


Open channels

» An open channel is one in which the stream is not completely
enclosed by solid boundaries and therefore has a free surface
subjected only to atmospheric pressure.

» The flow In such a channel is caused not by some external head, but
rather only by the gravity component along the slope of the channel.
Thus open-channel flow is often referred to as free-surface flow or
gravity flow.

»For convenience in dealing with large channel systems, they are
often divided into reaches. A reach is a continuous stretch of a
waterway, often chosen to have reasonably uniform properties like
cross section, slope, and discharge.



Reynolds number in open channels

Open-channel flow is usually fully rough; that is, it occurs at high
Reynolds numbers. For open channels the Reynolds number is
defined by Re = R,v/v, where R, is the hydraulic radius. Since R, =
D/4, the critical value of Reynolds number at which the change
over occurs from laminar flow to turbulent flow in open channels is
500, whereas in pressure conduits the critical value is 2,000.
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Uniform flow

»Uniform flow means that the water cross section and depth remain
constant over a certain reach of the channel as well as over time. This
requires that the drop\in potential energy due to the fall in elevation
along the channel be exactly that consumed by the energy dissipation
through boundary friction.and turbulence.

» The depth in uniform flow is commonly referred to as the normal
flow, y,
»Uniform flow is an equilibrium condition that flow tends to if the
channel is sufficiently long with constant slope, cross section, and

roughness. - -—

Figure 10.1
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Figure 10.1
Steady flow down a chute or spillway.

TABLE 10.1 Combinations of One-Dimensional Free-Surface Flows

Type of flow Average velocity Depth
Steady, uniform V = const. y = const.
Steady, nonuniform V= V(x) y = y(x)
Unsteady, uniform V= V(t) y = y(t)

Unsteady, nonuniform V=V(xt) y = ylx, t)




Uniform flow

In uniform flow (Fig. 10.3) the cross section through which flow
occurs Is constant along the channel, and so also is the velocity.
Thus, y; =y, and v; = v, and the channel bed, water surface, and

energy line are parallel to one another. Also, S\, = S, = -Az/ AX = tan
0, while S = h /L = sin 8, where 0 is the angle t ed makes

with the horizontal.
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Figure 10.3
Uniform flow in open channel.



Consider the short reach of length L along the channel between stations 1 and 2 in
uniform flow with water cross section of area A (Fig. 10.3). As the flow is neither
accelerating nor decelerating, we may consider the body of water contained in the
reach in static equilibrium.

Summing forces along the channel, the hydrostatic-pressure forces F, and F, balance
each other, since there is no change in the depth y between the stations. The only
force in the direction of motion is the gravity component, and this must be resisted
by the average boundary shear stress t,, acting over the area PL, where P is the
wetted perimeter of the section. Thus

YAL sin @ = T,PL

But sin 6 = h, /L = S. Solving for 1, &fe\have
(10.4:

2 A
To = TF-S — TRJ,S
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Figure 10.3
Uniform flow in open channel.




where R,, Is the hydraulic radius and for most slopes (with 6<5.7°) S,
may be taken as equal to S. Substituting the value of t, from Eg. (8.8)

and replacing S with S,

- 1
L V T, = Y=S = YR,S

To = Cp -,_ = YR, S, P
This may be solved for v in terms of either the friction coefficient Cy
or the conventional friction factor f [Eq. (8.11)] to give

v',) o

R 8g
V = \ Z [(;‘.‘S“ - \ _; 1(;..5“ ( l()S)



Chezy equation

Antoine de Chézy (1718-1798), a French bridge engineer and hydraulics

expert, proposed in 1775 that the velocity in an open channel varied as
R,S,. This led to the formula

V = CVR,S, (10.6)

which is known by his name. It has been widely used both for open channels
and for pipes under pressure. Comparing Egs. (10.6) and (10.5), it is seen that
C = V38g/f. Despite the simplicity of Eq. (10.6), it has the distinct drawback
that C is not a pure number but has the dimensions L'>T~!, requiring that
values of C in SI units be converted before being used with BG units in the
rest of the formula.



Mannings formula

One of the best as well as one of the most widely used formulas for
uniform flow In open channels is that published by the Irish engineer
Robert Manning (1816-1897). Manning had found from many tests

that the value of C in the Chézyformula varied approximately as R,ll/ °
and others observed that the proportionality factor was very close to
the reciprocal of n, the coefficient of roughness in the previously
used, but complicated and inaccurate, Kutter formula. This led to the
formula that has since spread to all parts of the world. The Manning
formula is

| ] 2
V(imls) = ;;R,,“‘3SO”2 (10.7a)



Specific energy and alternate depths

For any cross-section shape, the specific energy E at a particular section is
defined as the energy head referred to the channel bed as datum. Thus

E=y+a— (10.16)

where « is the kinetic energy correction factor (Sec. 5.1), which accounts for
velocity variations across the section. Friction at the channel walls reduces
velocities near the wetted perimeter, as indicated in Fig. 10.7 for which
a = 1.105. As noted in Sec. 10.4, the value of « is usually assumed to be
unity; for typical velocities this results in only a small error in E.



Specific energy and alternate depths

For rectangular channels, provided they are not unusually narrow so that
a is large, a representative average value of the flow ¢ per unit width can be
expressed as g = Q/b. The average velocity V = Q/A = gb/by = q/y
and so Eq. (10.16) with @ = 1 can be expressed as

g (10.17)
28



Let us consider how E will vary with y if g remains constant.

5 | g° q°
E=y+ 22 17 (E—y)y* = =— = constant (10.19)

A plot of E vs. y Is hyperbola-like with asymptotes (E - y) = 0 (that is, E
=y)and y = 0. Such a curve, shown in Fig. 10.12, is known as the
specific energy diagram. Actually each different value of g will give a
different curve, as shown in Fig. 10.12. For a particular q, we see there
are two possible values of y for a given value of E. These are known as
alternate depths. Equation (10.19) is a cubic equation with three roots,
the third root being negative has no physical meaning. The two alternate
depths represent two s3]
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Figure 10.12

Specific-energy diagram for three constant rates of discharge in a rectangular
channel. (Bed slopes are greatly exaggerated.)



The two alternate depths represent two

totally different flow regimes—slow and deep on the upper limb of the curve
and fast and shallow on the lower limb of the curve. Point C represents the
dividing point between the two regimes of flow. At C, for a given g, the value
of E is a minimum and the flow at this point is referred to as critical flow
The depth of flow at that point is the critical depth y. and the velocity is the
critical velocity V.. A relation for critical depth in a wide rectangular channe
can be found by differentiating £ of Eq. (10.17) with respect to y to find the

value of y for which E is a minimum. Thus =4 BT
dE qz e 28 y?
==l = (10.20
dy gy’
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Figure 10.12
Specific-energy diagram for three constant rates of discharge in a rectangular
channel. (Bed slopes are greatly exaggerated.)



dE q°

e (10.20
dy gy’ ‘
and when E is a minimum, y = y. and dE/dy = 0, so that
q2
PRl == Son g Sy (10.21
gy
Substituting g = Vy = V_.y. gives
—7 2 3
V'=0/A=qb/by =q/y|=> V? = qz = gyz = gy
V2 = gy.  and V.= Vegy. =1 (10.22)

Fioure 10.12



where the subscript ¢ indicates critical flow conditions (minimum specific
energy for a given q).

EquatioAn/ (10.22) may also be expressed as

V.=V =1
" — g @ . 3 'RE
gyc =_:>gyc=—2:>q :gyc :>yc= - 1023
Ye Y. g
From Eq 10.22 V. =+/9Y. =V, =0y,
v, gy, 1
20 2g _EyC\ 10.24
v 1 3
E = = —L = — = — .
Hence =E_.. =y + 2 y, + 5 Y, 5 Y, 10.25
2 2
And Y. ZEEC =§Emin 10.26

The discharge is a maximum when y = y,, as indicated on the discharge
curve of Fig. 10.13b. An expression for g,., may be obtained by substituting
E = 1.5y, from Eq. (10.28) into Eq. (10.27), to obtain

Gmax = VgV (10.29)
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Subcritical and supercritical flows

In Sec. 10.9 we referred to the upper and lower portions of the specific-energy
diagram (Fig. 10.12) and the discharge curve (Fig. 10.13). The upper limb of
those curves, where velocities are less than critical, represent subcritical (also
known as tranquil or upper-stage) flow, while the lower limb of the curves
where velocities are greater than critical represent supercritical (also known
as rapid or lower-stage) flow. We discussed how to identify the critical point
separating these two portions in Sec. 10.9.

The slope required to give uniform flow at critical depth (y, = y.) for a
given discharge is known as the critical slope S.. Note that S, varies with
discharge. We obtain an expression for the critical slope of a wide and shallow
rectangular channel (R, = y) when we combine Eq. (10.23) for critical flow
with Eq. (10.18) for uniform flow, eliminating g as follows:

Wide and shallow, b ( n )2 g

BG units: 3 1.486/ yl~° (10.30)
Substituting for y, from Eq. (10.23), this can also be written as

Wide and shallow, o ( n >2 glo?

BG units: Se = 14867 g (10.31)

When using SI units, we simply replace the 1.486 by 1 in these equations.



If the bed slope S, > S., the slope is known as a steep slope for the given
discharge. Normal depth for uniform flow on such a slope will be less than
critical depth and hence normal flow will be supercritical. In contrast, if
S,<S., the normal depth will be greater than critical and normal flow is
subcritical. Such a slope is referred to as a mild slope. By referring to Eq.
(10.30), we see that the hydraulic steepness of a channel slope is determined
by more than its elevation gradient. A steep slope for a channel with a
smooth lining could be a mild slope for the same flow with a rough lining.
Even for a given channel with a given boundary roughness, the slope may be
mild for a low rate of discharge and steep for a higher one.

It may be recalled that the Froude number (Sec. 7.4) is defined as
V/VgL. If for rectangular channels the depth of flow is used to represent the
significant length parameter in the Froude number (that is, F = V \/5;), we
find by comparing this with Eq. (10.22) that the flow is criticalif F = 1.0, the
flow is subcritical if F < 1.0, and the ﬁgw is supercritcal-if F > 1.0.




Table 10.2

Characteristics of subcritical, critical, and supercritical flow in rectangular channels
—

Characteristic Subcritical Critical Supercritical
qz 1/3
Depth of flow, y y =y = (—g—) y<y.
Velocity of flow, V V=¥ =V TSE
Slope for uniform Mild slope Critical slope Steep slope
flow, S, So = S. So =8
[Eq. (10.30)
if wide and
shallow]
Froude number,
e g F =10 F>1.0
Vey Vgy’ : '
Disturbance Will propagate Will hold fast, Will form
waves not propagate standing wave
(Sec. 10.20) directions upstream with sin B8 = ¢/V
downstream only
Velocity head PRy V'Y
; — = = — > =
compared with 2e""2 % 2
half-depth
Can be followed by No Yes

a hydraulic jump?
(Sec. 10.16)
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Occurrence of critical depth
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Figure 10.9 Broad-crested weir.



Occurrence of critical depth
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Hydraulic jJump

By far the most important of the local nonuniform-flow phenomena is that
which occurs when supercritical flow has its velocity reduced to subcritical.
We have seen in the surface profiles of Fig. 10.20 that there is no ordinary
means of changing from supercritical to subcritical flow with a smooth
transition, because theory calls for a vertical slope of the water surface. The
result, then, is a marked discontinuity in the surface, characterized by a steep
upward slope of the profile, broken throughout with violent turbulence, and
known universally as the hydraulic jump.

el




Hydraulic jJump
The specific reason for the occurrence of the hydraulic jump can perhaps
best be explained by reference to the M; curve of Fig. 10.20. Downstream of
the sluice gate the flow decelerates because the slope is not great enough to
maintain supercritical flow. The specific energy decreases as the depth
increases (proceeding to the left along the lower limb of |the specific-energy
diagram, Fig. 10.12). Were .ths condmon to progress unti the ﬂow reached

critical depth, an »us*f,'ﬁiéfi’\'_‘ S as the depth
increased from the critical to the flow depth down tream But this is
a physmal lmposmbﬂlty. refore the Jump forms before the necessary

energy is lost.
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Figure 10.12
Specific-energy diagram for three constant rates of discharge in a rectangular
channel. (Bed slopes are greatly exaggerated.)






A hydraulic jump is a phenomenon in which fluid flowing at a supercritical state will

5
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Derivation of formula for conjugate depths-Method A




Derivation of formula for conjugate depths-Method B

Applying the momentum equation in the x- direction

> F, = pQ(Av)

\
Z FX% -P,A, = 'Ogyl Y, — 'ngy2 Y, per unit width

PR(AV) = pvi (=AV;) + pV, (A,

= oV, (=VY,v,) + oV, (—Y,V,) per unit width
P, _ PIY,
2 2

Y, = PV (=Yvy) + oV, (=Y,Y,)




Derivation of formula for conjugate depths-Method B

ngyl Yi— 'ngyz Yo = AV (=YV) + oV (= YoVs)
%(y - Y, )zp(V22y2 _Vlzyl)

g
%()ﬁz — yzz): g(vzzyz _Vlzyl)

1 1

E(Yf — Y22): a(vzzyz _V12 yl)

From the continuity equation v,=v,y,/y,. substitute this into 5 and
simplify

R

V.’ 2
oM _ [ﬁj L2
)% Y1 Y1

5



Derivation of formula for conjugate depths-Method B

The term on the left hand side of eqn 6 will be recognised as being twice Fr{. Hence
eqn 6 is written as

(E)z + (E) — 2Fr2 =0 7

By use of the quadratic formula and solving for y, /vy, in terms of upstream Froude
number, we obtain

y, =3y: (1 +8FrP)1/2 - 1) 8



Derivation of formula for conjugate depths-Method C













Energy loss In a hydraulic jump

The head loss h;, caused by the jump is the drop in energy from 1 to 2. Or
hy = E,—E; = (y, h —) 5 (yz + —) (10.47)

On Fig. 10.24 points e and ¢ on the specific energy diagram represent the
conjugate depths, and the horizontal distance between them (= cg = fh) is

the head loss. Replacing V by g/y anid using Eq. (10.45), it can be shown that
also
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Figure 10.24
Energy and momentum relations in hydraulic jump.



Applications of hydraulic jump

1. Scour protection

(@) Tailwater depth coincident with conjugate depth »,
causing jJump to form at toe of spillway

ii) "
N A ]
¥ 4

(b) Tailwater depth less than conjugate depth v,
but greater than critical depth

Figure 9-31 Effect of tailwater depth on the

(¢) Tailwater depth greater than conjugate depth character and location of a hydraulic jump.



Applications of hydraulic jump

Cow flow »ngh flow
i "\‘&,
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la) Horizontal apron

: : Figure 9-33 Typical scour-pro-
(d) Auxiliary dam tection works.




Applications of hydraulic jump

2. Where velocity of fluid has to be reduced



Best wishes for the exam,
without any turbulence, pressure
drag but with all the

buoyancy



