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This invention relates generally to hydrau 
lic machines of the reversible pump-turbine 
type and one object of this invention is to 
produce a hydraulic machine which will op 
erate efficiently and effectively at times as a 
turbine or hydraulic motor for converting 
hydraulic powers into mechanical power, 
and at other times as a pump, utilizing ine 
chanical power to impart head to water or to 
raise Water against a head. 
Another object is to produce such a ma-. 

chine adapted to work as a turbine under a, 
given head, or range of heads, and at a given 
speed, which will be reversible so as to be capable of pumping effectively against ap 
proximately the same head or range of heads, 
or against a head only moderately in excess 
of that head, while running at substantially 
the same speed or at a speed not greatly in 
excess of the first value. 
Another object is to produce a machine 

which will be interchangeable in action from 
turbine to pump by reversing at the same 
time both the direction of flow of the work 
ing fluid and the direction of revolution of 
the rotating element, and which, by adher 
ing to the principles hereinafter described, 
may be applied to either low or high heads 
by suitably proportioning the parts. 
Another object is to produce a machine 

which is capable of operating either as a 
pump or turbine, and which when used as a 
turbine will be regulatable to control is 
speed or load. 

Still other objects and advantages will ap 
pear from the following description of the 
accompanying drawings in which; 

40 

Fig. i is a sectional view of a high specific 
speed propeller type unit embodying the 
principles of my invention, 

Fig. 2 is a plan view taken just below the 
generator of Fig. i., 

Fig. 3 is a developed conical section 
through the blades taken substantially on 
line 3-3 of Fig. 3, 

Fig. 4 is a sectional view of , nixed low 
Francis type unit embodying the principles 
of my invention, 

Fig. 5 is a section similar to Fig. 3 and 
taken on line 5-5 of Fig. 4 

FE; 6 is a diagrammatic plan view of 
l. Fig. 7 is a vertical section of a lower spe 

cific speed Francis type turbine embodying 
the principles of my invention, the section 
through the collector passage being taken for 
simplicity along the line 7- of Fig. 8, 
FE . 8 is a diagrammatic pian view of 

ig. 
Fig. 9 is an enlarged substantially horizon 

tal section of two adjacent runner vanes and 
Stated guide vanes taken on line 9 of 
Fig. y 
F igs. 10 and 11 are equivalent conical tube 

55 

60 

curves of the runner and guide vane pas- 85 
sages, corresponding to Figs. -9, 

Fig. 12 is the velocity curve for determin 
ing the cross-sectional areas of the casing or 
inlet, for the turbine of Figs. to 9, 

Fig. 13 is a curve showing the relation be 
tween loss of head and rate of enlargement 
of the passage, 

Figs. 14 and i5 are a diagrammatic pian 
and section of a volute casing or passage, 

Fig. 6 is an equivalent rectangular pas 
Sage, 

Fig. 1 is a diagram of a moderate specific 
speed runner having vanes with considerable 
overlap and showing a method of obtaining 
the proper passage between the two succes 
sive vanes, Fig. 18 is a vertical sectional view of an 
adjustable blade runner and blade adjusting 
Knechanism. Frequently in hydraulic power develop 
ments, and sometimes in connection Vith 
steam power stations, opportunities alise, for 
storing or accumulating power dairing 
periods of low pover demand OER he systern, 
so that this stored power inay be Latilized 
during periods of peak loads. This Insy be 
feasible when a natural reservoir is avail 
able or when one Inay be created by dans, 
and wheng, supply of water or a second reser 
voir is available, together with a difference 
of level between water surfaces to give & Suit:- 
able head. Such power storage Rinay be 
feasible both in hydraulic developments on 
rivers and in tidal power developments, and 
Finay sometimes be valuable in connection 
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with steam power systems, even when little 
or no hydraulic power is available beyond 
that created by storage. 

In hydraulic developments on rivets inter 
connected with large steam power systems, 
when a sufficiently large reservoir exists 
above the dam, it may often be economical 
to install a number of units operable as 
pumps to store power for peak load utiliza 
tion in the steam power system. 
The pumping and utilization of the stored 

water may be accomplished by using separate 
pumps and turbines, the pumps being operat 
ed when excess plant capacity or river flow 
is available and the turbines being operated 
at times of high load demand. According to 
the present invention it is proposed to use the 
same by hydraulic unit coupled to an electric 
generator or motor, both for pumping and 
turbine operation. When pumping the elec 
tric motor operates as a motor and when 
utilizing the stored water the same electric 
motor runs as a generator, the direction of 
rotation of the rotating element of the hy 
draulic and electric unit being reversed. 
The hydraulic machine may be described 

as hydrodynamically reversible. Centrifu. 
gal pumps as customarily built are not, 
adapted to run efficiently as turbines, and tur. 
bines of customary form are not adapted to 
operate effectively as pumps, or without pro 
hibitive hydraulic losses. The usual forms 
of the rotating element or runner are not 
adapted to operate reversibly with the de 
sired degree of efficiency. Fumps of usual 
type if run as turbines are not only unsuited 
in form of runner but do not have the means 
for regaining the kinetic energy of the water 
discharging from the runner with reversed 
flow and therefore would develop but little 
power and efficiency; and moreover lack reg 
ulating means for governing speed and load. 
Turbines of customary forms, such as the 
Francis turbine, are incapable of effective 
use as pumps, because with reversed flow the 
runner vanes are so formed that the passages 
between them enlarge so rapidly in cross 
Section that prohibitive “enlargement losses” 
would occur; and in addition to this the tur 
bine gasings are not adapted to handle re 
versed flow without causing large losses in 

- eddies, and turbulence, and are not capable, 

30 

without radical changes in form and propor 
tions, of acting as efficient diffusers or re 
gainers of the kinetic energy of the higi, 
velocity discharge from the runners if it 
should be attempted to run them as pumps. 
Moreover, the incorrect hydraulic conditions 
would promote rapid deterioration through 
hydraulic corrosion or “pitting'. 
In the hydraulic machine of this invention, 

the water passages to and from the runner 
are so formed and proportioned that the 
velocity gradually accelerates in the entrance 

65 passage as the runner is approached, and 

gradually decreases in velocity or decelerates 
as the fluid flows away from the runner; 
so that when the flow is reversed the gradual 
deceleration in what was before the discharge 
passage becomes a gradual acceleration, and 
the gradual acceleration in what was before 
the entrance passage becomes a gradual de 
celeration; and in each passage sudden en 
largements and rapid curvatures of walls 
which would permit the flow to separate from 
the walls are avoided for both directions of 
flow. By these means the machine incor 
porates a discharge passage which will act 
as an efficient diffuser or regainer of kinetic 
energy whichever direction of flow is con 
sidered. The runner is so formed that the 
cross-sectional area of the vane passages, 
measured normally to the relative velocity 
of flow, either remains approximately con 
stant, or increases at so gradual a rate when 
the runner is operating as a pump impeller 
that the relative velocity of entrance to the 
impeller will be efficiently decelerated. 

For convenience of identification the usual 
turbine inlet and draft tube pasages are re 
ferred to respectively as the inlet or entrance 
passage and the discharge passage even 
though the reverse functions are performed 
by these passages when operating as a pump. 
In one specific aspect of the invention the 

above principles are embodied in a high spe 
cific speed propeller type unit as shown in 
Figs. 1-3 wherein the unshrouded propeller 
runner 15 has a usual form of conical hub 
carrying a relatively small number of diago 
nal blades 16 which preferably overlap in the 
manner shown in Fig. 3, that is, with respect 
to a line normal to the path of flow 66. This 
overlapping of the blades effects efficient dif 
fusion and gives stability of operation. A 
spiral inlet passage 17 commencing at the in 
take 17' and an annular spreading discharge 
passage 18 conduct water relative to the run 
ner which is disposed at the juncture of the 
passages, this juncture being defined by the 
indicated turbine parts such as the curb ring 
19 and the head cover 20 and the stay ring 
21. This ring has fixed guide or stay vanes 
21 suitably arranged and shaped to cooper 
ate with the flow in accordance with the prin 
ciples of this invention, these principles also 
applying to baffle 21 which is the terminal 
of the spiral inlet. The runner is spaced 
from the guide vanes to form a transition 
space 22, while lower stay vanes 23 are also 
provided a substantial distance from the run 
ner. The spreading annular passage 18 ter 
minates at 24 in a collector passage 25 which 
extends downstream, the wall of the collec 
tor approaching the discharge edge 24 as at 
26. The conical core 27 preferably extends 
up to the runner hub to form a relatively 
smooth continuation of the outer surface 
thereof while the outer wall of passage 18 
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shown in Fig. 4, be made wholly of concrete. 
The runners in all forms herein disclosed are 
connected, as shown, directly to the shaft of 
the motor or generator M, the function there 
of being dependent on whether pump. or 
turbine operation is had. - 
In Figs. 7 to 9 there is shown a low specific 

speed turbine to which the principles of my 
invention have also been applied. The run 
ner 40 when operating as a turbine receives 
water from a casing 41 and discharges into 
an annular spreading draft tube 43 and col 
lector passage 44 while relatively thin wicket 
gates 45 are adapted to vary the angle of 
whirl imparted to the flow, these Earl 
adjusted by usual mechanism including a 
shifting ring 46. As is usual in low specific 
speed turbines the blades.47 are relatively 
large in number in comparison to the pro 
peller runner where usually not more than 
about six blades are used, but are fewer in 
number than in a usual non-reversing turbine 
of corresponding specific speed, this being ill 
lustrated by the disclosure of Fig. 9 wherein 
the spacing of the blades is such as to require 
only eight blades. It will also be noted that 
in the low specific turbine of Fig. 9 the blades 
have a greater degree of curvature in the di 
rection of flow than does the propeller runner 
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and that the blades are long in direction of 
flow to permit gradual deceleration. In the 
forms of the invention shown in Figs. 1 and 
7 the outer wall of the runner passage in 
meridian section has a large radius of curva 
ture which is conducive to efficient and stable 
operation, it being noted that in general the 
radius of curvature of the outer surface is 
not less than approximately two-thirds of 
the throat diameter, noting in particular 
Fig. 1, whereas in Fig. 7 the radius of curya 
ture is approximately equal to the full radius 
of the throat diameter. The throat, is con 
sidered as being that portion of the passage 
having the smallest diameter adjacent the 
runner. It will be further observed in all 
three forms that the flow passage and/or 
runner passages from the lower side of the 
runner up to the guide vanes do not increase 
in width when measured in meridian planes, 
or as expressed in another aspect, the trans 
verse width of the flow passage &djacent, the 
guide vanes when measured in a neridian 
plane either fallis within or is not greater than 
the transverse width of the passage adjacent. 
the lower portion of the runner. For in 
stance, the guide vanes 54, Fig. 4, are of ap 
preciably less length than would normally be 
the case with a usual. non-reversible Francis 
type turbine while in connection with Fig. 1 the fow passage leading upwardly from the 
runner to the point adjacent the guide varies 
21 is of substantially uniform width. 

in Fig. 4 a moderately high specific speed. 
or mixed flow type of Francis unit is shown 
having a runner 50 provided with 3 moder 

curve in Fig. 3. 

3. 

ately large number of spoon-shaped blades 
51, a spiral entrance passage 52 and spread 
ing annular discharge passage 53. The run 
ner blade passages and entrance and dis 
charge passages are designed in accordance 
with the principles herein outlined as is also 
the case with the adjustable guide vanes 54. 
and fixed yanes 55. The collector passages 
may be varied in their design, for instance, in 
Fig. 6 collector 56 has its spiral portion start 
at a laterai point 57 while in Fig. 8 it starts at 
a central point, 58. The upper and lower 
walls 59 at entrance have gradual relative di 
Wergence. m 

As a guide in proportioning both the en 
trance and discharge passages and the runner 
and guide vane passages, equivalent conical 
tubes may be laid out in diagrams, an ex 
ample of which is as follows: Along an axis 
60, Fig. 11, distances are measured represent 
ing to scale distances, measured along the 
middle flow line of the passage, which is 
here the runner passage of Fig. 9. At each 
point so iocated on the axis 60 a diameter (or 
radius R as in Fig. 11) is drawn perpendicu 
lar to the axis representing to the same scale 
the diameter or radius of a circle having an 
area equal to the transverse area of the pas 
sage at the corresponding point, taken per 
pendicularly to the flow. These diameters 
or radii R determine the walls 61 of a conical 
tube; and if efficient diffusion or deceleration 
is to be accomplished, the angle of flare, or 
angle of the conical wall to the axis of the 
cone, should be between about 4 and 7 for 
the discharge passages, and should not mate 
rially exceed p and in the equivalent cone 
corresponding to the runner vane passage, the 
angle of flare should not exceed about 5 on 
account of the high relative velocity of flow 
through the runner. In placing the limiting 
angie of fare for efficient deceleration at 
about 70 it should be understood that an 
exact limit can not be prescribed for the rea 
son that the loss of head accompanying de 
celeration varies with respect to the angle in 
accordance with a curve, reaching its extreme 
minimum value in the neighborhood of about 
3 or 49, and increasing at a progressively in 
creasing rate as the angle is increased. The 
character of the relation is shown by the 

From this it will be seen 
from the rounded form of the curve that 
angles somewhat greater than the best angie 
calise enly a noderate increase in the loss, but 
as the angle is urther increased the ioss in 
creases thore and more rapidly, so that if one 
departs iron a restricted zone, excessive 
losses will be incurred. Ish practice, in large 
machines, the most economical angle will not 
be tha; for the extree minimum shown on 
the curve, but considering the final discharge 
loss and the increased dimensions and cost accompanying the use of very long gradu 
ally teering passages, the best angle in most 
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cases can be advantage6usly made greater 
than 3° or 4°, and may be from 5° to 10° in 
practice, a value of about 6 or 7 being 
found from experience to be consistent with 
economy and high efficiency. Preferably 
the angle of flare of the equivalent cone cor 
responding to the runner passage may be 
made about 3 or 4°, so that when operative 
as a turbine the runner will have a slightly 
and gradually contracting passage between 
Successive Vanes; and when operating as a 
pump there will be a gradual deceleration of 
the relative velocity during the passing of the 
water through the impeller and while it is 
increasing in static pressure due to the trans 
formation of mechanical energy into head; 
but as pointed out above slightly greater 
angles, namely 6 or 7, can be advanta 
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geously used in many cases as consistent with 
both economy and high efficiency. 
Applying to the Fig. 7, 9 form of runner 

passages, as an illustration, the above out 
lined method for determining the equivalent 
conical tube, distances Li, La etc., are meas 
ured along the middle flow line 62 and the 
transverse areas at the lines 63, 64 etc. are 
determined. The radii of circles having 
areas equal to these transverse areas are then 
laid off from the axis 60, Fig. 11 as radii R 
and thus the outline 61 of one half of the 
conical tube is obtained. 
To plot the equivalent cone for the dif 

fuser channel between two blades 16 of the 
propeller runner, transverse areas are taken 
equal to BXb sing (Figs. 1 and 3) at selected 
points along the center line of flow 66 at dis 
tances L., etc. from the end of the passage. 
(The center line of flow is the mean flow line 
at the center of the annular area at about 
seven-tenths of the tip radius.) Then from 
trip = BXb sing find 

R-WB sin f, 
and plot. R vs. L as in Fig. 11. Then c. is the 
angle of flare of the equivalent cone, and or 
should not exceed about 5°. 
To plot the equivalent conical tube for 

the discharge passage, one specific method 
which may be followed for an annular 
Spreading passage is disclosed in my Patent 
No. 1,315,232 while the equivalent conical 
tube for the guide vanes as shown in Fig. 
10 is determined by the same methods used 
for the runner vane passages. The equiva 
lent conical tube for draft tubes of elbow 
or other formation could be determined in 
accordance with the principles outlined 
herein. 

In designing the volute casing for efficient 
deceleration, instead of laying out an equiva 
lent conical tube having cross-sectional areas 
equal to those of the casing, as in the case of 
the runner vane and guide vane passages 
and the draft tube, a modified procedure 

1,919,376 

must be followed on account of the fact that 
the volute casing or entrance passage 68, 
diagrammatically shown in Figs. 14 and 15, 
is continuously receiving additional quan 
tities of fluid around the turbine periphery 
due to the lateral entrance of fluid from the 
periphery of the runner and guide vanes. 
This varying quantity of the fluid flowing 
in the casing is taken care of by plotting a 
curve Fig. 12 of velocities at successive points 
in the casing with respect to distances L, 
measured along the mean line of flow 69 
(drawn to pass through the centers of grav 
ity of the successive casing sections) see Figs. 
14 and 15. Now taking the radius of a cir 
cle having an area equal to that of any sec 
tion of the casing 

88, 

T 

and calling this R, a curve is plotted between 
V and I, (Fig. 12) to scale, V being the ve 
locity at the section considered in feet per 
second. Calling the scales to which dia 
gram is plotted 
Sy and S where 
Sv = Scale for velocities--inches on diagram 
representing 1 ft/sec. 
SL-F Scale for lengths-inches on diagram 
representing 1 ft. 
then the corresponding angle of flare a of 
an equivalent conical tube having the same 
rate of deceleration is calculated from the 
formula 

R St. tan cy- VX & Xtan 8, 
in which 8 is the angle of slope of the ve 
locity curve at the point considered, meas 
ured from the diagram as indicated in Fig. 
12. The values of o so determined, should 
be small and preferably not materially 
greater than about 7° at any point in the 
casing to give sufficiently gradial decelera 
tion for efficient regain of velocity head. 
In a turbine the velocity of flow in the 

casing is Cutomarily made low relatively to 
the head on the turbine, the corresponding 
Velocity head being in usual practice between 
2% and 5% of the head on the turbine. In 
such a machine used solely for turbine oper 
ation, no loss is incurred in rapidly acceler 
ating the velocity from the casing to the 
runner, since fluid may be rapidly acceler 
ated in a contracting passage without caus 
ing turbulence or loss. In a machine de 
signed for interchangeable pump operation 
h9Wever the velocity leaving the runner is 
high compared to the head, and gradual de 
celeration of this velocity is essential if tur 
bulence and material loss of head is to be 
avoided; this requires that this gradual de 
celeration must be effected throughout the 
transition from the runner to the casing, and 
throughout the casing itself, and consequent 
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ly the casing velocity must in many cases be 
much higher than that provided in the 
usual turbine and must gradually decrease 
throughout the casing. In a pump of mod 
erate or high specific speed the velocity head 
required in the volute casing will in general 
be of the order of 10% to 25% of the head, 
or several times that used in turbines, and to 
make the machine efficiently operable as a 
pump, the sections of the volute casing will 
have to be made much smaller than in nor 
mally designed turbine, with casing veloci 
ties two or more times the values used for 
normal turbines. 
As another criterion for the form of the 

runner vane passage, if a diagram is con 
structed, Fig. 16, by rectifying the center 
line of flow between two successive vanes so 
as to obtain a straight axis such as 60 in 
drawing the equivalent cone, and the width 
of passage from vane to vane and the 
breadth perpendicular to the shroud ring 
and hub are laid off to form a rectangular 
tube, the walls of the tube in either direc 
tion should not diverge from each other by 
more than about 10° if there is divergence in 
both directions. In general, however, or 
(Fig. 16) will be negative; that is, the trans 
verse breadths of the runner vane passage 
measured in a plane containing the runner 
axis (meridian plane) as shown at 63, 64 in 
Fig. 7, will gradually decrease in the direction 
of the flow when pumping; so that the walls 
formed by the hub and shroud ring will 
gradually converge. At the same time the 
transverse widths from vane to vane in a 
section normal to the meridian section (the 
conical section of Fig. 9) will gradually in 
crease in the direction of pump flow, giving 
a positive angle of divergence, or, which. 
should not exceed about 10; so that, the en 
tire divergence of the walls formed by the 
back of one vane and face of the next will 
not exceed about 20. 
To construct the equivalent rectangular 

passage for the propeller runner, the values 
of B and (b sin 6) respectively are plotted 
against L as shown in Fig. 16. In this 
rectangular equivalent tube neither at nor 
or should exceed 10. 
In an ordinary form of runner in which 

the wanes have a substantial amount of over 
lap, the channel area may be calculated as 
above throughout, or the middle portions as 
shown in Fig. 17 may be taken as RX n, so 
that 

T 

and the rectangular equivalent tube drawn 
by plotting 13 and in against L. 

In order to provide regulating means for 
the turbine and also to permit, the discharge 
during pum, operation to be adjusted to 

S 

compensate for the change in condition due 
to this reversed operation at substantially the 
same speed and head, as frequently desired, 
the movable guide vanes or wicket gates 45 
or 54 may be provided at entrance to the 
runner (running as a turbine). These are 
shaped to conform to the gradually deceler 
rating flow of the runner discharge during 
pump operation, so that the areas between 
these guide vanes, when in approximately 
their normal positiol for pumping, must in 
crease at a rate consistent with an equivalent 
cone or tube as shown in Fig. 10 and accord 
ing to the same rule as for the other pas 
Sages; and the guide vane surfaces must be 
relatively flat, and free from sharp curva 
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tures, and must be relatively thin and have 
gradually tapering discharge edges for both 
directions of flow, to enable the streams pass 
ing between the guide vanes to merge and re 
unite in a single continuous stream after dis 
charging from them. To permit the use of 
relatively thin guide vanes, relatively large 
collars 45' may be provided to obtain suffi. 
cient strength between the guide vanes and 
shafts therefor. 

Theoretically considered, a machine foll 
lowing the principles above described can 
be reversed in direction of revolution and 
flow, ail the velocities remaining the same in 
amount, but reversed in direction, and the 
vector diagrams of velocities will then re 
main the same with only the directions re 
versed, and the flow will continue to agree 
with the runner vane angles at entrance and 
discharge and no “impact losses due to dis 
agreement between the flow direction and 
the vane direction will occur. This reversai 
at constant speed of revolution would how 
ever require the head acting to be different 
for pump operation from that for turbine 
operation, to give identical velocity dia 
grams. The head acting upon the machine, 
from entrance to discharge or from dis 
charge to entrance, minus the head loss in the 
machine due to friction, eddies and discharge 
velocity head losses, may be termed the ef 
fective head on the runner and denoted H. 
When operating as a pump the total head on 
the machine is li and calling the head lost 
in the machine Hip, then 

; - is m 

A F: +H,-i, 
in which E is the pump efficiency; but, when 
operating as a turbine the total head on the 
machine is HT and calling the head then lost 
in the machine Hir, the relation is: 
H =H-H = H.E., in which E is the tur 
bine efficiency. Sience to obtain the same ei 
fective head on tile runner and the same 
velocity diagrams when the machine is re 
versed the head on the machine would have 
to be changed fron H for pump operation 
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to H for turbine operation, according to 
the relation: 

H. H = ET HE; 
p 

that is the head would have to be changed 
in the ratio: H 

f7- E.E. 
Under usual requirements, however, the 

head will remain approximately the same, 
or be slightly lower for turbine action than 
for pump action due to conduit losses, out 
side of the machine, To obtain exactly simi 
lar velocity diagrams in this case it would 
therefore be necessary to correct the speed 
of revolution to keep 

l, 

-VH. 
the same (where u is the linear velocity of a 
point of the runner). In the case of 
II = H, we should have He, the effective 
head on the runner for pump action, greater 
than Het, that for turbine action, according 
to the relation: 

H. H = II, E = H = t 

so that 

Hat 
Hen 

The speeds would then have to be adjusted to give: 

= EE, 

or would bear the ratio: 
U. VH. -- 
i-Yi-VE, E, 

in which U and U are the linear velocities 
of a point on the runner for turbine and 
pump action respectively, these being propor 
tional to the revolutions of the runner. That 
is, for equal total heads, the speed for tur 
bine operation should be 

VEE, 
times the pump speed, that is the pump speed 
multiplied by the geometric mean of the effi 
ciencies. Taking for example, a turbine hay. 
ing an efficiency of 90% which would oper 
ate as a pump with an efficiency of 80% the 
turbine speed should theoretically be re 
duced to 

V.90x.80 
times the pump speed, or to about 85% of the 
pump speed. The loss in supply and dis 
charge conduits can be taken into account by 
using for E and E, the overall efficiencies in 
cluding these conduit losses, instead of the efficiencies of the machine proper. 
Now for large machines where high values 
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of efficiencies may be counted upon, this speed 
correction may probably be kept somewhat 
within the 15% reduction required by the above example; and by operating the pump 
slightly below its exact speed for best offi 
ciency and running the turbine somewhat 
overspeeded, such a speed variation may be 
divided between the pump and turbine opera 
tion so that each operation will be only 
slightly off-speed; and since the efficiency 
curves of both turbines and pumps are usu 
ally relatively flat in the maximum efficiency 
region they may be operated slightly off 
speed without serious reduction in efficiency. 
Moreover, if the turbine is equipped with 
guide vanes these may be opened somewhat 
above their position for normal pump opera 
tion, thus increasing the discharge as a tur 
bine and improving the efficiency as well as 
increasing the power developed to a value 
more nearly approaching the motor capacity 
required for pumping. It will, therefore, be 
practicable under most conditions to main 
tain the same speed for both turbine and 
pump operation. Of course the above rela 
tions involve the efficiencies actually to be at 
tained, and these can be reliably determined 
only by tests on a definite design. . When 
large machines are built, the efficiencies both 
as pump and turbine will increase with the 
size (according to a rule verified by tests, the 
percentage of loss in geometrically similar 
machines varies inversely as the fourth root 
of the linear dimensions), so that for large 
installations the variation from best speed 
will be relatively less. In some cases, for ex 
ample if the total head for pumping must be 
considerably greater than for turbine opera 
tion, as when long supply conduits or pipe 
lines are used, it may be desirable to use a 
variable speed motor or generator such as 
one having pole-changing provisions, to 
maintain speeds close to the maximum effi ciency conditions. 
The guiding rules set out above for pro 

portioning the runner vane channels and dis 
charge and intake passages to give the most 
efficient deceleration are directed more par 
ticularly to machines of moderate or low spe 
cific speeds, applicable in usual practice to 
heads greater than about 60 to 75 feet. For 
lower heads, below these values, the machine 
will be more economical if of the propeller 
type, with axial or diagonal flow unshroud 
ed runners, and of high specific speed. The 
diagonal propeller type machine will prob 
ably he applicable to heads even higher than 
75 feet, as soon as there is opportunity to 
gain experience in actual installations under 
such heads. The angles of flare of the equiv 
alent conical tubes used for a basis of design 
of the runner vane channels and discharge 
passages will be subject to modification in 
propeller machines, a larger range of choice 
of these angles then being called for on ac 
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count of economical consideration due to the 
greater need of restricted dimensions of the 
structures in low head machines to conserve 
cost, but the general principles outlined for 
moderate or low specific speed machines will 
apply to the high specific speed machines. 

In high specific speed machines for low or 
moderate heads, it may be advantageous, 
either in addition to movable guide vanes or 
instead of them, to make the blades of the 
propeller runners adjustable to aid in ad 
justing the machine to the best efficiency con 
ditions when changing from turbine to pump 
operation, as well as to increase the range and 

5 

20 

25 

35 

4) 

flexibility of operation for variations in head 
or quantity of flow for either turbine or 
pump use. In reversible high specific speed 
propeller turbines for low or moderate heads, 
adjustable blade runners will have advant 
ages in some cases, both for pump and tur 
bine operation, with the blades adjustable 
either while running or by shutting down 
the unit for a short period. The blade ad 
justment will permit the most favorable con 
ditions to be secured to suit the head, either for increasing the efficiency or the capacity, 
and by this means the change in conditions 
when reversing from turbine to pump oper 
ation or vice-versa can be provided for and 
the best blade angle secured for each mode 
of operation under the particular value of 
the head then existing. The reduction in 
power as a turbine compared to pump opera 
tion can be more completely compensated by 
turning the blades toward the vertical posi 
tion and farther from the horizontal position 
when operating as a turbine, in order better 
to utilize the capacity of the electrical ma 
chine (generator-motor) or conversely the 
blades can be turned to a more horizontal 
position to avoid overloading the motor dur 
ing pumping. The use of adjustable runner 
blades may be advantageously applied to 

45 
propeller type pumps of high specific speed, 
whether reversible or not, whenever a vari able discharge is desired. Adjustable run 
iners and operating mechanism suitable for 
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the above purposes and as shown here in Fig. 
18 are disclosed more specifically in my Fat 
ent Nos. 1,837,568 and 1,853,139, it sufficing 
to state herein that adjustable blades 70 are 
mounted on shafts 71 journalled in the run 
ner hub, which shafts have arms 72 connected 
by links 3 to a common axially movable rod 
74 centrally disposed in a hollow runner 
shaft 75, thus effecting angular adjustment 
of the runner blades upon axial movement 
of the rod 74. Under many conditions how 
ever, and probably under the more usual re 
(quirements, the machine may be made to give 
satisfactory performance for reversible op 
eration without going to the expense of pro 
viding runner blade adjustment, with its 
mechanical complication. 

Reverting to the conditions in a low or 

7 

moderate speed pump or turbine, it will be 
clear from the previous explanations that 
turbines of ordinary form involve too rapid 
acceleration of the relative velocity of flow 
while passing through the runner, so that if 
pump operation is attempted the rapid ac 
celeration then becomes a rapid deceleration 
which cannot be efficiently secured. When 
the flow passes through rapidly enlarging 
passages it does not actually decelerate at a 
rate sufficient to take up a velocity equal to 
the quantity divided by the passage area, but 
continues to flow at nearly its original veloc 
ity and the fiowing stream only partly fills 
the passage, leaving regions of eddies and 
backward flow; and instead of efficient de 
celeration there is merely a reduction of ve 
locity by dissipation of velocity head and 
loss of energy. The requirements for a re 
versible machine are therefore the formation 
of the runner with vane shapes consistent 
with a very gradual change of relative veloc 
ity and with discharge velocity not greatly 
different in amount from entrance velocity, 
thus avoiding unstable operation, corrosion 
and loss of efficiency. 
The conditions of gradual change in rela 

tive velocity and fiatly curved blades with 
little change of direction, and discharge ve 
locity ES equal to entrance velocity, are 
all consistent with obtaining the most effici 
ent design of high specific speed turbine and 
pump runners of the propeller type. To 
avoid cavitation, or separation of the streams 
from the blade surfaces with resulting un 
stable operation, vibration and pitting of the 
surfaces exposed to the flow, a blade area 
Substantially equal to, or not materially less 
than, the disk area should be provided, and 
wide openings between successive blade edges 
should be avoided. This will insure proper 
guidance of the flow and avoidance of regions 
of high local vacua during both pump and 
turbine operation; and is particularly lim 
portant in the pump operation, since there 
will then be a certain degree of deceleration 
between the badgs and this necessitates even 
a greater degree of guidance or “cell' effect 
that is, constraint of the flow within enclosed 
passages-than does the turbine operation, 
particularly if the runner must be set a con 
siderable distance above the tailwater or 
Sunap Water surface. 
When the machine is equipped with guide 

vanes, these are preferably placed at en 
trance to the runner for turbine action, that 
is at the runner discharge for pumping. 
These will be fully effective for turbine regul 
lation or governing by a usual governor con 
trol as set forth in my copending applica 
tion previously referred to herein, and may 
also be used for adjusting the pump load or 
discharge; but the latter adjustment will be 
effective only within a relatively small range 
of guide vane angle since the pump is de 
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pendent for good efficiency on the decelera 
tion in the diffuser or casing, the guide vanes 
not being long enough to provide anything 
approaching complete deceleration between 
them within practicable limits of size, while 
the casing may be designed to provide a long 
path of flow for the entire stream with cor 
respondingly gradual deceleration. 
To find the relation between the specific 

speed of the machine running as a turbine 
and its specific speed as a pump, the follow 
ing is the theoretic basis for this transforma 
tion, considering the case where the total head 
is changed to give equivalent hydraulic ac 
tion, that is similar vector diagrams of ve 
iocity, or where the speed is corrected to give 
this equivalent action. The pump specific 
speed is defined by the formula 

at VQ, N = N. i. 
in which N is the number of revolutions per 
minute and Q, the cubic feet of water per 

25 second discharged when pumping. The tur 
bine specific speed is defined by the formula 

-NYE 
30 in which N is the revolutions per minute 

and HP the horsepower delivered on the 
shaft. when operating as a turbine. Express 
ing the last formula in terms of the water 
quantity Qt discharged by the turbine in 

35 stead of in terms of 

O 

5 

HP.N.-NWSoHE- EN, SF 
40 in which Wis the specific weight of the wa 

ter in pounds per cubic foot. Now referring 
back, we have 

H.-E.-H.E, 
45 and p 

H 
f= E.E; 

and this was based on the same velocities of 
water and points on the runner for both tur 
bine and pump action, and since the passage 
areas remain the same throughout, as well 
as the runner diameters, this means that the 
revolutions and water quantity remain the 
same or N = N and Q = Q-Accordingly 
we have 

N-VANV8(f)"VE NV 550N.VQ,\H, 
Ex1X1X (EE)'s E 

With W = 62.4 this becomes 
- N. E4E,% 

N, 2.97 
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approximate calculations, but is subject to 
variations from the exact final conditions 
which should be determined by tests on mod 
els geometrically similar to any proposed in 
stallations, since exactly similar flow condi 
tions, as here assumed, will not be secured 
in reversed operation, due to differences in 
the distribution of velocities across the chan 
nel sections in the runner and elsewhere; and 
such tests are also necessary to determine the 
exact values of E and E; but if the ma 
chine is proportioned in accordance with the 
principles here set out this relation should 
furnish a useful guide in preliminary calcu 
lations and provide a basis for the design. 
The relation between specific speeds for 

turbine and pump action may also be ex 
pressed in terms of the specific speed based 
on quantity for the turbine, a similar expres 
sion to that used for pumps, (as described 
in paper by me in A.S.M.E. Trans. 1921: 
“The present trend of hydraulic turbine de velopment'), namely: 

VQ, 
H% 

instead of the usual specific speed, based on 
power 

VHP N = NY, i. 

N = N, 

The above derivation using Nst instead of 
Nst then becomes 

Nié in , , 34 

Pi: 
hence the relation expressed in these terms 
becomes 

Not 
Nip 

This way may be used for the same purpose 
as the one previously derived. 
In the design of the machine for pump 

operation it is sometimes desirable, particu 
larly in the case of high specific speed, to di 
rect the flow into the runner with an initial 
whirl, that is with rotational velocity com 
ponents around the runner axis, which for 
high specific speed should be in the same di 
rection as the runner rotation. If entrance 
guide vanes are placed in the entrance pas 
sage for this purpose, they should be located 
at some distance from the impeller, and pref 
erally at a large radial distance from the axis 
and at a point of lower velocity than at the 
impeller, to provide a large intermediate 
transition space between the guide vanes and 
impeller, since when the machine runs as a 
turbine the rotational components in the dis 
charge flow from the runner will differ some 
what in amount from those required for 
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pump action and will vary with he guide 
vane opening, and this difference would re 
suit in loss of head if the guide vanes were 
placed close to the runner, 
The setting of this machine required for 

reversible operation will differ in each case 
from that required for turbine operation 
alone, or required for a non-reversible turbine 
of equal capacity and speed. Ovving to the 
loss of head inherent in the decelerating ac 
tion in the draft tube during turbine opera 
tion the absolute pressure at the entrance to 
the draft tube, that is at the discharge fron 
the runner, is reduced to an extent equal to 
that portion of the velocity head which can 
be reconverted into pressure head by the de 
celerating action of the tube, and this can 
never amount to 100% of the velocity head, 
but in most cases will be in the neighbourihood 
of 80% or somewhat more. The turbine can 
be raised with respect to tailiwater, when de 
termining its setting, by an amount corre 
sponding to this loss of head or in the neigh 
bourhood of 20% of the velocity head or 
somewhat less, compared to the setting which 
would be necessary with perfect regain of ve 
locity head. On the other hand, when the 
machine is pumping, the absolute pressure 
at the upper end of the draft tube, that is at 
entrance to the runner, is reduced by the 
full extent of the velocity head below the 
static pressure corresponding to the eleva 
tion, and by an additional amount corre 
sponding to the loss of head in the tube, 
which in this case is mainly that due to pipe 
friction. Therefore the elevation of the run 
ner for pump operation must be lower than 
that permissible for turbine operation by an 
amount equal to the sum of the losses of head 
in the tube during both pump and turbine 
operation, to avoid the occurrence of an abso 
lute pressure less than the vapor pressure of 
water, with resulting "cavitation'. 
The commercial feasibility of utilizing a 

reversible hydraulic machine as here pro 
posed will depend to an important extent on 
the efficiency attainable during both pump 
and turbine operation, since all of the power 
stored by pumping is subject to the loss oc 
curring during pumping and again to loss 
during utilization, that is during turbine op 
eration and with a given capacity of reservoir 
the power which can be developed from the 
stored water is proportional to the product of 
the efficiencies of pump and turbine actions; 
so that in most cases these efficiencies will be 
a controlling factor in determining whether 
an installation is economically justified. 
The few types of runners herein disclosed 

have been chosen as examples to which the 
principles of my invention may be applied 
but it is to be understood that other specific 
forms of runners may be used when the blades 
and passages are properly proportioned in 
accordance with the theory and principles 

9 

herein set forth. Examples of a few other 
forms of runners adapted to be rinodified in 
accordance with this invention are shown in 
my Patent No. 583.45 and application, Se 
ria, No. 373,545, filed April 13, 1920. 
The propeller type turbine of Figs. and 

2 may aiso be equipped with movable guide 
wanes such as shown in Fig. 4 between the 
stay yanes 21 and transition space 22, the stay 
vanes being placed farther from the turbine 
axis and the contour of the upper end of curb 
ring i9 being suitably altered to accommo 
date these moyable guide vanes, which would 
be arranged similar to vanes 54 in Fig. 4. 
Instead of annular spreading types of draft 

tube shown in the figures, other efficient 
forms of draft tube may be employed such as 
those of improved elbow type, but it is essen 
tial in all cases to preserve gradual decelera 
tion in the draft tube and to employ forms having high efficiency of regaining kinetic 
energy. 

It should be noted that the above princi 
pies for obtaining gradual deceleration of the 
water leaving the runner when pumping re 
sult in a modified intake passage up to the 
runner when considered as a turbine, differ 
ing from usual turbines which are not re 
versible. Thus in Fig. 1 the transverse dis 
tance B across the passage, which has the 
value B at the runner, changes gradually and 
continuously in passing through the transi. 
tion space 22, stay ring 21 until reaching the 
casing 17, in order that the passage area trans 
verse to flow in the plane of the figure shall 
increase gradually and consistenly with a lim 
ited rate of deceleration of the meridian com 
ponents of velocity, that is the components 
in the plane of the figure. This considera 
tion results in a transverse width across the 
passage at 21 and 22, and a height of guide 
vanes or stay vanes 21, which is materially 
smaller for a given size of runner than is en 
ployed in irreversible or usual turbines of 
the same specific speed. In general, in high 
specific speed reversible propeller turbines, 
the transverse width of the passage at B, 
Fig. 1, at the guide vanes or stay vanes, will 
be less than, or not greater than, the minimum 
width B at the runner. 

In hydraulic power plants having sufficient 
pondage or reservoir capacity to permit the 
useful storage of power by pumping during 
off-peak load demands, while at the same time 
having considerable river flow for direct pow 
er generation, it will in general be the econom 
ical solution to install a limited number of 
the reversible units described above, in con-. 
bination with a number of non-reversible 
turbines which would be shut down dur 
ing the pumping operation, and would be 
utilized during a limited portion of the load 
cycle including peak load periods. That is, 
in such developments only a portion of the 
installied units would be of this reversible 
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type, depending on the economical amount of 
pumped water. untilization in comparison 
with the total plant capacity required for di 
rect powergeneration and peak load capacity. 

5. It will of course be understood by those 
skilled in the art that various changes may 
be made without departing from the spirit 
of the invention as set forth in the appended 
claims. 
I claim:- 
1. A hydraulic reversible pump-turbine 

comprising entrance and discharge passages 
and a runner having blades forming pas 
sages therebetween, the walls of all of said 
passages being arranged whereby the flow 
areas thereof are so proportioned that if iaid 
out, as equivalent conical tubes the angle of 
the conical wali to the cone axis will be rela 
tively small as by being within a range of 
values with a maximum limit of approxi 
mately 10° whereby in either direction of 
runner rotation the fluid flow throughout 
will be accelerated or decelerated at a rela 
tivly small rate. 

2. A hydraulic reversible pump-turbine 
comprising entrance and discharge passages 
and a runner disposed therein provided with 
vane passages in which any rate of enlarge 
ment in one direction of flow is below a pre 
determined relatively small value, and the 
rate of enlargement of said passages in di 
rections away from said runner is also of 
small value, said small value being between 
limits ranging from approximately 3° to 10° 
determined by laying out the passages as 
equivalent conical Ei. and measuring the 
angle between the conical wall and the cone 
aXS. 

3. A hydraulic reversible pump-turbine 
comprising a runner having vane passages 
adapted to effect a relatively small rate of 
change in velocity of the fluid flow there 
through, and means providing entrance and 
discharge passages for said runner in either 
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sages and entrance and discharge passages 
being so proportioned that if laid out as 
equivalent conical tubes the angle of the coni 
cal wall to the cone axis will be relatively 
Small as between limits ranging from ap 
proximately 3° to 10° whereby said passages 
are adapted to effect relatively low rates of 
acceleration and deceleration, the discharge passage during pump operation which com 
prises the entrance passage during turbine 
operation being of volute formation. 

4. A hydraulic reversible pump-turbine 
comprising a runner having vane passages 
with an angle of equivalent, conical flare 
falling below approximately 5, and pas 
sages leading therefrom in opposite direc 
tions and adapted to provide gradual de 
celeration of fluid discharged in either di 
rection of runner rotation. 

5. A hydraulic reversibie pump-turbine 
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direction of runner rotation, said vane pas 
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comprising a runner having vane passages 
in which the angle of equivalent conical 
flare falls below approximately 5°, and pas 
sages leading therefrom in opposite direc 
tions with an angle of equivalent conical 
flare falling below approximately 7°. 

6. A hydraulic reversible pump-turbine 
comprising a runner having vane passages, 
entrance and discharge passages and guide 
vanes spaced to provide passages, all of said 
passages being proportioned so that if laid 
out as equivalent conical tubes the angle of 
the conical wall to the cone axis will be rela 
tively small as between limits with a maxi 
mum value of approximately 10° to effect at 
the most only relatively small rates of change 
in the velocity of the flow therethrough dur 
ing either direction of runner rotation. 

7. A hydraulic reversible pump-turbine 
comprising a runner having vane passages 
in which the angle of equivalent conical flare 
falls below approximately 5°, means pro 
viding a gradual flow decelerating discharge 
passage for said runner in either direction 
of runner rotation, and guide vanes spaced 
to provide passages through which pump 
discharged flow passes with a relatively 
small rate of change of velocity, said dis 
charge passage having an equivalent conical 
flare of preferably about 7. 

8. The combination as set forth in claim 
7 further characterized by having said guide 
vanes adjustable. 

9. A hydraulic reversible pump-turbine 
comprising a runner, flow passages therefor 
and guide vanes, the flow areas through said 
elements being proportioned so that if laid 
out as equivalent conical tubes the angle of 
the conical wall to the cone axis will be rela 
tively small as between limits ranging from 
approximately 3° to 10 thereby to effect rel 
atively small changes in the rate of any ac 
celeration or deceleration of flow there 
through, and means whereby said runner 
may normally operate as a pump at a higher 
rate of speed than during turbine operation. 

10. A hydraulic reversible pump-turbine 
comprising a runner having vane passages 
in which the equivalent angle of conical 
flare falls below approximately 5, and flow 
passages therefor being adapted to effect a 
gradual rate of deceleration of fluid dis 
charged during either turbine or pump op 
eration, whereby said runner is adapted to 
normally operate in either direction of run 
e station at substantially the same normal 

speed. 
11. A hydraulic reversible pump-turbine 

comprising a runner having vane passages 
in which the angle of equivalent conical flare 
falls below approximately 5, entrance and 
discharge passages each adapted to effect 
relatively gradual deceleration of flow dis 
charged from the runner, and angularly dis 
posed guide vanes in said entrance passage, i. 
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12. The combination set forth in claim i0 
further characterized by having guide vanes 
also in the flow passage which forms an en 
trance passage during turbine operation. 

is 13. A hydraulic reversible pump-farbine 
comprising a runner, and entrance and dis 
charge passages one of which is of material 
ly greater axial extent than the other, each 
of said passages being proportioned so tha& 

it if iaid out as an equivalent conical tube the 
2Eagle of the conical Wall to the Cone axis will 
be relatively small as between limits rang 
ing from approximately 3° to 10 thereby to 
effect a gradual rate of deceieration of dis 

28 charge flow during pump or turbine opera 
tion. 

14. The combination in a hydraulic re 
versible pump-turbine comprising a high 
specific speed propeller type runner in which 
the vane passages have an angle of equiva 
ent conical flare failing preferably below 
approximately 5, and entrance and dis 
charge passages each having an angle of 
equivalent conical flare falling below ap 
proximately 10° thereby to effect a gradual 
rate of change in the velocity of flow there 
through. 

15. A hydraulic reversible pump-turbine 
comprising a mixed flow Francis type run 
ner having vane passages proportioned so 
that if laid out as equivalent conical tubes 
the angle of the conical wall to the cone axis 
will be relatively small as between limits 
ranging from approximately 3° to 10 there 
R to give at the most a gradual rate of 
change in the velocity of flow therethrough, 
and passages adapted to effect gradual de 
celeration of and efficient regain of energy 
from fluid discharged from said runner in 

40 either direction of runner rotation. 
16. The combination set forth in claim 14 

further characterized by having said dis 
charge passage comprising a spreading an 
nular passage. 

17. The combination set forth in claim 14 
further characterized by having said en 
trance passage in the form of a volute. 

18. A hydraulic reversible pump-turbine 
comprising a low specific speed Francis run 

50 ner having vane passages of such cross-sec 
tional area that a relatively small rate of 
change in the velocity of flow therethrough 
is obtained, and means forming a discharge 
passage for said runner in either direction of 

55 runner rotation and adapted to effect a rel 
atively low rate of deceleration of the dis 
charged fluid in each case, all of said pas 
sages being so proportioned that if laid out 
as equivalent conical tubes the angle of the 

60 conical wall to the cone axis will be relative 
ly small as between limits ranging from ap 
proximately 3° to 10°. 

19. A hydraulic reversible pump-turbine 
comprising a runner and flow passages lead 

65 ing to and away from the runner each adapt 
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€d to effect relatively gradual deceleration 
of flow received from the runner, said run 
Ener.having vane passages in which the op 
posing was is at any section normal to the 
idow diverge from each other at angie not 
substantially greater than 10° with respect, 
to the axis of the passage, thereby said run 
iner is adapted to operate efficiently with flovy 
in either direction relatively there:0. 

20. A hydraulic reversible pump-turbine 
comprising a runner and flow passages lead 
ing to and away from the runner each adapt 
cd to effect relatively gradual deceleration 
of floy received for the runner, said runner 
having a passage between successive vanes 
Such hat in an equivalent rectanguiar tube 
having a rectified centerline of length equai 
to the center floy line of said passage and 
having the same transverse areas at corre 
sponding points of the centerline, the oppos 
ing Vyalis at any section diverge from each 
other at an angie not substantially greater 
than 20° with respect to the axis of the pas 
sage, whereby said runner is adapted to op 
erate efficiency with Áow in either direction 
relatively thereto. 

21. A hydraulic reversible punp-turbine 
adapted to operate as either a turbine or 
pump, having a runner the passages between 
the vanes of which gradually enlarge in the 
direction of flow when pumping, and a dis 
charge passage from said runner when oper 
atting as a turbine, said discharge passage be 
ing formed with gradually enlarging cross 
sections receding from the runner and adapt 
ed for efficient deceleration of flow received 
from the runner, all of said passages being so 
proportioned that if iaid out as equivalent 
conical tubes the angle of the conical wall 
to the cone axis will be relatively smail as 
between limits ranging from approximately 
30 to 10°. 

22. A reversible pump-turbine installa 
tion comprising a headrace and a tailrace, 
and a reversible hydraulic machine, an elec 
trical generator-motor directly connected 
thereto, operable at times as a turbine-gen 
erator unit and at other times as a pump 
motor unit, said hydraulic machine having a 
runner and a draft tube receiving the fow 
therefrom when operating as a turbine, and 
said draft tube being formed to provide 
gradual deceleration of the flow there 
through and efficiently to regain velocity 
head of the runner discharge, said runner 
being placed at an elevation above the level 
in the tailrace which is less than that per 
missible in a non-reversible turbine of the 
same specific speed by an amount at least 
equal to the loss of head in the draft, tube dur. 
ing turbine operation. 

23. A high specific speed reversible pump 
turbine comprising, in combination, means 
forming entrance and discharge passages 
having a gradual rate of flare falling within 
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a limit of approximately 7 based on an 
equivalent conical passage, and a runner hav 
ing a hub carrying a small number of ad 
justable blades forming passages therebe 
tween with an equivalent conical flare fall 
ing within approximately 5. 

24. A high specific speed reversible pump 
turbine comprising, in combination, means 
forming entrance and discharge passages 
having a gradual rate of flare falling within 
a limit of approximately 7 based on an 
equivalent conical passage, a propeller type 
runner having a hub and blades carried 
thereby for adjustment about axes intersect 
ing the hub axis, said blades forming pas 
sages therebetween with an equivalent coni 
cal flare falling within approximately 5° 
and means for simultaneously adjusting said 
blades while the runner is rotating. 

25. A hydraulic reversible pump-turbine 
comprising entrance and discharge passages, 
and a propeller type runner having adjustable 
blades with flow passages therebetween, all 
of said passages having their flow areas so 
proportioned that if laid out as equivalent 
conical tubes the angle of the conical wall to 
the cone axis will be relatively small as by 
being within a range of values with the maxi 
mum limit of approximately 10° whereby 
during normal operation of the apparatus 
either as a pump or turbine the flow through 
out is accelerated or decelerated at a rela 
tively small rate. 

26. The combination in a reversible pump 
turbine, of a runner provided with vanes 
which are everywhere forwardly inclined to 
the radial when operating as a turbine and 
rearwardly inclined when operating as a 
pump, and entrance and discharge passages 
for said runner, each of said latter passages 
and the passages formed between the runner 
vanes so proportioned that if laid out as 
equivalent conical tubes the angle of the wall 
to the cone axis will be relatively small as 
between limits ranging from 3° to 10°. 

27. The combination set forth in claim 26 
further characterized in that the working 
face of said runner vanes is nowhere concave 
in sections taken in the direction of flow. 

28. The combination set forth in claim 6 
further characterized in that the guide vanes 
are relatively thin and gradually tapered in 
both directions of discharge therefrom as 
during either pump or turbine operation. 

29. The combination set forth in claim 1 
further characterized by the provision of an 
electrical machine connected to the runner 
shaft and adapted to operate as a motor dur 
ing pump operation at a speed in excess of 
that at which it operates as a generator dur 
ing turbine operation. 

30. The combination set forth in claim 1 
further characterized by the provision of an 
electrical machine connected to the runner 
shaft and adapted to operate as a motor di:- 

1,919,876 
ing pump operation at a speed in excess of 
that at which it operates as a generator dur 
ing turbine operation, said electrical machine 
being adapted to obtain its change in speed 
by pole-changing provisions. 

31. The combination set forth in claim 1 
further characterized by the provision of an 
electrical machine connected to the runner 
shaft and adapted to operate as a motor dur 
ing pump operation at a speed in excess of 
that at which it operates as a generator dur 
ing turbine operation, said electrical machine 
being adapted to obtain its change in speed 
by pole-changing provisions, said speed for 
turbine operation bearing a ratio to that for 
pump operation approximately equai to the 
square root of the product of the overal eff 
ciencies of turbine and pump operation. 

32. The combination set forti in claim 
further characterized by the rovision of an 
electrical machine connected to the runner 
shaft and adapted to operate as a motor dur 
ing pump operation at a speed in excess of 
that at which it operates as a generator dur 
ing turbine operation, said electrical machine 
being adapted to obtain its change in speed 
by pole-changing provisions, said speed for 
turbine operation bearing a ratio to that for 
pump operation of not less than approxi 
mately 85 per cent. as nearly as obtainable by 
said pole-changing provisions. 

33. A hydraulic reversible pump-turbine 
comprising entrance and discharge passages 
provided with a throat portion, and a runner 
disposed adjacent said throat and provided 
with blade passages, all of said passages be 
ing so proportioned that if laid out as equi 
valent conical tubes the angle of the wall to 
the cone axis will be relativelv small as be 
tween limits ranging from 3 to 10° while the 
outer surface of the entrance and discharge 
passages adiacent the runner has a relatively 
large radius of curvature when viewed in 
meridian section, said surface curving from 
an axial direction toward radial and having 
a radius of curvature not less than substan 
tially two-thirds of the throat radius. 

34. The combination in a reversible pump 
turbine, of a low specific speed reaction type 
runner provided with a relatively small num 
ber of blades in comparison to a number em 
ployed in a runner used only for turbine 
operation and of the same specific speed, said 
blades being everywhere forwardly inclined 
to the radial when operating as a turbine and 
rearwardly inclined when operating as a 
pump, and entrance and discharge passages 
for said runner, each of said latter passages 
and passages formed between the runner 
blades so proportioned that if laid out as 
equivalent conical tubes the angle of the wall 
to the cone axis will be relatively small as be 
tween limits ranging from 3 to 10°. 

35. The combination in a reversible pump 
titzbine comprising a runner provided with 
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blades which are nowhere concave on their 
faces in sections taken substantially normal 
to the runner axis, and entrance and dis 
charge passages for said runner. both of said 
latter passages and the passages formed be 
tween the runner blades so proportioned that 
if laid out as equivalent conical tubes the 
angle of the wall to the cone axis will be 
relatively small as between limits ranging 
from 3 to 0°. 

36. A hydraulic reversible pump-turbine 
comprising entrance and discharge passages 
and a runner having blades forming passages 
therebetween, the walls of all of said passages 
being arranged whereby the flow areas there 
of are so proportioned that if laid out as 
equivalent conical tubes the angle of the con 
ical wall to the cone axis will be relatively 
small as by being within a range of values 
with a maximum limit of approximately 10° 
whereby in either direction of runner rota 
tion the fluid flow throughout will be accel 
erated or decelerated at a relatively small 
rate, and governor controlled guide vanes for 
variably controlling the flow of fluid to said 
runner during turbine operation. 

37. The combination in a reversible pump 
turbine comprising entrance and discharge 
passages, and a runner having blade pas 
sages, all of said passages being so propor 
tioned as to effect a relatively gradual rate of 
acceleration or deceleration during pump or 
turbine operation and said runner passages 
expanding in one plane and contracting in 
perpendicular section with divergence in 
either direction of flow not exceeding substan 
tially 10 based on an equivalent conical tube. 

38. The combination in a hydraulic revers 
ible pump-turbine of the high specific speed 
propeller type comprising flow passages and 
a propeller runner having a relatively small 
number of overlapping blades, said flow pas 
sages and runner passages being so propor 
tioned that if laid out as equivalent conical 
tubes the angle of the wall to the cone axis 
will be relatively small as between limits 
ranging from 3 to 10°. 

39. A reversible hydraulic pump-turbine 
comprising a runner provided with a hub 
and blades carried thereby, and flow passages 
leading to and away from the runner each 
adapted to effect relatively gradual decelera- . 
tion of flow received from the runner, said 
runner having blade passages in which the 
opposing blade surfaces diverge from each 
other at an angle not greater than substan 
tially 20 during pump operation, while the 
opposing walls formed by the runner hub and 
outer wall of the flow passage gradually con 
verge in the direction of flow. - 
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40. A reversible hydraulic pump-turbine 
comprising a runner and flow passages lead 
ing to and away from the runner each adapt 
ed to effect relatively gradual deceleration of 
flow received from the runner, said runner 
having vane passages which in meridian sec 
tion have opposing walls gradually converg 
ing in the dircetion of pump flow while in a 
flow section perpendicular to said first sec 
tion the opposing walls diverge in the direc 
tion of pump flow, said divergence not being. 
substantially greater than 20. 
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41. A reversible hydraulic pump-turbine 
comprising a runner and flow passages lead 
ing to and away from the runner each adapt 80 
ed to effect relatively gradual deceleration of . 
flow received from the runner, said runner 
having a passage between successive vanes 
such that in an equivalent rectangular tube 
having a rectified centerline of length equal 
to the center flow line of said passage and 
having the same transverse sections at corre 
sponding points of the centerline, the walls 
corresponding to the runner hub and oppos 
ing wall gradually converge in the direction 
of pump flow, while the walls corresponding 
to the vane surfaces diverge from each other 
in the same direction of flow at an angle not 
substantially greater than 20°. 

42. A reversible hydraulic pump-turbine 
comprising, in combination, entrance and 
discharge passages, and a propeller type run 
ner having adjustable blades, said entrance 
and discharge passages and the runner blade 
passages all being so proportioned that if 
laid out as equivalent conical tubes the angle 
of the wall to the cone axis will be relatively 
small as between limits ranging from 3 to 10 
whereby the flow throughout will be acceler 
ated or decelerated at a relatively gradual 
rate for either pump or turbine operation. 

43. A reversible hydraulic pump-turbine 
comprising, in combination entrance and discharge passages, a propeller type runner 
having adjustable blades, said entrance and 
discharge passages and the runnerblade pas 
sages all being so proportioned that if laid 
out as equivalent conical tubes the angle of 
the wall to the cone axis will be relatively 
small as between limits ranging from 3 to 10 
whereby the flow throughout will be acceler 
ated or decelerated at a relatively gradual 
rate for either pump or turbine operation, 
and fixed guide vanes disposed in the passage 
which constitutes the entrance passage dur 
ing turbine operation, said guide vanes being 
inclined so as to impart whirl to the fluid 
flowing to said runner. 

LEWIS FERRY MOODY. 
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