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DEPARTMENT OF CIVIL ENGINEERING

Past Exam Questions in Aspects
of Specific Energy & Hydraulic Jumps

N _
6! 1982

QUESTION 6:

(i) Derive an expression for the depth downstream of a simple hydraulic jump in

-

rectangular channel in terms of the depth and the Froude number upsiream of the

jump.
(10 minutes)

@ A simple hydraulic- jump occurs in a rectangular channel 4m wide. The depths
’ immédiatq:ﬁly upstream and downstream of the jump are observed to be respectively
1.5 m an& 2.2 m. L w:;’

P =" 12

R

. Yeug
(a) Calculate the dischgrgc in the channel.

(10 minntes)

(b) . Calculaie the chcrgy loss across. the hydraulic jump.

e ;
.o

(7 minutes)

1983
QUESTION 2:

A rectangular channel of width 4m expands smoothly to a width of 5m together with a
smooth rise in the bed. The bed is smooth and horizontal upstream and downstream of the

transition.
4

[ W
Y




8 www.softcivil.ir @ @softcivil.ir
@softcivilir

The depth and velocity upstream of the transition are respectively 3m and 2my/sec. and the
water surface downstream of the wransition is observed to be 0.5m lower than the water

surface upstream.

Determine the flow depth downstream of the transition and the rise in the bed.

~ (18 minutes)

1983
QUESTION 3:

(a) The depths upstream and downsiream of an undrowned vertical sluice gate in an

horizontal rectangular channel of width 10m are respectively Sm and 2m.
Calculate , : s [Q
. . ; 2w

(i)  The discharge in the channel =~ & T .

@)

Uﬂjulamejh c!

o e
oL St

o

(i)  The Froude numbers upstream and downsiream of the gate.

S, TONHIG e -, (10 minutes)
(b)  Show that the force on a shnce gate in a rcctangular channei is given by
, 3 cmoeil
Yoo [P O (Y; - 2) : ;:;’_’
Po=vy.lo - P Sl e
Ty ‘ 2(y, vy o e B M

"
s

where y, and y, are respectively the depths upstream and downstream of the gate, and

¥ is the specific weight of water.

@/ — | ' ' (18 minutes)
N4 LS

——~QUESTIO

N AU Ve ConTiacTism fpcTiom
A vemcal slirice gate produces a downstream jet depth of 0.40m when installed in a long

rectangular channel 5.0m wide conveying a steady dlsch_argc of 20.0 m*sec. The flow
downstream of the gate eventually returns to the uniform flow depth of 2.5m.

(a) Verify that a hydraulic jump occurs. S0 Gl ST oo T
(b} Calculate the head loss across the jump. .

(c) If the head loss through the gate is 0.05 V,%2g where V, is the velocity at the vena

contracta, calculate the depth upstream of the gate and the force on the gate.

— ‘ - R e s e . (30 | uteS)
o e « e : ‘:
Mwm{m’r ffcj,;,r} nf T “‘Z‘iﬁ: |
— | | '“L
"‘T\\ ‘ | d ‘ - A
‘ : _ - 3 %y T et
— T""“"""‘*?‘i“" S — :
Vernow

Co.dlma”o- fe;ﬁan
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N 1985
% ) QUESTION 4

{(a) Provide brief but precise definitions of the following:
(1) Specific energy
(i1} Alternate depths
(i11) Cdnjugate depths
(iv)  Momentum function

(v}  Critical depth

(b Show that for a rectangular channel the relationship among the alternate depths h, and

h, and the critical depth h, is given by

L5 20
- hI + h,

(10 minutes)
(c) Water flows in a 4.0m wide rectangular channel at a depth of 2.0m and velocity of

1.5 m/sec. The channel is contracted to a width of 2.0m and the bed raised by 0.40m

in a particular reach. What ié the chaﬁge in the upstream water level (if any)?

_ (15 minutes)
1986 \ | | - o
| QUESTIONSG P
(1)~ Derive an expression for the force on an undrowned vertical sluice gate in a

rectangular channel, in terms of the depths upstream and downstream of the gate.
* (10 minutes)
(ii) A siﬁice gate is mounted in a rectangular horizontal channe! 3m wide. A short
distaﬁce upstream the depth is 3m. The gate opening is Im and the contraction
coefficient is 0.61. Calculate the thrust on the gate by use of the expression dérived
in (i) and by assuming that the pressure distribution on the gate is hydrostatic.
Explain any difference between the two answers.

\ (15 minutes)

{f\\f b}
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(iii) ~ Water flows in a rectangular channel 3m wide at a velocity of 3 m/sec. and at a depth
of 3m. There is an upward step of 0.61m. Calculate the minimum expansion in width
that must take place simultaneously for this flow to be possible as specified.

(20 minutes)

1988

QUESTION 4

(a) A rectangular channel of width 5m expands smoothly to a width of 6m together with
a smooth rise in the bed. The bed is smooth and horizontal upstream and downstrcm
of the transition. The depth and velocity upstream of the transition are respectively
3m and 2m/sec. and the water surface downstream of the transition is observed to be
0.4m lower than the water surface upstream.
Neglecting energy losses, determine the flow depth downstream of the transition and -
the rise in the bed. |

| {20 minutes)
(b) Determine the depth of critical flow in a trapezoidal channel of bed width 3.5m with
| side slopes of IH:iV conveying a dischérge of 36m’*/sec.

(10 minutes)

1989
QUESTION 4

(a) A rectangular channel of width 4m expands smoothly to a width of 5m togethef with
a smooth rise in the bed. The bed is smooth and horizontal downstfeam of the
transition.

The depth and velocity upstream of the transition are respectively 3m and 2 m/sec.
and the water surface downstream of the transition is observed to be 0.5m lower than
the water surface upstream. "
Determine the flow depth downstream of tﬁe transition and the rise in the bed.

| (18 minutes)

(b) A vertical sluice gate prbduccs a downstream jet depth of 0.40m when irasfalled in a
long rectangular channel 5.0m wide conveying a steady discharge of 20.0 m¥/sec. If
the head loss through the gate is 0.05 V?/2g where V, is the velocity at the vena
contracta, c;alculate the depth upstream of the gaie and the force on the gate.

(12 minutes)

' aﬁ\f\ﬁi
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Water flows in a rectangular channel 3m wide at a velocity of 3m/sec. and at a depth
= of 3m. If an upward step of 0.61m is introduced, determine the minimum
mmultancous expansion in width necessary for the upstream flow to be possible as

specxﬁeci
(20 minutes)
(b) Determine the critical depth in a trapezoidal channel of bed width 4m with side slopes

at 45° 1o the horizontal when conveying a discharge of 40m®/sec.

O 1991
QUESTION 4:

Water flows in a 4.0m wide rectangular channel at a depth of 2.0m and velocity of

- 1.5 m/sec. The channel is contracted to a width of 2.0m and the bed raised by 0.40m
in a particular reach. What is the change in the upstream water level (@y& ); y
J:f,;:;ﬁerw nel = )(15 minutes)
(b - Itis proposed to Iay a sewer pipe on a slope of 1 in 2500 to carry a dlschargc of 1.5
m’/sec.
(i)  Determine the minimum size of pipe required i-f the ﬂov&;r is upiform and the
pipe is not to flow more than half full. Assume Mannings n = 0.015.
(i1) Determine the resulting' Froude number of the flow.

(15 minutes)

(c)  Derive an expression for the energy loss across a simple hydraulic jumpin terms of

the depths y, and y, immediately upstream and downstream of the jump respectively.

(15 minutes)

(10 minutes)

s
PR

O
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A simple method for measuring shear stress on rough boundaries
Une méthode simple pour mesurer les contraintes tangentielles sur des parois

rugueuses

R g - ¢
MV 0’/0?”‘ \_)’L;/p QJL,J‘;/ “

S. WU and N. RAJARATNAM, Department of Civil Engineering, University of Alberta, Edmonton, Alberta, Canada

ABSTRACT

This technical note presents a simple method for the real time measurement of bed shear stress with a LabView Program for turbulent flow over
uniformly rough boundaries, based on the classical logarithmic velocity distribution equation. The method is based on a step-wise linearization of
the additive coefficient in the classical logarithmic velocity distribution equation,

RESUME

Cette note technique présente une méthode simple pour la mesure en temps réel de la contrainte tangentielle le long du lit & 1"aide d’un programine
LabView d'écoulement turbulent sur une paroi de rugosits uniforme, basé sur 'équation classigue de distribution logarithmique de la vitesse. La
méthode est fondée sur une lindarisation par morceaus du terme additf de I équation de distribution logarithmique de la vitesse.

Introduction

In open channels, turbulent flow over rough boundaries is common
and it is often necessary to find the bed shear stress to calculate the

velocities and ﬂdw rate, possible erosion of the bed as well as the
rate of sediment transport. A simple method is-to use the Preston . -

tube (Preston 1954), in ‘which the dynamiic pressure Ap measwred
by a total head tube located on the boundary facing the flow, is cor-
related with the boundary shear stress 17, using the law of the wall.
For smooth boundaries, the calibration curve provided by Patel
{1965} is generally used whereas for miformiy rough boundaries,
" the calibration curves developed by Hollingshead and Rajeratnam
{1980} may- be used. In the course of writing a LabView program
for real time measurement of bed shear stress on uniformly rough
boundaries, it was found necessary o develop a modified proce-
dure and this method is presented herein.

Development of the method

For a Preston tube (which is really a Pitot tube) of external diam-
eter of d placed on an uniformly rough bed with an equivalent
roughness height of k,, facing the flow, neglecting the effects of
turbulence and the Pitot displacement effect, the velocity u,at the
center of the tube, may be assumed to be given by the equation

o _ 5 75loglyo/k] + B |7 ELP Gy
. Ha u—‘-c/j

where y, is the distance of the center of the tube from the datum
of the rough bed, u. is the shear velocity, equal to /(t)/p);Te is
the boundary shear stress; g is the mass density of the fluid and
B is given by the following set of equations (Nikuradse 1933):

B =575logR,+55 forR,<35 (2a)
B =35logR,+659 for35<R. <71 (2b)
B =958 for 7.1 < R, < 14.1 (2¢)
B=115-162logR, foril4.1<R, <70 2d)
B =85 for TO < R, : {2e)

Revision received April, 2000. Oﬁcn for discussion till April 30, 2001.
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In Eq. 2, R, = u.k, /v and the variation of B with R, is also shown

in Fig. 1. Since B is in general a function of the unknown
parameter R, Eq. 1 may be seen as an implicit equation for cal-
culating the shear velocity ..

0 1 20 3 40 50 & g W

Fig. 1. Variation of B with R,.

For a given roughness and Pitot (or Preston) tube, the first term
on the right hand side of Eq. 1 is a constant, which may be writ-
ten as A. Multipiying Eq. 1 with R, :

Ry = AR, + BR, (3

where Ry = ugk/v and R, can be calculated for a given fluid,
roughness and measured velocity. The first term on the right hand
side of Eq. 3 is a linear function of R,. For R, 5 70, the variation
of the second term with R, is shown in Fig. 2 which is simpler
than the variation of B in Fig. 1. When R, is greater than 70, the
second term is also a linear function of R, equal t0.85 R,
Approximating the nonlinear variation of BR, by two linear equa-
tions (shown as dotted lines in Fig. 2), Eq. 3 is rewritten as ™

Ry = AR, +aR +b .(;df):

399
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where @ and 4 are constants. The constants 2 and b were found
to have the values of .94 and —4.70 for R, in the range of 1.0 to
14.1; 8.30 and 19.50 for R, in the range of 14.1 to 70 and 8.50
and O for R, 70. Fig. 3 shows the reladve ervor introduced by the
linearization of BR,, which is less than +2% for R, in the range
of 8 to 70 and less than +5% for R, in the range lto 8.

BR, |
1
1
500 &
|
i
400 -
;
t
300 + — S
! [ BRs
00 & }w—w 9.9485-4.7
! N 830Rs + 19.5
| g e :
10 + E
! ;
04 - ‘ ; 4
o 0141 20 30 40 50 &€ =® 0
Fig. 2. Variation of BR, with R,
5.0 g ; —
4.0 ; .
3.0 A ; :
= 20 l
» J—— 3 :
= l \ . \
= Lo ‘ : :
)’ 0.0 I / \
- . i
L g l H \
é‘i Lo H ”
|20 -
30
4.0 4
50 4
¢ 10 20 30 0 50 “0g 0

Fig. 3. Variation of the relative error of lipearization withR,- .. .

Eq. 4 may be rewritten as’

CReb
*T A+a

~ In order to calculate the shear velocity with Eq. 5, it is effective

" to start with the (a = 8.30 & b =19.50) set for R, in the interme-
diate range of 14.1 to 70. After calculating R, from Eg. 5, the
proper values of a and 5 are obtained to give the final value of
u. from the equation

Ue = (6)

This technique has been successfully built into a LabView pro-
gram and has been used to measure the bed shear stress in 2
project on flow around simple bodies.

&)
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Conclusions .

A simple method is presepted in this note for the real time -
measurement of bed shear stress for turbulent flow over umi-
formly rough boundaries, based on the classical logarithmic
velocity disutbution equation. The technique is based om a
step-wise linearization of the additive coefficient in the classical
logarithmic velocity distribution equation. The relative etror
introduced by this approximation has also been assessed.
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Appendix II. Notation

The following symbols are used in this aote:
constant in the velocity distribution equation;
coefficient;

coefficient in the velocity distribution equation;
coefficient;

diameter of the Preston tube;

equivalent sand roughness;.

parameter equal to ugk fv;

parameter equal to u.k fv;

velocity at the geometric center of the tube of d:amctcr
of d;

u.  shear velocity;

Yo  distance of. the gecmeMC center of the tubc from the
- dynaxmc pressure. mdxca:ed by the tube _' o
" kinematic viscosity of the fluid; ..
mass density of the fluid; -

‘boundary shear stress,

| oo oL s Lo

o e el R
A Preston tube is used to measure the shear stress in a fume ex-
periment. The sand grain roughness &, = 2 mm and the water vis-
cosity is v = 10 m=/s. [f the Preston tube is located at a distance
L0 ¢m from the wall. the corresponding velocity is measured (o

be 0.35 w/s. caleulale the shear velocity w. and wall shear stress
T
N
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(h) transitions (plan view) ° P )i (8) cofferdam (plan view),
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] i
Situation . Qualitative Turbulence intensity 77
Straight river or channel reaches and Normai (low) 012
wide natural bends (R/ W > 26)*
Edges of revetments in straight reaches Normal (higher) 0-20
Bridge piers, caissons and groynes; Medium to high 0-35-0-50°
transitions -
Downstream of hvdraulic structures Very high 0-60°
{weirs, culverts, stilling basins) :

* R —centretine radius of bend; W — water surface width at the upstream end of the bend (see
Section 2.4.2). :

' The lower limit should be used when protecting across the width of the river or channel whereas
the upper limit refers to local protection around piers or groynes,

Umportani note: this value refers to turbulence levels persisting downstream of hydraulic
structures or of stilling basins and concrete aprons, where these are present: the value therefore
does not apply to sections very close to large weirs or spiflways not provided with energy
dissipation structures,
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i Example

A bydraulic jump forms in a trarczoidal channel

By & tedicus trial process y
a non-rectangular channel,

2 = 3.54 m (11,6 ft), For

of b= 3,05m (10 ft), m = 1. The discharge is v
28.3 m?/s {10060 cfs) and the upstream depth is 0,61 m Fr1 = where the mean depth Di = AI/T}
(2 ft). Find the depth downatream of the jump and the \/'é’tfk
upstream and downstream Froude numbers. (see ’I’ableAJI) : .
Solution:’ 2
. by +
o o2 b L ™ 3,05 m (0,61 m) (0, 61 m)”
M= My, or Ah 4 —Ee = Ak 4 =S (36-2) 17 b+ 2my, 3,05 m + 2(1) 0,6l m
1 I 2 2
= 0.52m (1,71 )
where
: ) 2 I * S 8
A = by + my” and Ahc= _LE) (Zmy + 3b) (36+13) 1 Al bY}_ +mY’12
3
28.3 :
QZ 2 : QZ = m /s 3= 12.7 m/s {41.7 ips
so Ah tt = MX....{) (2my + 3b) + > 3,05 m (0,61 m}+1(0.61my)
i g (by + my") 2.7
Fry = =i = 5, 62 {S])
sI o, v 9.81 x 0,52
o e 41,7
2 Fr =-—rmdo—0 = 5,62 (ES) {35-11)
1
i‘l'-f’g-—f—"—l—-[zu)o 61 m + 3(3.05 m)] /322 x 171
i
3, .2
. (28.3 m” /) | -
2 2 by, + my 2.
9.81 m/s"[3.05 m (0.61 m)+1{0. 61 m)7] D.=A_ /T, = 4 2 3.05 (3,54} 4 (3,54}
vz 2”722 T ¥ Emy, 3,05+ 2(1) (3.54)
28.3) ) _ : o
= e [2y, 4+ 3(3. 05)] +————J—-——~—- 36-2) _
5.810.05 7, + y, ) = 2,30 m(7.56 £t}
(/ v, = 9 . Q . 28.3
£S ® ' oy A 2 = -
Es 0.:LJ = 2 by,+tmy,”  3.05(3.54) + (3.54)
22 ’ ‘
f&%—lw{zma ft+3(10 £t)) = 1.2l m/s (3.98 fps)
F4 VZ 1,21
3 ! Fr, = = - = 0.25({5I and ES
(1000 ™ /s : r X n )
+ 3 ! 2 2 VgDZ V9, 81 x 2,30 K ' »
32,2 ft/97(10 f1(2 ft) + 1(2 ft) ] .
2 2
L000C
= 2 [2y, + 3(10)] + (L009) (36-2)
32.2[10y, +y,°] “
o~ ' N . ..-- ;- . i Laaad - a .
: 79.3¢.4 izl e S G L 2
- -] . -
Example 3 2 3 2
, P Qre= Q7. ()7(28.3)° g gloooz :
It is much simpler to solve Example Problem == 5 = g (S = G {ES)= 0. 31;
36.2 directly by means of a plot of a dimensioniess gb 9.81{3.05) 31.2(:0) !
momentum function M' vs a dimensionless depth y', .
Figure 36-4 is s.uch a lp}.oF for trfmezoidal channels. vy = % L. (Z)(gébl) (ST) = (51{02) (ES)=0.2
The solution, using this figure, is as foilows: Calculate .
Q' and y' , ' .
1 Logcate {Q)', y } on Figure 36-4 and, since M', =

a—gie

M'%, go vertmaliy up from the point (', ¥ Jitoa
point (Q', y';) on Figure 36-4, and read y' , a8
shown by the dotted lines: !

my

= 1,170 = —% 50 y, = 3.57m (11,70 ft)

]
Y

If greater accuracy i9 desired, use the trial
process of Example Problem 36-2 with 3,57 m {11.70 ft)

as the initial approximation.
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Type of Channel and Description Minimum| Normal Maximuml

\A, Matuyral Streams
4, Maln Channeis

a, Clean, straight, full, no rifts or deep pools 0.025 0.030 0.033
b. Same as above, but more stones and weeds 0.030 0.035 0.040
c. Clean, winding, some pools and shoals 0.033 0.040 0.045
d. Same as above, but some weeds and stones 0.035 0.045 0.050
e. Same as above, lower stages, more ineffective 0.040 0.048 0.055
slopes and sections
f. Same as “d" but more stones 0.045 0.050 0.060
g. Sluggish reaches, weedy. Deep pools 0.050 0.070 0.080
h. Very weedy reaches, deep pools, or floodways 0.070 0.100 0.150

with heavy stands of timber and brush

2. Flood Plains
a. Pasture no brush

1, Short grass 0.025 0.030 0.035

2. High grass £.030 0.035 0.050
b. Cultivated areas

1. No crop 0.020 0.030 0.040

2. Mature row crops 0.025 0.035 0.045

3. Mature field crops | 0.030 | 0.040 | 0.050
¢. Brush

1, Scattered brush, heavy weeds 0.035 0.050 0.070

2. Light brush and trees, in winter 0.035 0.050 0.060

3. Light brush and trees, in summer 0.040 0.060 0.080

4, Medium to dense brush, in winter 0.045 0.070 0.110

5. Medium to dense brush, in summer 0.Q70 0.100 0.160
d. Trees ’

1. Cleared fand with tree stumps, no sprouts 0.030 0.040 0.050

2. Same as above, but heavy sprouts 0.050 0.060 0.080

3. Heavy stand of timber, few down trees, little ' 0.080 0.100 0120

undergrowih, flow below branches

4, Same as above, but with flow into branches 0.100 0.120 0.160

5. Dense willows, summer, straight’ 0.110 0.150 0.200

3. Mountain Streams, no vegetation in channel, banks
usually steep, with trees and brush on banks submerged
a. Bottom: gravels, cobbles, and few boulders 0.030 0.040 0.050 |
b. Bottom: cobbles with large boulders 0.040 0.050 0.070 ¢!
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Design Assignment

Water flows in aswide rectangular channel in which there is a change ngrade from a
constant mild slope to a constant steep Slofg. A sluice gate is placed in the flow on the
mild slope, resulting in a supercritical flow immcdiatnlv downstream of the gate.

(& /a‘_, s

"1&‘ rg,v/ el (K-U‘" (-;,N ;e/ )

Your assignment is to develop a design tooi (computer program or spreadsheet) which
calculates the flow profile between the sluice gate and the change in grade. The
design tool should be able to determine whether or not a hydraulic jump will occur

between the sluice gate and the change in grade.

Given information is: o
Mild bed slope ‘ SOM
Steep bed slope . SGS
Manning’s roughness coefficient AN
Channe! width B
Distance between sluice | :
Gate and change in grade ‘ AL
Discharge - Q-
Sluice gate opening ' - GO
Contraction coefficient : cc -

Use your design tool to solve the following protlem

Determine the water surface profile between the sluice gate and the change in grade
given the conditions ‘ -

Vonw Gomtracta

SOM = 0.0003"

SOS = 0.0l do

AN = 0.014 o

B - 10m T

AL = 1,000 m

Q = 50 m*/sec .
GO = 1l m i
cC = 0.61 '

3} x50 %

Within the procedure you should calculate the depths at the vena contracta of the gate
and at the change in grade. The water surface profile should then be determined and,
if a hydraulic jump occurs, its position should be calculated. You may assume that the
depth 10 m upstream of the change in grade is 10% above critical depth.

Present a report mcludmg the solution algorithm, flow chart, list of symbols, program
listing, and program or spreadshect operating instructions. A diskette containing the
design tool should also be included.
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features of the flow and the boundery movement,
The usual approach is to start with the seme geometry
that was developed for fixed bed celculations. Note that,
as most fixed bed data sets Bre prepared to anatyze flood
flows, they may be biased towards constrictions such as
bridges and deficient of reach-typical sections that are
important for long 1eTm river behavior. There may also
be cases when s0mE of these cross sections must be
clirmninate¢ from the date set 10 preserve moded behavior,

such zs #t deep bends OT junctions where the shape is

key

i)

@softcivilir 3l

@softcivil.ir

molded by turbulence and not one-dimensiona!l sediment
transport, but those sre usually exceptions,

b, River mile. Show the cross sections on & m&p, &
in Figure 7-4, for future reference.  Use of niver mile as
the cross section-identificstion number is recommended.
It is much easier to use or modify old data if the cross
sections are referenced by river mile rather than an arbi-
trary section number. :

4

SCIOTO RIVER, OHIO
CROSS SECTION LOCATIONS
. Legend:
& Stream Goging Stotlon
x  River Wis
Ceoss Section Nomber

Sediment Somplex of Bed
ond Bonk Hoterial

8880

i _y0

et bn mRaa

Figure 7-4, Cross section iocations
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STABRILITY OF CHANNEL BED AND BANKS

, = ownstream of concrete structures and 4t end of dykes (or
groynes).

Cr is a blanket thickne coefficient (it is recommiended here that Cy = 1.0 be
taken for standard design;sge Maynord (19985 otherwise).

y is the local water depth— the desigrl of bank protection take y as the
water depth at the toe of the bankx__
s is the relative density of stone, defim
Ug is the depth-averaged flow
take water depth at the toe of-the bank.
X, is a side slope correctio factor

as ps/p-
or the design of bank protection

Ky = —0-672 + 1-49Z cot{ar) — 0-449 cot?(a) -+ 0-045¢ (2.23)

where a is the/ingle of the bank to the horizontal.

g is the acceleration due to gravity.

2.4.2. Flow around bends

— (Natural rivers have a tendency to meander, i.e. 10 develop successive bends or
meanders, particularly in the gentler slopes at the approach to the river mouth.)é_»
The complexity of this geo-morphological process is not entirely understood but
it seems plausible that obstructions to the flow, such as hard ground, cause the
river to divert from a straight alignment. Also, if the bed slope is too steep for an
equilibrium regime (i.e. where the average transport rate of sediment equals the
Fverage rate of sediment supply), the river meanders to increase its Jength and
thereby reduce its gradient.

F
%
-
i
5
é
5

s (-Once the inception of bend-forming has occurred, the meandering process will

tend to sustain itself. The resulting curved flow will generate secondary flow

1 patterns, which will cause scouring on the outside of a bend) This action,
i combined with sediment deposition on the inside of the bend, will help to
7 increase the curvature of the meander. The disturbance caused by bends can

p
)

persist for considerable distances downstream and is a combination of secondary
currents and, in some cases, the onset of waves. The waves can cause erosion by
overtopping of the banks downstream of bends, particularly in supercritical
flows. For more detailed information on the hydraulics of flow around bends see,
for example, Henderson (1966).

Amongst the types of obstruction or disturbance that can induce the formation

of bends are:

e the build-up of a central sediment bar (which can first cause the division of the
flow into two branches and later the supremacy of one in relation to the other)

e small scour holes in one of the river banks

e fallen trees on the river bed.

4]
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Erosion of the outside of bends is, in many instances, a consequence of human
intervention, such as the construction of inadequately designed river training
works or insufficient bank protection around hydraulic structures. These cases
are likely to give rise to local excessive acceleration of the flow velocity. As in
straight river reaches, damage caused to banks due to fishing purposes and
overgrazing can also speed up the erosion process by weakening banks that are
already exposed to non-parallel flow and secondary currents. Erosion on either
side of the bank has been found to be triggered by the above factors (NRA.,
undated).

In the past, artificial channels and channelised rivers in urban areas were
designed with the prime objective of maximising the conveyance, i.e. the flow-
carrying capacity of the channel. Today, equal emphasis is placed on ensuring

- that artificial channels will convey the necessary flow while having a high
environmental value. One way to achieve this is to incorporate features such as
bends to enhance the natural appearance of the channel and promote flora and
fauna habitats. ‘

Bends can therefore be considered as desirable features that are present in both
natural and built channels but it is important to realise that the flow patterns in
bends can differ considerably from those found in straight reaches. Figure 2.17 «—
presents some important features that can be identified in meandering channels:

- @ the thalweg, or line of maximum depth, which is found close to the outside of
‘bends, swinging from one side of the channel to the other
¢ deposition of sediment in the form of point bars, which occurs on the inside of
bends

Typical bed
contours I C

Outer inner d 46

bank bank S Bas Inner Quter

bank bank
X 4 T
Poin®
Sections A~-A Lo Section B-B Section C-C
inflexion point

Figure 2.17.  Typical example of meandering channel
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STABILITY OF CHANNEL BED AND BANKS

e the inflexion point (Section B in Figure 2.17), which is where the thalweg
crosses the centreline of the channel. It should be noted that the maximum
velocity occurs approximately in the thalweg and that its position shifts with
the flow discharge, sometimes coming ciose to the inner side of the bend. 1t 1s
advisable, particularly for larger bank protection schemes, to investigate the
location of the thalweg before carrying out the works.

— CThe effect of bends on the velocity pattern is illustrated in Figure 2.18 for the case
of a bend in the River Severn, UK} The velocity contours and bed profile at the
inflexion point are fairly representative of sections of straight channels. In this

. e . [
articular meander, flow velocities are higher and closer to the outer bank at the
Mat the inflexion point; also, the non-uniformity of the isovels
(lines of equal velocity) is more apparent at the apex, which indicates the
presence of stronger secondary circulation. The sharper the bend, the stronger
the effect on the flow velocity patterns. This characteristic is usually defined by
the ratio R/W, where R is the centreline radius of the bend and ¥ 1s the water
surface width, For the purpose of revetment design, only sharp bends (defined
below as R/W < 26) need to be considered. It should be noted that this 1s an
approximate criterion, and that physical model studies may be required for the
design of complex schemes.

Not much information is available on the stability of propretary types of
revetment placed in bends. However, extensive studies have been carried out in
the USA that provide guidance on design of riprap. protection. The US Army
Corps of Engineers” Design Procedure gives an equation (Equation 2.22) for
sizing stone that includes a number of empirical coefficients to take account of
several relevant parameters. Among these is the velocity distribution coefficient

~ 0-

4%\& 076 0-88 U 076 041 /
-~ /

T 7 sl 225

. {a)
_ I . -
é (/ f""éﬂ’ T e -
Outer
Inner . 078 o bank
bank 048 057 07 0-85 1D 10 0B85,
A
)
5 JF o S li bt

)

Figure 2.18. Velocity conlours ar the inflexion point and apex of bend in the River Severn,

UK. Velocity values given as ratios of mean local 1o maximum velocity {adapted from

Bathurst, 1979): (a) inflexion point, Q = 17-64n’fs; (b) bend apex, O = 1548 m’[s
o e e

(:_;—*'/://) é_’ﬂ /’7"
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RIVER AND CHANNEL REVETMENTS

C., which takes the value 1 for straight channels and for the inside of bends. In
these situations laboratory studies have indicated vertical velocity profiles
following a power law; the profiles became more uniform in height at the outer
side of bends. Because of this increase in velocity near the bed (probabiy caused
by secondary currents), there is greater potential for riprap movement. C, can be
calculated as follows (Maynord, 1993):

Co = 1.283 = 02 logyg(R/ W) (2.24)
o -
and "/de’ ‘:f,%-' 'Jg.:c_r-"
Co=1 for R/W > 26 ) & (2.25)
where

R is the centreline radius of the bend
W is the water surface width at the upstream end of the bend.

Depending on the geometry of the bend, this coefficient will typically increase
the size of the necessary stone or blocks by up to about 30%, when compared
with conditions in straight channels. Although this coefficient was derived for the
US Army Corps of Engineers’ Design Procedure, in view of the lack of other
suitable formulae, its use s suggested for application with the other design
equations presented in Chapter 4.

Care should be taken in the application of this coefficient for bends in highly
turbulent environments. The coefficient was introduced to reflect non-standard
velocity profiles, which can be due to a number of causes, one of them being high
turbulence. Where flows are very turbulent (for example downstream of
hydraulic structures) the approach recommended in Section 2.4.1 should be
followed since it is fikely that the destabilising effect of turbulence will override
that of bends.

——>- ( Based on work developed in bends with R/W = 2.3, the US Army Corps of

2.4.3.

Engineers (1981) recommends that protection should be extended upstream to a
minimum of one mean water surface width and downstream to a length 1-5 times
the mean water surface width. )

Scour around structures

Encounters between the flow and obstructions to its motion such as bridge piers,
groynes {or spur dykes) and bridge abutments, result in marked changes in the
vertical velocity profile and in the level of turbulence of the flow. In alluvial rivers
and channels these changes, in turn, are likely to generate erosion of the

following types:

e erosion due to the increase in velocity resulting from a reduction in cross-

section imposed by the structure
e Jocalised erosion that is produced directly by the presence of obstructions in

the flow path.

44
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George Gabriel Stokes (1819-1903) Claude-Louis Navier {(1785-1836)
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3 - dimensional - unsteady Center

Time : t Pressure; D Heat Flux: g

- Density: p  Stress: Tt Reynolds Number: Re
Velocity Components: (uv,w)  Total Energy: Ft Prandtl Number;, Pr

Coordinates: (x,v,2}

inuity: dp  dpu) Olpv)  opw)
Cont ty: ~ ! i £ =
X - Momentum: Olpw) _ 8(pu?) Olpuv) Olpuw) = Op | r,, Oz, O,

-~

gt Ox dy dz 0x Re. | Ox ¥ dy "% J

Y - Momentum: dpv) | dpwn) | Hpv)) | vy _dp 1 |9y 0T, 0T,
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Energy: .
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passes, or by irregularities in a natural river channel having the effect of a -
chain of small lakes. This s an example of a general principle which can be
conveniently expressed in electrical terms: a pulse fed into a system can be .
attenuated either by a capacitance or by a resistance. The distinction drawn -
‘Between these two mechanisms does not raise any questions of basic principle,

[Ch. 2

! [nitig!
¥ Heod -wove position Subsequent
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owfrmw.:mhm.m:ﬁmw of a Flood Wavef as it

Attenuation,
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Moves Downstream . U
it moves downiTrem

of them adequately. However if one mechanism alone dominates a certa
form of flood movement, a theory taking account of this mechanism alon
may be very much simpler than the general theory, and well worth using o]
this account, This is certainly the case when the flood movement is dominates
by storage effects, and the first specific topic treated in this chapter will there
fore be the special methods suitable for dealing with situations of this kind

Storage Routing NG R

RV

We shall use this term to describe the analysis of flood movement in whic
storage effects are dominant. The simplest example is level-poo! routing, i
which we consider the movement of a flood through a lake. The main elemen
in the calculation is the balancing of inflow, cutflow, and volume of water i
the lake; this is simply a matter of using the continuity equation. A secondary,.
but none the less important, role is played by the dynamic equation governing
the outflow conditions; through this equation the outflow rate is uniquely’
determined by the lake level and therefore by the volume of water stored i
the lake. :

We define ¥ as the volume of water in storage at any instant, with the g
flow and inflow rates denoted by O and I respectively. Over a time
At, we can write:

Inflaw valuma - Antflaag vahima cn tmavansa fu 2dacs s
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respectively. Now if Eq. (9-1) represents one step in a numerical process, we
can assume that we know f; and f, (because the whole inflow hydrograph is
known} and also the values O, and ¥, obtaining at the start of the time inter-
val. The object Is to determine 0, and ¥, , then to proceed to the next interval,
and so on. Collecting the unknowns of Eq. (9-1) on one side of the equation,
we obtain:

V, + 0,41 = ¥V, — 30, At + HI | + I,)A1

Dividing throughout by Az and introducing the parameter

Voo
N = -2
i DN:T 3 (9--2)
we have Ny=N; +3I,+1,-0, {9-3}

The convenience of arranging the equation in this way will become apparent
in the tabulation of Example 9.1. Meanwhile it canr be pointed out that the
forther information required tc solve the problem, i.e, a V-0 relationship,
can readily be put in the form of an N-O relationship since ¥ is a function of
V' and 0. No difficulty is created by the dependence of N on the choice of
time interval Az: in fact we shall see that Af can be changed midway through
the computation without difficulty. The details are best shown by an example.

W

Example 9.1

A lake having steep banks and a surface area of 500 acres discharges into a steep
channel which is approximately rectangular in section, with a width of 25 ft. Initially
conditions are steady with a flow of 1,000 cusecs passing through the lake; mﬁ_mn a
fresh comes down the river feeding the lake, giving rise to the following inflow
hydrograph: .
Time from start (hours) t] 3 6 $ 12 15 i8 21 ¥
Inflow (cusecs) 1,600 1,200 1,600 2,100 2,630 2,950 3,050 3,000
Time fromstart 24 27 30 13 3 39 42 45 48
Inflow 2,840 2,600

2,300 2,000 L,700 1,430 1,200 1,050 1,000

Calculate and plot the outflow hydrograph for the 48-hr period.

The first step is to obtain N and ¥ as functions of the outflow ¢, and this is done
in the following tabulation, using the fact that critical fiow exists at the iake outlet.
The following conversion is used

. 4840 x 9
3600 x 12

= 1 gusee-hr, very nearly

T acre-in. = cusec-hr
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than in the numerical process of Example 9.1, and whether the approximation
:mma have seriously affected the result.

sﬂﬁ.ﬁw\. Routing J/

7 The question now arises whether the storage-routing technique, obviousl:
X m:ooﬂwmmm:m when applied to a level pool, can also be applied to a river reach
Clearly'the continuity Eq. (9-1) will still be true, but the storage V will ng
Honm’mm be uniquely determined by the outflow. We may expect the inflow to
certain river reach to be related to the upstream depth, and the ountflow t«

m the downstream depth; it follows, as in Fig. 9-3, that the storage in the reac]
9
g i)
@ ~ Wedge storage AX{/-0)
£ *
s
£
@
®
2
3
Awo Figure 9-3.  Prism and Wedge Storage

will depend on the inflow as well as the outflow. In this connection it 1s mmmwww
to subdivide storage, in the terms introduced with Eq. (8-8), into prismi

relationship analogous to Ea. (9-5), we obtain

V = K[O + X(I — 0)] (-1

Example 9.1 can proceed with no more difficulty than in the level-pool sl
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Figure 9-4. V-0 and N-O Curves for a River Reach
any real difficulty (Prob. 9.5). Moreover, an explicit wowamow‘wwmwa on lineari-
zing assumptions, as in Eqs. (9-7) through (9-10), is only slightly more com-
plex than in the level-pool case. The extension of Eq. (5-5) becomes

v nm N wm (9-12)
which is an alternative form of Eq. (9-11), with
Y _ki-xn =KX (©-13)
k, k,
Accordingly Eq. (9-4) becomes
%;;foufammw (9-14)

which is essentially no more complex than ma..Gu.@, for the nmr?wm.:a
member is still a known function of r alone. And if [ is assumed to be a sine

function the solution corresponding to Eq. (9-7), ie,

_N Fﬁu ?G
Om»H TLI MM &vm» & A w
is still explicitly integrable (Prob. 9.6). A comprchensive range of solutions
of this kind has been developed by Yevdjevich 5L . . .

While explicit solutions of this type have Hnmo:xm.a Little attention, the
numerical method of Example 9.1, modified as in Tm.. w-aw has been very
widely used in gngineering practice. There is an exfensive literature on .mﬁ
subject, a thorough survey of which is m?wg 3. Chow {11 wsg much attention

ok dams s smasial olids
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