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398 Chap. 11. Water Supply and Water Power

which it can act, power, heat, and light can be generated in unlimited
quantities.

Prob. 151a. Deduce the simple and useful rule that one inch of rainfall
per hour is, very nearly, equivalent to one cubic foot per second per acre.

Prob. 1516, Find the theoretic horse-power of a plant where 1200 cubic
feet of water per second is used under a total head of 4¢.5 feet. If the

efficiency of the approaches is g9 per cent, the efficiency of the turbines

76 percent, and the efficiency of the dynamos 6 percent, what power in

kilowatts is delivered ?

Prob. 151c.  What is the theoretic metric horse-power of a plant where
112 cubic meters of water per second are used under a head of 23.5 meters?
Ii the efficiencies of the approaches, turbines, and electric generators are
08.5, 74.3, and 97.5 percent, respectively, compute the number of metric
horse-powers delivered, and also the power in kilowatts.

Prob. 151d. When a turbine is tested by a friction dynamometer, show
that its power in kilowatts is o0.00103N Pl, if P be the load on the brake in
kilograms, / its lever-arm in meters, and N the number of revolutions per
When N = 200, P = 250 kilograms, and [ = 2.01 meters, what

minute.
namo attached to the turbine when the

electric power is delivered by a dy
efficiency of the dynamo is g7.2 percent ?

Prob. 15le. The hectare-meter is a convenient unit for estimating’

Jarge quantities of water in irrigation and water-supply work. Show that
one hectare-meter is 10000 cubic meters. Show that 100 centimeters of
rainfall falling in one month is, very nearly, 0.004 cubic meters per second

per hectare.

Definitions and Principles. Art. 152

CHAPTER 12
DYNAMIC PRESSURE OF WATER
ART. 152. DEFINITIONS AND PRINCIPLES

The pressures exerted by moving water against surfaces which
change its direction or check its velocity are called dynamic
and.they follow very different laws from those which govern thé
static pressures that have been discussed and used in the precedin
f:haptel:s. A static pressure due to a certain head may cause g
Jet to issue from an orifice; but this jet in impinging upon a
surface may cause a dynamic pressure less than equoal to, or
gr{?ate'r than that due to the head. A static press;.u'e at a "ven
p_omt In a mass of water is exerted with equal intensity in all (i}rec—
tl?ns; -but a dynamic pressure is exerted in different directions
‘V‘Vlth f:hi:f;erent“intensities. In the following chapters the words
“statlc a’r’ld dynamic ” will generally be prefixed to the word

pressure,” so that no confusion may result.

. The dyl.lamic pressure exerted by a stream flowing with a
given velocity against a surface at rest is evidently equal to that

_produced when the surface moves in still water with the same

velocity, This principle was applied in Art.40 in rating the
f:urr.emi meter, the vanes of which move under the impulse of the
Impinging water. The dynamic pressure exerted upon a moving

body by a flowin ]
g stream depends upon the vel
relative to the stream. P e velocity of the body

Thf:i “impulse” of a jet or stream of water is defined as the
dyl'lamlc pressure which it is capable of producing in the direction
o'f its mot.l.on when its velocity is entirely destroyed in that direc-
tion. This can be done by deflecting the jet normally sidewise by
a ﬁxed.surface; when the surface is smooth, so that no energy
s lost in frictional resistances, the actual velocity remains un-
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altered, but the velocity in the original direction has: been ren—f
dered ;1ull In Art.27 it is shown that the theore-tlc force o
impulse of a stream of cross-section @ and velocity 215

L JEp 152)
F=W§=wq§— a5, (

¢ the weight and volume delivered per second,

and w is the weight of one cubic unit of water. This equation

shows that the dynamic pressure that may be prf)duced by im-
pulse is equal to the static pressure due

to twice the head corresponding to the

velocity v. It would then be expected,

when two equal orifices or tubes az:e

placed exactly opposite, as in Fig. 12:)..

and a loose plate is placed verti-

cally against one of them, that the

dynamic pressure upon the pl.ate caused

b) the impulse of the jet issung from A4

under the head 7 would balance the static pressure caus.ed bzr
the head 24 This conclusion has been confirmed by expenrm;nc,l
for a tube A which has a smooth ilnner sur-face -ar}d rounde
inner edges so that its coefficient of discharge 1s umty. ;
The reaction of a jet or stream is the backward dynamic

. i e mr e
sure, in the line of its motion, which is exerted against :
’ against a surface away from whic

in which I and g ar

pres e
vessel out of which it 1ssues, or : : ﬁ
it moves. This is equal and opposite to the impulse, and the

* equation above given EXpIESSCS its \'@ue a.nfl the" la;rs: “(}11;)1;
govern it. The expression for the reaction or 1mpu]:,eh. Lnf rc;s
may be also proved as follows: The definition by W ict 01 g
are compared with each other is, that forces are propo-rt;l(;n?V ;
the accelerations which they can produce. The welgh. . ; :
allowed to fall, acquires the acceleration g; the for'cc Fw 1; c:tz}x1
produce the acceleration v is hence related to H/’ and g by the
equation F/W = o/g, and accordingly F = W -v/g.

tion do not really exist in a stream

d direction, although F indicates
he stream into motion and the

The forces of impulse and reac
flowing with constant velocity an
the force that was exerted in putting t
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force that is required to stop it. When the direction of the stream is
changed by opposing obstacles, the impulse and reaction produce
dynamic pressure; if, in making this change, the absolute velocity is
retarded, energy is converted into work. Impulse and reaction are of
practical value, because the resulting dynamic pressures may be uti-
lized for the production of work. For this purpose water is made
to impinge upon moving vanes, which alter both its direction
and velocity, thus producing a dynamic pressure P, which overcomes
in each second an equal resisting force through the space #. The work
don_e per second is then £ = Pu, and it is the object in designing a hy-
draulic motor to make this work as large s possible; for this purpose,
the most advantageous values of P and # are to be selected.

The word “impact” is sometimes popularly used to designate
impulse or pressure, but in hydraulics it refers to those cases where
energy is lost in eddies and foam, as when a jet impinges into water
or upon a rough plane surface. Impact is not defined in algebraic
terms, but the energy lost in impact may be so defined and computed.
When the energy of a stream of water is to be utilized, losses due to
impact should be avoided. 'Whenever impact occurs, kinetic energy
is transformed into heat.

Prob. 152. When a jet is one inch in diameter, how many gallons
per second must it deliver in order that its impulse may be roo pounds?

Arr. 153. EXPERIMENTS ON IMPULSE AND REACTION

A simple device by which the dynamic pressure P exerted
upon a surface by the impulse and reaction of a jet that glides
over it can be directly weighed is

shown in Fig.153a. It consists
merely of a bent lever supported

“on a pivot at 0, and having a plate

A attached at the lower end of the
vertical arm upon which the stream
impinges, while weights applied at
the end of the other arm measure
the dynamic pressure produced by the impulse. By means of an
apparatus of this nature, experiments have been made by Bidone,
Weisbach, and others, the results of which will now be stated.
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When the surface upon which the stream impinges is @ plane
normal to the direction of the stream, as shown at A, the dynamic
pressure P closely agrees with that given by the theoretic formula

for F in the last article, namely,

"J
P= W = wa —
28
being about 2 percent greater accor(hnd to Bidone, and about
according to Weisbach. The actual value of P
hat with the size of the plate, and with
hich the jet issued.

4 percent less
was found to vary somew
its distance from the end of the tube from w

When the surface upon which the stream impinges is curved,

as at B, or so arranged that the water is turned backward from
the surface, the value of the dynamic pressure P was found to be
always greater than the theoretic value, and that it increased
with the amount of backward inclination. When a complete
reversal of the original direction of the water was obtained, as
at C, it was found that P, as measured by the weights, was nearly
double the value of that against the plane. This is explained by
stating that as long as the direction of the flow is toward the sur-
face the dynamic pressure of its impulse is exerted upon it, but
when the water flows backward away from the surface, the
dypamic pressure due to both impulse and reaction is then
exerted upon it. The sum of these is

a2

P= F+F~2W—~—4’ "g

which agrees with the results experimentally obtained.

shows clearly that the dynamic
creased still further by the
stream is made to perform

An experiment by ] Morosi *
pressure against a surface may be in

device shown in Fig. 153, where the
two complete reversals upon the surface. He found that in this

case the value of the dynamic pressure was 3.32 times as great
as that against a plane, for P = 3.32 F, whereas theoretically the
3.32 should be 4. In this case, as in those preceding, t the water in
passing over the surface loses energy in friction and foam, so that

~ * Ruhlman ’s Hydromechanik (Hannover, 1879), p- 586.
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1tt[s \'elocn'_\' is diminished, and it should hence be exi)ected that
}1§ expenmenta! values of the dynamic pressures would be less
t' 1an the theoretic values, as in general they are

found to be. :

While the experiments here briefly described
thoroughly confirm the results of theory thc; 7
fmft her show it is the change in directiofl ;)f th\e
velocity when in contact with the surface which
pn?duces the dynamic pressure. If the stream
strikes normally against a plane, the direction of its velocity i
changed 90°, and this is the same as the entire dC“tre ‘:Flt} 5
the velocity in its original direction, so that the dv:nrl:' e
sure P should agree with the impulse F. This im 5rt;1ntlc nci
ple of change in direction will be theorcticall\’. exeilpliﬁedp;::iz:

Fig. 1536.

: The dynamic pressure which is produced by the direct reacti

of a stream of water when issuing from a \-'értical orifice in ;22
side of a vessel was measured by Ewart with
the apparatus shown in Fig. 153¢, which will
be .rea.dil_v understood without a detailed de-
scription. The discussion of these experi-

measured values of P were from 2 to 4 per-

cent less than the theoretic value F as givi en

Fig. 153c. by (153), so that in this case, also, theory and

observation are in accordance. b

- An fexperinjlent by Unwin,T illustrated in Fig. 1534, is very

1ntere‘st1{1g, as it perhaps explains more clearly thut; [orm, la ( lf‘r’}

why it is that the dynamic pressure ' e
due to impulse is double the static
pressure. Two vessels having con-
verging tubes of equal size were
p!aced so that the jet from A4 was
directed exactly into B. The head in

A was kept uniform at 20l inches, Fig. 1534

- 3 -
’I:heoretlcal)lechamc:s. Coxe’s translation, vol. 1, p. 100
1 Encyclopedia Britannica, gth Edition vol. 12 p! 4&)- .

, vol. 12, p. 467.
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404 Chap. 12. Dynamic Pressure of Water

when it was found that the water in B continued to rise until a
head of 18 inches was reached. All the water admitted into 4
was thus lifted in B by the impulse of the jet, with a loss of 23
inches of head, which- was caused by foam and friction. If
such losses could be entirely avoided, the water in B might
be raised to the same level as that in A. In the case shown in
the figure where the water overflows from B, the impulse of the
jet has not only to overcome the static pressure due to the
head %, but also to furnish the dynamic pressure equivalent to
a second head / in order to raise the water through that height.
But the level in B can never rise higher than in 4, for the
velocity-head of the jet cannot be greater than that of the static
head which generates it.

Prob. 153. Accepting as an experimental fact that the force of impulse
or reaction i_s_._d_ouble the static pressure, show that the theoretic velocity

of flow is V' 2gh.
Agrt. 154. SURFACES AT REST

Let a jet of water whose cross-section is @ impinge in perma-
nent flow with the uniform velocity v upon a surface at rest. Let
the surface be smooth, so that no resisting force of friction exists,
and let the stream be prevented from spreading laterally. The

water then passes over the surface, and leaves it with the original
velocity », producing upon it a dynamic pressure whose value
depends upon its change of direction. At B in Fig. 154a the
stream is deflected normal to its original direction, and at-D
a complete reversal is offiected. Let 6 be the angle between the
initial and final directions, as shown. It is required to determine
the dynamic pressure exerted upon the surface in the same direc-
tion as that of the jet. Inthe above figures, as in those that follow,
the stream is supposed to lie in a horizontal plane, so that no

Surfaces at Rest. Art. 154 405
)

acceleration or retardati :
: ation of it » o
the action of gravity. s velocity will be produced by

The stream i -
entering upon the surface exerts its impulse F

in the same directi
ection as that of i :
\ ‘ of its motion ; i
it exerts its reaction F in lon; leaving the surface,

opposite direction to that

of its motion. Let P be

the dynamic pressure thus

produced in the direction

of the initial motion, F,

the. component of the re-

a-ctton F in the same direc- ik
tion. Then

P=F—F,=F(1 - cosb)

and inserting for F its value as given by (152)
P=(1—cos) W2
) 3 (154)

which is the formul
a for the dynamic i
| Zatvbee the d pressure in the directi
! Se }mpmgmg jet. If in this @ = o°, the stream glidelsn.cluon
ur . . . . z a.
[ :tce without .changmg its direction, and P becom "
18 90", the resulting dynamic pressure is o

P=F=W?
g

and if 4 be o

N :e(;(:ﬁ?s 13; , a complete reversal of direction is obtained
- Shie Ing dynamic pressure i ¢

against the surface is : that is exerted by the jet

P=2F=2W?
4

i

if  be considered '
: greater than go°, si ;
reaction F; is positive. 9o, since then the sign of the

Th mami
E Z riSUJtEPt- dynamic pressure exerted upon the surface i
y combining by the parallelogram of forces the impulsej;
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and the equal reaction F. In Fig. 154b it is seen that this resul-
g, and that its value is

tant bisects the angle 180 —

P’ = 2F cosk(180 — 6) = 2 sin3f u-'"é
ascertain the pressureé
This can be found by
the resultant in that

he algebraic sum of
e and the

1t is usually, however, more important to
in a given direction than the resultant.
taking the component of

direction, or by taking t

the components of the initial impuls

final reaction.

To find the dynamic pressure P in a di-

rection which makes an angle « with the

" g entering and the angle g with the departing
i strcalm, the components in that direction are

P, =F cose P, =—F cosfl
ts is

and the algebraic sum of these two componen

P = F(cose — cosb) = (cosa — cosf) W%

(154):

to F when « = o and g = go°, as at B in
= go° and @ = 180", When « = 0°
and departing streams are parallel, as
lue of P is 2F, which in this case

This becomes equal
Fig. 154a, and also when «
and @ = 180° the entering
at D in Fig. 1544, so that the va.
is the same as the resultant pressure:

The formulas here deduced are entirely independent of the form
of the surface, and of the angle with which the jet enters ‘upon it.
1t is clear, however, if, as in the planes in Fig. 154a, this angle is
such as to allow shock to occur, that foam and changes in Cross-sec-
tion may result which will cause energy to be dissipated in heat.
These losses will diminish the velocity v and decrease the theoretic
dynamic pressure. These effects cannot be formulated, but it is a
general principle, which is confirmed by experiment, that they may
be largely avoided by allowing the jet to impinge tangentially upon
the surface. ‘

In all the foregoing formulas the weight W which impinges upon
the surface per second is the same as that which issues from the orifice

or nozzle that supplies the stream, OF
W = wq = wav

Immersed Bodies. Art. 156 407
i

To find W it is h
ence necessary to use th
chapters AR e the methods of t i
pters to determine either the discharge ¢ or the meagevpllﬂec?dmg
elocity o,

Prob. 134. IfFis
i 10 pounds, & = ()°
Sur A . G 5 ) and 3 = 60° ’
¢ parallel to the direction of the jet is 5 pounds thz?t,a;}:z();;et el presl-
) ssuire norma

t t . & ,‘ p
0 t]lat (hlec 10n 18 8 66 und
pO S, and that thh I'Cbulta.lll d namic pressure 18

ARrT. 155. IMMERSED BODIES

When a b s
ody is immersed i :
- ed in
B i 561 water, 5o that £ a flowing stream, or when it is
. p aments ¢

direction - are caused to ct i
adv y hange their
» & dynamic pressure is exerted by the stream or oferco

- me

S

to that of the body, or
o

P=m-wal
28

in which  is a number d i
. epending u h
. ; pon the length
e immersed portion, and whose value is 2 forg ‘am! Shf'ipe' :
normally upon a plane. e

Experiments m
ade upon small pl
B all plates held normall
- 1_1 (ﬁ the flow show that the value of m lies betvg;eto oy
. 75, the best determinations being near 1.4 and 1 "11-2_5
ex i ; . (e . ‘-
i bepe}izdﬂihat ;he dynamic pressure on a plate in ; stre:rlj
ss than that due to the impuls i ‘
e pulse of a jet of the
Cdeseedctl(-)(xlu as tha.a filaments of water near the outer ed(i o
g sideways in the latter case and hence do not i
. im
E nr;]r;:z;l effect, and the above results confirm thisp;?qg)e
. ew experiments on record w |
g cord were made with sma
ostly less than 2 square feet in area, and they seeiln }[H
, (3]

indicate that the v
alue of the coeffici ;
BB s thian o smiall ones. cient m 1s greater for large
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inati namic pressure upon the end of
:rhe dﬁem?ﬁa;l:rn o(r)fpt'}ilsemdi}sngimﬂﬁ:guﬁ because of the resisting
i “’_ﬂmefSEd C}.’d:%' but it is well ascertained to be Ie:%s 1':ha,n tha_t
i Slf ti1:a same area, and within certain limits to de-
e 2 1?1ane 01 neth. For a conical or wedge-shaped body. th-(i
s ‘-'”th > ri :Js 1(;55 than that upon the cylinder, and it ‘l:
?Yna;“ tllialzriis?ntensity : much modified by the shape of the rear
oun
ace of the body. . q
Surf;\;en a body is so shaped as to gradually ;lej;:\ctqueenll:z:;:;
X to graduall) S 2
b frmg.eai?r(llpi(is:lf)of‘i}fj ?rl{;nt ﬁglaments upon the bodl)r
‘}POB . rle%r’ thle reaction of those in the rear, so that the resu —
e o essure is zero. The forms of boats and Sbl{)b
o dynamlcdprso as to obtain this result as nearly as pf)S’Ejlb ei
L I“a fo eliirw force has only to overcome the fr1ct1(315'1‘
anc'l :}:E?Lt(:fe fhepsurfa?:e upon the water. A body so shaped 15
istanc
Z;Sid to have a “fair form” (Art. 183). B
The dynamic pressure prod}lced by th'e 1r?£n hacp
‘es striking upon piers or lighthouses 1s 0 3 g
B ts of Stevenson on Skerryvore Island, whe 3
e expenm}z?'b cted with greater force than usual, showed that
e e r months the mean dynamic pressure per square
e e Sumnéf)o ounds, and during the winter months ab0u‘t
. ‘vasuil;zuihe mljlwcimum observed value being 6};00 ptziurf;
b Bl Rok - shthouse the greatest value observe -,
Al: tttle oizu oRuEEII; ;glstc}lfare foot. The obs'ervutions wercb ma;d;
by allowd pthe waves to impinge upon a circular plat_e a oubr
PY auo‘_““g‘ ter. and the pressure produced was registered by
i o dmine ojf a spring. Such. high unit-pressures do not
thebczr?ypz‘irstslsgon Jarge areas of masonry which are exposed to
roba
Iv?vave action.”

. 1) p = !i n S i
1 l(!l) l ) ( om te the [()hab]t d\n& 1C p[e%ame upon a ll[[:l

J9. u m e
I fUOt qu:l!e W C{Sed macu Cl S (} {e(.t p y
S hCIl mm C rrent “]lob(. \el() t\ 1 v eI SEC()II(l
the dl[ectl(m Of thc cur Ient b[‘][]g llOIm:ll to th(., Squ&CE.

p 3 = ty C] 1
C 20C1€
n 0(‘ n tu .\n €r
(0() er O ean \‘v:l\«eb m I'ransaction 1 an :O( V 1

Engineers, 1896, vol. 36, p- 150-

Cur';*ed Pipes and Channels. Art. 156

ArT. 156. CURVED PIPES AND CHANNELS

The dynamic pressures discussed in the preceding article

have been those caused by jets, or isolated streams, of w
There is now

the boundary being the surf

Fig. 156a.

held stationary, pressure is produced upon it. If its direction
changes in an elbow or bend, pressure upon the bounding surface

is produced; if its cross-section increases or decreases, pressure
is developed or absorbed.

The resultant dynamic pressure P’ upon a curved pipe which
runs full of water with the uniform velocity » depends upon the
angle 6 between the initial and final directions, and must be the

,Same as that produced upon a surface by an impinging jet which

passes over it without change in velocity, The formula of Art.
154 then directly applies, and

P’=gsm%9-F=2sin%6-W§

if @ = o°, there is no bend, and P’ = o; if 6 = 180° the direc-

tion of flow is reversed, and P’ = »F. If the direction is twice

Teversed, as at C in Fig. 156a, the value of 4 is 360°, and the re-

ater.
to be considered the case of dynamic pressures

caused by streams flowing in pipes, conduits, or channels of any
kind; these are sometimes called limited or bounded streams.
ace whose cross-section is the wetted
perimeter. When such a stream is straight and of uniform sec-
tion, and all its filaments move with the same velocity o, the im-
pulse, or the pressure which it can produce, is the quantity F
given by the general expression in Art. 152 ; under these conditions
it exerts no dynamic pressure, but if a body be immersed and
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