performance of a New Impulse Water Wheel" 

Eric Crewdson, Pros.I.C.E. Vol.ccxiii. 
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a motion independent of the spear in the forward or closing 
movement,which is,in fact,the principal distinguishing 
feature. 

The independent movement of the deflector is provided 
for in design ffAw by means of a slot in the end of the 
spear rod. When a decrease in load occurs,the pin in the 
end of the lever connected to the piston rod of the governor 
moves away from the end of the slot,while the deflector is 
thrust into the jet. The spear,thus released,moves slowly 
forward,fey the pressure of a spring overcoming the resist­
ance of the oil dash-pot,until the end of the slot has re­
gained contact with the pin,the deflector at the same time 
being drawn out of the jet. In the opening movement,both 
the spear and the deflector are drawn slowly backward to­
gether. 

Design "B" is indentical with "A" in operation,except 
that the free movement is obtained through a displacement 
of the lever system relative to the point a. In the clos­
ing direction the lever be will follow the deflector 
movement with b as a fulcrum and take up a position as in­
dicated by the dotted lines on the diagram. The spring, 
being free to expand,overcomes the dash-pot resistance and 
moves the spear forward until the lever has again come in 
contact with the point a,in the position be. In each of 
the designs "A" and "Bft, for both gradual and instantaneous 
decreases of load,the governor first acts directly upon 
the deflector,the spear meanwhile remaining stationery; 
the governor then adjusts the spear to the new load re­
quirements, and brings the deflector out of the jet. 

Design "A" is used for the governing of the 3,300 H.P. 
Pelton wheels of the British Aluminum Co. at Kinlochleven. 
For these wheels the governor was designed for a closing 
time of one second,corresponding to a maximum speed var­
iation of approximately 8 per cent when the total load of 
3,300 H.P. is instantaneously thrown off. 

Better regulation is claimed for design nC",especially 
for small load changes,where the dash-pot is interposed 
between the governor servo-motor and the deflector lever. 
By sudden discharge of load,points a and b will move 
practically the same distance,consequently the deflector 
will cut into the jet,and at the same time lever a d will 
move away from the stop g. Operating similarly to the 
previous designs,the spring overcomes the dash-pot resistance 
slowly adjusting the spear to the new position by bringing 
the lever again into contact with the stop g, at the same 
time bringing the deflector out td a position tangential 
to the new jet. If,on the other hand,the load change 
takes place slowly,the lever will remain in contact with the point g, the governor acting directly on the spear, while the spring,overcoming the resistance of the dash-pot, keeps the deflector out of the jet. This latter feature, where the governor operates the spear direct for small and gradual load changes,gives this design a considerable ad­vantage over the other two. It is this design which is used for regulating the Fully water wheels,and very 
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satisfactory regulation of speed is secured, (pa^e 23). 
New Impulse Water Wheel (Modified Girard;. The recent 

demands for closer regulation of the speed of water wheels 
for driving electrical machinery and the difficulties of 
efficient governing of the Girard turbine have operated to 
almost entirely eliminate it as a hydraulic prime mover. 
Formerly so popular for small installations in mountain­
ous districts,the Girard has given up its place to the 
Pelton,which admits of closer speed regulation. If this 
defect can be remedied,there is no doubt it will again 
become popular for this service on account of its greater 
specific speed. The new water wheel recently constructed . 
by Gilbert Gilkes & Co. and described by Eric Crewdson,(^c^f ̂lU ) 
Proc.J.C.E.Vol.ccxiii,(Fig.25) appears to have overcame 
the above difficulty and is of particular interest on 
account of its having a specific speed intermediate between 
the highest obtainable with the Pelton and the lowest yet 
attained with Francis runners (Page 17). This wheel works 
on purely impulse principles,with free deviation of the 
jet in an axial direction,and is governed by the combined 
spear and jet deflection method of regulation. The main 
features or the installation are given in Table No.2, 
Page 17 and the characteristics of performance of the 
wheel are shown by the curves of Fi^.26. It will be noted 
that the efficiency characteristics of the wheel are very 
similar to those of the Pelton,the efficiency remaining 
almost constant over a very large variation in load. 

The governing mechanism is of recent development (Fig.24) 
and is well suitei for small toits. The governor.which 
operates the valve of the servo-motor,and which also 
operates the deflector direct,consists essentially of a 
powerful centrifugal pendulum,mounted on the turbine 
shaft. For the sake of clearness it is shown on a 
separate shaft in Fig.24,but it is actually mounted on 
the turbine shaft and is connected directly by means of 
a lever 10 to a shaft on which the deflector is mounted. 
When load is thrown off and the apeed tends to rise,the 
deflector is at once cut into the jet and the spring 34 
is compressed,which,slowly overcoming the resistance of 
the dash-pot,forces the puppet valve 16 against its 
seating,and closes the hole which extends the full length 
of the spear for relieving the pressure behind the piston 
14. The pressure behind the piston 14 is set up by the 
full pressure of the penstock communicating through valve 
32. When valve 16 is pressed against its seating the 
pressures on both sides of piston 14 are equal,but the 
water rushing past the spear head sets up a reaction on 
it,constantly endeavouring to draw it into the nozzle. While valve 16 is open a state of equilibrium is main­tained by a relief of pressure through the hole running through the spear,but as soon as valve 16 is closed, pressure commences to accumulate behind piston 14 and slowly forces the spear forward and reduces the jet area to the new requirements of load; at the same time the deflector is restored to its former position,not tan-



IMFULSE WATER-WHEELS 22 

gential to the reduced jet,as in the other devices des­
cribed, since for adjustment to a given speed,the position 
of lever 10 is fixed. When load is thrown on,the bell 
crank lever 20 is drawn away from the pippet valve and the 
pressure in the cylinder forces it outwards away from its 
seating. The pressure behind the piston is now relieved 
and the pressure in front forces the spear back,thus form­
ing a larger jet. 

The speed regulation is very efficient. With the whole 
load suddenly thrown off the generator,the speed rise 
observed was less than 1 per cent,very efficient regulation 
as compared with the regulation of the Kinlochleven wheels, 
or with the Fully wheels.(Fig.29). 

Fully Hydro-Electric Station/^Switzerland. In point of 
size the Fully Hydro-Electric Station is not the most note­
worthy installation of the Pelton vriieel,but the extraordin­
arily high head 1645m (5400 ft.) which is utilized in a 
single stage called for very special skill in the design 
and construction of the plant,and make it representative 
of the most modern achievements. The main features of the 
wheels are listed in Table No.4,page 18 .Lake Fully,at an 
elevation of 2130 (about 7,000 ft.; was dammed,and together 
with Lake Sarniot,at a slightly lower level 1990,(6530 ft.) 
gives a total storage of 3,200,000 cu.metres (700 million 
gallons ),equivalent to about 10 million kw.hours. A 
singular feature of this development,and one perhaps never 
before incorporated in a hydraulic power plant,is the 
provision,at the level of Lake Sarniot,of a pumping station 
which delivers the water from £hat lake into the common 
penstock against the head equal to the difference in level 
of 140 metres (460 ft.) between the surfaces of the two 
lakes. The pumping is performed by centrifugal pumps, 
electrically driven by power derived from the station. 
Although this arrangement involves some loss,it is preferable 
to constructing a seperate pipe line to take the water 
from the lov/er lake,and to providing special machinery to 
utilize the lower head. 

The plant is provided with four units to deliver 3000 
H.P. each when taking 200 litres (44 gals.) per minute at 
the normal head,or a total of 800 litres for the four 
units. At this flow the loss in the pipe line,in two 
sections,an upper 600 m.m.(23.6in) in diameter and 2278 m 
(7474 ft.) long,and a lower,500 m.m.(l9.6) in diameter and 
2347.5 m (7701 ft.) long,is 165 metres or about 10 per cent 
of the total head. On account of the great pressure,very 
special care was required in the construction of the lower 
section of the pipe. It was manufactured by the Ehrhardt 
process in seamless lengths of 3 m (9,-10M ) of which several were then welded together to form the pipe lengths and the pipe heads or flanges were then welded on also. Bolts and flanges of special manufacture were used to ensure safety at the joints and india-rubber gaskets were used td render the joints water-tight. The elevation of the jet nozzles is 497.33 metres. 

* Engineering. Nov.24,and Dec.l and 15, 1922. 
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The pitch diameter of the turbine wheels is 3550 m.m. 
(about llf-7") (Figs.27 & 28),and the diameter of the jet 
38 m.m (1.45"),corresponding to a ratio of 93.5; hence the 
very low specific speed of 2.7 on the metric system or 
.587 as given on page 18, on the foot-pound basis. The 
water velocity is approximately 180 m (590 ft.),varying 
somewhat due to variations in head,and the peripheral 
speed of the wheel disc on the pitch diameter is 93 m (305 
ft.) per second. The usual practice of making d s .46 or 
•47 in order to secure maximum efficiency was not followed 
in the design of these wheels. For the maximum head of 
1645m, 0 = .Jj.— = 0.517, and for the maximum head of 1454.2m, 

y/2gH 
0z 0.550. This provision was made in order to limit 
the racing speed to a value of 750 r.p.m. To have limited 
the racing speed to 850 r.p.m. would have resulted in a 
gain of 1 per cent in efficiency. The performance curves 
were previously given,(Fig.20b ). 

The turbine wheel,illustrated in Fig.28, acts as a fly­
wheel and is a forged Siemens-Martin steel disc,weighing 
7100 kg (about 7 tons). At racing speed the stresses in 
the steel do not exceed 10 kg.per sq.millimetre,(6.35 tons 
per sq.in.),this giving a factor of safety of from 4 to 5. 
The wheel carries 54 elliptically shaped buckets,for which, 
on account of the very high peripheral speed,a very special 
arrangement is provided for attaching them to the wheel. 
The runner is provided with a wedge shaped slot,and each 
bucket has two lugs of corresponding section (Fig.28). 
Around the periphery special openings were provided for 
inserting the buckets which are kept in place by 54 axial 
spacing wedges inserted between the buckets,in Fig.28 *C. 
EE are the wedge shaped slots, and CC the transverse wedges. 
Special precautions had to be taken to prevent these wedges 
working loose and at the same time to be sure that the stres­
ses set up in the buckets or wheel,by inserting them,were 
not in excess of those allowable for the materials. Of 
these wedges,nine of special form were first driven into 
the disc; they formed starting points for the ring of 
buckets. The others,of trapizoldal and constant section, 
were carefully fitted so as to produce a moderate initial 
tightening. The disc,without the buckets,was then very 
slowly heated in a specially built electric furnace to 
a temperature of about 130° C, this producing a consider­
able expansion of the peripheral length of the ring, ^he 
cold buckets were then inserted,together with the axial 
wedges,and it was possible to introduce between the rim 
of the disc and nine of the trapizoidal wedges chosen 
symmetrically arcbund the disc a steel sheet shim of the required predetermined thickness to produce on shrinkage the necessary tightening up. The buckets cannot get free of the disc,even if the tightening wedges were to fail, and the latter eventuality was rendered impossible by heading the wedges over. The governing of the wheel speed is carried out on the principles of design C,Fig.23,previously described. The 
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action o£ the spear of the nozzle is very slow,40 seconds, 
in order not to cause dangerous pressure increases in the 
pipe line. The action on the deflector is rapid,2 seconds, 
which provides for very efficient regulation of the speed. 
The guarantees as to speed regulation were briefly as 
follows: If full load is instantaneously thrown off the 
whole plant,the excess pressure in the pipe line is to be 
less than 5 per cent. If 50 per cent of the load is in­
stantaneously thrown off,the speed variations are not to 
exceed 3 per cent,not 7 per cent when 100 per r»ent of the 
load is instantaneously thrown off. The operation of the 
governing mechanism is very interestingly portrayed by the 
diagram in Fig.29. 

The Impulse Turbines of the Caribou.Cal.Plants The 
impulse turbines (Fig.30) of the Caribou Plant,California, 
are representatives of many notable developments which have 
recently been carried out in California,and they are the 
most powerful impulse turbines which up to the present have 
been built. The installation at present comprises two 
units each consisting of a 30,000 generator and two 15,000 
overhung impulse wheels mounted on the same shaft,operating 
at 171.4 r.p.m. under a head of 1008 feet. The wheel disc 
is approximately 11 feet in diameter,7 inches in thickness, 
and is made of oil tempered forged steel of special high 
tensile characteristics. The wheel,without the shaf$, 
weighs 25 tons and carries 21 cast steel buckets,each of 
1000 lbs.weight and 36 inches in width. Each bucket is 
balanced as to weight and position of the centre of 
gravity and is secured to the wheel by means of three 
large bolts. The wheel is pressed on a cast steel hub, 
to which it is bolted by reamed bolts,machined to a fit 
of 50 tons each. The hub is in turn pressed on the shaft 
with a press fit of 200 tons and is keyed and locked in 
place. 

The shaft,which weighs 26 tons,was forged from a single 
50-ton billet. It is 30 feet long,30 inches maximum dia­
meter,turned to 24f inches at the"bearings,and is com­
posed of compression forged open hearth steel,having a 
tensile strength of 75,000 pounds per square inch. It 
was given special heat treatment and was hollow bored to 
insure perfectness of metal. Two bearings,each carrying 
a load of 200,000 pounds under full load conditions, 
carry the shaft. They are of the self-aligned babbitted 
type with heavy oil rings and water cooled shells,and 
are equipped with force feed which may be used in emergen­
cy or put into continuous service if necessity demands. 
Their bearing length is 72 inches. 

The nozzles are of the stationery type,needle controlled, and deliver to the wheel an 11 inch jet from a 13 inch opening. They are equipped with steel and bronze wearing rings and with renewable needle tip and nozzle throat rings,the parts which most quickly wear and most seriously affect the efficiency of the turbines. One nozzle only is provided for- each wheel,which has its own needle con­trol, oil pressure governor,pressure regulator and gat'e valve. The only point in common is thct the fly-balls ^Engineering News-Record, March 23,1922. 
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of the governors are driven from the same shaft. The oil 
pressure governors are provided with relay for hand oper­
ation and remote electrical switchboard control,also with 
load limiting device to enable carrying constant load 
irrespective of the load demand,and safety stop which 
closes the nozzle in case of breakage of the belt driving 
the speed governor. The speed is regulated by the needle 
movement,without deflection of the jet. 
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The Francis Turbine. Formerly water power was 
developed in small units,in such quantities as could be 
used locally,and the turbines were usually direct con­
nected to their loads,which consisted of a single piece of 
machinery or the line shaft of a small factory. The advent 
of electrical machinery,the generator and motor,and the 
improvements in transmission of electrical power,have made 
it possible to place ever increasing loads on the water-
wheel. Along with this demand for greater capacities have 
gone equally insistant demands for greater speeds and 
closer' speed regulation. The efforts to meet these 
demands were briefly reviewed in the Historical Survey; 
although several types of turbine were then known,none 
seemed so capable of expansion to meet the new require­
ments as the Francis turbine. The power of a wheel at any 
?iven head can be increased only by increasing its capacity 
for taking more water,and this capacity can be increased 
in one of two ways,either by expanding the wheel radially 
or axially. To increase the diameter involves a sacrifice 
of speed,and hence the second expedient has been resorted 
to in the development of the Francis turbine for low head 
service. Fig.31 is very interesting as showing the 
development of reaction wheels,and particularly the Francis. 
As was previously mentioned,the power of the turbines was 
often increased without sacrifice of speed by placing two 
or more runners on one shaft,in this way specific speeds 
as high as 80 were attained,as in the case of the West 
Kootenay Power and Light Company's plant,and the turbines 
of the Pennsylvania Water and Power Company. Referring to 
the list of plants in Table No.2,page 17,we might infer 
that the Francis turbine cannot be economically used for 
heads much below 50 or 60 feet, and in this field it is 
being rapidly replaced by the newly developed axial and 
diagonal runners,to be briefly discussed at a later stage, 
which give much greater specific speeds. Generally,it 
might be stated that the Francis runner will continue to 
be the favourite for heads ranging between 100 and 800 ft. 

The Francis wheel is invading the domain originally 
reserved to the Pelton wheel,principally on account of its 
freater power and efficiency. For high head service it 
ncreases in diameter and decreases in its axial dimension, 
and takes on more and more the characteristics of the im­
pulse wheel. The most notable installation of the Francis 
runner under a high head is at the Kern River No.3 Plant 
of the Southern California Edieon Company,the main features 
of which are included in Table No.2,page 17. The efficien­
cy curves are shown in Fig.4-2; they show high efficiencies 
at reduced load,a characteristic of impulse wheels. The runner is somewhat of the form in Fig.46-.fk. We may review briefly the underlying principles which decide the choice between the two types of wheel for high head service. For a fixed head and required capacity,the dischargedcu.ft. per sec.) of a turbine becomes fixed. This in turn fixes the total area of the passage ways of the runner. The speed of the turbine fixes the diameter,and (in̂ this fixes the axial dimension at entrance. For a given quantity,the 

http://Fig.46-.fk
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individual passage areas decrease as the head increases, 
and hence,a Francis runner designed for such conditions 
will have narrow,tortuous water passages liable to become 
choked with litter or ice. Having once decided upon the 
minimum practical runner area,it at once becomes evident 
that the higher the head,the larger must be the capacity 
for a fixed speed,or the higher must be t-e speed for a 
fixed capacity. Thus,we approach conditions where the de­
sign of a Francis turbine becomes impractical,because of an 
uncpmmercially high speed for a given capacity,or because 
of(two> great capacity for a commercial speed. Designers 
not Infrequently select the Francis runner,on account of 
its slight advantage in theoretical efficiency over the 
Pelton,for locations where the latter woulfl give the more 
satisfactory service. Though the efficiency cf the re­
action wheel may be superior at the start,the clearances 
have to be so fine under such high heads and the water 
seals so carefully fitted to prevent leakage,that a small 
amount of wear or corrosion seriously affects the efficien­
cy of the wheel,while the efficiency of impulse wheels is 
less affected by age,and is more easily restored by the 
replacement of parts which have become worn. In selecting 
turbines for the Caribou Plant,previously described,Frandis 
turbines were seriously considered,even for so high a head 
as 1000 feet. On careful comparison of the advantages of 
the two wheels,of lower first cost,smaller floor space and 
higher efficiency offered by the reaction wheel against 
greater simplicity,smaller liability to wear and greater 
ease in renewing worn parts in the impulse wheel,the latter 
type was chosen. 

The Theory of the Reaction Turbine. The earlier tur­
bines, not ably those of Fourneyron,Jonval,Howd and Francis, 
were designed so as to provide simple paths of flow of 
water through the runner,with simple designs of wheel 
vanes,which were easily subjected to rational calculation, 
the runners being of either the simple axial or the pure­
ly radial inward or outward flow type. In these earlier 
turbines,the guide vanes discharged the water directly 
into the runner,with little space between the fixed and 
revolving vanes in which the water could change in direct­
ion. As the demands for greater speed and capacity became 
increasingly more insistent,and the flow through the 
wheel took on more of the mixed character,it was found im­
possible and unnecessary to limit the space between the 
guide vanes and the wheel vanes to small values,and indeed, 
experience has demonstrated that it is advantageous to in­
troduce a transition space in which the separate jets dis­
charged from the guides could reunite and form a continuous stream before entering the runner. One result of this provision was the elimination of vibration or noise,due to the passing of the runner vanes through a succession of jets. As the specific speeds increased,the wheel vanes in the Francis runner were cut back still greater amounts 
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sign of turbines InSLfLelv ior» «rr?jr5r.f°r.th« de-

flo. turbine. DSSJ tta lJSt f™ ™ f 1',"ara r*dlal 

?l£ ,SS;t ^i J"? introduced elements of tKS.r™ 

S T C c U L H ^So°T
,>?s^lufb?^3ld'"'*,'1* S t a n c e . 

Ing the dimension.!rL.Uoni of ?>,» / ™ ™ s °f "t.bllsh-

chanp-^ of t^o » ? ? ? °f the momentum and energy 

that is litht^wi.t- advantageous direction, 
w h 4 h B is f!d" s -iS-KKJ bTsffi:110 the 

The following notation will be used in the analysis:-* 
at entrance to the wheel, 

t>! - axial dimension of wheel,or breadth. 
r1 z radius of wheel to vane tips. 
Cj_ = absolute velocity of water. 
v
1 z velocity relative to the wheel vanes. 

"X = peripheral velocity of wheel ar radius r, 

e g ! wSrl 1 C°mp°f?ent °£ ab^lute velocity. 

•we may call the "absolute whirl". W M C h 

* The notation of M.Lewis P.fooodv as adapted from 
Dr.Camerer "fiasserkraftmachlnen." a a ? p t e d f r o m 
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wu]_ z whirl component of the relative velocity, 
which we may call the "relative whirl". 

at exit from the wheel. 

bg - axial dimension of wheel where water is 
discharged. 

r2 - radius at which water is discharged. 
c2 Z at>solute velocity of the water. 

W2 z velocity relative to wheel vanes. 
u2 - peripheral velocity of wheel at radius r?. 
cm2 = raciial component of absolute velocity at 

exit,also considered as the velocity of 
flow - S_ f A2 - area at exit. 

A2 
cu2 s whirl component of the absolute velocity 

at discharge,or"absolute whirl" at discharge. 
wu'2 = w n i r l component of the relative velocity at 

discharge,or "relative whirl". 

As the water passes through the guide vanes,it has im­
parted to it a whirling motion,and in this whirling mass 
of v/ater is placed the runner,which develops a torque by 
reducing,but usually not totally destroying this whirling 
component. As previously pointed out,conditions at entrance 
to the runner are indicated by the subscript l,and those 
at exit by subscript 2. 

Since it is assumed that the guide vanes are so designed 
that at the best or most advantageous gate opening,or that 
at which maximum efficiency is desired,the Y/heel vanes 
will receive the water without shock,that is,the direction 
of the relative velocity is tangential to the wheel vane 
at entrance,we have,from Fig. 33, :-
c^il = c^ tan aC - (c^-u^) tan/? . 

u3 = cUg(l - tan^C } 
tan &L 
tanyg 

cin'2 =^u2 " cu2} tan Y~ * wi Z cml cosecyg 
w2 - cm2 cosec y* 

At entrance to the runner the ) 
moment of momentum of the whirling mass) . c -\ r 
of water per pound about the axis "of ) " u ^- ft. lbs. 
rotation is ) g 
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At exit from the runner,the residual) _ cug rP 

moment of momentum is ) z —=• ft.lbs. 
g 

The change of momentum ) _ C^Y r-. - cu2 rp 
z the turning moment per second) " ~ ft.lbs. 

g r 

cO ft.lbs. 
c," -4. r , -c.j<- r 

.*. work done by this moment) -(cui rl"cu2 2 
• ( 

where G? = angular velocity,radians per second. 
from which r^ - u-, ; rg s Ug 

.*. work done per second per) . c,.T un - c„2 uP flj „ . x 
pound of water ) - u.1 X . n2 2 ft.lbs.(i) 

Evidently this is a maximum when cufg - o 
and then the work done per pound per second is 

U • cui ui _ 
__± ft.lbs.- - - - - - - - - - — -(ii) 
g 

If cug is not zero,we have,on substituting its value 
°u2 = «2 " crte cotY in (1) 

U s ^ j u i ^ u j ug cm2 cot r f t 1 h f f ? ^ gec# 

g 

When the wheel vanes are correctly proportioned,as 
pointed out above, a 

u. - c-"(l - tfiSĴ L ) • 
1 - ul tan/9 ' » 

with to and tag as the effective breadths of the wheel 
passages at entrance and exit,so that 27Tb, r^ and 27fbprp 
are the effective passage areas,we have, since 
the flow is continuous, " 

r» Vv 
cm2 = cml -1 L- Also ^g » ̂ 2 

r2 b 2 u^ - — , so that 

from (i) » = §p£i<i- $S£>{W ( 1- | g ^ i-Afcro 

If we assume the turbine is so designed that c^ = o, 
it will simplify the expressions for u^, c* * and ̂? 
involving the dimensions of the wheel, ĉ g is approximate 
ly equal to zero in many turbines of to-day at the most 
advantageous gate opening,though less effort is not ex­
pended in attempts to reduce it to zero,or even to a very 



REACTION WATER-WHEELS. 31 

small magnitude,since the new designs of draft tubes are 
able to regain to a very considerable extent this com­
ponent of the outflow velocity,making it possible to 
design turbines of greater specific speed. 
With cua - o equation (iii) becomes 

TJ - °ul (/- tan * ) 
g tan^5 

Neglecting friction losses and changes in level of the 
water on its passage through the wheel,and assuming H -
head available at the entrance to the wheel vanes, 
H s head rejected from + head used in 

the turbine. work. 
a 
2* . cxn , tan -x; 

= 2s* T (1~ T^Ts) <i') 
and since cme = ca when cu2 : o (Fig. 3S ) we may replace 
c2 by cUJ taooc.^i^ 9 i n (iv) and we h a v e 

bara 
£ 

H - C^ /• t>i ri « -* 

5S ra g tan 3 
— (tan x. * * ) , c^j tan c< 
8 bTrT + - = — • < 1 - ^ — r ) 

£ - f2+(t-ax.!liL )2 - 2 ^ -
«2g I X>& rs

 ; d tan .a 
which gives 

/ 2gH 

b2r£ 

and since u, = cux (1- |§£S ) 

b77T; ' 2 tan/3 

££2*1 A / §£H 
r V 2+tanx-(_i_!L) - 2

 tanoc-
o vb 3 ra ' t&n/3 

Q: ^^ . (v) 

where$P is the ratio of the velocity of the vane tip to 
the theoretical spouting velocity of the water under the 
head H. It is interesting to note how <&depends upon the 
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relation of ̂  and^/f?, as indicated in the following 
table:-

values of oC 

/ * 

60° 

75° 

90° 

105° 

10° 

.658 

.685 » 

.702 

.724 

15° 

.636 

.669 

.695 

.729 IT 

20° 

.604 

.648 

.685 

.732 

25° 

.564 

.625 

.672 

.733 

30° 

' .516 

.596 

.656 

.730 

For an increase in <=^ and /3 , fl? increases,as shown 
by the diagonally stepped line across the table. The 
modern high speed runners have values o f ^ up to unity 
and even above; this tends to increase the friction losses, 
due to the greater relative velocities. The efficiency V , work done per pound 

L work available,per 

gH 

pound 

on the assumption of 
cu£l s ° a n d n o losses 
in the wheel. 

_ 2(1- ±HL°L) 
- tan/3 
^/., tan << x 

"o^ 
x _ a 
r> b/ 
r4 b* 

1 + 
tan oL 

2(1- i£S^L) 
tan/3 r* 

* 

k 

-.-. — - (vi) 

For any designed values of o£ and^X?,for pure radial 
flow,an increase in the area of exit from the wheel,i.e.an 
increase in the factor rAbft-» would be accompanied by an 
increase in efficiency,but such increase is accompanied 
by'divergent flow,which tends toward the increase of hy­
draulic losses,hence,for high pressure turbines,r, b* is 
made about eaual to r b, in practice. 

" - r> * ~ — -

With r 

x-
bf and/5> = 90°, the value of 

1 + tan^oC 
2 
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A reduction of oc effects an increase in the theoretical 
efficiency,since the whirling component of the water is 
thereby increased,but at the same time the radial component 
or velocity of flow is decreased,reducing the power of the 
turbine. 

The conditions as outlined above are applicable only 
to radial flow,and would require modification for; mixed flow. 
A satisfactory theory does not appear to have been develop­
ed for mixed flow so far,but the analysis of Mr.Lewis P. 
Moody in the solution of the problem of the determination 
of the maximum specific speed for a given efficiency,or 
for the maximum efficiency for a given specific speed,in­
volving a comparison of the outflow and relative friction 
losses seems to throw considerable light upon the problem 
of turbine design. An account of Mr.Moody s method will 
be given below,taken mostly verbatim from his paper "The 
Present Trend of Turbine Development",given before the 
Engineers Club of Philadelphia,in 1921. 
Conditions for Maximum Specific Speed and Efficiency 

in Reaction Turbines. In the previous discussion of the 
general theory of the reaction turbine,considerable stress 
was laid on the importance of keeping the whirl component 
of the absolute velocity of outflow as small as possible, 
in order to prevent rejection of energy from the runner 
in the form of kinetic head,or to prevent undue disturbance 
in the draft tube. With the new designs of draft tubes, 
a discussion of which will be given later,it is possible 
to regain not only a large proportion of the meridian or 
radial components of the outflow velocity,^ut the whirl 
component as well. With improved facilities for regain­
ing these velocities,it is possible to increase them,and 
hence to increase the rate of flow through the runner,with 
a corresponding increase in the power of~a runner of given 
diameter,resulting in a greater specific speed. Mr.Moody 
puts the proposition as follows:-

"With the use of the earlier forms of draft tube any 
direction of discharge having a whirl component introduced 
uncertainties and complications,and the problem was not 
attractive, with the use of a draft tube capable of effi­
ciently regaining the energy of whirl components as well 
as meridian components of flow,however,it became possible 
to formulate some simple relations which it will be inter­
esting to investigate. For one thing,we shall no longer 
have to make the "outflow loss" from the runner dependent 
upon the direction of discharge,since we can use a draft 
tube which will handle the whirl components just as 
efficiently as the meridian components;the"outflow loss" 
from the runner can therefore be expressed as a function merely of the amount of discharge velocity regardless of its direction. If the draft tube efficiency is e^,and the coefficient of loss in the draft tube is f,, the portion of the velocity head of the water discharged from the run­ner which is lost or dissipated will be f3 JL. ; Co being the absolute velocity of 2g 
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discharge from the runner,and 

f3 = X- ed • 

In runners of high specific speed another important 
loss is that due to the frictional resistance of the runner 
vanes,since very high relative velocities between the vanes 
and water are employed. In recent forms of high speed 
turbines,(reference to cuts),the rotational speed is high 
and the torque correspondingly low,so that the runner 
vanes have b&t little curvature and deflect the water only 
small amounts. The loss of head due to the frictional 
resistance of the runner vanes can be expressed as, 

2 
f2 .2. , in which w^ is the relative 

2g 
velocity with which the vanes move through the water, 
measured at their outflow edges,(but for the reason just 
mentioned,the relative velocity is nearly the same over the 
whole vane)• 

Instead of making any arbitrary assumption regarding 
the direction of discharge upon which to base our turbine 
design,it will be useful to find the conditions which will 
give the minimum value for the sum of the above two losses,-
the outflow loss from the runner and the resistance loss 
in the runner. The problem may be stated as the determination 
of the conditions for maximum efficiency for a given 
specific speed,or the maximum specific speed for a given 
efficiency". 

Before proceeding with the problem,the author of the 
paper makes a few comments upon the two forms in which 
specific speed is often expressed,i.e.,the form used in 
turbine design, 

Ng = N ^ £,' and the form used in the 
x-^p? 

design of centrifugal pumps,. N - N _ 

The two forms are interchangeable,since both are derived 
from the same dimensional relations; the first is more 
convenient for use in turbine design,since the output and 
head are first decided upon,but the second is more useful 
in pump design,where the head and quantity are first de­
termined. The second is derived from the first by sub­
stituting gr§"2 for H.P. where % is the efficiency of the 
runner, and the author distinguishes between the 
two by designating the second N • he then continues.-

"Although in adapting turbinis of types already develop­
ed to new requirements of head and power the first expres­
sion is more convenient,the second has advantages when the 
problem is the development of a new design or type,since by 
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its use we may design for a desired discharge under a 
definite head,without having to assume &n efficiency in 
advance. Moreover,if the efficiency should turn out 
materially different from that expected,the discharge and 
velocities will not be thrown so far out of agreement with 
the designed values if taken for a given fi as they 
would be if taken for a given N . g 

In the problem in hand we s shall gain simplicity by 
employing N , and if we determine the conditions for max­
imum Ngg for^ a given efficiency we shall at the same time 
have found those for the maximum N_, since "• = V^r ^f 
and the conditions which will give the best efficiency fpr 
a given Nsc will also give the best efficiency for a given 
Ngr

 e 

The notation as used in the author's paper was used 
in the derivation of the general theory and is given on 
page -28. All the quantities in the following analysis 
have the same significance as given there,but in addition 
to indicating the radial component of the outflow velocity 
c-jna may be taken in a more general way to indicate the 
meridian component of the velocity of discharge. 

The development of the relations then continue with 
the following.-

"Since we are not concerned with any particular value 
of the head,we can adopt a "specif ic ̂ alue" for each »v, 
velocity,using the device of Thomann^,which is convenient 
in problems of this kind, and call 

c _ <2f w If
 u2 

and since we shall deal throughout with the outflow triangle, 
we can omit the subscript (2) 

The form of the triangle can easily be related to the 
specific speed by putting U£ - T T % N ^ 
60 V£gH*' 
Cms z ft in which A is the area of the runner dis-

A V2gH 
charge measured normally to C ms, 

»~ ••.: v ^ - ' . 1/A enU** 
- so(2gr vr n ,— 
" TTn: * U 2 VCn.a, (i) TTHs. 

^R.Thomann "Die ftasser turbinen" 1908,pp.11-12. 



REACTION WATER-WHEELS* 36 

or dropping subscripts^) 

Ksg Nsg = u 1/c^" 

in which kgg = 7T
D2 .. 

60(2g)lj/pT 

Before considering the problem with reference to the 
amounts of the vane loss and the outflow loss,we can reach 
an interesting conclusion simply by supposing that the 
magnitudes of the absolute and relative velocities are 
kept constant while their directions are changed until the 
most advantageous shape of outflow triangle is attained. 
As shown in Fig. 34(a) various shapes of outflow triangle 
can be drawn with the same values of C and W,and therefore 
the same losses of head. There will be one of these triangles 
which will give the Mghest specific speed,which we have 
just seen is proportional to U VCm". To find the relation 
which will thus give the maximum N for a given loss,we 
can put s 

k
sg^sg Z * Vcm 

= (Vc
2 - Cm2 + Vw2 - Cm2)VcT—-(ii) 

and considering C and W constant,we can differentiate 
(k N

S g ^
 w i t n respect to Cm,and equate to zero: 

(The author's steps in the development are omitted). 
From this we have,simplifying, 

Vc2-Cm2 + Vw2-Cm2 - 2Cm2( * ™ + 1 ) 

Vc2-Cm2' V72-Cm2 

and substituting Cu for-Vc2-Cm2 and W-u, f or Yw2-Cm2 

- 2 Ssu-JL. 
r- Wi u, wu. 

Which gives Cn, = /J9^Jbkf (iii) as the most advantageous 

proportions. That is,the meridian velocity should be 
chosen as 0.707 multiplied by the mean proportional of the 
absolute and relative whirl. In calculations applying to 
the runner as a whole,the velocities corresponding to an 
average point in the runner may be used,such as the centre 
of area of a sector of the discharge spaced 
^ To enable us to visualize the meaning of this relation, 
the diagram,Fig. 35 is shown. The vertex of the outflow 
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Now proceeding with the problem and considering the 
amounts of the losses of head,we can derive some useful 
relations,as follows:-

From the above expression for specific speed,we see 
that we can keep the length of the base U of the outflow 
triangle and its altitude Cm constant,and can change its 
shape without changing the specific speed. By shifting 
the vertex parallel to the base,there must be some position 
whieh will make the sura of the outflow loss and vane re­
sistance loss a minimum. 

Calling the sum of these losses EL , the loss of head 
expressed as a fraction of the effective head is 
a, 

+ f * ^ _ = ** W ^ f , C * — (iv) 
*2gH * 3 

Expressing h^ in terms of U, C^ and C 
•**. C^1VJ- v u. 

|~But 71^ z U - CiIJ 

= f& U+%^ - 2% UQ^+^C^^f^-l-f^) C nr*u 

For a given U and C^ we can find the value of C^ which will 
make h^ a minimum,neglecting the effect of any small 
variation in f^ due to a change in direction of W as being 
of a higher order of small quantities than differences in 
the losses themselves. 

Then, *V . 
dC (A~ 

Z 2(fs+ f3> c« - 2f^U = o; 

triangle should fall somewhere on the ellipse of major 
axis U and of minor axis - ̂  „nr7 /* u ^ ,Ry1 TT 

" o.707/\/o x ̂  = o.354 U, 
For example,if a runner has a vane inclination/^ its 
probable point of best operation can be found by drawing 
W at this angle with the base line and completing the 
triangle with the vertex at the point where the W line 
intersects the ellipse. According to this diagram,it would 
evidently never pay,from the standpoint of efficiency alone, 
to use a meridian velocity greater than 35.4 per cent of 
the circumferential velocity of the runner. Since the 
meridian velocity may be somewhat increased,however,before 
the efficiency is seriously impaired,it will probably be 
economical to use slightly higher values of Cwthan are 
called for by this relation,in order to reduce the turbine dimensions and cost. 
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That is, 

'lb s -« ,«" 
fil+f-

U ; or f- (U-CJ - ^ c u . 

From which 
*i *u= f5Caor W (vi) 

This means that for the best efficiency the absolute 
whirl should be to the relative whirl as the coefficient 
of frictional loss to the coefficient of outflow loss. 

The above result shows for one thing that in a runner 
for which f2 is large,as is the case in runners having a 
large amount of vane surface-particularly when this sur­
face is increased by an outer band- the best condition of 
operation will be with comparatively low relative whirl 
and high absolute whirl,so that such runners will discharge 
the water at a greater angle to the meridian plane than 
runners having less vane surface,and correspondingly lower 

l^ can be calculated by figur-
runner buckets considered as 

fg« The numerical value of 
ing the loss of head in the 
rectangular channels. The purpose of this investigation 
is not so much to take up questions of design and calculation, 
however,as to establish some of the controlling relations, 
and we will give less attention to the numerical values of 
the equations than to the general conclusions which may 
result." J 

Upon the assumption that the above condition is to be 
complied with,the author then proceeds to find the best 
relation between the meridian 
of the runner U. 

Writing down equation (v) 
of U according to the results 
determination,namely, 

component C and the velocity 

and expressing C 
obtained in the 

u 
in terms 
previous 

'XL 

*2 + % 
U 

and substituting for U its value according to the relation 

U - s g s g 

V^i 
he obtains 

h, -
*fc*a 

L- £% 
^Llsg -Mfo + f,) c 
'm 

TTl (vii) 

To obtain the conditions for a minimum hufor a given N 
he then differentiates the above equation with respectSg 

Cm considering .Ng a constant,equating the first^deriva.. 
to zero,replacing U by its value ksgNsg and simplifying, 

IT" f5^ 
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he obtains, 

c ^ s j/£w (Tlll) 
n (fg+%) 

The same result may be obtained,as the author points 
out,from equation (ill), 

-n Cm = VUl^ by inserting 

Cu. - 2 U and W^ =
 f* u , 

f 2 + % fg+f^ 

From here,continuing,he states, 
"For a minimum loss for a given specific speed,the various 

outfldw velocities from the runner should therefore be re­
lated to each other in the proportions shown by the follow­
ing diagram (Fig36(b) which is geometrically similar to the 
outflow diagram as indicated (Fig. 36 (a). 

That is,C„ W13,C~,and U should be to each other respect­
ively, as f2>f3, /[/*2

 f5 and (f2+f3)« 
From the above triangle it is seen that 

tan ci< = A k
 Y3 , and tany3£ r \l\ 

fa 

In order to use advantageously small values of/^ ,to 
secure runners of very high specific speed,it therefore 
becomes necessary to obtain low values of fop and thereby 
to avoid the necessity for high angles of whirl at the 
runner discharge. If this reduction of vane area is car­
ried too far,however,another source of loss will be intro­
duced due to the permitting of the passage of a consider­
able portion of the flow between the vanes without its act­
ing upon them." 

The above extracts from Mr.Moody's paper have been 
given in full,because it is felt that they present,better 
than anything that has yet come to the writer's attention, 
the underlying principles in the design of high speed run­
ners,not only of the new propellor or~diagonal type,but 
also of Francis runners. In the discussion which it is 
proposed to give later of high speed runners,the manner 
in which some of the above principles have been complied 
with will be pointed out. Regarding the future develop­
ment of the turbine, the author has to say: 

"In looking forward to the future development of the 
turbine,it can be seen from the foregoing that theoretic considerations call for a conservative proportioning of the various velocities and angles of the turbine,and there is no apparent means of increasing specific speeds.merely 
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by using some new and radical proportion between the 
velocities. Efficiencies are already so high that no 
startling increase is possible. The prospect of further 
increase in specific speed therefore lies entirely with 
the use of higher velocity heads in comparison with the 
head on the plant,and an avoidance of serious impairment 
of the efficiency by giving attention to the securing of 
low coefficients of loss in the runner and draft tube,and 
by observing the relations between the velocities deduced 
above. 

To get some idea of the possibilities of further in­
creases in specific speed,it may be pointed out that if 
the best relation between the velocities is adhered to 
the losses here considered will varv as the four thirds 
power of the specific speed N the"functional relation 
between efficiency and N befgg derived below." 

The author takes the equation 

K =f±_£3 U + (fa+fa) C* 
***** 

and substitutes for U in terms of C^ according to equation 
(viii) page 39,from which he obtains 
hu Z 3(ffi+f3) C* (lx) 
and from kgg Nsg - U Vc^ 
- ** + *3 

3 

t 
rn 

f f 
x 2. x* 

5 (faf f * * 

u =(gxs li£iii.k' N« (X) 

and efficiency 

7 s 1 - h u - - <xi) 

This considers,as stated by the author,the effect of 
only the two losses here treated of,and neglects certain 
other losses. These values of efficiency are therefore 
merely indications of the limiting values attainable. The 
two losses mentioned above account for nearlv the whole 
loss in turbines of high specific speed,but for low speed 
turbines two other losses assume importance; those due to 
leakage and disc friction. In the paper by Mr.Moody, ex­
pressions are given for these losses as fractions of the 
total quantity and horse power of the turbine. The ex­
pression for the- leakage loss is interesting,as he makes 
it Inversely proportional to the square of the specific 
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speed N s g; the expression for disc friction loss is 
developed along the lines similar to those given in the 
standard works on hydraulics,but by expressing it as a 
fraction of the total horse power of the turbine,it is 
conveniently made to vary inversely as the specific speed 
Ng. The leakage loss is"given as: 
I « 2Q10Z , 

*-L = -- 7 j2J having the usual significance. 
Nsg 

For present purposes it is sufficiently accurate to neglect 
the variation oftff ; and calling 0 - 0.7, 
Lu z Tz" (approximately) - - - - -(xii) 

Nsg 
The disc friction loss is commonly taken as varying as 
the 5 power of the diameter and the 3 r d power of the 
speed rotation;and hence the loss may be expressed as 
h.p.s KD N,

1^ h.p. - horse power loss due 
to disc friction. K = 0.000,000,000,413; 
Expressed as a fraction,the disc friction loss 

s 
L D z !!i£L; but H.P. z 

Ns H* 
H.P. N2 

60 ySg 6- Vs 
U* - TT N

 a 

(xiii) 
55 0 

On account of the high power of 0 its variation 
should be considered; but for high speed runners the 
crown does not continue to increase in diameter and in 
recent developments the band or shroud is omitted,so that 
for a close enough approximation we can call oOn a constant, 
say 0.7 and g

 r 

*-D - 2" (approximately) - - - - - (xiv) 
s 

The Specific Speed of Francis Runners. The following 
will contain a discussion of the dimensional relations of 
the Francis runner as affecting its specific speed. Fewer 
guide vanes and runner vanes are now used in turbine design 
than were formerly thought necessary, the great runners of 
the Cedars Rapids turbines having but sixteen vanes;the 
* See Results of Experiments,Gibson "Hydraulics" Sec.62 
also,F.H.Rogers,"The modern Hydraulic Turbine"f A Symposium 
on Hydro-Electric Development,Engineers Club,Philadelphia, 1922. 
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inlet area of the runner is therefore less obstructed by 
vanes,and will be almost equal to the mean diameter of the 
runner,D multiplied by the breadth at entrance b-^that is, 

A = ka*l
Dl (i) 

where ka s a constant of area,almost equal to unity. 
The velocity of flow or radial component of velocity, 

will equal some function of the spouting velocity of the 
water,say - kv ̂ J ggH. Also the breadth^b^,will bear some 
relation to the mean diameter of the runner,D,or b^ - k\P> 
so that the quantity 

Q = TTka K kt D*1^T 
. kgDa VF (ii) 
and D g /ft/ ( } 

The horse power of the runner/ 

H/P. S S||i Q Ey (iii) 

and the peripheral speed 

ux z & V^gH -(iv) 
The speed in r.p.m. 

60 l/2gH , . N 
» = 7TD ' * (V) 

Substituting in equation (v) in terms of horse power,H.P., 
and head H.,and collecting all the constants into one and 
calling it Ng, we have 

4v 
N s 

Ng H /~H 

YH.P. 
(vi) 

N N VH.P. 
s H: 

(vii) 

A knowledge of the constants entering into the above 
value of the specific speed is necessary in order to pre­
dict what the performance of the runner will be. For 
reasons already stated k will be almost unity. The upper 
limit of kb is about 0.52 for runners of high" specific speed; 
the value of 0 does not ordinarily exceed 0.8 in Francis 
runners,while ky varies with the gate opening,having a max­
imum value of about 0.28. Under these conditions the 
efficiency would be about 90 per cent and the specific speed 
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80, dn the foot-pound system of units. 
Following this discussion of turbine design,brief 

descriptions will be given of three notable installations 
of Francis runners, the Cedars Rapids Plant, the Queenston 
Plant of the Ontario Hydro-Electric Commission, and the 
Kern River No.3 Plant of the Southern California Edison 
Company, as being representative of installations for low, 
medium and high head service,respectively. 

The Cedars Rapids Hydro-Electric Power Station. The 
main features of this plant are given in Table No.2,page 17. 
The Cedars Rapids turbines (Fig-37 ) are of particular 
interest for several reasons, lt is one of the lowest 
heads utilized for a large development,the turbines are 
near the higher limits of specific speed for Francis turbines, 
and they have the largest runners ever built,Y/eighing over 
80 tons. In view of the recent developments in high speed 
runners for low head service,it is exceedingly improbable 
thart there will ever be another installation of the Cedars 
Rapids type of turbines. The immediate predecessor,so to 
speak,of the Cedars Rapids plant was the plant of the 
Mississipi Power Co.,at Keokuk,(See Table 2,page 17) part­
ly completed in 1913. One improvement of the Cedars Rapids 
turbines over those installed at Keokuk was in the con­
struction of the foundation ring,or so called "speed ring", 
which,instead of being cast in two rings,one upper and one 
lower,and connected by means of stay-bolts, were cast with 
vanes connecting the two rings, the vanes being of fin-
shape section and set approximately parallel to the direction 
of flow to reduce the hydraulic losses. This type of con­
struction for the speed ring has been very extensively em­
ployed,and is preferable as giving a solid connection between 
the two rings. A new form of speed ring,however,has been 
developed for the Queenston units,to be described later. 

The first ten units were completed in 1914 and were 
furnished with curved draft tubes and Kingsbury thrust-
bearings to take the weight of the revolving parts,a load 
totalling 550,000 pounds. A description of the three types 
of thrustbearing,the Kingsbury,the Reist Spring bearing 
and the Gibbs, will be given later. Units No.11 and No.12 
were installed during 1918; unit No.13 was put in service 
in 1921. These last three units are supplied with the 
Reist spring type of thrustbearing. ^ 

The Queenston Kydro-Electric Power Plant.^ The turbines 
installed at the Queenston fclant of the Hydro-Electric 
Power Commission of Ontario not only exceed in power by 
almost 50 per cent the most powerful turbines hitherto 
built,but also embody many of the latest improvements in 
turbine design. The present installation consists of five 55,000 horee power units,operating under a 305 foot head at 187.5 r.p.m. and having a specific speed of 34.2 (page 17). Two of the generators are being furnished by the Canadian General Electric Company and three by the Canadian Westing-house Company. . Two of the turbines are of Wellman-Seaver-Morgan Company's manufacture and three are by the William Cramp and Sons,Ship and Engine Building Company,who also furnish the governing mechanisms for the five units. The •* F.H.Rogers.,"Queenston-Chippawa Development of the Ontario Hydro-Electric Power Commission'.* Hydro-Electric Conference,Phil. 
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main valves are furnished by the Larner-Johnson Valve and 
Engineering Company. All the five units are very similar 
in design,Fig. 38 ,being a section through one of"the units 
with I.P.Morris turbine of the Cramp Company. Three of 
the units are equipped with Kingsbury thrust bearings and 
two with the Reist spring thrust bearings. The thrust 
load of the revolving parts,including allowance for the 
hydraulic pressure,amounts to almost 1,000,000 pounds. 

A new type of casing was developed especially for this 
installation,called the Taylor sectional spiral casing, 
after the inventor H.B.Taylor. Due to the great size of 
the units combined with the comparatively high head under 
which they operate,the usual form of speed ring was not 
considered adequate for supporting the weight of the units, 
since it does not provide for a very uniform distribution 
of stresses in the connecting bolts,and hence permits 
considerable leakage. For plants of moderate size the 
usual practice has been to cast the speed ring with its 
stay vanes separate from the scroll casing,and to fit the 
latter around it,securing it in position by means of bolts 
in horizontal flanges. This type of construction results 
in a long unsupported section across the throat at the 
radial flanges,causing excessive strain on the bolts and 
consequent leakage. Fig. 39 ,shows a comparison of the 
old and new types of speed ring and scroll casing. In 
the new design the speed ring is,in effect,cast integral 
with the scroll case,the radial flanges being extended 
to the inner bore of the casing,the stay vanes being cast 
in the segments;the turbine gates or guide vanes are then 
carried on two rings,a lower and an upper,bolted direct 
to the scroll casing. The unsupported section is thus 
decreased while making it possible to increase the number 
of bolts and distribute the stress uniformly to them. The 
tendency of the joints to open is reduced and gives a 
casing free from leakage. 7 

The runner,outside diameter 10f-4gM, weight 42,000 
pounds,are very similar in design to the 37,500 horse 
power runners of Extension No.3 to the Niagara Falls 
Power Company's Plant. The efficiency characteristics 
are aLmost identical,giving a maximum of 93 per cent and 
a half load efficiency of 90 per cent. The labyrinth 
seals (Fig. 40 ) used for the 37,500 horse power turbines, 
were employed and are very efficient in reducing the loss 
from leakage. In its path past the runner,the water is 
compelled to enter successively:three compartments,at 
which the velocity head is completely destroyed. The head 
producing leakage is thus reduced to about one third the 
value of the total head exsisting at the guide vanes. It is estimated that at full load the leakage at the seals of the runner amounts to about 14 cu.feet per second, an equivalent to 7/8 of 1 per cent of the discharge of tbe runner. Under similar conditions the loss from leakage with seals of the usual design would amount to about 1.5 per cent of full' load quantity. The I.P.Morris turbines are provided with the Moody 
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spreading draft tube,and also the turbine of Unit No.2, 
f 1 " ^ the bellman Seaver-Morgan Company; the other unit, 
No.l,the turbine of which is by this company,is provided 
with a curved draft tube designed by them (Pig. 4 1 ). This 
latter tube does not appear to differ materially from the 
curved draft tube of the Cedars Bapids units. As the 
Units No.l and Ho.2 are identical throughout with the ex­
ception of the draft tubes,the results of the official 
<«?i!Lf?r ef?iciellcy will be awaited with more than usual 
interest as indicating the difference in the efficiency 
of the two designs of draft tube. 
«„™ ? h S S? v?^ n o r liquid is water furnished from a central 
pumping station,consisting of two motor driven pumps,each 
^ P l ^ e ° f <?eliverine 700 gallons per minute at a pressure 
01 «d00 pounds per square inch. Each of these pumps is 
designed to take care of five units,the second pump bein* 
is r*tfn4JP^e;v, The ? i s c h a ^ d water from the governor! 
is returnee to the suction of the pumps,in order to pre­
vent waste,as the water is treated with potassium bichromate 
and iVi iustinS or corrosion of the governor valves 

. gem River Plant No.3,Hydro-Slectric Power Station.* The 
^ i ? ifat-ui-es or this power station are enumerated in 
Table No.2,page 17 . The water for operating the turbines 
is obtained from the Kern River by means of a concrete 
diversion dam of ogee form. The K e r n River is one of the 
swift mountain streams of the Pacific slope,where little 
storage for the water can be obtained,and it was therefore 
found necessary to construct a sand-settling basin to re­
move the fine sand from the water to prevent inlurv to 
the turbines. The head,820 feet,is the highest so far 
utilized by Francis turbines in a single stage and a few 
novel features are embodied in their design, ffine of these 
special features is the design of the water seal rings 
between the rotating runner and the casing. Straight-
forced concentric clearance rings of rolled steel were 
attached to the runners,and bronze matching-rings were 
placed on the casing covers. All the sealing rings are 
made removable and renewable,both on the runHers Ind on 
the casing cover on account of the necessity of keeninc 
the clearances small on high head turbines to prevent treat 
iSa£aS?_ losl'. U

A second special feature is the provisiln 
of brakes,which are necessary for closing down Francis 
turbines when operating under very high heads. It ta^-« 
very little water at such a high headSto develop sufficient 
power to keep the turbine rotating at full sjeed S h o u t load. It is quite conceivable that,if the guide vanes be­come worn or slightly bent through closing on some ob­struction, sufficient water might escape to prevent closing the unit down with the governor alone. A third feature ™^f it0T±tS °f ^he Prancis tyPe fw such high held service is the necessity for providing a stuffing box around * See paper by F.H.Rogers,"Selection of Auxiliari^ fnr. HT,W Electric Power Station^. Power,May 16-1922 y r ° ~ J?«J c'H^chinson,,,Kern River No.3 Plant of the Southern California Edison Company." Mechanical Engineering,April 1922, and Booklet by Pelton Water-Wheel Co. 



REACTION WATER-WHEELS. 46 

the turbine shaft which will prevent leakage and at the 
same time neither absorb an undue amount of power nor 
run hot. This was accomplished by fitting a water-jacketed, 
renewable wearing-sleeve over the shaft,and arranging to 
pack the stuffing-box only loosely with specially designed 
metallic packing-rings,any possible water seepage being 
drained off to tail-water by means of an automatic ejector. 

From the sand-box to the surge-chamber,located at the 
top of the final descent to the power house,the water is 
conducted mainly in tunnel ,alternating with short stretches 
of concrete flume,the total distance being about ll| miles. 
A section of this flume,not far back from the surge-chamber, 
is provided with a syphon spillway. The surge-chamber is 
of reinforced concrete and is designed to equalize the flow 
between the tunnel section and the supply to the turbines. 
Unlike the Fully Development,the head is not of sufficient 
magnitude to require penstocks of special design. They 
consist of two steel pipes,84 inches in diameter at the 
surge-chamber,tapering to 60 inches at the power house,one 
leading to each of the two units. Each penstock is 2520 
feet long,the upper 795 feet being 3/8~inch riveted con­
struction,and the remainder forge-lap welded,the thickness 
increasing with the head to a maximum of ji inChes. A 
recording Venturi meter is placed in each 1 6 penstock for 
measuring the water; a practice,the advisability of which 
has been much discussed of late,but not often followed,due 
to the loss in head of the water when passing the meter. 
We are not informed by the author of the paper from which 
this information is taken,just why the meters are installed, 
but since this plant is combined with an irrigation scheme, 
it may be that a knowledge of the quantity passing is necess­
ary for irrigation purposes. A Johnson needle valve is 
placed in each penstock for the main water control to the 
turbines,and bursting plates are provided to relieve the 
penstocks of serious pressure surges. 

The turbine runners are of bronze,and each turbine is 
provided with an interchangeable runner,for delivering 
power at 50 or 60 cycles,a provision made necessary by the 
nature of the service. The performance of the runners is 
shown by the efficiency curves,Fig. 42 • The governor fluid 
is oil,the governor acting upon the guide vanes in the 
usual manner for small load variations. However,when a 
large drop in load occurs,the governor opens a relief valve, 
which is of the Pelton needle*nozzle type,and allows a 
portion of the water to run to waste,while closing slowly 
it avoids dangerous rises of pressure in the penstock. The 
turbines are equipped with curved draft tubes,and Reist 
spring thrust bearings take the weight of the revolving parts. 
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T
 The Characteristics of Runners of High Specific Speed. 
it has already been pointed out that the water turbine 

has enjoyed its recent active development due to the re­
quirements for more speed and greater capacities for driv­
ing^ electrical generators. It was mentioned in the his­
torical survey how efforts were made to effect increases 
m speed by means of belts and gears,or by placing several 
runners on a single shaft; but all these expedients were 
accompanied by mechanical complications and loss in effi­
ciency. Efforts were made to eliminate all this compli-
cation,but simplicity was secured at a sacrifice of speed. 
All attention was centered on the mixed flow runner of the 
0+???±LtUpe a n d i t s specific speed was pushed higher and 
t+ll} h ^ h e £ J^ilspecific sPeeds of well over 80 were 
thi M ^ I a + ̂ f ^ ^ f °£ t h e S e d a r s R aP^« plant represent 
these fin^ ^ r ^ p m £ n V f th? F^*c*s type runner along 
these lines for low head service on a large scale. The 
f^e+£ c o ? n e

n
c t e d ^ " B eliminate all the old complications, 

So^oSiI % f operate at very high efficiencies,but these 
desirable features are secured at a great sacrifice of 
SP^^necessitating the use of generators of very large 
The practical limits of specific speed having been 
reached with the Francis type runner,attention was directed 
to the development of a new type,and several noted hydrau­
lic engineers have been associated with its development, 
the principal of whom being Moody and Nagler in America' 
Kaplan in Austria, and Dubs in Switzerland. The greater 
amount of attention will here be given to the runners of 
the first two; some information was available concerning 
the Kaplan runner,but none was available concerning: the" 
runner by Dubs,apart from the section shown in Fig? 4a 
showing its general form. 

A runner of high specific speed has several inherent 
characteristics which may be discovered by a close studv 
of the part of Mr.Moodyfs paper,already given. These 
characteristics are briefly, first,high relative velocity 
between the water and runner vane; second,small vane 
curvatures and slight deflection of the water from its 
path of flow; third,outflow velocities of comparatively 
great magnitude. The first of these requires that the 
*r*tt ° L ^ P U n n e r, v a n e s *> k^pt small, the second results 
m the third,which in turn necessitates some efficient 
means of regaining the energy of the water at discharge 
from the runner. This last'is accomplished by means of 
the new designs of draft tube. These large outflow 
velocities created a very puzzling problem in the design 
and selection of turbines for operation under various 
heads,and one which has only recentlv been correctly solved. Referring to Fig. 44 , it is seen that the total draft head V^J. 
s ? + "%" ' w "losses (l) 
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Assuming that by the use of an efficient draft tube 
the losses can be prevented from becoming larger,as vx 
or the velocity head at the throat of the runner increases, 
S must decrease if cavitation is not to occur,since the 
draft head cannot have a theoretical value in excess of 
54 feet of water,and is not depended on for more than 
about 26 feet. To quote an example given by Mr.Rogers* : 
"Suppose a runner,similar to B, Fig. 46, N - 80, to have 
a diameter of 5 feet and to operate under a"head of 50 feet, 
it would run at 152 r.p.m. and develop 1800 horse power. 
At this load the actual velocity at the throat of the run­
ner D^ would be about 27 feet per second,equivalent to 
a velocity head of 11.5 feet. Subtracting the losses 
in the tube and the outflow loss at the discharge of the 
tube would leave 7.5 feet as regained velocity head which 
must be added to the height of the runner above tailwater 
to obtain the total draft head. In the case assumed,the 
Gunner would be located 17 or 18 feet above tailwater. If 
the head were increased to 60 feet this runner would 
develop 5100 horse power,and the corresponding regained 
velocity head would be 15 feet,so that the runner would 
be located not more than 9 or 10 feet above tailwater. It 
is thus seen that as the head on the runner is increased, 
the position of the runner with respect to the tailwater 
elevation must be lowered." 

The above principles were for a long time overlooked, 
and to quote from a recent paper-"it was common practice 
to select the turbine for any installation by taking the 
value from a so called "experience curve" t which was 
plotted between the variables: head and specific speed. 
Thus,it was assumed that for any given head available for 
a projected plant,the specific speed adopted should not 
be higher than the limit shov/n by the curve. No sooner 
would such a curve be plotted through the highest points 
obtained up to any time than someone would build a success­
ful installation corresponding to a point considerably 
above the curve. On the other hand,there were plenty of 
installations which would plot well below the curve where 
serious trouble had developed in actual operation.11 

The explanation of these apparently paradoxical results 
was simple,namely,that the specific speed permissible for 
any installation is not a function solely of the head on 
the plant independently of anything else,but that it is 
also dependent up6n the elevation of the turbine runner 
with respect to the surface of the tailwater. 

The curves in Fig. 4$, taken from the paper by Mr .Rogers, 
referred to previously,show the relation of the elevation 
of the runner above tailwater elevation to the specific speed,plotted in the lower part of the diagram. In the upper part of the diagram the specific speed is plotted against velocity head at the discharge or throat of the 

# F.H.Rogers,"The Modern Hydraulic Turbine" A Sympossium on 
Hydro-Electric Development;Engineers Club,Philadelpftia,1922« 
f Taylor and Moody "The Hydraulic Turbine in Evolution" 
Hydro-Electric Conference,Philadelphia,1922. 
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runner expressed as a percentage of the total head on the 
runner. These curves show the total amount of energy 
discharged by the runner,which,in the case of the Francis 
type of runner,begins to increase very rapidly with an 
increase in the specific speed in the neighbourhood of 80. 
It will be noted from the similar curve of the diagonal 
or propellor type of runner,that it enjoys a much greater 
range in specific speed before the outflow velocities 
assume such a large proportion of the total head. In­
stallations of the new type runner having specific speeds 
of almost 160 have been made and experimental work has 
been done on some with specific speed much in excess of 
this value with satisfactory results. From the above con­
siderations it is seen how the specific speed of a runner 
affects its elevation above the surface of the tailwater. 
Where these principles have been disregarded and the run­
ner has been placed too high there is a failure to secure 
sufficient absolute pressure at the top of the draft tube, 
resulting in objectionable vibration of the turbine,and 
serious corrosion of the runner due to cavitation and the 
liberation of corrosive gases from the water,principally 
free oxygen. 

As indicated by the curves in the lower part of the 
diagram in Fig. 47,as the head on the runner and its spedific 
speed increase the elevation of the runner with respect 
to the tailwater elevation must be lowered,and for certain 
values the runner should even be placed below tailwater 
elevation. There is no reason why the runner should not 
be so placed except that such an arrangement would involve 
very expensive excavation to accomodate the draft tube and 
would require some provision for removing the water from 
the turbine casing,such as a gate in the discharge channel. 
A proposal by Mr.B.H.Taylor to invert the turbine (Fig. 48 ) 
has recently been receiving considerable attention. Tests 
have confirmed the expectations that the performance of 
the turbine in this position would be identical with the 
Asual arrangement and it is probable that installations of 
this type will soon be undertaken. 

When discussing the theory of the reaction turbine, 
reference was made to the increasing importance of the 
elements of outward flow (page 28 ) in the development of 
the new turbine runners of high specific speed (Fig. 43 ). 
In these new types of runner the whirling mass of water is 
conducted as close as possible to the turbine shaft,where 
its angular velocity is accelerated as it approaches the 
axis of rotation,as will be observed below. The water 
leaves the runner with a very great whirling velocity which 
is most conveniently regained by conducting the water away from the centre as quickly as possible. This is one of the essentials of high speed development,the problem not arising with the low speed types of runner,where the water imparts its energy to the runner blades at a compar­atively great distance from the turbine shaft. The nature of the problem'may be more conveniently understood by a consideration of the laws of a free vortex. In a free vortex the velocity varies inversely as the distance from 
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the axis of rotation. Fig.45 ,represents a vortex formed 
in an open basin. The two types of vortex which may be 
taken to represent the flow in a hydraulic turbine are 
the Free Spiral Vortex and the Free Cylindrical Vortex. 
The first is formed when water escapes freely through an 
orifice in the bottom of a vessel,in which the water moves 
spirally towards the centre of the vortex,its velocity 
having a whirl component and also a meridian component down* 
ward. If,while the mass of fluid is rotating,the orifice 
be suddenly closed,the meridian component of velocity will 
be arrested,and the motion becomes one of simple rotation 
in horizontal planes,and forms the Free Cylindrical Vortex. 
To find an equation to the surface of this latter type, 
referring to Fig.45 ,since the velocity varies inversely 
as the distance from the axis of rotatioir̂ we have.-
v = - (ii) 
and putting J-- constant in Bernouilli s equation, we 
get the equation to the surface of equal pressure,that is, 
vz 

TJ— + z s C (a constant) - - - (-iii) 
Combining equations (ii) and (iii) we have, 

(iv) 

the equation to a hyperbolic curve of the nature y x2, = a, 
which is asymptotic to 'the axis of rotation and to a 
horizontal line through z z c. 

In discussing the application of the-above principles 
as applied to draft tube design Mr.MoodyMonsiders the 
Free Spiral Vortex and neglecting the meridian component 
of the velocity,derives equation (iv) as above,which,as 
he states,approximates very closely to the surface of a 
free vortex. 

A very interesting and instructive discussion of 
cavitation and the formation of vortexes in the flow of 
water through the turbine was given my Messrs.Taylor and 
Moody in a recent paperf"*"t" The portion of the paper deal­
ing with this pBiase of the subject will be given i# full, 
on account of the light it casts upon the causes of 
vibration and corrosion of the runner. 

"Since points of low pressure are conductive to 
cavitation,or the formation of voids in the water stream, 
with tendencies toward eddy formation,the formation of 
^Gibson "Hydraulics". Sect.38, page 97. 
"t"The Present .Trend of Turbine Development." Symposium 

on Hydro-Electric Development. Philadelphia, 1921. 
ft Taylor and Moody,"The Hydraulic Turbine in Evolution." 

Hydro-Electric Conference,Philadelphia, 1922. 
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air pockets,and danger of corrosion and vibration,it is of 
course,desirable to avoid any such low pressure regions. 
An undue reduction in pressure in advance of the runner 
can be avoided by the admission of the water to the runner 
before it has approached too closely to the axis,the 
further reduction in pressure which"the water must experience 
on its way to the draft tube then taking place within the 
runner during the process of transferring energy from 
the water to the runner. A reduction of pressure in advance 
of the runner is aggrevated when the turbiine is operating 
at part gate if it is equipped with the usual wicket gates, 
since at part gate the water leaves the guide vanes with 
increased velocity in a m6re tangential direction and with 
lower pressure; the pressure starting at a lower value 
near the guide vanes drops more rapidly toward the axis. 
It may easily happen,particularly at part gate,that pressures 
may exsist in the inner portion of the entrance space to 
the runner which are equal to,or even less than the pressure 
in the draft tube. The new diagonal form of runner blade 
is adapted to prevent an undue pressure reduction in advance 
of the runner blades by providing a considerable diameter 
for the inflow edge of the blade'where it joins the run­
ner hub. 

Another consideration which leads to the adoption of a 
diagonal flow runner in preference to the purely axial 
flow type is that as the stream elements at the upper 
portion of the guide vanes approach the axis,the velocity 
of the water increases in inverse proportion to the radius. 
The velocity of the entrance edges of the runner blades, 
however,decreases in direct proportion to the radius,so 
that if the flow is carried too near the axis it may 
readily occur that the water will be travelling faster 
than the runner,requiring a backward angle of the runner 
blade and leading to complicated curvature and inefficient 
action. There is no necessity for the close approach to 
the axis and by carrying the runner blades diagonally 
across the entrance passage an efficient runner has been 
produced and one having great mechanical strength due to 
the length and form of the blade section where it joins 
the runner hub. 

Since the primary whirl persists,although in reduced 
amount,at discharge from the runner,it is desirable when 
structurally feasible,to provide in the draft tube a 
central core continuous with the runner hub. The provision 
of this core avoids the tendency toward the formation of 
a central cavity within the flowing stream with the result­
ing production of eddies,turbulance and unsteady flow. 

The second kind of whirl in the turbine occurs in meridian planes,that is,planes containing the turbine axis, and constitutes a rotation about axes perpendicular to these meridian planed. This rotation sets up an increase in pressure toward the upper and inner surface of the entrance space to the runner,and an increase in velocity and decrease in pressure of the lower distributdrnplate and runner tips. This "secondary" whirl,therefore,reduces 
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the velocity of the stream elements leaving the upper 
part of the guide vanes and correspondingly reduces the 
velocity attained at entrance to the runner by these 
elements which enter the runner nearest to the axis;the 
stream elements leaving the lower end of the guide vanes 
being increased in velocity by this secondary whirl,but 
as these elements move toward the turbine axis only a 
small distance,their velocity is not further increased by 
any great amount. 

The primary and secondary whirls,therefore,tend to 
spme extent to neutralize each other in theit effects of 
causing unequal distribution of the velocities and pres­
sures in different portions of the stream. After turning 
the water from an inward direction to the axial,it then 
becomes desirable to conduct it away from the axis as an 
excellent means for regaining as much as possible of the 
energy of with which it leaves the runner,while at the 
same time regaining the energy corresponding to the meridian 
component of velocity. The deflections from radial in­
ward flow to axial flow and from axial to radial outward 
flow can very well be made continuous in a turbine de­
signed to occupy small space in an axial direction. #Fig. 32 
shows such a design in which the secondary whirl is main­
tained and gradually reduced in magnitude as the flow 
attains the outward direction,without any abrupt changes 
in curvature of path. 

The third kind of whirl is a local whirl having a 
fixed relation to each blade of the runner and carried 
along with the blade,the axis of this whirl being trans­
verse to the general direction of flow and lying 
approximately in a revolving meridian plane. Consider 
the flow behind a blade,Fig. 49 • The water adjacent to 
the rear surface of a blade will follow a curved path,so 
that it may change in direction to correspond with the 
deflection produced by the blades and thus develop torque 
on the runner. The curvature of the path of successive 
stream elements will decrease at points receding from 
the blade,and at some distance from the blade curvature 
will disappear. The flow behind each blade therefore 
contains a whirling motion approximating in some degree 
to a rotation about an axis normal to the plane of the 
figure. This axis may be taken as the centre of an arc 
coinciding with the rear surface of the blade. If we 
apply to this local whirl the laws of a free vortex and 
suppose the velocity relative to the blade to vary in­
versely as the radial distance from the axis of rotation, 
we will have a picture of the flow sufficiently close to 
what probably occurs behind a blade to furnish us sdme useful conclusions. Such a local vortex at each blade would result in a local reduction of pressure on the back surface of the blade and we can investigate the probable amount of such local pressure reduction as follows: Calling r the radius from the centre of curvature of the blade surface to any point in the stream; w the Not the same figure referred to, but similar. 
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relative velocity of the water with respect to the blade 
and hp the pressure head at any such point; P the pressure 
in pounds per square foot; W the weight of water per cubic 
foot, we can readily determine the effect of centrifugal 
force by considering an elementary particle of the stream 
of radial thickness dr and cross sectional area a. The 
differential pressure difference 
will be equal to the centrifugal 
divided by a: or, 

d P 
d hP = IT" s 

across such an element 
force of the element 

î adr w w dr 
• ag gr 

In a vortex the velocity varies inversely as the radius, 
so that 

w - o b 

Hence 

hvs - h pb -
dr 

gr-

wh rh 

2g 
(I, - 1 i ) 

- (v) 

md r^ are the pressure head,velocity in which hp^, w-fo 
and radius at the back surface of the blade. From the 
figure it would appear reasonable to assume that the 
whirl ceases where the water directed by the next blade 
tends to follow a straight path. As an approximate method 
of figuring the local drop in pressure behind each blade, 
it is therefore proposed to perform the above intedration 
between the radius r^ at the blade surface and the radius 
r^ representing a perpendicular dropped upon the centre 
line of the preceding blade,using for the relative veloci­
ty at the rear surface of the blade the amount Wg corres­
ponding to the outflow triangle of the runner. We then 
have 

- k*>fe = (1 - (v): 

This represents the amount by which the local pressure 
on the surface of each blade falls below the average at the 
top of the draft tube. The actual amount of this reduction 
will vary greatly with the form,length and spacing of the 
blades in any particular runner,and the above method of 
estimating it can only be regarded as roughly approximate. 
It does,however,show that a local pressure reduction is to 
be expected,and gives an idea of some of the factors affect­
ing its value. 

As any tendency of the water to leave the vane surface * See Gibson "Hydraulics", Sect.58, page 97. 
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is believed to be conducive to cavitation with resulting 
risk of corrosion and vibration,it is considered highly 
important to provide enough margin of pressure in the 
draft tube below the runner to take care of this local 
pressure drop,so that an adequate intensity of absolute 
pressure will remain at the vane surface. This consider­
ation requires that the runner be placed at an elevation 
above tailwater not exceeding a value consistent with the 
Bermouilli formula applied to the draft tube as follows: 
; - -(vi) 

in which cma, and c^ are the meridian and whirl components 
ox the discharge velocity from the runner; H2 the elevation 
01 runner above tailwater; fa the proportion of velocity 
head lost m the draft tube and at final discharge; and 
ha the pressure head of the atmosphere. 

The average pressure at the top of the draft tube will 
equal 
V = ba - Hz- ca (

c™* + e*«) (Vii) 
in which ca is the efficiency of the draft tube; and 

hpb = ha - H£ - cd( gg ) . ( v l i i ) 

~e 

in which K is some factor corresponding to the above 
formula for local pressure drop,or otherwise determined. 
One useful method of determining the local pressure re­
duction is by referring to marine propellor practice. 
ConservaMtffc practice in marine propellor design dictates 
that the tip speed of the propellor should be kept below 
a fairly definite limit based on experience with actual 
propellors which have developed serious vibration or 
corrosion. If we express the local pressure drop in terms 
of velocity head corresponding to tip speed rather than 
to relative velocity,these velocities being not greatly 
different in propellors and high speed runners,and if we 
assume that vibration or corrosion are due to cavitation 
produced when the local pressure at some point in the 
propellor or runner has been reduced to an extent sufficient 
to overcome the static pressure of the atmosphere and the 
depth of immersion of the top of the wheel,we can obtain 
an expression of the form 
local pressure drop = (a constant)x

(t:LP2
sPeed) 

in which the coefficient is determined by inserting in 
this formula the total static pressure at the top of a 
propellor and the corresponding tip speed which has been 

a 
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found to give safe protection against cavitation for 
ordinary forms of blades. 
„+ 1^

1^ouSh the allowance to be made in any given in-
thS i w f * ???en<?s on man7 Actors,as already pointed out, 
the above will give a general idea of the effect of the 
local whirl or vortex at each blade. 
-ir, -h?"̂  °f ̂  t h i nS s t 0 he avoided is an undue reduction 
in blade surface particularly for turbines operating with 
i w ^ f """'eto.of pressure in the draft tube. Insuffi-
nJrmal load *£&JZ not only conducive to cavitation at 
«+ ™ » ? 2but S^ e s r i s e lo ^^eady or unstable operation 
at part load. Evidently the driving pressure is derived 
from the pressure difference betweeS face and back of 
n £ a ^ i ^ ° ^ e d i5t° the tangential direction. If the angle 
°L=nClinttl0n °f ^he blades is small,a high intensity of 
pressure increase is required on the blade "face,and high 

f { f decrease on the back. A small number of * 
above!" therefore magnifies the problem outlined 
r^J^t ^thors ?ontinue the paper by describing the new 
ww.?£ ™nner,giving performance curves and pointing out 
wherein the new runners resemble,and where they differ 
from,a ship's propellor. y er 

The Moody Diagonal High Speed Runner. The theoretical 
considerations underlying the development of high speed 
runners are contained fairly completely in the foregoing 
comments on the characteristics on high speed runners and 
in the afalysxs on pages S3 to 41 ,taken from Mr.Moody's 
paper of 1921. There remains therefore to describe the 
general form and performance of the runner as developed by 
Moody and to reproduce some of the curves giving the effi­
ciency and other characteristics. Pig.50^ shows a run­
ner ox this new type as designed for the Great Palls 
Development in Manitoba,it is designed to deliver 28000 
horse power at 138.5 r.p.m. under a head of 56 feet. The 
specific speed is 153. Pig 52,taken from the paper by 
Messrs.Taylor and Moody is a cross section of the unit as 
installed. Note the draft tube is provided with central 
core,previously referred to,and of which more will be said 
under the heading ofl draft tubes. 0ne of the Cedsrs fiapids 
runners is also shown in Pig.50 ,by way of comparison. In 
the new runner,the outer band is eliminated to reduce 
frictional losses at the high relative velocities; also 
the number of runner blades is reduced to six,effecting 
a great reduction in area as compared with the Cedars Rapids 
runner,with its sixteen blades. This also means a much wider space between the blades and much less danger of clogging from ice or debris. The intake racks may also be spaced wider in proportion. The runner blades have very little curvature;this,it will be observed by reference to Fig.50 , and to equation (vOa,page 53,has a tendency to make the factor,_̂ _ approach unity,and therefore to reduce the amount of rc local pressure reduction behind each blade,reducing the liability to vibration and corrosion. Pig. 53 is interesting as giving the results of tests See paper by S.H.Van Patter. Journal E.I.e.Sept.1922. 
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of models of the Great Falls and Cedars Rapids runners. 
As stated by Mr.Van Patter,* "These curves are plotted from 
the £est results of the 15 inch experimental (Moody) 
turbines,and so the efficiencies shown are considerably 
less than obtained at Holyoke,for which official results 
are not yet available. The dotted curves are for the 
Cedars model runner with curved and Moody draft tubes. 
This runner gave a maximum efficiency of 90 per cent on 
Holyoke test. It will be noted that the Moody tube gives 
a considerable increase in efficiency at part gates. The 
Moody tube also gave a considerable increase in maximum 
power, shov/ing about 7 per cent over the curved tube in 
this test. The full curves are for Moody high speed run­
ners at specific speeds of 110, 125 and 155. As the speed 
increases the part gate efficiencies fall off appreciably. 
This,of course,is a big disadvantage for installations 
with a small number of units when the load is variable. 
However,with the increasing tendency to link up such small 
stations with others in the vicinity,this point becomes 
of small importance. Also,by going to a somewhat lower 
speed,very good part of gate efficiencies may be obtained, 
as shown for the curves for model No.81 and a considerable 
saving in cost will be effected as compared with the Francis 
type turbine. This model,No.81,gave an efficiency of about 
91 per cent at Holyoke." 

It was stated,page 51 ,that diagonal flow is preferable 
to pure axial flow,and that a very great reduction of blade 
area is to be avoided,page 5*5 ,since pure axial flow and 
small blade area tend toward very unsteady flow and loss 
of efficiency at part gates. Fig.54 ,shows a comparison 
of two runners,a four bladed axial type runner with a six 
bladed diagonal runner. "f-"lt will be noted that the axial 
runner shows marked instability at small gates,while the 
diagonal runner exhibits smooth curves of normal form." 
It is generally conceded that high speed runners involve 
a considerable sacrifice of efficiency,even under the most 
favourable conditions of operation,but especially so at 
part gate. In the two types of runner being compared by 
the curves of Fig. 55" ,we may take it that the difference 
in their performance is due to the manner In which they 
behave with respect to the three types of whirl as mentioned 
on pages 51 and 52. ̂ he primary whirl,we may expect,and 
also the tertiary whirl causing the local pressure re­
duction behind each blade,will probably be the same in each 
case,and produce approximately the same effects. We are 
led,therefore,to conclude that the principal difference in 
their performance is due to the behaviour of the secondary 
whirl. It appears desirable,especially at port gate,to have the water which is admittedat the upper extremities of the guide vanes enter the runner before its velocity is greatly reduced by this secondary whirl. This is a point of considerable interest,as it marks the principal difference between the two types of high speed runner being developed on this continent. The p$rt gate efficien­cies of the high speed runner as shown by the curves of •Journal E.I.C. Sept.1922. fSee paper by Taylor and Moody,referred to on page 48. 
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Fig. 55 are greater than those shown by the curves of 
Fig. 56; and probably the behaviour of the secondary whirl 
accounts for much of the difference. 

There is a tendency for eddies to form after each 
blade in a high speed runner which lowers the efficiency 
and this tendency is no doubt increased at port gate. A 
secondary blade placed at the back and slightly in advance 
of the main blade has been proposed as a means of reducing 
such disturbance. This suggestion was made by Messrs. 
Taylor and Moody, as follows: 

"AS it is believed that there is a tendency in a 
narrow bladed runner for an eddy to form behind each blade 
at part gate and sometimes even at normal gate,one of the 
writers has proposed the use of secondary blades close to 
the main blades but slightly in advance of them,for the 
purpose of directing the flow more efficiently along the 
back of the main blade,and by this means eliminating in­
stability and vibration and improving the p<art gate 
efficiency, ete. Fig. 5? shows a four bladed axial run­
ner equipped with such secondary blades,the two blades 
being in contact in the position shown. The secondary 
blade is of diagonal flow form. It was found by tests 
ghat the addition of the secondary blades or "intervanes", 
reduced the specific speed,but increased the efficiency 
by eight per cent and that it prevented unstable flow and 
vibration and improved the part gate efficiency. It was 
found that the best angular position of these blades was 
about ten degrees to advance of their position of contact 
with the main blades. T#he field of usefulness of the idea 
is yet to be determined: it is merely presented here as a 
suggestion of interest." 

The Nagler Propellor Type Runner. The runner originated 
by Mr.Nagler probably represents the extreme development 
of high specific speed. Concerning high speed development, 
the inventor of this runner has to say"*fc The primary 
essential to high characteristic speed (125 to 200) is a 
reduction -in hydraulic friction and harmful centrifugal 
forces. Neglecting friction and possibly blade thickness, 
there are no mathematical or hydraulic laws that will 
prevent doubling or quadrupling any particular characteristic 
speed by simply flattening the blade angles. A direct 
analogy to this is the well known illustration of relative 
velocities evidenced in the sail of an ice boat. The 
practical effect of so doing with a given profile is to 
lengthen the blade so that the friction on the increased 
wetted surface reduces efficiency and speed or results in 
constriction of passage. In the author s design these 
effects are counteracted by cutting out blades,the effect of which is not manifested in the reduction of power that might be expected. On the contrary the discharge is in­creased without reduction of efficiency." Flattening the blade angle results in greater pressure differences between the face and back of blade,as already pointed out,page 55 ,which is sometimes attended with certain undesirable features. ^Forrest Nagler,"A New Type of Hydraulic Turbine Runner." Proc. A.S.Mech.Engineers. 1919. 
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+0=+
Fife*56 'is,a curve Plotted from the log sheet of a 

Serredato°fbLf *£? N^ l e r runner,takengfrom the paper 
ret erred to above. Pig.5* ,contains the curves showins 

na^eif TcSt'of t^636 rWm?S &S Called at the p?ants 
™ 4 f v cut.of the runner for the Green Island Develop-
£?««•? °Wn *? Fie*51 'and a crosssection of the same 
SSifKeflMiSJ; 8- 5? 'L1^ 4 1 1 h i g h Speed runners^ 
is lllh 11 til %\ t7 a t ^ Sate»but when the load factor 
f L S S ?! ™ ? P^nt comprises a number of units,this 
leature is not a serious drawback. 
....i.. li!f,?aElaj? g1?* Rp*ed Ru"*er. A paper recently 
published by (J.keindl Muenchen,in Zeitschrift deutscher 
Ingenieure, describes the development of the nigh Sled 

pSrnalsn!vetSmani
gintte^by *•**!***.<* SSrS The 

™ M ? « W gives many valuable references to works 
published upon the relation of specific speed to fricU on-
paper' tLll ^ V

+
e s tf? a t e d & the extracts from Mr.Soody?" 

«? & ?aS? ?° *° ̂  * The Sen^al principles ofl design 
aS*«S;

&? turbine are,of course,identical with thole 
nort h L t^r+

Sfd,and ?e claims,with much evidence to sup! 
h?^ ^ i ? " 1 the Sweater part of the pioneer work on the 
atflt?f S T " ^ w a s done UP™ the other side of the 
^io? ™* ^he*Xd°?^of cutting back the runner vanes,as 
first practiced with the Francis runner,originated in 
Sweden. As stated by Reindlj: "The principle of the 
Kaplan turbine is,to make a long story short,to shorten 
as far as possible the length of the blades of the runner 
to obtain as small losses in friction and bending of thf 
current as opportune and to widen the distance between 
¥£ ,8~rd® vane? and the runner blades so that the natural 
flow of the water would be least disturbed;this entirely 
K 7 ^ 9 B " f l n ' 1 theories regarding water turbines, 
ofStheaSK^n t^ne!"^6 "* Mlde ** th* ™ pr°P°Sal 

A complete discussion of the Kaplan turbine would mean 
a recapitulation of much that has already been said con-
cecming high speed runners; the abandonment of the idea 
that complete guidance of the water is necessary a 
whirling mass of water leaving the guide vanes and approach­
ing the centre of the turbine with its velocity increasing 
a f t01v;dl»Lt0 tht Ration « ^ c ^ r , and the utilisation 
of the energy of the water at a small distance from the 
axis of rotation and the necessity for conducting it away 
again from the central axis without disturbance and loss. 

A cut of the Kaplan turbine is shown in Pig. RQ B turbine of 1913, while Pig. 59 c shows one of later develop­ment. Dr.Kaplan originated and took out patents (1913) for a turbine with movable blades; it being possible to change the angle of the blades according tS the demands made upon the turbine and the quantity of water available. IFig. 60 )• Another model of turbine has been developed in which the maximum torque can be predetermined £Ad fixed wSd? D^^iSr10151^ ^ L°W Head Plant'" Elec^ical 
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it is^conrJ^ SS^0t t0 ?ndanger the generator to which 
400 to Z ° £ t\. o6 speclf*c s P e e d s developed range from 
?oot-poS° Sits! g*S* S7SteM ° r f r ° m 9 ° t 0 336' in 

= ™ Q u o t i n« f?>on, the paper referred to above,the following 
d?L^ rr^ S °f & t8St 0n a model runner'of 183 m/m ^ 
diameter,and three propellor blades,April 1921. 
Gate Opening.. 

75 
75 
100 
100 
120 

Specific 
Ns 

Metric 
1095 
1120 
1150 
1210 
1550 

Speed 

Ft. 

• 

pounds 
246 
252 
258 
272 
304 

Effic iency. 
% 

77 
78 
78 
77 
73 

A^ T?? S G ^ e s u lJ s w e r® obtained on a wheel which had been 
acSe'r^y!0 SUrfaCe ° f blad6S in accordanceh:?tSe?ne 

The average values of efficiency for the Kaplan type 
Mth nK &S Zn^Hl c o n s t^ cted are given as ?oilows : 
V,ith lis - 700 to 800, measured efficiency - 85^ 

(157 to 179) 
Ns = 1200 " " .W 

(270) = 77/° 
It will be noted that for moderately high specific 
speeds upon the authority given above,the efficiency of 
the Kaplan turbine compares very favourably with the 
$ ^ 5 , ° ' M??dy and Na£ler,and that speeds much in excess 
of anything attempted by the latter two types are obtain-
aoxe • 
* ^ d v a ntages of the High Speed Runner. The advantage«, 
°f the new gorm ol turbine are many,and mark a diltinct 
step forward in turbine developmentjdespite the dispar­
aging remarks of A.T.Safford:* "Recently there haI been 
placed on the market a propellor type r u W ^ o r ^ n i c h 
many advantages are claimed,chief of which is a hi"h 
+ S^?i i$ 11 \* 1%* is ?r°P°sed to demonstrate again the 
truth of the old adage Hhere is nothing new under the 
™ ' \l f o w "heels almost exactly the fame we^e used 
many years ago,and that their high speed was a — ^4t.ed 
£1* c l a i m e d that the modern propellor wheel i8'axial 
flow. Exception is taken to this,as it is difficult to 
understand how,in the matter of direction of flow the 
propellor wheel can be different from any modern hich 
?£?d

1?
e5CJ ° n ! h ? e l * Ttoe ProPellor wheel,as commercially 

installed,is set in a wheel case of the Francis turoe th# water being admitted through the usual wictot LtK!'ta a direction approaching the tangential." Proc. A.S.C.E. April 1922. 
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It is,of course,impossible to get away from the 
fundamental forms,but when comparing the *tonval and other 
axial flow turbines originally developed with the modern 
high speed types it should be" recalled that the former 
had specific speeds ranging from 10 to 20. To show the 
transformation in turbine practice made possible by the A. 
high specific speed turbines,Fig. 46 , bas been reproduced, 
showing a comparison of three runners of equal power but 
of different type,all drawn to the same scale. Runner A 

is of the low speed type used in the 30,000 horse power 
turbines at Big Greek Station,No*8 of the Southern 
California Edison Company, for a head of 680 feet: Figure 
B shows the Francis high speed type used for the Cedars 
Rapids and many other moderate and low head plants; figure 
C shows the new diagonal propellor type,as developed by 
Moody. Some of the adavntages of the high speed runners 
have already been mentioned; these and others may be brief­
ly summarized as follows: 

(a) The increased speed makes possible a considerable 
reduction in the generator diameter; the outside diameters 
of the Cedars Rapids generators are 37 feet 4 inches,where­
as the same dimensions of those for the Great Falls develop­
ment, Manitoba, do not exceed 24 feet for over double the 
capacity. A corresponding reduction is possible in the 
structures for supporting"both the revolving and stationery 
parts and a saving can be effected in the overhead cranes 
and super-structure. 

(b) Higher generator efficiency,since a generator 
operates more efficiently at high speed. 

(c) It is claimed that the mechanical strength of the 
propellor type runner can be made greater than that of 
the Francis type.since the overhang of the blade from the 
crown of the runner is less,and the connection between 
the runner hub and the blades is conaiderably longer,re-
sulting in smaller bending stresses in the blades. 

(d) The runner blades being fewer,the spaces between 
them are correspondingly increased.reducing the danger of 
clogging from ice or floating debris,and permitting the 
head racks to be spaced at greater distances. 

(e) The propellor type runner can be constructed with 
the runner blades bolted to a central hub,thus removable 
and renewable. In the Francis type^where the runner blades 
must be cast integrally with the hub,damage to one blade 
requires renewal of the entire piece. 

The Ejector Turbine. The flow of many of our larger 
rivers which furnifcfi most of the-low4'headrwater -powers is 
subject to very great seasonal variation,and this character­
istic of their flow is one of the principal obstacles to their economic utilization. It"is not,in general,possible to provide sufficient storage facilities on such streams to empound the entire flow of a flood>period; in fact it is frequently impracticable to provide storage for more than sufficient water to carry the load over the daily peak,the-greater portion of the flow being wasted over the spillway of the dam. During a flood period the increased flow raises the tailwater elevation in the F.H.Rogers,"Developments in High Speed Runners for Hydraulic Turbines." Power, April,25-1922. 
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majority of streams providing low heads,thus reducing 
the available head and reducing the power in the ratio 
of the head to the three-halves power. Again,for most 
efficient operation,the turbine speed should vary as the 
square root of the head,but since the majority of plants 
must operate at constant speed,this reduction in head is 
also attended with a reduction in efficiency of the tur­
bine. The combined effect of the two losses may be such 
as to seriously curtail the plant output. 

Much thought has been devoted to this subject both 
on this continent and in Europe. To provide additional 
units to maintain the plant output during flood periods 
means an increase in the initial outlay and in the capital 
charges. The possibility of maintaining the output by 
designing the turbines so as to give maximum efficiency 
at a gate-opening somewhat in excess of normal; say 12b%, 
would mean that the turbine would have to operate afc re­
duced efficiency the greater part of the time,but it is 
desirable,when the flow is least,to have the efficiency 
a maximum. Above all,this principle could not be applied 
to th* modern high speed runners of the propellor type, 
for which the efficiency is maintained over only a very 
small range of gate-openings. The most hopeful proposal 
for the solution of this problem is the ejector turbine 
(Fig.63 ). ' * 

To increase the fall and power,Clemens Herschel^ in 
1908 devised and tested at Holyoke the plan of connecting 
the lower end of the turbine draft tube to a chamber 
wherein a partial vacuum is produced by causing part of 
the waste water to flow through a tube shaped like a 
Venturi meter,suitaTfele connection being made between the 
specially designed throat of the tube and the vacuum 
chamber. This device,called the "fall increaser" gives 
greater available power at high water stages,since the 
vacuum head Hj is added to the head H between the upper 
and lower water levels,and since the discharge through 
the turbine is also increased. 

Using this principle for increasing the head upon 
the turbine,Lewis F.Moody originated the Ejector Turbine 
(Fig.65 ); using a runner of the standard types,the 
setting is so constructed that water may be by-passed 
into the draft tube,increasing the head and quantity of 
water applied to the turbine. This turbine is quite 
fully described in an article by S.Logan Kerr,appearing 
in Mechanical Engineering,AprII 1922. In addition to 
discussing the need for such a turbine and its design, 
the author includes the results of tests,and also gives 
descriptions of appartus and methods used in testing, making the paper of considerable value to anyone under­taking similar work. Fig.62 is taken from this article and gives the performance curves for one of two runners tested,using the ejector setting.% The results of the tests on one runner only,No.55,are shown (Fig.62 ). This ^Merriman,"A Treatise on Hydraulics" 9th edition,page 477. tTests made at the I.P.Morris Experimental Laboratory of the Williara Cramp & Sons Ship and Engine Building Company, Philadelphia. 
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an^ThL1! °f ^.mixed flow type, 16 inch throat diameter, 
best d8(S h^vw\CviPeed ?f ?4*4 (^ot-pound system) at ' 
of curve! fefi I?th^usual„significance). The first series 
dinateland fe„ „ * wasi

drawn using efficiencies as or-
diametlr as aDec!^?1, ^ «-head,reduced to 1 ft.throat 
f*«+ + *^V aPs,clssae • The envelope of these curves 

Sclor Combine?" F^h^perfor™ <* thHurMnTand 
that a considerable ?^«oeSe,CUrVes " m&y be observed 
rated outS»tsC+i! increase in power is obtained over the 
of 0?300 H P It 1 ftUSL°5 th2 ?J"rt0r' Based °n a ^ting 
runner Ko ̂ 5 t.hi«i^h8ad and l ft'throat diameter,for 
= *oo* w ol b 5 this increase amounted to 36.7 per cent- on 
I s.conrseHfP°Wer " &mDUnted to S^e/cent.™ 
the per ormfncfofthfrSJ&S Pl°tted (Fi«« 62»B> lowing 
head^eacScSrve JonsLtS of ?" ^forunder varying S 

gSanc^urS"^*S ^^.^tiT 
nd J^^ ST-i nSal\eaaI,?hfL1tfrO\e7?ng80ta9k0en00 

ISiliJS Se^^faLXve^e^ SoST ^ , 
horse power against quantity. Plotted curves of 

wereAplotied*forSthrS mad? and a slmilar set of curves 
diagonal t ™ ?E the second runner,No.65, which was of the 
diagonal type,16.25 inches in diameter and havine a 
specific speed of 100. The increase in power with the 
ejector was considerable,but no+ as irrSat It *Z + £ 
2d*?? per^^oT TT'*^ 5° P" °e" ov^rat^ 
&?f i ? f nt on a b a s l s of maximum power. With the 
?icfenaltn7S!^lm?er^5 per cent of "oLl head was suf-
iicient to maintain the rated cower wĥ n tl«^^ + Zt „! I 
runnSVCE'JEgoSa ?™i * the'waterUcoSfng^f?Jrt0r-
thTIirection S^hfrSer^in tb^JfiS f°Td WhlPl iB 

-hirl is of consideL^nmagn?tidI,anf isSPalsor^arSdtMS 

5/SS**? Teate aS 11U1« ^^urbance of the ^lo^in 
guide v2esUwhich IV^l*^ ejeCtor is Provided IiS 
guxae vanes wmch give the water an initial wirtyi » = i+ 
enters the draft tube,the angle of wh?rl varvine wi'h W 
requirements of operation of the turbine %l £S 

jjreial installations of this Jype^of^bin^ Se^eeT" 
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The Principles of Draft Tube Design* Draft tubes are 
attached only to reaction turbines,since continuity of flow 
is required for their successful operation. Certain attempts 
have been made to increase the effective head on impluse 
wheels by enclosing the runner in an air-tight casing and 
allowing the discharge water to form a column in a tube 
leading to tailwater; the weight of the column creating a 
suction*tl The simplest principles of a draft tube are 
applied in certain cases,but the arrangement has not proven 
generally popular* Draft tubes were first attached to re­
action turbines with the object of allowing them to be 
raided above tailwater elevation without loss of head,the 
tubes being straight,and little attention being given to 
the possibilities of regaining the velocity head of dis­
charge by a tube of increasing section* The Boyden dif­
fuser was designed to regain this kinetic energy of the 
discharge water, but it was not extensively usede We are 
not to infer from these remarks,however,that the possibilities 
of the spreading draft tube v/ere overlooked by the early 
hydraulic engineers; for spreading draft tubes were con­
structed about the sixties and seventies,and in some cases 
a central cone was inserted for conducting the water away 
from the axis of the tube in order to reduce its rate of 
whirl and increase the pressure* When one carefully fol­
lows what has been previously given concerning the design 
of turbines,and particularly the discussion of the magnitude 
and direction of the outflow velocities in a development 
of high speed runners,one is led,however,to conclude that 
much ccedit is due to recent designers in developing draft 
tubes which have greatly improved the efficiencies of the 
turbines in many recent"installations; .and this,not with­
standing the remarks of Mr.A.T.Safford^" ;-After giving as 
the reasons for the general neglect of draft tubes that 
they were not considered a good investment from a financial 
point of view, he states; 

"Apparently the pendulum has swung to the other extreme, 
and there are now on the market various kinds of patent 
draft tubes,each of which,like the old patent medicine,is 
promised to be the cure-all for every hydraulic trouble• 
The basis of one of these tubes is an inverted cone placed 
beneath the discharge opening of the draft tube,with its 
axis coincident with that of the runner* The object is 
to change smoothly and without sljock from a vertical to 
a horizontal direction. 

The placing of a cdne beneath the draft tube is almost 
as old as the turbine itself* Some of the early Jonval-
Koechlin turbines had it* Almost every German textbook 
on water-wheels from 1860 to Dr.Eamererfs"Wasserkraft-machinen" of 1914, shows one or more settings with cones below the draft tube." The earlier designers may have developed a tube of the form similar to that of to-day,but their draft tube problems were in no way similar to those of the present* For one thing,they had not the runners of such high specific speed and again,they had not the problem of regaining the high whirl components at outflow that exist with the high speed runners of recent development* The object is not ^"The American Mixed Flow Turbine and its Setting;." Proc. A.S.C.E. April,1922. 6 
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now merely "to change from a vertical to a horizontal 
direction," but to conduct a whirling mass of water,which 
is made to pass through the runner comparatively close 
to the axisia sufficient distance from the axis of rotation 
to reduce its velocity of whirl and convert the kinetic 
energy of the water into useful pressure head. The pro­
blem is complicated by the fact that the magnitude and 
direction of the whirl changes with the turbine gate-open­
ing. In the Francis type turbine,if the gate opening is 
less than normal,the water Whirls in the direction of 
rotation of the runner. When the gate-opening is above 
normal,the direction of whirl is opposite to the direction 
of rotation. In the modern high speed runners,the absolute 
whirl is always in a direction corresponding with the 
direction of rotation of the runner (see note,page 51 and 
Fig. 34 ),but it varies greatly in its magnitude and in­
clination to the meridian plane with a change in gate-
opening. For the Francis type there is evidently a position 
of the gates where no whirl will exist,or only a slight 
forward whirl,and the water will leave the runner with 
almost pure meridian flow* This is often spoken of as 
the most advantageous gate-opening,and is the condition 
with which the ordinary types of straight or curved draft 
tube are capable of most efficiently dealing. The changing 
conditions of whirl in the new high speed types of runner 
for a reduced gate-opening place a greater burden upon 
the draft tube of regaining the outflow velocities; a task 
which could not be accomplished with the old forms of tube 
(Fig. GQr )• These changing conditions of whirl are 
somewhat analogous to the action of a jet Impinging on 
a Pelton runner bucket. If the bucket is moving at a 
velocity below that for best efficiency,the water will hsye 
an absolute velocity backward; if the velocity is that of 
best efficiency,the water will leave the bucket with its 
absolute velocity reduced almost to zero; if the speed of 
the bucket be above that for best efficiency,the water will 
leave with a forward absolute velocity. 

The whirling mass of water leaving the runner behaves 
somewhat like a gyroscope,resisting any effort to divert 
it from its general direction of motion. A curved draft 
tube,such as shown in Fig. ,a type formally quite 
popular,is a device ill-fitted to handle efficiently such 
a whirling mass. An attempt to conduct the water from 
a high speed turbine through a tube of this form results 
in much disturbance,areas of reduced pressure and backward 
flow,giving rise to the boiling appearance of the tailwater 
leaving installations equipped with curved tubes. This 
whirling mass of water as it leaves the runner resembles an inverted vortex,and a reversal of the conditions of flow In the vortex suggests the most logical method of regaining its energy. No mention is made of such a pro­cess in any of the .standard works on hydraulics which the writer has at hand'*" ; it is therefore believed that credit ^ Among these are included Gibson,"Hydraulics and its Appli­cations;" Merriman,"Treatise On Hydraulics*" 10th ed$ Mead, "Water Power Engineering"; von Schon, "Hydro-Electric practice"; Moriey A.Parker, "Control of Water "; and Bovey, "A Treatise on Hydraulics"* 
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should go for the suggestion to the originators of the 
"Patent" forms, Messrs*White and Moody* From the evidence 
contained in much of the recent literature on draft tubes 
it would appear that Mr.Moody was the first on this con­
tinent to approach the subject of draft tubes design in 
the light of a knowledge of the conditions;of discharge 
from modern high speed runners; though a form of draft tube 
simultaneously originated by Mr.W.M.White had its origin 
in a series of experiments commenced as early as 1913. An 
article appearing in Mechanical Engineering April,1922,by 
W.K.Ramsey gives a general description of the two tubes. 
The same issue of Mechanical Engineering also contains the 
results of a series of tests conducted on a number of 
straight conical tubes by Mr.E.G.Lyon. His method of deal­
ing with the results is instructive and interesting,but 
since the flow in all cases was pure meridian flow without 
any element of whirl,the results cannot be considered as 
applying to the draft tubes of high speed turbines. A long 
straight draft tube with a small angle of diffusion,like 
the tubes tested by Mr.Lyon is probably the most efficient 
design,but for large units the construction of such draft 
tubes would involve very costly excavation,especially with 
runners of high specific speed,which often have to be 
located very close to tailwater elevation. To overcome 
this difficulty,the new forms of draft tube were proposed. 
Those by Moody and White will be very briefly described, 
together with the form of draft tube invented by Dr.Kaplan, 
which it is claimed,was the first type originated involving 
the principles upon which the other two forms also operate 

The Moody Spreading Draft Tube. Assuming that the water 
leaving a high speed runner behaves to a very great extent 
like a free vortex,we may find the laws applicable to its 
flow by a consideration of equation ( iV ) page 50 , and 
this equation is used by Mr.Moody in the discussion of the 
principles upon which the spreading draft tubetoperates* 
Taking Fig* G7 to represent a free vortex formed in an 
open basin,neglecting the components of velocity in the 
meridian plane and assuming for an approximation that the 
velocity is entirely in the circumferential direction we 
shall havet 

v -h- (D 
~ r 

since in a free vortex the velocity varies inversely as the 
radius, r being the radius and K a constant* If z is the 
ordinate to the same point,then since the pressure at 
every poiny is atmospheric,and since therefore the velocity 
head must increase by the same amount that the elevation head deereases,we shall have z r 5g (ii) Combining (i) and (ii), we have vzz - K (a constant) - - -(iii) ^"See paper by C. Re indl, refer red to on page BQ . tDiscussions taken mostly from Moody,!,The Present Trend of Turbine Development", Engineers Club,Philadelphia, 1921. 
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This is the equation of a third degree hyperbola,the 
same as equation ( iv ) page 50 9which is the equation to 
the surface curve of a free cylindrical vortex and which 
agrees very closely with that of a free spiral vortex. 
The whirl component of velocity in the water creates a 
surface of discontinuity,maintaining an open space through 
the centre of the vortex; equilibrium being maintained 
between the increased centrifugal force and the increasing 
pressure. This is maintained since if the flow approach 
the axis more closely the velocity would be required by 
the relation above to assume infinite values. When the 
space within the surface of discontinuity is filled with 
water it is likely that this water is set into an eddying 
condition without partaking of the general flow of the 
surrounding stream. The principle just explained suggests 
a useful method of regaining the kinetie energy of the 
whirling component of flow in the water discharged from a 
turbine runner,or a pump impeller. For example,if the 
flow is turned into an axial direction,away from the axis, 
the velocity of whirl will diminish in inverse proportion 
to the increasing radius,and the corresponding velocity 
head will diminish inversely as the square of the radius, 
so that it is merely necessary to lead the water a moderate 
distance away from the axis of rotation to obtain the 
conversion of a large proportion of the velocity head of 
whirl into pressure"head. This principle is used in the 
spreading draft tube. The above is the inventor s ex­
planation of the action of the spreading draft tube ; one 
of these tubes is shown attached to the Queenston turbine> 
shown in Fig. 38 . Another form of the tube is shown in 
Fig. 52 ,attached to the high speed turbine of the Great 
Falls Plant,Manitoba. This form is provided with the 
central core,to prevent a too rapid increase in the area 
of the draft tube section so as not to disturbe the 
stability of the flow and also to prevent the formation 
of a surface of discontinuity,and the presence of a region 
of eddies. While providing for the recovery of the whirl 
components of velocity head,the tube must be provided with 
a gradual increase in area so as to regain as much as 
possible of the meridian component of velocity. In the 
discharge from high speed runners there is a tendency for 
a region of low pressure to form at the Centre of the 
runner,and tests have revealed the fact that reverse flow 
up the centre of a tube actually occurs in certain con­
ditions. The central cone is designed to prevent this 
reverse flovf and the attendant disturbance created. The 
principal advantage of this draft tube is that it helps 
to maintain the efficiency of the turbine at part gate, (Fig. 7a). The White Hydraucone Retainer. In a very excellent paper* recently published,Mr.W.M.White gives what he believes to be the principles upon which the draft tube (Fig. 71 ) originated by him, works. This paper also gives much valuable information concerning other forms of draft tube,pointing out the defects of the ordinary curved type, and also contains the results of much experimental work* The following is,in brief,the principle given for the operation of this type of draft tubei **"W.M.White."The Hydraucone Regainer.Its Development and Applica­tion in Hydro-Electrie Plants.* Pr6c.A.S.M.E.May,1921. 
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The new method of regaining pressure from velocity of 
fluids in motion consists in causing the stream flow to 
impinge upon some definite shape,either flat,conical or 
concave,thus changing its direction,and then placing an 
envelope around the shape so formed upon the particular 
base used,which envelope conforms to the shape of the fluid 
at entrance and gradually recedes from what would be the 
normal or free shape of the non-enclosed fluid impinging 
upon the particular base used; the effect of this gradually 
diverging envelope being to change the velocity head of 
fluids flowing at high velocity into its entrance into 
pressure and low velocity at exit." 

This change from high velocity to pressure is brought 
about by what the inventor of this form of draft tube re­
fers to as the "hydraucone action" of water, and this is 
explained as follows: "By the "hydraucone action" of water 
is meant that action which occurs when an unenclosed stream 
impinges against and is deflected along a surface^(Fig. 6*8 ) 
and again,when discussing this action he says -- "It will 
be noted that the water at the centre of the jet slows up 
as It reaches the plate and delivers its velocity head into 
pressure head at the centre of the plate. This pressure 
head at the centre is transformed into velocity as this 
stream flow passes from the centre of the point of impinge­
ment to the point beyond the radius of curvature. Referring 
to Fig.GS ,the radius of curvature of the water in making 
its change in direction is a definite curve and is the 
minimum which can be used in regaining devices and yet obtain 
the reactions within the point of impingement which"will 
give smooth stream flow of discharge along the plate and 
consequently without eddies and attendant losses." 

A model of a water-wheel was tested,using the new device, 
and better efficiencies were obtained than those possible 
with the curved models of tube. Devices of the form shown 
in Fig. 65* and Fig.^were tested, in an arrangement as 
shown in Fig. $9 * The flow through the tubes in these tests 
was in all cases pure meridian flow,having no whirl component* 
The results of one of the tests,among the best given,on a 
model as shown in Fig.69 ,hydraucone radius 2f" are as 
follows: 

Distance between plates,ins. V2 * %t %e '^2 fy \ % 
Efficiency,per cent. 76*7 77 78*5 78.7 78 74 68 
A series of tests using what was termed an "equal area 
cone" hydraucone radius 2f" Fig. 70, gave the following, 

Distance between plates, ins.lfe % s/$ ll/te 3/+ % 
Efficiency,per cent 71.3 72.4 72.8 72*4 70 64.7 
Such efficiencies of regain might reasonably be expected, 
since G.E.Lyon"*" ,from his tests on straight conical tubes obtains the efficiencies ranging above 90 per cent. The tube gives better efficiencies in actual operation than can be secured with curved draft tubes or straight tubes of similar length,but the inventor's explanation of ^Mechanical Engineering, AprII,1922. 
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its action is no doubt incorrect. His so-called hydraucone 
action of water has been long understood and may be explain­
ed by the application of the principles of relative velocities 
of water impinging on a flat plate,whic3^was discussed in 
the early part of the present wofck. (SeeA*ibson "Hydraulics", 
second edition,sect.106,page 374)2 The phenomenon of the 
variation in efficiency as the distance between the plates 
is varied may be satisfactorily explained by a consideration 
of Sect.32,p.79 of Gibson?s Hydraulics,where the case of a 
jet impinging on a flat surface is considered when the plate 
is brought gradually closer to the orifice until the escap­
ing jet touches both the plate and the nozzle. In the writer's 
opinion the action of the hydraucone regainer is not fund­
amentally different in principle from the spreading draft 
tube by Moody, the plate at the bottom of the tube prevent­
ing the counter currents in the tube which have such dis­
turbing effects in draft tubes handling water tith very 
large components of whirl velocity. A cone of water is then 
formed above this plate corresponding to the Gentral cone 
of the other design of tube. Mr.Chester W.Larner s dis­
cussion of Mr.White's paper helps to throw much light upon 
this very difficult subject; he gives,in par£, the follow­
ing: 

"The author claims to use as the basis of his draft tube 
design the shape of a free jet impinging on a plate and he 
says it is necessary to take into consideration the action 
of this free jet as it strikes the plate if the maximum re­
covery of velocity head is to be expected. This statement, 
in one form or another,is reiterated frequently throughout 
the paper and It appears obvious that the auth6r regards 
the analogy to a free jet as of fundamental importance. This 
Statement is open to criticism for the following reasons; 

1. A free jet presupposes straight-line flow,which does 
not occufc in a draft tube. If whirl is introduced into a 
jet,the jet is instantly dispersed into spray. 

2. The object of a draft tube is recovery of velocity 
head and there is no recovery of velocity head in a free 
jet. Fig. 68,in wftich the velocities before and after im­
pingement are alleged to be the same,indicates that the 
author appreciates this fact and yet,at the same time,he 
says that this illustration discloses the principle of the 
new method of regaining pressure from velocity* 

3. The author does^not adhere to the free jet principle 
in working out his own design. He begins to taper his draft 
tube at the top (See Fig. 71 ) and diverges more and more 
from the shape of the free jet as he progresses down the 
draft tube and around the turn. In so doing he utilizes the 
diffuser principle which is,after all,the only abstract principle actually involved in good draft tube design. The problem of design are manifold,but efficient recovery of velocity head is purely a question of reducing the velocity with as little loss as possible. The ideal draft tube is one in w$ich the areas normal to the flow are gradually and progressively enlarged.and so shaped and disposed that the velocity and distribution of flow conform to the area provided. There appears to fee no great differences in the efficien-
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cies obtainable with the two forms of draft tube as dis­
cussed above when operating at normal load,and this fact is 
very well brought out in a paper recently published by Mr. 
N.R.Gibson^ when testing out his method for the measurement 
of the flow of water in pipes in determining the efficiencies 
of the three new units at extension No.3 of the Niagara Falls 
Power Company* Unit No.16 has a White Hydraucone Regainer; 
units Nos.17 8c 18 are equipped with the Moody Spreading Draft 
Tube* It would appear,however,that at part gate the spread­
ing tube with the central cone gives greater efficiencies 
thafc the regainer,as described here. This is probably due 
to the former's capacity for more efficiently taking care 
of the whirling components of velocity. Mr.H.B.Taylor,dis­
cussing Mr White's paper has to say "The part gate efficien­
cies of units 17 & 18,which are equipped with Moody's tubes, 
are considerably higher than the corresponding efficiencies 
of unit 16,equipped with the White tube,the difference at 
part gate amounting to five per cent*,and although a part of 
this difference can be accounted for by the fact that the 
runner used in unit 16 was designed for a somewhat higher 
power capacity than the runners in units 17 8c 18,this dif­
ference may be allowed for by a relative shifting of the 
efficiency curves (Fig. 7& ) bringing the results together 
at high loads and still leaving a difference in favour of 
the Moody tube of approximately three per cent, at half load • 

Referring to the curves given in the paper by Mr.N.R* 
Gibson.there is a decided advantage in efficiency in favour 
of units 17 & 18,over unit 16 at part gate but the latter pos­
sesses fche advantage at full load: it is difficult to say 
whether the difference in part gate efficiency is due entire­
ly to the form of draft tube used* 

The Kaplan Draft Tube. The draft tube originated by 
Dr.Kaplan is discussed in the paper by C.Reindlc(See page 5"ft ); 
the objects sought as therein stated are identical with 
those already stated in the preceding pages,namely,to let 
the discharge current from the runner adjust itself in a 
natural way along the line of least resistnace,free from 
external coercion; to let it spread at a bend,filling per­
fectly the section without detachment from the walls,as this 
so often happens with conventional forms of draft tube, 
despite the care taken in design and dimensioning* Figs. 61 
and€l-Ashow the general form taken by the Kaplan type of 
draft tube,being the form adopted at the power station of 
Velm. The explanation of the action of this tube is given 
as follows: 

"The water in the vertical part,which is of rectangular 
section,is bent into the horizontal part,which Kaplan calls 
the diffuser,according to the priciple that the radius of the bend on the outside must be smaller than the radius on the inside in order to force the water to spread over the enlarged section and compeletely fill the section. The same considerations hold good for the change in direction from the runner casing to the entrance of the draft tube,this is ^"N*R.Gibson,"The Application of a New Method of Water Measurement in the Efficiency Tests of the 37500 H.P.turbines of the Niagara Falls Power Company" Engineers Club of Phila­delphia, 1921* 
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characteristic of the draft tube of the Velm plant (Fig.SI )." 
The preceding is a general statement explaining the 

action of the Kaplan draft tube; however,nothing is said 
about the hydraulic principles involved and ho analysis is 
attempted. To follow the water in its course,we first 
have the water as it leaves the turbine casing (Fig.6\ ) 
impinging against the flat outside wall of the elbow and 
spreading out; the water then follows the vertical portion 
of the tube downward-;and again impinges on the bottom of 
the horizontal portion and then spreads horizontally to 
fill this portion as it moves horizontally outward. No 
test results are given,or other information concerning 
the efficiency of this form of dr&ft tube,but it is stated 
that,when measurements were made upon the discharge from 
the draft tube of the Velm plant,it was found the water 
emerged from the end of the tube with a velocity which was 
uniform over the whole section. 

Other Forms of Draft Tube. When discussing the 
Queenston Hydraulic Power Development,the curved draft 
tube (Fig.41 ) supplied to unit No.1,was mentioned. $o, 
information concerning this form of tube is available,but 
it is a matter of considerable interest that a tube very 
closely resembling the recently despised and rejected 
form,should have been honoured by use in so important a 
plant; we may readily perciê ve that its simplicity in 
construction would recommend it for use,but high efficiency 
is one of the main considerations, in the design of the 
Queenston plant and hence it must give promise^ of good 
efficiency also. 

A draft tube provided with steel fins on the inside, 
projecting about eight inches into the tube and extending 
downward six or eight feet below the runner is mentioned 
by Mr.G.S.Williams in his discussion of the paper on draft 
tubes by Mr.W.M.White. The object of these fins is to 
check the whirl as the water leaves the runner;and it is 
claimed that a gain in efficiency of about 2 per cent was 
effected over that secured with the form known as the 
hydraucone regainer. Up to the present the idea does not 
appear to have been further developed* 
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Overcoming the Vertical Thrust in Hydraulic Turbines* 
The solution of the thrust problem in hydraulic turbines 

has contributed fully as much as any single factor in the 
development of large capacity units of high efficiency; in 
fact,on looking into the problem for a little,it would 
strike one that these large units could not exsist without 
the present day devices for taking the weight of the revolv­
ing parts of the generator and turbine. Upon this point 
we may refer to the opinions expressed by several well known 
hydraulic engineers and turbine designers. Mr.Van Patter, 
in the Engineering Journal,Sept.1922,p.461, made this state­
ment; "As most of you are aware,the tendency in the hydro­
electric field during recent years has been towards larger 
and larger units of the vertical shaft,single runner type. 
This has been made possible by the development of the direct 
connected hydro-electric unit and the satisfactory solution 
of the thrust bearing problem." 

When describing Extension No.3 to the plant of the 
Niagara Falls Power Company, Mr.Geo.R.Shepherd,of that Com­
pany, stated, "The experience of the power Company in former 
developments led to the adoption in 1906 of horizontal 
units for that part of Station No.3 which was then under 
construction. But in 1916 when most of the preliminary en­
gineering on the present extension was undertaken thrust 
bearings had reached such a state of perfection that elimi­
nated the engineering problem in connection with the support­
ing of the weight of the rotating parts of the unit. These 
mechanical difficulties having been eliminated,the efficiency 
of the units became the deciding factor,and the vertical 
units were chosen as offering the best opportunity for the 
development of a high efficiency." 

Mr.Eric Crewdson.discussing turbine design (see paper 
referred to,page 21 ) has said,"Thrust bearings are not now 
the bogey they used to be,provided they are designed with 
an ample margin of safety above the maximum load that can 
come upon them,and several satisfactory types are available. 

The solution of the thrust bearing problem has been made 
possible by the extension of the knowledge of the theory 
of lubrication; and this knowledge has had a gradual growth 
extending over the latter part of the last century. Beau-
champs Tower carried out an extensive series of experiments 
on lubrication and friction during the early eighties for 
the Institution of Mechanical Engineers. These experiments 
were performed with a well fitted cylindrical car-axle 
and brass bearing,flooded with oil,and it was found that 
there was practically no wear,that the total friction was 
nearly independent of the load,and that the mean coefficient 
of friction was very low,in some cases not exceeding 0.001. He further found that there was oil between the journal and the brass under pressure which varied from point to 
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point on the bearing surface,the maximum pressure being 
roughly twice the mean pre s sure, aî d the integrated pressure 
being equal to the total load pn the bearing. 

Professor Osborne Reynolds^" was led^to make a theoretical 
investigation of the principles of lubrication from a con­
sideration of the results obtained by Tower,basing his 
theoretical work on elementary physical data,including the 
journal diameter,its speed of rotation,the dimensions of 
the bearing surface of the brass,the viscosity of the oil 
and the load on the bearing. He was able to calculate the 
friction and what the pressure should be at any point in 
the oil film,and his calculated results agreed fairly well 
with Tower's experimental ones. He showed that the oil, 
because of its adhesion to the journal,and because of its 
viscosity or resistance to flow,is,by the rotation of the 
journal,dragged into a wedge-shaped space between it and 
the bearing. This action sets up the pressure in the oil 
film,which,in turn supports the load on the brass bearing. 
It completely separates the bearing surfaces,so there is 
no metallic contact. This wedge-shaped film of oil was 
shown by Reynolds to be the absolutely essential feature 
of effective automatic lubrication. Without it no great 
load can be borne on the bearing except with the accom­
paniment of high friction. The object sought in bearing 
design is to provide for this protective film of oil; and 
so long as dirt or grit are absent the bearing will be 
very unlikely to fail if the oil film is not squeezed out 
by the development of very high pressures on very restricted 
surfaces. Upon this point Mr.H.G.Reistt has to say: 
"The pressure necessary to accomplish this (squeeze out 
the oil film) is much greater than is generally known. 
In one case that came to the writer's attention a pressure 
of 5000 pounds per square inch was carried for several 
hours and the babbitted surface was absolutely free from 
damage. In another case a pressure of 2000 pounds per 
square inch at a rubbing speed of 4500 feet per minute 
was successfully carried. The consideration of such ex­
perience led to the conclusion that damage to properly 
lubricated bearings was due to failure of the oil film 
oil so small a part of the total surface that the unit 
pressures on these surfaces exceed the values just men­
tioned." 

Based upon Reynolds1 wedge-shaped film theory of 
lubrication there have been three thrust bearings brought 
out in recent years for application to hydro-electric 
units. These are the Kingsbury (operating on the Michell 
principle)thrust bearing of the segmental block type; the 
Reist spring thrust bearing; and the plain groved plate bearing developed byGibbs* Each of these bearings will be described briefly in turn* The Kingsbury Thrust Bearing, There has been much controversy as to whom the honour for the invention of the segmental block thrust bearing should go; whether to Kingsbury,in America,or to Michell,an Australian. The facts,however,seem to be about as follows: Based upon *"Phil.Trans., 1886. fH.G.Reist "A Self-Ad justing Spring Thrust Bearing",Proc* A.S.M.E. June 1918. 
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a study of Osborne Reynolds' thesis of 1886,Michell develop­
ed his thrust bearing during the years 1902-3-4 and he 
published an account of it in the German periodica 1 
Zeitschrift fur Mathematik und Physik,in 1905. He patented 
his device in Great Britain and Australia in January,1905 
but took out no foreign patents,on account of insufficient 
financial means. Kingsbury filed his application for 
patent two years after Michell; and although Kingsbury had 
been working on the subject,the scientific^development of 
the thrust block with the tilting pieces (F1*p. 7 3 and 74- ) 
was first worked out by Michell? Kingsburyfs claim to 
priority rested on the fact that under the United States 
law a citizen of the United States was allowed two years 
priority over any foreigner,provided he could prove that he 
had been experimenting on his invention,and Kingsbury was 
able to show that he had done so. 

The principle of operation of the vertical thrust bear­
ing of this type may be studied by the aid of Figs. 74* and 
75" ; a plain collar forms one bearing member and pivoted ' 
segments form the other. The arrangement of the Kingsbury 
bearing and of the Michell bearing is practically identical, 
the object being to induce a film of the lubricant to pass 
between the plane collar and each of the segmental shoes, 
thickest where it entered between the shoe and the block 
at the front,and tapering off like a wedge to the back or 
trailing end of the shoe. One difference between the two 
forms is that the Kingsbury is sometimes constructed upon 
a spherically shaped adjusting collar to secure perfect 
alignment. Another difference is that in the Michell bear­
ing the supporting pivot is placed behind the centre of the 
segmental shoe,about one third from the trailing end, 
while that of the Kingsbury is placed in the centre. It is 
stated by certain authorities that this distinction makes 
no practical difference to the formation of the wedge-shaped 
film of oil. The blocks are pivoted so as to be free to 
tilt both radially and tangentially so as to adjust them­
selves to operating conditions. The Michell thrust bear­
ing was adopted by the British Admiralty for use in the 
Imperial Navy and has revolutionized boiler room arrangements. 
It is now extensively used in Marine work. The Kingsbury 
thrust bearing has been extensively used for taking°the 
weight of the revolving load in hydro-electric units,some 
noted installations having already been mentioned. Fig. 76 
illustrates the thrust bearings of Kingsbury manufacture 
supplied for three of the 55,000 horse power units of the 
Queenston development of the Ontario Hydro-Electric Com­
mission. The thrust load Is almost 1000000 pounds and the 
power consumed in the thrust bearing 85 horse power or o.l6 of 1 per cent of the power per-unit. Two of the ^In addition to the reference on page 72 , the following con­tain the principles of operation of the Michell thrust bear­ing: "Theory of Michell Thrust Bearing",Engineering Feb.20, 1920; Michell Bearing,Lubrication Tests," H.T.Newbigin,Engin­eering, Sept.1,1922; "The Correct Interpretation of Michell Thrust Bearing Experiments," Engineering,Jan.5,1923. 
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Queenston units have Reist spring thrust bearings; the 
last two units of the Cedars Rapids plant are also supplied 
with the Reist type of thrust bearing. The first ten units 
of the Cedars Rapids plant were supplied with Kingsbury 
thrust bearings;the thrust load is 550,000 pounds,and the 
power consumption in the thrust bearing-is about 10 horse 
power per unit,being about one tenth of one per cent, of the 
output of the generator. In this installation it was found 
necessary to insulate the thrust bearings to protect them 
from the destructive effects of circulating current that 
was found to be present in these machines. The thrust bear­
ings are located above the generator directly in the path 
of this current. Many notable hydro-eleetrie power stations 
are supplied with this type of thrust bearing,and the power 
consumption in the bearing is in all cases very low. 

The Reist Spring Thrust Bearing. It is extremely dif­
ficult to fcake a perfectly plane surface without slight 
irregularities,and also very difficult to form two surfaces 
which will turn upon one another and be in perfect contact. 
Such surfaces can be satisfactorily constructed for small 
bearings for moderate loads,but as the sizes and the loads 
to be carried increase the difficulties of construction and 
operation increase very rapidly,since the deflections are 
liable to be greater in the surfaces,and if there is not 
perfect conformity,the local pressures developed are liable 
to be very intense. Though the bearing members of thrust 
bearings are usually scraped to each other to avoid danger­
ously high spots,yet the thickness of an oil film is very 
small,in the order of 0.0002 to 0.0003 inch ,and therefore 
the irregularities must be less than these values. Such 
careful fitting must be done without load,and when the load 
comes on,the surfaces will be deflected somewhat,no matter 
how rigid,and perfect contact will not be secured. 

It was to overcome these difficulties that Mr.Reist 
proposed a thrust bearing consisting of a solid Plate and 
a flexible plate supported by springs (Fig. 7f ) % . The 
provision of the flexible plate avoids the occurance of 
unduly high pressures at any point with the attendant des­
truction of the oil film. Oil groves are provided in one 
of the members and sometimes in both; the oil from the oil 
bath entering these groves is induced to form a wedge-shaped 
film as the motion of the rotating member drags the oil 
around in between the plates. The stationary ring resting 
on the springs is of steel and has a babbitted surface; the 
rotating ring is made of a special grade of cast iron. 
Very high unit pressures are used in the design of these 
bearings,being in the neighbourhood of 300 to 400 pounds 
per square inch; as contrasted with the 70 pounds per square inch permissible for the ordinary collar type of thrust bearing. This type of bearing is becoming very popular; it was used for Units Nos.ll and"12 of the Cedars Rapids development,* for two of the 55,000 horse power units of ^H.G.Reist/'A Self-Ad justing Spring Thrust Bearing," Proc.A.S.M.E. June,1918. t See General Electric Review,Nov.1919. 
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the Queenston plant,and many other important plants. 
The Gibbs Solid Groved-Block Thrust Bearing. The 

thrust bearing as developed by Mr.Gibbs (Fig.78 ) con­
sists of three principal elements; namely, a rotor ring, 
a stator ring and a levelling ring,enclosed in a casing 
and submerged in oil. It operates on the principle of the 
wedge,in the following manner: The stationary ring or statofc 
has (depending on the size of the ring) four or more radial 
groves across the bearing surface dividing it into a cor­
responding number of segmental sectors. Each sector face 
has a definite portion flat,and the remaining part of the 
sector has a gradual taper or level to the radial groves. 
The circumferential width of the face and the depth of the 
taper face depenfls on the unit pressure on the bearing face 
and the speed of the rotor. 

The stator ring,for low and medium pressures up to 300 
pounds per square inch,is made of close grain cast iron, 
and is generally made in one peice,except in some cases 
where it is necessary to make it in halves so that it can 
be removed without disturbing the shaft or other parts 
attached to the shaft. The bottom face of this ring is 
made spherical to fit the spherical seat of the levelling 
ring,and is connected to the levelling ring by means of 
a dowel pin,so as to allow the stator ring to have a limited 
amount of adjustment. 

The revolving ring,or rotor,is made of cast Iron,on to 
which is placed a soft metal face,(babbitt) and is perfect­
ly flat. When the rings are placed in normal position 
(the rotor ring on the stator ring) there will be a series 
of flat faces with alternating wedge surfaces,which,when 
the bearing is at rest,are filled with oil. 

When the rotor ring is rotated,it pulls in the oil,by 
adhesion,from the radial groove,up the wedge surface,it 
also carries the oil across the flat surface of the stator 
ring. In drawing the oil up the wedge surface,the rotor 
ring automatically develops a pressure between the rotor 
and stator rings which equals the total load on the bear­
ing. In operation this form of bearing has been found to 
be extremely satisfactory,the spherically shaped seating 
of the stator ring takes care of any adjustment necessary 
to secure perfect alignment,and the bearing has been success 
fully operated at speeds up to 5000 feet per minute at the 
periphery of the rotor without any detrimental effects to 
the bearing. This is an extremely simple and durable bear­
ing, well adapted for medium thrust loads,up to about 220000 
pounds; and it will probably always be confined to thrust 
loads of this magnitude,on account of the difficulties 
arising with the use of solid bearing members of very large size,as pointed out on page 74 . 

Eugene U.Gibbs, "Thrust Bearings," Canadian Engineer, 
December 26,1918. 
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OPERATION AND PROTECTION. 

It has been attempted in the preceding pages to trace 
the advancement in the development of water power from its 
earliest beginnings down to the most recent achievements; 
and also to pass under review certain proposals which may 
become useful in solving difficulties yet unsurmounted, 
proposals which have not yet been extensively tried out or 
used in practice. In addition to the improvements in the 
water-wheel itself and its settings there has been marked 
progress in all the allied branches of engineering,improv­
ing the facilities for power plant operation and protection. 
These improved facilities,some of which it is proposed to 
review in this closing chapter,are as follows:-

(a) Improvements in the governing devices of the impulse 
and reaction water-wheels; in the case of the reaction 
wheel this has been made possible by the invention of the 
differential surge tank,eliminating dangerous and disturb­
ing surges which develop in penstocks of any considerable 
length. This improvement in the speed regulation has made 
it possible to deliver electrical energy at a more uniform 
voltage and has facilitated the tying in and synchronizing 
of several power plants in a vicinity*improving the load 
factor and eliminating waste of power. 

(b) The improvement'of protective devices for trans­
mission lines and the perfection of insulating materials, 
making possible great increases in the transmission line 
voltages* Line voltages of 220,000 volts are now quite 
common and the General Electric Company have successfully 
transmitted current at 1,000,000 volts in their laboratories* 
These increased voltages effect a very great reduction in 
the line losses. 

(c) The introduction of devices for the measurement 
of the discharge of a water-wheel facilitating the testing 
and rating of the wheels. 

(d) The protection of power plants from the action of 
anchor and frazil ice* 
Speed Regulation of Reaction Water-Wheels* When 
describing impulse water-wheels,the governing devices for 
these wheels were discussed at some length,but those of 
reaction water-turbines have not hitherto been mentioned* 
However,on account of the general uniformity in type of 
the governing devices for the latter type of wheel they 
will not re-quire much space here* The essential parts are 
the fly-balls,the valve arrangement for controlling the 
supply of governor liquid to the pressure cylinders, the 
pressure cylinders for applying the energy for operating 
the turbine gates,and some means of supplying the governor liquid at the desired pressure. The governor liquid may be either water or-oil; if water is employed it is sometimes taken direct at the penstock pressure and delivered to tailwater after use,but this method is not extensively used, on account of the corrosive action on the metal parts with 
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which the natural water comes in contact. The more usual 
practice is to supply the waterby means of pumps at the 
desired pressure,the water being treated with potassium 
bichromate and delivered back to the suctions of the pumps 
after use to prevent waste. There has been considerable 
discussion upon the relative merits of oil and water as a 
governing fluid,but it would appear,however,that oil is 
much more satisfactory in operation,and is also more eco­
nomical in the long run than is water,except for the very 
largest installations. 

In the governors for smaller units,the fly-balls are 
usually driven by a belt from the turbine shaft,but for 
units of any considerable size the fly-balls are invariably 
mounted directly upon the turbine shaft; and for all units 
except those of quite small capacities the pressure cylinders 
are mounted so as to operate directly upon the shifting 
ring of the turbine gates,wicket gates being almost 
universally employed. 

The problem of hydraulic turbine regulation involves 
not only a consideration of the pressure rise in the pen­
stock as load is suddenly thrown off the turbine and water 
is rejected by. it,but also a consideration of the pressure 
drop in the penstock ?;hen load is suddenly applied to the 
turbine and its requirements of water increase. For getting 
rid of the excess pressure in the penstock due to a sudden 
reduction of load,there are W o possible arrangements:-

(a) The synchronous by-pass. This is a valve which is 
capable of discharging the full capacity of the water-wheel 
and which is so connected to the gate mechanidm as to open 
when the wheel gatec close and discharge the water rejected 
by the wheel or vice-versa, lith this device the conduit 
velocity is constant regardless of the load and hence 
instantaneous load changes can occur without affecting the 
pressure in the conduit. The synchronous by-pass is rarely 
used because it wastes water at all times except when the 
wheel is carrying a~t full load* 

(b) The surge tank. This is a tank or reservoir 
rising above forebay level and connected to the conduit at 
a point as close as possible to the plant. The tank is 
elevated on a tower,built on the ground,or excavated in 
the ground,depending on the elevation of the site relative 
to the forebay level* If the ground adjacent to the power 
house does not rise abruptly,it may be necessary to use a 
closed tank located at the power house with air pressure on 
top of the water. The surge tank receives the rejected 
flow when load is thrown off the plant and supplies the 
additional demand when load is thrown on. 

When discussing the speed regulation of hydraulic turbines Mr.Raymond D.Johnson summed up the function of a surge tank as follows:-'*' "The function of a properly designed surge tank is complex. It may be said to have six distinct duties: (1) To regulate the pressure,preventing undue rise "*"Speed Regulation of Hydraulic Turbines," Raymond D. Johnson, Symposium at Engineers Club of Philadelphia,1921. 
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or fall following sudden motion of the wheel gates. 
(2) To act as a reservoir furnishing water promptly 

to the wheel when demand is made for more,thus taking care 
of the time element in which t'he water in the long conduit 
may be accelerated. 

(3) To lengthen the period of oscillation of a surge 
so that the governor may prove fast enough to follow it 
with the gate motion,in order to keep the power output of 
the unit at constant value. 

(4) To damp out this surge vibration in spite of the 
augmenting effect of the governor action,so that the 
vibration of pressure will not continue to increase after 
having once been started in oscillation. 

(5) To furnish sufficient internal resistance to 
accomplish this damping effect wit}.out depending upon 
excessive friction in the water system itself which would 
also assist in this duty. 

(6) To conserve water which would otherwise be wasted 
in overflow or through a by-pass." 

The practice was formerly to employ a tank of the 
form of a simple stand-pipe,the size of the tank varying 
with the capacity of the unit; with units of moderate size 
very large tanks were necessary in order to reduce the 
amplitude of the surges in the water and in even the largest 
tanks dangerous surges could not be avoided if the load 
changes became approximately synchronous with the period 
of oscillation of the surge. To overcome these difficulties 
the different:f1 surge tank was brought out; a tank provided 
with an interior pipe or riser,the water being forced to 
pass by properly proportioned ports on entering or leaving 
the main tank,thus damping out surges which tend to develop. 
A very full discussion of surge tank design is contained In 
the papers included under the heading "Literature" on page 83. 

Devices for the Measurement of the Flow in Penstocks. 
There are at present two methods for measuring the flow of 
water in penstocks for the determination of the efficiency 
of hydraulic turbines which are receiving considerable 
attention; these are known as the Gibson method and the 
Allen method,after the names of the originators. The 
Gibson method makes use of the recorded pressure ripe In 
the penstock as the turbine gates are gradually closed as 
a means of estimating the mean velocity of flow; the pres­
sure rise taking place in accordance with the well known 
laws of momentum and energy changes. The mean change of 
pressure recorded when a body of water in motion is 
brought to rest or its velocity reduced is a precise 
measure of the velocity change. The apparatus consists of 
a U-tube containing mercury,which records the existing pressure at any instant in the pipe to which it is connected, it being possible to have the top of the mercury column move in any desired ratio to the change in pressure in the pipe. A photographic apparatus records continuously the elevation of the top of the mercury column and at the same 
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time keeps a record of the oscillations of a seconds 
pendulum. The resulting diagram shows to exact scale 
the complete record of pressure changes and time. The use 
of the apparatus in the determination of the turbines of 
Extension No.3 of the Niagara Falls Power Company is des­
cribed quite fully lay Mr.Gibson in the paper given before 
the Engineers Club of Philadelphia,in April 1921. 

The operation of the Allen method depends upon the 
change of the electrical conductivity of water due to the 
presence of a dissolved salt* Electrical leads are ex­
tended into the pipe in which the water is flowing,and the 
salt solution is then introduced in the upper end of the 
pipe. The arrival of the solution at the leads is indicated 
by an increase in the current flowing; a traverse of the 
pipe being made in this way with the observed times requir­
ed for the solution to travel the distance between the 
point of admission and detection enables the mean velocity 
of flow in the pipe to be determined. 

Protection of Power Plants from Anchor and Frazil Ice. 
Almost everyone is familiar with the sheet of surface ice 
which forms on all bodies of water in clod climates; this 
kind of ice does not,however,create a serious problem in 
the operation pf water power plants. It is likely to become 
a menace only during the spring break-up and the plant can 
always be protected from it by the construction of booms, 
either of the floating or fixed type. The design of the 
intake for the Queenston^ development represents the 
latest advances in the protection of power plants from ice 
In this form. 

There are,however,two kinds of ice which do not always 
float upon the surface; they are called,(a) Anchor ice,and 
(b) Frazil. These two kinds of ice create the most dif­
ficult problems in the protection of power plants. 

A very large amount of our present knowledge of the 
formation is due to the patient study and investigations 
of Dr*Barnes,late professor of Physics at McGill University. 
In his book entitled "Ice formation" he discusses the re­
lation of temperature to the formation of ice in the 
streams of northern latitudes where winter conditions 
prevail unbroken from fall to spring; how the water in a 
flowing stream always remains exactly at the freezing 
point,at 32° F or 0° C. By means of a microthermometer 
he was able to measure the change in temperature at 32° F 
which would result in changing water £o ice. In this con­
nection he states: 

"It only requires a few thousandths of a degree change 
in temperature in a stream to stop the operation of the 
largest water power development,or to dam a mighty river and divert it from its course. Nowhere can one find a more wonderful example of the delicate poising of the forces of nature,since within the limits of so small a fluctuation such tremendous physical effects are produced." When water is at this critical temperature we see that the slightest displacement of the state of equilibrium &T.H.Hogg "General Features of Design,Queenston-Chippawa Power Development." Paper presented at Hydro-Electric Con­ference ,Philadelphia,1922. 
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results in the formation throughout the body of water of 
minute spicules of ice,known as frazil,which become suspend­
ed in the water in a fine feathery condition. The tendency 
of this feathery mass is to float^but it is so light that 
it is carried in any direction by the slightest currents 
in the water. When it comes in contact with solid bodies 
which are slightly below 32° F it clings to them and a very 
large accumulation of ice very rapidly results,rising the 
crests of dams and blocking sluce gates causing floods; and 
also blocking the intakes of water works and the head gates, 
wheels and penstocks of water power plants. 

When the water of a stream or other body of water is at 
the critical temperature,ice,known as anchor ice,forms at 
the bottom upon dark objects,such as boulders,which have 
lost their heat by radiation,it being a well known physical 
fact that dark bodies receive and deliver up their hea& 
by radiation more readily than do bright and slimy ones. 
The anchor ice remains attached to the bottom of the stream 
until the sun's rays become of sufficient strength to melt 
it by radiction or the water flov/ing in contact with it 
enjoys an increase in temperature. Agitation increases 
the disposition of water at the critical temperature to 
turn to ice. 

From a study of Dr .Barnes' experiments Mr. John Murphy^ 
conceived a plan for protecting engineering works from 
the action of ice by raising the temperature of bodies 
with which the water had to come in contact just a minute 
fraction of a degree above the freezing point. In an 
address before the Ottawa branch of the Engineering Institute 
of Canada"t" Mr*Murphy gave some interesting facts concern­
ing protection from ice,and he told how in the early days 
of his work on ice prevention he had been derided for 
proposing to melt ice and warm water for running water power 
plants. Notice melting or water warming is required in 
the process,it is merely necessary to keep the parts which 
come into contact with the water one - thousandth of a 
degree above freezing to prevent ice adhering to them. He 
said "One ton of coal has prevented a 3,000 horse power 
plant from being shut down, while it required 150 tons of 
coal per day to keep a steam plant of the same size run­
ning^ 

Writing in Electrical World, April 2,1921, Mr.Murphy 
made this statement, "Between the continuous operation of 
a hydro-electric plant and its shut-down because of frazil 
ice formation,there lies only one-thousandth of a degree 
of heat." 

Various expedients are employed in practice for apply­
ing the principles as outlined above. Metal articles to be protected are often made part of an electrical circuit, the resistance of the metal causing sufficient heat to be generated in order to raise their temperature the required fraction of a degree. Jets of steam discharged near the object often suffice* In the gate house of the new 41,000 horse power turbines at Shawinigan Falls the racks are protected simply by a blast of warm air extracted from the *K Electrical Enginner,Dept.of Railways and Canals,Ottawa* + April 1920* 
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DIAGRAM SHOWING PRESSURE 
REDUCTION DUE TO LOCAL WHIRL,. 

FiG. 49. DIAGRAM or LOCAL VORTEX BEHIND EACH BLADE. 
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F'Q. 57. MOODY INTERYANE, RUNNER. 



V 

ELEV 22.50' 

Etev 20.00' 

NOBIIAL TUL WJTCT EHV. 2.00' 

1 

CROSS SECTION 
HYDROELECTRIC STATION AT GREEN ISLAND,N.Y. 

HENRY FORD & SON 

STONE & V/5£S^ER 

EN<5!K£?R5 & BUILDERS 
JANUAR ' !S22 

FI 6. 5*8. Four 2200 hp., 13' head, 80 r.p.m. Combined units placed in commercial operation June 1, 1922. 

INSTALLATION OF NAGLER RUNNERS. 
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OF FLOW IN CURVED DRAFT TUBES. 
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FiG.GB. HYDRAUCONE/ACTION OF WATER WHEN 
A JET IMPINGES NORMALLY ON A FLAT PLATE. 
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ôc 0 2^ 00 0 

— 

JOOOO 3̂  000 AOOCC 

Horiepow« r <<«(i*«»-e(i Ii G«n«r-qfDr- Shaff 

Fi6 72. EFFICIENCIES OF UNITS NO. 16 AND No.l7. 
NfACAKA FALL P O W E R C O M P A N Y . 

Fl6.7l. HVORAUCONE REQAINCR OF FLAT- PLATE T Y P S 

IM5TALLED IH STATION N © 3 OF THE N I A G A R A 

FALLS POWER COMPANY. UNIT NO. IO. 
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FI6. 74-. ADJUSTABLE MOUNTING 

KINGSQURT THRUST BEARING. 
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FIG. 73. THRUST BEARING OF THI S E G ­

MENTAL BLOCK TVPC(I<IN«SBURY). 



FOR COLLtCTOB BiSGS 

THESE JOmTS TO BE OIL TIOKT. 

FIG. 76" 

FIG. 7 6 THRUST BEARING FOR QUEENSTON UNIT. 



CROSS SECTitOM OF COMBINED QUIOE ANO THRUST BEARING,(Ver*!cal) 
1. I?efoWin^ IPi'ny. <4-.£uMJe Bearing. 7. Cent*-* Pins for- Spr-mj* 
2. Thr-tuJ- Collar. 5. StaV'»*na»-j**»«$. 8.Dowel Prn 
3.0.1 Vlfel/Tube. €.6pnnj8 . f.CoWinj Coil. 

Fl6.77fR.wsT SPRING THRUST BEARING. 

/T9QQ 

SPLIT THRUST rvur-

•*r 

^ ^ ^ _ ^ H ^ ~ 
N ' 

1 11 r 

__£._-->. 

,' rJL-« 

SECTION THROUGH! VERTICALTH*UST BSAHING. 

FlG.7AG«BBS THRUST BEARINS. 
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