Chap. 13. Water Wheels

CHAPTER 13 -
WATER WHEELS

Art. 163. CONDITIONS OF HicH EFFICIENCY

e ;
A hydraulic motor is an apparatus for utilizing the energy
y

f a waterfall, It generally consists of a w'heel which Ls.tz}lluse(tiotz
g h : by the weight of water falling from a hlg. er |
iy 61; 4 b v the dynamic pressure due to the change in direc-
lt?weralr?;ev’e?;cig’ of a moving stream. When the wa‘ter iz‘erz

6% i the apparatus 1s ca
A Onel P Mr;:rfi :1 ee:tlfr:;:: r;ler;:lndc et’he entil:g circumference, it
?’ﬂlter e ‘b"" In this chapter and the next these two clla.sses
e tu}‘11 [E:discussed in order to determine the C(.)ndltIOH'S
: T‘nOlOde“i‘ them I:IIOS'L efficient. Overshot wheels, which move
e ‘-1:_ ht. of water caught in their buckets, and undershot
ol }:jtlllg move under the impact of a flowing stream, ar‘e
A {’; e been used for many centuries. Impulse_ wheels,

fOF{US thaz t?a\eir motion to a jet of water striking their vanes

:}i]t]lihhi(:}ir velocity, were perfected in the eighteenth century.

The efficiency ¢ of a motor ougl.lt. if polssible. to Ee 13&6[3;:23:;;1
f the amount of water used, or if niot,- it shoult-i be the g tlt 2
: ter supply is low. This 1s very difficult t(.) attain.
Whe}? tlllg &anoted, however, that it is not the mere variation 12
1;: q(ilintitv of water which causes the efficiency to Eirini;icl
i 1 ssesiof head which are consequent there.on.. 5 0 ' f
e < Jow. gates must be lowered to diminish tlhe area 0
“'}}en Waterdls this! r;;:)roduces sudden changes of section wh}ch
OlTlﬁFeiSs:h atl;xe offective head h. A complete theoretich\:xp{resstlrl
i fency wi t include W, the weight ot wa
- th'e emcwnecc}o;gubltl;nicteszzuld, if possible, include the losses
e P‘éi ;ead “"}ﬁch result when W varies. The‘ actual et:ﬁ-_
O'f em\:rg a motor can only be determined by tests with the fric
ciency of ¢

Conditions of High Efficiency. Art. 163 433

tion brake (Art.149): the theoretic efficiency, as deduced from
formulas like those of the last chapter, will as a rule be higher
than the actual, because it is impossible to formulate accurately
all the sources of loss. Nevertheless the deduction and discus-
sion of formulas for theoretic efficiency are very important for the

correct understanding and successful construction of all kinds
of hydraulic motors.

When a weight of water W falls in each second through the
height %, or when it is delivered with the velocity o, its theoretic
energy per second is

2

K=Wh or E=WL

28
The actual work per second equals the theoretic energy minus
all the losses of energy. These losses may be divided into two
classes: first, those caused by the transformation of energy into
heat; and second, those due to the velocity »; with which the
water reaches the level of the tail race. The first class includes
losses in friction, losses in foam and eddies consequent upon sud-
den changes in cross-section or from allowing the entering water
to dash improperly against surfaces; let the loss of work due to
this be W', in which /' is the head lost by these causes. The
second loss is due merely to the fact that the departing water
carries away the energy W - 2,°/2g. The work per second im-

parted by the water to the wheel then is

o IV(k ol -ﬂ?)
2

and dividing this by the theoretic energy the efficiency is,

~~—(i°'-l>2 (163)
v

in which v is the velocity due to the head k. This formula, al-
though very general, must be the basis of all discussions on the
theory of water wheels and motors. Tt shows that e can only
become unity when #' = o and 2, = o, and accordingly the two

following fundamental conditions must be fulfilled in order to
secure high efficiency : '
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1. The water must enter and pass through the wheel without

losing energy in friction and foam.
5. The water must reach the level of the tail race without ab-
solute velocity.
These two requirements are expressed in popular language by the
well.known maxim ‘the water should enter the wheel without
shock and leave without velocity.” Here the word *‘ shock ” means

that method of introducing the water upon the wheel which
produces foam and eddies.

The friction of the wheel upon its
work when the power and efficiency are actually measured as described
in Art. 149. But as this is not a hydraulic loss it should not be in-
cluded in the lost work %’ when discussing the wheel merely as a user
of water, as will be done in this chapter. The amount lost in shaft
and journal friction in good constructions may be estimated at 2
or 3 percent of the theoretic energy, SO that in discussing the hydrau-
lic losses the maximum value of ¢ will not be unity, but about 0.98
or 0.97. This will usually be rendered considerably smaller by the
friction of the wheel upon the air or water in which it moves, and
which will here not be regarded. The efficiency given by (163) is
called the hydraulic efficiency to distinguish it from the actual efficiency
as determined by the friction brake.

Prob. 163. A wheel using 70 cubic feet of w
of 12.4 feet has an efficiency of 63 percent.
does it deliver ?

bearings is included in the lost

ater per minute under a head
What effective horse-power

Art. 164, OVERSHOT WHEELS

In the overshot wheel the water acts largely by its weight.

Figure 164 shows an end view or vertical section, which so fully
hat no detailed explanation is necessary.

illustrates its action t
The total fall from the surface of the water in the head race or

flume to the surface in the tail race is called %, and the weight of

water delivered per second to the wheel is called W. Then® the
d to the wheel is Wh. Itis

theoretic energy per second imparte
required to determine the conditions which will render the effec-

tive work of the wheel as near to Wh as possible.
The total fall may be divided into three parts: that in which
the water is filling the buckets, that in which the water is descend-

=
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J

ing in the fi cets
g in the filled buckets, and that which remains after the bucket
%

are emptied. Let the first of
th
last /;. In falling the zﬁs_ ese parts be called 4y, and the

tance &, the water acquires

a velocity 2o which is approxi-
. mately equal to V2ghy, and

then, striking the buckets

this is reduced to #, the tan-'

gential velocity of the wheel,

}:vhereby a loss of energy in

mmpact occurs. It then de-

scends through the distance

h — hy — Iy, acting by its

weight alone, and ﬁ;mllv

dropping out of the bucket'sj

reaches the level of the tail

race with a velocity which

causes a

e f:;:;d;gzsl ofﬂenergy. Let. i be the head lost in enter-
Lt th; o (;ta ‘C,e be 1.1}_‘1;: velocity of the water as it reaches
wheel is given by the ge;leral :;I;}Lelahﬁjég;lh;eﬁidency Gr

2

and to apply i i i a
; E') "1p'p.l} it, the values of /4’ and 9, are to be found. In thi
quation 7 is the velocity due to the head 4, orv = V2 -h c

The in img
head lost in impact when a stream of water with the

velocity , is enla i .

rged in section so
g as to hav m .
1, 15, as proved in Art. 76 e the smaller velocity

" (vg—u)? o2
W= @) o= 20u+tu

The.veloci : -
upm.]\r ttehomt-y 7 .w1th which the water reaches the tail race depend
i }elt v ;locity u and the height #,. Its kinetic energvpas ii
T W}le .1 11)1((; f}is is II'I - u®/2g, the potential energy of the fall
1, @ e resultant kinetic energy as 1
g G i gy as it reach i
race is W - v,%/2g; hence the value of 7, is =

2'1 e ‘\/;i?+ 2 ghl.
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! in the : e, and
Inserting these values of & and 7, in the formula for e,

placing for #* its equivalent 2gh, there is found
o — 2004 + 20°+ 287
e
The value of # which renders ¢ a r.naxis}l}l‘m is found by equat-
ing the first derivative to zero, \\;hlch gives
%= 370 .
01; the velocity of the wheel should be one-half that of the entering

ing to the advantageous velocity 1s

_ it 2gh

A 2gh
and lastly, replacing 2’ by its value 2gh, it becomes

(164)

which is the maximum efficiency of the overshot wheel. 8
This investigation shows that one-half of :heeitgirg; s
Ji and the whole of the exit fall /iy are }ost, and it is P
in order to make e as large as possible both /, an 1..- -
L Orll as possible. The fall &, is made small by making
?;diilissr:fathe \Eheel large; but it cannot be made zero, for at;lix(l)
no water would enter the wheel ; it is general}l]} :he;: s:: .
e cl)\r tIsS ade[g(:izs.whihe \:'i}l rltet;tin the
g bylgmz.g ;sgszgfe.burc\:the water really leaves the wheel
wateif:jalo;lfints allmg the lower circumference, the value of I
iztmssot usually be determined with exactness.

i 7ers 'heel, as
i y relocity of the overshot wheel,
e practical advantageous Ve . s
dete’fr}r:mfd by the method of Art. 149, 1s.found to bi d.b;)u eroc :ng.
and its efficiency is found to be high, ranging from 70 t0 9o p

: it is desirable
; ly is low, and it is desira
i f drought, when the water suppl) : e
o v hg ’wer available, its efficiency is the highest, g
to utilize all the po : ecomes small, Herem

then the buckets are but partly filled and #, e e
lies the great advantage of the overshot wheel ; its g

i i ce.
':;Zslargegsize and the expense of construction and maintenan
1 .
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The number of buckets and their depth are governed by no laws
except those of experience. Usually the number of buckets is about
5r or 6r, if r is the radius of the wheel in feet, and their radial depth
is from 10 to* 15 inches. The breadth of the wheel parallel to its
axis depends upon the quantity of water supplied, and should be so
great that the buckets are not fully filled with water, in order that they

" may retain it as long as possible and thus make 7y small. The wheel

should be set with its outer circumference at the leyel of the tail water.

Prob. 164. Estimate the horse-power and efficiency of an overshot
wheel which uses 1080 cubic feet of water per minute under a head of 26

feet, the diameter of the wheel being 23 feet, and the water entering 15°
from the top and leaving 12° from the bottom.

Art. 165. BrEAST WHEELS

The breast wheel is applicable to small falls, and the action of

the water is partly by impulse and partly by weight. As repre-
sented in Fig. 165 water

from a reservoir is admit-
ted through an orifice
upon the wheel under the
head /&, with the velocity
v; the water being then
confined between the
vanes and the curved
breast acts by its weight
through a distance /,
which is approximately
equal to % — hy, until
finally it is released at the level of the tail race and departs with
the velocity %, which is the same as that of the circumference of

the wheel. The total energy of the water being Wh, the work
of the wheel is eW7, if ¢ be its efficiency.

The reasoning of the last article may be applied to the breast
wheel, /; being made equal to zero, and the expression there de-
duced for ¢ may be regarded as an approximate value of its the-
oretic efficiency. It appears, then, that ¢ will be the greater the
smaller the fall 2y; but owing to leakage between the wheel and
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h cannot be theoretically eSti_mated’ aI.ld
s than for low ones, it 1s not deslu:-
ke he breast wheel 15
make 9o and o small. The S thed lsually ranges
A ially less than that of the overshot, and us Lu) hce?s
e ma:ergo ‘percent the lower values being for small W :
from 50 to !

inine the theoretic efficiency of the
Another r?ettlgogisoju(jg tfl::trllgcgm of the water in entfaringfanc}
brca‘St e '15 as a case of impulse. Let at the point 0 le.rt
o anez : be drawn parallel and equal to the velocities
e being that of the entering water and the lat.tclr
e 7 Let « be the angle between 2o and. u, whic ;
i thel V(? rti: angle of approach. Then the d.ynamlc preszuirS
maytbg Sba; ethe water in entering upon and leaving the vanes 1s,
exerte

9 —u
from Art. 158, P cosa

the curved breast, whic ar
which is less for high velocitie

nd the work performed by it per second is
: (po cOSE — )
b= W——

i i when
This expression has its maximum value
=i o
u= 230 COS8

: i
i f the dynamic pressure 1
and the corresponding work o Gt
k - W'Un COS
BT

?

velocity is found to be

p=(2e cost 1 1)

48 ‘
- 2gho, where ¢1 is the coei‘ﬁme.nt
the orifice of the reservoir,

E=W (ke cos’a- hot hs) .
efficiency of the wheel is

H 2
or. if v¢® be replaced by its vahfe I}
of velocity for the stream as 1t leaves

whence the maximum hydraulic

b, 165)
e=1¢? cos’e - by +2 (

h h
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If in this expression / be replaced by & — kg, and if ¢, = 1 and
« = o°, this reduces to the same value as found for the overshot
wheel. The angle «, however, cannot be zero, for then the direc-
tion of the entering water would be tangential to the wheel, and

. . . s -
it could not impinge upon the vanes; 1ts value, however, should

be small, say from 10° to 25°. The coefficient ¢1 18 to be rendered

large by making the orifice of the discharge with well-rounded
inner corners so as to avoid contraction and the losses incident
thereto. The above formulas cannot be relied upon in practice
to give close values of % and e, on account of losses by foam and

. leakage along the curved breast, which of course cannot be al-
gebraically expressed.

Prob. 165. A breast wheel is 10. 5 feet in diameter, and has ¢,
by = 4.2 feet, and @ = 12 degrees.
ber of revolutions per minute.

= 0.03,
Compute the most advantageous num-

Art. 166. UnpERSHOT WHEELS

The common undershot wheel has plane radial vanes, and the

water passes beneath it in a direction nearly horizontal.

It may
then be regarded

as a breast wheel where the action is entirely
by impulse, so that in the preceding equations % becomes o,
hq becomes %, and « will be 0°. The theoretic efficiency then is
¢ = 3¢°. In the best constructions the coefficient ¢, is nearly
unity, so it may be concluded that the maximum efficiency of the
undershot wheel is about o.5. Experiments show that its actual
efficiency varies from o.20 to 0.40, and that the

advantageous
velocity is about 0.49, instead of o. 50p.

The lowest efficiencies
are obtained from wheels placed in an unlimited flowing current,

as upon a scow anchored in a stream; and the highest from those

where the stream beneath the wheel is confined by walls so as to
prevent the water from spreading laterally.

The Poncelet wheel, so called from its distinguished inventor,
has curved vanes, which are so arranged that the water leaves
them tangentially, with its absolute velocity less than that of
the velocity of the wheel. If in Fig. 165 the fall 4, be very small,
and the vanes be curved more than represented, it will exhibit
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the main features of the Poncelet wheel. The water entering
with the absolute velocity 2o takes the velocity » of the vane and
the velocity V relative to the vane. Passing then under the wheel,
its dynamic pressure performs work ; and on leaving the vane
its Felative velocity V is probably nearly the same as that at
entrance. Then if ¥ be drawn tangent to the vane at the point

of exit, and » tangent to the circumference, their resultant will
the absolute velocity of exit, which will be much less than #.
carried away by the departing water
t and undershot wheels,
be as high

be %,
Consequently the energy
is less than in the usual forms of breas
and it is Tound by experiment that the efficiency may

as 6o percent.
In Fig.166 is shown a portio
the water enters the wheel through a nozz

absolute velocity vo and at B it leave
In the figure A and B have the same elevation.

Je-like opening with the

1.
entering stream makes the approach a

ence of the wheel and the same angle with the vane,

relative velocity V is equal to the
ference . If & be the head on At
is Wh, and the work of the wheel is

e i
28

and the efficiency, neglecting friction and leakage, 1s

9
e

E

Now, let ¢; be the coefficient of velo

n of a Poncelet wheel. At 4

s with the absolute velocity
At A the

ngle « with the circumfer-
so that the

velocity of the outer circum-
he theoretic work of the water

city of the entrance orifice,
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then =0 \/2_[1 F
: rom th 0.
A and B, there are found ¢ parallelograms of velocity at

e
P 3 —
2 COSe 1 = 2 u sine =9 tane

and for this velocity » the efficiency of the wheel is

€= ¢(1 — tan)
If¢,=1and « g
= o, the efficiency bec i
: omes unity. I
constr 7 Y
e VI;CUOI]S ¢ may be made from o.95 to 0.98, but « ce o
: .98, a
g " r);osma(il angle, since then no water could enter the WE:::It
) highei, \.aim ;1 = 0.95 the efficiency is 0.60, which is probabl :
ol uflz t M}l] usually attained in practice. If the velocit;/
or less than jvy/cose, the effici i
Do, effi y
account of shock and foam at f,l e
Prob. 1 st
G “(,i}?e.d Eft;]mate the }.mrse-power that can be obtained from
| with plane radial vanes placed in a stream havin .
il fc;t eet per second-. the width of the wheel being 13 feegt ¥ s
, and the maximum immersion of the vanes beibng I,3usfed:_
.33 feet.

IIOW lllally IE\«OIUEIOIES pel’ mlnute Should [hlb W hCEI H!al\E n OIdEI to iullllsh

the maximum power ?
.

ARrT. 167. VErticaL Impurse WHEELS

fﬁ vertical wheel like Fig. 16 i
agal.nst which the water is del;gvereg, ftilrlri ahi‘;‘;i ?mafuer called
an impulse wheel, or a “hurdy-gurdy” o
wheel. The Pelton wheel, the Cascade
.wheel, and other forms can be purchased
In several sizes and are convenient on ac-
count of their portability. Figure 1674
sh.ows an outline sketch of such a wheel
n.nth the vanes somewhat exaggerated in
size. The simplest vanes are rac?ial planes
as at 4, but these give a low efficienc .
Curved vanes, as at B, are generally useg.
as these cause the water to turn back—’
Wward, opposite to the direction of the motion, and thus to leave

Fig. 167a.

th \
. the wheel with a low absolute velocity (Art.159). In the plan




]
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of the whel it is seen that the vanes may be arr;.nglfd sczl as ;};Z
idewi ile deflecting it backward.
the water sidewise while - .

. u;ir;rllents of Browne * show that with pla.ne radial vanes Stl;i
;}i{p}? st efficiency was 40.2 percent, while ':’mh curved vanehiCh

: e82 ercent was attained. The velocity of the vzmes1 W i
C“Pi 'th‘es Eighest efficiency was in each case almost exactly 0
gav !

If the velocity of the jet. : s
S The Pelton wheel is used under high heads, fmd Elsfzi bie;nfhzt
small size it has a high velocity. The effective hea

age, COI-
the nozzle by a pressure g ge,
measured at the entrance of L i

approach and the loss in
the nozzle by formula
(83);. These wheels are
wholly of iron, and are
provided with a casing
to prevent the spattering
of the water. Fig. 167b
shows a form with three
nozzles, by which three
streams are applied at
different parts of the
circumference, in order

77 to obtain a greater power
0 / than by a single nozzle,
/ g or to obtain a greater
speed by using smaller
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velocity, more or less shock occurs at entrance, and a8 the angle
of exit B cannot be made small, the water leaves the vanes with
more or less absolute velocity. The advantageous velocity of

the vanés or cups is between 40 and 50 percent of that of the
entering jet.

Prob. 167. The diameter of a hurdy-gurdy wheel is 12. 5 feet between
centers of vanes, and the impinging jet has a velocity of 58.5 feet per second
and a diameter of 0.182 feet.  The efficiency of the wheel is 44.5 percent,

when making 62 revolutions per minute What effective horse-power does
it furnish ?

Arr. 168. HorizontAL IMpUuLsE WHEELS

When a wheel is placed with its plane horizontal and is driven
by a stream of water from a nozzle, it is called a horizontal im-
pulse wheel. There are two forms, known as the outward-flow

In the former, shown in Fig. 168¢,
the water enters the wheel upon the inner and leaves it upon the

and the inward-flow wheel.

Fig. 168a. Fig. 1635,

outer circumference; in the latter, shown in Fig. 1685, the water

enters upon the outer and leaves upon the inner circumference.
| e “ 3 Issui ith t citv 9 impinees
the following quantities are given by the manufa(;t s H The water issuing from the nozzle with the velocity » impinges
Diameter in feet, 3 2 3

- upon the vanes, and in passing through the wheel alters both its
Cubic feet per minute, 8.29 4419 99:52 ”6'81 391; direction and its absolute velocity, thus transforming its energy

s 1 ; " . . 5
Revolutions per minute, I7 j,z 7323 : ; ;z 605 613 into useful work. The energy of the entering water is I¥ . 22/ 29
Horse-powers, - : :

: ficiency of 85 percent. and that of the departing water is W - %/2¢. Neglecting fric-
and these figures imply an etiicien Y : H;“J Jlse wheels is the same tional resistances, the work imparted to the wheel by the water is
‘ ; i :
The general theory of th.ese Vf.ilftlca- 1% Ot 1 high | _ P
as that given for moving vanes in Art. 195. | E=W(—

5k

e . 103
# Bowie’s Treatise on Hydraulic Mining (New York, 1835), P- 103




