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DXLAWARE.

HYDRAULIC TURBINE.

Application filed December 22, 1921.

To all wl~» it may concern:

Be 1t known that Forrest NaGLir, a cit-
izen of the United States, residing at Wau-
watosa, in the county of Milwaukee and
State of Wisconsin, has invented certain
new and useful Iinprovements in Hydraulie
Turbines, of which the following i a speci-
fication.

This invention relates in general to im-
provements in the art of converting hy-
draulic potential energy into kinetic energy
appearing as torque on a rotating shaft, and
relates more specifically to improvements
in the construction and operation of hy-
draulic turbines of the type in which ro-
tation of the wheel is effected by causing
one or more free jets of water traveling at
Ligh velocity to impinge against the succes-
stve wheel buckets.

An object of the invention is to provide
a lydraulic turbine of the impulse type
which is simple in construction, efficient in
operation, and which is capable of attain-
ing relatively high specific speeds. Another
object of the invention is to provide an im-
proved method of converting hydraulic
kinetic energy into mechanical kinetic en-
ergy.

It has heretofore been proposed to trans-
form hydraulic kinetic energy into useful
work. by delivering one or several free jets
of water traveling at high velocity. against
the successive buckets of a water wheel. In
the prior commercial water wheels of the
impulse type, the jets were delivered against
the huckets in substantially tangential di-
rections relatively to the line of travel of
the wheel at the point of impact, and it
has not heretofore been commercial practice
to dispose the jet at an angle greater than
30° relatively to the point of impact in cases
where the inlet working face of the bucket
was not reflexed nor tangent with reference
to an axial plane. Heretofore the available
peripheral velocity or specific speed of the
wheel was limited, and it was impossible to
secure a peripheral wheel velocity which
was materially greater than 30 per cent of
the velocity of the jet, without enormously
increasing the exit losses. Due to the fact
that in the prior tangential impulse wheels,
the jet was disposed in or near the line of
travel of the buckets at the point of impact,

Serial No. 524,080.

it has been found impracticable to utilize
but a very limited number of non-interfer-
ing jets without making the wheel of very
large diameter, thus greatly limiting the ca-
pacity of the prior wheels of this type.
The prior tangential impulse wheels were
also objectionable due to loss in efficiency
resulting from the fact that the jet was di-
rected at right angles to the buckets only
at one instant during rotation of the wheel.
The specific speeds attainable with the prior
tangential 1mpulse wheels were further
finited due to mechanical difficulties which
prevented reducing the ratio between jet
and wheel diameter, below a definite value.
The inlet portions of the working surfaces

of the prior impulse wheels were moreover 7

so directed as to prohibit the attainment of
high specific speeds with the use of a jet
set at an angle greater than 45° relatively
to the line of travel of the buckets at the
point of impact. These and other conditions
have heretofore prevented construction of
efficient impulse wheels operating with rela-
tively high specific speeds.

One of the more specific objects of the
present 1nvention is to provide an impulse
water wheel in which a peripheral velocity
equal to or greater than the jet velocity,
is readily .attainable with maximum efhi-
ciency and with minimum exit loss. This
result is secured by delivering one or more
jets against the buckets of a wheel at an
angle between 45° and 90° relatively to tho
line of travel of the buckets at the poiuts
of impact, and by so forming the bucket
surfaces that the energy of the impinging
jets is most effectively converted. Another
specific object of the present invention is
to provide an impulse wheel of relatively
small dimensions 1n which a large number
of jets or even a continuous free annular
jet, may be utilized in order to produce con-
version of a maximum amount of energy in
a single wheel, and to further produce exceed-
ingly high specific speeds. Still another
specific object of the present invention is
to provide a relatively simple impulse wheel
of maximum efliciency in which the exit
losses may be reduced to a minimunn .\
further specific okject is to provide a vucket
strncture for impulse wheels which will per-
mit attainment of higher specific speeds
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than those attainable with the prior impulse
wheels, and which will also enable delivery
of the jet against each bucket at a substan-
tially constant angle for a relatively great
angular displacement of the wheel.” These
and other specific objects of the present in-
vention will be clearly apparent from the ac-
companying disclosure.

A clear conception of several embodiments
of the present invention and of the opera-
tion of devices constructed in accordance
therewith, may be had by referring to the
drawings accompanying and forming a part
of this specitication in which like reference
characters designate the sane or similar
parts in the varlous views.

Fig. 1 1s a side elevation of u vertical im-
pulse wheel wherein the jets are delivered
downwardly and transversely through the
wlieel.

Fig. 2 15 a top view of the vertical im-
pulse wheel disclosed in Fig. 1.

Iig. 2 1s a sule elevation of a vertical im-
pulse wleel through which the jets are de-
livered inwardly from the outside.

Fig. 4 1s a top view of the vertical im-
pulse wheel illustrated in Fig. 3.

Fig. 5 is a transverse vertical section
through a horizotal impulse wheel through
which the jets are delivered outwardly from
within.

Fig. 6 is an end elevation of the impulse
wheel illustrated in Fig. 5.

Fig. 7 is a central vertical section through
an axial cross flow impulse wheel rotor.

I1z. 8 is an enlarged fragmentary sec-
tional view of an axial cross flow impulse
water wheel, showing a nozzle embodying
jet direction and cross-section changing
means.

Fig. 9 1s an enlarged fragmentary scc-
tional view of an inward cross flow impulse
water wheel.

Fig. 10 is an enlarged fragmentary sec-
tional view of an outward cross flow im-
pulse water wheel. )

Fig. 11 is a diagram illustrating the der-
ivation of mathematical equation forming a
basis for calculation of wheels embodying
the present invention. )

Fig. 12 i1s a diagram illustrating the ap-
plication of the mathematical equation in
the construction of wheels embodying the
present invention. -

While the present invention has been illus-
trated herein as applied to purely axial cross
flow, outward cross flow, and inward cross
flow wheels, it will be obvions that the prin-
ciples are also applicable to wheels in which
the jet travel 1s In directions other than
those 1llustrated, as in wheels of the mixed
type combining more than one direction of

ow, and it is not contemplated to limit the
scope of the invention by the several specific
disclosures. The term cross flow is em-

1,520,632

ployed herein to define a wheel in which the
major component of the jet velocity is per-
pendicular to the line of travel of the wheel
at the point of impact.

Referring specifically to Figs. 1, 2, 7 and
8, it will be noted that the example of tur-
bine therein illustrated comprises a rotor or
wheel 2, a vertical main shaft ¢, a horizontal
conduit 8 for conducting water to the wheel,
and a series of four nozzles 7 for directing
cylindrical free jets 10 of water from the
conduit 8 and downwardly througl the
rotor 2. The rotor 2 comprises a hub 5 ar-
tached directly.to the main shaft 6, and
series of buckets 3 confined hetween flaring
side walls 4, assoclated with the hnb 5.
The buckets 8 have shallow curved working
surfaces all portions of which are inclined
in the same direction relatively to the plane
of travel of the wheel. The nozzles 7 are
preferably provided with means such as de-
flecting hoods 11 and needles 9 for varying
either the direction or the size of the frec
jets 10 delivered therefrom, and as illus-
trated, are adapted ta deliver jets 10 at
angles @ greater than 45° and less than 90°
relatively to the plane of rotation of tue
rotor 2. The specific constimction of jet
direction and size varying means forms no
part of the present invention. The type of
water wheel illustrated in these figures is
herein designated as axial cross flow, ie-
cause the jets 10 are directed transversely
relatively to the plane of rotation of the
wheel and preferably have a major velocity
component parallel to tlie turbine axis. '

Referring specifically to Figs. 3. 4 and 9,
it will be noted that the embodiment therein
llustrated comprises generally a wheel or
rotor 12, a vertical main shaft 16, a hori-
zontal conduit 18 for conducting water to
the wheel, and a series of four nozzles 17
for directing cylindrical free jets 10 of
water from the conduit 15 and inwardly
through the rotor 12. The rotor 12 coni-
prises a hub 15 attached directly to the main
shaft 16, and a series of Luckets 13 confined
between flaring side walls 14, associated with
the hub 15. The buckets 13 have shallow
curved working surfaces all portions of
which are inclined in the same direction
relatively to the line of travel of the wheel
at the place of impingement of the jets. The
nozzles 17 are ‘preferably provided with
means such as deflecting hoods and needles
19 for regulating the flow of water there-
from, and as illustrated are adapted to de-
liver free jets 10 with their axes at angles a
greater than 45° and less than 90°, relative
to the line of travel of the huckets 1 at the
point of impact. The type of wheel illus-
trated in these figures is Lerein designated
as inward cross flow, because the jets 10 are
directed inwardly through the wheel and
toward the axis of rotation, the axes of the
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jets lying in the plane of rotation of the
wheel and the major velocity component of
each jet preferably extending radially of
the wheel.

Referring specifically to Figs. 5, 6 and
10, it will be noted that the embodiment
therein illustrated comprises generally a
wheel or rotor 22, a horizontal main shaft
26, a vertical conduit 28 for. conducting
water to the wheel, and a pair of nozzles 27
for directing cylindrical free jets 10 of water
from the conduit 28 and outwardly through
a rotor 22. The rotor 22 comprises a hub
25 attached directly to the main shaft 26,
and a series of buckets 23 confined between
flaring side walls 24, associated with the
hub. The buckets 23 have shallow curved
working surfaces all portions of which are
inclined in the same direction relative to the
line of travel of the wheel at the point of
impingement of the jets. The nozzles 27
are preferably provided with means such as
deflecting hoods and needles 29 for regu-
lating the flow therefrom, and as illustrated,
are adapted to deliver free jets 10 with their
axes at angles ¢ greater than 45° and less
than 90°, relative to the line of travel of
the buckets 23 at the point of impact. The
type of water wheel illustrated in these
figures is herein designated as outward cross
flow, because the jets 10 are directed out-
wardly through the wheel and away from
the axis of rotation, the axes of the jets
lying in the plane of rotation of the wheel
and the major velocity component of each
jet coinciding with a radius of the wheel.

In each of the embodiments illustrated,
namely the axial cross flow wheel, the in-
ward cross flow wheel,
ward cross flow wheel, the important fac-
tors are: First, the disposition of the jets
10 so that a stream line, such as the jet axis,
of any of the jets 10, forms an angle a
greater than 45° with the line of travel of
the buckets at the point of inipingement of
the stream line with the bucket, and second,
the construction of the bucket so that the
inlet portion of the working surfaces is
visible by a normal view from the jet side
of the wheel, that is with all portions of the
working surfaces inclined in the same direc-
tion relatively to the line of travel of the
bucket. The number of jets 10 may be va-
ried, to meet variations in the desired con-
ditions of operation, and the means for
regulating the jets 10 may also be altered
in construction without affecting the present
invention. In order to produce a turbine of
maximum efficiency, the exit loss should
be a minimum, a condition which is attained
when the discharge flow is approximately at
right angles to the line of travel of the dis-
charge edges of the buckets at the point of
discharge, but the discharge flow may be
forward or rearward a slight amount with-

and the out- -

8

out too great a sacrifice of energy. The ad-
vantages of the present invention are clearly

analyzed by reference to Figs. 11 and 12

which disclose graphical analyses of the fea-
tures of the invention,

Referring to the diagram of Fig. 11:

V, the peripheral velocity of the wheel, is

equal to
X {3k

where X is a variable representing the pe-
ripheral velocity in per cent of

V2gh,

the velocity due to head; where g, is the ac-
celeration due to gravity in feet per second,
and A, is the head in feet;

A, the absolute exit velocity from the
wheel, is assumed to be equal to 5%

V2gh,

and is further assumed to be directed per-
pendicularly relative to the line of travel of
the buckets at the point of exit. These as-
sumed values produce a desirable exit ve-
locity diagram, but they may vary through-
out a considerable range, the present values
having been assumed merely because they
represent good practice, and 1n order to pro-
vide a_convenient basis for stating mathe-
matical relations. The invention is not to
be considered as limited by the assumption
of these definite exit characteristics as they
have no particular bearing upon the cross
flow principle. ’

J, the velocity of the jet, is assumed to be
equal to 95% v

2gh,

this assumption being based upon the fact
that the practical coefficients of circular jet
nozzles of the needle type vary between 95¢;
and 98%. The jet is directed at an angle «
relatively to the line of travel of the bucket
at the point of impingement.

The angle @ is the angle between any
stream line of the jet and the line of travel
of the point on the wheel which the stream

line impinges, and the discharge angle is as- 1

sumed to be 90° as previously stated.
Then Rd, the relative discharge velocity,

is equal to
VVIE AR

since Rd is the hypothenuse of a right tri-
angle having V and A as its sides, and
R4, the relative inlet velocity, is equal to

VI2+V2—-2VJ cosa

But Rd equals Ré, whence by substituting
equivalents,

V24A2 s equal to J*-+-V2—2VJ cos a.
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By eanceling V? and substituting equivalents,
.0025(2¢h) = .9025(2gh) — 2X /2gh.95+/2gh cos a

By collecting terms and simplifying X
cos a=.474-+4=1, where B is a constant the
value of which depends upon the assumed
values A, J and the exit angle. '

It will be understood that other values
than 5% of the

v2gh

* for the discharge loss, and 90° for the dis-

charge angle, may be assumed in order to
meet varying commercial requirements with-

" out altering in principle, the method of de-

termining the values X and ¢, and without
greatly affecting the actual jet inlet angle a.
It will also be obvious that by assuming
a desirable peripheral velocity X, the angle
@ and the blade angle necessary to produce
such coeflicient may be readily determined
with the foregoing equation and diagram.
For simplicity this equation and analysis
are based on the axial cross flow condition,
but with slight modification may be made
to apply likewise to inward, outward or
mixed flow. '

Referring to Fig. 12, it will be noted that
diagrams have been drawn for values of X
of 70 per cent, 100 per cent and 150 per cent,
With the assumed value of X==70 per cent,
the angle a is approximately 47°, with a
value of X=100 per cent the angle a is
approximately 62° and with a value of
X=150 per cent it is approximately 72°,
So also for any other assumed values of X,
the jet angles @ and the bucket inlet and
discharge angles, may be readily determined,
and reversely, for any assumed angles ¢ or
bucket inlet and discharge angles, the values
X may be readily determined from a cosine
curve based on the equation, X cosine a—1.
The inlet and discharge angles of the bucket
surfaces are readily determinable after the
values X and angle a have been obtained,
by merely completing the velocity diagrams
as illustrated. The diagram of Fig. 12 also
illustrates the relatively small exit loss re-
gardless of the magnitude of the angle a
or of the value X, and also indicates that
an exceedingly high speed of rotation is
attainable without sacrificing efficiency. It
is also obvious from this diagram that pe-
ripheral velocities greater than 50%

V2gh

could not be utilized with prior impulses

wheels having jet angles @ less than 30°,
without enormous exit losses, and that the

blade inlet angle should be acute relatively
to the wheel travel. The diagram of Fig.
12 also illustrates that with the present in-
vention, the jet or stream flow always has

a rearward relative component relatively to
the line of travel of the bucket at the point
of impingement, this component increasing
rapidly as the peripheral coefficient in-
creases, The curve of Fig. 12 is a constant
efficiency curve which clearly indicates that
for the higher specific speeds, the jet angles
a are above 45°.

It has been found that single jet tangen-
tial impulse wheels of the prior art are ca-
pable of producing specific speeds up to a
definite maximum value. Wheels embody-
ing the feature of the present invention, will
permit attainment of specific speeds at least
twice as great as the maximum attainable
with the prior wheels, for assumed values
of X==100 per cent, and three times as great
for assumed values of X=150 per cent.
Such relatively high specific speeds are at-
tainable by retaining the same limits of ratio
ot wheel diameter to jet diameter, that are
necessary in the prior tangential impulse
wheels. This ratio can, however, be greatly

-reduced with the cross flow type of impulse

wheel on account of the fact that in the im-
proved wheel the buckets may be permitted
to overlap to a greater extent. Such over-
lapping is impracticable in the tangential
impluse wheels because overlapping of the
buckets will prevent eflicient impingement
of the jet thereagainst and will also pre-
vent proper attachment of the buckets to the
supporting structure. By thus reducing the
ratio of wheel diameter to jet diameter, tie
diameter of the wheel may be reduced to a
minimum thus enabling attainment of still
higher specific speeds with the same quantity
of water delivered against the buckets. The
present invention furthermore permits at-
tainment of relatively high specific speeds
with maximum conversion of energy in a
single wheel, due to the fact that a relatively
large number of jets may be utilized thereby
increasingf1 the quantity of water delivered
against the buckets beyond that permitted
with a tangential wheel. When utilizing a
plurality of jets, they should all be delivered
against the wheel at the same angle a, and
the jets should be spaced apart sufliciently to
avoid interference with adjacent jets. While
the cylindrical form-of jet 10 is perhaps
preferred, because of its relatively high effi-
clency and because of the fact that simple
and efficient means for regulating such jets
have heretofore been devised, any other
form of jet may be employed. It has been
found that the present invention permits the
use of eight or ten jets on wheels of rela-
tively small diameter and it will be apparent
that the number of jets may be readily in-
creased to such an extent that a single an-
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nular jet is produced. When utilizing such
a single annvlar jet, means for properly di-
recting the stream lines, shouid, however,
he provided. It will thus be noted that this

invention permits attainment of exceedingly-

high specilic speeds such as present com-
mercial practice demands.

During normal operation of the cross flow
wheel, the free jets 10 are delivered against
the buckets in a direction such that the angle
@ is between 45° and 90°. As the rotor is
open to the atmosphere, or at least has the
same pressure on the inlet and discharge
sides therecof, there is no drop in pressure
in the water flowing through the wheel. In
this respect the impulse wheel differs from
the reaction or Francis type of wheel. The
jets 10 in passing through the wheel have
their velocity cnergy transformed into
torque on the rotating wheel and are de-
livered from the exit edges of the buckets
with a very slight percentage of remaining
energy.

The speed of the wheel is readily con-
trollable by varying the direction of the
jets, such regulation being effected by means
of structure such as illustrated in Fig. 8, and
without removing the jets 10 from the
buckets. It will be obvious that by inclin-
ing the jets 10 at a very slight angle rela-
tively to the line of travel of the buckets at
the point of impact, the jets may be en-
tirelv prevented from passing through the
wheel thereby reducing the energy conver-
sion to a minimum. This result is attain-
able due to the forward inclination of the
inlet portions of the bucket impact surfaces.

It should be understood that it is not de-
sired to limit the present invention to the
exact details of construction and to the ex-
act steps of the process herein shown and de-
scribed, for various modifications within
the scope of the claims may occur to per-
sons skilled in the art.

Tt is claimed and desired to secure by
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T
St

60

65

1. In a hydraulic turbine, a rotor compris-
ing a series of buckets revoluble about an
axis, means for delivering a free jet of wa-
ter against the successive buckets of said se-
ries so that said jet forms a variable angle
of from thirty to ninety degrees relative to
the line of travel of said buckets at the
point of impingement, and means for adjust-
ing said jet delivery means to vary the jet
angle between said limits.

2. In a hydraulic turbine, a rotor compris-
ing a series of buckets revoluble about an
axis, means for delivering a free jet of wa-
ter against the successive buckets of said
series so that said jet forms a variable angle
of from thirty to ninety degrees relative to
the line of travel of said buckets at the point
of impingement, means for adjusting said
jet delivery means o vary the jet angle be-

S

tween said limits, and means for adjusting
said jet delivery means to vary the cross
sectional area of said jet.

* 3. In a hydraulic turbine, a rotor com-
prising an annular series of buckets revolu-
ble about an axis, means for delivering a
plurality of independent free jets of wa-
ter against the successive buckets of said
series so that each of said jets forms a
variable angle of from thirty to ninety de-
grees relative to the line of travel of said
buckets at the point of impingement, and
means for adjusting said jet delivery means
to vary the jet angles between said limits.

4. In a hydraulic turbine, a rotor com-
prising an annular series of buckets revolu-
ble about an axis, means for delivering a
plurality of independent.free jets of water
against the successive buckets of said se-
ries so that each of said jets forms a variable
angle of from thirty to ninety degrees rela-
tive to the line of travel of said buckets at
the point of impingement, means for adjust-
ing said jet delivery means to vary the jet
angles between said Iimits, and means for
adjusting said jet delivery means to vary
the cross sectional areas of said jets.

5. In a hydraulic turbine, a rotor com-
prising buckets revoluble about an axis,
means for delivering a free cylindrical jet
of water against said buckets so that said
jet forms an angle greater than thirty and
less than ninety degrees relative to the line
of travel of said buckets at the point of
impingement of said jet thereon. whereby
said turbine has a relatively high specific
speed, and means for varying the jet angle
between said limits.

6. In a hydraulic turbine, a rotor com-
prising buckets revoluble about an axis,
means for delivering a free cylindrical jet
of water against said buckets so that said
jet forms an angle greater than thirty and
less than ninety degrees relative to the line
of travel of said buckets at the point of
impingement of said jet thereon whereby
said turbine has a relatively high specific
speed, means for varying the cross sectional
area of said jet, and means for varying the
jet angle between said limits.

7. In a hydraulic turbine, a rotor com-
prising a series of buckets revoluble about
an axis, a nozzle spaced from said buckets
and adapted to deliver a free cylindrical jet
of water against the successive buckets so
that said jet forms an angle between thirty
and ninety degrees relative to the line of
travel of said buckets at the point of im-
pingement of said jet thereon whereby said
turbine has a relatively high specific speed.
and means for adjusting said jet delivery
means to vary the jet angle between said
limits.

8. In a hydraulic turbine, a rotor com-
prising a series of buckets revoluble about
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an axis, a nozzle spaced from said buckets speed, means for adjusting said nozzle to
and adapted to deliver a free cylindrical vary the cross sectional area of said jet, and 10
jet of water against the successive buckets means for adjusting said nozzle to vary the
so that said jet forms an angle between jet angle between said limits.

5 thirty and ninety degrees relative to the ~ In testimony whereof, the signature of
line of travel of said buckets at the point the inventor is affixed hereto.
of impingement of said jet thereon where-
by said turbine has a relatively high specific FORREST NAGLER.



