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Preface

As a young engineer in a river valley project,  had the opportunity for design-
ing a number of canal-regulating and cross-drainage structures. Flow transi-
tions had to be provided in all such structures for economy, and smooth flow
through the structures had to be ensured. Cylindrical- and elliptical-type
transitions were usually provided. Flow characteristics in plain eddy-shaped
expansive transitions of different lengths were studied in subcritical flow
as my dissertation topic at Indian Institute of Technology (IIT, Kharagpur).
It was noticed that the flow always separated from the boundary resulting
in poor hydraulic efficiency and nonuniform velocity distribution at the
exit. Further investigations on subcritical flow transition were carried out
in my PhD study under the late Professor J.V. Rao at IIT, Kharagpur, with
the objective of improving the flow condition in a short straight expansion.
Appurtenances such as triangular vanes and bed deflectors were used in
controlling flow separation. At Delhi College of Engineering (now, Delhi
Technology University), several appurtenances were developed through
experimental investigations as part of research schemes sponsored by
Council of Scientific and Industrial Research (CSIR), Department of Science
and Technology (DST), All India Council of Technical Education (AICTE),
etc. under Government of India. In February 1991, I was offered visiting
professorship at Ecole Polytechnique Federal, Laussane (EPFL), Lausanne,
Switzerland, where I had the opportunity to investigate supercritical flow
expansion with Willi H. Hager who was at Versuchsanstalt fur Wasserbau
(VAW), Ecole Technical Hoscichule, Zurich (ETHZ), Zurich, Switzerland.

Flow Transition Design in Hydraulic Structures covers all types of flow
transitions: subcritical to subcritical, subcritical to supercritical, supercritical
to subcritical with hydraulic jump, and supercritical to supercritical transi-
tions. Classifications of transitions, various terms commonly used, review
of past works, etc. are covered in the “Introduction” in Chapter 1. Chapter 2
deals with the characteristics of flow in different types of transitions.
Procedures of hydraulic design of flow transitions in different structures are
discussed in Chapter 3. Different types of appurtenances used to improve
efficiency and control flow separation for uniform velocity distribution at
exit of open-channel expansion and closed conduit diffusers are described
in Chapter 4. Chapter 5 discusses the illustrative hydraulic design of flow
transitions in some hydraulic structures.

I believe that experimental investigations with proper theoretical back-
ground offer a great scope in the hydraulic design of canal and river structures
for economy and improved performance.

xiii
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1

Introduction

1.1 Definition

Transitions may be broadly defined as that portion of a nonuniform chan-
nel undergoing a change in the normal prismatic section. In open channel
and closed conduit flows, there are situations when the normal section of
flow is to be restricted. In falls, aqueducts, siphons, super-passages, bridges,
and flumes, and in many other similar hydraulic structures, the original sec-
tion of flow is often reduced in order to economize the construction cost. In
another example, fluming of normal flow section offers an expedient device
for measurement of discharge in e.g. Parshall (1926, 1950) flumes, critical flow
meters (Mazumder & Deb Roy, 1999), and Venturi meters (Mazumder, 1966a).
All flow transitions bring about a change in depth and mean velocity of flow.
To smoothly guide the flow from the normal wider section to the contracted
narrow section (also called flumed section or simply flume), it is customary
to provide a pair of transitions known as inlet or contracting transitions.
Similarly, a pair of outlet or expanding transitions is provided to connect the
flumed contracted section to the normal wider section to ensure smooth flow
conditions. Figure 1.1 illustrates schematically the inlet and outlet transitions
and flumed section in a weir with mean width (B) at entry, flumed width (b),
depth of flow (y,) at entry, critical depth (y,) at flumed section, upstream spe-
cific energy of flow (E;)), downstream flow depth (y,), downstream specific
energy (Ep), and different head losses (H,).

1.2 Necessity

Transitions are useful for reducing loss in head and to ensure that the
flow in the flumed section is smooth without any undue disturbances in
flow upstream and downstream of transitions. In unlined canals, if suit-
able transitions are not provided, the vortices created at the entry and
exit of the flumed section create not only head losses but also lead to flow
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FIGURE 1.1
Inlet and outlet transitions and flumed section in a typical weir with hydraulic jump indicating
head loss at entry (Hy;), head loss at exit (H,,), head loss in jump (H,;), and total head loss (XH,).

nonuniformity resulting in nonuniform distribution of velocity and scour-
ing, which requires costly protective measures. For example, when the nor-
mal waterway is restricted under a bridge (Mazumder et al., 2002) or in an
aqueduct to economize the cost of construction of the bridge or the aqueduct,
it is obligatory to provide suitable transitions at the entry and exit of the
structure to reduce head losses and scour. The more the loss in head, the
higher the afflux, which creates a lot of problems such as sediment deposi-
tion, nonuniformity of flow, and flow instability, thus requiring additional
protective measures such as guide bunds, embankments, spurs, and pitch-
ing, which are expensive. Proper transitions ensure that the flow is normal
within the flumed section, inside and outside the transitions. In an intake
structure of hydropower plants, if suitable transitions are not designed, there
will be a lot of problems such as vibration and cavitations, which will affect
the performance of the power plant including its ultimate failure or reduc-
tion in life and high maintenance cost. In the desilting devices for hydroelec-
tric plants, suitable transitions at entry and exit improve the performance
of the structure ensuring greater efficiency and elimination of objectionable
sediments causing damage to the water conductor system, turbines, and the
diffusers.

1.3 Classification

Owing to the diversity of functions which hydraulic transitions are made to
serve, a satisfactory scheme of classification is beset with many difficulties.
In order to arrive at a general grouping of the various types of transitions, it
is better to first discuss a few of their functions:
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i. Metering of flow e.g. in weirs, gates, venture-type flumes, and stand-
ing wave flumes

ii. Energy dissipation e.g. in drop structures
iii. Reduction of flow section e.g. in aqueducts and siphons
iv. Reduction of flow velocity to prevent scouring e.g. in flow diffusers

v. Increase of flow velocity to prevent shoaling e.g. in river training
devices

vi. Minimization of head loss in order to reduce afflux e.g. in bridges
and culverts

vii. Minimization of head loss e.g. in power canals and conduits so that
the power plant has more output of energy.

Generally speaking, flumes may be divided into two main classes, which are
described as follows:

Class I: Flumes with free water surface open to atmosphere with open-
channel transitions.
Pressure on the surface is constant and more or less hydrostati-
cally distributed varying along the depth with maximum pressure
near bed.

Class II: Flumes with sealed water surface where roof is under pressure
with closed conduit transitions such as confusers and diffusers.

Class I open-channel transitions can be further subdivided into the follow-
ing three groups as per geometry of transition:

a. By changing width without changing bed level i.e. change in hori-
zontal planes only. Venturi-type flumes, aqueduct transitions, etc.
fall under this category.

b. By varying bed level without changing width i.e. change in vertical
planes only as in case of weirs, spillways, etc.

c. By simultaneously varying both bed width and bed level i.e. change
in both horizontal and vertical planes (Figure 1.1). Transitions in case
of standing wave flumes, siphons, siphon aqueducts, etc. belong to
this category.

Class I transitions may be further subdivided according to flow regimes in
open channel, namely, subcritical and supercritical flow, as follows:

i. Transition from subcritical to another subcritical flow as in aqueduct
and siphon

ii. Transition from subcritical to supercritical flow as in weirs and
spillways
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iii. Transition from supercritical to subcritical flow with hydraulic jump
as in energy-dissipating structures.

iv. Transition from supercritical to supercritical flow without any
hydraulic jump as in chutes

Theoretically, it may be possible to convert one supercritical to another
supercritical flow without any jump by providing a streamlined hump on
the floor (Abdorreza et al., 2014). But such design is valid for one given flow
only. As the flow changes, there is hydraulic jump due to boundary layer
separation.

Class II transitions in closed conduits without any free surface are popu-
larly used in pressure flow through pipes to reduce loss in head. For exam-
ple, in orifice-type flow meters with abrupt contraction and expansion, the
loss in head is extremely high. But in venture meters, well-designed inlet
transition and provision of long diffuser appreciably reduce head loss and
ensure a stable non-fluctuating flow through the pipe unlike an orifice meter
in which a lot of fluctuations occur making the meter prone to more error
due to error in measuring the differential head which is a function of flow.
Similarly, a well-designed draft tube in a reaction-type turbine helps in
increasing the net head on the turbine and improving its efficiency. Desilting
chambers provided in head race tunnel (HRT) of hydropower plant will be
ineffective unless they are well connected with the tunnel by providing effi-
cient and well-designed transitions at the inlet and outlet of the desilting
chamber operating under pressure.

Because of the fundamental differences between open-channel transitions
with free water surface and closed conduit transitions operating under pres-
sure, they will be dealt with separately.

Yet another classification of transition may be made on the basis of geom-
etry of the channels and ducts:

i. Rectangular to rectangular
ii. Trapezoidal to rectangular and vice versa
iii. Circular to circular

iv. Rectangular and trapezoidal to circular and vice versa.

1.4 Contracting and Expanding Transitions
and Their Performance
As mentioned earlier (Figure 1.1), in a contracting transition, the bed width

of channel reduces, whereas in an expanding transition, the bed width
increases in the direction of flow. Flow regimes in the contracting and
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expanding transitions depend on the regime of approaching flow and will
be discussed in Chapter 2.

Contracting and expanding transitions with free water surface are pro-
vided to perform one or more of the following functions:

a. To minimize loss in head within the transition. The more the loss
in head, the more the afflux upstream. Too high afflux affects the
regime condition of the channel and needs extra heightening of
banks upstream. It causes submergence of areas lying upstream of
the structure.

b. To prevent flow separation from boundaries so that there is no
objectionable eddy generation within or outside the transition. Any
defective contracting transition leads to poor performance of the
expanding transition too following it. Objectionable scour and unsta-
ble flow may occur downstream if the transition design is improper.

c. To achieve normal and smooth flow conditions before, within, and

after the flumed structure and to avoid undesirable eddies, cross
waves, pressure fluctuations, and uniform flow conditions.

1.5 Fluming

When a canal or a road or a railway is to cross natural channel like rivers, it
is often found economical to restrict the normal waterway of either the canal
or the natural channel or both to economize the cost of construction. Flumes
made up of concrete or other materials are used for transport of water over
low-lying areas. The extent of restriction (Mazumder et al., 2002) of normal
waterway of the canal and the river i.e. fluming is governed by several con-
siderations such as economy, afflux and backwater reach, sediment deposi-
tion, flow stability, and cost of inlet and outlet transitions. The ratio between
the flumed area of flow and the original normal flow section is called the
fluming ratio. Further details about fluming and permissible fluming ratio
are discussed in Chapter 2.

1.6 Length of Transition

As indicated in Figure 1.2, transition length is usually measured axially from
the beginning to the end of the transition. Thus, the length of inlet or con-
tracting transition is the axial length from the entry i.e. the point connecting
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FIGURE 1.2
Transition shape and length (L) defined by an average sides play.

the normal channel with the transition to the point connecting the flume.
Similarly, the length of the outlet or expanding transition is the axial length
from the end of flume to the point where it ends connecting the normal chan-
nel section again. The axial length of transition is also sometimes defined by
an average side splay defined by the slope of the line connecting the begin-
ning and end of the transition as shown in Figure 1.2. Average side splay is
given by the relation

Average splay =L/[1/2(B, - B) |

where L is the axial length of transition, and B, and B, are the mean flow
widths of the normal and flumed channels, respectively. For example, if the
side splay for a transition is 3:1 with B, = 30m and B, = 15m (i.e. a fluming
ratio B,/B, = 0.5), the axial length of transition will be 22.5m.

1.7 Shapes of Transition

Transitions may be of different shapes: linear, circular, elliptical, parabolic,
trochoidal, wedge shaped, warped shaped with reverse parabola, etc.
Figure 1.3a and b illustrates a few transition shapes. Simplest transitions
are linear with straight side walls. In a wedged-shaped transition, a trap-
ezoidal channel is connected with the flumed rectangular section by a
straight line. In case of warped-type transition as in case of Hinds’s tran-
sition (Hinds, 1928), the side walls are curved and the water surface is
assumed to be made of two reverse parabolic curves tangent to each other
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at the midpoint of length connecting the normal and flumed sections
tangentially. It is difficult to construct Hinds’s warped transition and it
is costly too. However, Hinds’s transition is hydraulically more efficient
compared to a straight transition for the same length of transition.

Fo=VolNaYo

STRAIGHT LINE

lnvunawmaN

ABRUPT

FIGURE 1.3

(a) Isometric views of some typical transitions in open-channel flow and (b) plan view of
few contracting and expanding transitions: (i) cylindrical quadrant type, (ii) elliptical type,
(iii) trochoidal-type transition, and (iv) warped-type inlet transition and sudden expansion
followed by contraction at exit.

(Continued)
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(a) Isometric views of some typical transitions in open-channel flow and (b) plan view of
few contracting and expanding transitions: (i) cylindrical quadrant type, (ii) elliptical type,
(iii) trochoidal-type transition, and (iv) warped-type inlet transition and sudden expansion
followed by contraction at exit.
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1.8 Economics of Transition

It may not be necessary to provide transitions where the fluming is very
low i.e. fluming ratio (B,/B, in Figure 1.2) is very high. Generally, transitions
are required where the overall cost of the flumed structure and the transi-
tions is minimum. An economic analysis should therefore be made to decide
the extent of fluming to be made so that the total cost of the flumed struc-
ture and the transitions is the least. For example, when an aqueduct is to be
constructed to carry the canal across a wide river, fluming of a trapezoidal
earthen canal is absolutely necessary with the following objectives:

a. Reducing the cost of concrete flume

b. Connecting the earthen canal trapezoidal section with the concrete
rectangular trough or a metallic/concrete pipe (depending on the
flow magnitude) carrying the canal water above the river

In case the fluming is too high and proper transitions are not provided at the
entry and exit ends of the flume, problems e.g. afflux, backwater, and silt-
ation will occur upstream and scouring will take place on the downstream
side. On the other hand, if the stream to be crossed is a minor one, it may be
more economic to carry the canal in its normal earthen section and pass the
stream underneath the canal by constructing an inverted siphon aqueduct.
In such a situation, it is found more economical to flume the natural channel
to minimize the cost of barrel conveying the stream flow. Depending upon
the relative size of the canal and the stream as well as the relative elevations
of their bed and water levels, different other types of cross-drainage arrange-
ments are provided with transitions wherever necessary. If fluming of both
the canal and the stream is found economical, four sets of transitions—two
for the canal and two for the stream—will be needed.

Similarly, when a bridge is to be constructed over a river flowing in
wide flood plains, it is customary to flume the river by providing guide
bunds to reduce the bridge span for economy (Figure 1.4). Guide bunds
are transition structures connecting the bridge opening with the normal
river section. Excessive restriction (Mazumder et al., 2002) of flood plain
width not only increases the cost of guide bund but also leads to several
problems such as choking of flow resulting in very high afflux (Mazumder
and Dhiman, 2003) upstream and hydraulic jump formation and scouring
of river bed downstream. River may be unstable upstream due to siltation
resulting in widening and outflanking of the bridge (Mazumder, 2010). In
the absence of a suitably designed transition structure for proper diffu-
sion of flow, high-velocity flow will scour away bed and banks of the river
requiring costly foundation and protective works for the river as well as the
approach embankments connecting the bridge with the road. Bradley (1970)
performed a detailed investigation of relative economy of fluming a river
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Relative economy of fluming of river under a bridge. (After Bradley, 1970.)

under the bridge (Figure 1.5). Further details of fluming of flood plains and
guide banks are given in Chapters 2 and 5. Laggase et al. (1995) conducted
an exhaustive study on guide bunds with elliptical-type transitions. An
example has been worked out in Chapter 5 to illustrate the design of guide
banks for a bridge on river Yamuna.

Similar to bridges, inlet and outlet transitions are commonly used in case
of road culverts to reduce head loss and afflux, to improve the carrying
capacity of culverts, and for diffusion of flow at exit of culverts so that scour
and cost of protective works can be minimized.

1.9 Historical Development of Transition

Some of the different types and shapes of transitions which have been
evolved over time are discussed briefly underneath.
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1.9.1 Transition from One Subcritical to Another Subcritical Flow

Warped-type transition proposed by Hinds (1928) for both inlet and outlet is
very popular in both Europe and the United States for major hydraulic struc-
tures such as canal aqueducts and siphons. Hinds’ transition is designed on
the hypothesis that the water surface profile in the transition consists of two
reverse parabolas which are tangential to each other at the mid length of
transition and merge tangentially with the water surface at entry and exit. It
also assumes a constant value of head loss coefficients along the transition
length. Further details including design methodology for Hinds’ transition
are given in Chapters 3 and 5.

Mitra’s (1940) hyperbolic transitions assuming linear variation in velocity
and constant flow depth within the transition have been extensively used in
India for the design of hydraulic structures. Width of the channel (B,) at any
distance x from the normal section is given by the relation

B, =(ByB;L)/[BsL-x(By—By)] (11)

where B and B, are the mean widths of channel at the throat (or flumed sec-
tion) and normal section, respectively, and L is the axial length of transition
(Figure 1.2).

United States Bureau of Reclamation (USBR, 1952) developed a variety
of transitions for open-channel subcritical flow. Different USBR transitions
with corresponding head loss coefficients C; = Hy; / [(Voz -V} ) / Zg] for inlet

and C, =H,, / (V02 /2g— V2 / Zg) for outlet, where H;; and H, , are the head
losses at inlet and outlet transitions, and V;, V,, and V, are the mean veloci-
ties of flow at entrance, flume, and outlet channels, respectively.

Shape of Transition G C,
Square ended/abrupt 0.30 0.75
Straight line 0.30 0.50
Wedge type 0.20 0.30
Cylinder quadrant type 0.15 0.25
Warped type 0.10 0.20

USBR (1968) recommends simple shapes e.g. cylinder quadrant and straight
line-type transition for unimportant structures where velocity is low. But
in important hydraulic structures such as aqueducts and siphons, it recom-
mends warped-shaped transition like Hinds transition.

Simons of United States Dept. of Interior (USDI), U.S. Bureau of
Reclamation, developed monograms (no.33) for the design of canal transi-
tions to minimize scour.

Kulandaiswami (1955) studied transitions—both contracting and expand-
ing types—of conventional forms and determined head losses. He also made
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some tests with vanes and deflectors with the objective of controlling flow
separation in expansions.

Jaeger (1956) used the following function for velocity variation along the
transition

V.=V, +a(l-cos®), where ®=mnx/L (1.2)
and derived the following expressions
yx=yi—-a/g[(a+Vi)(1-cos®)-1/2asin’®] (1.3)
where
a=1/2(Vo-Vy) (14)

and the continuity equation is given by
Vx Bx YX = Q = Vl Bl Y1 (15)

where V,, y,, and B, are the mean velocity, flow depth, and mean flow
width, respectively, at any distance x from the end of the throat/flumed
section; L is the axial length of transition; and V, is the mean flow veloc-
ity at the throat/flumed section. The width of flow section (B,) at any axial
distance x from the exit ends of transition can be found from the continuity
equation (1.5). It can be shown that Jaeger’s transition provides a smooth
change in water surface, mean flow velocity, and mean width since dy/dx,
dv/dx, and db/dx are all equal to zero at the two ends of transition i.e. at
x = 0 and x = L resulting in a warped-type transition like Hinds transi-
tion. Design of an inlet transition for a canal drop by Jaeger’s transition is
illustrated in Chapter 5.

Central Board of Irrigation and Power (CBIP, 1957) Publication No. 6
“Fluming” deals with the design of flumes and transitions and recommends
the following expression for finding the optimum divergence angle («) of
expansive transition:

tana.=[ C(R/B)" +0.018(R/B) " |/{(R.'%e) /(1-eF,) + m[2—r/(r 1)+ eF. ]}
(16)

where B is the channel width; R is the hydraulic mean depth; r is the
expansion ratio; e is the kinetic energy correction factor; m is the momen-
tum correction factor; F, and R, are Froude’s number and Reynold’s num-
ber of flow, respectively, in the downstream channel; and C is a numerical
constant.
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Chaturvedi (1963) developed a more general form of transition while inves-
tigating Mitra’s (1940) hyperbolic transition. From his experimental study, he
concluded that the following relation gives the best performance:

x=[(Lb)/(b"-a") [1-(a/y)**] (17)

where y is the half width of expansion at an axial distance x from the normal
section, 2a and 2b are the mean widths at the throat and normal section,
respectively.

Smith and Yu (1966) used baffles of rectangular section in expanding transi-
tion for preventing flow separation and achieving uniform velocity distribu-
tion after expansion. However, there is a lot of head loss in this arrangement.

Mazumder (1966b, 1967) tested expansive transitions of different lengths
with shape representing the inner surface of the eddy generated in a sud-
den expansion. Ishbash and Lebedev (1961) measured such a boundary and
developed the following expression for the boundary:

B, =B, +2x tan6[1-(1-x/L)]" (1.8)

where B, is the width of channel at any distance x measured from the end of
flumed/throat section, B, is the width of throat/flumed section, and 6 is the
angle of divergence given by the relation

tan® = (B, —By)/2L 1.9)

He measured head losses, axial velocity distributions, and separation pat-
terns within and outside the transition to determine the optimum length of
expansive transition. Efficiency (n,) of the transition, outlet head loss coef-
ficient (C, = 1 — n,), and Coriolis coefficient at the exit end of the transition
(@) were computed. Flow separation and nonuniform velocity distribution
were observed in all cases even when the average side splay was as high as
10:1, resulting in low efficiency and high a, value. Optimum splay of expan-
sive transition corresponding to minimum head loss and minimum «, value
was found to vary between 7:1 and 9:1 depending on the shape of curves,
discharge, and Froude’s number of flow (F,,) at the throat. It was concluded
that a straight expansion is better than a curved one when the average splay
is higher than about 5:1. For shorter lengths with average sides play varying
from 2:1 to 51, the curved expansion with tangential entry performs better
than the straight one.

Rao (1951), Mazumder (1971), and Mazumder and Rao (1971) used a pair of
short triangular vanes and bed deflectors for control of boundary layer sepa-
ration and developed short expansion with straight side wall diverging at a
side splay of 3:1. Without appurtenances, flow was found to separate right
from the entry with a large and violent eddy on one side or the other resulting
in extremely poor performance. On introduction of the appurtenances, there
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was no separation and the performance of expansion improved remarkably.
As regards, inlet transition, a curved transition of either Jaeger type or even
a circular curve ending tangentially at the throat/flumed section having an
average side splay of 2:1, was found to be quite efficient.

Further details about the performance and design of subcritical transition
by Mazumder (1969) are given in Chapters 2, 3, and 5.

Ramamurthy et al. (1970) adopted a local hump on the floor in an expan-
sive transition to control the separation of flow.

Ahuja (1976) used Jaeger-type transition and conducted a model study
on inlet transition with different axial lengths governed by average side
splays varying from 0:1 (abrupt contraction) to 6:1 (six times the offset i.e.
6 [1/2 (B, — By)]. The maximum hydraulic efficiency (n,,,, = 94%) was found
to occur at an optimum average side splay of about 3.3:1. The corresponding

minimum inlet head loss coefficient was found to be C,;,, = 0.064 according
to the following relation:
Ci=Hy/[1/2g(Ve - v2)]=[(1/m)-1] (110)

where V, and V; are the mean velocities of flow at the throat/flumed and
original channel sections, respectively, and H,;is the head loss in inlet tran-
sition. In fact, the drop in hydraulic efficiency of inlet transition (n; = 90%)
is marginal at 2:1 side splay. Efficiency (;) was found to decrease when the
length of transition was more than the optimum length at 3.3:1 side splay.

Incidentally, Hinds (1928) recommends an angle of 12° 30’ which corre-
sponds to an average splay of about 5:1.

Vittal and Cheeranjeevi (1983) found the following equation for finding the
mean width of an expanding transition representing the separating stream-
line of an eddy developed in a sudden expansion:

By =By +(By = Bo)E[ 1-(1- )02 | (1.11)

where & = x/L; m is the side slope of the wall in the transition zone; and B,,
B,, By, and L are as defined before.

Nasta and Garde (1988) developed the following expression for expansive
transition based on the minimization of the head loss consisting of form loss
due to separation and frictional head loss:

B, =By + (B, —By)&[1-(1-8)" ] (112)

Swamee and Basak (1991) studied expansive transitions of different shapes
and developed the following expressions for a rectangular channel for mini-
mum head loss:

B, =By + (B, — By )[2.52(L/x - 1)1.35+ 1

]—0‘775

(1.13)
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Swamee and Basak (1991) also developed an expansive transition for connect-
ing a rectangular flumed section with a trapezoidal section by developing a
large number of mathematical expressions for minimizing the separation
and head loss in the transition.

1.9.2 Transition from Subcritical to Supercritical Flow

Transition from subcritical to supercritical flow takes place when the incom-
ing subcritical flow gets choked. For example, when a dam or a weir (Ackers
et al,, 1978) of sufficient height is constructed in a channel such as a canal
or a river, the flow upstream is subcritical. At the dam/weir crest where the
specific energy is minimum, the flow is critical. Flow becomes supercritical
downstream of the crest or control section as illustrated in Figures 1.1 and
1.6. Similarly, when a channel is contracted/flumed, to such an extent that
the flow gets choked, the flow at the throat becomes critical and downstream
of the constricted/flumed section, the flow becomes supercritical. Such phe-
nomena occur in a venture-type (Parshall, 1950) or critical flowmeter (Chow,
1973) used for flow measurement in open channels (Bos, 1975). There is a
unique head-discharge relation when the flow is in a critical state at the
control section. In standing wave-type flumes (IS:6062, 1986; Deb Roy, 1995;
Mazumder & Deb Roy, 1999), flow choking is achieved by simultaneous con-
traction of flow in both horizontal and vertical planes by fluming laterally
and raising bed simultaneously. Further details about the development of
flow choking by fluming laterally or raising the bed or by both will be dis-
cussed in Chapter 2. An example is worked out to illustrate the design of a
proportional flow meter in Chapter 5.

Suitable transitions are needed for spillways in dams and weirs to pre-
vent the separation of flow and cavitation damage. Historical development
of such transitions is discussed in detail by Chow (1973) and USBR (1968).

Early crest profiles in dam spillways were based on a simple parabola
designed to fit the trajectory of the lower nappe of a jet falling freely from a
sharp crested notch. The general nondimensional equation to such a nappe
profile can be expressed as

y/H= A(x/H)? +B(x/H)+C+D (1.14)

where x and y are the coordinates of the profile and H is the head (includ-
ing head due to velocity (v,) of approach, h, = v3/2g). Based on the data
of USBR (1968) collected from numerous tests performed by Hinds et al.
(1945), Creager and Justin (1950), Ippen (1950), and Blaisdel (1954), the
following nondimensional expressions give the values of the constants
A, B,C, and D:

A =-0.425+0.25(h,/H) (1.15)
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0.

B=0.411-1.603 h, /H- [1.568(hv /HY -0.892(h, /H)+ 0.127] " (116)

C=0.150-0.45(h,/H) (117)
D =0.57 - 0.02(10m)*e'*™ (1.18)

where m = h,/H - 0.208, h, = v3/2g, and v, is the velocity of approaching
flow, which can be found from the relation

va=q/(P+y.)

where q is the discharge per unit length of the dam/weir, P is the height
of weir, and vy, is the depth of water surface above the crest of the weir/
dam. It may be noted that the velocity of approach governs the trajectory
profile. USBR (1968) gives the coordinates as a function of velocity approach
head. USBR curves can be used for finding x and y coordinates. An example
to determine the transition profile (popularly called Creager’s profile) has
been worked in Chapter 5. In a very high dam, the velocity of approach is
almost zero, and hence,

A =-0.425,B=0.055,C=0.150 & D = 0.559.

On the basis of USBR data, U.S. Army Corps of Engineers developed sev-
eral standard shapes of the supercritical transition profile at its Waterways
Experiment Station (WES) designated as WES standard spillway shapes
which may be expressed as

y/Ha =-K(x/Hq)" (119)

where Hy is the design head i.e. (E; — A) (Figure 1.6) for finding the spill-
way profile, k and n values are the functions of velocity of approach head
and slope of the upstream face, which are given by USBR from the experi-
mental data (Chapter 2). It may be mentioned that the design head (H,) for
the spillway profile is usually taken as the maximum head (H) on the spill-
way corresponding to design discharge, since at discharges lower than the
design discharge, the head above the spillway crest (H) will be less than
the maximum head, and as such the spillway face will be subjected to posi-
tive pressure. In case the design head (H,) is less than the maximum head,
the spillway face will be subjected to negative pressure at head higher than
design head which is likely to cause cavitation. But the coefficient of dis-
charge (C4 = Q/LH!') will increase resulting in less head required to pass
a given flood above the spillway and hence less submergence of catchment
area. Here, L is the length of spillway (m), H is the head (m), and Q is the
discharge over spillway (m?3/sec).
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Flow over a spillway showing subcritical, critical, and supercritical flows and jump.

Upstream face of the spillway usually consists of compound circular
curves made of radii R, and R, up to a point X,, Y.. After the point X, Y,, the
spillway face is normally kept straight as the subcritical flow velocity is very
low and the pressure distribution is hydrostatic. The values of X, Y., R, and
R, are given by USBR in Chapter 2. In case of low height of weir crest and
low height of drops in water surface, as in canal drops, it is usual to provide
straight glacis as transition—both upstream and downstream of the crest—
as illustrated in Figure 1.7.

However, where gates are provided above crest (nowadays, it is custom-
ary to provide high-head sluice gates with breast wall for periodic flushing
out of sediments from the reservoir), it is preferred to provide curved glacis
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FIGURE 1.7

Inclined straight glacis-type canal drop.
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downstream so that the flow does not separate. With full head on the gate and
with small opening under the gate (say 1m), a freely discharging trajectory will
follow the path of a jet issuing from an orifice. For an orifice with vertical face,
the path followed by the issuing jet is parabolic and is given by the relation

-y =x*/4H (1.20)

where H is the head measured from the center of the gate opening up to the
full reservoir level. For an orifice face inclined at an angle 6 with vertical, the
equation for the trajectory will be

—y =xtan0+x*/4Hcos* 0 (1.21)

If the spillway profile does not conform to the jet trajectory as above, a sub-
atmospheric pressure will arise and cavitation damage will occur. Figure 1.8
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FIGURE 1.8
Flumed canal drop with Creager-type curved glacis with radial gate, stilling basin, and inlet
and outlet transitions.
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Shaft-type spillway. (With permission from US Bureau of Reclamation, 1974. Design of Small
Dams by Oxford and IBH Publishing House: Calcutta, Bombay, New Delhi.)

illustrates a drop structure with Creager-type ogee spillway mounted with
radial-type gate.

In case of shaft spillway, supercritical transition connects a circular funnel
at entry (control section) with a circular conduit as illustrated in Figure 1.9.
USBR (1968) and Peterka (1956) provide the coordinates for the transition pro-
file based on the experimental data by Wagner (1956). Further details of such
transition in a shaft spillway will be discussed in Chapters 2 and 3.

1.9.3 Transition from Supercritical to Subcritical Flow

Transition from supercritical to subcritical flow without any jump is theo-
retically possible by providing a streamlined wedge-shaped structure (CBIP
Publication No.6) such that the specific energy changes gradually, and there
is no flow separation from the boundary. Abdorreza et al. (2014) developed
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the streamlined aerofoil-shaped surface profile for conversion of an incom-
ing supercritical to a subcritical flow without forming a hydraulic jump.
However, as the discharge changes from the design value, the flow separates
resulting in the formation of hydraulic jump accompanied by energy loss.

Hydraulic jump is a means through which an incoming supercritical flow
changes to subcritical flow. Flow downstream of a dam/weir, a canal drop,
or a flow meter becomes supercritical as it moves over the spillway/glacis.
If the supercritical flow continues, it will cause erosion of channel bed and
banks, eventually leading to failure of such structures. Hydraulic jump
occurs when an incoming supercritical flow meets an outgoing subcritical
flow as illustrated in Figures 1.7 and 1.10. Hydraulic jump is a natural means
of energy dissipation. The structure in which hydraulic jump and consequent
energy dissipation occur is designated as stilling basin or energy dissipater.
Stilling basin (Bradley and Peterka, 1957) acts as a transition structure where
the flow changes from a supercritical high-velocity flow to a subcritical low-
velocity flow. The basin must be carefully designed to ensure that there is no
residual kinetic energy of flow after the exit end of the basin.

Classical stilling basins with free and forced jump conditions (by using
different kinds of appurtenances) for different inflow Froude’s numbers
were developed by Bradley and Peterka (1957), Hager (1992), Pillai and Unny
(1964), Rajaratnam (1967), Rand (1965), Rhebock (1928), Tamura (1973), USBR
(1987), and many others (Hager,1992). More information on hydraulic jump
characteristics and design of stilling basins is discussed in Chapters 2 and 3.
An illustrative example of designing a forced hydraulic jump-type stilling
basin is worked out in Chapter 5.

1.9.4 Transition from Supercritical to Supercritical Flow

Supercritical flow in open channel is highly prone to disturbances. Shock
waves (Photo 1.1) occur when a supercritical flow with parallel streamlines
flowing in a prismatic channel with parallel side walls is made to change its
direction due to imposition of either a contracting or an expanding bound-
ary or change in slope in bed. When the flow is steady, the shock waves look
almost like a hydraulic jump accompanied with sudden rise in water sur-
face. However, the fundamental difference between a hydraulic jump and a
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Classical hydraulic jump where flow changes from a supercritical to a subcritical state.
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PHOTO 1.1
Shock waves in supercritical flow after sudden expansion. (Reprinted from Hager &
Mazumder, 1992.)

shock wave is that a hydraulic jump is always associated with energy dissipa-
tion; but in shock wave, there is practically no energy loss. There is always a
change in flow regime from a supercritical to a subcritical state in a jump. In a
shock wave, on the other hand, flow before and after the shock front remains
supercritical.

The design of transitions in a supercritical transition aims at suppressing
or at least reducing the shock waves in order to

a. Make the flow uniform

b. Avoid flow concentrations

c. Provide adequate freeboard in structures
d. Inhibit spray formation

e. Suppress local jump formation

Studies on the characteristics of shock waves in hydraulic structures were
carried out by Schoklitsch (1937), Ippen (1950), Knapp and Ippen (1938),
Von Karman (1938), Ippen and Dawson (1951), Ippen and Harleman (1956),
Chow (1973), Hager and Mazumder (1992), and Mazumder and Hager (1993).
Design of contracting and expanding transitions in supercritical flow was
carried out by Ippen and Dawson (1951), Rouse et al. (1951), and Rouse (1950),
respectively. Dakshinamoorthy (1977), Hager and Mazumder (1992), and
Mazumder and Hager (1993) conducted an exhaustive experimental study
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on supercritical flow expansions. Mazumder and Hager (1995) compared the
performance of different types of chute expansions with and without appur-
tenances for finding the optimum axial length of expansions. Mazumder
et al. (1994) also developed methods for controlling shock waves in super-
critical flow expansions. Further details about the characteristics of flow and
transition design in supercritical flow are provided in Chapters 2, 3, and 5.

1.9.5 Closed Conduit Pressure Flow Transition

For pressure flow in closed conduits, both contracting and expanding transi-
tions are to be provided whenever there is a change in cross section as in ven-
turi meters, control valves, entrance to Head Race Tunnel (HRT) in hydel plant,
de-sedimentation chamber, draft tube in reaction turbines, etc. Since contrac-
tion of flow is associated with a negative or favorable pressure gradient, the
flow is stable. In flow expansion as in a diffuser, however, the flow is under
an adverse or positive pressure gradient, and as such, the flow is unstable,
and it may separate from the boundary if the angle of divergence exceeds a
critical value of about 5°-6°. For example, in a Herschel-type venture meter,
the total angle of inlet cone of contracting transition is kept about 20°, whereas
the total angle of diverging cone is limited to about 5° only in order to prevent
flow separation and to minimize head loss. Usually, a venture meter has a
fluming ratio (D,/D;) of about 0.5. When the fluming ratio is very low as in
case of outlet from a tank or a reservoir, the entrance transition should be
streamlined to provide a smooth and gradual entrance to the conduit. As in a
nappe-shaped spillway, the entry should guide and support the jet with mini-
mum interference until it is contracted to the size of the conduit. In case the
entrance transition is too sharp or too short, a subatmospheric pressure will
develop resulting in cavitation damage to the conduit. For a circular conduit,
a bellmouth-type entrance contracting transition is normally made elliptic in
shape with coordinates (x,y) of the boundary surface given by the equation

x*/(05D?)+y?/(0.15D%)=1 (1.22)

where D is the diameter of the conduit, and 0.5 D and 0.15 D are the lengths
of semimajor and semiminor axes, respectively. For a rectangular conduit,
similar equation is applicable with the difference that the lengths of semi-
major and semiminor axes are given by D and 0.33 D, respectively. For a
rectangular entrance with the bottom placed with the upstream floor and
with curved guide piers at each side of the entrance, both the side and top
contracting transitions are also made elliptical with D and 0.67 D being semi-
major and semiminor axes, respectively.

To minimize head loss and to avoid cavitation along the conduit surface,
straight contraction to a gate control section, and straight expansion from the
gate section back to conduit section, the total angle of converging duct (a,)
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and that of the diverging duct (ay) should not exceed a limiting value given
by the following equations, respectively:

tano, =1/F

tanog =1/2F

where F =V, /N(gD) with V,, being the mean of the velocities at the normal
and control sections, respectively (USBR, 1968).

In all reaction-type turbines (e.g. Francis, Kaplan, Bulb, and Tubular), draft
tubes are essentially provided for conversion of kinetic energy of flow leav-
ing the turbines to pressure head so that the efficiency of turbines increases.
Without a well-designed draft tube, especially in low and medium head tur-
bines, the kinetic energy head is lost in turbulence and the overall efficiency
of turbine will decrease.

Draft tubes are flow diffusers subject to positive or adverse pressure gra-
dient which is responsible for separation and instability of flow. Gibson
(1910, 1912) studied head loss in both converging and diverging ducts to
find the efficiency of both confusers and diffusers. The optimum total angle
of circular and square diffusers was found to be 8° and that for a rectan-
gular duct was 11°. A similar study on diffuser flow characteristics was
conducted by Robertson and Ross (1951, 1953, 1957), Robertson and Fraser
(1959), Nikuradse (1929), Gourzhienko (1947), Kalinske (1945), Formica (1955),
Tults (1954), and others (Pradtl and Tietzens, 1957; Schlichting, 1958, 1962).
Kline et al. (1959) conducted an exhaustive study on the optimum design of
two-dimensional straight-walled diffusers. Cochran and Kline (1958) used
rectangular flat vanes for producing efficient wide-angle two-dimensional
subsonic diffusers.

In wind tunnels used for the aerodynamic study, a warped-type contract-
ing transition (with an average side splay of 2:1) connects the square section
of large honeycombed area at the entrance with the test section, and a conical
diffuser connects the test section with a large exit diameter. It is necessary
to provide a suitable transition to convert the rectangular/square test section
to a circular section of equivalent area before the entry to a circular diffuser.
Further details about flow characteristics and design of diffusers are provided
in Chapters 2 and 3.
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2

Transition Flow Characteristics

2.1 General

Efficient design of transitions need intimate knowledge of characteristics
of flow through different types of transitions described and discussed in
Chapter 1. This chapter is, therefore, devoted to proper understanding of
hydraulic characteristics of flow through transitions.

2.2 Flow Characteristics in Contracting and Expanding
Transitions with Free-Surface Subcritical Flow

As stated earlier, subcritical transitions from one subcritical to another
subcritical flow with free surface may be of contracting or expanding type.
Flow through a transition is nonuniform. Although rapidly varied in nature,
the flow is treated as gradually varied for computational purposes, especially
when the transition length is high. The flow is treated as irrotational
with uniform distribution of velocity along flow length, assuming one-
dimensional flow. Such idealized assumptions are not correct, especially in
flow expansions and in transitions of short lengths. Pressure distribution
is non-hydrostatic due to curvilinear flow surface. Velocity distribution is
nonuniform and three dimensional due to varying resistance offered by the
boundaries. Additional complications arise when main flow separates from
the boundaries resulting in back flow and eddies. Analytical treatment of
such flows is very difficult, and experimental methods are usually adopted
to determine flow characteristics in a transition. It should, however, be kept
in mind that the physical model can never simulate the prototype conditions
due to difficulties in keeping the various predominant forces same in model
and prototype. For example, open-channel transition models, made on the
basis of Froude’s law of similarity, will have Reynolds number smaller than
that of prototype. As a result, the eddies observed in the model study will be
smaller than that in the prototype since eddies and turbulent shear stresses

29
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Water surface profile in contracting and expanding transition.

are governed predominantly by Reynolds number. It is one of the primary
reasons for which more emphasis is now on mathematical modeling of flow
behavior in transitions.

As illustrated in Figure 2.1, in contracting subcritical transition, there is
a fall in water surface resulting in negative or favorable pressure gradient,
which is responsible for reduction in thickness of the boundary layer in the
direction of flow or in other words a contracting transition helps in achiev-
ing more uniform flow as it approaches the throat or flumed section. It is for
this reason that a nozzle in a turbine or entrance to a testing section (as in
the case of an open-channel flume or a wind tunnel) is always provided with
contracting transition to achieve flow uniformity at the test section.

In an expanding transition or simply expansion, the pressure/hydraulic
gradient is positive or adverse, since in a subcritical flow, there is rise in water
surface elevation in the direction of flow, as illustrated in Figure 2.1. From the
boundary-layer equation (Prandtl & Tietzens, 1957; Schlichting, 1962), it can
be proved that at the boundary (y =0)

dP/dx = ud,u/dy? 2.1)

where pis the coefficient of dynamic viscosity and d,u/dy? gives the curva-
ture of velocity profile at boundary. Since dP/dx is positive, the curvature
d,u/dy? must also be positive. A positive pressure gradient results in thick-
ening of boundary layer resulting in nonuniformity in velocity distribution.
At point P (Figure 2.2a) i.e. inflection point, the boundary layer is separated
resulting in formation of eddies as the flow moves further ahead.
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Flow past a circular cylinder, as shown in Figure 2.2b, is a classical exam-
ple of flow contraction and expansion. At point A i.e. stagnation point where
the incoming flow velocity is zero, the kinetic head of the flow is converted
to pressure head. As the flow moves from A to B, it undergoes contraction
and the external pressure gradient (impressed on the boundary layer flow) is
negative or favorable. From B to P, the flow is subjected to adverse pressure
or positive pressure gradient resulting in thickening of boundary layer. Flow
separates from the boundary at point P (inflection point) where du/dy =0
and d,u/dy*= 0. From point P to C, the main flow moves away from the
boundary resulting in eddy formation and backflow along the boundary.
Further details about flow characteristics in expansions are given in refer-
ences (Rouse, 1950; Mazumder, 1970).
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(a) Boundary layer with inflection point (P), flow separation, and eddies; (b) Flow past a circu-
lar cylinder.
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2.2.1 Head Losses in Transition

As shown in Figure 2.1, the energy or head losses in contracting (H;;) and
expanding (H, ) transitions take place due to frictional resistance offered by
the boundary surface as well as the loss in head due to eddy formation (form
loss). Eddies are like parasites which draw energy from the main flow for its
sustenance and growth. That part of the kinetic energy of main flow trans-
ferred to the eddies is irrecoverable and gets lost in viscous and turbulent
friction. Head loss coefficients C; and C, are defined as

Ci =Hy /(00 V3 /2g - 04 V7 /28) 2.2
Co =Huo /(000 V3 /28 — V7 /28) 2.3)

where V,, V,, and V, are the mean velocities of flow and «,, o, and «, are the
kinetic energy correction factors (Coriolis coefficient) at the entrance to con-
tracting transition, in the flumed section and at the exit end of the expanding
transition, respectively, as shown in Figure 2.1. Where the velocities are more
or less uniform, ay = a; = 1 and V; is low compared to V,, Equations 2.2 and
2.3 can be written as

Ci=hy/V;/2g 24)
Co =hio/(Vi /28 -0V /2g) (2.5)
o= J(u3dA/V3A) 2.6)

where u is the local velocity at any depth, y, u is the local velocity above
the bed, V is the mean velocity of flow, and A is the area of flow section.
When u =V ie. in perfectly uniform flow, a = 1. In normal uniform flow
through channels with free surface, « value usually varies from 1.05 to 1.10
(Chow, 1973). The a value may, however, be much higher than unity when the
flow is nonuniform as in bends, in hydraulic jump, at the exit of expansion,
etc. (Mazumder, 1966).

It may be mentioned here that the a, value indicating the nonuniformity
of flow at the exit end of expanding transition is always higher than unity
due to growth and separation of boundary layer under adverse pressure
gradient. The higher the a, value, the greater the nonuniformity of velocity,
the greater the erosion in an unlined channel, and the less the efficiency of
expanding transition.

Approximate values of C; and C, for different types of transitions are given
as follows (Corry et al., 1975 and Mazumder, 1971):
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Shape of Transition Contraction (C) Expansion (C,) Remarks
Square ended/ 0.5 0.75-1.0 Depending on the fluming
abrupt ratio
Straight/linear 0.3-0.5 0.5-0.75 Depending on both the
fluming ratio and the
side splay
Wedge type 0.3-0.4 0.5-0.6 Depending on both the
fluming ratio and the side
splay
Cylindrical 0.15-0.2 0.25-0.4 Depending on both the
quadrant fluming ratio and the side
splay
Warped type 0.1-0.15 0.2-0.3 Depending on both the

fluming ratio and the splay

2.2.2 Hydraulic Efficiency of Contracting Transition

In the subcritical contracting transition, pressure energy is converted to
kinetic energy of flow and the process is stable. In the expanding transi-
tion, however, the kinetic energy is converted to pressure energy which is
an unstable process (Mazumder, 1971). In the ideal transition, there should
be minimum head loss. The higher the head loss, the less the efficiency of
transition. Based on the above concept, it can be proved that the hydraulic
efficiency of contracting (n;) and expanding transitions (n,) in terms of respec-
tive head loss coefficients (C; and C,) can be expressed as

n=1(1+GC) (2.7)
No = 1-C, (28)
Mazumder (1967, 1971), Joshi (1979), Ahuja (1976), and Mazumder and Ahuja
(1978) measured the hydraulic efficiency of open-channel contracting and
expanding transitions of different shapes and lengths. From dimensional
analysis, it may be proved that the efficiency of transitions is governed by
the following nondimensional parameters:
Non-dimensional flow = Q/v g B}®
Froude’s number of flow (Fy) =V, / N ( gYo )
Average side splay = 2L, /(B-By)
Fluming ratio =B, /B
where B and B, are the mean widths of the channel at the normal and flumed

sections, respectively; Q is the flow rate; y, is the flow depth at the flumed/
throat section; and L, is the axial length of transition. Table 2.1 (Ahuja, 1976)
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TABLE 2.1

Percentage Efficiencies (n,) of Transition for Various Lengths and Flow Conditions

Axial Length of Transition Governed by

Froude’s Splay
Number at 0:1
Discharge Q (1/sec) Throat (F,) 5:1 4:1 3:1 2:1 (Abrupt)
35 0.7 98.5 95.5 96.5 86.0 85.0
0.6 99.2 97.5 97.7 88.5 77.0
0.5 97.5 96.5 96.0 89.0 70.2
0.4 95.7 93.2 93.5 88.0 63.5
Average efficiency for Q =35 - 97.725  95.675 95925 87.875 73.925
20 0.7 92.2 93.5 96.5 94.0 73.0
0.6 93.5 94.5 97.5 925 67.5
05 915 925 96.5 90.5 61.0
0.4 90.0 90.0 93.5 87.5 54.5
Average efficiency for Q =20 - 91.8 92,625  96.0 91.125 64.0
10 0.7 84.0 94.3 91.5 92.5 67.0
0.6 86.0 93.5 91.0 90.5 62.0
0.5 85.0 92.0 89.5 88.0 55.5
0.4 83.50 88.7 86.0 83.5 51.0
Average efficiency for Q =10 - 84.625 92125 89.50 88.625 58.875
Average efficiency for F,=0.7 - 91.57 94.43 94.83 90.83 75.0
Average efficiency for Fy=0.6 - 92.9 95.17 95.40 90.50 68.833
Average efficiency for F,=0.5 - 91.33 93.67 94.00 89.17 62.23
Average efficiency for F,=0.4 - 89.73 90.63 91.00 86.33 56.33
Overall efficiency (n) - 91.38 93.47 93.81 89.21 65.60
(average of grand total)
Coefficient of head loss C;: - 0.095 0.07 0.066 0.12 0.525
1/mp -1

shows the variation of efficiency of contracting transition having the shape
of Jaeger’s equation (Equations 1.2-1.5) for different discharges and Froude’s
number of flow and axial lengths governed by average side splay varying
from 0:1 (abrupt contraction) to 5:1. Average values of efficiencies (average
for different flows) were plotted (Ahuja, 1976) against side splay as shown in
Figure 2.3a for different F, values. Similarly, Figure 2.3b shows variation in
average efficiency (average of different F, values) against side splay for dif-
ferent discharges. It is observed that at smaller length of transition, efficiency
increases with an increase in F, values. But at greater lengths, the rise in
efficiency is only marginal. Figure 2.3a shows that efficiency increases with
rise in discharge at smaller and higher lengths, but at side splays varying
between 2:1 and 4:1, the change in efficiency is marginal with variation of dis-
charge. Overall efficiency (n;) and C; values (averages for different discharges
and F, values) against the average side splay for Jaeger’s shape of contracting
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(@) Variation of hydraulic efficiency with side splays for different Froude’s numbers (Fy);
(b) variation of hydraulic efficiency with side splay for different discharges (Q).
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transition are plotted in Figure 2.4. It indicates that maximum efficiency and
minimum head loss (C;) occur at an axial length given by an average side
splay of 3.3:1 in Jaeger type of contracting transition. Flow surface in an abrupt
contraction becomes wavy as illustrated in Photo 2.1b. Flow surface becomes
smooth with the introduction of contracting transition as shown in Photo 2.1a.

2.2.3 Hydraulic Efficiency of Expanding Transition
with Eddy-Shaped Boundary

In an expansive transition with subcritical flow, the kinetic energy of flow in
the flumed section is converted to pressure energy. Mazumder (1966, 1967)
made an exhaustive study on expansive transitions of different shapes as dis-
cussed in Section 1.8. Efficiencies of an eddy-shaped expansion (Ishbash &
Lebedev, 1961), given by Equation 1.8, with average side slays varying from
0:1 (abrupt) up to 10:1 (Photo 2.2) were measured. Table 2.2 and Figure 2.5a—f
show the variation in efficiencies with lengths of transition for different dis-
charges and Froude’s numbers of flows tested in the model. Figure 2.6 illus-
trates the variation of overall efficiencies of expanding transition (average
for different Q and F, values) with average side splays. Figure 2.7 shows the
comparison of hydraulic efficiencies in Jaeger-type contracting and eddy-
shaped expanding transitions. It may be seen that efficiency increases with
the length of contracting transition (given by average splay values) and

VARIATION OF OVERALL EFFICIENCY & INLET LOSS COEFFICIENT
(WITH SIDE SPLAY)

MAXIMUM EFFICIENCY 94.00%

EFFICIENCY IN PERCENTAGE

INLET LOSS COEFFICIENT

T
SIDE SPLAY ————»

1:1
1

0:1
4:1+
5:1

FIGURE 2.4
Variation of overall efficiency and inlet loss coefficient (C;) with side splay.
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PHOTO 2.1
(a) Smooth flow surface with Jaeger-type contracting transition with 2:1 side splay; (b) wavy
flow surface in abrupt contraction.

attains a maximum value of 94% at an average side splay of 3.3:1 in the case of
contracting transition. In the expanding transition, however, the maximum
efficiency of 76.6% occurs at an optimum average side splay of 8.3:1. Efficiency
drops with a further increase in length beyond the optimum side splay at
which the efficiency is maximum. Variation of efficiency with discharge and
Froude’s number of flow is marginal, as seen in Figures 2.3 and 2.5.
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PHOTO 2.2
Eddy-shaped expansions of different lengths. (From Mazumder, 1966.)

2.2.4 Performance of Transition

Performance of transition is measured in terms of efficiency. The other
parameters governing performance depend upon the objectives for which
transitions are to be provided. For example, if it is intended that the flow
should not separate from the boundary, the length and shape of transition
should be decided accordingly. Similarly, desired velocity distribution at
the end of transition is another important parameter defining performance.
As stated earlier, a contracting transition helps in making the flow more uni-
form at its end due to reduction in boundary layer thickness under nega-
tive pressure gradient. In an expansion, however, boundary layer thickness
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Variation of efficiency with average side splay for different F, values at throat: (a) Q = 0.007
cumec; (b) Q = 0.014 cumec; (c) Q = 0.028 cumec; (d-f) average efficiency (average of different Q
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Variation of overall efficiency with average side splay in eddy-shaped expansion.
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increases in the direction of flow due to positive pressure gradient. If the
transition length is too short, the flow separates from the boundary resulting
in formation of eddies and backflow.

2.2.5 Hydraulic Efficiency of Straight Expansion and Flow Regimes

Mazumder and Kumar (2001) measured the efficiencies of straight expansion
with different total angle of expansion (20) and the different flow regimes
that successively occur with gradual increase in total angle as illustrated
in Figure 2.8a (i-iv) and b (i-iv). Table 2.3 shows the hydraulic efficiencies
of inlet contracting transition (Jaeger type with 2:1 average side splay) and
straight expansion with different total angle (26) as shown in Figure 2.8a
(i-iv). Development of different flow regimes in a straight expansion with
different fluming ratios and axial lengths, as measured by Pramod Kumar
(1998), is illustrated in Figure 2.8b. Figure 2.9 a—d shows the variation effi-
ciency of a straight-walled expansion with the total angle of expansion for
different wall lengths and flumed widths.
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(i) (i)

a Vi
STALL APPEARS AND
DISAPPZARS . @
/ =

| St
TRANSITORY STALL 7>>>>\

JET FLOW
(iii) (iv)

FIGURE 2.8a
(i-iv) Schematic view of different flow regimes that successively occur with a gradual increase
in total angle of expansion (26) in straight expansion.
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(i-iv) typical eddies developed in straight expansion with a different total angle (20) as mea-
sured in the model. (Courtesy of Pramod Kumar, 1998.)
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Besides separation, the performance of expanding transition is also gov-
erned by the degree of nonuniformity of velocity distribution at the exit
end of the transition. The greater the nonuniformity, the higher the value of

Coriolis coefficient a, value given by the relation
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FIGURE 2.9

Variation of efficiency in straight expansion with expansion angles: (20) (a) L/(2B,) = 0.42;
(b) L/(2By) = 0.92; (c) L/(2B,) = 1.94; (d) average efficiencies with different lengths.
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where u is the flow velocity normal to an elementary area of flow section dA
at the exit of expansion, and A, and V, are the areas of flow section normal
to mean axial flow velocity, V,, across the area A,. For perfectly uniform
velocity distribution in a uniform flow, a, = 1.0. The greater the nonunifor-
mity, the higher the a, value. Mazumder (1971) measured the velocity dis-
tributions at the exit of expansions and computed both the Coriolis (,) and
Boussinesq coefficients (f,), which are also called kinetic energy correction
factor and momentum correction factor, respectively. Some of the measured
velocity distributions and corresponding values of «, and p, values in eddy-
shaped expansion without any appurtenance are given in Figure 2.10(a—d).
Figure 2.10(e-h) shows short-lengths of straight expansions provided with
different types of appurtenances for elimination of separation, achieving
uniform flow at the exit of expansion.
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Velocity distribution in (a—d) eddy-shaped expansion without any appurtenance and (e-h)
straight expansion, separation free flow with appurtenances.
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2.2.5.1 Concluding remarks with recommendation

It may be noticed that the velocity distributions improve with an increase
in axial length of both curved and straight expansions. But the flow invari-
ably separates near the exit end of curved expansions of popular and
conventional designs (described in Chapter 1) even when the expansion is
very long (side splay 10:1). In fact, one of the primary reasons of such sepa-
ration towards the tail end of any warped-shaped expansion (like Hinds’s
transition) is rise in pressure gradient and its effect on boundary layer flu-
ids which exhausts all the kinetic energy as it moves towards the tail end.
From these studies, it can be concluded that a long expanding transition
with straight side walls with a total angle of expansion limited to 10°-15°
performs better than a curved one having same axial length. For short axial
lengths, however, a curved expansion with warped shape or cylindrical
type with tangent point at entry performs better than a straight one of the
same axial length.

Use of appurtenances in expansion as shown in Figure 2.10 (e-h) is very
effective not only in cutting expansion length resulting in cost reduction,
they are also very effective in improvement of performance of expansion.
Various types of appurtenances used in expansion have been discussed in
Chapter 4 Design examples are given in Chapter 5.

2.2.6 Optimum Length of Transition and Eddy Formation

From Figure 2.7, it is apparent that an optimum axial length of contracting
Jaeger-type transition for achieving the highest efficiency and minimum loss in
head is 3.3:1. However, the fall in efficiency with shorter length 3:1 is very small.
It is, therefore, recommended that contracting transition of warped-type shape
need not be so long (5:1) as recommended by Hinds (1928). Even a side splay of
2:1 will be alright with very small fall in efficiency. As regards expansive transi-
tion with eddy shape, optimum side splay for maximum efficiency and mini-
mum loss of head is found to vary from 6:1 to 10:1 (Figure 2.5) depending on the
discharge and F, values in the flumed section. But even with such long length,
the flow is found to separate near the tail end of transition resulting in nonuni-
formity of velocity distribution. From the experimental study conducted with
various shapes of curved transitions (as described in Chapter 1), it is concluded
that expansion with straight side walls performs better when it is decided to
use long length with a total angle of expansion not exceeding 10°-15°. In case
of shorter lengths, however, any curved expansion ending tangentially at entry
will have better performance compared to ones with straight side walls. If the
expanding transition is too short (less than 4:1 or so), the performance of both
curved and straight expansion is very poor. Not only the head loss is high and
efficiency is poor, there is violent separation and flow nonuniformity resulting
in scouring of tail channel, if unlined. It may also be noticed that whereas the
maximum overall efficiency of a contracting transition at an optimum splay of
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3.3:1 is 94%, the same for an expanding eddy-shaped expansion is only 76.7%
even with long length governed by an average side splay of 8.3:1 (Figure 2.7).

In both straight and curved expansions, eddies are formed after the flow
separates. Eddies measured after separation are found to be asymmetrical.
Variation in the lengths of smaller and bigger eddies against 26 for differ-
ent lengths (L/2B,) in straight expansion, as measured by Kumar (2000), is
shown in Figure 2.11.

2.2.7 Stability of Flow in an Expansion

Flow in an expansion is stable and axis-symmetric as long as there is no
separation of flow or the zones of separation (eddies) are symmetric. Flow
becomes unstable with asymmetric eddies resulting in asymmetric distri-
bution of velocity at the exit of expansion. Expansive transition being an
important part in a flumed structure, any such asymmetry of flow due to
eddy formation causes erosion of tail channel bed and banks (Mazumder,
2000) apart from head losses and consequent afflux upstream of the struc-
ture. Asymmetry of flow is due to formation of unstable shear layers in the
separation zones. Mazumder and Kumar (2001) defined instability (I) as a
ratio of 8e/L, where &e is the deviation of central incoming streamline from
the geometric axis of expansion at its exit and L is the length of transition
wall as shown in Figure 2.12. The higher the value of I (=8e/L), the greater the
asymmetry of flow and the higher the instability (Figure 2.12).

LARGE SMALL /2B,

EDDY EDDY
16 - A A 042
C n u] 0.92
12 - v v 135
- * o 192
10 ° o 2.47

EXPANSION ANGLE (26)

FIGURE 2.11
Length of asymmetrical eddies with total angle (20) for different values of L/2B; in straight
expansion (Figure 2.12).
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FIGURE 2.12
Experimental setup and the symbols for defining instability. (Courtesy of Mazumder et al., 2000.)

It can be proved that I is governed by the following parameters:

i. Inflow Froude’s number, F,
ii. Inflow Reynolds number, Re,
iii. Aspect ratio, 2B,/Y,
iv. Expansion ratio, B,/B,

v. Expansion rate, (B, — By)/L

Experiments have revealed that as long as the flow remains subcritical, the
effect of first three parameters is not significant. Hence, a geometric param-
eter governing asymmetry and instability of flow was introduced as follows:

S=(B,/By)x (B, —By)/L
Figure 2.13 illustrates variation of instability (I) with expansion parameter

(S) for different values of L/2B,. Peak instability (I,,,,) is found to occur at
S =0.30 for L/2B, = 0.30 and S = 0.90 for L/2B, = 2.57.

2.2.8 Specific Energy Principles

Specific energy (E) in open-channel flow is defined as the energy measured
above channel bed:

E=y+oV?/2g=y+a(Q?/A%)/2g (2.10)

For a rectangular channel with uniform velocity distribution (a ~ 1.0), the
above equation becomes
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FIGURE 2.13
Variation of instability (I) with expansion parameter (S) for different values of L/2B,.

E=y+1/2g(q2/y2) (2.11)

where q is discharge per unit width and y is the depth of flow above bed.
Figure 2.14 is a specific energy diagram showing variation in depth with
specific energy (E:y relation) for different values of Q or q.

Figure 2.15a depicts the variation in depth (y) with Q (or q) i.e. Q-1y rela-
tion for different E values. Figure 2.15b shows variation in depth against
discharge intensity (q) for different values of specific energies. It may be
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FIGURE 2.14
Specific Energy Curve illustrating Sub-critical, Super-critical and Critical Flow in a Channel.
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Specific energy diagrams: (a) (i) specific energy curve, (ii) hydraulic jump, and (iii) specific force
curve y vs. E for different q values; (b) specific discharge curve (y-q) for different E values.

noticed from Figures 2.14 and 2.15 that with the same specific energy of flow,
there are two alternate depths. The larger depth y, at point P, on the spe-
cific energy curve (ABC) is the sub-critical depth and the flow is sub-critical.
The smaller depth, y, at point P, is the super-critical depth and the flow is
super-critical. At minimum specific energy (E,;,) at point C on the specific
energy curve ABC, the flow takes place at critical depth (y,). It can be proved
that at the critical point, Froude’s number of flow given by F, = V./\(gD,) is
unity. Here, V. and D, are the mean velocity of flow and hydraulic depth
(D, = A/T), respectively, at the critical stage. A. and T, are the area of flow
section and the top width of water surface at the critical state, respectively.
In a rectangular channel, D, =y. i.e. critical flow depth and F,=V_/(gy.) = 1.



52 Flow Transition Design in Hydraulic Structures

At critical stage, the velocity head V 2/2g = D./2 as shown in Figure 2.14. In a
rectangular Channel, D, = y.and hence V.2/2g =y./2 ory.=2/3 E_since E =
Emin = YC + ch/zg'

Figure 2.15a (i) and b is the plot of Equation 2.11. It shows that a given flow
for a given specific energy (E) can pass either at the subcritical (upper limb)
or at the supercritical stage, depending upon the bed slope of the channel. At
the critical stage, the flow depth, y,, occurs when specific energy is minimum
for a given flow (Figure 2.15a (i)) or the discharge intensity, g, is maximum
for a given specific energy, E (Figure 2.15b).

It can be proved that at the critical state, Froude’s number of flow is unity
and the critical depth, y,, in a rectangular channel is given by the relation

ye=(a*/g)" 2.12)

2.2.8.1 Application of Specific Energy Principles

When a smooth hump of maximum height (A) with smooth inlet and outlet
transitions (in the vertical plane) is constructed in a channel as shown in
Figure 2.1, flow is contracted and the specific energy gradually reduces up
to the summit. If y, is the approaching subcritical flow depth corresponding
to approaching specific energy (E,) of flow, the flow depth at the summit
of the hump shall be y,, corresponding to the specific energy E; = (E; - A).
Depths of flow at intermediate points on the hump e.g. y,, y,, and y; can
be found from the specific energy diagram for the given flow, since spe-
cific energies at these points are known from the given geometry of the
hump. Specific energies will increase again after the summit up to the end
of expanding transition (placed symmetrically) in the direction of flow, and
the depths shall be the same as y; and y,, if loss in head due to friction is
neglected and subject to the condition that flow does not separate from the
boundary over the hump.

Referring to Figure 2.16, in the subcritical flow (upper limb) where a chan-
nel is gradually expanded (in the horizontal plane), discharge intensity q
decreases withlengthresulting inrise in flow depth asindicated in Figure 2.16.
Likewise flow depth in the subcritical contracting transition decreases as the
discharge intensity increases (Figure 2.1) by use of specific discharge curve
shown in Figure 2.16 in the same manner as discussed above.

2.2.9 Fluming of Free Surface Flow

In structures such as aqueduct, siphon, flow meter and many other hydraulic
structures, normal channel width is often restricted for economy. Using prin-
ciples of continuity of flow and assuming no loss in energy in the transition
in a rectangular channel, it can be proved that the fluming ratio, r = By/B, can
be expressed as
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Bo/B1 = (F/Fo)[ (2+ )/ (2+ B} )]3/2 2.13)

where F, =V, /\/(gyl) is the Froude’s number of flow in the normal channel
section and F, = V,/(gy,) is the Froude’s number of flow at the flumed/throat
section. Using the above relation, the fluming ratio is plotted against F; val-
ues in Figure 2.17 for different approaching flow Froude’s numbers F; (taken
from some existing canals). It is seen that the rate of change in the fluming
ratio decreases with increasing F, value, and at F, =1 i.e. at critical flow, it is
asymptotic to the x-axis, indicating that no further fluming is no more eco-
nomic. In fact, flow surface in an open channel becomes wavy (with highest
undulation at critical stage) after F, value exceeds 0.7. It is, therefore, wise
not to flume a hydraulic structure so that F, value is more than 0.7 due to the
reasons that there is hardly any economy in fluming beyond F; = 0.7 as well
as the fact that the flow surface becomes wavy when F; exceeds 0.7. It may
also be seen that when the approach flow Froude’s number (F,) is less, there is
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FIGURE 2.17
Interrelation between F,, F, and B,/B, (Equation 2.13).

more opportunity of fluming for economy compared to the flow with higher
F, value. Obviously, if the approach flow F, is unity i.e. flow at critical state, no
fluming is possible if subcritical flow regime is to be maintained.

2.2.10 Choking of Subcritical Flow, Afflux, and Flow Profiles

Using the specific energy diagram shown in Figure 2.15, the critical height
of hump A_ at c (in Figure 2.1) at which the flow at the summit (also called
control section) in a rectangular channel can be found from the relation

)" (2.14)

Ac=(E,-E.)=E,-15y.=E,-15(q’/g

where E. is the critical specific energy at the control section under the critical
flow condition. Knowing the normal specific energy of the approaching flow
upstream of the summit (E1 =y + \4 / Zg) and the discharge per unit width
(q=Q/B,) of the channel at the flumed rectangular section, the critical height
of hump (A,) can be found from Equation 2.14.

The flow is choked when Froude’s number of flow at the control section
is unity i.e. flow at the control section is just critical. If the height of hump
A > A, the flow at the control section is not possible with the available specific
energy of flow which is less than the minimum specific energy required (E)).
Assuming no loss in energy up to the control section, the energy level upstream
must rise by the amount (A — A ) in case A id greater than Ac, so that the avail-
able minimum specific energy above the hump of the summit remains E_and
the flow depth remains the same i.e. y.. The rise in energy level due to flow
choking results in the corresponding rise in water level upstream. This results
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in backwater effect behind the hump. Difference between the original unob-
structed water surface profile and the backwater profile is called afflux (h*).
Afflux gradually reduces upstream and the maximum afflux occurs immedi-
ately upstream of the hump, for which adequate freeboard must be provided
while designing the upstream transition structure. The approximate value of
afflux (assuming that the head due to the velocity of approach remains more
or less the same and no loss in head due to friction) will be equal to (A — A).
Referring to Figure 2.1 when a channel is contracted only laterally with-
out any hump or rise in bed elevation, the critical width of channel at the
flumed/throat section at critical stage can be found as follows:

i. Find E. = E; assuming no loss in energy up to control section.
ii. y.=2/3(E) = 2/3(E,) for rectangular channel section at throat.
iii. Determine q. = V(gy?)
iv. Find B, = Q/q. i.e. required width of flumed channel at control
section for critical flow.

If width at throat B, (same as b, in Figure 2.1) is less than B, the flow is at
the subcritical stage upstream. When B, is just equal to B,, the flow is just
choked at critical stage. When B, is less than B, flow is completely choked
and no flow is possible at the available specific energy of flow E. (=E,), and
the energy level must rise upstream resulting in the backwater condition and
afflux. Maximum afflux under complete choked condition can be found as
follows:

i. Find q, value at the rectangular throat corresponding to the throat
width B, (less than B.) as q, = Q/B,.

ii. Find the critical depth of flow y. = (q% / g)m.

iii. Find E, :3/2(yc):E{ (assuming no head loss in the contracting
transition).

iv. Maximum approximate afflux = E] — E; (assuming that change in
head due to the velocity of approach before and after fluming is
negligible).

In case flow is not choked or just choked, flow profile (i.e. without any afflux
due to choking) can be found by use of specific energy diagram as already
discussed under clause 2.2.8.1.

It may be mentioned here that the actual afflux shall always be higher than
the value determined above (due to flow choking) since there is additional
loss in head due to friction and form loss due to actual boundary condition.
For example, if there is sudden entry without any inlet transition, there will
be appreciable loss in head due to separation, depending upon C; and C,
values, which depend upon the nature of transition.
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Flow may also be choked due to combined effect of hump and fluming,
even though A < A_and B, < B.. Under such circumstances, whether flow is
choked or not can be determined as follows:

i. Find q=Q/B,.

ii. Find y, = (q*/g)""*.
iii. Find E. =3/2 (y,).
iv. Find E; = (E, — A).

v. Compare E; with E..

If E, > E, the flow is unchoked. It is choked if E; > E_. Flow profile in the con-
tracting transition (i.e. up to the flumed section when the flow is just choked)
can be found by using specific energy principles, knowing the geometry of
the hump (A) and the corresponding flow intensity (q = Q/B) in a similar
manner as already discussed under section 2.2.8.1.

It may be mentioned that the actual head loss in any hydraulic structure
with respect to normal energy level downstream of the structure shall be
equal to

SH, =Hy; + Hyo +Hy, = Ci(V3/28) + Co( V3 /25 - 0, VE /2g) + Vi n? Lo /RE/®

(2.15a)
=V} /28[ i+ Co f1-02V3/ V3 }+2g 0% Lo R, | (2.15b)
=Vi/2g[Ci+C, +2gn°LoRY? |, (2.150)

assuming that o, V3 /V§ is negligible.

Here, H;;, H,,, and H;, are the head losses in inlet, outlet, and the flume
sections respectively, respectively (Figure 2.1); n is Manning’s roughness
coefficient; L, is the length of flume; and R is the hydraulic radius of flow
in the flume. The total afflux in a choked hydraulic structure shall, there-
fore, be the sum of affluxes due to head losses and additional afflux due to
flow choking. Once the maximum afflux behind a hydraulic structure (h*) is
known, the backwater profile due to the afflux can be computed by standard
methods available in textbooks of free surface flow (Chow, 1973; Ranga Raju,
1993; Subramanya, 1982).

When the flow is completely choked, flow downstream of the control sec-
tion becomes supercritical, a hydraulic jump occurs downstream and the
flow returns back to subcritical state prevailing before the construction of
structure. This is the natural means through which the incoming flow loses
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the excess kinetic energy it had to gain upstream due to choking so that nor-
mal flow persists after the jump. Further details of hydraulic jump and its
characteristics are discussed under the subsequent section.

2.2.11 Fluming for Proportionality of Flow

A flow meter where there is negligible afflux and continues to act under
free flow condition irrespective of magnitude of incoming discharge may
be termed as a proportional-type flow meter. It has an advantage over other
classical-type flow meters due to the fact that depth—discharge relation can
be maintained at all incoming flows, and there is no backwater and sedi-
ment deposition upstream due to normal flow conditions at all discharges.
Mazumder and Deb Roy (1999) developed the unique flow meter by simulta-
neous fluming in both horizontal and vertical plains as shown in Figure 2.18.
It always acts under the free flow condition irrespective of the magnitude of
incoming flow in the flow range Q.. and Q,,;, used for design of flow meter.
The equations developed for finding the width (By) and corresponding rise
(A) at control section are given by Equations 2.16(a and b) respectively.

BO = [07( rzn/zg( - r2n/u31 )/(Elmax_ Elmm)]3/2 216(3)
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FIGURE 2.18

A proportional-type flow meter with flumed width By and its corresponding crest height A for
proportionality of flow.
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A= Elmax - 3/2[(Qmax/B0 )z/g:ll/3 216(b)

An illustrative example on design of proportional flow meter has been has
been worked out in Chapter 5.

2.3 Characteristics of Flow from a Subcritical to
a Supercritical State/Flow over Spillway

Asdiscussed in Section 2.2.7, when an incoming subcritical flow is choked due
to excessive height of obstruction (e.g. dams, barrages) with height of hump
A > A, or due to excessive restriction of normal waterway (e.g. flow meters,
bridges, siphons) with B, < B, or due to simultaneous rise in bed combined
with fluming (e.g. standing wave flumes, canal drops, weirs with restricted
waterway), the flow downstream of control section turns to a supercritical
stage. Some of the characteristics of flow and shapes of transitions/spillways
provided under supercritical flow have been discussed in Chapter 1.
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Flow over an ogee-type spillway.
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When a flow is completely choked, the depths of flow in the expanding
part of the transition downstream of the control section can be easily deter-
mined from the specific energy/discharge diagrams (E:y and q:y relations)
shown in Figure 2.15a and b, respectively, since the specific energy is known
at any point on the spillway/glacis/sloping surface as indicated in Figure 2.19.
It may be seen that the depth of supercritical flow decreases towards the toe
of the downstream glacis as the specific energy and flow velocity increase.
Since the flow is subjected to a negative pressure gradient, it is a stable flow.
However, after a certain point (Figure 2.20), the flow thickness increases due
to air entrainment, and it remains practically constant from a point where
the gain in potential energy (due to fall) becomes equal to the loss in energy
due to friction and turbulence resulting in zero acceleration and constant
velocity thereafter. The point from which the terminal fall velocity remains

Supercritical
flow range
. Subcritical

// flow range
/

Alternate
depth
b

\Alternate

depth line

FIGURE 2.20

A specific energy diagram for illustrating subcritical, critical, and supercritical flows and water
surface profile over a spillway.
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constant will depend on the head over the spillway crest (i.e. discharge inten-
sity), the slope of the spillway face, and its roughness. United States Bureau
of Reclamation (USBR, 1968) collected a large amount of data from prototype
spillway structures in the United States for design of an ogee-type spillway.
Another important aspect of spillway design is related to prevention of dam-
age of the spillway face due to cavitations. Cavitations occur due to curvilin-
ear flow over the rounded crest resulting in subatmospheric pressure under
the lower nappe near the crest. Negative subatmospheric pressure arises also
due to very high-velocity (>16m/sec approx) flow over the spillway face when
the air from the bottom surface of the overflow nappe gets entrained by the
high-velocity jet resulting in subatmospheric pressure. Adequate ventilation
of the lower nappe by providing ventilators for aeration purpose is a must to
prevent cavitation’s damage.

To overcome the problem of cavitations and energy dissipation down-
stream of a high head spillway, stepped spillways are getting popular.
Design requirement of stepped spillways and characteristics of flow over
stepped spillway are available elsewhere (Rajaratnam, 1990; Chanson, 1993;
Pfister et al., 2006). Flow characteristics and detailed design procedure for
other types of spillway profiles (e.g. shaft type, siphon type, chute type,
side channel) with supercritical flow are given in Chapter VIII by Hoffman
(USBR, 1968).

2.4 Characteristics of Flow from a Supercritical
to a Subcritical Stage/Hydraulic Jump

When a supercritical flow changes to a subcritical stage, the kinetic energy
of the incoming flow is transformed to pressure head. As shown in the
specific energy diagram, transition from supercritical to subcritical flow
without any jump is theoretically possible by providing a streamlined
wedge-shaped structure (CBIP, 1957; Abdorreza et al., 2014) such that the
specific energy changes gradually and there is no flow separation from
the boundary. Being subjected to adverse pressure gradient, such flow
is highly unstable resulting in boundary layer separation and formation
of hydraulic jump accompanied with a loss in energy as illustrated in
Figures 2.1 and 2.19.

In the following paragraphs, some of the important characteristics of
hydraulic jump have, therefore, been discussed in brief. Proper under-
standing of these jump characteristics is essentially needed for design
of appropriate type of energy dissipation arrangement below a spillway.
Energy dissipaters are in fact hydraulic structures which help in conversion
of supercritical flow at toe of spillway to subcritical flow at the end of the
stilling basin.
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2.4.1 Hydraulic Jump Characteristics

A large numbers of research study have been conducted by hydraulic
engineers to find the various characteristics of a hydraulic jump. Some of
the prominent persons are Bidone (1819), Safranez (1927), Bakhmeteff and
Matzke (1936), Blaisdel (1948), Rouse et al. (1958), CBIP (1957), Bradley and
Peterka (1957), Hager (1992a), and many others.

2.4.1.1 Conjugate/Sequent Depth Relation

The conjugate depth relation in a hydraulic jump can be found from Newton’s
second law of motion, which states that the rate of change in momentum is
equal to the net force acting on a control volume.

P1 - Pz +Wsin6 — Ff = pQ(B2V2 - B1V1) (216C)

where P, and P, are the pressure forces, V, and V, are the mean velocities
of flow, B, and f, are the momentum correction factors at the entry and exit
ends of the jump, Q is the flow rate, W is the weight of water in the control
volume bounded by section 1 and 2 (before and after jump), the free surface
and the bed of channel, F; is the frictional force on the periphery of the con-
trol volume, p is the water density, and 0 is the angle of inclination of the
floor with respect to horizontal.

Assuming horizontal floor (0 = 0), uniform distribution of velocity before
and after the jump and neglecting frictional drag (F; = 0), Equation 2.16¢ can
be written as

P +pQV; =P, +pQV, (217)

Expressing specific force F, as sum of pressure force (P) and Force due to
momentum (pQV), F, =P + pQV = constant.
Since P =pg AZ and V =Q/A,

F. =Q%/gA + AZ = constant (2.18)

The specific force (F,) remains the same before and after the jump.

Figure 2.15a (iii) shows the (F,:y) relation between the specific force (F,)
and the flow depth (y) which govern both A and Z in a prismatic channel.
Here, A is the sectional area of flow and Z is the vertical distance between
the top water surface and the center of gravity of the flow area. The lower
limb Figure 2.16a (iii) gives the supercritical flow, and the upper limb
denotes the subcritical flow. For any of given value of specific force (F,),
flow is possible at two depths, pre-jump (y; at point P, in Figure 2.15a (iii))
and post-jump depths (y, at point P, in Figure 2.15a (iii)), which are called
conjugate depths.
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Putting F; = F, and the values of F, from Equation 2.18 and simplifying,
it can be proved that the conjugate depth relation in a prismatic channel of
rectangular section can be expressed as

ya2/y1=12[(8 + F?)-1] (2.19)

and

yi/y2=1/2[(8+F)-1] (2.20)

where F, and F, are the pre- and post-jump Froude’s numbers of flow, respec-
tively, which are given by

F :V1/\/(gyl)and F, :V2/\/(gy2)

where V, and V, are the pre-jump and post- jump mean velocities of flow
respectively by

Vi=q/yiand V, =q/y,

where q is the discharge intensity i.e. = Q/B, where Q is the flow rate and B
is the width of the rectangular channel where jump occurs accompanied with
transition from supercritical to subcritical flow. Figure 2.15a (iii) illustrates the
conjugate relation given by Equation 2.19. Using an alternate depth relation
in a specific energy diagram (E:y) on the left-hand side (Figure 2.15a (i)), it is
apparent that jump is always accompanied with loss of energy AE as illus-
trated in the alternate and specific energy diagram (Figure 2.15a (i, ii, and iii)).

2.4.1.2 Types of Jumps

Depending upon the pre-jump Froude’s number of flow (F)), the jumps may
be classified as follows:

i. Undular jump in the range 1.0 < F; < 1.7 with no roller and undular/
wavy surface

ii. Weak jump in the range 1.7 < F, < 2.5 with feeble roller near top surface

iii. Oscillating jump in the range 2.5 < F; < 4.5 with periodic oscillation
of roller and wavy surface

iv. Steady jump in the range 4.5 < F, < 9.0 with stable roller and smooth
surface

v. Strong jump when F; > 9.0 with strong roller but wavy surface.

Different types of hydraulic jumps causing transition of flow from supercriti-
cal to subcritical stage are shown in Figure 2.21a—d. Efficiency of jump as an
energy dissipater increases as F, value increases.
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FIGURE 2.21
Different types of hydraulic jump: (a) weak jump (1.5 < F; <2.5); (b) oscillating jump (2.5 <F, <4.5);
(c) stable jump (4.5 < F; <9.0); (d) strong jump (F, > 9.0).

2.4.1.3 Free and Forced Jumps

Free jumps are normal jumps in a prismatic channel without use of any
appurtenances. Forced jumps are those where appurtenances such as
chute blocks, baffle blocks, and end sills are used to reduce the length of
jump, improve the performance of jump as energy dissipater, and make
it less sensitive with tail water variation. Jumps are repelled and formed
away from the toe of a spillway, in case the available tail water depth (y,)
is less than the conjugate depth (d,). The jump gets submerged when y, >
d,. Spatial jumps occur when the jump occurs in a channel with expand-
ing/diverging sidewalls. Conjugate depth relations given by Equations 2.19
and 2.20 are applicable to parallel side walls of a rectangular channel with
horizontal floor.

2.4.1.4 Length of Jump

Jump length is the axial distance measured from the toe of jump to the end
of jump where it merges tangentially with the tail water surface. As shown in
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Figure 2.22, the length of jump varies from 2d, to 6d, approximately, depend-
ing upon the F, value.

2.4.1.5 Height of Jump
Height of jump (h) is defined as the difference between conjugate depths i.e.
h=d,-d;:

hy/E, = [(1+ gr?)" —3] /(1:12 +2) @.21)

2.4.1.6 Jump Profile

The profile of jump as shown in Figure 2.23 is nonlinear and varies with
inflow Froude’s number F,. Coordinates of jump profile (x, y) at any distance
x measured from toe of jump as measured experimentally for different F,
values are given in Figure 2.23.
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FIGURE 2.22
The length of jump varying from 2d, to 6d, (A = L;/d,).
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FIGURE 2.23
Profile of hydraulic jump and velocity distribution shown by arrows at different distances

along the jump.
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2.4.1.7 Energy Loss in Jump

As illustrated in Figure 2.15a (ii), a hydraulic jump in open channel is always
associated with loss in energy (Hy; = AE), which may be expressed as

AE=E, -E, = (di + Vi /2g) - (d, + V3 /2g)

Using Equation 2.19 and continuity relation, it can be proved that the energy
loss in jump in a rectangular channel is given by

AE=(d, -d,)’ /4d, -d, 2.22)

2.4.1.8 Efficiency of Jump

Efficiency of jump (n) is defined as the ratio between inlet and outlet energies:
N=E,/E; = [(8F12 +1)°—4F + 1] / [8F2 (2+F2)] (2.23)

2.4.1.9 Relative Loss of Energy
Relative loss of energy may be expressed as

AE/E, =1-1 (2.24)

Different characteristics of jump in horizontal rectangular channels are
plotted in Figure 2.24.
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FIGURE 2.24

Different characteristics of jump in horizontal rectangular channels. (Chow, 1973, with
permission.)
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2.4.2 Velocity and Shear Stress Distributions in Hydraulic Jump

In a subcritical contracting transition, boundary layer thickness
reduces in the flow direction due to favorable (negative) pressure gradient
(from Equation 2.1). As a result, the flow becomes more uniform in the direc-
tion of flow in a contracting transition with subcritical flow. Subcritical flow
in an expanding transition is, however, subjected to adverse (positive) pres-
sure gradient resulting in growth of boundary layer thickness in the direc-
tion of flow resulting in nonuniform velocity distribution.

2.4.3 Boundary Layer Separation and Flow Regimes in an Expansion

When the boundary layer thickness becomes excessively high under the
influence of external adverse pressure gradient (which is impressed on
the boundary layer), there is a point beyond which the main flow no more
adheres to the boundary and separates resulting in reversal of flow in the
boundary layer zone. At the point of separation, there is a reversal of bound-
ary shear stress. At the point of separation, bed shear stress vanishes or du/
dy =0, since t, = p du/dy = 0. Different regimes of flow that successively
occur in open-channel subcritical expansion (Mazumder & Kumar, 2001)
and in a closed conduit diffuser (Kline et al., 1959) with gradual increase in
angle of expansion are illustrated in Figure 2.25a and b, respectively.

2.5 Supercritical Flow Transition

Supercritical transitions from incoming supercritical to outgoing super-
critical flow are provided in hydraulic structures such as chutes, outlets,
and spillways. Most often, supercritical transitions are avoided due to
disturbance and shock waves. However, there is cost reduction by narrow-
ing the structures like side-channel spillway in dams. Unlike subcritical
flow where the depth of flow is high, supercritical flow has small depth
requiring less height of side walls. But the disturbance created by shock
waves in both contraction and expansion is responsible for the greater
height of side walls. The higher the Froude’s number of flow, the higher
the disturbance and height shock waves. Rouse et al. (1951) and Ippen and
Dawson (1951) conducted an exhaustive study of flow characteristics in
supercritical transition and developed a design procedure to control shock
waves in contraction and expansion. Rouse et al. (1951), and Vischer (1988)
developed different techniques for controlling shock waves. Mazumder
and Hager (1992a) and Hager and Mazumder (1993) conducted an exhaus-
tive experimental study and measured different characteristics of flow in
supercritical expansions.
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Shock waves are found to occur in supercritical flow when there is a sud-
den change in flow direction owing to change in channel boundary due
to contraction or expansion. As shown in Figure 2.26, when a boundary is
deflected by an angle 6, a shock wave starts from the change point and the
shock line (or shock front) is inclined at an angle f. The relation between 0
and p, as developed by Ippen and Dawson (1951), is given by

tan@ = tan[3|:(1 + 8F2sin? [3)0'5 _ 3:|/|:(2 tan?B— 1) + (1 + 82 sin’ B)0.5:|

(2.25)

Here, the angles 6 and f are illustrated in Figure 2.26, F, is approach flow
Froude’s number.

Shocks are classified as positive and negative depending upon whether the
surface rises or falls after the shock front. Figure 2.29 illustrates typical shock
waves/fronts in supercritical transitions. Shock waves/fronts are different
from hydraulic jump due to the facts that the flow before and after the shock
fronts are supercritical, and there is negligible head loss in shock waves.
The main objective of the design of super-critical transition is to suppress
shock waves and obtain a smooth flow with very little or no shock waves.
Different characteristics of shock waves past expansions, contractions, and
bends are available in the study by Rouse (1950), Hager (1992b) and Hager and
Mazumder (1993), and Mazumder et al. (1994), Mazumder and Hager (1995).

2.5.1 Flow Characteristics in Supercritical Flow Transition

When an incoming flow AB (Figure 2.26) is deflected through an angle
0 (point B), disturbance propagates along a line inclined at an angle p,
the incoming streamline maintains the initial direction up to the line of
disturbance, known as shock wave (also called shock front) which deflects
the stream through an angle 6 making it parallel to the new boundary BC.

CONTRACTION e -~ A -

EXPANSION

FIGURE 2.26
Boundary (ABCD), contraction, and expansion in supercritical flow transition.
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FIGURE 2.27
Reflected positive (full lines) and negative (dotted lines) sock fronts in supercritical expansion.

Similar disturbance is created at point C (Figure 2.26) where the bound-
ary CD is again deflected. The flow on the upper portion of the boundary
ABCD reflects contraction, whereas the flow on the lower side resembles
flow expansion.

The first shock front BE in the contraction is called positive shock,
since the boundary moves towards the flow. Shock front BF in the expan-
sion, which is a mirror image of BE (with respect to AB) is a negative
shock line as the boundary moves away from the flow. While flow depth
increases abruptly all along the positive shock front, there is a sudden
reduction in flow depth all along the negative shock front. For the same
reason, the shock fronts CG and CH (Figure 2.26) are positive and nega-
tive shock waves, respectively. Figure 2.27 shows the positive and negative
shock fronts developed in a supercritical transition. The positive shock
fronts cross each other at G, I, ], etc. (Figure 2.27) at the center line and
are reflected from the sidewalls at 2-2’, 4-4’, etc. with rise in water surface.
At all such points, 1-1), 3-3, 5-5, etc., where the negative shock waves get
reflected, there is fall of water surface. Thus, the flow surface along the
wall (as well as other longitudinal sections) will be undulating with con-
secutive rises and falls. Shock waves are in essence a natural process by
which the flow regains its original state of smooth and uniform surface.
Some typical shock waves/fronts are shown in Photo 2.3. Further discus-
sions of shock waves are made in Chapters 3 and 4. Illustrative design are
given in Chapter 5.

2.6 Flow Characteristics in Closed Conduit Flow Transitions

Closed conduit pressure flow in contracting and expanding transitions are
to be designed in numerous hydraulic structures e.g. wind tunnels, venturi
meters, draft tubes, power intakes, and desilting chambers in power tunnels.
The characteristics of flow in such transitions must be understood properly
for their effective and efficient design.
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(b)

PHOTO 2.3
(@) Shock waves in a supercritical flow expansion; (b) reflected shock waves in supercritical
expansion.

2.6.1 Contracting Transition/Confuser

Pressure flow in a contraction behaves similar to that in a subcritical flow
transition. The pressure gradient (dp/dx) in the flow direction is negative
resulting in reduction of boundary layer thickness. As a result, velocity
distribution is more uniform and stable. In a sudden contraction, flow sepa-
rates from the boundary, but the annular surface of separation is symmetric
and stable. Confuser (contraction) designed as per the separation profile will
prevent separation and minimize head loss and will result in very uniform
flow at the downstream end of the confuser.
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2.6.2 Expanding Transition/Diffuser

Pressure flow in an expanding transition/diffuser has characteristics similar
to that in a subcritical expansion. Since the pressure gradient (dp/dx) is posi-
tive in the direction of flow, boundary layer thickness increases and separa-
tion of flow occurs from a point where the velocity gradient (du/dx) is zero.

2.6.2.1 Head Loss

Head loss in a diffuser comprises both frictional and form losses. The total
head loss (H,) in a diffuser is governed by diffuser total angle (26); diameter
ratio (K=D,/D,), where D, and D, are the inlet and outlet diameters, respec-
tively; Reynolds number of flow (Re); and roughness of pipe (f). Up to a critical
angle (20 = 8°), the flow does not separate and the head loss (H,) is governed
principally by frictional resistance. With a further increase in angle, flow
separates and the losses are both due to friction and turbulent eddies, and
the maximum loss is found to occur at 20 = 60° after which boundary fric-
tion almost disappears and the head loss is mainly due to turbulent eddies.
Figure 2.28 illustrates variation of head loss coefficients, K and C, against
total angle of expansion 20. K and Co are defined by Equation 2.26

Hy =K(Vi-V2) /2g=C,(V2/2g - V2 /2g), (2.26)

where V; and V, are the mean velocities of flow at the entry and exit of
diffuser, respectively. Variation of K and C, with angle of diffuser cone is
shown in Figure 2.28.
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FIGURE 2.28

Variation of head loss coefficients K (solid lines) and C, (dotted lines) in a conical diffuser for
different values of (D,/D, and/ rectangular diffuser (B2/B1).
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FIGURE 2.29
Variation in E with total angle 20 of diffusers.

2.6.2.2 Hydraulic Efficiency of Diffuser (E)

Efficiency of a diffuser can be expressed as the ratio between the recovery in
pressure head (Ah) and the change in kinetic energy (V12 [2g-V3/ Zg). It may
be proved that 1 is given by the following expression (Bhargava, 1981):

E=6K?/(K*+1)(K>+K+1) (2.27)

Figure 2.29 illustrates the variation of E with total angle of diffuser (26) for
different K (=D,/D,) values.
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3

Different Methods of Hydraulic
Design of Flow Transitions

3.1 Introduction

The design of open-channel transition is a problem of common occurrence in
the execution of irrigation and hydraulic structures. In the field of aeronau-
tics and mechanical engineering, problems of flow transition in pressure con-
duits have been tackled analytically by employing the principles of boundary
layer separation, whereas in the field of open channel, the approaches so far
are mostly empirical in nature. However, the devices found effective in aero-
nautics arc not directly applicable to open-channel transition.

In open channel, the first major investigation in respect of contracting and
expanding transition in subcritical flow is of Hinds (1928). Hinds’s warped-
type transition is very popular, even now, particularly for major types of
hydraulic structures, such as aqueducts and siphons. The hyperbolic tran-
sition of Mitra (1940), later modified by Chaturvedi (1963) by exponential
equation, is popular in India. The designs are based on certain hypothesis,
similar to Hinds’s, in respect of length, water surface profile, and variation
in velocity. The U.S. Bureau of Reclamation (USBR, 1952) developed a variety
of transitions for open-channel subcritical flow. Different USBR transitions
(1968) with corresponding head loss coefficients C;and C, for inlet and outlet
transitions, respectively, are discussed in Section 1.9.1.

Ci =Hy/(V?/2g-V?/2g) and C, = Hy,/(V3/2g-Vi/2g) (1)

where V,, V;, and V, stand for the mean velocities of flow at the throat,
upstream, and downstream sections, respectively, and H;; and H,, are the
head losses at inlet and outlet transitions, respectively. USBR recommends
simple forms e.g. cylinder quadrant or straight type for unimportant struc-
tures where head loss is small and not of much importance. But for important
structures e.g. aqueducts, siphons etc. where fluming is severe and head loss
is to be minimized, USBR recommends warped-type transition, popularly
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known as Hinds’s transition. Design of Hinds’s warped-type transition is
based on several assumptions, the most important of them being as follows:

i. Water surface profile is a compound curve made up of two reverse
parabolas, with inflection point at the middle and merging into the
upstream and downstream water surface at either end of the transi-
tion tangentially.

ii. Loss coefficients C; and C, remain constant throughout the length of
transition.

iii. Length of transition is given by an angle 12° 30" between the axis of
the channel and the line joining the points where the water surface
meets the sides at entry and exit of the transition.

Procedure of design is tedious and time consuming. Assumptions made may
be far from actual state of affairs. C; and C, values are actually found to vary
with flow characteristics such as depth and discharge and other parameters
such as expansion ratio and roughness. Length of transition as arbitrarily
assumed by an angle 12° 30" may also be subject to criticism. As regards
shape of water surface, Hinds’s own conclusion was “no definite data as to
the best form of water surface profile, the best form of structure of the most
efficient length of transition are available.” Nor do we know anything posi-
tive about the interrelationship of length, the water surface profile, and the
shape of transition and, for that matter, degree of flaring suitable under any
particular boundary and flow condition.

Vittal and Chiranjivi (1983), Chaturvedi (1963), Formica (1955), Smith
(1967), and Smith and Yu (1966) were among several authors who have
studied the performance of transitions of various forms derived either
empirically or semi-empirically. Mazumder (1966a) adopted transition rep-
resenting the boundary of an eddy zone occurring in an abrupt expansion.
The shape of the curve, found experimentally by Ishbash and Lebedev
(1961), is given by

Y =1/2B(y +1/2[ BBy ]~ X/Lus {1 XL 1= (1= 1 X ) }} (3.2)

where X and Y are the coordinates at any point on the curve measured from
origin which lie at the junctions or the center line and the inlet and outlet ends
of the throat, for the contracting and expanding transitions, respectively; L is the
length of transition, measured axially; and L/2B and L./2B where B(t) and B are
the half widths of contracted (throat) and full sections, respectively. Mazumder
(1971) derived several other forms of transitions also, based on assumptions
regarding variation of velocity, water surface, and boundary conditions.

Some of the commonly used transitions in open-channel subcritical flow
are presented in Figure 1.3. Performance of Jaeger’s (1956) type of inlet tran-
sitions (given by the following equations) having different axial lengths
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(governed by the average rate of flaring varying from 0:1 to 5:1) was mea-
sured by Ahuja (1976), and the results are given in Figure 2.7.

V, =V, +a(1-coso) (3.3)

¢ =nx/Le (3.4)

Y, =Y, -a/g[(a+V;)(1-cos¢)—1/2asin’¢ | (3.5)
a=1/2(Vo-Vy) (3.6)

VB, Y, =Q=V;B, Y, (3.7)

where V,, Y,, and B, are the mean velocity, flow depth, and mean flow width
at any distance x from the end of inlet transition (i.e. throat section), respec-
tively; L. is the axial length of inlet contracting transition; and V; is the mean
flow velocity at the throat/flumed section. Width of flow section (B,) at any
axial distance X from the exit end of inlet transition can be found from the
continuity equation. Figure 2.7 illustrates the variation of overall efficiency
of Jaeger-type inlet transition and eddy-shaped expansion in open-channel
subcritical flow. An example has been worked out illustrating the design of
contracting transition by Jaeger method in Chapter 5.

3.2 Design of Contracting Transition in Subcritical Flow

As already discussed, the subcritical flow through a contracting transition
is always stable, pressure gradient being favorable. Unless the velocity is
very high or the constriction is too severe, author is of the opinion that any
suitable streamlined shape of subcritical contracting transition will suffice.
The length of the transition required will depend on the degree of constric-
tion adopted, the approach flow condition, the type of structure, and the
amount of head loss permissible. For low-velocity unimportant structures,
an average side splay of 1:1-2: 1 will suffice (Mazumder and Ahuja, 1978).
For important high-velocity flumes, a length governed by an average side
splay of 3:1 will be all right. Using too long a length or too complicated a
shape of inlet transition will not only be costly and difficult to construct, but
will be inefficient too, from the viewpoint of head loss, flow surface condi-
tion, and velocity distribution. Inefficient contracting transition may lead to
poor performance of the expanding transition also. From the model studies
made by Gibson (1910, 1912), Formica (1955), and others, it has been found
that if properly streamlined, the performance of contracting transition can-
not be improved by adding more length beyond a certain limit governed by
the flow characteristics and boundary conditions.
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As regards the shape of contracting transition, it is recommended that it
should be merging tangentially to the wall at throat section where velocity is
high. And for this matter, use may be made of an elliptic quadrant or a cylin-
drical surface with center lying at the throat section. Mazumder (1966b) used
Trochoidal-shaped curve for both inlet and outlet transition which ended
tangentially to side walls as shown in Figure 1.3(biii).

In the absence of rigorous three-dimensional solution of motion in a con-
tracting transition, author prescribes the following design procedures based
on one-dimensional analysis:

3.2.1 Assuming Linear Variation of Mean Velocity of Flow

i. Fix up the length L., of transition, depending on the allowable
head loss, the amount of constriction adopted, and the maximum
velocity in the constriction.

ii. Decide the constriction ratio (Bo/Bl) from the relation given by
Equation 2.13 in Chapter 2 by the approach flow condition and econ-
omy; constricting beyond a certain value of F; [=V,/(gy,)*®] = 0.7 is
often found to be uneconomic (see Figure 2.17). Moreover, for values
of F, > 0.7, the flow is brought to the verge of critical stage when the
water surface becomes wavy.

iii. The width at the beginning (uncontracted width = 2B;) and that at
end (throat width = 2B,) of the transition are known.

iv. Compute the depths Y; and Y; and mean velocities V; and V, at the
beginning and end of the transition, respectively, from continuity
and specific energy principles. As a first trial, assume head loss to be
nil and finally assume a suitable value of C; depending on the type
of transition and flow conditions.

v. Plot the widths B, and B, and the corresponding depths of flow Y;
and Y, at the respective sections, separated by the distance L,
i.e. fixed end points.

vi. Divide the transition length into a number of equal steps (depending
on total length), and assuming that the mean velocity varies linearly
from V, to V, over the length, L, ., find the mean velocity at all the
steps. Obviously, the mean velocity (V,) at any section at distance x
away from the entry will be

Vx=V; + (Vo - Vl)'X/L('franS)

vii. Compute the cross-sectional area (A,) required at all the steps for the
given design discharge Q by the relation

Ay =Q/Vy

viii. Since A, = B,.Y,, compute different combinations of (B,,, Y,;), (B,,, Y,»),

X* X/

and so on at all the sections corresponding to the respective areas of
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iX.

cross sections required (from step vi), keeping in mind the end val-
ues (B,,Y;) and (B,,Y,). The intermediate widths, B,, will vary between
B, and B, and the depths, Y,, between Y; and Y,

Plot the probable combinations of widths (B, and their correspond-
ing depth Y,) at all the sections either using digits (e.g. 1.1, 2.2, 3.3)
or using symbols (e.g. 0, A) for the corresponding points in plan and
elevation, so that looking at any section, one may easily get the depth
corresponding to any width chosen (Figure 3.1).

. Join the corresponding points in plan and elevation, by trial and

error, with the fixed end points, so that the transition (in plan)
and the corresponding water surface profile (in elevation) are both
smooth and continuous. Table 3.1 and Figure 3.1 illustrate the design
methodology as stated in steps (i)—(ix).

An illustrative example is worked out in Chapter 5.

Water Surface Profile

229
, 3
213 A A
4
¢ i
! ? 3 5
183 — ! ! i $
| l | I
| | | |
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| | | |
153 . . . i

Elevation

FIGURE 3.1
Design of transition by trial assuming linear variation of velocity.
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TABLE 3.1

Probable Widths of Transition and Corresponding Depths of Flow (Figure 3.4)

Section Mean Area of Probable Mean Corresponding

No. Velocity (m/s) Section (m?) Width (m) Depths (m)

1-1 0.90 26.2 11.42 2.29

2-2 1.40 16.8 7.63 221
7.93 2.12
8.23 2.04

3-3 1.90 12.35 6.40 1.93
6.10 2.03
5.79 213

4-4 2.40 9.81 5.18 1.89
5.03 1.95
4.87 2.01

5-5 2.90 8.10 4.27 1.90

3.2.2 Assuming Variation of Mean Velocity as per Jaeger’s Equation

i. Find mean flow widths B, at the throat of transition as explained
under step (ii) in clause 3.2.1 and Equation 2.13 and Figure 2.17.

ii. Fix up the axial length of transition (L.) by assuming an average side
splay of 2:1 or 3:1 depending on permissible head loss.

iii. Find the depths Y; and Y, and their corresponding mean veloci-
ties V; and V; at the entry and exit of the contracting transition,
respectively.

iv. Find the ¢-value at any distance x from the exit section using
Equation 3.4.

v. Find V, at the given section using Equation 3.3.
vi. Compute the required flow area (A,) at the given section for the
design discharge Qie. A, =Q/V.,.
vii. Calculate a =1/2(V, — V;) using Equation 3.6.
viii. Find Y, at the given section using Equation 3.5.

ix. Since A, =B,.Y,, calculate B, i.e. mean flow width at x from known A,
from step (vi).

x. Plot the values of B, and Y, at the given sections and join them by

a smooth curve to obtain the transition (in plan) and flow profiles,
respectively.

Figure 3.2 shows a Jaeger-type inlet transition by following the design
steps (i)—(ix).
An example illustrating Jaeger’s design is worked out in Chapter 5.
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FIGURE 3.2
Jaeger-type inlet transition with 2:1 average side splay.

3.2.3 Hinds’s Method of Design

Hinds’s design of warped-type transition is based on certain assumptions
as already discussed in Section 3.1. Based on these assumptions, the design
may be carried out using the following steps:

i. Find the depth of water at the flumed section by using the energy
equation with C; = 0.10.

ii. Find the axial length of transition given by an angle 12° 30" between
the axis of the channel and the line joining the points where the
water surface meets the sides at entry and exit of the transition.

iii. Divide the length into four or five equal sections, depending on the
length of transition.

iv. Draw the water surface profile made up of two reverse parabo-
las, with the inflection point at the middle and merging into the
upstream and downstream water surface at either end of the transi-
tion tangentially.

v. Determine the drop in water surface (Ay,) at the sections at a dis-
tance x from the entry with respect to the original surface at entry,
and find Y, at the section as y, =y, — (Ay,).

vi. If Ah,, is the change in velocity head between the given section at x
with respect to velocity head at the original section (V12 / Zg) and C; is
the inlet loss coefficient, then

Ahvx = Ayx/(l + Cl)
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vii. If V, is the mean velocity of flow at the section, then
0.5
V. =[ Vi +2g-Ay, /(1+Ci)]
viii. Determine the flow section required at the section A, =Q/V,, where
Q is the design discharge.

ix. Mean width of flow, B,, at the section is given by B, = A, /Y, as Y, is
known from step v.

x. Plot the mean bed width B, at different sections and join them by a
smooth curve.

Note: If the transition is from a trapezoidal section at the entry to a rectangu-
lar section at the exit (i.e. starting of flumed structure), the side slope should
be gradually varied. Knowing the side slope at the given section, the water
surface and bed widths can be found easily from mean width B,. By adding
the required freeboard, the variation of top width of transition can be found.

An example is worked out to illustrate Hinds’s method of design in
Chapter 5.

3.3 Design of Expanding Transition in Subcritical Flow

The design procedure of curved subcritical expansive transition is similar to
those discussed in Sections 3.2.1-3.2.3 with steps stated underneath.

3.3.1 Assuming Linear Variation of Mean Velocity of Flow

i. Fix up the length of transition L., depending on the allowable
head loss, the amount of constriction adopted, and the maximum
velocity in the flumed section.

ii. Width at the throat of the transition (B,) is known from consider-
ations discussed in step (ii) in Section 3.2.1 (ii) and 2.2.9. Mean width
of the transition at exit (B,) is the same as mean width (B,) of the
downstream channel.

iii. Find the mean velocities of flow V, and V, at the exit end and throat
of transition, respectively, corresponding to flow depths Y, and Y,
respectively, from the known channel geometry and design dis-
charge. (As a first trial, assume head loss to be nil and finally assume
a suitable value of C, depending on the type of transition and flow
conditions.)

iv. Plot the widths B, and B, and their corresponding depths of flow
Y, and Y, at the respective sections, separated by the distance L,y
i.e. fixed end points.
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v. Divide the transition length into a number of equal steps (depending
on the length), assuming that the mean velocity varies linearly from
V, to V, over the length, L, Find the mean velocity at all the sec-
tions. Obviously, the mean velocity (V,) at any section at distance X
away from the entry will be

Vx =V, +[ (Vo = V2) - X/Liwans) |(taking exit end as origin)

vi. Compute the cross-sectional area (A,) required at all the intermedi-
ate sections for the given design discharge Q by the relation

Ay =Q/Vy

vii. Since A, = B,. Y,, compute different combinations of (B, Yx)),
(Bx,,Yx,), and so on at all the sections corresponding to the respec-
tive areas of cross sections required (from step vi), keeping in mind
the end values (B,Y,) and (B,,Y,). The intermediate widths, B,, will
vary between B, and B, and the depths, Y,, between Y, and Y,

viii. Plot the probable combinations of widths (B, and their correspond-
ing depths Y,) at all the sections either using digits (1-1, 22, 3-3) or
using symbols (e.g. 0, A, 0) for the corresponding points in plan and
elevation, so that looking at any section one may easily get the depth
corresponding to any width chosen.

ix. Join the corresponding points in plan and elevation, by trial and
error, with the fixed end points, so that the transition (in plan)
and the corresponding water surface profile (in elevation) are both
smooth and continuous.

The procedure of design for the expanding transition is illustrated by an
example given in Chapter 5.

3.3.2 Assuming Variation of Mean Velocity as per Jaeger’s Equation

i. Find the mean flow widths B, and B, at the ends of transition as
explained in the steps under Section 3.3.1 and 2.2.9.

ii. Fix up the axial length of transition by assuming an average side
splay of 2:1 or 3:1 depending on permissible head loss.

iii. Width at throat of the transition (B,) is known from the considerations
discussed in Section 3.2.2 (ii) and 2.2.9; mean width of transition at
exit is the same as mean width (B,) of the downstream channel.

iv. Find ¢-value and other parameters at any distance x from the exit
end of expansion from the following equations:

@ =nx/L, 3.8)
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V, =V, +a(1-cos @) 39)

Y, =Y, -a/g[(a+V,)(1- cos®)-1/2asin’® | (3.10)
a=1/2(Vo-V,) (3.11)

VB, Y, =Q=V,B, Y, (312

where V,, Y,, and B, are the mean velocity, flow depth, and mean flow
width at any distance x from the exit end of expanding transition,
respectively; L, is the axial length of expanding transition; and V, is
the mean flow velocity at the exit of expanding transition. Width of
flow section (B,) at any axial distance X from the exit end of expand-
ing transition can be found from the continuity equation.

v. Find V, at the given section from Equation 3.9.
vi. Compute required flow area (A,) at the given section for the design
discharge Qie A, =Q/V,.
vii. Calculate a =1/2(V, — V,) from Equation 3.11.
viii. Find Y, at the section from Equation 3.10.
ix. Since A, = B,Y,, calculate B, i.e. mean flow width at x from known
A (step vi).
x. Plot the values of V, and Y, at the given sections and join them by

a smooth curve to obtain the transition (in plan) and flow profiles,
respectively (Figure 3.5).

The procedure of design for the expanding transition by Jaeger’s method is
illustrated by an example given in Chapter 5.

3.3.3 Hinds’s Method of Design of Outlet Transition

Hinds’s method of design of warped-type transition is based on certain
assumptions as already discussed in Section 3.1. Based on these assump-
tions, the design may be carried out with the following steps:

i. Find the depth of water at the flumed section by using energy equa-
tion with C, = 0.20.

ii. Find the axial length of transition given by an angle 12° 30" between
the axis of the channel and the line joining the points where the
water surface meets the sides at exit of the transition.

iii. Divide the length in to four or five equal sections, depending on the
length of transition.

iv. Draw the water surface profile made up of two reverse parabo-
las, with the inflection point at the middle and merging into the
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upstream and downstream water surface at either end of the transi-
tion tangentially.

v. Determine the fall in water surface (Ay,) at the sections at distances
x from exit of expansion with respect to the original surface at exit
and find Y, at the section as

Y, =Y, —(Ayy)

vi. If Ah,, is the change in velocity head between the given section at
x with respect to velocity head at the exit section (say V5 /2g), then
Ah,, = Ay, /(1 - C,), where C, is the outlet loss coefficient which may
be assumed as 0.2.

vii. If V, is the mean velocity of flow at the section, then
0.5
Vo =[ Vi +2g- Ay, /(1-C,)] -
viii. Determine the flow section required at the section A, =Q/V,, where
Q is the design discharge.

ix. Mean width of flow, B,, at the section is given by B, = A, /Y, as Y, is
known from (v).

x. Plot the mean bed width B, at the different sections and join them by
smooth curve.

Note: (i) If the transition is from a trapezoidal section at exit to a rectangu-
lar section at the entry (i.e. end of flumed structure), the side slope should
be gradually varied. Knowing the side slope at the given section, the water
surface and bed widths can be found easily from mean width B,. By adding
the required freeboard, the variation of top width of transition can be found.

An example is worked out to illustrate the design methodology in
Chapter 5.

3.3.4 Limitations of Conventional Design
Method of Expanding Transition

Mazumder (1966, 1967) tested eddy-shaped expansion (Photo 2.2) given by
Equations 1.8 and 1.9 and found that the flow separates from the boundary
in all cases resulting in poor efficiency and nonuniform velocity distribution
as illustrated in Table 2.2 and Figures 2.5a—f and Figs. 2.10 a-d. Same kind of
poor performance was observed in expansions with other different shapes
and lengths as discussed in Section 1.8.1.

Under the circumstances stated above, author concluded that there is no
sense in designing subcritical flow expansion by using complicated shapes
with long lengths (e.g. Hinds) which is not only difficult to construct but
costly too, and their performance is also far from satisfactory. It was therefore,
concluded that the problem of subcritical expansion design should be better
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treated as a problem of boundary layer flow control. There are well established
methods of boundary layer flow control for design of aerofoil. However, such
methods cannot be adopted in hydraulic structures due to prohibitive costs
involved. Some of the innovative methods adopted by the author and others
for the design of efficient wide-angle open-channel expansion and diffusers
are discussed in detail in Chapter 4. [llustrative designs are given in Chapter 5.

3.4 Design of Transition from Subcritical
to Supercritical Flow

Types of transition from subcritical to supercritical flow and the characteris-
tics of flow in such transitions have been discussed in Sections 1.8.2 and 2.3,
respectively. Design procedure for different types of spillways where the
flow changes from a subcritical to a supercritical stage has been well docu-
mented and described in several textbooks (Creager et al., 1968; USBR, 1968;
Chow, 1959; Mays, 1999; Roberon et al., 1993; Aswa, 1993; Mazumder, 2007).
However, considering the importance of these structures, design steps for
three different types of spillways, namely, (i) ogee type, (ii) side channel type,
and (iii) shaft type, have been outlined in the following sections. Illustrative
example of design of ogee-type spillway is given in Chapter 5.

3.4.1 Ogee-Type Spillway/Creager’s Profile

As illustrated in Figure 3.3, ogee-type spillway (with Creager’s profile) is
popularly used in dams/barrages for disposal of flood water from reservoirs
upstream of dams/barrages for their safety. The flow over the spillway varies
from critical flow at control section at crest to supercritical flow downstream.
The spillway surface represents the lower nappy of the freely flowing jet as
shown in Figure 3.3 with the objective to prevent any flow separation from
the spillway face. Classical equations of the lower nappy which is a grav-
ity parabola under non-gated (Equations 1.14-1.18) and gated conditions
(Equation 1.19) are given in Section 3.8.2. Design procedure of ogee-type
spillway is given below:

i. Find the design flood (Q4) and its corresponding high flood level
(HFL) for which the spillway is to be designed.

ii. Determine the spillway length (L) from the known river section/
regime width.

iii. Find the effective waterway (L) after deducting thickness of piers
and end contractions:

Let = L—[ nt+2(nk, + k, | H, | (3.13)
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FIGURE 3.3
Ogee type spillway with Creager’s profile in a typical drop structure.

where n is the number of piers; t is the thickness of piers; H is the
head above crest; k, and k, are the coefficients of end contractions
for piers and abutments, respectively; and H, is the operating head
above crest of the spillway

iv. Find the flow per meter width of spillway (q) in m3/sec/m.
q= Qa/Let

v. Find the approach velocity head V7 /2g = [q/(P+ HW)]2 /Zg by suc-
cessive approximation as stated in step (vi).

vi. Find energy head H, from the relation
q=C4H.>"? (3.14)

where H, is the energy head above crest (m) and C, is the coeffi-
cient of discharge of the spillway (m'/?/sec) to be found from tables/
figures given in the textbook Design of Small Dams by USBR (1968). C4
is governed by a number of parameters e.g. height of spillway crest
above river bed (P), ratio of actual operating head (H,) and design
head (H,) ie. (H./Hy), submergence of spillway crest due to tail
water effect (hy/H,), and due to floor effect [(hy + d,)/H,], where d, is
the tail water depth h, is the drop in downstream water surface (d,)
from the energy line upstream (Figure 3.3), as given in the textbook
Design of Small Dams by USBR (1968).

[Note: Since steps (iii)—(vi) are interrelated, H, should be found by
trial and error assuming zero velocity head at the start i.e. taking
H. = H,, in the first trial; design head (H,;) may be different from
operating head (H,) depending on the head with which the spill-
way profile is to be designed; h, is the difference between upstream
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total energy level (TEL) and tail water level corresponding to design
flood discharge. Since C4 and q are known, H, can be determined
from the above relation.]

vii. Determine the TEL upstream of spillway as

TEL =HFL + V}/2g

viii. Determine the crest level (Z) of the spillway as

Z=TEL-H,

ix. Considering crest of the spillway as origin (x =0, y = 0), the coordi-
nates of the spillway profile (X, y) can be found from the relation

y/Hq =-K(x/Hq)" (3.15a)

taking x as positive in the horizontal direction downstream with
crest as origin direction and y as positive in the vertical direction
downward from origin i.e., crest direction (coordinate of crest is
x=0and y =0), and K and n values can be determined from design
curves by USBR (1968).

x. The spillway profile found from steps (i) to (ix) discussed above is a
curved profile, which is sometimes replaced by a straight face with
a straight slope varying from 0.7 to 0.8(H):1(V) from a point (x,, y,)
tangent to the curve for the stability of the spillway, To find the point
of tangency from where the curved profile should be replaced by a
straight slope [say, 0.7H:1(V)], the coordinates (x,, y,) can be found-
from the following:

xi. From step (ix), find
dy/dx=-[kn/H§? |- ()™ =1/0.7 (3.15b)

The above relation gives x-value equal to x,, and the corresponding
y, value can be found from the equation given in step (ix).

An illustrative example for the design of ogee-type spillway is worked out
in Chapter 5.

3.4.2 Side Channel-Type Spillway

Sometimes, it may not be feasible to provide spillway of adequate capacity
on the main river bed due to practical difficulties. In such a situation, a side
channel-type spillway, as shown in Figure 3.4, may be preferred indepen-
dently or in combination with the main spillway on river bed where suitable
river banks are available on one or both sides. In a side channel spillway,
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FIGURE 3.4
Showing side channel spillway with conduit, chute, and stilling basins.
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FIGURE 3.5
Side channel spillway showing trough, chute in a side channel, and stilling basin for energy
dissipation.

flood water is admitted to a trapezoidal trough (Figure 3.5) initially with
length needed for the passage of design flood (Qg4). Flow in the trough is kept
subcritical for dissipation of head between the reservoir level and the water
surface level in the trough. A control section is created at the downstream
end of the trough to ensure subcritical flow within the trough. Flow at the
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control section of the trough is critical. Flow in the chute downstream of the
control section is supercritical. At the exit end of the chute, an energy dis-
sipater cum expansion has to be provided as shown in Figures 3.4 and 3.5
in order to dissipate the energy of supercritical flow at the exit end of chute
with a view to reduce the velocity to avoid any scour in the river bed where
the chute flow merges again with the river.

Hydraulic design procedure of a side channel spillway is summarized
below:

i. Let the reservoir level be X and the side channel crest level of
ogee-type spillway be Z. Then the head above the spillway crest is
H=(X-2).

ii. Calculate the flow per meter length above the spillway as
q=CH¥?m?/sec.
iii. If the design flood discharge of side channel spillway is Q, then the
required crest length (L) will be L = Q,4/qm.

iv. Asillustrated in Figure 3.5, flow at the entry to the trough is zero and
at the end of trough is Q. Flow within the trough is spatially varied
since the flow varies linearly from 0 to Q4. Flow within the trough
must be subcritical to ensure that adequate energy dissipation of the
water falling from spillway crest takes place within the trough.

v. If the effective width of trough at the control section is By, then the
maximum intensity of discharge at the control section is q,., = Qq/
B,m?/sec.

vi. Therefore, the energy head required at the control section will be H, =
(max/Ca)??, and the corresponding critical depth of flow at the control
section is Y. =2/3 H,, assuming that the control section is rectangular.

vii. Assume a trough section and divide the trough length in to several
sections. Connect the trough section with the rectangular control
section by means of smooth transition.

viii. Assuming suitable head loss coefficient within the transition, deter-
mine the flow depth in the trough at the end and hence the water
surface elevation assuming some arbitrary R.L. at the control section.

ix. Compute the water surface profile by trial and error along the length
of trough by use of spatially varied flow equation:

AY = (Q1/g)(V1 +V, )/(Ql + Qz)[(Vz - V1)+ V, (Qz - Ql)/Ql] (3.16)

where AY is the fall in water surface between two consecutive sec-
tions 1-1(d/s) and 2-2 (u/s) along the trough, flow (Q), and mean
velocity of flow (V) with suffixes 1 and 2 which stand for sections
1-1 and 2-2, respectively. If the distance between sections 1-1 and
2-2 is Ax, then Q, = Q, — qAx.
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x. Proceed with computations by steps and hence find the elevation of
longitudinal water surface profile in the trough up to the u/s end of
ogee spillway i.e. entry of trough. Let the water surface elevation at the
entry be Y, and the corresponding elevation of bottom of trough be Z,,.

xi. Subcritical flow in the trough can be obtained with either large bed
width and small depth or small (minimum) bed width and larger
depth. The later is adopted for better flow mixing and less vibration
of trough. Also, smaller bed width ensures minimum cost for exca-
vation of the trough.

xii. To reduce the height of fall from reservoir level (X) to trough water
surface (Y,), and also to reduce cost of excavation, the elevation Y,
should be as closer to X as possible. However, if Y| is too high, the
ogee spillway crest at the entry is likely to get submerged and the
coefficient of discharge will be reduced (less than free flow Cg). This
will result in increase in length of spillway and the trough length.

xiii. Knowing the critical submergence limit (Mazumder, 1966b, 1981a,b)
of the ogee-type spillway, find the critical maximum value of Y,
such that the flow over the ogee spillway is critical at submergence
and the flow is just critical at entry.

xiv. Compute (X — Y,) = AY value at entry and raise the bed levels of
trough at all points (as assumed before) by an amount AZ = AY. Since
the water surface in the trough falls in the flow direction, the flow at
all points in the trough will be free. Obtain the control section eleva-
tion by raising it by AY.

xv. It is customary to provide a chute d/s of control section of uniform
section. In case there is change in section due to topographic reason,
there will be shock waves both in contraction and expansion as dis-
cussed in Chapter 2. Hydraulic design of contracting and expanding
transitions has been discussed in Section 3.5. The chute should prefer-
ably be straight. In case bends are needed due to topographic features
of the terrain, shock waves will arise. Knowing the height of such
shock waves, the outer side of the bend should be raised accordingly.

xvi. At the end of chute, the supercritical flow velocity must be lowered
to that in the river, usually by providing a jump-type stilling basin
with jump formation (in case the flow in the river is in subcritical
stage) by providing curved drop and widening the width of chute.
Detailed design of chute spillway is available in “Design of Small
Dams” by UISBR (1968).

3.4.3 Shaft-Type Spillway

Shaft-type spillway also called morning glory spillway has a circular crest
at the control section as shown in Figure 3.6. Flow at the crest top is critical
and that upstream is subcritical, and supercritical flow occurs downstream
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FIGURE 3.6
A shaft-type spillway.

within the funnel. The circular crest of the spillway may or may not be pro-
vided with gates. The freely falling nappe downstream of crest has shape
different from that in a Creager’s profile adopted for design of ogee-type
spillway. The shape of the lower nappe of the circular jet falling freely in
the shaft is governed by H,/R and P/R. The coordinates X and Y of the bot-
tom nappe as found by Wagner (1956) are given in the textbook Design of
Small Dams by USBR (1968). Discharge equation for the flow over shaft can be
determined from the following equation:

Q=Cy(2nR,)Hy"? (3.17)

where Q is the design discharge over shaft (cumec), R, is the radius of
shaft (m), and H, is the head above crest (m) as illustrated in Figure 3.6.
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H, is the head above sharp crest (taken as origin), and C, is the coefficient of
discharge (m'/2/sec). Experimental values of C, are given in Figure 3.7. Types
of flow within the shaft depends on approach flow depth/head above crest
and are classified as (i) crest control, (ii) orifice control, and (iii) pipe flow as
illustrated in Figures 3.8 and 3.9.

Different steps for hydraulic design of a shaft-type spillway are given in
the following sections.

3.4.3.1 Design of Crest Profile

i. Knowing the design discharge Q, find the radius of the sharp crest
(origin) by trial and error. Use the relation between H; and H,,
C,-value corresponding to Hy/R, given in Figure 3.7.

ii. Using Table 3.1, determine the coordinates X and Y of the bottom
nappe of the jet conforming to the shaft profile in case subatmo-
spheric pressure can be tolerated.

iii. Where subatmospheric pressure cannot be tolerated, the radius of
shaft (R.) has to be increased as shown in Figure 3.5. The relation
between Hy/R, and R//R, is available in USBR (1968).
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Experimental values of C, for the design of shaft spillway.



94 Flow Transition Design in Hydraulic Structures

He
Water Level  / “~~ Crest

Transition tube

Inclined Shaft

Accelerating ~ Outlet Leg of Conduit Exit Portal
Flow +»~Tail Water Level
== = 3 = «Flow
Bottom )
of Conduitj Decelerating Flow \Water surface
Condition -1: Crest Control
Water Level

Ha I\V/\

H, l Transition tube
Orifice Control or Throat of Transition
\ Tail Water Level

. — — Flow — — | = Flow

Condition - 2: Tube or Orifice Control

S s v TToTTmmTmTTETTITT 54
o //\ —_—— __fﬂyd‘railc gradient He
\‘ ——_____:‘¢ '
i
1\ ) H
Tail Water Level @ '
A 4
3 = Ful — Flow = = | —
Condition - 3: Full Pipe Flow
FIGURE 3.8
Different types of controls in a shaft-type spillway.
L

Pipe Control. Q = ® (Hy - h|) \

Reservoir Water Surface Elevation

"\— Crest or weir control Q = f(H)3'2 ¢

Point from Orifice Control '_fj
to Pipe Flow /1
-~ :
Orifice Control Q = f (Ha1/2) — A h ' Erratic Flow
L o e g e o m e e e e mmemememeea o) _'.:--’- Range
< f Head at Which Conduit Flows 75% Full at d/s end. ’
e
E 1 Point of change from weir to orifice control —~ e
5 i . g- e
@ ! .
3
a
¥

Discharge

FIGURE 3.9
Types of flow within the shaft spillway.



Methods of Hydraulic Design of Flow Transitions 95

3.4.3.2 Design of Transition Profile

i. Transition profile connects the crest profile with the conduit of con-
stant diameter up to tail channel.

ii. The interrelation between radius (R) and head at any given elevation
below crest can be found from the following equation:

Q=A.V=nR*Q2gH)" (318)
or

R= Q045/[n0.5(2gH)0.25 ] — Q0.5/3.72H0.25 =0.269 Q045/H0425 (319)

Assuming 10% head loss due to flow contraction, friction, etc., the
above equation reduces to

R=0.276Q" /H"® (3.20)

where H is the difference in elevation between the given point (cor-
responding to R) and the water surface elevation.

iii. Determine R-values corresponding to different values of H at differ-
ent elevations of shaft.

iv. Transition profile is a smooth profile connecting the crest profile and
the shaft spillway conduit size of which should be found from the
considerations discussed in Section 3.4.3.3.

3.4.3.3 Determination of Conduit Size (d) of the Shaft

As illustrated in Figure 3.8, shaft spillway has to be provided a bend in
order to connect the vertical shaft with the conduit (tunnel) lying at the
bottom of dam. In case the hydraulic grade is flatter than the slope of the
conduit, the flow will accelerate and the conduit size will decrease along
the flow. When the conduit slope becomes flatter than the hydraulic gradi-
ent, the flow decelerates and the conduit size increases in the direction of
flow. As illustrated in Figures 3.8 and 3.9, the control in a shaft spillway
varies from crest control to transition control to pipe control depending on
variation in flow and corresponding head above crest as well as tail water
condition. In case of pipe control, the shaft works as a siphon and devel-
ops subatmospheric pressure for which adequate venting will be required.
When discharge reduces, the control shifts to transition or to crest control.
If venting is inadequate, a periodic make and break situation develops
leading to problems like vibration and disturbed flow which are not desir-
able. It is for this reason that the shaft is designed such that it works under
atmospheric pressure with a uniform pipe size (d) from neck (junction
of conduit with transition profile as illustrated in Figure 3.6. Under the
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design flood, the conduit should not run not more than 75% full up to the
tail end. The size of conduit and the corresponding neck elevation is to be
found as follows:

i. Select a trial conduit and throat diameter (d) and find the corre-
sponding throat elevation.

ii. Compute the length of conduit from throat to the outlet portal.

iii. Compute the frictional head loss assuming the conduit to be run-
ning 75% full.

iv. Compute the energy level at throat equal to throat elevation and
velocity head at throat.

v. Compute the head losses from throat up to the exit portal which
is equal to the sum of frictional loss, bend loss, etc., for 75% full
condition.

vi. Determine the invert elevation of the conduit at exit which is equal
to the energy level at exit minus the specific energy head at exit
(i.e. sum of the depth of flow at exit and velocity head at the exit end
of conduit).

vii. In case the computed invert elevation of invert is lower than the
actual exit elevation of bed, it means the conduit size (d) assumed
is too low and the size has to be increased. In case the computed
invert elevation is higher, it means the head loss is too low and the
assumed conduit size (d) has to be decreased.

viii. With trial and error as explained above, find the required conduit
size (d) till the computed invert elevation is equal to the actual bed
elevation at exit. Detailed design of shaft type spillway is available
in “Design of Small Dams” by USBR91068).

3.5 Design of Supercritical Flow Transition
3.5.1 Introduction

The objectives of providing supercritical flow transition have been discussed
in Chapter 1. Some characteristics of supercritical flow have been discussed
in Section 2.5. Supercritical transitions are provided in hydraulic structures
e.g. chutes, flumes outlets, spillways, roadside drains etc. Although it provides
economy, most often it is avoided due to flow disturbances created by shock
waves. Undulations of water surface occur due to reflection of shock waves
from side walls. The larger the Froude number of approach flow, the greater the
undulation requiring higher side walls to contain the flow. Considerable study
on supercritical flow characteristics in contracting transition and its design
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principles has been conducted by Ippen and Dawson (1951). Rouse et al. (1951)
evolved design principles for supercritical flow expansion. Photos 3.1 and 3.2
show typical shock waves in an expansion and a contraction respectively.

3.5.2 Mechanism of Shock Waves

Mechanism of shock formation and propagation of shock waves have been
discussed at length in Section 2.5. When an incoming supercritical flow is
deflected by an angle 6, disturbance propagates along a line inclined at an
angle p (>6) from the incoming flow direction (Ippen and Harleman, 1956)
as discussed in clause 2.6.1. While the flow depth increases all along the
positive shock front, there is a reduction in flow depth along the negative
shock front. Thus, the flow surface along walls (as well as other longitudinal
sections) will be undulating with consecutive rises and falls. Shock waves
are in essence a natural process through which the flow regains its original
state of smooth and uniform flow after a long distance.

3.5.3 Design Criteria of Supercritical Transition

The design of supercritical transition is based mainly on its performance in
dampening/reducing the shock waves generated due to sudden contraction
and expansion as discussed in Section 3.5.2. Mazumder et al. (1994) devel-
oped the following parameters to determine the performance of supercriti-
cal transition.

3.5.3.1 Waviness Factor (W))

It gives a measure of waviness of flow due to shock waves and is defined as
Wi =[(Sw/b)-1] (3.21)

where S, is the width of wavy surface across the channel of width b. In a
smooth surface, S, = b, and hence, W; = 0. The greater the W, the higher the
undulations due to shock waves.

3.5.3.2 Coriolis Coefficient (o)

It is a measure of nonuniformity in velocity distribution across the channel
section and can be expressed as

a=1/(AV)x [u'da (3.22)

where u is the velocity through an elementary area dA in the flow section of
area A and V is the mean velocity of flow in the section. In uniform velocity
at all points in a section (as in ideal flow), u=V, and hence, a =1.0. The higher
the a-value, the greater the nonuniformity due to shock waves.
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3.5.3.3 Lateral Momentum Transfer Coefficient (T,)

It is given by the ratio of lateral momentum (M) to the axial momentum (M,)
across a control section normal to the velocity vectors and is given by

T; = SM;/3M, (3.23)

When the flow is axial at all points as in uniform flow, ZM; = 0, and hence,
Tf = 0.

3.5.3.4 Relative Loss of Energy (AE/E,)

AE is the energy loss between entrance to the transition (E,) and at any sec-
tion downstream (E,) at a distance x from entrance. AE=E, — E
Energy head at any section is given by the relation

x*

E, = hp + 0, V?/2g (3.24)

where h, is the mean depth above datum at any section at a distance x, V,
is the mean velocity head at the section, and «, is the Coriolis coefficient at
the section.

Some typical shock fronts and shock waves in different types of super-
critical flow expansions and contractions are shown in Photos 3.1a-c and 3.2,
respectively. Tables 3.2 and 3.3 show the values of the different parameters
(Equations 3.21-3.24) as measured by Mazumder et al. (1994).

3.5.4 Design of Supercritical Contracting Transition

When supercritical flow is admitted to a flume through contracting transi-
tion, a series of cross waves occur within the flume as illustrated in Photo 3.2.
The height of the side walls in the flume has to be raised all along due to the
shock waves. Ippen and Dawson (1951) found that straight contraction per-
forms better than curved one. The procedure of design of a straight super-
critical contraction is discussed in the following paragraphs.

i. In supercritical approaching flow (with Froude number F, > 1) through
a symmetrical contraction, (Figure 3.10), symmetrical shock waves are
developed at entrances (A-A’). These waves at angle p; intersect one
another at point B at centerline and after some modification reach the
opposite walls at points C-C” and further extend in the flume creating
a series of shock waves as explained in Section 2.5.1. In the regions
ABC and A'BC, flow is modified with a revised value of Froude num-
ber (F, > 1) less than F,. At the end of contraction (D and D), negative
shock waves start as explained in Section 2.5.2. Superposition of these
positive and negative shocks creates a very complicated pattern of
shock waves within the flume as illustrated in Photo 3.2.
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PHOTO 3.1
Shock waves in expansions: (a) straight boundary, F; = 4; (b) Rouse-modified boundary (M,),
F,=8; (c) Rouse reverse boundary (R)), F, = 4.

ii. The objective of an efficient design of contraction is to minimize
the disturbances downstream by eliminating shock waves as far as
possible. This can be accomplished by directing the positive shocks
from A-A’ to meet points D-D’ from where negative shocks start
i.e. the points C-C" and D-D’ (Figure 3.10a) coincide as illustrated in
Figure 3.10b.
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PHOTO 3.2 Cross waves in a flume supercritical contraction. (Chow, 1973, with permission.)

TABLE 3.2

Performance of Supercritical Expansion without Shock Control Device

Comparaison of performances
X =7.00m
Fo=4
Without shock control devices

WI%

Rouse M4

Abrupt Straight

5

Abrupt Straight Rouse M4 Rouse R4  Rouse M1 Rouse R1

W48 mm [ 96 mm
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TABLE 3.3

Performance of Supercritical Expansion with Shock Control Device

6.0

Comparaison of performances
x=7.00m
Fo=4

5.0

With shock control devices

4.0

W1%
w
=)

2.0

1.0

0.0

12.00

10.00

8.00

%

C 6.00

4.00
2.00

0.00
1.00

0.80

0.60
0.40

AE/Eo

0.20
0.00

1.20

1.15

3 1.10
1.05

1.004 : -3 Ml Sl : - . I

Slope 1.7° Slope 3.4° Slope 5.0° Abrupt Defl. Cusp Defl. Entry Contr.
Straight expansion . 48 mm . 96 mm Rouse M1 Rouse R1

iii. From the geometry of the straight contraction shown in Figure 3.10b,
the axial length of contraction (L) will be

L=(b;-bs)/2tan® (3.25)

where b, and b, are the channel widths at the entry and exit of con-
traction, respectively. Relation between 6, p, and F, in a shock wave
was derived by Ippen (1951) as per Equation 3.26

tan6 = [tan[.’)(l +8F7sin?B)’” - 3] / [2tan2 B+(1+8Fsinp)"” - 1] (3.26)
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FIGURE 3.10
Contracting supercritical transition generated (a) shock waves and (b) shock-free contracted
flume due to superposition of positive and negative shocks.

iv. Using continuity equation, b;y,V; = b;y;V; = Q, and F, = V,/(gy,)°?,
F; = V;/(gy,)°?, it can be shown that

bu/bs =[ (va/y1)"” [[B/R ] (3.27)

The interrelations among 6, B, F;, y,/y;, and F, for oblique shock
waves are shown in Figure 3.11.

The above relations can be used to determine the axial length of
a contracting supercritical transition by trial and error or by use of
computer for a given contraction ratio b,;/b,, F;, and required flow
depth ratio y;/y, by assuming different 6-values.

An illustrative example of designing supercritical contracting transition is
worked out in Chapter 5.
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3.5.5 Design of Expanding Supercritical Transition

Expansion of supercritical flow takes place when high velocity flow emerges
from closed conduits, sluice gates, spillways, steep chutes, etc. In sudden
symmetric expansion of supercritical flow, there are two symmetric eddies
on either side and the jet is symmetrical, but the positive shock waves gener-
ated from the end points (C-C” in Figure 2.27) meet each other (point G) and
meet opposite walls (at points 2-2” in Figure 2.27) and get reflected from the
side walls. Similarly, negative shock waves (shown by dotted lines as shown
in Figure 2.27 in Chapter 2) start from points B-B” and get reflected from side
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walls at points 1-1) 3-3, 5-5, etc. Superposition of the positive and negative
shocks gives rise to undulating water surface in the tail channel downstream
of expansion as illustrated in Photo 2.3a and b in Chapter 2 and Photo 3.1 a-c.

Studies by Homma and Shima (1952) indicate that flow separation occurs
in curved expanding boundaries with eddies at sides and shock waves in the
main flow (Figure 3.12). If the rate of flaring is very slow, shock waves reduce
but the cost of expansion becomes too high.

o
2
E Q@ o

FIGURE 3.12
Shock waves in a curved boundary. (After Homa & Shima, 1952.) (Chow, 1973, with permission.)
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FIGURE 3.13
Generalized boundary curves for channel expansion showing the variation of z/b, against
values of x/(b,F,). (After Rouse et al., 1951.)

Rouse et al. (1951) conducted both analytical and experimental studies
and obtained the following equation for the most efficient boundary for an
expansion containing 90% flow:

2/by =1/2[x/(b1F) ] +1/2 (3.28)

The above boundary containing 90% of the flow is shown in Figure 3.13,
indicating the variation of width z (z/b,) with distance x (X/b,F,) for dif-
ferent expansion ratios (b,/b,); b, is the channel width, y; is the depth of
flow, and F, is Froude’s number of flow at entry to the expansion. The above
boundary goes on diverging indefinitely and produces negative shocks at
all points. In practice, the boundary must end in parallel walls at exit end
conforming to chute width at exit. As a result, positive shocks will start from
exit end leading to disturbances in the tail channel.

Where feasible, such disturbances and flow asymmetry can be avoided
either by generating a jump (if feasible) or by providing a drop or adverse
slope to floor. Mazumder et al. (1994) developed these unique devices to con-
trol shock waves in expansion after a symmetric straight expansion.

Hager and Mazumder (1992) performed experimental investigations
in abrupt expansion and measured several flow characteristics e.g. dis-
tribution of flow depths, velocity distribution, shock waves. Some of the
characteristics of flow in abrupt expansion with different F;-values are
shown in Figure 3.14: h is the depth of flow at any distance (x) from entry
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FIGURE 3.14
Flow characteristics in supercritical abrupt expansion (h, = 96 mm, F; = 2), contour lines (h/h,)

on top, and velocity field at bottom for (a) 0 < x/b, < 4.8 and (b) 4.8 < x/b, < 10; b, is the width

of channel at entry.

to expansion (x = 0) where the depth of flow is hy, and v is the velocity of
flow at any distance x from entry where velocity of flow is v,. Abrupt chan-
nel expansion with a supercritical approach flow are important elements
of outlets and spillways. Mazumder and Hager (1993) also conducted an
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experimental study with Rouse reversed transition (Figure 3.15) as dis-
cussed in Section 3.5.5.1.

3.5.5.1 Design of Expansion with Rouse Reverse Curve

Rouse et al. (1951) provided reverse curves such that the positive shocks cre-
ated by the reverse curvature cancel the negative shocks produced by the
expanding boundary determined by Equation 3.28. Figure 3.13 illustrates
Rouse reverse-type supercritical transition. It gives the coordinates (z/b,)
of the expansion with reverse curves for different expansion ratios (b,/b;)
against different values of x/(b,F,). Such a design completely eliminates
shock waves in the flow field.

The different flow characteristics as measured in Rouse reverse curve (bot-
tom part of Figure 3.15) and modified Rouse curve given by Equation 3.15
(top part of Figure 3.15) are illustrated in Figure 3.16. Performances of the dif-
ferent types of expansive transitions in supercritical flow without and with
appurtenances as defined in Section 3.5.3 are compared in Tables 3.2 and
3.3, respectively. Characteristics of flow in different types of chute expan-
sions under supercritical flow conditions were studied by Mazumder and
Hager (1993). One of the most important conclusions drawn is that the maxi-
mum height of shock waves generated downstream never exceeds the depth
of incoming flow at entry to the expansion. Another important finding is
that the shock waves create disturbances along the length for a long dis-
tance in the tail channel. Mazumder and Hager (1993) performed an experi-
mental investigation with Rouse’s reversed expansion and Rouse-modified
transition and measured the water surface and velocity of flow as shown in
Figure 3.15.

An example is worked out illustrating the design of Rouse reverse transi-
tion in Chapter 5.

FIGURE 3.15
Wall geometry for modified Rouse (a) and Rouse-reversed (b) supercritical transitions.
(Courtesy of Mazumder & Hager, 1993.)
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3.6 Design of Transition in Closed Conduit
under Pressure Flow

Closed conduit pressure flow often undergoes flow contraction and expan-
sion as in flow meters, wind tunnels, turbines, etc. The objectives of provid-
ing efficient transitions are (i) to minimize head loss, (ii) to ensure smooth
flow at measuring section free from disturbances, (iii) to prevent cavitation
damages, and (iv) to recover pressure head in diffusers in reaction-type tur-
bines (For increasing the effective head on the turbines). Proper design of
transition in the case of underground power house is essential in order to
improve the performance of desilting chambers.

3.6.1 Design of Contraction

In a closed conduit contraction of flow as in a flow meter like venture meter,
the flow is subjected to negative or favorable pressure gradient when the
boundary layer thickness reduces and the flow tends to be more uniform
and is stable. Head loss coefficient (C,) is defined as

Ci= HLi/(VOZ/zg) (3.29)

C, increases with an increase in the angle of contraction. The shape of
entrance boundary is usually made elliptical or any other smooth shape
of transition as already discussed in Section 1.8.5. However, the axial length
of transition should not be less than the average splay to be decided by an
angle of inclination « given by

tana=1/U (3.30)

where a is the angle between the line joining entry and exit of transition and
axis of conduit.

U=V/(gb)"” (3.31)

where V and D are the average (mean) velocity and diameter of conduit at the
entry and exit of transition, respectively.

3.6.2 Design of Expansion

Expanding transition in closed conduit is subjected to adverse pressure gra-
dient in the direction of flow. If the rate of expansion is high, boundary layer
gets separated and the incoming flow does not diffuse resulting in jet-type
flow downstream. Loss coefficient for expansion increases rapidly after the
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Different flow regimes in a two-dimensional diffuser. (After Kline et al., 1959.)

flare angle exceeds about 10°. Gibson (1910) conducted an elaborate study on
the flow of water through pipes having converging and diverging boundaries.
Expansion in closed conduit should be made more gradual than contraction
because of danger of flow separation (under adverse pressure gradient) and
cavitation damage. Head loss increases rapidly after the flare angle exceeds
above 10° as indicated in figure 2.28 in Chapter 2. (Figure 3.17). The flare
angle a should not exceed a permissible maximum value given by the relation

tano =1/2U (3.32)

where a is the angle of the wall surface with respect to the center line and the
axis of conduit. U has already been defined.
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4

Appurtenances for Economic and Efficient
Design of Transition Structures

4.1 Introduction

In subcritical contracting transition, it is recommended that the transition
curve should be tangential to the walls at the entry to the throat section
where the velocity is high. Elliptical quadrant or cylindrical quadrant shape
with center lying at the entry to the throat section will suffice as shown
in Figure 1.3a and b. Trochoidal shape (Figure 1.3b) may also be adopted.
In the absence of three-dimensional solution of motion in a contraction,
the author prescribes a simple design of contracting transition in sub-
critical flow by use of specific energy principles as outlined in Chapter 3.
Mazumder and Ahuja (1978) studied the performance of contracting transi-
tion by using Jaeger-type curved profile (Equations 3.8-3.12) as discussed
in Chapter 3. Different axial lengths of transition defined by average side
splays varying from 0:1 to 5:1 were tested and their hydraulic efficiencies
were plotted (Figure 2.3). It may be seen from Figure 2.7 that the maxi-
mum efficiency (94%) occurs at an optimum length defined by an average
side splay of 3.3:1. However, efficiency falls slightly (92% to 90%) at lengths
varying from 2:1 to 3:1, respectively. Some small amount of flow separation
occurred at the entry to the contraction when the length is shorter than 2:1
resulting in head loss and fall in hydraulic efficiency. It is, therefore, recom-
mended that an average side splay of 2:1 may be adopted for a subcritical
contracting transition with Jaeger-type profile. Longer length defined by
an average side splay more than 3:1, on the other hand, is not only costly
but hydraulically inefficient too.

In subcritical expansive flow, Mazumder (1966, 1967) conducted an exhaus-
tive study of eddy-shaped expanding transition using eddy-shaped profile
(Equation 1.8) given by Ishbash and Lebedev (1961). Different axial lengths
as defined by the average side splay varying from 1:1 to 10:1 were tested
in a laboratory flume (Figure 4.1). Few typical flow conditions and veloc-
ity distributions for different inflow Froude’s number of flow (F)) are illus-
trated in Figure 4.2. Hydraulic efficiency (n,) of the expansive transitions is

113
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FIGURE 4.1
Laboratory flume with expanding transitions of different axial lengths.

plotted in Figure 2.7. The maximum efficiency () was found to be 75.3% at
an optimum axial length defined by an average side splay of 8.3:1. Moreover,
the flow was found to separate from the boundary resulting in nonuniform
distribution of velocity at the exit of expansion (Figure 4.2). In Hinds’s transi-
tion, the optimum axial length recommended is 12° 30’, which corresponds
to an average side splay of about 5:1. Such long length is not only costly but
inefficient too, since the hydraulic efficiency is not up to expectation and the
flow always separates from the boundary resulting in nonuniform distribu-
tion of velocity at the exit of expansion.

In subcritical flow contraction, boundary layer is subject to favorable (neg-
ative) pressure gradient and the flow is always symmetric and stable. In case
of subcritical flow expansion, however, the flow is subject to adverse (posi-
tive) pressure gradient resulting in growth of boundary layer, flow separa-
tion, and asymmetric and unstable flow.

Opposite is the case in free surface supercritical flow where contraction is
subjected to positive pressure gradient and expansive flow is subjected to
negative pressure gradient. However, in supercritical flow transition, shock
waves are generated as explained in Section 2.5.

For the design of subcritical flow contraction, the author recommends
the Jaeger-type curve of length 2:1 for both economy and efficiency.
For expanding transition, author is of the view that curved bound-
ary of any shape does not give separation-free uniform flow at the
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exit of expansion. Short and straight expansion provided with boundary
layer flow control technique is more effective in attaining higher hydraulic
efficiency and uniform velocity distribution at exit of expansion free from
any separation.

4.2 Classical Methods of Boundary Layer Flow Control
in Subcritical Flow Expansive Transition

As mentioned earlier, design of expansion in subcritical flow is essentially
a problem of boundary layer flow control. Several eminent persons have
evolved innovative techniques of boundary layer flow control discussed
briefly in the following paragraphs.

4.2.1 Prandtl and Coworkers

The phenomenon of boundary layer formation along a flat plate was first
studied by Prandtl and Tietzens (1957) who also investigated the develop-
ment of boundary layer under positive pressure gradient. Although not
directly related to design of expansive transitions, studies made by Prandtl
and coworkers have immensely helped in the development of aerofoil with
low drag and high lift. The methodologies adopted in aeronautics for bound-
ary layer flow control cannot be justified in open-channel flow transition
owing to costs and other factors. Some of the devices developed for bound-
ary layer flow control in wide angle sub-critical expansion by use of appur-
tenances are briefly discussed underneath.

4.2.2 Flow Characteristics in Wide-Angle Expansion

Wide-angle expansion in subcritical flow is associated with a strong adverse
pressure gradient in the direction of flow. According to Prandtl and Tietzens
(1957), the viscous drag on the boundary layer fluid on which the external
pressure gradient is impressed is unable to overcome the combined resis-
tance due to friction and pressure. Kinetic energy of fluid particles soon get
exhausted. The particles separate from the boundary and move in a reverse
direction i.e. opposite to the main flow. The separation surface has a high
velocity gradient and is extremely unstable giving rise to production of
turbulence which is subsequently convected, diffused, and dissipated. As
revealed from the measurements by Gibson (1912), Chaturvedi (1963), and
others, beyond a certain angle, the frictional resistance of the boundary is
practically nil and head loss is primarily due to production of turbulence
known popularly as form loss. There is distortion of flow and flow instability.
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4.2.3 Use of Triangular Vanes to Control Boundary Layer Separation

Adoption of appurtenances in open-channel subcritical expansion so as
to spread flow and achieve uniform distribution of velocity at the exit end
of expansion for reduction in scour was first introduced by Rao (1951) in
Poondi research station, Madras. Triangular flat vanes and bed deflectors
were used. Simons of the U.S. Department of Interior used wedges for
spreading the flow. Smith and Yu (1966) developed baffles for achieving the
uniform distribution of velocity at the exit end. However, there was con-
siderable loss in head resulting in poor hydraulic efficiency of expansion.
Mazumder (1967) adopted streamlined expansion having shape similar to
the boundary of the eddy in a sudden expansion. Performance of these
eddy-shaped expansion (Equation 1.8) was tested for five different lengths
(as shown in Figure 4.1) as discussed in Chapter 3. Gradual flaring implies
a great length of the walls, which is prohibitively costly.

An expansion may be designed for achieving any one or more of the fol-
lowing performances:

i. High recovery of head so that afflux is minimum

ii. Uniform distribution of velocity at exit of expansion so that there is
no erosion in tail channel

iii. Smooth flow in tail channel free from eddies and little or no
disturbances

Although such objectives may be partially fulfilled by providing a long
length of expanding transition, the difficulties with such design have already
been pointed out. It is felt, therefore, that some kind of appurtenances should
be provided in an effort to curtail length, simplify the construction, and, at
the same time, improve the performance.

Mazumder (1966) conducted a series of experiments using different types
of appurtenances. From the results obtained, it was found that a pair of tri-
angular vanes (Mazumder & Rao, 1971) converging downstream in plan
and placed symmetrically near the commencement of expansion (Figure 4.3)
gave very encouraging results.

4.3 Performance of Subcritical Expansion
with Triangular Vanes
Performance of an expansion in subcritical flow was evaluated in respect of

hydraulic efficiency, velocity, and shear stress distribution at the exit end of
expansion and scour in tail channel.
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Expansion with triangular vanes (plan and section indicating Length (L), Upstream spacing
(U), Inclination (6) and Height (H) of Triangular Vanes).

4.3.1 Hydraulic Efficiency of Expansion

Since the head losses inside (Hy,) and outside (H;,) the expansion (Figure 4.4)
are to be taken into account, efficiency of expansion had been defined as the
ratio of actual recovery of head to the total loss of kinetic energy of flow:

e =(y2—y1)/(0uV2/2g - 03 V2 2g) @1

where 1, is the hydraulic efficiency of expansion; a; is the kinetic energy cor-
rection factor at the exit of expansion; a, is the kinetic energy (K.E.) correc-
tion factor at the entry; V, and V, are the mean velocities of flow at the entry
and exit of expansion, respectively; and y; and y, are the depths of flow at the
entry and exit of expansion, respectively. When o, and a5 are equal to unity
as in an ideal flow, the above equation becomes

e =(y2 - y1)/(VZ/28 - V3/2g) = Ay /Ay, @.2)

where Ay and Ay; are the actual and ideal recovery of head in an expansion,
respectively.

Figure 4.3 illustrates the different symbols used. The top figure is valid
for a plain expansion without any appurtenance, and the bottom figure is
valid for expansion provided with appurtenances like triangular vanes.
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The objective of providing appurtenance is to ensure that the recovery of
head within the expansion is maximum; therefore, the residual kinetic
energy of flow (Figure 4.3) leaving the expansion is minimum. It may be
noted here that the usual way of expressing head loss in an expansion is to
use head loss coefficient, C,, expressed as

C, =Huo/(VE/2g - Vi /2g) =1-1p/100 4.3)

where 1, is the percentage hydraulic efficiency of outlet transition given by
Equations 4.1 and 4.2.

4.3.2 Velocity Distribution at Exit of Expansion

A typical distribution of velocity in a plain expansion is shown in Figure 4.2.
The distribution is nonuniform. Nonuniformity of distribution can be
assessed by means of Coriolis coefficient «, which can be defined by the
expression

o= [wda/(av?) @4

where u is the velocity through an elementary area dA in the flow section of
area A and V is the mean velocity of flow in the section. In uniform velocity
at all points in a section (as in ideal flow), u=V, and hence, a = 1.0. The higher
the a-value, the greater the nonuniformity of velocity. It may be noted that «
is always more than 1.0. The objective is to obtain a uniform distribution of
velocity at the exit of expansion with a as close to unity as possible by using
appurtenances.

4.3.3 Standard Deviation of Bed Shear Distribution and Scour

In Figure 4.4a, the total energy line (chain dotted) corresponds to a plain
expansion without any appurtenance. The greater the value of residual
kinetic energy [Hi, =(0; —3) V3 /2g | leaving the exit of expansion, the
greater the nonuniformity of velocity distribution and the higher the scour.
Since there is practically no head recovery beyond the exit of a wide angle
expansion, the only way the flow can contain the excess kinetic energy of
flow is through flow distortion and production of turbulence. The objective
of providing appurtenance is to ensure that there is no leaving kinetic energy
beyond the exit of expansion. It may be noted that head recovery (Ay =y, —y,)
is the same in both (i) and (ii) in Figure 4.4, and hence, hydraulic efficiency is
also the same. The performance of expansion in case (i) is, however, inferior
to that in (ii) since there is no leaving K.E. of flow in case (ii). Thus, hydraulic
efficiency is not a sole measure of performance.

Besides hydraulic efficiency and velocity distribution at exit of expansion,
scour in the tail channel is an important parameter governing performance.
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The rational way of bringing the scour effect is to consider the bed shear
distribution at the exit of expansion since it is the excess shear stress above
normal shear stress which causes scour. Any excess shear compared to the
normal shear in uniform flow will cause scour. A parameter ¢ defined as the
standard deviation of the actual bed shear stress distribution from the nor-
mal distribution was used to compare the relative performance of expansion
with and without appurtenances. ¢ was defined as

x=1
= [1/ n{ Y (%0, —1)2}]1/2 4.5)

where 1, is the actual shear stress at the exit of expansion and t, is the normal
shear stress in case of normal uniform flow.

4.3.4 Separation of Flow and Eddies

Another important measure of performance of expansion is to eliminate
separation and eddy formation so that the flow in the tail channel is smooth
and free from any disturbances.

4.3.5 Experimental Results

A series of experiments were conducted by the author (Mazumder, 1966) at
IIT (Kharagpur) hydraulics laboratory in a testing flume (9 m long, 60 cm wide,
and 67 cm high) as shown in Figure 4.1. Measurements were made to evaluate
the different parameters (discussed in Section 4.3) governing performance of
both plain expansions and expansions provided with triangular vanes with
the objective of finding the optimum geometry of the triangular vanes for
best performance. Recovery of head Ay was measured by accurately gaug-
ing the water surface profile. Velocity distribution at the exit of expansion
was measured by means of Prandtl-type pitot tube. Shear stress distributions
were computed by using Prandtl-Karman universal resistance law given by

u/u. =5.75 log(yu* / 1)) +5.5 (for Smooth Surface) 4.6)
where u is the velocity at any depth y above bed within the boundary layer

and u. is the shear velocity given by the relation

0.5

u =(10/p)" 47)

where 7, is the bed shear stress and v is the coefficient of kinematic viscosity
given by v ="(u/p) where i is the coefficient of dynamic viscosity and p is the
density of water.
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Above performance parameters were computed and nondimensional plots
were made with a view to obtain the optimum geometry of triangular vanes
eg. (L/T, 6, U/B,, H/y,) for different flows for design purpose. Here, L is
the actual length of vane, T is the axial length of straight expansion, 0 is
the inclination of vanes with axis of expansion, and U is the width between
two axis-symmetric vanes placed symmetrically at the entry of expansion of
width B, and H is the height of vanes. All these vane parameters are shown
in Figure 4.3. Figures 4.5 and 4.6 shows a few samples of the performance
parameters out of 1,200 experiments performed by the author to find the
design values of L/T, U/B,, H/y;, and 6 for best performance of expansion
under all flow conditions. Figure 4.5 also illustrates the performance of
straight expansion without vanes.

4.3.6 Optimum Geometry of Triangular Vanes for Best Performance
4.3.6.1 Optimum Submergence (for Vane Height)

Hydraulic efficiency (n,) and standard deviation (o) were found with differ-
ent vane heights. Best performance was found to occur when y,/H was unity
i.e. the vane was just submerged.
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Performance of expansion with triangular vanes: (a) n, vs H/y;; (b) 6 vs H/yy; (c) bed shear
distribution without vanes (left) and with vanes (right); (d) separation pattern and velocity
distribution at exit of expansion without (left) and with (right) vanes.
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Curves similar to Figure 4.5 for other lengths of vanes (L/T), spacings
(U/B,), and inclinations (0) were plotted with submergence (y,/H), and it was
found that the best performance was obtained when y,/H is unity. It was,
therefore, decided that the other vane parameters will be obtained keeping
y,/H equal to unity.

4.3.6.2 Optimum Length (L/T), Spacing (U/B,), and
Inclination (6) of Triangular Vanes

It is not possible to give all the performance curves for 1, a,, 6, and eddies
(similar to Figures 4.5 and 4.6) obtained experimentally corresponding to
several vane geometries and flows tested by the author (Mazumder, 1966).
Figure 4.6 illustrates the improvement in bed shear distribution and eddy
patterns with provision of vanes for one flow only. All such curves were used
to find the optimum geometries of the triangular vanes for different values
of Q and F, for design purposes. Performance of expansion with optimum
geometries of vanes has been compared with other types of conventional
expansions in Figure 4.7. It may be seen that straight short expansion (with
3:1 side splay) provided with vanes is superior to all other conventional
expansion of complicated shape and long lengths (e.g. Hinds’s transition).
There was highly improved distribution of velocity at exit of expansion as
indicated by as-values. The lower the a,-values, the less the scour in the tail
channel since kinetic energy leaving the expansion is low.
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- - Momax) = 70%

.. 60 067 b 70%
S g l1o L Tp (PLAN) = 20% (WITHOUT VAIN)
5]
:E - | Note
pim} 40 C, = Outlet loss coeff.

30 - r =H/ (v’ 12gV712g)

20 - My -, LN, =1-1,/100

i (@) T T L (b) L ©
10 _ o 0.56
0 I(L ~ 22.5lcm) Y 1 1 \I( 1 1 1 LIJ/B‘ 1 1 1 1 1 L/IT 1 1 1

| | | 1
4 6(L-9Y0 12 14
U _ 1.0 0.78 Q=0.50 F=0.50 H/Y =0.98
Y_o0s6 X - -
B‘ _\A SYMBOL LT

s =830 - 0.89

506G - 0.67, O ‘Q\O\g
305 -

a

d) 0.78.
01 (L=2250m) o (L = 30cm) o U, (e)
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

4 6 8 10 12 14 6 8 10 12 14 050607080910  050.6 0.7 0.8 0.9 1.0

FIGURE 4.6
(a-c) Variation of hydraulic efficiency (n,) and (d-f) standard deviation (o) of bed shear
distribution with different parameters of triangular vanes in expansion.
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4.3.6.3 Design Curves for Optimum Geometry
of Vanes for Best Performance

Using the performance curves similar to Figures 4.5 and 4.6, design curves
(Figures 4.8a and b) for optimum geometry of vanes were prepared in order
to obtain the best performance of a straight expansions having 3:1 sides play.
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0.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 1012 14 0 2 4 6 8 10 12 14 16
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0.7 B, B, B,
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2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

FIGURE 4.8a (i-xiii)
Design curves for optimum lengths (L/T), spacing (U/B,), and inclination (0) of triangular
vanes for achieving the maximum hydraulic efficiency of expansion for different Values of Q
and F, as indicated.

(Continued)
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FIGURE 4.8b (i-xiii) (CONTINUED)
Design curves for optimum length (L/T), spacing (U/B), and inclination (0) of triangular
vanes for achieving the minimum standard deviation (o).

The height of the vanes was kept the same as inflow depth at the entry to
expansion. The design curves were made nondimensional as illustrated
in Figure 4.8a and b for the design of prototype structures. The curves are
self-explanatory.

An example has been worked out in Chapter 5 to illustrate the use of
design curves i.e. values of L/T, U/B,, and 0-values of the triangular vanes.
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Referring to Figure 4.7, the hydraulic efficiency (n,) which was very poor
(23.6% on average) in a straight expansion without vanes improved con-
siderably up to 71% (on average) by providing triangular vanes. Even the
curved expansion with an average side splay varying from 7:1 to 9:1 had
a maximum efficiency of 66%. Velocity and bed shear distribution were
highly distorted and nonuniform (¢ =2.5) in a plain expansion causing huge
erosion in tail channel (Photo 4.1). With the provision of vanes at optimum
geometry, both the velocity and bed shear distribution improved remark-
ably and became almost normal, and scour in tail channel was completely
eliminated (Photo 4.2). Most encouraging results were obtained in regard to
separation and eddy formation as can be seen in Photos 4.3 and 4.4. Without

PHOTO 4.1
Scour pattern in tail channel after the exit of expansion (without vanes).

PHOTO 4.2
No scourn in tail channel after the exit of expansion (with vanes).
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PHOTO 4.3
Jet flow (white) in expansion (without vanes) (black portion is eddy).

PHOTO 4.4
With vanes, flow is completely diffused (white portion is due to aluminum powder used for
flow visualization).
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vanes, the flow separated right from the entry to expansion (Photo 4.3) creat-
ing large eddies in the tail channel up to a long length after exit expansion.
There was hardly any diffusion of flow within the expansion without vanes.
By providing vanes, separation was completely eliminated and the flow got
completely diffused within the expansion as seen in Photo 4.4. Bed deflector
as shown in Figure 4.9 was found also found to be equally effective for flow
diffusion.

(@)

——————— 2B=120cm |

5 - / I
9 ] 20 40 40 N
6 ] 0 20 | ap=40
oA B
=] B
ISOVELS i
; (WITHOUT VANES)
(b)
| 2B =120 CM }

15.09 CM ——+|

ISOVELS ( WITH VANES )

R 7

FIGURE 4.9
(a) Velocity distribution at exit of expansion without bed deflector; (b) velocity distribution at
exit with bed deflector.
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PHOTO 4.5
Bed deflector for flow diffusion in expansion.

4.4 Use of Bed Deflector for Control of
Separation in Subcritical Expansion

Bed deflector, as shown in Photo 4.5, is an effective method of controlling
separation and achieving improved performance of expansion. Results
obtained with bed deflector are apparent from velocity distributions mea-
sured without and with bed deflectors as shown in Figure 4.9a and b respec-
tively. Further details about the design parameters of bed deflectors are
given in Mazumder (1966) and Naresh (1980).

4.5 Control of Separation with Adverse Slope
to Floor of Subcritical Expansion

Aningenious device for control of separation in a wide-angle straight expan-
sion was devised by Mazumder (1987) by providing an adverse slope (f) to
the expansion floor as shown in Figure 4.10. The optimum angle () was
computed theoretically by equating the axial component of bed reaction (F,)
acting against the flow with the axial components of side wall reactions (2P,)
acting in the direction of flow. Referring to Figure 4.10,

FX = 1/3era tanB(bdz + Bdl + 2Bd2 + Zbdl) (48)
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Basin Floor with Adverse slope

| B <
L.,
Side Wall

Lg |

FIGURE 4.10
Control of separation by providing adverse slope to floor of expansion (plan and section).

2P, =1/3Y,, L, tan¢(d} +d +did, ) @9)
Equating (4.8) and (4.9),
Bope = tan~! [(d% +d3 +d.d, )tano /(bd, +Bd, +2Bd, +2bd, )] (4.10a)

or
Bope = tan~'[ (2 /b)tano(1+ au+ ) (2 + 200 + 0+ 1) | (4.10b)

where o = d,/d;, r = B/b, ¢ is the angle between the side wall and the axis of
expansion, and d; and d, are flow depths at the entry and exit of expansion,
respectively.

4.5.1 Experimental Results

Experiments were performed (Mazumder & Deb Roy, 1999) to examine
the effect of adverse bed slope on the performance of expansion without
and with adverse bed slope. f,,,, values were determined from Equations 4.10
(@) and (b). Figures 4.11, 412, and 4.13 are drawn for three different angles (¢)
corresponding to side splays 1:1, 2:1, and 3:1 of side walls, respectively. In each
of these figures marked (a) on top, bed was, bed was level (f = 0) whereas the
figures marked (b) at the bottom, the floor was provided with optimum bed
slope (B, corresponding to side splays 1:1, 2:1, and 3:1. With level floor
(B = 0), there was violent separation with large eddies in the tail channel.
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FIGURE 4.11 a,b
Downstream flow pattern with (a) level bed ( = 0°, top) and (b) adversely sloping bed (f = 16.6°,
right), corresponding to splay-1:1 of side walls.
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FIGURE 4.12 a,b
Downstream flow pattern with (a) level bed (p = 0° top) and (b) adversely sloping bed (p = 8.48°,
bottom), corresponding to splay-2:1 of side walls.

Velocity distributions were highly nonuniform. Separation and eddies were
completely eliminated by providing adverse slope (B, to floor resulting in
highly uniform velocity.

An example is worked out to illustrate the design of expansion with an
adverse bed slope in Chapter 5.
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Downstream flow pattern with (a) level (B = 0, top) and (b) adversely sloping bed (8 = 5.67°,
bottom), corresponding to splay-3:1 of side walls.
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4.6 Transition from Supercritical to Subcritical
Flow with Forced Hydraulic Jump

Different characteristics of free hydraulic jump acting as a transition from
supercritical to subcritical flow have been discussed in Section 2.4. Hydraulic
jump is a useful device for energy dissipation below a spillway where there is
transition from supercritical to subcritical flow. Free jump length is very high
varying from four to six times the conjugate depth. This requires very long
length of stilling basin as shown in Figures 2.22-2.24. Energy dissipation in a
free jump is not so satisfactory. Moreover, a free jump is very sensitive with
tail water variation. Forced hydraulic jump with appurtenances considerably
reduces the basin cost and is effective too. Basin length is reduced drastically,
the jump is stable, more efficient as energy dissipator and it does not leave
the basin with small tail water variation.

Small Dams by United States Bureau of Reclamation (USBR, 1968), Open
Channel Hydraulics by Chow (1973), Energy Disspators and Hydraulic Jump by
Hager (1992). A typical type-IIl basin is illustrated in Figure 4.14. It may be
noted that forced jump length (same as basin length) is substantially reduced
(as compared to free jump length in Figure 2.5) due to provision of the basin
blocks and other appurtenances. Hydraulic jump is more effective due to
increase in drag offered by basin blocks. Different aspects of classical USBR-
type stilling basin and its further improvement by the author are briefly
discussed in the following paragraphs.

4.6.1 USBR-Type Stilling Basin

Bradley and Peterka (1957) and Peterka (1958) developed economic and
efficient stilling basins by introducing appurtenances such as chute
blocks, baffle blocks, and end sills (Figure 4.14) to make the stilling basins
of short lengths which made the basins more efficient and effective.
Details of various types of basins (Nos. I-IV) depending upon the incom-
ing Froude’s number of flow (F,) are given in the textbooks such as Design
of Small Dams by USBR (1968) and Energy Dissipaters and Hydraulic Jump by
Hager (1992).

An example is worked out in Chapter 5 illustrating the design of USBR-III-
type stilling basin.

4.6.2 Development of Stilling Basin with Diverging Side Walls

Numerous canal structures e.g. drops, regulators, and flow meters require
energy dissipation arrangements in a basin where supercritical flow is to
be converted to subcritical one through jump formation. The side walls of
a conventional basin are kept parallel up to the basin end followed by a
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FIGURE 4.14
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pair of expansive transition resulting in very high cost of the basin. In order
to reduce the overall cost of hydraulic structures, it is usual to flume it by
restricting the normal width of channel. A pair of contracting transition is
provided at the entry to connect the normal channel with the flumed section
as illustrated in Figure 4.15. Extent of constriction/fluming is to be decided
by hydraulic considerations as discussed in Section 2.2.9 (Equation 2.13 and
Figure 2.17).

In conventional designs, Hinds’s transitions or similar ones of long length
are provided at entry and exit making the structures very costly as shown
in Figure 4.15. Mazumder and Naresh (1988) developed an improved basin
with side walls diverging right from the toe of glacis as shown in Figure 4.15.
The performance of the new basin which acts simultaneously as energy dis-
sipater and flow diffuser is superior to classical ones developed by USBR
(1968) as the tail water requirement is less and energy dissipation (AE’)
occurs due to formation of three rollers—one in vertical plane and two side
rollers along side walls. In the classical basin of rectangular section, there is
only one roller in the vertical plain and there is no side roller. The only prob-
lem is to stabilize the rollers within the basin.

Smith & Yu James (1966) used baffle blocks in an expansion to stabilise
side rollers. Mazumder and Naresh (1988) used triangular vanes and bed
deflectors (Mazumder and Rao, 1971) to stabilize the side rollers. The results
obtained are given in Table 4.1. Photo 4.6a and b shows smooth flow in tail
channel with and without bed deflector.

4.6.3 Stabilizing Rollers in Expansion with
Adverse Slope to Basin Floor

Mazumder (1994) developed an ingenious basin with adverse slope to basin
floor as discussed in Section 4.5. The basin slope was found theoretically and
the angle of inclination with horizontal () was computed as

Bope = tan”" [ (d +d} + dyd, Jtan @ /(bd, + Bd, +2bd, +2Bd,)| ©4.10¢)

and the conjugate depth ratio (« = d,/d,) was computed as
Fr=1/2[(1-o’r)/(1-ar) Jor 4.11)

In a prismatic channel of rectangular section, whenr =1 (i.e. b = B), Equation
(4.11) reduces to the conjugate depth relation in a classical hydraulic jump
given by

oa=d,/d; = 1/2[(81312 + 1)1/2 - 1] same as Equation 2.19
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139

Coriolis Coefficient (a,), Efficiency of Jump (n;), and Relative Loss of Energy in Jump
(AE/E)) for Different Flows without and with Different Types of Appurtenances

(Mazumder & Naresh, 1986)

Tail Water
Discharge Depth Nature of the n=
Experiment (LPS) (cm) Appurtenances Used a, AETAE AE/E,
1 31.007 9.03° Without appurtenances  5.55 92.1 71.8
2 15.50¢ 6.424 - 5.80 95.8 78.1
3 7.75¢ 5.47¢ - 6.58 98.2 79.9
4 31.00 15.89s8 - 4.08 97.8 52.2
5 15.50 11.27n - 3.92 96.9 62.5
6 7.75 7911 - 9.81 96.7 71.1
7 31.00 15.89 Vanes (L/T=0.5.U/ 4.14 97.8 52.2
2b =0.88, 6 =20°)
8 31.00 15.89 Vanes (L/T=0.5.U/ 4.96 97.2 52.2
2b=0.99, 6 =15°)
9 31.00 15.89 Vanes (L/T =0.75. 6.04 96.5 522
U/2b=0.88, 0=10°)
10 31.00 15.89 Vanes (L/T =0.75. 6.37 96.3 52.2
U/2b=0.99, 6 =15°)
11 31.00 15.89 One baffle 2.12 99.2 522
12 15.50 11.27 - 1.95 99.6 62.5
13 7.75 791 - 5.58 99.3 711
14 31.00 9.03 - 1.99 98.3 71.8
15 31.00 15.89 Three baffles 2.92 98.7 52.2
16 31.00 15.89 Bed deflector 2.43 99.0 52.2
L/T=0.5hy=50cm
and end sillh=7.5cm
17 31.00 15.89 Bed deflector and end 2.15 99.2 52.2
sillL/T=0.5,
h=10.0cm, hy=5.0cm
18 31.00 15.89 Bed deflector withend — 1.57 99.6 52.2
sill and wire mesh
(6mm size)
h=10.0cm,
hy=5.0cm,L/T=0.33
19 31.00 15.89 Bed deflector with end 1.38 99.7 52.6

sill and wire mesh
(3mm size)
h=10.0cm,
hy=5.0cm,L/T=0.33

(Continued)
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TABLE 4.1 (Continued)

Coriolis Coefficient (), Efficiency of Jump (1), and Relative Loss of Energy in Jump
(AE/E)) for Different Flows without and with Different Types of Appurtenances
(Mazumder & Naresh, 1986)

Tail Water
Discharge Depth Nature of the n=

Experiment (LPS) (cm) Appurtenances Used a, AE/AE  AE/E,
20 31.00 15.89 Bed deflector withend ~ 1.21 99.8 62.5

sill and wire mesh

(2mm size)

h=10.0cm,

hy=5.0cm,L/T=0.33
21 15.50 11.27 - 1.16 99.9 711
22 7.75 7.91 - 1.31 99.9 71.1
23 31.00 9.03 - 1.34 99.4 71.8
24 15.50 6.42 - 1.17 99.9 78.1
25 7.75 547 - 1.65 99.8 79.9
26 31.00 15.89 Bed deflector withend  1.10 99.9 62.2

sill and wire mesh

(2mm size) LT =0.5,

h=75cm, hy=5.0cm
27 15.50 11.27 - 1.39 99.8 62.5
28 7.75 791 - 1.68 99.9 71.1
29 31.00 9.03 - 1.22 99.6 71.8
30 15.50 6.42 - 1.24 99.8 78.1
31 7.75 5.47 - 1.18 99.9 79.9

2 Full Supply Discharge (FSD).

Minimum depth without downstream control at FSD.
Half Supply Discharge (HSD).

Minimum depth without downstream control at HSD.
Quarter Supply Discharge (QSD).

Minimum depth without downstream control at QSD.
Conjugate depth at FSD.

Conjugate depth at HSD.

i Conjugate depth at QSD.

o

a n

T

A series of experiments were performed (Mazumder & Sharma, 1983;
Mazumder, 1987, 1994) to find the basin performance as illustrated in
Table 4.2. Performance of the basin was also tested by providing one row
of USBR-type baffle blocks as shown in Figure 4.16a. There was no further
improvement in performance. Moreover, at inflow velocity V; > 16 m/sec,
baffle blocks are subject to cavitation damage. It was, therefore, decided
that no baffle block should be provided. The optimum slope (f,,,) found
experimentally differed slightly with that obtained from Equation 4.10.
There was also appreciable reduction in conjugate depth required
theoretically.
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PHOTO 4.6
(a) Smooth flow in tail channel by using bed deflector; (b) asymmetric skew jump in expansion
without appurtenances.
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TABLE 4.2

Performance of Stilling Basin with Adverse Slope (p) to Basin Floor

1] Q (LPS) F, d, (cm) a, %n = AE’/AE Remarks

2.5° 15 18.8 3.25 72.0 68.8 Without Baffle Block

2.5° 30 13.6 491 78.0 41.5 Without Baffle Block

2.5° 50 10.7 9.10 86.0 30.8 Without Baffle Block

4.0° 15 18.8 5.0 2.6 99.8 Without Baffle Block

4.0° 30 13.6 6.5 3.7 98.8 Without Baffle Block

4.0° 50 10.7 7.3 17.6 84.3 Without Baffle Block

5.0° 15 18.8 3.6 1.3 97.9 Without Baffle Block

5.0° 30 13.6 5.6 3.3 93.8 Without Baffle Block

5.0° 50 10.7 6.1 9.2 89.0 Without Baffle Block

5.0° 15 18.8 4.6 1.2 99.9 With one row of Baffle Block
5.0° 30 13.6 6.5 13 99.9 Do

6.0° 15 18.8 4.0 1.2 99.9 Without Baffle Block

6.0° 30 13.6 49 2.0 99.2 Without Baffle Block

6.0° 50 10.7 6.5 2.1 98.7 Do

6.0° 50 10.7 6.5 1.6 97.3 With one row of Baffle Block
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(@) USBR TYPE
BAFFLE BLOCKS

9 - =271x10°2
9k
= 5.42x10°2
8l =10-84x10°2
7k
6k
BASIN FLOOR
ENTRY
sl BOPT.
SECTION
1k
3} —_— .t b=HALF WIDTH OF
CHANNEL AT ENTRY
5 q=DISCHARSE PER UNIT
- WIDTH AT ENTRY
0 1 2 3 4 5 6 7 8
FIGURE 4.16

(a) Basin floor with adverse slope and one row of baffle blocks; (b) experimental values of f
for different prejump Froude’s Number (F)).

opt

4.7 Control of Shock Waves in Supercritical Transition

Different characteristics of supercritical transitions have been discussed in
Chapters 2 and 3. The problem of design of supercritical transitions—for
both contracting and expanding ones—is in essence a problem of control
of shock waves. Uncontrolled shock fronts travel a long length resulting
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in waviness of flow for which the height of side walls is to be increased to
contain the flow.

4.7.1 Contracting Transition

Ippen and Dawson (1951) method of controlling shock waves in a contract-
ing transition by superimposition of positive and negative shock fronts
has been discussed in detail in Section 3.5.4. However, the drawback of the
design lies in the fact that the design is not applicable to F;-values other than
the one for a given flow. Shocks will reappear when the incoming flow and
its corresponding F,-value change. If the design is done for the highest flow
with the highest F;-value, at lower values of F,, the shocks will, however, be
partially controlled.

4.7.2 Expanding Transition

Hager and Mazumder (1992) made experimental investigations on super-
critical expansion flow in abrupt expansive transition in the Laboratory
of Hydraulic Construction (LHC) at Swiss Federal Institute of Technology
(EPFL), Lausanne, Switzerland. Such expansion form one type of open-
channel transition in structures e.g. spillways, flood relief canals, and
outlets. They studied the flow pattern in expansions which is complex.
Distribution of depths and velocity field in abrupt expansion is shown
in Figure 4.17. Figure 4.18 illustrates the longitudinal variation of water
depths along channel axis and side walls. Other characteristics are avail-
able in the above reference.

Mazumder and Hager (1993) also conducted an exhaustive model study
on Rouse reverse transition. In the detailed experiments, both flow depths,
h, and mean velocities, V, were recorded. The purpose of the experiments
was to find whether the wall height could be reduced when a Rouse reverse-
type transition is provided instead of a sudden expansion. Rouse reverse
expansive transition corresponds to an S-shaped wall curve with its center
of curvature outside the flow in the front portion, a point of inflexion, a
second portion with its center of curvature inside the flow as illustrated in
Figure 3.15b.

Rouse et al. (1951) developed reverse curves such that the positive shocks
created by the reverse curvature cancel the negative shocks produced by
the expanding boundary determined by Equation 3.28. It is an effective
method of design for expanding the supercritical transition free from shock
waves. Total length of the transition (L) is, however, excessively high. The
length (L/b,) of the transition depends on approach Froude number (F;) and
expansion ratio f. For example, L;/(byF;) =7.5 for =3 or L/b, =375 for F,=5
and L/b, =75 for F, = 10. Thus, the total length is excessively high. As such,
efforts were directed to reduce the length of expansion for decreasing the
cost of the structure.
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FIGURE 4.17
Flow in abrupt supercritical expansion for hy = 96 mm, F, = 2. (Note: contour lines h/h, on top

and velocity field V/V, at bottom). (a) 0 < x/b, < 4.8 and (b) 4.8 < x/b, < 10.

Different flow characteristics were plotted for both Rouse reverse transi-
tion and modified Rouse expansion given in the paper by Mazumder and
Hager (1993). It was observed that the reversed Rouse transition yields sat-
isfactory results evenwhen shortened by a factor of 2.5 compared to Rouse
original design. The reduction is significant because the length of transition
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FIGURE 4.18

Longitudinal surface profiles along (a) channel axis h,/hy(x) and (b) side walls h,,/hy(x) in
abrupt expansions.

structure was only 40% of the classical design with a comparable flow pat-
tern. Figure 4.19a shows the variation in depth along the transition axis, and
Figure 4.19b shows the variation in depth along the wall in a modified Rouse
curve design F, =1 for different approach flow Froude numbers.

Based on the extended experimental study in a laboratory flume
(Figure 4.20) and the flow pattern in expansions with modified and reversed
Rouse wall curves, it was found that the modified wall geometry does not
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FIGURE 4.19
Variation of depth along (a) flow axis and (b) wall in a modified Rouse curve for F, =1 for
different approach flows Fy = (N)2, (7)4, (N6, (4)8; hy =48 mm (light) and h, = 96 mm (solid).

Rouse expa(nstn F‘lj\/l4)4 (8 mlong) Straight expansion (2.40 m long)
ouse
. . Rouse expansion Fd = 1 (2 m long) Plastic side wall  Perforated pipe
Rouse expansion with reverse R M1 covered with filter
curve Fd = 4 (15 m long) (Rouse M1)
(Rose R4) Rouse expansion with reverse Control of gate opening
+ cuve Fd=1(3.75m Iong
T (Rose R1)

/
| H
B —
! I
S Y /S
H
| | i i
. Il
]
i .
Z Abrupt expansion
Tail water Point gauge mounted Flow straightner Vertical filters
control gate on a trolley moving covered by a hood
on side rails Inflow pipe connected
Open chennel connected Glass side wall overhead steel tank to turbine pumb in
to underground reservoir (80 cm height) 2x2x25m) underground reservoir
FIGURE 4.20

Experimental flume showing different types of supercritical transitions tested at LCH (EPFL).
Note: (i) Rouse modified expansion: y/b,=1/2[1 + 1/4X]*?, where X = x/b,Fy; F; =1 for Rouse M,
and F, =4 for Rouse M,; (ii) Rouse reverse expansion. F; =1 for Rouse R, and F; =4 for Rouse R,.
(Courtesy of Rouse et al., 1951.)

improve the flow and, hence, not recommended. However, reversed Rouse
wall geometry yields satisfactory results even when shortened by a factor
of 2.5 compared to the original Rouse design. The reduction is significant
because the length of the expanding transition is only 40% with a compa-
rable overall flow pattern.

An example is worked out in Chapter 5 to illustrate the design of Rouse
reverse-type transition.
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4.7.3 Control of Shock Waves with Adverse
Slope to Floor and Drop at Exit

Rouse original reverse curve-type expansion is very efficient in suppression
of shock waves. But it is very costly due to its long length. It has another limi-
tation where hydraulic jump is likely to form. If the jump forms after exit end
of expansion, the flow downstream is shock-free and symmetric. But in case
the jump front moves inside the expansion, flow separates from the bound-
ary resulting in jet-type flow along one of the walls and violent eddy for-
mation along the opposite side. The flow is unstable and periodically shifts
from one side to the other. This will cause damage to the structure. Rouse
et al. (1951) proposed a sudden drop at the exit of expansion to stabilize the
jump and make the downstream flow free from shock waves. Mazumder
(1987), Mazumder and Gupta (1988) used bed deflector and adverse slope
to the expansion floor to stablize the jump which is also a type of shock
wave with its front normal to flow axis. Molino (1989) used a hump, bottom
traverse, and teeth to control supercritical expansion flow. Vischer (1988) rec-
ommended domed bottom for an expanding chute. Photo 4.7 illustrates the

PHOTO 4.7
Control of shock waves in straight expansion with adverse slope to basin floor with a drop at
the exit of straight expansion (h, =48 mm, p =5 F, = 8) (bottom) and choked flow (F, = 4) (top).
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FIGURE 4.21
Rouse modified expansion (F, = 1) with (a) abrupt deflector and (b) cusp-type D.

flow condition with adversely sloping expansion floor used by Mazumder
et al. (1994). They also used cusp-type flow deflector as shown in Figure 4.21.
Photo 4.8 depicts the flow conditions using the cusp-type deflector.

Tables 3.2 and 3.3 give a comparison of the performances of expansion
without and with shock control devices tested by the author. Different
parameters used for comparison have been defined in Section 3.5.3.

4.8 Use of Appurtenances for Improving Performance of
Closed Conduit Diffuser/Expansion
Unlike contraction, straight expansions are found to perform better than

curved ones. Kline et al. (1959) made exhaustive study on flow character-
istics in two-dimensional rectangular straight expansions. Different flow
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PHOTO 4.8
Flow condition in tail channel with cusp-type flow deflector.
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regimes that successively occur with gradual increase in angle of expansion
have been illustrated in Figure 3.17. Cochran and Kline (1958) developed
wide-angle two-dimensional straight diffusers by using rectangular vanes.
Performance of the diffuser was found to be excellent—in terms of both effi-
ciency and velocity distribution at the exit of expansion. Separation of flow
was completely eliminated by using the vanes.

Bhargava (1981) studied performance of wide-angle conical diffusers with
and without appurtenances as illustrated in Figure 4.22 and Table 4.3. A few
typical pressure recovery curves with and without appurtenances are shown
in Figure 4.23. Velocity distributions were measured at the exit of diffuser.
Figure 4.24a and b shows typical distributions at the exit of diffuser without
and with appurtenance, respectively, indicating «,-values at the exit. Some of
the major conclusions are as follows:

T 4 /?\ N WAKE ZONE
3

Solid Cone

————34 ——>

o

C
-
w
I\
\S]

I
—
H_

Cone with Central Opening

FIGURE 4.22
Some of the appurtenances used in the conical diffuser for control of separation. (Courtesy of
Bhargava, 1981.)
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TABLE 4.3
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Schedule of Experiments Performed for Testing Diffuser Performance without and

with Appurtenances

Serial No. 20 RE Type of Appurtenance Used
01 36° 54’ 7.15x 10° Nil
02 36° 54’ 11.6 x 105 Nil
03 36° 54’ 16.2 x 10° Nil
04 36° 54’ 2.0 x10° Nil
05 53° 8 7.15x10° Nil
06 53° 8’ 1.16 x 10° Nil
07 53° 8’ 1.63 x10° Nil
08 53° 8’ 2.0 x 10° Nil
09 90° 20’ 7.15x 10° Nil
10 90° 20’ 1.64 x 10° Nil
11 90° 20’ 1.42 x 10° Nil
12 90° 20’ 2.0 x10° Nil
13 53° 8’ 2.0x10° SOLID
o %I -} WOODEN
CONE
]
14 53° 8’ 2.0x10° SOLID
e %I »+ WOODEN
CONE
25.5
15 53°8 2.0 x 10° WOODEN
CONE WITH
BACKCUT
16 53° 8’ 2.0x10° WOODEN
CONE WITH
BACKCUT
Y WE Lear PERSPEX SHELL
58 45 @Im.a o2 2 WITH HOLES 17.6%
S PERFORATED AREA
18 53°8 1.14 x10° PERSPEX SHELL
s 191839 %02 [22 +WITH HOLES 17.6%
3 PERFORATED AREA

(Continued)
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TABLE 4.3 (Continued)

Schedule of Experiments Performed for Testing Diffuser Performance without and
with Appurtenances

Serial No. 20 RE Type of Appurtenance Used

19 20l PERSPEX SHELL
we] (3Ts1s 2 WITH 30.6%
SLIT AREA

20 53°8 2.0x10° PERSPEX SHELL

WITH SLITS 30.6%
PERFORATED AREA

21 53° 8 2.0x10°
PERSPEX SHELL WITH
30.6% SLITS AREA

22 53° 8’ 2.0 %10
PERSPEX SHELL WITH
30.6% SLIT AREA

23 53°8 2.0x10°
PERSPEX SHELL WITH
48.7% SLIT AREA

24 53° 8’ 2.0x10°
WOODEN CONE

WITH CONICAL
OPENING

i. Performance of a diffuser without appurtenances is governed by
a. Total angle of divergence (20)
b. Reynolds number of flow at entry (Re)
c. Diameter ratio K=D,/D,
ii. Efficiency of diffuser decreases with increase in 26, K, and Re-values.

iii. Energy correction factor (Coriolis coefficient), a,, governing the non-
uniformity of velocity distribution at the exit of diffuser without
appurtenances is found to vary as follows:

a. a,increases as 20 increases.

b. a, decreases as Re increases.
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FIGURE 4.23

Pressure recovery in a diffuser (a) with and (b) without any appurtenance. (Courtesy of

Bhargava, 1981.)

iv. Use of appurtenances cannot be justified as far as efficiency is con-
cerned. However, velocity distribution at exit of diffuser improved
by providing appurtenances.

v. Among the different types of appurtenances used, solid wooden
cone was found to be more effective than other types.
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expt.9 expt.10

expt.18
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129

Re = 1.14x105

FIGURE 4.24
Velocity distribution at exit of diffuser (a) without appurtenances and (b) with appurtenances.
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5

Illustrative Designs of Flow Transitions
in Hydraulic Structures

5.1 Introduction

There are a large number of hydraulic structures where transitions are
provided for economy and efficiency. In hydraulic structures such as aque-
ducts, siphons, siphon aqueducts, canal drops, regulators, flowmeters, bridges,
barrages, tunnels, spillways, escapes, sediment excluders, energy dissipaters,
and chutes etc., original channel section is usually flumed/contracted so that
the cost of these structures can be substantially reduced apart from achiev-
ing desired flow conditions within the structures. All the different situations
where transitions are needed are site specific. It is not feasible to illustrate the
design procedure for all these structures here. The author, therefore, decided
to take up only a few cases of transition design to explain the methodology of
design by using the principles discussed in the previous chapters.

5.2 Design of Subcritical Transition for a Concrete
Flume Illustrating Hinds’s Method of Design

5.2.1 Inlet Transition

It is required to design an inlet transition structure connecting an earthen
canal having a bottom width of 549m and a side slope of 2:1 to a rectangular
concrete flume of 3.85m width. The design discharge is 8.905 cumec. Design
procedure using Hinds's principles is given in the following sections (Table 5.1).

5.2.1.1 Determination of Length

The axial length of inlet transition is found such that a straight line joining
the flow lines at the two ends of the transition will make an angle of 12.5°
with the axis of the structure. The length is found to be 15.24m. (Figure 5.1).

157
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5.2.1.2 Determination of Flow Profile Corrected for Friction Loss

For the type of structure contemplated, the inlet head loss may be safely
assumed to be 10% of the change in velocity head (Ah,) between consecu-
tive sections. The total drop in water surface is, therefore, equal to 1.1Ah,
plus the drop necessary to overcome friction. The total change in veloc-
ity head from V = 0.838 m/sec at the entry to V = 1.819 m/sec at the end
of transition ie. Ah, = 1/2g (1.819? — 0.838%) = 0.169 — 0.0.036 = 0.133m.
Neglecting frictional losses for the time being, the total drop in water level
is, therefore, 1.1Ah, = 1.1 X 0.133 = 0.146 m.

For smooth and continuous flow, Hinds (1928) assumed that the surface
profile consisted of two equal reverse parabolas, tangent to each other at
midpoint point B and horizontal at points A and C shown in Figure 5.1a.

A number of sections were then selected along the transition where the
flow profile was found by the use of same principle i.e. Ay =1.1 Ah, between
consecutive sections as illustrated in Table 51 and explained in steps
underneath.

Col-1: Number of stations spaced equally at 1.524m interval

Col-2: Drop in water surface (Ay’) from the principle of parabola—note that
the drop in the first parabola from A to B is 0.073m i.e. half of the total drop
0.146 m from A to C.

Col-3: Change in velocity head i.e. Ah, = Ay’/1.1

Col-4: Total velocity head h, at the section i.e. cumulative value of Ah,
entering the preceding column

Col-5: Velocity corresponding to total velocity head i.e. V = (2gh,)%®

Col-6: Area of flow section i.e. A; = Q/V at the given station

Col-7, 8, 9: Mean width of flow B, = A,/y (y is known from water surface
and bed levels). Knowing the side slope at the section (assume that side slope
changes linearly from 2:1 at point A to 0:1) i.e. vertical at point C and depth of
flow y (entered in column 9), top width (T) and bottom width (b) of flow can
be easily found and half of their values (T/2 and b/2) are entered in Columns
7 and 8, respectively

Col-10: Hydraulic radius R = A;/P;, where A; and P; are the area and wetted
perimeter of flow section, respectively

Col-11: Friction slope S; = (Q?n?)/(R*3), with n = 0.014 for all lined sections
in the transition

Col-12: Friction head loss is equal to the distance between consecutive
stations (1.524m) multiplied by the average of friction slope between the
consecutive stations

Col-13: Cumulative friction head loss

Col-14: Corrected water surface elevation corrected due to friction is equal
to Z=17.498 — Ay’ — ¥ Ah{

Col-15: Elevation of channel bottom (Z,) equal to corrected water surface
elevation (Z) minus y



161

igns of Flow Transitions

Illustrative Des

Q06'T S06'T 98S'T 0%9°41 - 05091 6ST'ST 8000  OFIO00 T60000 80Z0 98CT S06'T CTO6'T 968F% 6181 6910 €10 9710 vCar
0€6'T ru 66S'T 04481 - 09091 09641 0€9000  ¥ETO00 060000 TZZ0 98CT 0¢61T ¥C6'l ¥v6¥ 1081 9910 0€T0 €PI'0 96L¢€l
896'1T 896'1 ¥TOT 84941 - 04091 0OPE€4LT  TO0S000 TCI00'0 80000 0840 S88CT 8961 896'T €909 6841 8GT°0 TCI0 S€10 ThLCL
801°C 801°C 919'T 069°Z1  £90°0 08€9T 04EZL 18€00°0 010000 ¥£0000 %080 96C°T 000C 980C ¥6C'S T89'L 910 6010 0CI'0 89901
0cy'e 6¢t'C TI9°T OLZ41  Z¥T0 00791 06€4L £ZT00'0  T8000'0 190000 8€80 96C'T <TEOCT <TSET TLYS 04581 921'0 0600 8600 ovle
096'C ¥56'C G09'T 0€L41  ¥$99°0  0OCL9L 0OC¥4L  S6100°0 19000°0 <¥0000 0680 ¥0CT ¥90C 964C £L6C9 ¥I¥'L  <20L0 9900 ¢€£00 (V144
004°¢ 014¢ €6S°T 08441 0007  0ST9T 0S¥4ZT  $E€1000  9%000°0 #0000 8060 86CT ICI'C SE€l'e €¢89  S0LT 4800 T1S00 9500 9609
00S'¥ (V4°n 74 G6S'T 09241  ZFPP'T 04191 04%FZT 088000 920000 920000 ¥I60 SOET O0ITC 960F% 0€Z8 TSO'T 0900 9€¢00 9200 LS
09¥'s 0ces 909'T S6LL1 LT €191 0% Z1 080000 ¥42000°0 0TO0O00 9260 <TICT €I¥C PLET S06'8 000°T 1S0°'0 SPI00 9100 8¥0°¢
§94°S 04L°'S YI9T G6sL1 SPe'1l ¢8191 g6¥'Zl  ¥2000°0 $2000°0 910000 9260 <CICT 8C9T /L8T'S GETOL 0480 4Z8EO'0 42000 €000 Yes'l
S66'S 66'S Q29T S68ZT 000C 88T9T 86FLl - - q10000 €£6'0 TIET €PLC ¥9€S 8T90T 8E€8'0 9¢0°0 0000 0000 00+0
(02) (61) 8D (D) 91 (ST (D (€T) (€49)] am (oD (6 [€) V) 9) (9 ) (€) () ()
(pesn) (dwod) 'H z 11:Z () () () (ur) ’'s () (w) (u) (W) (u) sy (w) (W) (w) |21
MS0  MS0 adois 'z Z ’yvx yv a £ qs0 IS0 V A v gy AV
apIS

POYIRIA S,SPUTH Aq awn[ 93910U0) € I0J UONISUeL], 191U] Jo udIsa(] a3 1oy uonenduwo)

1'S 319V1L



162 Flow Transition Design in Hydraulic Structures

5.2.1.3 Determination of Structural Dimensions and Plan of Transition

Structural dimensions of the transition are given in the following columns
in Table 5.1:

Col-16: The side slope of the channel within transition: z = (0.5T — 0.5b)/y

Col-17: Elevation of top of lining. Recommended height of lining above the
water surface for the given flow is 0.305m

Col-18: Height of lining above bed equal to H; =Z, _Z,

Col-19: Computed value of half the width at top of lining equal to
0.5W =zH; +0.5b

Col-20: 0.5W nearest to 1.27cm

All points joining 0.5W so found from Column 20 give the desired inlet
transition profile in plan as illustrated in Figure 5.1a.

5.2.2 Outlet Transition

Same procedure as illustrated in Table 5.1 can be adopted to find the outlet
transition profile as shown in Figure 5.1b with the following differences.

i. In the outlet transition, there is recovery of head due to flow expan-
sion, and consequently, the rise in water surface elevation between
consecutive sections will be given by the relation Ay’ = (1 - C)Ah,,
where C, is the outlet loss coefficient which is taken as 0.2 for
warped-type Hinds’s transition. Therefore, Ah, = Ay’/0.8. The
water surface profile (consisting of two equal reverse parabolas)
will rise from the exit of flume as shown in Figure 5.1b. With
this change, the other steps will be similar to Table 5.1 for inlet
transition.

ii. The water surface elevation at station 0+00 is lower than that at
+50 at the exit of inlet transition due to loss in head in the concrete
flume.

5.3 Design of Subcritical Transition for an Aqueduct
with Warped-Type Hinds’s Inlet Transition and
Straight Expansion with Adverse Bed Slope

5.3.1 Inlet Contracting Transition

It is required to design an inlet transition of an aqueduct for a flow of 65.5
cumec. The bottom width of canal is 13.65m and the depth of flow is 3m
with a side slope of 2:1. The longitudinal bed slope is 1 in 3,600.
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5.3.1.1 Width of Aqueduct
A, = sectional area of canal = (13.65+ 2 x 3) x 3 = 58.96 m?

Hydraulic depth D; = A /T, =58.96/(13.65+2x3x2)=2.298 m

Vi=Q/A;=65.5/58.96=1.11m/sec
F, = Approach Froude number = V; / ( gD, )0‘5 =1.11/(9.8x 2.298)"° = 0.234

Mean width of canal = B;,, =19.65m

Referring to Section 2.2.9, (Mazumder, 2016)

Bu/B: = (F/B)[(2+E)/(2+B)]
For low F,-value, the above equation may be approximated as
Bo/B1 = 2P1

where B, is the width of aqueduct, B, is the mean width of approach
flow = 19.65m, and F, = 0.234.

With the above values, B;/B, = 0.468 (approx.)

or By =0468 x 19.65=9.2m

Width of aqueduct is taken as 9m.

With a head loss coefficient C; = 0.10 and using continuity equation, it can
be shown that the depth of flow at the end of inlet transition is y, = 2.6m,
V, = 2.8 m/sec and F, = 0.554, which is less than 0.7 at which water surface
becomes wavy.

5.3.1.2 Length of Contracting Transition

Mean width at entry B, , =19.65m
Width of aqueduct By=9m
Providing an average side splay of 3:1
Axial length of contracting transition provided, 3(19.65 — 9)/2 = 15975m

5.3.1.3 Computation of Flow Profile

Referring to Figure 5.2, the different sections are as follows:
1-1 Section at the entry of inlet transition
2-2 Section at the exit of inlet transition i.e. entrance to aqueduct trough
3-3 Section at the end of trough
4-4 Section at the end of streamline slope and the start of horizontal floor
5-5 Section at the start of expansion with adverse slope to expansion floor
6-6 End of expansion.
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FIGURE 5.2
Bed and water surface levels at different sections for the aqueduct.

Total energy and water surface levels at 1-1 are known. Head loss in inlet
transition is found to be 0.2 Ah, (between 1-1 and 2-2). Head loss in the con-
crete trough can be found from friction slope S; = Q?n?/A:-R*3 and head loss
in the trough as S,L,, where L, is the length of aqueduct. Because of stream-
lined drop in bed, no head loss is assumed between 4-4 and 5-5; loss in
head between 5-5 and 6-6 is taken as 0.3 Ah,, where Ah, = 1/2g[V52 —Vg].
Total energy level and corresponding water levels at the different sections
are, thus, found at all the sections. Water levels so found are indicated in
Figure 5.2.

5.3.1.4 Hinds’s Method of Design of Contracting Transition

Assuming water surface profile is composed of two reverse parabolas tan-
gential to each other at the midpoint i.e. X, = 1/2 (15.975) = 79875 and drop
in water level at midpoint as Y,, = 1/2 (258.505 — 258.1) = 0.2025, where X,
and Y,, are the coordinates at the midpoint of water surface profile, the equa-
tion of water surface profile is given by the relation Y = 0.003174X2. Using
the equation, the coordinates of inlet transition (mean bed widths given in
the last column of Table 5.2) were found to be following the same procedure
described in Section 5.2.1 and Table 5.1. Figure 5.3 illustrates the plan view of
inlet contracting transition for the aqueduct.
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FIGURE 5.3
Contracting inlet transition of the aqueduct.

5.3.2 Design of Expanding Transition with Adverse Bed Slope
5.3.2.1 Length
Axial length of straight expansion with 3:1 side splay = 15.975m

5.3.2.2 Bed Slope

Inclination of side wall with axis ¢ = tan™'(1/3) = 20.4°
From Equation 4.10a, (Mazumder, 1994)

Bope = tan™'[ (d} + d3 +dyd, )tan o /(bd, +Bd, +2Bd; +2bd, ) |

d, = flow depth at entry =2.6m

d, = flow depth at exit =3m

b = half width of trough=9/2=4.5m

B = half of mean width at exit = 13.65/2 = 6.82
a=d,/d; =3/2.6=1.54

r=B/b=6.82/45=15

tang = 1/3 for the side walls diverging @3; 1 for the equivalent rectangular
section having a mean width of flow equal to 13.65m at the exit of expansion
(Figure 54)
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FIGURE 5.4
Plan of straight expansion provided with adverse slope.

Putting the above values in Equation 4.10(a), B, = 5°

Top and bottom widths of expansion at different distances were deter-
mined assuming linear variation of mean bed widths and side slopes.
Figure 5.4 shows the expansion.

5.4 Design of Subcritical Contracting Transition Assuming
Linear Variation of Mean Velocity and Expanding
Transition Provided with Triangular Vanes

Design (a) contracting transition and (b) expanding transition for an aqueduct
in an irrigation canal with the following data:

i. Full supply discharge: Q = 23.5 cumec
ii. Unrestricted mean width of canal =B, =B, =1142m
iii. Full supply depth of canal: y, =y, =2.29m
iv. Normal flow velocity V, =V, =0.90m/sec

5.4.1 Contracting Transition

5.4.1.1 Width (B,) at the End of Inlet Transition i.e. Width of Flume
05 05
F = Vi/(gy1)"” =0.90/(9.8%2.29) = 0.19

In Equation 2.13 and Figure 2.17, the most economic fluming ratio By/B, is
0.37 corresponding to F; = 0.19.
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Therefore, the width of flume By =0.37 x 11.42 = 4.27m.

5.4.1.2 Flow Depth (y,), Mean Velocity of Flow (V,),
and Froude’s Number of Flow (F,)

Assuming no head loss in the contracting transition,
Eo=E; =2.29+[235/(1142x229)] /2g =233 m
= yo+VE/2g =y +(235/Bys)’ 28
or

Vo +(23.5/4.27y,)’ /2% 9.8 = 2.33 since V, = 23.3/(4.27 x y,)
Solving the cubical equation in y,, it is found that y, = 1.90m.
V= 23.5/(4.27x1.90) = 2.9 m/sec and F, = Vo/(gyo )"
=2.9/(9.8x1.90)* = 0.68 < 0.7, s0 ok.

5.4.1.3 Mean Width of Flow at Different Sections/
Plans and Profile of Water Surface

Providing 2:1 side splay, the length of inlet transition = 2(11.42 — 4.27)/2 =
715 m = 715cm. Referring to Figure 5.5, the length of inlet transition is
divided into four equal parts from Sections 1-1 to 5-5 (Col-1 in Table 5.3).

TABLE 5.3

Variation of Mean Velocity and Mean Width of Flow

Section Mean Velocity Flow Probable Corresponding

No. (m/sec) Section (m?) Width (m) Depth (m)

1-1 0.90 26.2 11.42% 2.29%

2-2 1.40 16.8 7.0 221
7.93 212
8.23 2.04

3-3 1.90 12.35 6.40 1.93
6.10 2.03
5.79 213

4-4 2.40 9.81 5.18 1.89
5.03 1.95
4.87 2.01

5-5 2.90 8.10 4.27% 1.90%

Note: Values marked with * are fixed values at the ends of transition.



169

Illustrative Designs of Flow Transitions

All dimensions in m

F\5.77
2 ! \‘/
1 3 l‘
s s
! i '

3 Elevation

———————-

S e - 10.733mT4>|

FIGURE 5.5
Half plan and water surface profile of inlet transition and plan of straight expansion provided

with triangular vanes (dimensions in millimeters).

Assuming linear variation of mean velocity of flow at consecutive sections
as given in Col-2. Col-3 gives the flow sections required i.e. A =Q/V. Possible
mean widths of flow and corresponding depths are given in Col-4 and Col-5,
respectively. Fixed points at 1-1 and 5-5 are unique. Plot the probable mean
widths in plan (B) and corresponding flow depths (y) in elevation (Figure 5.5)
using the same symbol, keeping in view the end fixed values in Sections 1-1
and 5-5. Join the corresponding points in plan and section simultaneously
such that the water surface profile in elevation and half width of transition
(as indicated in plan (full line) obtained by joining corresponding points in
plan and elevation remain continuous as shown in Figure 5.5. Water surface
profile is tangential at both the entry and the exit of the transition and the
flow width ends tangentially at the flume i.e. entry to the aqueduct.

5.4.2 Design of Straight Expanding Transition with
Triangular Vanes (Mazumder, 1966, 1971)

5.4.2.1 Determination of Model Scale
Width at entry of aqueduct =4.27m

Model width of experimental flume =229 cm =0.229m
Therefore, model scale ratio L, = 4.27/0.229 = 18.65
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5.4.2.2 Determination of Model Flow (Q,,) and Froude’s Number (F,)
Q,/Qum =LY?=(18.65)"* =1,500

Therefore, model flow, Q,, = Qp/ 1,500 =23.5/1,500 = 0.0156 m?3/sec
Froude’s number in model is the same in prototype i.e. F; = 0.68.

5.4.2.3 Determination of Vane Dimensions

From the design curves (Figure 4.7), for Q,, = 0.0156 and F, = 0.68,

The optimum dimensions of vanes for maximum hydraulic efficiency (1)
and minimum standard deviation () are found by interpolation as

Length ratio L/L; =0.72, U/B, = 0.86, and 0 = 9.4°

With 3:1 sides play of expansion (as in model),

Lr=3(11.42-4.27)/2=10.73 m

Therefore, the length of vane in prototype, L =0.72x10.73 =7.75m
Upstream spacing between the vanes, U = 0.86x4.27 = 3.67 m
Angle of inclination of vanes with axis, 6 = 9.4°
Maximum height of vanes at 2/3L (from toe) =y, =190m
Detailed dimensions of vanes are shown in Figure 5.5.

5.4.3 Design of an Elliptical Guide Bank for a Flumed
Bridge as per Lagasse et al. (1995)

It is proposed to design an elliptical guide bank for a bridge on the river
Yamuna with the following data:

Design flood discharge: 11,000 cumec

Design HFL: 216.50

Lowest bed level in main channel: 208 m

Lowest bed level in flood plain: 212m

Width of main channel: 600 m

Flood plain width—left: 600 m, right: 1,200 m

Estimated discharge distribution—main channel: 6,800 cumec, left bank:
1,400 cumec, and right bank: 2,800 cumec

5.4.3.1 Waterway
1. Lacey approach
P =4.8Q% =4.8(11,000)*° =503 m (5.1)
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2. Permissible fluming approach

Bo/By = (Fy/R)[(2+F)/(2+8) ] (5.2)

Here, depth of flow in main channel Y, = 216.5 208 = 8.5m and area
of main channel = 600 x 8.5 = 5,100 m?

Depth of flow in flood plain = y; = 216.5 -212 = 4.5m and area of
flood plains = A; = (600 + 1,200) x 4.5 = 8,100 m?

Total area upstream of bridge A, = A, + A;=5,100 + 8,100 = 13,200 m?

A, = Area of flow under the bridge = 5,100 + 2 x 150 x 4.5 = 6,450 m?,
mean flow velocity under the bridge = V,,, = 11,100/6,450 = 1.71m/sec

Average velocity of flow upstream of bridge = V, = Q/A; =
11,000/13,200 = 0.83 m/sec

Total width of flow upstream of bridge = B, = 600 + 600 + 1,200 =
2,400m

Mean depth of flow upstream y; = A;/B, = 13,200/2,400 = 5.5m

F, = Froude’s number of approaching flow upstream =V, /(gy,)*® =
0.83/(9.8 x 5.5)*5 = 0.113

Taking the maximum permissible value of Froude’s number under
bridge as F;=0.5

From Equation 5.2,

Bo/B1 = (F1/Fo)[(2 +F)/(2+ 1:12)]3/2

3/2

=[(0.113/0.5)][(2+0.25)/ (2+0.013)]

=0.226x1.18 =0.2655

By =Permissible waterway under bridge =0.2655 x B, =0.2655 x 2,400 =
637.2m

3. Permissible afflux approach
By Molesworth equation (Molesworth, 1871)

hy =[V2/17.88+0.015 ][ (A1/Ao) 1]
= [(0.83*/17.88)+0.015 ][ (13,200/6,450)" -1
=[0.0535][3.18] = 0.218 m = 8.8 cm
By Bradley formula (Bradley, 1970)
hi =3(1-M)V;:/2g = 3[1 —(6,450/13,200) x (1.712/2 X 9.8)]

= 3[(1-0.488)(0.236)] = 0.362 m = 36.2 cm
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Since the bridge is located on wide flood plain, Bradley formula is
applicable. Keeping the maximum afflux as hj = 0.3 m, the waterway
provided to keep afflux h; = 0.3 m is found to be 900 m.

5.4.3.2 Length of Guide Bank
As per Lagasse (Lagasse et al., 1995)

a. Left guide bank
Flood discharge entering the bridge from the left flood plain i.e.
Qs = 1,400 x 450/600 = 1,050 cumec
Q,, =Discharge in 30m length adjacent to pier = (11,000/900) x 30 =
366 cumec
Q;/Q3,=1,050/366 = 2.86
V.o = Mean velocity of flow under the bridge = 1.71m/sec
Entering the values of Q;/Q;, =2.86 and V,,, = 1.71 in Figure 5.6,
left guide bank length = 50 m.
As per Lagasse, offset of right guide bank =0.25x50=12.5m, say, 15m.

b. Right quide bank
Q;=2,800 x 1,050/1,200 = 2,450, Qs, = 366 cumec
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FIGURE 5.6
Design curves for finding length of guide bundhs. (Lagasse et al., 1995, with permission.)
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Q;/Q3,=2,450/366 = 6.69
V., =1.71m/sec

Entering the values of Q;/Q;, = 6.69 and V,,, = 1.71 in Figure 5.6,
left guide bank length = 72m, provide 70m

As per Lagasse’s design, the offset of left guide banks is 0.25
(70) = 17.5m, say, 20m. Knowing the offsets of left and right banks
(0.(+04 Lg) and the length of the left and right guide banks (L,)
which are semi minor and semi major axis of ellipse, Co-ordinates
of 5 points on the elliptical curves were computed as shown details
at L and R under the plan view.

Plan and section of elliptical guide bank as per Lagasse’s design
are shown in Figure 5.7.

Details of Bridge with
Left & Right Guide Banks

(Not to Scale)
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| 600.0 J, 6000 | 1200.0 N|
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Ar Ar A y

Bridge - 900.0 |, Approach Embankment

O
=
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Y= 06 2454096 15.0 Y= 0.8 3217.023.0 20.0
5 5
1 3 4 4
25— RL_1 2 3 =
50.0 70.0
Left Guide Bank Right Guide Bank
FIGURE 5.7

Plan and section of elliptical guide banks as per Lagasse’s design (not to scale) (all dimensions
are expressed in meters).
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5.5 Design of a Canal Drop Illustrating the Design of
(a) Inlet Subcritical Transition by Jaeger Method,
(b) Subcritical to Supercritical Transition with
Ogee-Type Profile, and (c) Supercritical to Subcritical
Transition in a Basin with Diverging Side Walls

5.5.1 Design Data

Full supply discharge in the canal, Q,,,, = 99.1 cumec
Full supply depth, Y, ., =3.629m
Mean flow width of canal at FSL =29.87m
Longitudinal slope of bed =1 in 8,000
Manning’s roughness coefficient, n = 0.025
Height of fall =3m
Minimum flow in the canal, Q,,;, = 21.5 cumec
Corresponding minimum depth of flow = Y;;, = 1.38m

5.5.2 Computation of Flume Width at Throat (B,) and Crest Height (A)

From proportionate flow/flow regime consideration discussed in Section 2.11,

Vlmax = 0914 m/sl Elmax = Ylmax +(Vlmax )2/2g

)1/2

=3.672m, F; = Vipa /(8 Yimax )~ = 0.153

Vlmin = 0522 m/S, Elmin = Ylmin +(Vlmin )2/2g = 1394 m
3/2
BO = [07( le{a?;( - rzn/ii)/(Elmax _Elmin)]
=864m,Y,=Y.=2374mand F,=1.0

Since the flow at critical stage is wavy in the flumed section and from
Figure 2.17, it is noticed that for an approaching flow, Froude’s number,
F, = 0.153, there is hardly any economy in fluming beyond F, = 0.6, so adopt
F, = 0.6 for determining economic fluming ratio given by Equation 2.13 i.e.

Bo/B: = (/B[ (2+E)/(2+F2)]”” = 0.322 and hence By = 8.9 m;

Adopted bed width at flumed section, Bj=10m ,
1/3
Corresponding value of crest height, A=E;., — 3/2[(Qfmx/B§ )/g] =
0.44 m (From Equation 2.16(b))

Assuming no loss in head in inlet transition i.e. C;=0or h;; =0, E,=E,
or Eg =Y, + V§/2g =3.672 and q, = Q/B, =99 = V'Y,
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Solving by trial, Y, =3.176m and V, = 3.118 m/sec; F, = V,/(gY,)"/? = 0.558
Check: By/B; = (0.153/0.558) [(2 + 0.558?)/(2 + 0.153?)]*2? = 0.335 and
B, =0.335%29.87 = 10m

5.5.2.1 Design of Contracting Transition by Jaeger’s Method

With a 2:1 average side splay, the axial length of inlet transition, L. = 1/2
(B, — By)*2 = 19.87, say, 20m

Adopt Jaeger-type transition (Jaeger, 1956) given by Equations 3.8-3.12 as
follows:

a=0.5(Vy - V;)=0.53.118 — 0.914) = 1.102, ® = rx/L. = 1x/20
V, = V; +a(1 - cos ®) = 0.91+ 1.102(1 — cos B)
Y. =Y —a/g[(a+V1)(1—cos<I))—1/2 a sin® CI)]

=3.629 [ 0.227(1 - cos @)~ 0.062 sin* @ |

X (m) = 0 5 10 15 20
@, (%)= 0 45 90 135 180
V, (m/sec) = 0914 1234 2016 2795  3.118
Y, (m)= 3629 3499 3404 3272 3176
B, (m) = 2987 2290  14.19 1083 10

F, = 0153 0211 0.346 0493 0558

Jaeger-type inlet transition curve is obtained by plotting widths B, at differ-
ent X-values as shown in Figure 5.6.

5.5.2.2 Design of Ogee-Type Glacis

Assuming that there is no regulator over crest, the coordinates of the
curved d/s glacis are found from Creager’s formula (Equation 3.15a), with
Hy=E, - A =3.232:

Y/H, = K(X/H,)"
K and n values are found to be 0.56 and 1.75 for approach velocity head

(ha =V /Zg) of 0.043m and design head above crest (H, = of 3.232m) respec-
tively, from Design of Small Dams (USBR, 1968).
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Xm)= 025 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 4.663
X/H= 0.078 0.155 0.309 0.464 619 0.774 0928 1.083 1.237 1392 1.442
Y/H= 0.006 0.021 0.073 0.146 0242 0.357 0491 0.643 0.812 0.999 1.064
Y(m)= 0.019 0.068 0236 0472 0.782 1.153 1.567 2078 2.624 3.220 3.440

The X and Y coordinates are plotted with crest as origin to obtain the d/s
glacis profile as shown in Figure 5.8.

5.5.2.3 Design of Stilling Basin with Diverging Side Walls and
Provided with Adverse Slope to Basin Floor

Assuming no head loss up to toe of the d/s glacis, the specific energy of flow
at toe (E,) is given by

Ei1 = B oy + height of drop =3.672+3=6.672=d, + U /2g
q=Q/BO =9.9=d1*Ut

where d; and U, are the pre-jump depth and velocity of flow at toe of d/s
glacis, respectively. Solving the above two expressions by trial,

d; =0.84m, U, =10.72, and F, =3.73

Axial length of the basin: L, =3 (B, — By)/2 =29.8m, say, 30m

Conjugate depth ratio for the non-prismatic basin is given by Equation 4.11
(Mazumder, 1994)

F=1/2[(1- o) /(1-ar) |or

Putting F, = F, = 3.73, r = 2B/2b = (Figure 5.8) = 2.987, the above equation
reduces to

0’ -9.9500+3.219=0

Solving by trial, « = 3 and d, = 3d, = 3(0.84) = 2.52m, and submergence =
3.629/2.52 = 144 ie. the basin will operate under 44% submergence at
maximum flow, which is permitted as per test results. Otherwise basin floor
has to be depressed by an amount equal to (y,~d,) = 3.62-2.52 = 1.10m the d/s
bed i.e. the Rl of toe of glacis will be depressed keeping d/s bed level will be
the same.

Theoretical value of basin floor inclination, f,,, is given by Equation 4.10

Bopt = tan™ [2y1/btand>(1+oc+ozz)/(2+2(xr+oc+r)]

With y; =d; =0.84m, b =5m, tan® = 1/3, and r = 2.987, B, = 3.36".
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Illustration of design of a canal drop with inlet and outlet transition (not to scale) (all dimensions

are expressed in meters).

The experimental value of B, can be found from Figure 4.16(b) as follows:
q/(8gb*)"* =9/(8*9.8*5°) " =0.091=9.1% 10"

Corresponding to the above value of q/(8gb®)"/? and F, =3.73, B, = 4.5° (from
Figure 4.16b)

Provide the basin floor slope of f,,, = 4.5° for best performance.

Figure 5.8 is drawn based on the abovementioned computations.

5.6 Design a Stilling Basin of USBR Type III
for an Ogee-Type Spillway
5.6.1 Design Data
i. Design discharge: 780 cumec
ii. Corresponding tail water level: 505m
iii. Length of spillway crest: 100m
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iv. River bed level: 500m

v. Maximum reservoir level (MRL) corresponding to design flood:
512.5m

vi. Tail water level (TWL) at the design discharge: 504.0m

5.6.2 Design Steps
Step 1: Discharge per meter length of spillway (q)

q=0Q4/100=780/100 =7.8 cumec/m

Step 2: Velocity at Toe of spillway (V,)

Neglecting frictional head loss over spillway and that pre-jump flow
depth (d;) to be nil,

Approximate pre-jump flow velocity, V7 is given by
Vi =[2g(512.5-500) | * = 15.65 m/sec
Approximate flow depth at toe of spillway,
di=q/V:=7.8/15.65=0.498 m

Assuming 10% head loss in friction over spillway,

Corrected velocity head at toe of spillway = hy, = 0.9 (512.5 — 500) —
0.498 =10.752m

Corrected velocity of flow at toe of spillway, V, = (2g x 10.752)*> = 14.5/sec
Hence, corrected flow depth at toe, d, = q/V, =7.8/14.5=0.54m

Step 3: Pre-jump Froude’s number (F,)

F=Vi/(gd))"” =14.5/(9.8% 054 = 6.3

Step 4: Post-jump depth (d,)

0.5

d2 =05 | (8F +1)""~1|=05x0.54] (8637 +1) ~1]| =455 m

Step 5: Basin Floor Level

TWL - d, = 504 — 4.55 = 499.45m (without any submergence of basin).
With 10% submergence of basin (to avoid possible repelling of jump),
basin floor level = 504 — 1.1 x 4.55 = 498.99, say, 499.0m i.e. the basin
floor is depressed by 1 m below river bed.
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Step 6: Type of Stilling Basin

Since V; = 14.5 m/sec (<16 m/sec) and F, = 6.3 (>4.5), provide type III
USBR (USBR, 1968) stilling basin with chute blocks, one row of baffle
blocks, and end sill as shown in Figure 4.13.

Step 7: Length of Stilling Basin

From the design curve in Figure 4.13, Ly;/d, = 2.5, with d, = 1.1 x
455=50m and L;;; =12.5m.

Step 8: Heights of Basin Appurtenances and their Locations

Chute block height above basin floor: z =d; = 0.54m
From Figure 4.13,

Baffle block height above basin floor (h;); h;/d, = 2 corresponding to
F, = 6.3. Hence, h; =2 x 0.54 = 1.08 m above basin floor.

Height of end sill above basin floor (h,); h,/d; = 1.4 corresponding to
F, =6.3. Hence, h, = 1.4 X 0.54 = 0.76 m above basin floor.

N /

Spillway

End Sill
Baffle Block

75h, = 0.75
7/
0.75h, = 0.75m
/

Chute block
0.54m

h, 1 0.75m b/L = 500.00m

Not to scale

FIGURE 5.9
Type III USBR-type stilling basin with different appurtenances and dimensions (not to scale)
(all dimensions are expressed in meters).
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Location of baffle blocks from toe of spillway = 0.8d, = 0.8 X 5 = 4m;
location of chute blocks, baffle blocks, and end sill; their heights and
spacing are illustrated in Figure 5.9.

Note: Without appurtenances, the basin length for free jump would
have been about 6d, (from Figure 2.25) i.e. length of basin would
be=6x5=30m.

5.7 Design of Supercritical Transition
5.7.1 Contracting Transition

Design a straight contraction connecting two rectangular channels B, =
3.66m and B; = 1.83 m wide. The design discharge through the contraction is
Q =5.67m?/sec. The depth of approach flow is y, = 0.214m.

Solution:
A, =3.67 x 0.214 = 0.785m? and V, = velocity of approach flow = Q/A,; =
5.67/0.785 = 7.22 m/sec and approach flow Froude number F, = V,/(gy,)*® =
7.22/(9.8 x 0.214)%5 = 5.

Assume a trial value of y;/y, = 2.

With B, =3.66m and B;=1.83m and F, =5,

From the continuity equation,

0.5

Biy:Vi =BsysVs; Fi = Vl/(g}ﬁ)OE) and F; = Vs/(g}’3)

3/2

Therefore, F;/F; =(B,/B; ) x (Yl/YS)

F=F [(Bl /B)x(ys/y1 )3/2] =5[(3.66/1.83)x (0.5)"* |=3.54

Assume a value of 6 = 15°% with F, = 5, Figure 3.12 (Ippen and Dawson, 1951)
gives y,/y; =2.60 and F,=2.8.

A second determination, using the same 0 = 15° and replacing F, by F,=2.8,
produce values of y;/y, = 1.80 and F; = 1.77 from Figure 3.11 (corresponding
to y,/y; and F,-values in the figure). However, these values do not necessar-
ily represent the actual flow condition in the required design, since the flow
condition downstream may be complicated by the negative disturbances
originating from points D and D’ in Figure 3.10.

Multiply y,/y; by ys/y,; the first trial value is equal to 2.60 x 1.80 = 4.68.
Since this does not agree with the assumed value of y,/y, = 2, the procedure
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should be repeated with a new 6-value until there is agreement between the
assumed value of y;/y; and the value obtained by trial.
After several trials, the correct 8-value is found to be 5° for y;/y, = 2. With
0 =5° and F, = 5, Figure 3.11 gives y,/y, = 1.50 and y,/y; = 1.35 i.e. y3/y; =
1.50 x 1.35 = 2.03, which is very close to assumed design value of y;/y, = 2.0.
From Equation 3.25,

L = Axial length of contraction =(b; —b;)/2tan®

=(3.66—1.83)/2tan5°=11.63m (see Figure 3.10b)

Figure 5.10 shows the dimensions of contracting supercritical flow transition
(not to scale, all dimensions are expressed in meters).

5.7.2 Expanding Transition

Design Rouse reverse-type wall curve (Figure 5.11) for an expansion from
b, =1m to b, =3m i.e. for expansion ratio p =b,/b, =3 and F, =5 and F, = 10.
Find the coordinates of x and y up to the point of inflection (x = L) and that
of reverse curve up to the point of tangency.

s
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3 F3=354 1
[{e]
@ FLow s~ B3 =183
Il ﬁ‘z _ _ _ - = =
| Q =[5.67 m/s \ V3=7.11m/s
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cD'
v
=
le L=11.63 »  PLAN

Along center line

Along wall - [ 7y
L 1 y3=0.428
—t_y1 =0.214 .

A

SECTION

FIGURE 5.10
Plan and section of supercritical contracting flow transition.
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FIGURE 5.11
Showing Rouse Reverse type expansive flow transition

From Figure 3.13, the coordinates (x, y) up to the inflection point are given
by Equation 3.28:

2/by =1/8[x/(b1Fy) ] +1/2

From Figure 3.13, the values of z/b, are found for different x/(b,F,) values.

x/(b,F,) 0 1 2 3 4 5 6 7 7.5 (nondimensional)
x (m) 0 5 10 15 20 25 30 35 375(b;=1m, F, =5)
z/b, 05 0625 0853 115 135 140 145 149 1.50 (nondimensional)
z (m) 05 0625 0853 115 135 140 145 149 150(b,=1m,F, =5)
X (m) 0 10 20 30 40 50 60 70 75 (b; =1m, F, =10)

z (m) 05 0625 0853 115 135 140 145 149 150 (b,=1m,F, =10)

Note:

i.  xis the axial distance measured from entry to expansion and z is half width of expansion.

ii. Total axial length of expansion, L, = 37.5m for F; =5 and L, = 75m for F; = 10.

iii. Expansion is to be designed for highest approach flow F, = F ;= 5, which will be free from shock waves
up to approach flow Froude number, F; = 5. There is no shock wave for F; < 5, but shock waves will
reappear for F; > 5; same is the case when the expansion walls are designed for F; = F,; = 10.

iv. From experiments performed by Mazumder and Hager (1993), it is found that the lengths of expan-
sion can be curtailed up to 40% for tolerable shock waves i.e. design F; = 2.0 and F; = 4.0. With
F,=F, =2, flow will be shock free up to F, =2 and mild shocks appear for F, > 2. Similarly, for expan-
sion walls designed for F, = F; = 4 will be shock free up to F, = 4 and mild shocks will appear when
F, > 4. Here, the design Froude number, F, is the value of F; for which the expansion walls are
designed by replacing F;with F,. In that case, axial lengths of walls (L,) will be 15m and 30m for
F,=5and F, =10, respectively.
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Average Splay, 6, 14, 109
Axial length of Transition, 6, 12, 33, 34,
80, 81, 83, 109

B

Backflow, 31, 42
Backwater, 5, 9, 55, 56
Baffle, 141
Baffle block, 18, 46
Barrage, 157
Basin block, 141
Bed deflector, 19, 21, 123, 130, 137,
141, 147
Bed width, 82
mean, 82
Bellmouth, 23
Boundary, curved, 104
Boundary Layer
breast wall, 18, 19
development, 116
flow control, 116
separation, 14, 15, 16, 75, 121, 122

thickening of, 30, 31

thickness, 46, 67, 70, 71
Boussinesq’s coefficient, 46
Bridge, 1,2, 3,9, 11, 18, 157

C

Canal
drop, 19, 21, 37, 58, 135, 147, 157, 164
escape, 157
flood relief, 143
flumed, 141, 157
regulator, 141, 157
structures, 141
Cavitation, 2, 16, 17, 19, 23, 60, 109
damage, 60, 147
Choking of flow, 9
Chute, 18, 19, 23, 89, 90, 91, 107, 157
expanding, 107
steep, 103
Chute Block, 142
closed conduit, 4
conduit, 89
size, 96
Confusers, 3, 24
Conjugate depth, 61, 62, 63, 176
Continuity, 13, 33, 77, 78, 102
axial length, 77
control section, 86, 89, 98
Hinds, 157
Jaeger type, 47,175
straight, 99
straight supercritical, 98
super-critical, 68
Coriolis coefficient, 14, 32, 45, 97, 98, 120,
139, 140
Crest height, 174
Crest level, 177
Critical depth, 1, 90
Cross-drainage, 9
Culvert, 11
Cut-off, 177
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186 Index

D abrupt, 148
average efficiency, 34, 39
Dam, 16, 17, 58, 86 eddy shaped, 48, 77, 85, 113, 119
Design discharge, 78 .
. optimum length, 14, 15, 24, 119, 129
Design flood, 86, 90
2. Rouse reverse, 148, 181
Desilting, 2 straight, 166
chamber, 4, 23, 69,109 su e%critical 145
Diffused, 128, 129 totlzll angle o% 45,47
Diffuser, 3, 4, 23, 24, 66, 86, 109, 150 & L
) warped shaped, 47
circular, 24 -
71 Expansion, 68, 97
cone, abrupt, 106

conical, 71

conical subsonic, 66
control of separation, 150
diameter ratio, 71, 102
divergence angle, 13

abrupt supercritical, 144
best performance, 125
closed conduit, 110
efficiency of, 64, 72, 123

ffici 7 85 exit of, 129, 137, 153
Eoi/ili:;iyr’nes: o modified Rouse, 146, 147, 148
pressure recovery, 150 f;?;né; 217’2;60
straight walled, 24 S

ratio, 105

subsonic, 24
total angle, 42, 43, 72
wide angle conical, 150

relative performance, 121
Rouse modified, 107, 146
Rouse reverse, 99, 100, 107, 148, 181

Diffusion, 9 .
draft tube, 4, 23, 69 stra1g111266(1,65;8, 98, 127, 148, 162,
of flow, 133 !

sub-critical, 116
subcritical, 117

sudden symmetric, 103
supercritical, 60, 143
with vanes, 129

wide angle, 86, 116
without vanes, 127

Discharge intensity, 50
Diverging side walls, 174, 176
eddies, 5,29, 32, 42, 43, 129
formation, 32, 127
large, 137
symmetric, 48
violent, 147

Drop Structure, 3, 87
F

E Fall, 1
Efficiency of Transition, 33 Flare angle, 110

inefficient, 77 Flaring, 104

maximum, 36, 127 Flow
End contraction, 86 approach, 98, 106, 163
End points, 103 characteristic, 68, 86, 96
Energy dissipater, 21, 60, 90, 137, 157 control, 117
Energy Dissipation, 59, 60, 90, 138 deflector, 117
Energy head, 87, 90 diffusion, 129
Energy level, 96 distortion, 116
Erosion, 32, 48 disturbance, 109, 121
Expanding Transition, 1, 4, 14, 39, 45, 47, expansion, 170

76,77, 82,149, 151, 166 instability, 49, 116



Index

jet type, 109, 147
mean width, 83, 160, 163, 169
pattern, 143
regimes, 42, 43, 54, 66
section, 77, 78
separation, 4, 5, 13, 15, 20, 49, 55, 75,
86, 104, 110
smooth, 121
spatially varied, 90
stability, 2, 5, 24, 48, 49
subcritical, 15
supercritical, 16
symmetry, 105
unstable, 5
visualization, 128
Flowmeter, 16, 157
orifice type, 4
proportional type, 57
Flume, 1, 2, 3, 47, 57,96, 98, 121, 170
contracted, 102
economy, 9, 157
fluming, 1, 5, 9, 11, 13, 53, 56, 75, 137
ratio, 5,71, 72, 167
section, 1, 53, 137, 160
standing wave type, 16
Venturi type, 3
Flumed section, 7, 12, 82, 84
Form Loss, 15, 55, 116
Friction slope, 160, 164
Froude’s law, 29
Froude’s number, 14, 33, 34, 62, 168, 170
post jump, 178
prejump, 142

G

Glacis, 18, 19, 21
creager type, 19
curved, 19, 23
inclined, 19
ogee type, 174
straight, 6

Guide bund, 2,9, 172
design curves, 172
Elliptical type, 8, 11
Lagasse’s design, 173
parallel type, 10
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H

Head loss, 1, 2, 11, 18, 47, 55, 75, 160,
164,177
allowable, 78
coefficients, 12, 32, 75, 76, 87
frictional, 96, 160, 178
minimum, 9, 47
permissible, 110
Head recovery, 115, 119, 120
Hinds transition, 12, 13
contracting, 162
expanding, 166
HRT, 4, 23
Hump, 15
critical height, 54
smooth, 37
Hydraulic
design, 82
efficiency, 33, 119, 120, 124, 127, 135,
157,170
gradient, 23
radius, 160
structure, 32, 34, 36, 38,75, 77,78,
157,158
Hydraulic Jump, 2, 9, 19, 32, 33, 56,
137,147
characteristics of, 22, 57, 60
classical, 137
efficiency of, 42, 45, 123
energy loss, 65
forced, 63, 135
free, 29, 121
height of, 54
length of, 47, 48
oscillating, 62
profile of, 64
relative loss of energy, 65, 98, 139
repelling, 178
skew, 141
spatial, 63
steady, 62
strong, 62
submerged, 63
undular, 62
weak, 62
Hydro-electric plant, 2
Hydropower plant, 2, 4
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I

Inflection point, 76, 81, 182
Inlet Transition, 157, 161, 162, 163, 168,
175,177
contracting, 158, 159, 162
Hinds type, 157
jaeger type, 175
Instability, 49
Invert, 96
elevation, 83, 90

J

Jaeger’s transition, 13
Jet, 16

K

Kinetic Energy, 21
correction factor, 32
excess, 121
leaving, 123
residual, 21, 120

M

Mean bed width, 164, 167

Model flow, 170

Model scale, 169

Model study, 29

Momentum transfer co-efficient, 98

N

Nappe, 23
Neck, 95, 96
Non-dimensional flow, 33

(0]

Orifice, 4, 19

Outflanking, 9

Outlet, 44, 75, 76, 78, 120
portal, 96
transition, 162, 177

Overall efficiency, 34, 36, 39, 41

Index

P

Parshall Flume, 16
Performance, 117
basin, 140
best, 123, 125
curves, 125
of expansion, 122, 130
parameters, 122
with triangular vanes, 122
Pier, 86
Post Jump Depth, 178
Power house, 109
underground, 109, 146
Power intake, 69
Power tunnel, 69
Prandtl type Pitot tube, 127
Pre jump depth, 176
Pressure distribution, 29
subatmospheric, 60, 93, 95
Pressure gradient, 23, 30
adverse, 24, 32, 109, 110, 116
external, 116
favorable, 23, 30, 109
negative, 38, 59
positive, 31, 42, 116
Pressure recovery, 150, 153
Prototype, 29, 170

R

Resistance Law, 121
prejump, 136, 142
uniform distribution, 114, 117, 120
Reynolds number, 29, 30, 49, 152
river training, 3

S

Scour, 3,5,9, 11, 12, 90, 123, 127
pattern, 127
in tail channel, 117, 127
Sediment Excluder, 157
Separation, 4, 5, 13, 46, 47, 122, 127
control, 130, 131, 150
surface, 116
violent, 131
Shapes of Transition, 6
circular, 4
cylindrical quadrant, 33, 113



Index

elliptical quadrant, 8, 113
hyperbolic, 12, 14, 75
linear/Straight Line, 33
parabolic, 6, 19
Rouse reverse, 99, 107, 146
Square ended/abrupt, 12, 33
straight short, 123
trochoidal, 6, 8, 78, 113
USBR type, 140
warped shaped, 6, 12, 47
wedge shaped, 6, 20, 60
Shear layer, 48
Shear stress, 29
actual, 121
distribution, 29, 120, 123, 127, 129,
130, 133
excess, 121
normal, 121
standard deviation, 122, 123, 124, 126
Shoaling, 3
Shock Front, 22, 68, 69, 143
negative, 69, 97
positive, 69, 97
reflection of, 96
Shock wave, 21, 67, 68, 69, 70, 91, 96, 98,
102, 147, 182
abrupt deflector, 148
bottom traverse, 147
characteristics of, 67
control, 23, 67, 105, 143
cusp type deflector, 148
dome bottom, 147
formation, 91
hump, 147
mild, 182
negative, 69, 98, 103
oblique, 102, 103
positive, 69, 97, 99
propagation, 97
sudden drop, 147
superposition, 98
symmetrical, 98
teeth, 147
tolerable, 182
Side Splay, 6, 14, 15, 33, 34, 36, 77, 113,
166, 168
average, 34, 36, 77, 80, 83
optimum, 13, 14, 15, 37, 47
Siltation, 9

189

Siphon, 9, 12, 52, 58, 75, 95, 157
siphon aqueduct, 3, 9, 157
sluice gates, 18, 103
Specific Energy, 1, 49, 50, 51, 78, 96, 113
available, 54
diagram, 50, 52
minimum, 51, 54
Specific force, 61
Spillway, 3, 16, 17, 58, 59, 60, 86, 87, 88, 89,
90, 93, 135, 157, 177
chute type, 60
circular crest, 91, 92
coefficient of discharge, 17, 87, 91
Creager’s profile, 17, 18, 86, 87, 92
crest, 17,60, 87,90, 91, 177
crest control, 93, 94, 95
design head, 17, 87, 94
morning glory, 91
Ogee type, 19, 58, 86, 87, 88, 90, 174, 175
operating head, 87
orifice control, 93, 94
pipe control, 94, 95
profile, 87, 88
shaft type, 20, 60, 91, 92, 93, 94
side channel type, 86, 88
siphon type, 60
submergence, 17, 73, 87
submergence limit, 91
tail water effect, 87
Wes standard, 17
Stagnation point, 31
Stilling basin, 19, 21, 60, 89, 91, 176,
177,179
with adverse slope, 133, 137, 147
axial length, 163
baffle block, 141, 142, 179
chute block, 142, 179
classical, 116
with diverging side walls, 135
end sill, 140, 179
floor level, 178, 179
improved, 127
inclination, 137, 170
length, 142, 170
optimum slope, 140
performance, 140
with side rollers, 137
submergence, 176, 178
USBR type, 140, 142, 177,179
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Subcritical, 3
contracting transition, 113
control, 150
inlet transition, 167
separation, 13, 14, 15, 31, 32, 127, 129
surface, 145
Supercritical, 3, 68
Super-passage, 1

T

Tail water condition, 95
Tail water level, 88
Throat, 12, 13, 14, 30, 33, 75, 78, 113, 174
diameter, 96
elevation, 96
velocity head at, 98
Total energy level, 88, 164
Triangular Vanes, 14, 123, 127, 137, 167,
169
angle of inclination, 137, 170
design curves, 125, 126
dimensions, 169
geometry, 127
maximum height, 170
optimum geometry, 125, 127
optimum height, 126
optimum inclination, 125, 126
optimum length, 123, 125, 126
optimum spacing, 123, 125, 126
optimum submergence, 122
upstream spacing, 170
Trough, 89, 90, 91, 163
Tunnel, 157
Turbines, 23, 109
reaction type, 24, 109
Turbulence, 120
eddies, 48

A\

Index

friction, 32
production of, 120
Shear stress, 29

Velocity, 29

approach, 87

asymmetric, 48

curvature, 30

distribution, 30, 45, 46, 64, 67, 116, 120,
121, 122, 129, 130, 133, 150

gradient, 116

head, 160, 165

improved distribution, 123

linear variation, 78, 79, 82, 167

mean, 32, 75,77,78, 80, 167, 168

nonuniform distribution, 114

Prandtl-Karman universal, 121

Ventilation, 60
Ventilator, 60

Venturi meter, 1, 23, 69
Vibration, 2

Viscosity, 30

W

dynamic, 30

Water surface profile, 76, 79, 81

continuous, 79
reverse parabola, 81
smooth, 80

Waves, 91
Waviness factor, 97
Wedge, 117

Weir, 2, 16, 17, 58

crest, 16

Wind tunnel, 69, 109
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