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IV1C i,{& !l W Q water in « -
pLpe flow. Th@tWOkmdsof : J m' —
,“' one important respect, .mw ""'l‘“ —
ace, .wereas pipe flow has none, since the S —
condus ‘nﬁA free surface is subject to atmospheric er_must_
being confinec in a closed conduit ~OaLTIC “*‘ .
e but hydraulic pressure only. Sxerts no direct atmosp

i

two kinds of flow are compared in Fig. 1-1. Shown on the e

'is pipe flow. Two piezometer tub
: es are install pipe a
ections 1 and 2. The water levels in the .. o 3

e tubes are maintained
pressure in the pipe at elevations reresente by the @ é
-—-- ne. Muwm

ressure exerted by the wate ea :

e is' indicated in the corresponding tube by the height y of the water
ol he center line of the pipe. The total ene
& section with reference toa datum hne is the sum of the

O

~ V2/2g, where V is thé mean velocity of flow.! The
i n the figure b what is called the energy grade Tine or snnl he ener¢
line. The loss of energy that results when water flows from
to section 2 is represented by h;. A similar dm.vra.m for. open-
t is shown on the right side of Flg 1-1. For simplicit :
at the flow is para ol and has a umform veloc1t dlstrib\men
the slope of the channel is small. In this case, t . the water “;if \.
hydraulic grade hne and the degth of the water corresponds te
m- . '--
pite the similarity between the two kinds of flow §,18 108
ficult 1o solve problems of flow in open channels than in pre

plicat f:v"

t is here assumed that the velocity is unif
; otherwi &oormtlonwouldhavowht h BEOS.

Clalbl



din various ways. The following classif

W
y of the condmt,

of an open channe] °

gular forms of natura]
: ordmarﬂy ranges in

roughness

——— e

E“"Qy ling ~ —
We

Open-channe! flow
between plpe flow and open-channel flow,

nooth brass or wooden-stave pipes, on the one _hand,
ed iron or steel pipes, on the other. In open cha,nnels

1 of the polished metal used in testing ﬁumes
r river beds Moreover, the roughness in an

with the position of the free surface. &re@rez«the
coefficients is attended b greater uncertai

In general

flow. It must be
&2@2&%#

de51 ed for open-
0_maintain a free
Open-channel flow can be classified intp many

cation is made
m ﬂow depth with respect, to tim.

e and space.

of major
ﬂOOdB and mge‘!
flow, the stage of flow
the time element bsc
structures.
For any flow, the disc

where V is the mean velocity and
to the direction of the flow, s
discharge divided by the cross

In most problems of steady flow
the reach of the channel under cons

continuous. 'Thus, using Eq. (1-1),

Q ="V, = VA

where the subscripts designate diﬁen;&

continuity equation for a continuous st
Equation (1-2) is obviously invalid,

steady flow is nonuniform along the

or out along the course of flow. Thi

varied or discontinuous flow, is found

spillways, the washwater troughs in fil

sewage-treatment tanks, and the mai

channels in irrigation systems. oy
The Jaw of continuity of unsteady f

time effect. Hence, the continuity e

flow should include the time element
Uniform Flow and Varied Flow: S

flow is said to be uniform if the de)

of the channel. A uniform flow ma

on whether or not the depth chs
Steady uniform flow is_the fun

channel hydraulics. The depth

time interval under cons ide

form flow would

. time while remai




Unsteady uniform flow — Rare

RVE 6wk RVE Gy,

Flow over
a weir

Hydraulic
drop

o

R.V.F. ~ Bore
Unsteady flow

,. channe M. G-V;F, "'-zw.duauy varied ﬂow;

b. Rapidly varied un

Various types of flow are sketehed

- these diagrams, as well as other g
book, have been drawn to
ordinary channels have

, . State of Flow. (The
govérne;gi basically by the effe

inertial forces of the flow.
‘behavior of flow under certa
cant role in most open-chann
“Effect of Viscosity. Deg
inertia, the flow may be lamina
{The flow is laminar if the v
[inertial forces that viscosity pl
behavior. In laminar flow, the
smooth paths, or streamlines, and
to slide over adjacent layers.

The flow is turbulent if the viscous

inertial forces. In turbulent flow, th

paths which are neither smooth ne
represent the forward motion of the ¢
Between the laminar and turbule
_sttional, state.
The effect of viscosity relativeto i
Reynolds number, defined as

_ where V is the velocity
‘here considered equal to

is the kinematic




8t the

ange of R

that may be as high 4

ne pipe was taken ag the

¢ ynolds number.. When the
teristic length, the corresponding

e the diameter of a pipe is four times itg

g’v_‘tvra.nsitional states of open-channel floy,
ram that shows a relation between the Reynolds
n factor of the Darcy-Weisbach fo

own as the Stanton diagram [1),

Darcy-Weisbach Jormula,* also developed Prima-

ey :
E -hf—fd—oz—g (1-4)

fional loss m ft for flow in the pipe, f is the friction
gth of tl{e pipe in ft, dyis the diameter of the pipe in
' flow in fps, and g.is the acceleration due to gravity

t and the energy gradient S
j?r the friction factor

= hs/L, the above equation

o rma.y also be applied to uniform and nearly uniform flows

5

ationship fc_)r smooth pipes can be expressed by the Blasius

RR223
= Row | (1-6)1
(i} noted ﬁhat there is actually no definite upper limit.
' I?arcy sstudy 2] on flow in pipes, his name is commonly associated
ch [3]in designating this equation which Weisbach first formulated.
n [4] presenwd, prior to Darcy, a formula that can be reduced to

, the hydraulic l‘adms is used as the characteristic len
If the diameter of pipe were used as the ¢
nt of the numerator in this equation would

]

gth in defin-

be 0.316.

rmula. Such -
has been developeq |

haracteristic =

_that corresponding e

by Keulegan [9] and appear
given above. - It must be
surface and to the interdepend
slope, the f-R relationship in o
simple concepts that hold for pipe -
f-R relationship in open-channel flow ar
Experimental data available for the d
ship in open-channel flow can be found in
lics.! Figure 1-3, which plots the rels
is based on data developed at the U
University of Minnesota [20]. In this plot the fi
noted: ;
1. The plot shows clearly how the state of fis
turbulent as the Reynolds number increases.
plot and the spread of data characterize the.
do in the Stanton diagram for flow in pipes.
however, is not so well defined as it is for pipe
Reynolds number depends to some extent on chs
varies from 500 to 600, being generally larger
flow. For practical purposes, the transitional ran;
flow may be assumed to be 500 to 2,000. It shou
that the upper value is arbitrary, since there i
for all flow conditions. &
2. The data in the laminar region can be

K

: T=xr

From Eqs. (1-3) and (1-5) it can be sho
| s B )

. 1See [10] to [23]. :
* The data for the rectangular channel
fessor W. M. Lansford and processed fo

4 N - r

i
e

-
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nel shape.  For laming,

“can be ﬁeiier,miiied theoreticy
K is approximately 24 for the req.
langular channel under consideratiop
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. 1-3. The f-R relationship for'flow in smooth channels.

:,ie data in the turbulent region correspond closely fo the bBlasius-
]fmfm Kﬁ.::mé,n curve. -This indicates that the law for turbulent
Iogth pipes may be approximately representative of all smooth
The plot' also shows that the shape of the channel does not
ortant influence on friction in turbulent flow, as it does in

.

‘ ,‘ " laminar flow obtained at the University of Minnesota [20]

- for turbulent flow collected individually by Kirschmer
=

-
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F1q. 1-4. The f-R relationship for flow in rouj
; gravel embedded in cement; No. 6, un
! roughened by transverse wooden strips

-“,’.“F‘ lining; and No. 26, unpolished wood. .
[15,16], Eisner [22], and KoZeny [23
rough channels (Fig. 1-4). In s
represented by k, which is a size 1
ing the channel surface. The

1. In the laminar region the d
region, the value of K is ge

]
= i
i 1 1 111t L gt 1
} 9:008 2 4 68 2 4.68 zA4sav

spacing; No. 17; same as No. 14 except i ‘



BCL Of ‘

fores to gragioc
_ S to gravity fo
e number,! defined ag Kl o

Pty

F | VgL
where V is the mean velocity of flow in f is
d 2 . . . ‘ ¢

in ft/sec?, and L is a characteristic length j
_characteristic length is made equal to
defined as the cross-sectional area of the wg, t '

* define ter no irection of
~ flow in the channel divided by the width of the rfliﬁal :Srggiedu?zlro?e?: '

~ tangular ch.a,nnels this is equal to the depth of the flow section
‘When F is equal to unity, Eq. (1-10) gives '

V = /gD | (1-11)

:/a:nd the flow is said to.be in a critical state. If F is less than unity, or
: v <. VgD, th.e flow IS*;??{Z?Q@?;C_%; In this state the role played by
gravity forces is more pronounced; so the flow has a low velocity and is
| often described as tranquil and streaming. . If F is greater than unity, or
%’ > /gD, the flow is supercritical. In this state the inertial forces
A become dominant; so the flow has a high velocity and is usually described |
- as rapid, shooting, and torrential. ,
In the mechanics of water waves, the critical velocity /gD is identified
as the celerity of the small gravity waves that occur in shallow water in
channels as a result of any momentary change in the local depth of the
water (Art. 18-6). Such a change may be developed by disturbances or
obstacles in the channel that cause a displacement of water above and
below the mean surface level and thus create waves that exert a weighﬁ
or gravity force. It should be noted that a gravity wave can be propa- -.
gated upstream in water of suberitical flow but not 1n wa.ter‘of sup:g
eritical flow, since the celerity is greater than the velocity of ﬂo?,in' 26 -8
former case and less in the latter. Therefore, t
- bility of propagating a gravity wave
- for distinguishing between subcritica |
Since ti‘; ﬂowgin most channels is controlled by the

model used to simulate & prototype channel for tes@' v
‘1 Other dimensionless ratios used for the same purpose

\ = V2/gL, = F?, first used by Rehbock [25] an

Boussinesq number B = V/ v/ 29R, first Qd
mw"wad Tat,io ,ﬂ - V'/sz’ p 8 ge_t\. .j

the hydraulic depth D, which s 8

-~
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G. 1-5. Depth-velocity relationships for four regimes of open-channel flow, (After
Robertson and Rouse [30].)

and R is in the turbulent range; and (4) subcritical-turbulent, when F is
less than unity and R is in the turbulent range. The depth-\'relo'éity‘
relationships for the four flow regimes in a wide open channel can be shown
by a logarithmic plot (Fig. 1-5) [30]. The heavy line for F = 1 and the
'sha,\ded band for the laminar-turbulent transitional range intersect- on
the graph and divide the whole area into four portions, each of which
represer.xﬁ's a ﬂow. 1“egime. The first two regimes, subcritical-laminaf and
supercritical-laminar, are not commonly encountered in applied open-

channel hydraulics, since the flow is - '
. . X generally turb :
considered In - engineering problems. 7 s vuient in the S
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-1. Kinds of Open Channel. An open channel is a conduit in which
flows with a free surface. Classified according to its mgm a chan-
may be either natural or artificial. eoh ENE
5 Y a,t__\l_l:&l_g_&_nsls_mh n clude all watercourses that exist naturally on ’Eﬁe
‘ rth, varying in size from tiny hillside rivulets, through brooks, streams
! 'small and large rivers, to tidal estuaries. Underground streams ¢ g
~ water with a free surface are also considered natural open channels
B " The hydraulic properties of natural channels are generally very irregu-
- lar. In some cases empirical assumptions reasonably consistent with
' actual o'bservgtlons and experience may be made such that the conditions
of flow, in these channels become amenéble to the analytical treatment
of theoretical hydraulics. A comprehensive study of the behavior of
flow in natural channels requires knowledge of other fields, such as
' hydrology, geomorphology, sediment transportation, ete. It constitutes,
~ in fact, a subject of its own, known as river hydraulics.
Artificial channels are those constructed or developed by human effort:
" navigation channels, power canals, irrigation canals and flumes, drainage

ditches, trough spillways, ﬂoodways log chutes, roadside gutters, et@ as
well as model channels that are built in the laboratory for testmg purposes.

The hydraulic properties of such channels can be either controlled to the
extent desired or designed to meet given requirements. The application
of hydraulic theories to artificial channels will, therefore, produce results
fairly close to actual conditions and, hence are reasonably accurate for
practical design purposes.
Wes in engineering pra
channel is given different names, such as “‘canal,” {flume,’
© ‘“drop,” “culvert,” “open—ﬂow tunnel " ete. These names, hO ‘
~ used rather loosely and can be defined only i in a verym
1is usually a long and mild-sloped channel built in th
be unlined or lined with stone masonry, conere ‘
nous materials. The flume is a channel of W
y, usually supported on or ab e
across a d@pression. Tlle

L

Y




0
{ W tunnel is g
‘water through 5 by

$ .(>.
Co 1~

nel built with unvarying CT0SS Section,
led a prismatic channel, Otherwise, the 1l
umple is a trough spillway having Variahlg :

Unless specifically indicated, the channelg

matic. '

d in this book refers to the Cross section of

to the direction of the flow. A vertica] channe]
the vertical section passing through the lowest, oy
channel section. For horizontal channels, therefore,

ways a vertical channel section.

Hydmu%c depth

Top width
o

parabola to an approxi
to frequent floods, the channel may consist of a maj,
g normal discharges and one or more side channe]
mmodating overflows,
S are usually designed with sections
le 2-1 lists seven geometric shapes that
id is the commonest shape for channe
provides side slopes for stability, Th
l cases of the trapezoid. Since th
ommonly used for channels built of
’,y Tocks, metal, or timber.
?ﬁiﬂall ditches, roadside gutters, and laboratory works,
De popular section for sewers and culverts of smal] and
abolal is used as an approximation of sections of
a-Size natural channels, The round-cornered rectangle
0 ‘#hg*rectangle.. The round-bottom triangle is an
bola; it is a form usually created by excavation

Hydraulic radius
R
b+ =)y
b+2yIFz

of regular geo-
are in commorp
Is with unlineq
€ rectangle and.
€ rectangle hag
stable materials,
The triangular section

1422

Wetted perimeter
e
b+2y+/

. : TIONS
TasLE 2-1. GEoMmeTRIc ELEMENTS OF CHANNEL SEC

s other than the circle are frequently used in
ers large enough for a man to enter. These -
ames according to thejr form; they may be-

tion at the intersection ;; the sides with the
£ ﬁhe Simple formulg, ; — /4y.

d parabolic sections of higher order:
uted from the side slope assumed




'4 in a rectangular channel of inhnt. St

-6. Measurement of Velocity. According to the stream.oaein

“dure of the U.S. Geological Survey,! the channel eross section is divid

~ into vertical strips by a number of successive verticals, and mean velogitic

- inverticals ar¢ dotermined by measuring the velocity at, 06 of he deutt

~ in each vertical, or, where more reliable results are required, by taking th ¢

~ average of the velocities at 0.2 and 0.8 of the depth. When frhew' the o .

- iscovered with ice, the mean velocity is no longer close to 0.6 of the water

depth, but the average at 0.2 and 0.8 of the water depth still gives reliable _.‘ =

results. The average of the mean velocities in any two a diacent ventill

. multip'l‘igd by the -area between the verticals gives the discharge ' |

‘ this vertical strip of the cross section. “The sum of discharges through all A
strips is the total discharge. The mean velocity of the whole section is, :

therefore, equal to the total discharge divided by the whole area. -

It should be noted that the above methods are simple and approximate. *

For precise measurements more elaborate methods must be used, which
are beyond the scope. of this book. '

W Velocity-distribution Coefficients. /'As a_result of nonuniform
1stribution of velocities over a channel set ion, the velocity head of - an

open-channel flow is generally greater than ,I;hﬁ_xalue_.cgmpuuig,d_accordijxg"
to the expression V2/2g, where V is the mean velocity. When the energy
principle is used in computation, the true velocity head may be expressed
- as aV?/2g, where & is known as the energy coefficient or COf?;Qli§;§:£Mr e
mﬁfm@&inbﬁi[ml‘who first proposed it. Experimental data J
indicate that the value of a varies from about 1.03 to 1.36 for fairly
straight prismatic channels. The value is generally higher for small vl
" . channels and lower for large streams of considerable depth.
The nonuniform distribution of velocities also affects the computation y
fomentum in open-channel flow.. From the principle of mechanics,
the momentum of the fluid passing through a channgl section per unit
time is expressed by gwQV /g, where § is known as the momentum coef- «
Jicient or Boussinesq coefficient, after J. fBoussine_sq (13] who first propeagif- « o
1t; w is the unit weight of water; Q is the disch and V is thﬁr ;
- velocity. Tt i5 generally found that the value of 8 for fairly straigh
- Pusmatic channels vari imately fro .
1€ two velocity-distribution coefficients are alw
he limiting value of unity, at which the velocit

|

v
Ty L
lalls

i i



nts for energy and mqp
e peet‘ively, and can vary
megula.r alignment, Upstr

ater than 2. 0 have been observeq

“in such channels will require meagyyy.
ccurate determination of the coefficientg
mel slope the coefficients are usually hlgher

upaila [16] proposed the values shown below

on coefficients. Actual values of the coefficientg
may be found in [17] and [18].

~ Value of & Value of g

the whole water area A 4, and w the um{m

of wa}er passing AA per unit time with a velocity
etic

of water passing AA per unit time is
.gqfuwalent to the product of the weight wv A4 and

/29 The total kinetic energy for the who’w_g&er

3 area as A, the mean velocity as V, and the

] uted by Lindquist [14] using data from weir measure- -

er and Kenneth B. Turner.

, much larger values of.« have been observed [15].
d at. t;;:utlet section of a draft tube in the Rublevo

b:cconnt The largest, known value from

@ =74, which was derived by V. 8.
‘ I{mon Tnstitute for Hydra.uhc Machinery,

turbine wheel.

formulas as follows: .

“From the measured vel
curve of equal velocity is pla
by each equa.l-veloclty Curve
planimetered area is construc
this »® curve is the integral 2v3 A4, :
etering again. Similarly, inte
obtained. The integral ZvAA
quantities determined, the above eq
ficients « and B.

For approximate va.lues, the en :
be computed by the following form

where € = vy /V —1, vpr belng the X
mean velocity. -
Computation of the veloclty-dlst

natural channels will be discussed lat
problems dealing with regular channels
the variation of velocity throughout
average velocity will give the ac
V?/2g and wQV /g are used extensiv
ing either that these items have bee
uniform velocity distribution, or the

! These formulas are obtained by
(Art. 8-5, Prob. 8-9). Assuming a

ca=1+eand B =1+ /3.

* For discussions on this sul ect, , ]
he should use judgment in
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hannel Section. (M%\m

e flow in a channel of small slope can by

ater column in & piezometer tube inéﬁ]]ed .
at the point (Fig. 2-7). Ignoring miny
disturbances due to turbulence, etc,, it

‘s apparent that this water column shoulq

face, " erefore, * the pressure at any
point on the section is directly propor-
tional to the depth of the point below the
free surface and equal to the hydrostatic
pressure corresponding to thisdepth. In
other words,{the distribution of pressure
over the cross section of the channelis the
same as the distribution of hydrostatic
pressure; that'is, the distribution islinear
and can be represented by a straight line
AB (Fig. 2-7a). This is known as the
hydrostatic law of pressure distribution.

(Strictly speaking, the application of
the hydrostatic law to the pressure dis-
: tribution in the cross section of a flowing
i (e) . - channel is valid only if the flow filaments
i \% Pressure distribution in  have no acceleration components in the
. 7 Vstraight and curved channels of plane of cross section. This type of flow
| oction under eomcitemien " 2 is theoretically known as_parallel_fiow,!)
| piezometrichead; h, = hydrostatic that is, such that the streamlines have
; head; and ¢ = pressure-head cor- " nejther substantial curvature nor diver-
£ - rection for curvature. (a) Par- . i

allel flow; (b) convex flow; (c) 8ence. Consequen’ply, there are no ap-

- concave flow. : preciable acceleration components nor-

e, o - mal to the direction of flow that would
disturb the hydrostatic-pressure distribution in the cross section of a

- paralle] flow.

nents. Some authors have préposed the use of the momentum coefficient to -

he energy coefficient even in computations based on the energy principle.

is not correct. Whether the energy coefficient or the momentum coefficient is

: depe?ds on whether the elfergy or the momentum principle is involved.
omﬁolenh are derived independently from basically different principles
: Navlm of them is wrong and neither can be replaced by the other; both

1in the correct sense, '

a 7xvu for parallel ﬂpw were'clea.rly stated for the.ﬁrst time by

rise from the point of measurement up to
) 'gEe hydraulic grade line or the water syr- |

D —

H

_Wwhere w is the unit weight of water, g is fho

cu;:vatﬁi’e nor
gmall that the ef
plane is negligi

- of pressure distribulro

wniform - )
the rvature of
known as curvilinear flow.
ciable acceleration component
of low. Thus, the pressure 1
]T)Ta;;static-if curvilinear flow Irs i
linear flow may be either convex or
cases the nonlinear pressure distrib
the straight distribution AB that
It is assumed that all streamlines
consideration. { In concave flow the ce
ward to reinforce the gravity action; so t
than the otherwise hydrostatic pressure of a
flow the centrifugal farces are acting upw
consequently, the resulting pressure is less
static pressure of a parallel flow.y Similarly,
lines is great enough to develof appreciable
normal to the flow, the hydrostatic pressure distri
accordingly. ' .
Let the deviation from an otherwise hydrost
linear flow be designated by ¢ (Fig. 2-7b and
or the piezometric height & = h, + . ,
If the channel has a curved longitudina
centrifugal pressure may be computed, by N
as the product of the mass of water having |
1 sq ft, that is, wd/g, and the centrifugal acceler

%

v is the velocity of flow, and r is the radius of
head correction is, therefore, .

the ¢

curvature of the bottom, d is the de

.
% ¢
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' \%'3-1. Energy in gradually varied open-channel flow.

a daftum, the pressure heé,d, and the velocity he&d.\). For ex:
pect to the datum plane, the, total head H at a section O con
4 on a streamline of flow in a channel of large slope (Fig. 3-1)
,’ ten . : : \ ; ¥. lﬁ'

¥ \%='z4+'d4008'0,+.};—;: o sl Al

ey el S

evation of point A above the datum plane
the water surface measured along t




: 'Mi'nh on the -
mlt;yh for a.ll p
! ¢ coefficient may bﬁm & , X
: nonumform velocity dl!tnbution' : {,‘ '
el section is : - or, for hm‘! et

7 V2 4 R | WYAY
[ = ¢_+dcoso+a ' (3-2) T '¢ K
slope, 6=~ 0. Thus, the total energy at the chan- "

hlch mdlca es the
and the v

V2
H=z+d+§% (3-3) v |
; 1 T A jven channe
iic channel of large slope (Fig. 3-1). The line gl O mction. o R

ion of the total head of flow is the energy line. : sec;‘;; o denih of ﬁowm
is known as the energy gradient, denoted by g, v hamnel section and =

- surface is. denoted by S, and the slope of the . ?I‘ R two hmbs .

e s i . . horizontal axis asymptotically
' the principle of conservation of enerey, the total energy B the line OD as it extends Ilpwand

head at the upstream section 1 st should be equal to the total energy‘h‘ﬁd . aases throvgh thoms sl
- am section 2 plus the'loss of energy hs; between the two . 1 For a channel of large slope, the
be different from 45°. (Why?) A%
nate: represents the depth, and ¢

energy, which is equal to the sum of th
tion ap, allel or graduall vaned flow. For 8 channel ‘ head V?2/2g. -
: W, it becomes S i _ The curve shows that, for a given sp
V _ N " depths, for instance, the low stage yx
Wa".— pa¥ec —z e+ 1 (&) L . stage is called the alternate dspﬂt of
S b point C, the specific energy is & mini
a.nd hy =0, Eq (3_5) bcma:s o equatwn Wes this condition of minimum specific

: . state of flow. Thus, at the eritical
\% + + % =2+ ys + o = e (3-6)- A apparently be¢ome one, which is kno
o depth of flow is greater than the er
ell-known Be ullz energy equation.? '% ; than the critical velocity for the
: *  suberitical. When the depth of f
y defined as tan 6. For the present purpose, however, it is flow is supercritical. Hence, ¥ i

Hd‘e&g,‘.al__z2+dgcos0+az——2—+h; (3-4)

two equations

t'h? °qﬂ&tlon is ascribed to the Swiss mathematician Daniel Y2 1s the dépth of a subonﬁm ‘
nference, 0 give recognition to his pioneer achievement in

If the discharge changes,
the introduction of the concep’ of “head.” Actually, s ingly. The two curves 4 B’ an
nulated by Leonhard Euler and later popularized by Julius |

! The concept of specific energy was fi




ha itisthemtoo o
r a given dlBC arge,! A

- the definition of criti

Ow range

= I__Less than @
Z 45° for o channe| |

\ £ ' —— e — A
uy ‘ - 0 of zero or small slope
e OM 3-2. Specific-energy curve.
T .. ¥ N

'V = Q/4, Eq. (38), the e

quation for specific energy in a -
of small slope with o = 1, ma .

y be written
. Qz i v
Ve E E=y+gim (3-9)
ting with respect to y and notmg that @ is a constant,
Q* dA 2 V2 dA
_ 7 L T
. 2 1 water area dA near th

e free surface (Fig. 3

/4y = T, and the hydrauhc depth D = A/T; so the

.

Supercritica|

-2) is equal

If the above criterion i d
ditions must be satisfied : 47 flow

.of small slope, and,éa)’ w :

energy coefficient is not 2

* >
For a channel of large sl.o e angl
for critical flow can easily be prove

where D is the hydraulic depth of 1
bottom. . In this case, the Froude

VW F =

It should be noted that the coef
varies with depth. In the above d
assumed to be constant; therefore, the
exac » -
. Interpretation of Local P
from subcritical to supereritical
channels. . Such change is mani
depth of ﬁow from a high stue
Yaried, a.nd is known as @
hydrauhc jump are the two
described as follows:

Hydraulic Drop. A r
stage to a low stage will
Such a phenomenon is
channel slope or cros
At the transitory r
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e - ~11h0?df.°p» L

percritical state,

ial case of the hydraulic dr

, channel is .discontim}ed. As

o3 ! anappe, §here will be no Teverse curye

strikes some object at.a lower elevation. It

3f no energy were &df{ed from the outside, the

) v ' )

Sieldirr o ‘ 2

S Y- ' :

ergy is a minimum and the

the freg

- "

|
- : -—Em;,,—alAEr—,_
o= Theoretical water surface |
RS~ . / assuming parallel flow -

==l T L | P

<= . 74
dace Sy
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ZBN
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& \%3—3 Free overfall inberpréted by specific-energy curve.

iter surface would seek its lowest possible position corresponding to the
st possible content of energy dissipation. If the specific energy at an

upstream section is E, as shown on the specific-energy curve, it will con-
- tin e to be dissipated on the way downstream and will finally reach a
’ num energy content E_.. The specific-energy curve shows that
e section of minimum energy or the critical section should occur at the
ink. The brmk depth cannot be less than the critical depth because
deerme in depth would require an increase in specific energy,
ch 1s impossible unless compensating external energy is supplied. ~The

bica wawr-surfa.ce curve of an overfall is shown with a dashed line
o [ B

be remembered that the determination of critical depth by
) or (3-11) is based on the assumption of parallel flow and is

%Wﬁnm&tely to gradually varied flow. - The flow at the
' » for the curvature of flow is pronounced;

ethod is invalid for determining the critical depth as the

3

.

op. Iy

hl-rfi .
 depth ot the brin
e "‘mﬁm;;dfp;%; |
f"“dfzat.for?ﬂﬂév- %
o brink dep.t 1,08 Y
bebind the brink in the chan

fall is shown by the full line (Fig
1t should be noted that, if th
stage 10 8 low stage 18 1al,
1 )
: : ]
< .
‘G s »
- v
: E’ y '3 q‘. 4
o - 9 e
e k
S s ]’
& ] === P..—l———*—"‘" |-
= 12, . canR
2 Yer===—Z e\ i :
= (R Bizs 2 i 2
Y | e
. 8 el e =
—_6 EzIAE EI = o ‘:;_. 3
Lok Critical
= depthis
/Specific-energy curve Hydre 2

Fj4. 3-4. Hydraulic jump interpreted by specific-e

having a prolonged reversed curve of wa;teri
be called a gradual hydraulic drop a-nd‘ls‘ 10
Hydraulic Jump. When the rapid change
a low stage to a high stage, the resnIt is ust
surface (Fig. 3-4, in which the verﬁiel{l sea
phenomenon is known as the hydrquhg :
canal below a regulating sluice, at the foo
where a steep channel slope suddenly turns
If the jump is low, that is, if the change
not rise obviously and abruptly but
stage through a series of undulat -';i‘ ;
Such a low jump is called an undular
When the jump is high, that is, w
jump is called a directjump. The ¢
amount of energy loss through dis
in the jump. Consequently,
jump is appreciably less tha
It may be noted that fhg G

Yoy agepaT



16. 3-5. Energy in a nonprismatic channel of variable-slope, carrying gra

varied flow from subcritical to supercritical state.
. £t

‘ately on a number of two-dimensional Hy planes for th

ns. The data obtained from these curves are then used |
surface, critical-depth line, and alternate-depth line on

onal Hz plane. For simple channels, the energy curv
y because the critical depth and alternate depths can €

d directly. -

-1; A rectangular ch
ft long, built of straight walls and a horizont:
the depth of flow is 5 ft on the upstream
surface profile in the contr
and (b) allowing &

annel 10 ft wide is narroy




ht lines. The low a
; bh pmﬁ@\lﬂly giva

], its water surface sh
x-aectmn, the flow is superc

nd high
As the flow 1
1d follow ¢ e

ritical and 1ts surfaee

ml-depth line is shown to se
parate the h
m the supercritical region of flow. Og t;lgehbf:,::;l ot:fh%}:“z&m) ﬁhe

n be comﬁuted from the equatlon
N - . ! . (100/byc) X — Y
i 29 50

3
e 10,000
=

g

ere b is the width of the channel, which can be measured from the pla

should be noted that the vertical scale of the channel profile is ll')ea.:.ll'
Furthermore, the outline of the gradual hydraulic drop is ognly t{;tm

on the theory of parallel flow. In reality, the flow near the drop is more or less

inear, and the actual profile would deviate from the theoretical one.

’ﬂus example also serves to demonstrate a method of designing a channel st

' s. 11-5 to 11-7). The designer may fit any t contractmn walls he desires

1 sult a given flow profile, or vice versa. \),//LWQL

. Momentum in Open-channel Flow. (}:ls stated earlier (Art. 2-7),
momentum of the flow passing a channel section per unit time IS &
:ressed by BwQV /g, where 3 is the momentum coefficient, w is the unit
“weight of water 1n 15/ft3 Q is the dlscharge n cfs, and V is the mean
Ve omty in fps.

- According to Newton S Secon
r unit of time in the body of water in a
Itant of all the external forces that are ac
principle to a _channel of large slope (Flg

he momentum change per unit time in th
veen sections 1 and 2 may be written:

e

d law of motion, the change of momentum
flowing channel is equal to the
acting on the body. Applying
3-7), the following expression
e body of water eneleheé |

Qw(ﬂzvz—ﬁlvl) P1"FP2+WSin9"‘Ff

ously deﬁned with subs
Ants OL DI'EBS *\;

@4 w, and V are as p_rev1




- or rapidly varied fioy, ;
hydrostatic; hence th:’v
must be corrected for the cypys
w. For simplicity, P, ang "
B1'P:y and By'Py, where 8,/ and B! a:en;:; d
‘ "v sectlons: The coefficients are referreé

%

B

; \%—7 Application of the momentum priﬁcipleg

re-distribution coefficients ASince P a ]
’ ) : 3 nd P
may be specifically ealled f5 : ot

: e T rce coefficients. Tt can
et the dorce coefficient is expressed by : be'shouey
i : .

il 4 ; -

1 A

( Az |, hdA.=1+-T cdA
the depth of the centr

z s (3-15)
d .

y Ai?he L oid of the water area A below the free
lmd correction [Eq. (2

HQ;;Ie. eIlemenmry area d4, and ¢ is the -

=J)].. It can -easily be s ’

1.0 for concave f| y be seen that 8’ is

o arallel floe, ow, les's than 1.0 for convex flow, and equal .
' Sh@ own that the momenty,

4y 0 equation is similar to the ener
led to ?e:tcac;pgiow problems. In this case, a gradualglz
iy e r ggly, the pressure distribution in the

yds psbgtxe, and g/ = 1. Also, the slope of th

ely small.! Thus in the o e

'y Us, In the short reach of a

‘ w&g":;x: ;30_5 9and Py = 15ud,? cos 0, where

B | ,,fls & correction factor (Art. 2-10).

+

and
me b
: hy the fﬁeﬁi ,l.\
here iy 18 |
v';‘he' discharge " through |
average velogity and the

N7
Also., it is evident (Fig. 3-7) t

“
=

and

: “substitutipg-all the a:bove exp!
Eq. (3-14) and simplifying, 3 :

.

72 ’
Zl+y1+Bl'I;_; =25

This equation appears to be practically ti
(3-5). . X
Theoretically speaking, however, the
" ferent velocity-distribution coefficients,
but also involve different meanings of
equation, the item h; measures the 4
mass of the water in the reach, wh
equation measures the losses due to
by the walls of the channel. -Ignoring
coefficients « and B, it seems that, i
‘energy losses are practically identie:
" forces. In uniform flow, the rat
work is equal to the pdte ‘of energ;
. a distinction between h;-and k' doi
~ The similarity between the appli
principles may be confusing. '
ences in their constitution isim
Instances the two principles w
ne inherent distinction
energy is a scalar quan

. A1 eneroe

O




With ¢
> entirely out of coﬁsid <y
'fric-tional losses due tg e::; don
nimportant in such problems and e sexfna] b &
: afel,

h of the

€ _COmpag; !

red with

S C
ther discussions on the solution of the I,

ples will be given later (Example 3-3)
application of the momentum princi ,

| weir is given below. Ple to the

harge per unit width of a broad-crested weir

—_———

I
__I__Enefgy line

7777777777

’.'/‘ . t . o% o . i .
: Momentum principle applied to flow over g broad-crested weir

assumptions in thi i
B s to b'i{:l-a?ze) ltx;thm solution (Fig. 3-8) are (1) the fric-
hssisl o 'ons& ‘gunl P ) @ dept.,h Y2 is the minimum depth on the
' secti y Onsldex"a.t.xon there is parallel flow; and (4)

%“’h{ﬂx + 4 - h)) = Y4wh(2y, — h)

H ::1 l?&m checked eg
©body of water between the upstream

across a

perimentally [61. If the

idering the hmlt of h from.i oT ] to
ConsioC oH%. It is interesting to
H¥ obtained by actual obs?;vatio D
pri_nciple to t.hi.s problem, it can be s
due to separation of flow at the e
analysis. i {

| \/3?7-/Speciﬁc' Force.- In apply

horizontal reach of a prismatic chs
the weight effect of wate an be
and assuming also f1 = B: = 1, Eq.

%w (V.— V) (_ .

The hydrostatic forces Py and P, may b
- Pit= wz A, and :

where 2, and 2, are the distance

areas A, and A Delow the

Vy,= Q/A: Then, the above moms

¥ aF §1A-1 -_—: .

ing of the upstream corner, the length and
the weir. Many experiments on brog
several of the well-known experiments
pared tables for the coefficient under vario
including more recent data and a presenta
were made by Tracy [8]. The well-known ¢
(1) Bazin testsperformed in Dijon, Fran I
performed at Cornell University in 18

the direction of G. W. Rafter, and U

logical Survey under the direction o

" tests performed at the University of M ¥

~ sota and Washington lests performed, 1
Washington State University [6].
Ellgveloped in the U.S.8.R., see [12]

3. i




nel section T
> force per”unit weight of Water )
per unit weight of water, thei, . Sing,

B 2 1 § X
- SSeq A oTee hat 18, aSSU
o ..dF
e, g 4

since d4/dy = T, @/A = V,and
reduced tq 3 :

a This is the criterion for the critical
e (e) Therefore, it 1 proved that the dept
e ok = :

9. Spefnﬁe-fome curve supplemented with specific-energy curve @) S forceml_qam. 11:1 ¥
SR, (b) channel section; (c) specific-force curve. i pecific- of flow the s pecific force 1S a minamum

. ecific-foree ¢
: . Zpeci Now, compare the speciiic
provi ha?thn-s 228 the specific foroes of sections 1 and 2 are (Fig. 3-’9). For a given specific enery
.@.@Q,the,weight effect of Wate;‘\iﬁ \ cates two possible depths, namely, a lo
ot s two sections can be ignored. . WaterinSRu. region and a high stage y7 in the su
pth agai he specific force for a given channe] value of Fi, the specific-force curve.

orce_curve 1s « i D W W st soage 1 supe
e limvlf :: C:):tame_q_ (Fig. 3-9).  This namely, an initial depth ¢, in the supe

¢ axis a ; : pproaches the hori s 2 ; itical flow region.
L 15 asymptotically tow. Sl - . €S the horizontal in the subecritica
) extends indeﬁnitelg to tl?;iiélh;: r.1gF1‘1_t. The Limb BC rises upward: and "z;e initial depth are both equal to
the curve has twe, Lo de'ptils For a given valu.e of the specific force, a jointly that the sequent depth ¥a1s
Lﬁ{? depths constitute the initia,lyl and ys.  As will be shown later, the - " Furthermore, the specific-energy
At point C on the curve t}?nd Sequent depths of a hydraulic ‘- ; “+ E, for the depth y, is less than th
force is a minimum, The fe JWO- dept_hs become one, and  the : Therefore, in order to maintain & ¢
the minimym, value of the i argument, shows that the s & ‘may be changed from yi to Y2 &
o specific force is equal to the critical r ‘energy, which is equal to Ei —
t ariously called the « | 1Tt should be noted that the above ] :
fotal force, or, briefly, th: ?‘fof:;’;?? ?lus momentum,” the “momentum 8 ~ flow and uniform velocity distribution. .
TePresented by Eq, (B10) e Ot a stream (see pp, 81.and 82 of [14]). I general concept that is valid for all ¥
JUmp to be descriheq in E ormulated by Bregge [15] for the study of momentum considerations. This valid
critical depth based ::l:li)le it B : - the proof is known as the Jm?cf
inesq [16], € theorem of momentum is believed to . *In order to make a clear d

of the alternate depths, the. sequi
Y2, In some other places in



initial depth and the Sequent
r in a rectangular channe], : Jone is used.
n and the weight effect of water in ik, ri‘nclpléaj lied to o
‘negligible, because the jump takeg Mlaceiny rinciple 18 app! e
pe angle of the-horizontal floor ig zero. The | by dra.ulic jump is 0V

.

. 3-4), respectively, before and after the jup, ‘ ]
; that is, . i % sple 3-4- Arec.:tanguﬁf . 2
: Zonected by a Bt""lghff'w :

= 2 4
1 "-53._’1 + 2,41 ='QQT2 + 2,4, (3-18) -

S “__,;__50'
of width b, @'= V14; = V,4, 4, = by, 4, = bysy, ., | ;
Substituting these relations and F, = V7, Y the : ) ;

{00cfs—=
(320)

- F line for

g 2
: *) B LR X )
e 1 . ' : . F line for
atic equation is N low stage

1—’;’5 =¥(vVIFsri-1 LY (3-21)

number F, of the approaching flow, the ratio of the sequent depth
h is given by the above equation. ¥ _
d that the momentum principle is used in this solution because
involves a high amount of internal-energy losses which cannot be
equation. ; i : . e
‘specific-energy curve and the specific-force curve helps to deter-
1€ energy loss involved in the hydraulic jump for a given approach-
Ziven approaching depth y;, points P, and Py’ are located on the
and the specific-energy curve, respectively (Fig. 3-4). The point
energy content Ei. Draw a vertica] line, passing through the
the upper limb of the specific-force curve at point Py, which ©
Pth yz. Then, draw a horizontal line passing through the point:
i Curve'at point P,”, which gives the energy con-
- The energy loss in the jump is then equal to D=0y

Fic. 3-10. Energy a.nd‘mon: D
K hydﬁaulic jump; &) without h

 through the transition is neg
| . 7 > i . " how can it be elimina.ted}‘
pplied to Nonprismatic Channels. The '@ || Sl ‘i%“‘ From the giv
:PSY,‘ varies w1‘th‘ the shape of the channel - Lo it s ""mv I
iy ¥ L) ] : 5 "i. -‘ |
Gl




on. In this example &y assu
pec (Fig. 3-10b). The sub;equt pre
flow profile; (2) compute the veloeitﬁeéa h
 the total head and the water-surface el atioh
ons; (3) compute the velocity and then the Waﬁ'ewﬁ aod 458
tion; (4) determine the elevation of the bottom efr he tiedii
‘ he elevation of the water surface minus the de tho ti& 1;19 s
at depth, since the_ bottom of the transition is'ﬁxI;d' :ﬁdoz; s 27,
ses for the low a._nd h}gh stages, and plot them on a cor’wenie( ﬂ)' R 5
oen that the two F lines intersect and become tangent to each otz Sczle- R bl
= where the flow cha.n.ges from low to high stage, that is, from ssr:r f,:t(fn"'lwall e
. state. If the critical-depth line is plotted, it will in';.e'rsec't tlﬁe aﬂc:l Icﬁ"tet-(:lmlb”:: .
and the water surface simultaneously at the critical section Basede;nath epfh :
~ cal-depth line, a line of minimum specific energy can also be c(;nstructed . Theiscrfhg-. 3
: should be tangent to the total:energy line at the critical section. 3 Y

ks 3.1, With reference to a channel of small slope and a section shown in Fig. 2-2, (a)
- construct a family of specific-energy curves for @ = 0, 50, 100, 200, 300, and 400 cfs
~ (b) draw the locus of the critical-depth point on these curves, (c) plot a curve of thé’,
.~ critical depth against the discharge, and (d) plot a family of curves of alternate depths,
91 VS. ys, for the given discharges. : ' : ;
3-9. Construct the specific-energy curve for a 36-in. pipe carrying an open-channel
~ flow of 20 cfs (@) on a flat slope, and (b) on a 30° slope.
e 3-3. Show that at the critical state of flow the specific-energy head in a rectangular
P veliannel is equal to 1.5 times the depth of flow, assuming zero slope and « = 1.
'3-4. Derive the equations for the locus of the critical-depth point on the specific-

. - energy curve and for the curve of critical depth vs. discharge, as obtained in Prob. 3-1.

©  3-5. Prove Eq. (3-12). :
- 3-8. Prove Eq. (3-13).

’ 8.7 Prove that at the critical state of flow th

specific energys!

88, Show that the relation betwe
# nel can be expressed by

: ‘ \ 2y12y22 L yc3

Y1+ Y2

e discharge is a maximum for a given

el

en the alternate depths yr and y2 1n & rectmgg{

as ordinates and of 4

» i8 the critical depth. Using values of Y1/Ye "
ation an
i P

construct a dimensionless graph for the above equ

ept of critical depth baged on the theorem of mé
d by Bélanger [20]. :
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.."' 1 i b S, . v“‘“,' i 4 ""5*:'?1& 4
th 41 i:;h';h | htofsluiceesatf Opeﬂins; the
= ¢*/g .q being the discharge per unit width of the

ed friction Fy. : y | |
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i ' F1G. 3-11. A submerged hydraulic jump at sluice outlet.
. : ‘ _

(= 11. Prove that the energy loss in a horizontal hydraulic jump is

s | (Y2 — y1)*® e i
| - 4 3-24
{1 - : E 4y1y2 ' ‘ | ( ) '
RS- - - 3-12. If a hydraulic jum
. way described in Prob. 2-
-in the jump.

3-13. With reference to a channel of small slope and a section showh in Fig. 2-2,

(@) construct a family of specific-force curves for @ = 0, 50, 100, 200, 300, and 400 cfs,

and (b) plot a family of curves of initial depth against sequent depth for the given

p is formed ‘o.n the hotizontal floor at the.toe of the spill-
11, determine the sequent depth and the energy loss involved

3-14. Construct the specific-force curve for a 36-in. pipe carrying an open-channel
flow of 20 cfs on a small slope. ' ..

'3-16. Prove Eq. (3-15).
; -16. Using the momentum principle, show that th
“or gradually varied flow in 4 channel of slope angle ¢

SR F i S

e Froude number of a parallel
may-be defined. by '
'q< iy . . ’ x F ¥ , ,V V. + , :

Vi 329

TR

r

VgD cos 6/
by Bresse early in 1860 [15].
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4-1. Critical Flow. As described in the previous chapter, the critical
state of flow through a channel section is characterized by several impor-
tant conditions.! Recapitulating, ‘they are 4 the specific energy is a
minimum for a given discharge; (3¥the discharge is a_maximum for a
given specific energy (Prob. 3-7); ,(.3')/ the?wxmcifim_mﬂ.iﬁ&minimum for a
given discharge; (4 the velocity head is equal to half the hydraulic
Mnnel of small slope; the Froude number is equal to
unity; and jﬁi’ the velocity of flow in a channel-of small slope with uni-
form velocity distr_ibutiqn_isv_ggg@lmﬁg the celerity of small gravity waves
in shallow water caused by local disturbances. -

Discussions on critical state of low have referred mainly to a particular
section of a channel, known as the critical section. If the critical state of
flow exists throughout the entire length of the channel or over a reach of
the channel, the flow in the channel is a critical flow.  Since, as indicated
by the critical-flow criterion Eq. (3-10), the depth of critical flow depends
on the geometric elements A and D of the channel section when the
discharge is constant, the critical depth in a prismatic channel of uniform
slope will be the same in all sections, and critical flow in a prismatic
channel should, therefore, be uniform flow. At this condition, the slope
of the channel that sustains a given discharge at a uniform and eritical

depth is called the critical slope S.. A slope of the channel less than the
critical slope will cause a_slower flow of suberitical state for the given
W ge, as will be shown later, and, hence, is called a mild or suberitical
Slope. A slope greater than the critical slope will result in a faster flow
of supercritical state, and is called a steep or supercritical slope.

> itical state is unstable. This is because a minor
change in_specific energy at or close to critical state will cause a major
change in depth. This fact can also be recognized in the specific-energy

As the curve is almost vertical near the critical depth,

change in energy would change the depth to a much smaller or
eater alternate depth corresponding to the specific e
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] by the minor changes
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the design of a channel, if the g opth s f°5ij_
depth for a great length of the channel, the S%un
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__'«f. - 3 critical state of flow (Art. 3-3) ig Tho asiy o
n of critical flow, w “mﬂl»b.&..exp,lainedwig Subg ol
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w measurement, which will also be_@ggqg_s_qd in this .
“The Section Factor for Critical-flow Computation,
V= 'é/A in Eq. (3-10) and sim_pl;lfymg,
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- When the energy coefficient is not assumed to be unity,
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(1)

In the above equations, Z = 4 +/D, which is the section_factop
critical-flow computati - (2-3)]. Equation (4-2) states they the
section factor Z for a channel section at the critical state of flow is equal
to the discharge divided by the square root of g/a. Since the section
factor Z is a function of the depth, the equation indicates that there i
only one possible critical depth for maintaining the given discharge in
channel and similarly that, when the depth is fixed, there can be only
one discharge that maintains a critical flow and makes the depth critical
" in the given channel section. _ ‘

+ Equation (4-1) or (4-2) is 3 very useful tool for the computation and

analysis of critical flow in an open channel. When the discharge is
) given, the equation gives the eritical section factor Z. and, hence, the

. critical depth .. On the other hand, when the depth and, hence, the
§eetion'chtor are given, the critical dishar
Eq. (4-1) in the following form:

]

. Q=7 (4-3)
" by Eq. (4-2) in the following form:

etz $ide slope.
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_ @
e v, ()

ge can be computed by 1

4

Q=Z.Jg- | (4_4)."
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dinZz) 3T 14T (4-8)
G 24T W 2Ty
right sides of Eys. (4-7) and (4-8) and solving for M,
k _Y(gp_AdT\ (4-9)
%3 Z.(3T T dy) - |
1 equation for draulic exponent M, which is a func-

3 t and M is a parameter called the hydraulic expo- :
computation. |

L

A

annel section and the depth of flow. For a trapezoidal

sing ¢ = 32.16, and simplifying, we find that the critical -

Q.= 3.087bH

itical- tation.
ic Exponent for Critical-flow Co.mpu
g function of the depth of flow y, it may be assumeq

on both sides of Eq (2-3), orﬂZ_m= A /AJT, and | i

section can be foy,

ible in Appendix A,
itical flow, dimension],

ie depth and section facto, -

angular, trapezoidal, and cireulyy |

surves will help to determine the depth !
nd vice versd. ,
; Ls:howing critical discharge through a rectangyly,
el width and the total head: :
e«dﬂion Table 2-1 gives the section factor Z = byls,
depth y = H/1.5 (see Prob. 3-3). Substituting thege

. (4-5)
Since
AT

Z* = CyM (4-6)

sides of Eq. (4-6) and then diff_erentiating

i d(n Z) =‘% W @7) §
dy 2y |

respect to y,

D);

1€ resulting equation [2] is simplified and becomes

L ned from Table 2-1 are substi-

B 22/ — 20(y/D)(1 + 2(57)] 0
- [T+ 20/ F 2@/0)] 7
so developed independently by Chugaev [3]. In this e

& function of z(y/b); accordingly, a single curve of M versu

60—
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40—
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008 I/

006 - =
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A curve for a circular section with M ple
is the diameter, is also shown (Fig. 4-2).
a similar procedure but constructed fre
formula. The curve shows that the val
harrow range for values of y/d, less thas
as the value of y/d, becomes greater -

2(y/b) may be constructed. It-i&o‘:b:‘ 8

curve for z = 1 in Fig, 4-2. For :
eurves of M versus y/b are shown, usi

-



~ types of closed conduit with gra,

ally closing crown, when the

~ surface approaches the crowy
conduit.

For channel sections of othey

trapezoidal or circular shape

exagct
values O

can be computed g

rectly by Eq. (4-9), provided thyt
m&ﬁlA_WT/dy can be

i
e e DCACYRITS

ated. Approximate values o

any chann_q_ section,

e obtained

eqlﬁ»tigg
e
L

termination of the

_ ooz (2y/2)

= % oz ()l

where Z, and Z, are section factors
for any two depths y; and y, of the
given section. This equation can
- easily be derived from Eq. (4-6).
(4-11), a graphical method is recommended instead o.f

This involves a logarithmic plotting of Z as ordi-
e depth as abscissa (Fig. 4-3). For most channels, except

ts

s with depth approaching a gradually closing crown and

peculiar shapes, the plot takes a more or less straight-
ydraulic exponent is equal to twice the slope of the

For a depth approaching the gradually closing -

, the plot becomes a curve, and the hydraulic

depth is equal to twice the slope of the tangent to the

onent M is described here only as a characteristic

otion under the condition of critical flow. The

 further described in the compu'(m"l0
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' 20/+/g = 3.53. From the curve the cr

‘;\e Example 4-24 "Co mp

(Fig. 2-2) carrying a dis
Solution. The hy
expressed in terms of the

v (10
VD= 1

The velocity is

éolving this equation for y by a trial-
critical depth. The corresponding ar
V. = 400/52.2 = 7.66 fps.

B. Graphical Method. For a co
graphical procedure for critical-flow

By this procedure a curve of y versus
Q/+/g is then computed. Using
obtained directly from the curve, wh

vg%ﬂe 4-3. A 36-in. concrete circul:
etermine the critical depth.
Solution. Construet a curve of y vs. Z
Yo = 1.44 ft, "
The dimensionless curve (Fig. 2-1)

. elements of a circular section migl‘k als

3.0 ft and do*® = 15.6, Z/d*® 93/1

or from the table, y/dy = 0.48, and so y
C. Method of Design Chart.

critical depth (Fig. 4-1) can

In Example 4-2, Z = 4
For this value, the chart
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g Fic. 4-4. Curve of y versus Z for a circular section.

Ilrn Example 4-3, Z/d?5 = 0.226. For this va.lue the chart gives y/d = 0.48 or
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A8 Control of Flow. The control of flow in an open channel i is dgﬁngd
oosalz in many ways. lwmmmmm establishment of

a definitive flow condition in the channel or, more specifically, a.definitive
relationship between the stage and the discharge of the flow. When the

_control of flow is achieved at a certain section of the channel, this section

1S a control section. 1t will be shown later that the control section controls
the flow in such a way that it restricts the transmission of the effect of
changes in flow condition either in an upstream direction or in a down-
stream direction depending on the state of flow in the channel. Since the
control section holds a definitive stage-discharge relationship, it is always
a suitable site for a gaging station and for developing the discharge rating
curve, a curve representing the depth-discharge relationship at the gaging
station.

At the critical state of flow a definitive stage—dlscharge relationship
can be established and represented bx_E.g. (4-1). This equation sh shows

that the stage-discharge relationship is theorpfmﬂllmgndent of the

W@Hw circumstances. Therefore, a

The locatxon of the control section in a prismatic channel is generally

governed by v the state of flow, which in turn is determined | by the slope of

the channel __glg_—:_ﬁm__uxample a long straight prismatic channel in

eated by a dam across the channel and the water flows

m;ggg the subcnﬁmal, mmcal
The slopes of the channel in the

are, correspcnd.mgly, mild or suberitical, critical, and steep
; ca.l :
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Fic. 4-6. Plan, elevation, ahd dimensions of the Parshall flume. (U.S. Soil Conser-

- vation Service [26].) Plan and elevation of a concrete Parshall measuring flume show-
ing lettered dimensions as follows:

-« W =size of flume in in. or ft; A = length of side wall of converging section;
734 = distance back from end of crest to gage point; B = axial length of converging
section; C = width of downstream end of lume; D = width of upstream end of flume;
E = depth of flume; F = length of Throat; @ = length of diverging section; K .= differ-
ence in elevation between lower end of flume and crest; M = length of approach floor;
A{ = depth of depression in throat below crest; P = width between ends of curved,
wing walls; £ = radius of curved wing wall; X = horizontal distance to H, gage

point from low point in throat; Y = vertical distance to Hy, gage point from low

point in throat. See the table on the next page for actual di i 8
gizes of flume. ' imensions for various

ng_igi_r&tiggﬁom the pool will not extend far upstream. Instead,
the flow in the upstream channel will continue in the downstream direc-
10n at a supercritical state until the ﬂow—sm;ﬁa&cexprdﬁié:‘iﬂsﬁd&iﬁf&m
e pool level;! then it will rise abruptly to the pool elevation in a hjr_drau-
should be noted that the pool level in this -cas‘émi.s Mn:);,’ h o

. ; tal b d.
ed water surface has an 81 profile, which will be descri(l):re:cziollzitzr (Xttc‘g-vﬁd

3
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cted by downstream conditions;

1 he flow condition is dep dent entirely upo
.m or at the place where water enters the channe
y, ol of flow is said to be at the downstream end, or
suberitical slope and at the upstream end for channels
reritical slope. ;
th:tzglmnﬁlpis on a suberitical slope a control section at 't
~ downstres m end may be a critical section, such as that created on tl_le top
~ of an overflow spillway. On a supercritical slope, the cont'l.'ol section at
B dhe upstream end may also be a critical section, as shown in the figure.
A sluice gate or an orifice or other control structure may also be used to
~ create a control section. It should be noted that. whether the channel
- slope is critical, subcritical, or supercritical will depend not only on the

\n(xe?e of the actual slope but also on the discharge or the depth of flow.

. Flow Measurement. It was mentioned in the preceding article

& that, at a critical control section, the relationship between the depth

~ and the discharge is definitive, independent of the channel roughness and
other uncontrollable circumstances. Such a definitive stage-discharge
relationship offers a theoretical basis for the measurement of discharge in
open channels. ' ¢ .

Based on the principle of critical flow, various devices for flow measure-
ment have been developed. In such devices the critical depth is usually *
created either by the construction of a low hump on the channel bottom,
such as a weir, or by a contraction in the cross section, such as a eritical-
Slow flume. The use of a weiris a simple method, but. it causes relatively
high head loss. If water contains suspended particles, some will be
(deposited in the upstream pool formed by the weir, resulting in a gradual
change in the discharge coefficient. These difficulties, however, can be
overcome at least partially by the use of a critical-flow flume.

The critical-flow flume, also known as the Venturi flume, has been
designed in various forms.! Tt is usually operated with an unsubmerged

3 The critical-flow flumes mentioned in the text are those developed and studied in
1 Uniiied States. Outstanding designs of critical-flow flumes were also developed
sted by Jameson [4,5], Engel [6,7), and Linford [8] in England; by Crump [9] and
0] in India; by De Ma.rchi [11,12], Contessini [11], Nebbia [13-15], and Citrini
in. aly; by Khafagi [18] in Switzerland ; and by Balloffet [19] in Argentina. 4
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ot ﬁgc;éon of a Parshall flume illustrating the determination of the pmw'wép' |

wod B
w e E

. economical because of its small dimensions. However, when the width of the

el is considered, the final selection may be in favor of the 3- or 4-ft flume because

or long wing walls may be required for a small structure. Usually, the
sidth of the flume will be from one-third to one-half of the channel width.

" PROBLEMS

_ Prove the following critical-discharge equations for the triangular, trapezoidal,
circular sections:

Channel Section Equation

Triangular Q. = 2.2052H.%5 (4-19)

: b 1.5
Trapezoidal Q. = 5 67(;[(_*_ ;_z ;)yo)i/] (4-20)

0.251(6 — sin 6)"% g
Circular Q. = 5(s(in 7 6:;2" ) do?® (4-21)

- Parabolic \ Q. = 2.005TH'¢ (4-22) |

n the above equations, @ = 1 and H, is the specific-energy head; other not.ﬁii‘&ﬁ'
vs that of Table 2-1. _ et s dm yr
Compute the hydraulic exponent M o the trapezoidal channel | jon (Fig.

\ P@.vnow depth of 6 ft, using (@) Eq. (4-10), (0) Fig. +2, and (©) ¥
hod based on Eq. (4-11). R
“the hydraulic exponent M of a 36-in. circt it |
in. above the invert, using () Fig. Mmd (b) the
4 . i % b OCH -

%u critical depth and velmiw rectangula

e




ns for Uniform Flow. The uniform

ollowing.main os: (P th,
Ghal:e at ever ectin '. ‘s'- ,“ eh t ’ g
nergy ine, water surface, and channel bot
@u:lo are.allequal, or §; = §, = Se=S8 ’
he rquirement of constant : velocity may b;. liberall :
e requirement that the flow possess a constant mean il@aiﬁﬁ

speaking, however, this should mean that the flow possesses a X

velocity at every point on the channel section within the uni-

res.a,ch. . In other words, the velocity distribution across the
| section is unaltered in the reach. Such a stable pattern of
g distribution can be attained when the so-called “boundary layer”

eveloped (Art. 8-1).
orm flow is considered to be steady only, since unsteady uniform
practically nonexistent. In natural streams, even steady uniform
rare, for rivers and streams in natural states scarcely ever experi-
strict uniform-flow condition. Despite this deviation from the
the uniform-flow condition is frequently assumed in the computa-

1 of flow in natural streams. The results obtained from this assump-

understood to -be approximate and general, but they offer a
ively simple and satisfactory solution to many practical problems.

 turbulent uniform flow is most commonly encountered in engi=
ing problems, it will be discussed extensively in the following chapters.
ar uniform flow has limited engineering applications, and will

ibed only in Art. 6-10. WA v
ould be noted that uniform flow cannot ocour at very

ally described as ulirarapid. This is because, when v
a certain high velocity, it becomes very unstab®
flow will eventually entrain air and beco
instability of uniform flow Wil
nent of Uniform Flow. en
e is encountered b ﬂ:ﬂ wate!
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- €. 5-2. Derivation of the Chézy formula for uniform flow in open channel.

Chézy formula can be derived mathematically from two assump- i
The first assumption was made by Chézy. It states that the
sting the flow per unit area of the stream bed s proportional to
re of the velocity; that is, this force is equal to KV? where K is a
of proportionality. The surface of contac of the flow with the
ed is equal to the product of the wetted pe imeter and the length |
annel reach .Q»I"‘NRLW(‘ELg,,&:z,).» Thg‘g’gjg_alnf,,g resisting the flo T

: flo
qual to KV2PL. s
e =T e

ce of this famous formula is not mentioned in most hydraulics tex
In 1876, the German €

‘this knowledge has long been sought for.
infich Ludwig Hagen mentioned in his work [7] that Gaspard

hat Chézy set up this tormula in 1775, on the occasion of
e on the Canal de I'Yvette in conjunction with Jean-Rodol
Hagen, “I have sought in vain for further information on t
the American engineer Clemens Herschel through the as:
aced the original Canal de I"Yvette report 10 &
on relating to the formula, and
formula was developed and verite
ot Canal, und on t




_ to determine the va.lg-,_
eveloped for this purpose will be

- Y b
1 of Chézy's Resistance Factor. Three Mpors
nination of Chézy’s C' are given as follows;
wia. In 1869, two Swiss engineers, Ganguillet ,.
lished a formula expressing the value of C in termg
ulic radius R, and the coefficient of roughness 7
 the formula is L i
| 0.002 :
41.65 + S S =

0.00281> n

0w
14 (41.65 £e

R

oefficient » in this formula is specifically known as Kutter’sn, The
of n will be discussed in Arts. 5-7 and 5-8. '

e G. K. formula was derived elaboratel
in channels of various types, including

gings of many European rivers and of the Miss

y fro‘m ﬂo,w-measui‘ement :
Bazin’s gagings and the ‘
18s1ppi River,? Although




pute the velocity and .aischarge in the trapeso;
2.1, having a bottom width of 20 ft, side SIQPeSI;_ 101da,1
Given: Kutter's n = 0.015, and S = 0.005. i
Example 2-1, A = 192.0 ft2 al_lcl R = 4.10 f,

o of Chézy’s C is Using the G,

0.00281  1.811
” S0 0005 | 0.015

B o o = 1242
0.00281\ 0.015
1+ (41.65 aF 0.005 W_l—o
X
the Chézy formula,
V = 124.2 1/4.10 X 0.005 = 17.8 fps

@ =192.0 X 17.8 = 3,420 cfs

The Manning Formula. In 1889 the Irish engineer Robert
presented a formula, which was later modified to its present

g first presented the formula in a paper read on December 4, 1889, at a
the Institution‘ of Civil Engineers of Ireland. The paper was later’ pub-

e Transactions of the Institution [15]. The formula was first given in a

d form and .then simplified to V' = CR%5S%, where V is the mean velocity,

T ;‘ﬂow resistance, £ is the hydraulic radius, and 8 is the slope. This was
ed by others and expressed in metric units as V = (1/n)R%:8%. Later,
rerted ba»c’k again to English units, resulting in V = (1.486/n)R%8%. In

’ , a8 in the conversion of the Ganguillet and Kutter formula, the
e of n is kept unaffected. Consequently, the same value of 7 is widely

0s of units.
odern fluid mechanics, which pays much attention to dimensions,
become a matter of consideration. Directly from the Manning

of n are seen to be TL%. Since it is unreasonable to sup=

' coefficient would contain the dimension T, some authors
or contains +/y, thus yielding the dimensions of L6 for ™
‘ t:_wgl_l be seen that n = [¢(R/k)]k* [Eq. (8-26)), where 8
- .

el

o linear measure of foughm a
dimensionless, 7 will have the s
On the other hand, of cox
6/n can absorb the dime
?i:t:;-s, {hus leaving no dim
simpler choice, consider 7 a dimensio

Tt is interesting to note that th
s independent of the dimensions
systems of units. If n is assum
gives the numerical constant 3.
is assumed to have the dimensions of L
difierent from its value in metric uni
duced for compensation. Let n be the
lish units. Then, n’ = (3.2808%)n =

. metric to English units, the resulting
3.2808% = 1.811, since n has the di
should be written V = 1.811R%S%/n/
tems, the practical form of the formy
1.2190n = 1.486R%S%/n, which is ide
tion that n has no dimensions.

In a search of early literature on Iy
significant discussion regarding the dim
problem of concern to the forefathers of
n was unconsciously taken as dimensio
because such a conversion, as shown ab

 Now, considering the approximat
and the uncertainty in the value of
constant to more than three signif can
1.49 is believed to be sufficiently

Manning mentioned that the
independently by G. H. L. Hagen
ment by Major Cunningham [17]
first in 1876 (7). = It is also know
proposal of the simplified form
presented independently the

' For the derivation of th
data on artificial channels [
value of the exponent was
variations, Manning adopte




g e vapate s

BIE ot 1 ue. AS the present s

alue of n g.gt;ug,lly means to estimate the 1
which lﬁ really . a matter of inta. gibl i |
I léleains the exercise of sound engineering j Bk
e; for beginners, it can be no more than g gues gment and
Is will obtain different results. e M

n order to give guidance in the

v proper determination of the roue e
efficient, four general approaches will be discussed ; naler;ug(??ﬁ |

jerstand the factors that affect the value of n and thus to acquire a
knowle@ge of the problem and narrow the wide range of guegswork

consul.t a .ﬁable of typic?,l n Yalues for channels of .various types:
to examine and become dcquainted with the appearance of some

2 _channels whose roughness coefficients are known, and (4) to
10 the.val‘ue O.f n l?y an analytical procedure based on the theoreti-
cal velocity ‘dls,tnbutlon in the channel cross section and on the data of
either velocity or roughness measurement. The first three approaches
will be given in the next three articles, and the fourth approach will be
taken up in Art. 8-7. - :

\ #78. Factors Affecting Manning’s Roughness Coefficient. It is not
‘uncommon for engineers to think of a channel as having a single value of
' for all occasions. In reality, the value of n 1s highly variable and
~ depends on a number of factors. In selecting a proper value of n for
various design conditions, a basic knowledge of these factors should be
found very useful. The factors that exert the greatest influence upon the
coefficient of roughness in both artificial and natural channels are there-
1 A_' e described below. It should be noted that these factors are to a cer-
fain extent interdependent; hence discussion about one factor may be
Tepeated in connection with another. |
Surface Roughness. The surface roughness is represented 11)y the
and shape of the grains of the material forming the » wetted pen.met'er
producing a retarding effect on the flow. This is often considered
the “only factor in selecting a roughness coefficient, but 1t 15 actually
b one of several major factors. Generally speaking, fine grains result =

tively low value of n and coarse grains, in a high value of #.

.. , 1 : in, such as sand,
lluvial streams where the.matenal is fine in grain, Su : '-“T; !




may be regarded as a kind

m y reduces the capacity of the channe] .
ect depends_mflinly on height, depsity, G
Vgﬁt:tion, and it is very important in deSigning

inois an investigation has been made tq deter

egetation on the coefficient oi‘: roughness [22]. O, one

ches in central Illinois under investigation, an average

as measured in March, 1925, when the channe] wag in

In April, 1926, there were bushy willows and dry weeds

pes, and 7 was found to be 0.055. Tlhis increase in 7
e result of one year’s growth of vegetation. During the
925 and 1926 there was a thick growth of cattails on the

e channel. The n value at medium summer stages wag

, and at a nearly bankfull stage it was 0.099. The cattajls
nnel were washed out by the high water in September, 1926; the
1e of n found after this occurrence was 0.072. The conclusions
rom this investigation were, in part, as follows:

e minimum value of n that should be used for designing drainage
central Illinois is 0.040. This value is obtainable at high
g the summer months in the most carefully maintained chan-
e the bottom of the.channel is clear of vegetation and the side
are covered with grass or low weeds, but no bushes. This low
 should not be used unless the channel is to be cleared annually

and bushes. ,
ue of n = 0.050 should be used if the channel is to be cleared
s only. Large weeds and bushy willows from 3 to 4 ft

e slopes will produce this value of 7.
s that are not cleared for a number of years, the growth
dant that values of n > 0.100 may be found.

6 to 8 in. in diameter growing on the side slopes do not

o much as do small bushy growths, provided overhang-
off.

of surfaeq

higher n value

lower 7 value

and low n values.

The effect of veg

C. Channel Irregular
in wetted perimeter and -
t
introduced by the presence
sions, and holes and humps on t
definitely introduce roughness in
roughness and other factors. ene
change in cross section, size, and shape -
value of 7, but abrupt changes or alternat
necessitates the use of a large value of n.
may be 0.005 or more. Changes that
side of the channel will produce the same

~D. Channel Alignment. Smooth cury

a relatively low value of n, whereas sharp e
ing will increase n. On the basis of flume
that the value of n be increased 0.001 for

100 ft of channel. Although it is doubf
increases » more than 0.002 or 0.003, its eff
curvature may induce the accumulation of d
increase the value of n. Generally spea »
in unlined channels carrying water at low -
increase of 0.002 in n value would constitus
curve losses in most flumes containing pro
built of concrete or other materials. The me:
however, may increase the n value as high

_B"Silting and Scouring. Generally

very irregular channel into a comparatively
whereas scouring may do the reverse and
dominant effect of silting will depen
deposited. Uneven deposits such

il

.
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X ing on the condition of the channel (Fig. 5-4). |
T T s The n value in most streams decreases with

Jincrease in stage and in discharge. When the water is shallow, the

ssing evenly and uniformly.
he presence of log jams, bridge piers, and th

» n.  The amount of increase depends on the natur
s, their size, shape, number, and distribution.
_and_Shape hannel.. There is no definite evidence about
ize and shape of a channel as an important factor affecting the valu

irregularities of the channel bottom are exposed and their effects become
pronounced. Howéver, the n value may be large at high stages if the
banks are rough and grassy.

When the discharge is too high, the stream may overflow its banks and
a portion ‘of the flow will be along the flood plain. The n value of the
flood plains is generally larger than that of the channel proper, and its
magnitude depends on the surface condition or vegetation. If the bed
and banks of a channel are equally smooth and regular and the bottom
slope is uniform, the value of n may remain almost the same at all stages;
80 a constant n is usually assumed in the flow computation. This
happens mostly in artificial channels, On flood plains the value of n
usually varies with the stage of submergence of the vegetation at low
stages. This can be seen, for example, from Table 9-4, which shows the
n values for various flood stages according to the type of cover and depth

TABLE 5-4. VALUES OF 7 FOR VARIOUS STAGES IN THE NISHNABOTNA RI\}ER,
# Iowa, For THE AvERAGE GROWING SEASON

: Flood-plain cover
Depth of | Channel :

| water, ft | section Qs Pasture | Meadow | Small |Brushand
i graing waste
0.10 0.12
0.09 0. 1.
0.08 0.10
0.07 0.09
0.06 0.(

. An increase in hydraulic radius may either increase or decrease n,

t



£a0 el Section. The discharge of unifory,
) ed.as the product of the veloeit

"éf' water area, or

repre-

. Q=VA=CAR=Sv = KSv , _ (641
e v @
: K = CAR= (6:2)

o as the conveyance of the channel section; it ig 5

ing capacity of the channel section, since it is directly

Chézy formula or the Manning formulla 1s used as the
ormula, ie., when y = 14, the discharge by Eq, (6-1)

(6-3)
(6-4)

can be used to compute the conveyance when the discharge
the channel are given.
ézy formula is used, Eq. (6-2) becomes

S @héz‘y’s resistance factor. Similarly, when the Manning
-

149

= == AR \)‘//“ (6-6)

ns are used to compute the conveyance when
area and the resistance factor or roughness coef-

e the Manning formula is used extensively, most
S and computations will be based on Eq. (6-6).
Uniform-flow Computation. The expres-

n jactor for uniform-flow computation; it is
utation of uniform flow. From Eq.

id

- but the left side
f‘herefore it shows t, ’
only one possible depth :
value of AR% always
most cases. This depth
a channel section, it can
discharge for maintainin
that A R* always increase.
the normal discharge.

Equation (6-8) is a very u
of uniform flow. When the dig
this equation gives the section fa,
Yn- On the other hand, when n, S,
are given, the normal discharge
in the following form:

This is essentially the product of
by the Manning formuls, The s
the condition of uniform flow.

In order to simplify the comp
the relation between depth and see
Prepared for rectangular, trap
These self-explanatory curves

- 8lven section factor AR% and

lar section can also be found f ,

! This is trye for channels in whic]
of depth, since Eq. (6-8) will give
Pth. " In the cage of 5 closed ¢
AR will firgg, increase with dey
;8 apptliracped, because : '




' for unzfmﬁaw comp m'iv'
Taking logarithms on
wgg_ct to y,

Now, taking logarithms on boﬁh
then d1fferent1atmg this equation
that n is independent of y,

din k) 1 u’k
Tdy Ay '*'r |
Since dA/dy = T and R = A/P, the above
d(n K) _
i
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This is _the general equation for the hydraulie e :
trapezmdal channel section having a bottom width ﬁ
2, the expressions for 4, T, P, and R may be obtain
Substltutmg them in Eq (6- 14) and simplifying, the r
is

B = | _ 101+ 2(y/5) _ 8 I T2 (ulb)

| 3 1+2/0) 31+2 /142
) This équation indicates that the value of N for the
a function of z and y/b. For values of 2 = 0, 0
and 4.0, a family of curves for N versus
(Fig. 6-2).2 These curves indicate that the
range of 2.0 to 5.3.
The curve for a circular section wi
s the diameter, is also shown in Fig. 6

igi}itffﬁf’“‘"{ “,lim“;m ! This equation [1] was also developedm )
T

. Curves for determining the normal depth.

A A use of the Chézy formula.

2 Similar curves to those in Fig. 6-2
Kirpich (3] and also prepared independent




The curved

plot when the
depfh approaches
the crown of a

' ‘I ; {YN KI)
) closed conduit
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hical determination of N by Fig. 6-4. Typical channel sect:

tting. having appreciable variation
value with respect to depth.
R. R. Chugaev [2].) ;

cross section of a channel changes abruptly with
aulic exponent will change accordingly. Seve

n in Fig. 6-4. In such cases the logar:

r as a broken line or an t

‘h‘u OO L rve, the
. i . “‘F »




rmula to such channels,

n of the equivalent roughness, the water area is
Jer into N parts of which the wetted perimeters P;, P,
¢ coefficients of roughness ny, ns, . . . , ny are known.
Einstein [7,8] assumed that each part of the area has the
n velocity, which at the same time is equal to the mean velocity

le" section; that is, V, =V, = - .. = Vy = V. On 'the
~this assumption, the equivalent coefficient, of roughness may be
he following equation:

%

P 5 4 Py ls 1 . .. 1.5)34
_ Pm!d 4 Py, 1—;5 -I-,PNnN ) (6-17)

€ are many other as§umptions for the determination of an equiva-
‘%ghmess. Pavlovskii [9] and also Miihlhofer [10] and Einstein
anks [11] assumed that the total force resisting the flow (that is

L ;‘?? 1:;-11; 5-111))dis gqual to the sum of the forces resisting the flow
1 the subdivided areas. By this assumunt: '
e mption, the equivalent,

.

=(P1n12+P2n22+---+P 2\14

| P ) (618)
1 that the tota] dischar :

o I' 1 ge Of the ﬁ

S of the subdivided aregq OW 1s equal to the

; ."'"_’ , - Thus, the equivalent,

_PR%

. . DB (619)
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Ky
the i tions; let K1, Kj, . . .,
bhe corresponding §ubsec ions; . let, i
s of the corresponding subsections; e
tion; and let A be the total water area. -r
and Eq. (6-3), the following can be written:

{Xis K ; iF Ky 14
b AA22 % . o AAy v

= V1 AA1 + 02 A4, + - - - +N7)N Ady
: 1

G )

V=

(%)

e above expressions wi
ocity-distribution coeffi
ke N

Z (awKy3/A4 )

e

—_T"\

th Eqs. (2-4) and (2-5) and

clents of the entire section are




25.93 X 100
6.56 X 100 -

X

The norma]
In the

trically simple channel sections, the

ned by an algebraic solution, as

2), with b = 20ft, z = 2, So = 0.00186,
Compute the normal depth and

xpressions in the Manping formula,

er methods for the computation
- Popular tables for this purpose

.36

The normal depth is, therefore, y» = 3.36 ft.

,N)/ G?ahz'cal Method. For channels of com

variable flow conditions, a graphical solution of
be convenient. By this procedure, a curve of y a

AR?* is first constructed and the value of nQ/
According to Eq. (6-8), it is evident that the no

from the y-A R* curve where the coordinate of AR
value of n@Q/1.49 /S. When the discharge chs
nQ/1.49 v/ are then computed and the correspon
depths can be found from the same curve. L

Example 6-3. Determine the normal depth of flow in -
laid on a slope of 0.0016, having n = 0.015, and carrying a

Solution. Construct a curve of y vs. AR3% for the given
pute 7Q/1.49 \/§ = 0.015 X 20/1.49 /0.0016 = '
find the depth corresponding to the value of 5.04 for 4
normal depth, or y, = 2.16 ft. Since this depth is
determined in Example 4-3 under the same condit

The table in Appendix A for the geometric ele
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A curve of y vs. AR? for a circular section.

h and make the uniform flow occur in a critical
rge and roughness. The slope thus obtained is'
| the corresponding nermal depth is equal to the
mallest critical slope for a channel of given shape
the limit slope Sy..
usting the slope and the discharge, a critical uni-
‘the given normal depth. The slope thus
Slope at the given normal depth S

trate the above discussion.

C

cn-
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LI RSN Overflow

Fig. 6-10. A highway gutter section.

" ;,-a“fnd longitudinal slope S

Q = 24 seyris

(6-48)
i) =

[ I o

ge in the triangulaf highway gutter descr
problem when 2z = 24, n = 0.017, y = 0.22 ft, and S = 0.03.
Using the Manning formula, determine the hydraulic exponent N for the fol-

ing channel sections: (a) a VEry narrow rectangle, (b) a very wide rectangle, (¢) a
wide parabola for which the wetted perimeter

is practically equal to the top
; and (d) an equilatera) triangle with a vertex at the bottom. ae-
Jsing the Chézy formula,! show that the general equation for the hydraulic
“/"/I_, :L N is

_y b i@)
N—A.(3T RG

r0b. 6-4 if the determination of the hydraulic exponent is based on the
- Compare the results with those obtained in Prob. 6-4.

ibed in the pre-




0! ! bi il I &' p
a1 gbaﬁd velocity occur in a
i ) . 5 4
harge ﬁd velocity variations with respect to the
ne iéle. g

\ constaﬁt hydraulic radius B for any depth of

S of this channel can be defined by

(6-50)

* . .

Sl h of this section and discuss its properties.
o, . = AP = dA/ = 20y/~/E .Sl
d evaluate the integration constant by the cond1t101-1 that
‘héma.tically, the section is formed by. two .catena,nes as
poses, an artificial bottom should be provided since the theo-
less. A uniform-flow formula, such as the Manmng formula,
aulic radius is the sole shape parameter for the velocity. Tl-1e
ication can be verified experimentally by testing a channel bul%t
stant hydraulic radius. If the indication is true, then, once this
ed for a safe velocity, it should be nonscouring and nonsilting over a
In earthen canals, however, the large variation in water sur-

> of stage would erode the sides very easily.)

17) to (6-19).

testing channel is 2 ft wide and laid on a slope of 0.1035%.
were made smooth by neat cement, the measured

The same channel was

€] 1 he measured normal depth became
ge of 5.2 cfs. _

discharge for, & normal depth of 1.31 ft if the bed were roughened
pt smooth.

charge for a normal depth of 1,31 ft if the walls were roughened
oth :

those computed by Eqs, (5.17) 1o (6-19).
g ‘ues?ﬁlpn afld two side sectiong (Fig. 6-6). Com-
*1° ain section and the two side sections are

3 £




eam is abaut 1 ft/tmle.
s cu Ve it is suggested tﬁat ﬂﬂ&

the discharg’e in an overflowed highway gutter (Fig. 6-10) he
v of 3 in. and a longitudinal slope of 0.03. The gutter is mad@ on-

v = 0.017 and has a triangular section with a vertical curb side, a sloped

=12, and a top width of 7 = 2 ft. The overflowed soﬂ-aggregate pave-
B Ims a cross slope of 2; = 24 and n; = 0.020.

~ 6-19. For an equal amount of discharge, an ice-covered channel should have
L m depth of flow than an uncovered channel, for two reasons: (1) the wetted
~ perimeter is greater in an ice-covered channel and thus results in greater resmta.nce or
less velocity, and (2) the thickness of the ice cover is greater than a depth of water of
equal weight, since the specific gravity of ice is about 0.917. Show that the increase
in depth due to resistance in an ice-covered wide open channel may be expressed by

Ay = [1.32 (%‘)% - 1] y % (6-51)

where 7, is the roughness coefficient of the channel with ice cover, = is the roughness

~ coefficient of the channel without ice cover, and y is the depth of flow in the channel
~ carrying the same discharge but without ice cover.

6-20. Compute the conveyance and velocity-distribution coefficients of a channel

‘ ;;« tion 500 ft downstream from the section described in Example 6-1. The survey
data at the section for the same flood are:

Subsection

lar channel with 20 ft width, § = 0.006, and n =
'Gompute the normal depth and vel
ning formula, determine the norm:
: W--m ofs, n = 0.015, and




erally erodible, exce excep t 2
J : n bed. In designing nonerodibl
ls, such factors as the maximum permissible velocity Art 7-9)

permissible tractlve force (Art 7-13) are not, the cri
0

1 r_gl,g__f best sectlon practlca.- '
, and economy [1,2]. The factors to be considered in the"HéSI

the kind of material | forming the channel bodyu_b,ﬂ,_hmh determines
‘roughness coefficient; the mmunum Egrm,lsmble velocity, to avoid

; the channel bottom slope

)es; e : ana the most efficient section, either
drauhcally or empiricall determmed

2. Nonerodible Material and leng ! The noner erials
| to form the lining of a channel and the body of a b uilt-up channel
ude concrete, stone masonry, steel, cast iron, timber, glass, plastic,
wmmmmm@dmmly on_the.availability
a e material, the method of construction, and th&pm:posdm.
nnllsto 15ed |
pose of lining a channel ; is in most cases to prevent erosxon,, bu
lly it may be to check seepage losses. In lined channels
missible velocity, i.e., the maximum that will not
ored, provided that the wa.ter does 10




ca,nnot be ea,sﬁy

“or for desﬂteow this
ect on plant growth. Gy
may be used safely when thq
11, and a mean veloci

vih egetation that wa d
of the channel.

al bottom slope of a_channe] js

nd the energy head required for

lope may depend also on the

le, channels used for water-distri-
irrigation, water supply, hy_cl@uhc

s, require a hlgh 1eve1 at the point of
esirable in order to keep the loss in
"ep.end mainly on the kind of materia].
e slopes suitable for use with various

' ror CHANNELS BuiLr IN Various Kinps

Side slope
Nearly vertical
171
241 to 1:1

‘material, however, a more accurate
d be checked against the criterion of
7-10) or by the principle of tractive
be considered in determining slopes
on of seepage loss, climatic change,

de slopes should be made as

d for high hydraulic efficiency
ureau of Reclamation [4]
1 slope for the usual sizes
ab it is sufficiently flat to

fluctuation of water s

velocity is so high dlﬂ
unstable, or on curve

- may cause a.pprecla;

a curve, or in channels w
state at which the water o
the low stage to the high
causes such as wind movi
waves and require special ¢

‘metal flumes on tangents, carrying

80% of the critical velocity with a

indicated that a freeboard of 6% of

For flumes on curves with high veloc

be produced; so freeboa.rd must be in

ping over. .
Freeboard in an unlined canal or I

considerations of canal size and location,

table fluctuations caused by checks, wi

percolation gradients, operatmg m&d '

excavated material. According to the X

the approximate range of freebﬂard re

for small laterals with sha.llgyg dep

capacity with relatively la ‘

that prehmmar estimate

condltxo be made according

e e e T

where F is the freeboard i
and C is a coefficient v
2.5 for a canal capa




es,
e | exght of bank
on of canal, type
yetc. Asa gu1de for
ﬁmatmn (3] has prepareq
ik heights in relation

[ ]
4,000
- Copacity,cfs

rd and height of bank of lined channels. (U.S. Bureau

It is known that the conveyance of

ease in the hydraulic radius or with

. From a hydraulic viewpoint, there-
 the least wetted tted perimeter for a given
3 such a sectmn is known as the best

be ratzcal 6wm to
terial. In general, a channel

eneral, a channe. |
efficiency but should be

” Of ie A i h(_)_llld

Cross section

Trapezoid, half
of a hexagon

Rectangle, half
of a square

Triangle, half of

a square

Semicircle

Parabola,

=2v2y | % V2% 2 _
Hydrostatic
catenary 1.39586y | 2.9836y

The principle of the best hydrs
of nonerodMS_.chaﬂne]s.. For erod

_force must be used to determine 2

\;ﬁfﬁmple 7-1. Show that the best b ' d:
Xagon

Solution. Table 2-1 gives the water a

= (b +z}/)y anfi

where y is the depth, b is the bottom w
First, consider A and z to be constant
with respect to y and solving sim: 1

SbE
Substituting this equation for b




termmatmn of
s the following steps:
nd select S.

1S are dec1ded on the basis of hydrauhc
or d canals, the trapezoidal secti

of Reclamation [3] has developed

the average relation of bottom

v ca.pacmes. These curves can be used

ction dimensions. o

he computed value of A R* can

hart (Fig. 6-1). Some engineers

similar to Solution 2 for Example 6-2

n is required directly, substitute in
R otamed from Cable 7-2 and

(7-2)
tr pezoidal al section it can be

by a s;mple formula

(7-3)

Bottom width and depth in ft

U.S.lBureau of Reclomation.)

/Gf’aleck the minimum pe :
A7 Add a proper freeboard t

\m a slope of 0.0016 an

Solution. By Eq. (6-8),

-

Substituting A=
expression,

Assuming b = 20 ft andq




e N0 7 Ry ..
jired, substitute 4 = \/"3’ yz n
. 167.7 and simplify; the depth is foung

' ' is 75.2 ft2 an
-hannel is 18.7 ft, the Water.are:} is @
e the 1;1::: lllx?g::ulic trapesoidal section is the half hexa

‘/3-\/

owledge is beyond the realm of theory.! The.uniform-ﬁow
la, which is suitable for the design of stable nonerodible channels,
.'Ta’e‘ an insufficient condition for the design of erodible channels,
1S because the stability of erodible channels, which governs the
0, is dependent mainly on the properties of the material forming the
~ channel body, rather than only on the hydraulics of the flow in the chan-
i }nﬁ  Only after a stable section of the erodible channel is obt
- the uniform-flow formula be used for com
~ discharge.
~ Two methods of approach to the pro
“‘Ié‘,;’e described here: the method of
 tractive force. The method of p

ained can
puting the velocity of flow and

per design of erodible channels
permissible velocity and the method of

etimes been used in
ensive investigation by the U.S. Bureau



d modify the section for p
m width and the depth of flow of a trs
' uarrymg a design discharge of 400
n ntaining noncolloidal coarse gravels and pebbles
ons, the following are estimated: n = 0. 025 z o
locity = 45fps
I, solve for R.

- 149 -0  /5.0016
45’0‘62‘51” D

B R - 2.60
f-sssm and P = A/R = 88.8/2.60 = 34.2 ft. Now

b+ 2y)y = (b + 2y)y = 88.8 {2

& "P-b+2\/1 e 25y =342

ractlve Forcg/ When water flows in a channel, a force is
> e direction of flow on the channel bed. This
“mply the pull of water on the wetted area, is known as the
- In a uniform flow the tractive force is apparently equal to
mponent of the gravity forc force € acting on the body of water,
hannel bottom and equal to wALS, Wherg w is the unit
er, 4 is the wetted area, L is the length of the channel
8 is the slope (Art. E-A;L-_Ihus,,.the average value of the
orce per unit wetted area, or the So-called wnit tractive force
0 WALS/PL = wRS, where P 15_1; ted-penmetﬁ:.and'-
ydraulic radius; that is - ‘“
| T0 = wRS W (7*5
annel, the hydraulic radius is equal to ﬁ.b..@. depth of flow
, N " e i
fne ¢ 0 force. The idea of tractive
introduced into hydraulic literate
» the plgefb&lhnemgthiaf' ‘_
rahms early in 1‘?5*4'- j
#* .,

* e
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16. 7-6. Distribution of tractive force in a trapezoidal channel section.
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. Unfortunately, owing to deficiency of data, the reaukﬁs of
e not very conclusive. In the U.S. Bureau of Rec
lorey [32] and r_engineers have use
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Similarly, when r
owing to the tra

With ¢ =

Solving for the unit tractive f
level surface, '

¢ = o
= =
particle resting on the surface of a channel bed. Simplifying,! K

cle to roll down the side slope.! The

I It can n that this ratio is a funet
ve area of the particle, 7, = unit tractive slo '_—g_s_i%tszﬁan of the 2 f Te
W, = submer, ight rt“fle: and fine noncohesive materials, the
The resultant of these two f orces, which e

paratively clear water, become so gr

. force component causing the particls
S ~ can safely be neglected. The!;‘ef{a
: sidered only for coarse noncohe
1 Ie V} 1 .0 e.»

_ Bureau of Reclamation’s investi
0 in mechanics, it may be assumed | angle of repose increases with
istance to motion of the particle - For use in design, curves (Fig.
7sis of the gravity and tractive forces | v?.lues cithe ’. -
ate of impending motion was first given diameter for varig
hannel section using this concept s the diameter o
analysis was also developed inde- j is larger.
der the direction of E. W. Lane

~A
-

! Equation (7-10)
= Eq. (7-11) by Fan [;
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' noncohesive material. (U.S. Bureau of Reclamation.)

i
Force. The permissible tractive force is the

ce that will not cause serious erosion of the
el ed on a level surfs This umt'tractwe
oratory ex erlments and the value thus
tractive force. However, experlence has

se noncohesive material can stand sub= "
eritical tractive forces measured in the
ause the water and soil in actual canals

nd organic matter which provide a

movement of soil particles can be

g _channel stability.
desx n_criterion for field condl—

- critical Value
S-NOW o: upon

Recommended value for canal
low content of fine sediment
in the water,

05
Average particle diamet:

Fic. 7-10. Recommended permissible unit tract
material. (U.S. Bureau of Reclamation.)

canals [37], values converted from
verry and by Fortier and Scobey
As a result, values of permissible -
design were developed as follows

! The plasticity index is the differ
and liquid limit in Atterberg soil tests.
Bureau of Reclamation 2s 2 soi
to scour for cohesive ma
taken tentatively as the 2
forces below this value. ]
index is above 7. R




Fairly
compact |Loose

03040506 41215 2
Voids ratio

e forces for' qanals in cohesive material as converted
lissible velocities.

ed (1) for canals with high content of fine

or e?,nals with low content of fine sediment in
with clear water.

data 'b.ased on conversion of permissible
e ‘and given in Table 7-3 and Fig. 7-11 are

o

mentioned above refer to straight chan-

ﬁtl\ugas should be lowered in order to

tages of reduction, suggested by

anals, 259, for moderately sinu-

. ;q,ﬁpéars stable.

ofect should be consids

negligible, and the effect o
griterion sufficient for design.
section, however, will depend on o
Tions. The analysis for tractive for
example:

% 7-4. Design a trapezoidal channel lai
a discharge of 400 cfs. The channel is to be exca
Joidal coarse gravels and pebbles, 25% of which is 1.25
ning’s n = 0.025. :
Solution. For trapezoidal channels, the maximum uni!
ing sides is usually less than that on the bottom (Fig. 7-
controlling value in the analysis. The design of the channel
(@) the proportioning of the section dimensions for the
on the sides and (b) checking the proportioned dimensic
tractive force on the bottom. b
a. Proportioning the Section Dimensions. Assuming side
a base-depth ratio b/y = 5, the maximum unit tractive fc
(Fig. 7-7) is 0.775wyS = 0.775 X 62.4 X 0.0016y = 0.078y Ib
Considering a very rounded material 1.25 in. in diameter, the &
7-9) is 6 = 33.5°. With 6 = 33.5° and z = 2, or ¢ = 26.5°, the
by Eq. (7-11) is K = 0.587. For a size of 1.25 in., the p
a level bottom is 7z, = 0.4 X 1.25 = 0.5 1b/ft* (same from
sible tractive force on the sides is 7, = 0.587 X 0.5 = 0.2941b/i
For a state of impending motion of the particles on side
y = 3.77 ft. Accordingly, the bottom width is & = 3.77
trapezoidal section, A = 99.5ft2and R = 2.79ft. Withn
the discharge by the Manning formula is 470 efs.
that, for z = 2 and b/y = 4.1, the section dimensions are y
and that the discharge is 414 cfs, which is close to the desi
Alternative section dimensions may be obtained by

- ~side slopes.

b. Checking the Proportioned Dimensions. With
unit tractive force on the channel bottom (Fig.
3.82 X 0.0016 = 0.370 lb/ft?, less than 0.5 1b/ft?
force on the level bottom. i

1 Typical average earth sections of irn

proposed by the U.S. Bureau of Reclamat
the basis of economy and stability, are give!
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he boundary open channels can be broadly
hannels and (i) mobile boundary channels.
ich the boundary is not deformable in the sense
s magnitudes are not functions of the flow :
lined canals, sewers and non-erodible 2 time average o
_stress distribution will be such that indicate a constant d ]
s place in the channel and the channel characteristics the ﬂow‘.l oul
y constant with respect to time. The > rigid of the ripples were to be
to e only one degree of freedom; for a given . surface is warranted. S
ly change that may take place is the depth of flow which - respect to time may be ap|
,’time depending upon the nature of the flow. This book y short time intervals. |
with the study of rigid boundary channels. - Flood flows in rivers
ove, we have many unlined channels in alluvium—both ‘ examples of unsteady flows. Un
s and natural rivers—in which the boundaries undergo ‘ analysé than steady flows. Fort
problems encountered in practice
obtain meaningful results. A subst
o state flows and only a few re
ols are classified as mobile-boundary channels. The resistance | are presented in Chapter 10.

 of sediment transported, channel geometry and planiform, all | ~ .
ﬁm and Non-uniform Fle

If the flow properties, say the
constant along the length of e ch
corollary of this, a flow in wh

is termed as non-uniform floy

en channel not only the depth of flow but also the bed width,
slope and planiform (or layout) of the channel may undergo
with space and time depending on the type of flow. Mobile-boundary
isually treated under the topic of sediment transport or sediment
L2 artract considerable attention of the hydraulic engineer and their A prismatic channel carry
es a major area of multi-disciplinary interest. ‘ , an example of uniform flow (
boundary channels are dealt with briefly in Chapter 11. The be constant along the channel |
est of the book is confined to rigid-boundary open channels only: to the bed. It is easy to see |
stated, the term channel is used in this book to mean the - impossibility and hence the &
channels. ‘ flow,
Flow in a non-prismatic
ION OF FLOWS & ~ prismatic channel are examj
~ ' or unsteady.




Sudden drop
of gate
from 1 to 2

.1 Various types of open channel flows
(a) Uniform flow
(b) Gradually-varied unsteady flow
Rapidly-varied unsteady flow
) Spatlally-varied flow

spﬂlway
canal (Fig. 1’7(@ )
RVF. .

added to or taken out o

time interval is conserved in

discharge is constant at all -

abstracted from the system |

varied_flow (SVF). :
SVF can be steady or un

being steady—varies along th

is an example of steady SVE

due to rainfall, known as overl

SVE.__

Classification Thus open cha
identification and analysis as fo

Fig. 1.1 (a) through (d) sha S
of flows

Open
channel-
flow
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.2 Velocity distribution in open channels:
- (a) Naturalchannel
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- © Trapezoidg Channe|

. B ' I*
EC =yC +‘c\‘r i :

Since by Eq. (2.4a) Q; S A

- -
T
v .

el S (2.0 + y)y.
- S.Oj_Ying by trial and error, ’}’c
' (d) Circular Chanpey

E =y +2

21,

By non the diameter p.

-dimensionalising with respect to
2
ICNT N
200Dy, BT is - L4
lﬁmm Table 2A.1, values of (AC/DZ) and (T /D) for a chosen QCID) are read and
L =5 a trial and error procedure is adopted to solve for Y/D . 1t is found that

%c =069 and y =069x150=1025m

r'l". TE———

=

bts of specific energy and critical d'epth.’are extremely useful m.ﬂw-
blems connected with transitions. To 1llusufat§ the
ansi ions in rectangular channels are presented




Recollecting the variou:
level remains stationary at
AZ reaching a minimum v.

' | increase in the value of AZ, i,
vater surface will drop due to a decrease e :
water surface which wa D at cp " = ;

\ﬂm ws]” b - The variation of ¥, and y
will be given by “noticed in Fig. 2.11.

N S s e

L5
¢

Ve !

O = const.

\M-l/l Variation of y, a

(b) Supercritical Flow

If y, is in the supercritical flo
Specific ; ,
energy

m for Fig. 2.9




6f helght 0. IOm is proposed to be b
water sprface. Neglect the energy loss.

2.40 m’/s/m




CIrov at capts s v J
Crgy at section 2 = E, =F
B Loy =0,

t the new specnﬁc energy at the upstream secfi n-
By =B Az |
2 : :

= 1.256 + 0.500 = 1.756

2.4)2 -
) = 1756

j W . (R
/ Energy line after the placement of lhe hump ‘ﬁ‘ 5

» "7-"- --------------------------------------
ol

11 i,
ny N o 0
Y ol Qe = e o o i o o e = . —------.--',‘-' -

R \___Energy line without thehumpm s tﬂ‘
= : Watcrsugtam .
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Yet another c v that of flow dov n of a sharp-Cl
osen ‘;L on of t umaof‘-bhgaﬁ@ménWml :

eir, is chosen for tixg illustration of the us T
(seeFig 18). ‘i‘ﬁgﬂrspﬁég}ipdemeath thg falling»she.et ot%water}?? e :

)
1
t
!
{
:

i

| |

- Fig. 1.8 Momentum equation applied to the flow downstream

of a sharp-crested weir

essure of air in this area practically equal to the
atmospheric pressure. The depth of water in this pocket, &, can be
calculated from the momentum equation by considering the control volume
enclosed by the lines AB, CD and EF. Neglecting F; and F, and treating

ventilated to keep the pr

)

‘the channel to be horizontal, the momentum equation for this control
} volume becomes

;’ h?  pgh’ -
| ﬂ%l_ﬂ%—spUhahlﬂsmﬁ) (1.26)
Since the value of p is usually very small, sin p = 0. Thus Eq. (1.26) becomes

2U%h

h2 - h?=

}

i A
or L =v1+2 :
h (1.27)‘”&

s \)@ ‘Energy and Momentum Coefficients

4 y@locxty of flow remains constant over a cross-section only in the c
of cumlmear flow of an ideal fluid. The velocity varies over




Ml,:\‘:":_ ocit

annel of area A in which « is the velocity over an eléineii , ‘
can write the total kinetic energyas:

| 1
K.E.=LpudAu2/2=§Lpu3dA X T

‘The ratio between the kinetic energy calculated using Eq. (1.28) and the
 kinetic energy calculated by assuming an average velocity U over the
- cross-section is denoted by a called the energy correction factor. Since the

kinetic energy on the basis of an average velocity over the cross-section is

Egs. (1.28) and (1.29) give
SE
- ,% ¥ ('z'ij) A (1.30)

If the flow is two-dimensional as in & wide rectangular channel, A = Bp

and dA = Bdy, y being the distance from the bed. Accordingly, Eq. (1.30)
reduces to

3
1 A/(u

- ). 5) dy (1.31)

If a and U are known, the true kinetic énergy may thus be computed as
o » 1 | f -
| ag oUPA |

One can integrate Eq. (1.30) or Eq. (1.31) and find o

known as an algebraic function of y. When such a simple law does not exist
(or is not known), the results of actual measurement may be used to
evaluate ¢ graphically as shown in Example 1.1. Once the value of a is
known for a particular flow the kinetic energy may be evaluated from

Eq. (1.29) after inserting « in this equation. Thus the energy equation
mes

if the velocity u is

hi+a o h i (1.32)
1 1-257*'21‘ 2+0‘2-2E+Z2+EL i

E=h+a% (Lagx g

nomentum flux of a mass rate of flow m at a constant velocity U is
case

the velocity varies over the cross-section one can write the
flux as :




| .y
)
)

| .;_1. --riiull'h 1 ‘y-" i‘ I
2 -.. e ﬁ‘xfa (U) -
~ and for two-dimensional flow

) |
o1 f u
 Bquations (1.36) and (1.37) can be integrated (graphically 2 ot_h wise)
for a known velocity distribution and B evaluated; the mc;;lenAusm :hx -
then be computed from a known average velocity as ppU”A. As such, th e
momentum equation can be written in the modified form 2
(1.38)

IF, =BpQU: - B,pQU,
. 1.0. It is obvious that when there

It can be seen that invariably a > § > . y
is marked variation of velocity over a cross-section, o and p are consider-
the values of a and f in laminar

ably larger than unity. For that reason :
han in turbulent flow. Even In the case of

flow are generally larger t .
turbulent flow, high values of a and § may be obtained in odd-shaped
in one part of the cross-section.

channels or when the flow is concentrated
But generally speaking, a and f in turbulent flow are of the order of 1.10

" and 1.05 (or even less) respectively and it is customary to assume these to
’ be unity in a majority of problems. Interestingly, measurements® in curved
irrigation canals of trapezoidal shape have revealed values of a and § in
the foregoing range only. Unless otherwise mentioned, the assumption
that a = p = 1.0 has been made in the chapters to follow. |

\)%mple 1.1

The following velocities were measured at the centre line of a very wide
rectangular channel of depth equal to 120 mm. Find U, o and .

dﬂ,‘)y 0 30 100 150 200 400 60.0 80.0 1000 1200 |
mm - |

]

g \héa\’ mis 0




loci ' distribution in a wide rectangular chann 2
e RS el may be approx-
ed v_’t}le equatl'on = O4+0.6y/h m/s. Find B a'ant ﬂ{fh e fl()}r;

h

U-h oudy=-1—j;(0.4+0.6y)dy

- =[04y 40622 —07
 U=07mfs

5 1 1 '
- 654_3]; (0.4°+ 0.6%° + 3 x 0.4 x 0.6%% + 3 x 0.42 x 0.6y) dy

:;'

1
. bfslzg J, 0.064 + 0.216y" + 0.432" + 0.288y)dy

A

, 0216 0432 0.288
4 gy










the
indt?mhv.; o o
Mlnl:.ﬁnd.va,

Mh.ngul ar channel 1.0 m wide
'Vof 1.5 m/s. Find the state of flow, v = 1 “l;’;l:‘pﬁ °"'
wving velocities were measured d

ownstream of m
1. Find a and B at this section, S »
A B C D

3 ] 1 E F G (
) A : I | ! ! | a2
y ' | | I ] 4
E : 1 ! | | | ] | ,
¢ y ! ] I I I y
I I I | |- b l

) . 1 l ] | |

R S SR S e (O T s T T T e s
. " 8x0.10m —

Distance from Velocity, m/s
moad mm 2.0 50 80 100 200 300 500 100.0 195.0
| SectonA 040 043 048 051 053 056 059 062 065

- SectionB  0.53 060 0.65 068 070 074 078 o081 0.85
,SeoﬁonC 061 067 071 075 079 081 084 090 093
| SeconD 068 073 080 084 087 089 090 0.97 1.00
SecionE 061 067 071 075 079 081 084 090 093
‘SectionF 053 060 065 068 070 074 078 081 0.85
040 043 048 051 053 056 059 062 065

State whether the following flows are steady or unsteady and uniform or
~ nonuniform:

(@) River flow around a bridge pier.

- (b) Flow in a long, prismatic irrigation canal,

(e) Movement of water around a boat in a lake.

2

“niform flow of an ideal fluid on a sloping channel is impossible. Why?
y is the flow necessarily nonuniform in a channel ofda:;o ::i:;i:? 4
followi were measured on a wall. Find the force i
th pfthx:g\f:lel?;\:z:um coefficient at the base of the wnlltn orce 1z
S8 of the hydrostatic value. } BN T .




1 foro leads to the

? erldﬁmdtagmmeMt ‘is ide:
ek mayagalnbesubdividedi
gl v 0 nto the lift

only this approach is discussed.

Critical tractive force approach

ear stress on the bed of & an open chann ich the
7 .L.._._b.ng___Q__move 1s called the critical tractive stress.
was the first to give a semi- theoretical analysis for the determina-
e critical trac—nmme‘most . commonly used
he details of his analysis are presented below.
‘derm.g_gartlc;&sg_f_sxz.e_d_and,gf_ ass density p, in a fluid of mass

y p, the force required to move the particle F; may be wrltten as
; F.=Ag(p,-p)ds= =Aiglp, d® \ T — (3.1)

‘inwh ch Ap,=p,-pandA4, isa coefficient : depending on the  particle shape
and angle of internal friction. The fluid drag on the partlcle F, may be

ﬂ@' @ias - TR
- S Al

in which «, is the velocity at the top of the particles,. C is the drag
M -
gﬁiment at the Reynolds number corresponding to u, and A2 1s s a _coe;fﬁ-
cient depending on the particle shape. From the laws of veloclty distribu-

tion,
e \}—* K%g:‘=f1 (uvdl Mw&f’” r_@" &

I which u, is the shear velomty = \/1:0/ p and v is the kinematic viscosity
ft ﬂllld Smce Cpisa functlon of u,d/v, it follows from the gbgve

Fa=fa<f’—d>( e =

gt above value of F, toF, inEq.(3.1) under the critical condition
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vlro A0ean

y 9{ ,f')‘ﬁm” in e

i Eoi-s using sedimert ofdlffelfent
v n Fig. 3.1, The data justi :
um uély related to R?. Since R! is PI‘OPOI‘tme
> ¢ ent size to the laminar sublayer th_l‘ikm!},"js
> an -mdxcatlon of the type of boundary The boull)xec ary 1$~3" 1
~in’ilu% of RY. rstandablx thxefgre i t omes |
of R? at h@x_values of R}; at R? = 70, v’ remains const “'Laf.
"t*he boundm is smooth or in transxtlon T is a fu%log 0

‘bwnm Fig. 3.1. The bold line shown in Flg 3.1isthe relatlonshlp
) "e,f" : g o
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i Ugcd/v

- Fig. 3.1 Vain-Karanan curve for incipient motion condition

in and Karahan?, The relationshj roposed earlier by
of a relatively sma]jor amount of data is shown b

£+ L1 recommend thaas,b;éifaé"iio“ﬁ ip of Yalin an
" Lhe determ lono t ecrltxcal tractlve stress

CArTiy outusm Flg 3lonl b t
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173
. _[Ap, i, \ |
] e v s
ing different values of R, ©' may be read from Yalin-Karahan |
ion shown in Fig. 3.1 and Eq. (3.4) used to calculate R!. Figure 3.2
a plot of . against R} based on such calculations. Since Rlisa

own quantity t! can easily be read from Fig. 3.2 and hence t, calculated

in the followmg example; obviously the boundary will be moving
e shear stress on the bed is equal to or greater than t_. b

depth of flow at which sediment of 1 mm diameter starts moving
n a wide rectangular channel set at a slope of 10™. (Relative density of
liment = 2.65 and v = 10-° m%s.)

..‘ : 198 (Ap.)lfs g:;f;i
. y 5
e p

2650 - 1000\ (9. 8)"3x1x10‘?,
(o) o

. w gx:?'
N AN _ N “.

A 1 .“ /Ty
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L APs )1/3 g 1/3d
Ry '( I .23

9. 3.2 Modified form of Yalin-Karahan curve

h x 10 = 0.565
h=0.575m
al moves at a depth of 0.575 m.

motion. Dependi




¥ _dV (3.0x 1098

| ™, =956 “- 25 6 =0.0148 |
i _ 1/3 :
R = Ap,\ g'd ¥ (1.65)'3 x (9.8)"3 x 3x 10°*
1 p v2/3 i (1’0-6)2/3
=75.7

The corresponding value of t; from Fig. 3.2 is 0.045
1, = 0.045 gAp,d = 0.045 x 9.81 x 1650 x 3 x 10 = 2.19 N/m*
Takingt,, as 0.90 ¢, '

i = 1.97 N/m?

' Tp1
From Eq. (4.8)
: X tan? 0

| tan’ @ : ;
tanq>atan3l°-0.600,cose=7_§,tan6=§

K=cos8,/1

2 0.25
K= = \f1-735 = 04%
: v, = 0.494 x 1.97 = 0.973 N/m?

The rest of the computations are done in tabular form as shown below by
ues of B/h. The values of h in column 4 and U and

Qin columns 8 and 9 respectively are computed as shown at the foot of the

ble for one trial.

e

.
oy A .

5 6 7 8 s o} il
Bm A m® Am Ums Q’.“"%i»if

889 1452 0997 0.

.




s wi : UC CIIR

L ges g (0997 (1079
 =0666mk
U= 1452 x 0,666 = 9.67 m¥s

s of B/ are assumed and the computat ior.xs cal:ried out til]
ined in column 9 matches with the design discharge. I

 h=12TmandB=4064m

st efficient section

ment particles at some locations of the trapezoidal section dis.

ove are practically under the incipient motion condition; at other

ns, the shear stresses are smaller than those required to cause

1 to occur. Obviously the most efficient cross-sectional shape in the

1t case is one in which the particles are at the incipient motion
on all over the periphery rather than over a part of the periphery.
ning tha:t the tractive stress at a section is proportional to the local

h and using an analysis similar to the one discussed in Sec. 43.],

i‘ sl P(‘)xl:): gnmd that the shape of the most efficient section is

hi=h -4 '
i o2 (h tan ‘P) (4.10)




