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Introductory.

By the term “open channel ” we include all rivers and artificial canals
of whatever section in which the water flows with free surface exposed to
the atmosphere.

The force producing the flow, consequently, can not be produced by
any external head, but is solely due to the slope or gradient of the channel.

Flow of water in an open channel may be classified as follows :

1. Steady flow.

2. Non-steady or Variable flow.

Steady flow is such a one in which the same quantity per unit time
passes through each cross section, so that the mean velocity in a given
section is always constant. The steady flow is divided also into two classes.
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a) Uniform flow b) Non-uniform flow.

‘When all the water cross sections are equal and the slope of the water
surface is parallel to that of the bed of the channel, the flow is said to be
uniform. If the sections vary, the flow is said to be non-uniform, although
the condition of steady flow is fulfilled.

Uniform flow occurs mostly in artificial canal, but in natural river
the flow is generally non-uniform. In the former case, the mean velocity
in any section is constant, in the latter however, it varies being either
increased or decreased.

Non-steady or variable flow is such a one in which the mean velocity
in a given section and its sectional area change with the time, having a
varying quantity of flowing water per unit time.

In the following, we will discuss only the steady flow, generally the
case of non-uniform flow treating the wuniform flow as a particular case
of it.




Chapter L

Energy curve and Critical depth.

Energy head at any point in an open channel means the sum of the
velocity head and the static head at that point. In considering the energy
of flow for the whole cross section in a channel with regard to the change
in water surface, it is convenient to take the energy head in that section,
which is the sum of the velocity head and the static head at a point on

the bottom of the channel axis. This relation may be expressed thus:

9

H=" 4 priiviiiiceaenenn. (1)
29

,U2
29
v heing the mean velocity of the section, g being the acceleration of gravity

in which H is the energy head in the section and the velocity head,

and y is the static head or water depth at the channel axis.

The velocity head due to the velocity v is obviously equal to %’;‘, but
the velocity in every point is not constant through the cross section, so for
the entire cross section there must arise some difference between the velocity
head due to the mean velocity and the true velocity head due to the
individual velocities in the section. The ratio of these two depends wpon
the condition of the distribution of velocity in the section and it has been
investigated by several authorities such as Jasmund, St. Venant, Boussinesq

and others.
r2

v’

2
Now, if we denote a= {7 being the true velocity head in the
section, the value of & determined experimentally ranges from 1.0851 to
1.1380, and 1.11 is generally accepted as a mean.

Thus the above equation must be improved as follows

Let

@, quantity of flowing water in unit time,
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F, area of whole cross section,
b, Tbreadth of water surface in the section.

then ’U=%,
eq. (1) becomes
2
He 28 e 2
o (2)
When the channel has a rectangular section, the water breadth b 1is

always constant being independent of water depth, but when it has a

parabolic section, b varies with the change |
in water level. In the latter case, we '

. 2 b
assume the section may be represented by //////// M g //
=y =—7

the following equation _/i/////Z/;/— IV
b : kv
Z=6y ..................... (3)
where &, parameter of the parabola, Fig. 1.
y, greatest depth at the center of the channel section.
And from properties of the parabola, we have
4oLy (rreeeeeeeeeseseneens 4)
—_* Bnys
3
b= 23§y ................................... (5)
Hence, for the rectangular section,
F=b.y.
_ o
- 2gb%y* y
k
-_—y_21+y ................................. (6)
or P Hy? + 5, =0ucneeinriiiiiiiiiiiinnn (6)
a@)?
where  k,=—%_=constant.
2g90°

For the parabolic section,

2, _ 45 %

F="by=—20%,"
379739
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H=+%+y
29 X ——8y°
g 9 Y
_ 9a?
320qy°

23

= yz + y ............................... (7)
or Y= HyP+ky=0ucereeriviurinnnnnnnee (")

where

+y

9 alf

ky—=—" % =constant.
*732 dg

These equations (6) and (7) give the relation between water depth y
and energy head H in a section of the channel, the former for rectangular
and the latter for parabolic section. Each equation may be called the
“equation of energy curve,” since it represents the energy of flow correspon-
ding to varions depths.

Since eq. (6); is a cubic equation of y, there should exist three roots,
of these, however, one comes out negatively and is wuseless for practical
purposes, leaving two real positive roots. Equation (7), is a fourth degree
equation of y and it has four roots generally, but in this case only two
real positive roots remain for practical use.

Thus every equation of the energy curve has always two positive roots
and for a given depth there is also one other depth having an equal value
of enex:gy head in a given section. We call these the ¢ alternate energy
stages,” one lower, the other higher.

Now, let

Y, water depth corresponding to lower energy stage,

Yy  water depth corresponding to higher energy stage.

Then, for rectangular section,
by (6), yi*— Hy" + k=0,

YL~ Hy, + k, =0.
Eliminating % from these two, we have

yi'— Hy"—y,*+ Hy,*=0,

H(y =y )=y:'—ys’
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3__ o3 2 2
H=Y—Y _ ¥ +?/1?/2+y1’

Yo' — Yo’ Yo+ Yy
when Y=Y=Y,
H=3Y 3,
2y 2

Substitute this value of H in (6),, then
3
y3_§y3+k1=07

2
20l =%
Y 1 e

-y
For the parabolic section, by (7),
yi' —Hy +k,=0,
Yot — Hy,* +k,=0.
Eliminating %, as before, we have
Yt — Hy? —y5t+ Hy’ =0,
H(y’ —y¥)=(ys' —y),
H(ys —y)(ys' + Y192+ 417) = (2= y1)(9e+ y2)(%:" + 91,

H=— (Y2 +yo)(ys’ -+ ?/12)’
Yo+ Yy YL

When h=Y=Y,
H= E:iy.
3y* 3

Substitute this value of H in (7),, then

4
y4 _?y"*‘ k2=07

27 a)?

=8k, =" ",

Y 32 dg
y= [ 27 o
32 dg

We know that, consequently, in an open channel of whatever section,
when the ratio between the energy head of flow and water depth at a
gection, reaches some finite value, two alternate energy stages merge into
one. Such water depth is usually called ¢ critical depth” and is denoted

by e
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Thus, for the rectangular section,

2

yc=§fI. .............................. (8)

=1/ = 2/ L 9

Y, 1/ 1 gb2 ( )
for the parabolic section
3

y,,=—4 .............................. (10)

T 27 Qa?
o= 48k = 4/ 2 X" eiiaene 11
Y 2 32 6g (1)

The critical depth is quite independent of roughness and inclination
of the channel bed, only varying with the sectional form for constant
quantity of flowing water.

From the equations of energy curve represented by (6) ann (7), we see
that, when water depth y becomes smaller and smaller, the energy head
H becomes larger and larger and approaches infinity as y approaches zero,
or when y becomes larger and larger, H becomes also larger and larger
and at the limit it becomes infinity.

Hence there is no maximum finite value of H for any value of y.

To determine the minimum value of H, if any,

ut —=0.
Y dy
Differentiating the equations (6) and (6),
dH 2k,
Lo, P
day Yy
—g_2H
¥
differentiating the equations (7) and (7),
dH 3k,
T =1—
ay ¥
=43
Y
Thus, for the rectangular section,
y y 3
o 1= yoy= 2/ o
y g
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for the parabolic section,

dH 3H 3
dy ‘7 y J y 4 M
3k, o _af 0T al?
1——1=O, =X 3Bk, =% 2L “¥
o " Y =N 323

In both cases, the water depth y correspends to the critical depth ye,

so we may say that the energy head has its minimum value at the critical

depth.
Since for the rectangular section,
AH 2y ¥
dy Yy ¥’
and for the parabolic section,
o _ oy Bk Y
ay y* y*
dH

is negative,

so when Yy < Yo,

Y > Yo

is positive,

and since the absolute value of for the same positive value of y,—y

dH
dy
and y—y, is always greater when y < y, than when y >y, the form of
energy curve must be steeper in the former than in the latter case. The
physical meaning is as follows:

‘When water in an open channel flows decreasing its velocity along
the direction of flow with a water depth initially less than the critical
depth, the depth increases on the downstream in accordance with the change
of velocity, a part of the kinetic energy being converted to potential energy
and as until the depth reaches the critical, the rate of decrease of kinetic
energy is greater than the rate of increase of potential energy, so total
energy of flow becomes smaller and smaller, at the limit it has minimum
value and beyond the critical depth the rate of decrease of kinetic energy
is less than the rate of increase of potential energy, thus causing the total
energy of flow to become larger and larger with less rate of change than

the former.
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When water flows increasing its velocity, the relations are quite the
reverse.

For the reasons above mentioned, if we plot generally the energy
curve for a given condition of flow and channel, taking y as abscissa and
H as ordinate, it may be
shown as in the figure.

Hmin:%y,,
for the rectangular section.

, 4
Hmin=—_y,
33/

for the parabolic section.

Lower energy stage ;<< y..

Higher energy stage ¥, >..
— 1 < Y= Yo Fig. 2
‘When the water depth changes without any loss of energy, it should
be transferred from one of alternate energy stage to the other.
If we know one value of either alternate energy stage y, or y,, the
other value can be determined graphically by plotting the energy curve or
it may be calculated in the following way.

For the rectangular section :—

k, I
by eq. (6) H—J—+yl— y‘ + ¥
1

Yo y1=7u1( 1) =k, ¥ — Y =Ty (32— 3/1)(%-*'7/1) ,
ye Y Yi'Ys Yiye"

Y1y —kyy— kg, =0,

=1 7‘71 +~/ ]pl _\L (1+~/1+ 4:’1/2 )’
4yt ys

l

731 I, k k 4y 3
i 1 __1=—1. <1i 14+ '/1_ .
2y, 4y* + % 2y, ks

The negative sign which precedes the radical may be omitted as y, or

or Yg=

Y, must be always positive.
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k e /
Y= 2 L+ 4/”1 (‘ = (l+ 1+ 47/2 )
Y2 ¥ U (12)
or Yg= 7012 + _/.,"_12_*_ k —i12~(1+~/1+ 4.'/1 )
2y ' o 2
For the parabolic section :—

by eq. (7) H= k:
)

I
+y=—"t
Y2’

yz_%:;{?( 1 13) Y=Y g (e ) Y+ )

N Y~ yi e UNEY
Y Yyt —kay — by —kays' =0,
y1”’—~k—§y{"—7—c§yl—-ki=0-
Ye Yq Y2
To solve this equation, put y,=x+ 37623 , then
Yq
Jeo? k 2k, e’ L
xs_( 2 1 2)&3—( ] +. b -I-—2>=O,
3y oyt 27y 3y Yz
2’ —px—q=0
—3/q N/ qQ g
~/ 4 27 “/ 27
Te,? k
where p=—1l_4-2,
3y26 y22

2k + kg |k
27y, 3y°® Yz
and in this case

’

q2
4
q ~/1*__1&
2> 4 27’

hence the equation, «*—pzr—g=0 has only one real positive root, leaving

_ P S
27>,

two imaginary roots.

y—~+/ 9_[@_P o, 13
' ot 27 */ 4 -5 (13)

If we use y, for y, and y, for y;, the value of y, can be obtained in

=3 s+~/q‘+~/4 B /9‘ %41?_1.;_1; ............. (13),

a similar way.




Chapter II.

Equation of water surface curve.

Change of water depth in the direction of flow with constant quantity
of flowing water should be accompained by change of velocity, which may
be caused by one or more factors such as changes in slope of the bed,
shape and dimension or roughness of the channel.

Bernouilli’s theorem shows that when water flows in an open channel
from one point to another along the direction of flow, the sum of the
velocity head, the static head and the height from any datum line at the
first point is equal to the sum of the same quantities at the second point
and the friction head employed to overcome the frictional resistance in
flowing between two points.

Consider the points on the bed along the stream axis in two sections.
Taking a horizontal line passing through the point on the bed in down
stream section as datum and considering the mean velocity of the whole

gection for each point, the theorem may be expressed as follows :

2
% ty,+1sind
29
2
=2 L gtfien(14)
29

where

v, mean velocity at upstream

gection,

v, mean velocity at down stream section,

y,, water depth at up-stream section along the stream axis,

y,, water depth at down-stream section along the stream axis,

I, distance between two sections along the stream axis,

6, inclination of channel bed, being positive for downward slope as
in figure and negative for upward slope,

f, {friction head between two sections.
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2 2
By eq. (1), Hi=22ty, and H="" 1y,
29 29

then eq. (14) becomes
Hy—H =0l —f.covvninniieinnannnnns (15)
i.e. change in energy head at two sections is equal to the difference of
bottom height at one section above the other and the friction head between
the two sections.
In the case of uniform flow, where the section is throughout constant,
the friction head for the distance 7 is generally exprssed by the following

equation,
where s OO (16)

o, wetted perimeter of the section,
v, mean velocity of the section,
F, sectional area,
¢, velocity coefficient depending upon roughmness, slope of channel,
shape and dimension of section.
Now, if we take two sections indefinitely near with distance dw along
the direction of flow, the above equation (16) may be considered as being

also applicable even in the case of non-uniform flow, <.e.,

friction head df=-22 " dg,...ccuvvviiererrnnnnn. (16),

c‘m m

Subscript m signifies the mean value in the two sections and here we
consider that these mean values remain constant for a short distance du.
Therefore, change in energy head

AdH=dasind —~df....ccccevvrvineene.. (15),

To deduce the equations of water surface curve, let it be assumed that
the coefficient, ¢, is sensibly constant.

Rectangular section :—

am=-;—{b+2y+b+2(y+dy)}=b+2y+dy.
=Ly 10 oyedy
"o2\by  b(y+dy) 2 by(y+dy)

Fm=—;—{by+ b(y +dy)} =b(y +i§’—)
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V' & (2y+dy)”*
B vt vagy sify+ 20
__ @ +ydy)

, neglecting differentials of the second order.

3,4
Dyt + 5b2?/ dy

2( 2
df=Tn Py w;ydz/) dz,
C Z)Syﬁ_’_ Tb3:y4dy

dH = sin(?—a—”; QQ(yzg-ydy) da
= ¢ I)3y5+§b3y4dy
=(sina_2m Qz,)dx ........................... (@)
02 bsyS
neglecting differentials of the second order.
' b o ap?
But, by eq. (6), H:?-f Y, 7”1_791}7’
dH= dy_%dy=(1_ al )dy ................ ®)
v 9%’

Equating (2) and (b),
2 2

we have (sinﬁ-—a—’;” &)dw=1-— 2Q dy,

¢ BPof

2

y°sind — f‘—”; %

dym e Bl (17)

ys_ﬂ
gv*

Putting o,,=b+2y+ dy and neglecting differentials of the second order,

we have
2
y3sin0 — lQiy — _Q_ I
A b
dy= dz,

B gl?
2¢
gb*

This differential equation gives generally the relation between changes

or dx= -~y
Q..

c? J

y*sinf — 2 4y —

of water depth and distance in an open channel whose section is rectan-
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gular and we must integrate the equation between proper limits in order
to determine the amount of change. However, as the integration is too
complicated, it is wiser to use a simple equation for practical purposes,
which will be mentioned later. |

As a special case, when the channel bed is horizontal, sinf must be

equal to zero. Then eq. (18) becomes

20, , @& 2¢, . &

—Y+ .+
2()3 2b2 2b3 2b2
dy 2 3 3 dz Z
a5 Yo —Y
gv* Y
Yo=Y
or doc-_————QQ2 T P (19)
21)3?/ 2b2

Integrating this equation between proper limits,

2 Yo
q/c —y
J de= j 2Q2 Q yi
czbsy A2

Xy ¥

_ 0263{ Y=y, ——yl" booa_ o O
T T=om 5 T =) (yz %)
2. +b>}
l LI O, 2N
< )Og(2y1+b @9
or By — ;=0 =B(Ya)— B(Y1)seeenvrrerrrmsremnnrniirreeiinniaeiaeniaannes (20)
2 3 1 b bz b3
h ~-{—— oy ( ‘)z 2y +0)}
when 3(y) 20 33/"‘4?/ 4y+ y+8 0g(2y +b)

This is an equatien of water surface curve showing the change of water
depth corresponding to the change of distance in an open horizontal channel
with rectangular section.

Parabolic section : —

1 1 2by +ydb +bdy

=gl t3 =TQb“ bydb + bydy’
=y S G+db)y+dy) Yy + 0y ab+oyay

b
F,= é{—by + —(b +db)(y + dy)} 2 (by + M—)
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V' _ 9 407 +4by2db+4b2ydyx 3 1
F, 16 byt+2b%'db+2byidy 2 py 4 0y b
2
27 4% + byPdb + 40y dy
BT 54
By + 20y dy + 2 bYytdb
2 2
df = 7:”'”»_ w=20Q on Uy )27 onl z,
¢*F, 8 & oyp 8 oyt
dH=dxsin0—df=(sin0—27 & o, )dm ............ ©)
2b3y
k 9 an
But b . 7, H=—2+ o= —_
, by eq. (7) ; =35 3¢ "
3k a)?
dH=( Z)d _<1—_ ) ............... d
A 32 agy )™ (@)

Equating (¢) and (d), we have

(sinﬁ_gg_"ﬂ)dx=(l 27 o )d
8 b 32 dgyt
Substituting 40y for b® by eq. (3),

sin0—2_7 _Qii_
P 32 ¢ byt
ST
32 ogy*
2
y'sinf — 21 &
32 % b
T a
32 dg
o 27 alf
32 4
or de = o7 gﬁ dy,
y'sinf —
32 ¢ 31)

but o —%{a+(a+du)} —a+‘12‘i

yt—

In =0 4 20 do 7 =2, since the second term will vanish when the
b b 2 b
differentials of the second order are neglected

And although both & and ¢ are dependent on water depth y, we may
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assume the ratio—z—to be constant without any appreciable error for
practical use. This is true for the channel having greater water breadth
compared with water depth.

Thus, integrating the equation,

i 27 4@
32 og
do="" o7 s e ra ettt tae i es eeeaereenes (21)
sinfyt— 2 X
2 c%b
between proper limits, we have
i
smﬂy‘* B
)0 i)
wy— =22 Y1 B— 4sing [llo@(y2 /m - sinf/
T ging YsindgB® |4 B B
yl— —3 ?/2+ —_—
sind sind
1 -1 Y -1 Y ]
—— |t 1 J2_ ¢ L
2(“4 B ani/B) ....... (22)
sinfd sin @
or Xy Xy =L =F(Y5) = B(Y1)eeenenrenemiriinninnieienineie et (22),
B asing |1, U 'B_o 1 y
— Y — AS81n L “ﬁ——t PP
D=t Tamam | 48 ~/ 7 2 A‘,/ B
. + sinf sinf
in which
A=~32% %—32:,1/2, see eq. (11).
27 Q2
732 % b

This is also an equation of water surface curve showing the change
of water depth corresponding to the change of distance in an open channel
having a parabolic section.

As a special case, when the channel bed is horizontal,  sinf=0.
Then eq. (21) becomes
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21 alf_
32 oy Y
21 & o

32 ¢0 b

4

dx

=32 FD e Ny,

o7 o

By integration, we have

T 39 20h (Y 32 ¢%b (V2
j = ot y°4j W= Qzaj ydy
Xy Y1

Y1
2 ¢*0b 1
Lp— Ty = 2_7 con_ {(y2 -y — g(y;‘ - yf)} ............
or xz—wl=l= ¢(y2) —¢(yl) ..................................

¢(y)=—23—?— Z;ff (y——é—y)

151

...... (23)

This equation shows the relation between changes of water depth and

distance in an open horizontal channel having a parabolic section.

For steady uniform flow, as the water depth at every cross section is

constant, the water surface being parallel to the bottom slope, dy must be

equal to zero. Hence, for the rectangular section, by eq. (LI7) and o, =g,

¢ _

. g
Se
Y blnﬂ——?_2 =0t

b3
& _ by

= c¢*~Lsind,
b*y* a

but F=b.y.

Hydraulic mean radius, R=-"—=-".

Inclination of bed, s=sind.
2
e =v*=¢’RS,
v=cy/BS.

Similarly for the parabolic section, by eq (21),

........ (e)
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gby
=3 sind,

but F="1by, = "0y, see eq. (4).

(=2

g:c“RS
iz

v=cy/ RS .
Both arrive at the same result v=cy/ ES which is the well-known

Chezy’s formula for uniform flow.

And when dy=0, dH=0, see (), (d).
dasind—df=0 see eq. (15),.
dasint =df.

It shows that, in the case of uniform flow, the entire fall due to bed
incluation is employed in overcoming the frictional resistance, and the

energy of flow in every section is always constant.

Let y, be the water depth which with given quantity of flowing water
and bottom slope in the channel, would maintain a condition of uniform

flow, and we call it “ neutral depth.”

Next we will discuss the relations between water depth, neutral depth

and critical depth in the case of non-uniform flow.
Let, Yy neutral depth,
o, wetted perimeter when y=y,.

Rectangular section :—

Xy

Yolsinf— s =0 see eq. (e)
o= ~/ % ................................... (25)

Now let us assume o¢,,=0=0, in eq. (17) for the sake of simplicity,

this is true for greater breadth compared with water depth as in the case

oQf a@?

of most natural channels, and substitute y,%ind for and 7, for —%.
621)3 gb2
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Then we have

dy=Y sind—y’$in0 g gins ¥ Y0 e

¥'=y y—y'
or do=—t _ ¥ —%dJ ............................... (26)
sinf Y—y,
2
But, by equation (25), sinf= J’TQ ,
c‘lbs/ll 3
2
and by eq. (9) &_ W"
¥ a
s]nﬂ:i On _/l/_":j
act by
1
g a ?(?/3_?/ ’)
dy=-2_ —n Jn d.
y a02 b ]. 3 3 w
s(0°—9)
¥ _1
=9 % Y
T g
ye
¥4
2 3
or dr= ';C % Zg—-dy ........................... (26),
% _%/_3___

The differential equation (26) or (26), gives the relation between water
depth and distance for the rectangular channel section by the terms of
critical depth and neutral depth.

The value of y,, however, can not be determined directly from equation

(25), since g, is dependent on y,,.

6,=2y,+0,
Yy, 2sinf — L2y D) _
2b3
Ab%sinby,} — 2Py, —b@P=0
o3 — 2 Yo ? —0

Psind’"  cA*sind

yn3 —PYn—q= 0.
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—/ L+ R/ Ry U A
4 27 2 4 27
2 2
where p stands for 02(‘? and g for wi—
c*b®sinf cH%sind

Thus the value of y, may be determined by this equation.

Integrating eq. (26) between proper limits, we have

x? y2
j do=_1_ j —Yeqy,

Y=Y 4 Yu (1 Yo ){6 log (o= ¥a)® (05" T4+ ')

ginf smﬁ Y (11— ¥n) Y+ Y+ ")

1 (tan=2¥stYn_gon—a2y +y,.)} .
120t AL PR 78 o ANUR-L) | SN 28

2N 1T O¥

This equation is too complicated for practical use and therefore itjis

more convenient to integrate the equation (26) or (26), by putting z for v,

Yn
Y=Ya2,
dy=1y,dz,
¥y
S
sind ¥
Yn'
o v
3
— ?/n y'n dz
sind 25— 1
s Yo

Lo
J dw—_Yn J Yn gy,
» sinf -1

71 1

(1 Y ){_1 U(zg-—l)?(zl +2z,+ 1)

Ty —ocl:y_ (72-—.21) + 7% Yu

sind IIAN (zl—l)2 2oi 24+ 1)
1 ( -1 2z,+1 - 2z1+1)}
—— {tan .~ —tan 28
V'3 V'3 VA
and —yi: _ ac — "~ sind,
Yn ge,

or =Xy =B(2) —B(21)  eerernriiiiiiiee (28),



Equation of water surface curve. 155

1 acd \{ 1 (=—1)
where = Y* 4 n( —_ ){—100'
p) sinf v sinf  go, /\6 "4zt
1 2z+1
tan™
V'3 V'3 }
1f . s 1 (z—1)*
we prepare the tables giving the values of —log—=——=’— and
2r+z2+1

1 2z+1 . .
—tan™1 2L = computed for various values of z, the value of @(z) ma

be determined conveniently.

Thus, equations (28), (28), and (28), serve for determining the change in
water depth corresponding to change in distance referring to neutral depth
which is the water depth as being a uniform flow, or the distance between
two cross sections having given water depths in non-uniform flow and so
these arejequations of water surface curve in an open channel with rectan-

gular cross section.
Parabolic section :—
Let b,, breadth of water surface when y=y,.

27 _on &

y”48in0_§§_ Z %=O see eq. (/).

= (20 o0 & . 29
Y e e (29)

Since the ratio % may be assumed as a constant, the value of y, can

Gy

be determined by this equation, after the value of is found for any

n

water depth in the given section. When % is small, the approximate

value of ¢ may be computed by the following equations.

o=bt+3 ¥ _32 ¥
36 5 b
8
=b4 . <L,
or | o T
o . 27 2 27 a@
Substituting  y,'sinf for —3—9:%0—@5 and . ,‘%4 for 5% in eq.

(21), we have
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dop= ¥ -y

dy,
smi(y—y,)
=L YUy e, (30)
sind y*—y,
27 o,
But, by eq. (29), =21 %~
ut, by eq. (29) sin 52 0. G0y
2 4
by eq. (11), E_32 gy
and by eq. (11) S =97 "a
sinf=9_ % Yo,
act b, v,
1
d ac’h 7/4(y4—y04)d
L= B
gan ‘l 4 4 y
?(?/ —Yn')
y4
3 A
=% ;//4_01@/ .................. (30),
n 7‘_1

The differential equations (30) and (31), for the parabolic section have
quite the same form as that for the rectangular section, differing only in

index, and they also give the relation between water depth and distance by
the terms of critical depth and neutral depth.

Intergrating eq. (30) between proper limits, we have

Ly ?/2 _
j do= .1 J. v d!/:
z, sindJ ;o' — .t

gy S +,?Ln,(1 ){ log (V2= ¥n)(y1+7)
sind  sind\ gt /U4 ° (g~ ya) vty

—i(tan‘l Y2 —tan—t %)} ...(31)
2 Yn

Yn
As before, put a=Y
vy
‘_4—*_".
Then dm: .1 y" n yn‘; dy
sinf Y
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4
24_ Ye

=Y —y"4 dz.

sinf  #-1

By integration,

XLog—Ly= Yn (zz._. zl) + _y_"_(]_ _— _«%j){l]oow

sinf sind vt J\4 7 (3= 1)(z+ 1)
—-%(tan“‘ fg— tan—lzl)} ......... (31),
Yo' aczb"sinﬂ,
Yn' 9%
Xy — Ty ={=F(2) — B(21) ererrervrrerreirnreieniane (31),
Yu 1 ac“’bn){ 1, 2—1 1, }
)= + n S -_ ——l o —-—tar .
A() sinﬁz v (slnﬂ gs, /\ 4 o8 z+1 2 noE

z—1
241

In this case, it is also convenient to prepare the tables of %log
and -;—tan“z for computation of @(z).

Thus, equations (31), (31), and (31), serve for determining the change in
water depth corresponding to change in distance referring to neutral depth, or
the distance between two sections having given water depths in non-uniform
flow and so these are equations of water surface curve in an open channel

with parabolic cross section.

"All the discussions investigated above are wholly restricted to the chan-
nel whose cross section is either rectangular or parabolic. If it be desired
to apply the theory above-mentioned to a channel of trapezoidal cross section,
we can replace it approximately by a parabolic section having the same area

of cruss section and the same width at water surface, i.e.,

sectional area [F'= %(a +0)d= %bg/, \EL(_ ________ B e 4
N T 4
y=3 (ethd, X y ¢ S
4 b J i
P2 \'\‘\\—‘!_17@/
and = ~<¥.-” g
4y e a-——-- !

When the channel has greater water surface width compared with

water depth as in the case of most natural streams, it may be replaced by
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a rectangular section whose width should be the water surface width and
water depth should be the average depth obtained by dividing the sectional
area by the water surface width.

For any other sectional form, if it can be expressed by a simple ma-
thematical equation, we can deduce all the relations in the similar way as

already described.




Chapter I11.

Several forms of water surface curve.

The surface curves corresponding to several kinds of flow will now Dbe
investigated.
A. Channel bottom sloping downward.

For the rectangular channel section,

Y —sin Y=Y (26)
o g
3
<1
Gy Y
I - (26),
Y1

4
Y —sinf ¥ Z%n e (30)
dw ?/4—.%4
4
_?/_4 -1
=9 Tn U e, 30
ac® Db, f?/j—l (30%
' Yo'
1) Yn>Yer
a) Y SYne

In above equations both numerator and denominator on right hand side
being positive, dy is always positive when dx be taken as positive along
the direction of flow. Hence water depth increases to downstream, velocity
being reduced.

‘When the water depth increase indefinitely toward the right, both

3 3 4, 4
fractions L —Y» and 4 "Yn ultimately tend to the limit unity, i.e., dy

i’ y'-yo dw
will approach sind, the inclination of the channel bed. It follows that the
water surface curve on the down stream side will approach a horizontal line.

In the other direction, toward the left, as y is always decreasing, it
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will gradually approach y, and at the limit ;—i?-/- becomes zero, so that the
x

surface curve tends to be assymptotic to

the line y,. \\_
This case is perhaps the form of \ | '

backwater curve most frequently en- P>~ y

countered in engineering practice, and / Z '

corresponds to the curve created above

a dam or other obstruction in open
channel.

b) Y<n but  y>y..

The numerator being negative and the denominator positive on the right
hand side of the equations, dy is always negative, the water depth decreases

to downstream, velocity being increased. Toward the right as y approaches
¥,, the absolute value of %?i becomes great-
er or the surface curve becoxmes steeper and
at the limit when y=y,, % becomes -

—o0 so that the curve becomes vertical at

that point.

Toward the left as y approaches y,, the absolute value of —;-llbecomes
x

less and at the limit when y=y,, % must be equal to zero go that the
x

curve becomes assymptotic to the line y,.

This case corresponds to the water surface curve created just above a
sudden drop in the bottom of channel.

©) Y >Yor

Both numerater and denominator
being negative, dy is always positive
and hence the water depth increases to
downstream.

Toward the right as y approaches

Y, the curve becomes continnously

steeper and approaches a condition of verticality.
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Toward the left as y decreases, —le}i approaches a constant value
®

ac® b ac?

(=L Inoor I d") so that at the limit when y=0, the curve in-

n

tersects the bottom of channel at a definite angle. Hence the curve is de-
finitely limited at both ends. Such a curve exists when water emerges from
a sluice way with a relatively high velocity of efflux.
2) Yn <Y
d) Y>Ye
Both numerator and denominator being positive, dy is always positive.
As y increases indefinitely toward
the right, the curve approaches a hori-

zontal direction, it becoming flatter.

In the other direction as y appro- }:/
aches ¥,, the curve becoming steeper it ! T
becomes vertical at the limit when y=1.. .@n i yc

This case corresponds to the surface %AW/////////////WW%?//W//%
curve obtained where an underwater d)

obstruction such as a dam is placed across a stream with a rapid slope.

e) Y<Yos but ¥ >y,

The numerator being pesitive and the denominator negative, dy is
negative.

As y decreases indefinitely toward the right, the curve becomes flatter

and at the limit when y=y,, %’L be-
x

- coming equal to zero, the curve becomes
assymptotic to the line ¥,.

Toward the left, as y approaches y,
the curve becomes steeper and at the

limit when y=y,, %y__ being —oo, the
x
curve becomes vertical.

This case i3 seen when a sudden rush of water occurs, such as may be

produced by the bursting of an embankment.
/) Y<Yn
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Both numerator and denominator being negative, dy is positive.

As y increases toward the right, the numerator tends to vanish faster

than the denominator and at the limit when y=y,, dy =0, 1 e, the curve
x

becomes assymptotic to the line y,.
Toward the left, as y approaches
zero, the curve will intersect the
bottom of channel at a definite acute 2
angle.
This state is attained at a sluice

in a stream having a slope such as

for the rectangular channel section sinf > _»9_‘:;»*’
ac®h
for the parabolic channel section sing > —g%)'i.
ac’h,
3) Y=Y
9) Y >Ye

Both numerator and denominator being positive, dy is positive. For

any value of y, j?/ has always a con-
4 A
stant value equal to sind, so the surface \

0
|
!
|
d
!
I

curve makes a horizontal straight line. .%T}’,, /

k) Y< Yo
Both numerator and denominator be-

ing negative, dy is positive. T

By the same reasoning as in the pre-

ceding case, the curve makes a horizontal 1 L
2 ’ Y=Y

T
/ |
lllle. /////:7/// E #
v///////////////////////w
/7///
B ‘}ha nnel bt)tb()[n ]evel- //////////////////

Here, as sinf is equal to zero, y, can not enter into the equations.

For the rectangular channel section,

2 2 2
dy _ ig,y+72%— _ @ ?y+l )
dx ycs_ya b2 yf—ya ............
. 2y+1
= b (19),

ca Yo — ?/3
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For the parabolic channel section,
dy _ 27 (P

o e dddtesessesattessateieanranens (23)
dx 32 c0b(y—yY
LA OO 23
cab  yt—yt (3
z) Y>Yer

The numerator being always positive and the denominator negative, dy
is negative.

As y decreases toward the right, the curve becomes steeper and at the
limit when y=y, it becomes vertical.

Toward the left as y increases indefinitely, the curve approaches a
horizontal direction it becoming flatter. %)

J) Y<Yor

Both numerator and denominator

Q-
N

PR

being positive, dy is positive.

Toward the right, as y increases, the

curve becomes steeper and at the limit
when y=y, it becomes vertical.

Toward the left, as y decreases inde-

finitely, the curve becomes flatter and at
the limit when y=0, Y hag a constants ////////////////////////////
dz 9)

value (=-Z_ for the rectangular section; -4 2 for the parabolic section)
ac? ° )

so that the curve intersects the bottom of channel at a definite angle.

Hence the curve has limited length as in case c.

This case and the preceding one corresponds closely to cases ¢ and 9,
if in the latter, y, has become infinite.

This is true since as the slope of channel becomes smaller and smaller
¥, becomes indefinitely greater.

C. Channel bottom sloping upward.

Here sind is negative and y, must be put out of consideration as it has
no physical significance. '

For the rectangular channel section,
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ysinf—2& ,_ &
dy c*b? c2h? s
= e (18)
€X y3 iQ_
go*
3
y%in 0 — JYe (—%—y+1)
a
- y3_ y 3 900, 00n00000c00cna?® (18)1
For the parabolic channel section,
y"sinﬁ—ﬂ fo
fﬁL= 32 260 -
dm 4—2 IZQZ .......................
32 dyg
?/4Sin0—— go %4
c’ab .
S e (21),

k) y>y.

The numerator being negative and the denominator positive, dy 1is
negative.

Toward the right as y decreases, the curve becomes steeper and appro-
aches verticality as it approaches the depth k)

Yo

Toward the left, as y increases steadily,
the curve gradually approaches -the hori-
zontal,

0 y<ye

Both numerator and denominator being
negative, dy is positive.

Toward the right, as % increases, the
curve becomes steeper and at the limit when
y=19., it becomes vertical.

Toward the left, as ¥ approaches zero,
y approaches a constant value (= I or
da cfa

9o
c’ab

> and at the limit, the curve intersects the bottom at a definite angle.

This curve has definite length also as in the cases ¢ and j.



Chapter 1V.
Momentum curve and Hydraulic jump.

When a shallow stream moving with a high velocity strikes water of
sufficient depth there is commonly produced an abrupt rise of water level
which is called ¢ hydraulic jump?” or “standing wave.”

We see that from the several water surface curves produced in accor-
dance with the conditions of flow, when the water depth reaches the critical
depth there occurs neassarily a change in the nature of the curve.

With an increasing velocity, the water depth being reduced along the
direction of flow, the critical depth may he passed through smoothly. With
a decreasing velocity, however, the water depth being increased, the critical
depth can not be passed through without a heavy internal disturbance ac-
companying the hydraulic jump, except when the neutal depth and the
critical depth are equal as represented in ¢ and % in the preceding chapter.
In general, the flow at a critical depth may be considered as a possible
cource of danger, and hence worthy of special consideration.

As already mentioned there exist two alternate stages of flow with con-
stant energy head in an open channel and if we assume no energy loss
occurs during the flow, the water surface should be transferred from a lower
to a higher energy stage at the hydraulic jump.

This assumption is not correct, however, since the hydraulic jump is
accompanied by a great tumbling of the commingling water and the pro-
duction of a white formy condition throughout the moving mass, which are
caused by the dissipation of energy. Hence, at the hydraulic jump the
water surface, is actually transferred from a lower stage to another a little
lower, owing to loss of energy.

If we can find the amount of such loss of energy, then the height of
hydraulic jump and its location may be determined.

For the investigation of the hydraulic jump it is convenient to apply
Newton’s second law of motion, i. e. the momentum theory.
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According to this law, change produced in momentum by the change

of velocity must be equal to the unbalanced force acting on the moving mass

to retard its motion.

Now, let

v,  mean velocity at section 1 entering the hydraulic jump,

v,,  mean velocity at section 2 leav&ng the hydraulic jump,

Q,  quanitity of flowing water in
unit time, :

w,  weight of water in unit volume, i

g, acceleration of gravity, l —f’”’z

—Y) i

a, correction coefficient for square TS, 77

of mean velocity.
Then

mass of water flowing in unit time =%,

change in velocity =V;— Uy,

change in momentum =an(v1——'v2).

Also, let

Py, hydrostatic pressure on the plane of section 1,

P,,  hydrostatic pressure on the plane of section 2,

S frictional resistance along the wetted perimeter or any other
external force applied between two sections.

Then

the unbalanced force in the two sections =P,—P,+f.

But frictional resistance is generally so small that it may be neglected

in this case and here we assume that no external force is being applied

between the two sections.

Thercfore, Newton’s 2nd law shows

m;Q(Ul *'Uz)sz_Pn

M01+P1=aw v, + P,
g g

i. e,, the sum of the momentum and the static pressure remains constant in
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sections both entering and leaving the hydraulic jump.

For convenience, we call here the sum of the momentum and the static
pressure in a section the “ momentum head ” and in the following we will
discuss the relation between the momentum head and the water depth in
an open channel.

Let M be the momentum head and F the sectional area, then

For the rectangular section,

water depth=y, width of section=1b,

F == by P
L
and P= —2—wby ,
M= WY e (33)
byg 2
s 2M 2a()°
— Y+ =0 e e 33
4 bw 4 gb* (33),
For the parabolic section,
greatest depth at centre of the section =y,
breadth of water surface =0,
F=§ >, b=20%".

To find the static pressure for the whole section, consider the elemen-

tary area with breadth o, depth dk at distance y—7% below the water surface.

Static pressure for elementary area
xdh=1w(y—h)xdh,

static pressure for whole section

P= Jyw(y —h)xdh,
0

but from the equation of parabola
x=20"1",
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y y
Pzwyj xdh—wj haedh
[¢] 0

1 Y 2 1oy s
—o5 wyj lﬁdh—zwa"j B
0 0
44 & 44 & 8 4 %
=_0 - =_—290 .
TR A s T
Hence, by equation (32)

3  aw@?

M= P00 L 8 Syt erreenn(34)
4 aigyi 15
PNELRNE Y N R B e (34),

8  ohw 32 &

Both equations (33) and (34) show the relation between the water depth

and the momentum head, the former being for the rectangular section and
the latter for the parabolic section.

We call these equations the “equation of momentum curve,” since it

represents the momentum head in a section corresponding to various depths
of flow.

In examining the equation of momentum curve we see that when the
water depth y becomes smaller and smaller, the momentum head M be-
comes larger and larger and approaches infinity as y approaches zero, or
when y becomes larger and larger, M becomes also larger and larger and
at the limit it becomes infinity. Hence there is no maximum finite value
of M for any value of y.

However, there might be a minimum value of M for a finite value of ¥.

Differentiating eq. (33), we get

3y2dy—%dy— 2 gm=o,

bw
33/2—%
daM - bw
day 2y
dbw

For the minimum value of M, if any, (ZZL” must be equal to zero,
Y
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2M
bw

3?/2_ =O:

3 9
M=—2—bwy~,
substituting the value of M to eq. (33),

Yo~ 3+ 2(1?2:0’
gb*

a)
gb*’

9
/N/gb

This value of y just corresponds to the critical depth y, (see eq. 9).

=

Differentiating eq. (34);,, we get
aypay— B M pq, 15 97 gy,

wot 8 wot
dp— 45 M .
aM _ 16 ot
dy 15_ yﬁ
8 wot
) .. . aM
For the minimum value of 3/ if any, d_=0,
Y
45 45 M % —0,
16 wé"1r

M=%wa%y%,

substituting this value of M to eq. (34),,

o 8 4, 45 aQ® _
Y 3?/ + 32 oy y
y4 27 aQZ
32 Bg
aQ*
v= ~/32 E7a

This value of y is also equal to the critical depth y,. see eq. (11).
Thus we may say that in an open channel of whatever section, when
the water depth reaches the critical, the momentum head has its minimum

value,
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And the minimum value of the momentum head is expressed by the
following equations.

for the rectangular channel section, M=%bwz & eereeares (35)
for the parabolic channel section, M=2—gwﬁ%yc% w...(36)

Equation (33), is a cubic equation of y and it may have at most two

positive roots. Let us assume y; and y; to be such positive roots.

s 2M | 2a(f
—_ + =0,
Y bw 4 gb*
put 4=2" B=24
bw gb*
then YE—AYyi+ B=0 ceoiiiiiiiiiiiiiiiiii (@)

Y — Ay} B=0
Eliminating B by subtracting (b) from (a), we have
(7 —y2) —A(yi—y2) =0,

Y2+ Yty —A=0  iiiiiiireriererrerei e (¢)

2
Similarly yh=—1 4 ~/ A— iyf ,

but A=
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! ’ S5

5 T
and 1’=—.ﬁ,1_+i; 8y,
Yo 9 T g 3 +1

For any positive value of y, ~/ 83/;3 +1 is always positive and greater
y
than 1.

Thus y; and u; are both positive, provided we are using only tihe
positite sign which precedes the radical, and hence the equation of the

momentum curve for the rectangular section has two positive roots, i. e.

Y

........ veereenennend(37)
U
When Pi=1y=1,
by (¢) 3y? A—QaQ
gb%y
3__ al)
y= b,’

=Y e
v

1. e. at the critical depth, two values of y merge into one.

The equation of the momentum curve (34) for the parabolic section is
much too complicated to determine how many positive roots it should have.
In this case or for any other sectional form of channel, it is convenient to

use the graphical method.

Since for the rectangular section,

M= L0 e, (33)
bgy 2
dﬂ[ _aw Q2

dy byy*
and for the parabolic section,

.b 08 63
+ whby = — 1%4— + wby:wby(l— 33 >,

=3 & 18 Syt i, (34)
4 (ﬁgy 15
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[

aM _ 9 aw@® + 45%11;1/‘

dy 3 otgyt 3
~Eabuyp(1- 20 o)

3 32 gyt
4. s Yo
= 0> wy* (1 - _'—i>,
3 iyt
so when Y < Yoy d is negative,
Y > Yo aM is positive,
dy

and since the absolute value of %i”— for the same positive value of y,—y

and y—y, is always greater when yy<yc than when y>y,, the form of the
momentum curve should be steeper in the former than in the latter. The
physical meaning is a follows:

When water in an open channel flows decreasing its velocity along the
direction of flow with a water depth initially less than the critical depth,
the depth increases on the downstream in accordance with change of
velocity, a part of the momentum being converted to static pressure and as
until the depth reaches the critical, the rate of decrease of momentum is
greater than the rate of increase of static pressure, so the momentum head
becomes smaller and smaller, at the limit it has mininum value and beyond
the critical depth the rate of decrease of momentum is less than the rate of
increase of static pressure, thus causing the momentum to become larger
and larger with less rate of
change than the former. When

water flows increasing its veloci-

ty, the relations are quite the T __________________

v :
reverse. | i
1 ]
For the reasons above men- ril = !
t i
. - 1 ]
tioned, if we plot generally the A . M
i Mo !
s ! min 1
momentum curve for a given A SRR
o { '
condition of flow and channel €Y |
N ¥ b 4

taking y (water depth) as abscissa 0 g

and M (momentum head) as or-
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dinate it may be shown as in the figure.

Mmin. =g-bwyc2 for the rectangular section,

=2_%)w6%yc% for the patabolic section.

O

Form of momentum curve is quite analogous to that of energy curve
but the former is situated above the latter, since M is always greater than
H (energy head) for same water depth.

Thus, the equation of momentum curve has always two positive roots
and for a given depth there is always one other depth having an equal
value of momentum head, this point falling in all cases beyond the critical
depth. We call these the ‘alternate momentum stages,” one lower, the
other higher. The flow may change from one stage to the other without
the intervention of an external force and at critical depth these two stages
merge into one.

Lower momentum stage Y Yoo
higher momentum stage  y;>¥,.

At hydraulic jump the momentum head remains constant in the sections
both entering and leaving the jump and the water surface ‘should e
changed from lower momentum stage to higher momentum stage.

Such a change, howev-

er, requires a change in
)
the energy of flow. e Height of 0@
hydraulic J
If wo plot both Y o9
|
<
momentum and energy T T ! ‘
. ' i
curves in the same i A"TES— Loss of energy due to
figure we can determine ] L\ hydraulic jump.
. . Y > > Loss of water depth due
the height of hydraulic DI e VN T30 N > to hydraulic jump.
5 DI VRN Ys H'H Y Jump
jump and loss of ener- 1.% N
e —— .
gy due to the jump | 2
0 —>Y

easily for a condition
of flow and cannel.
Now, let

i, lower momentum stage,
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%3, higher momentum stage,

9, lower energy stage,

4y,  higher energy stage,

H, energy head corresponding to water depth s,

H’, energy head corresponding to water depth y;.
Then,

height of hydraulic jump =y;—i,

loss of energy head due to hydraulic jump =H-—H’,

loss of water depth due to hydraulic jump =y,—¥;
We may calculate these values in the following way.

Assume the channel section to be rectangular.

By eq.(37), oi—yi=0) __< / oye/cﬂ 1)

2

- Y 2.1/0 Ys 38
5 m + s (38)
or =i( /8?/6 +1— 1) A
Yl YT B, 38
=V - (39

Hence, if we know either y; or %} the water depth at the section
entering or leaving the hydraulic jump, then the height of the jump can be
determined bv one of these equations.

By eq. (6) and (9),

O J; +9
Y Ui 2y
H ?/c +
2?/“ y‘b
by eq. (37), gh= ( 89 41— 1)
Y
= (24 W
¥ Yy 2
A y: 2y e
P Je + 7/ e + 1
2 v 4
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Equating %] and ¢,

H—H = 7/02_1_?/1 _ Y _ .
2 R W S
% Y1 4

Sy T S
N/g/1+ 4 2

3

— Y 4 3% Ye

2?/12 2 4?/03 +?/ 2y1/~/ 2?/0 + il

—N/ch 4 Ji .7/1 .................. (39)

Change of water level in the flow with constant energy head
=Y~ Y-
Change of water level in the flow with constant momentum head
— Y
Equating y{ and 7, ¥*~—y} is loss of water depth due to the hydraulic

jump.
By eq. (12) and (9),

= yc (1+~/1+8?/1)

and by eq. (37),
Sycs_.]_)’

vi=t (/145

— 7/0 ,\/ 87/1 Y1 ~/ 8?/0 yl
Y J 1+ 1+ +
4@/1 4?/ i 2

) B2
—_ 3 04?/2 ?/1 4y ~/1+8?/1 y1/~/ +87/c ..(4:0)
1 1




Chapter V.
Application to hydraulic constructions.

Several cases of water surface curve were discussed already and each
case is one part of a water surface curve formed by practical engineering
construction. In most cases, the actual water surface forms a transition
curve composed of two or more of such special curves. If the conditions of
flow are known at a particular place in a given open channel, the type of
water surface curve existing at the place can be readily determined. The
critical depth is computed from the quantity of water flowing in unit time
and the width of water surface and the neutral depth from the quantity of
flow, sectional form, slope of channel bed and its roughness. A comparison
of critical depth, neutral depth and actual water depth will determine im-
mediately what curve in all possible cases is obtaining.

An example of a transition curve which is very frequently encountered

in practice will now be shown.

(]
- />

The figure shown represents the flow over a wide crested dam con-
structed across the channel whose bed indination is slight. Before the con-
struction of the dam the water was flowing with the neutral depth y, which
is always greater than the critical depth %. Since the neutral depth is quite
independent of the bed slope and of the roughness of the channel, it has a

constant value for a given condition of flow, so the surface line representing
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the critical depth should be parallel to the bed slope over which the water
flows.

In the figure, the continuous line OABCDEFG shows the actual water
surface curve. Until point 4 from up-stream side the water has decreasing
velocity, from A to D, it has increasing velocity and from there the velocity
being reduced, after causing the hydraulic jump, the water flows down with
neutral depth as in the original state.

From O to A4 the surface curve has been general form of case a, from
4 to B, case k, from B to C, case 7, from C to D, case ¢, from D to FE, case
"¢ and at point F water jumping up suddenly to point F, from there the
water flows down uniformly. Thus the actual water surface is a transition
curve formed by a combination of several curves in special cases.

In this case, the actual surface curve should cross the critical depth at
point €' which is the intersection of the critical depth lines for two different
bed slopes, since above this point the curve being convex upward (case 7),
the water depth must be greater than the critical depth and below the point
the curve being concave upward (case e), the water depth must be less than
the critical depth. With an increasing velocity, the water depth being re-
duced, the critical depth may be passed through smoothly as at point C.
With a decreasing velocity, however, such as exists at EF in the figure, the
water depth being increased, the critical depth can not be passed through
without heavy internal disturbance accompanying the hydraulic jump, except
in the case where the neutral depth and the critical depth conicide as re-
presented in cases g and A.

The condition where the water surface crosses the critical depth at point
O, determines the water depth at that point. If we know generally the
water depth at a particular point the change in water depth at any other
place can be determined by using the equations of water surface curve ac-
cording to the condition of flow.

Here, the water depth at C,y,, is found by eq. (9) or (11), then the
water depth at B is determined by eq. (20) or (24), the water depth at 4
by eq. (28) or (31), assuming for the moment ¥, to stand for the depth at

which the given quantity of water would flow uniformly in the reverse
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direction and using the negative sign for sinf, and the water depth at O
and D by eq. (28) or (31).

To determine the location of the hydraulic jump in this case, the
neutral depth ¢, at the down-stream side of the dam is given and taking
it as the higher momentum stage #;, the height of the jump may be found
from eq. (38).

Then the lower momentum stage ¢; or the water depth at £ is de-
termined. And since the water depth at D is known, with two known
water depths at D and E, the distance between these two points may be
computed by eq. (28) or (31). '

In the case of a wide-crested dam, if we observe the water depth at the
outer edge of the crest (point C in figure) the quantity of flowing water in
unit time may be computed by eq. (9) or (11). Thus for the rectangular
section, by eq. (9),

s ar
?/c N/W,

Q=(%)%byc'.%

Taking a=1.11, g=32.2 ft. per see. per sec.

then Q=5.39byc% in second foot .ee.ev..n... (41)

The Francis formula for the weir without end contraction.
Q=3.33b%%

h being the head measured at up stream side a little apart from the weir,
avoiding the water surface drop on the top of weir. Comparing these for-
nulas, we get  Q=5.390y. 2 =3.33013
0.61813 =43,
0.725h=1y,,
lLe. y, is 27.59 less than A and this gives approximately the amount of
water surface drop on the top of the weir.
As regards other hydraulic problems, the critical depth may be used con-
veniently as a means of determining the change in the water surface curve.
Loss of energy is necessarily accompanied by the occurrence of the hy-

draulic jump and so we may utilize such phenomena by proper construction
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as a means of securing the desired elimination of kinetic energy due to the
water flowing at high velocity. In practice we observe very frequently the
phenomenon of the hydraulic jump below many high spillway dams and
thus we may reasonably conjecture the scouring power of the overflowing

water at the apron of the dam being moderately reduced.

END



