GENERAL COURSE OBJECTIVE (ENCE 4318) : To familiarize the students with the
application of the basic principles of fluid mechanics to problems associated with pipe and open
channel flows, The applications in this course will involve pipelines, pipe networks, flow
measurement, flow in rivers, design of canals, and hydraulic structures.

SPECIFIC COURSE OBJECTIVES (ENCE 4318) :

On the successful completion of this course the students should have the ability to:

a) understand and applied the continuity equation to steady open-channel flows and steady
incompressible pipe flows;

b) understand and applied the energy principle to steady open-channel flows and steady
incompressible pipe flows;

¢) understand and applied the momentum principle to steady open-channel flows and steady
incompressible pipe flows;

d) apply the principles of hydrostatic to hydraulic structures.

¢) apply the Manning Equation for uniform open channel flow;

f) design simple lined and unlined open channels;

g) compute water surface profiles for gradually varied steady flow;

h) compute the steady state operating flow and head for a pipeline with a pumping station;
i) design a culvert with inlet or outlet control.

j) design a simple spillway and stilling basin.

ADDITIONAL COURSE WORK FOR ENCE 4318G Credit:
Graduate students will be required to do additional work for credit in this course as
outlined below.

PREREQUISITE: UNO course ENCE 3318 or an equivalent undergraduate course in fluid
mechanics.
CO-REQUISITE: UNO course ENCE 4319.

TEXT: Elementary Hydraulics by James F. Cruise; Mohsen M. Sherif; Vijay P. Singh,
Thomson, 2006.

REFERENCES: Terry W. Sturm, (2001) “Open Channel Hydraulics”, McGraw-Hill Book
Co., New York, NY.

Ven te Chow, (1959) “Open Channel Hydraulics”, McGraw-Hill Book Co., New York, NY.
US Army Corps of Engineers. Hydraulic Design Manuals

Giles, J.B. Evett, and C Liu . "Fluid Mechanics and Hydraulics,"

Schaum’s QOutlines, McGraw Hill, New York, Third Edition, 1995.

INSTRUCTOR: =~ Alex McCorquodale, Ph.D. P.Eng., P.E.
Room EN 817 or CERM 315
Telephone 280 6074 (same telephone for both offices)
jmecorqui@uno.edu




OFFICE HOURS: Thursday 9 am-12:00 pm or by appointment. Please email or arrange for an
appointment at the time of the lecture.

GRADING SCHEME:
1. Assignments &
Quizzes

2. Two 80 minute Mid-term tests (open book) 45%.
3. Final examination (open book) 40%.
4. Grades

A 89.5-100

B 79.5-89.5

C 69.5-795

D 59.5-69.5

F Less than 59.5.

15%.

TENTATIVELY TESTS WILL BE:

Last week in September/First week in October
First or second week in November



ENCE 4318 COURSE GUIDE

*CLASS MEETINGS
Bulletin

STUDENT LEARNING PROCESS

Students are expected to log on to Blackboard to review supplementary course material
and course announcements. In addition to my course notes and other handouts, the
students are expected to read the relevant sections of the text.

The tutorial and lab assignments are design to strengthen theoretical concepts that are
covered in the lectures. In addition weekly assignments will be given to give the students
the opportunity to test their understanding of the course material. All assignments will be
graded and feed-back provided to the students.

*EXAMS

There will be one mid-term test and a comprehensive Final examination at the end of the
semester. Check the Blackboard calendar for the exam schedule. All tests and the final
examination will be of the “open-book™ type. The term tests (1 or 2) and the final
examination will be 2 hours in duration.

COURSE FOLDER
You are encouraged to maintain a course folder that contains class handouts, your
complete solutions to all of the assigned homework problems.

*HOMEWORK, TUTQRIALS, LABS AND QUIZZES

Homework assignments and tutorial assignments/labs will be collected and graded. All or
some of the points for assignments will be deducted for submission after the deadline.
Unless there is a contrary announcement, assignments will be due one week after they are
assigned. There may be an occasional unannounced quiz which will be part of the
assignment grade.

TEXT BOOK

Elementary Hydraulics by James F. Cruise; Mohsen M. Sherif, Vijay P. Singh , Thomson,
2006.
Additional materials will be handed out in class or posted on Bb.

REQUIRED SUPPLIES

Calculator and Textbook. A laptop although not essential would be very beneficial in the
tutonals (ENCE 4319).

*INSTRUCTOR/OFFICE HOURS
Tuesday and Thursday 9:00 am to 11:00 noon or by appointment on Wednesday 9-11 am.
Please call, email or arrange for an appointment at the time of the lecture.




ENCE 4318 COURSE GUIDE

*CLASS MEETINGS
Bulletin

STUDENT LEARNING PROCESS

Students are expected to log on to Blackboard to review supplementary course material
and course announcements, In addition to my course notes and other handouts, the
students are expected to read the relevant sections of the text.

The tutorial and lab assignments are design to strengthen theoretical concepts that are
covered in the lectures. In addition weekly assignments will be given to give the students
the opportunity to test their understanding of the course material, All assignments will be
graded and feed-back provided to the students.

*EXAMS

There will be one mid-term test and a comprehensive Final examination at the end of the
semester. Check the Blackboard calendar for the exam schedule. All tests and the final
examination will be of the “open-book” type. The term tests (1 or 2) and the final
examination will be 2 hours in duration.

COURSE FOLDER
You are encouraged to maintain a course folder that contains class handouts, your
complete solutions to all of the assigned homework problems.

*HOMEWORK, TUTORIALS, LABS AND QUIZZES

Homework assignments and tutorial assignments/labs will be collected and graded. Al or
some of the points for assignments will be deducted for submission after the deadline.
Unless there is a contrary announcement, assignments will be due one week after they are
assigned. There may be an occasional unannounced quiz which will be part of the
assignment grade.

TEXT BOOK
Elementary Hydraulics by James F. Cruise; Mohsen M. Sherif; Vijay P. Singh , Thomson,

2006.
Additional materials will be handed out in class or posted on Bb.

REQUIRED SUPPLIES
Calculator and Textbook. A laptop although not essential would be very beneficial in the
tutorials (ENCE 4319).

*INSTRUCTOR/OFFICE HOURS
Tuesday and Thursday 9:00 am to 11:00 noon or by appointment on Wednesday 9-11 am.
Please call, email or arrange for an appointment at the time of the lecture.




INSTRUCTOR: Alex McCorquodale, Ph.D. P .Eng., P.E.
Room EN 817 or CERM 315
Telephone 280 6074
jmecorqu@uno.edu

*GRADING SCHEME / SCALE
1. Assignments & 15%.
Quizzes
2. Two 80 minute Mid-term tests (open book) 45%.
3. Final examination (open book) 40%.
4. Grades

89.5-100
79.5-89.5
69.5-79.5
59.5-69.5
Less than 59.5.

g wl@veih

*ATTENDANCE POLICY

Attendance at lectures is REQUIRED and attendance will be recorded. The tutorials
(ENCE 4319) are MANDATORY. A zero grade will be assigned for the report or design
if the student docs not attend the respective lab or tutorial session. Handouts will only be
available for those attending the respective class.

*ACADEMIC DISHONESTY POLICY click
http://alt.uno.edw/stud handbook.himl#five

COMMUNICATIONS POLICY

As a matter of policy at UNO, all Blackboard accounts are created using only UNO email
addresses. If you wish to use a different email address other than your UNO address, it is
up to you to set up forwarding from your UNQO email account to your desired email
address. This can be done in one of two ways: by sending a request to or going in person
to the UCC Help Desk, or by going to http://mail-

service.ucc.uno.cdu:7633/popstore _user/, logging in, and using UNQ email forwarding
options. It is the student’s responsibility to obtain access information (username and
password) for your UNO email account. To obtain UNQ email account information, click
here. To simplify matters in communication, I will only use your UNO email addresses
(e.g., student@uno.edu). I will post important course information on blackboard.

*ACCOMMODATIONS FOR STUDENTS WITH DISABILITIES

Students who qualify for services will receive the academic modifications for which they
arc legally entitled. It is the responsibility of the student to register with the Office of
Disability Services (UC-260) each semester and follow their procedures for obtaining
assistance.




QUIZ 1

NAME__ Dopald Tarollepman ¥ /¢

At a site on the Mississippi River, it is proposed to install run-of-the-river-turbines.

Assume that the River current at the site is 5 fUsec, the D~R =55 fland the P=2200 fi. )= D

bye
. . . O < verx
1. What is the flow in the River? é g{: vlels, cfs Ao VS, ’.%
2. What will be the impact on the water depth if the turbines extract 10,000 HP? J’

N 200" Palla

Select the best answer: -2
& o @

) Upstream depth will increase by about 0.151t - T ,

b pstream depth will decrease by about 0.15ft §% I

c¢) Downstream depth will increase by about 0.15ft '

d) Downstream depth will decrease by about 0.15ft > i ? "

€) None of the above. L
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Term Test No. 1- ENCE 4318

Duration 1 hour and 25 minutes

This is an open-book test; you may use text books, class notes and assignments/tutorials.
Laptop computers are not permitted.

Please attempt all four questions (4) questions.

Enter your answers in the space provided on the question sheet.

State any assumptions that you make in solving the problems.

~ . /
Your Name ]/ Onplf NCrollCrrgs:

Student No. ¢ 2 ¢

Marks

Question 1: 15

Question 2: 15 [ >
Question 3: 15 J 3

Question 4: 10 &lQ /
Total 55 :'; ( N f,—,—/



1. Determine the force on the support for the 90° elbow shown in Figure 1. The elbow
weighs 400 1bs. —_—

By

a. the pressure head at section (2) is closest to: {Answer 36, 38, 40, M4)‘ ft

b. the force on the support is (express as magnitude and direction):

k]@re Fp= 1. 8% kip@r’]‘:

e

Answer Fy = ZB.E”MJ

Assume:

a=p=1
Neglect energy loss and friction.

Given:

Upstream pressure

head (section 1) = 50 | ft

Diameter = 31 ft

Q= 80 | cfs

Elbow radius = 6| ft

2 T PROFILE
Elbow radius
Q AN Datum
1

Figure 1.

Solution:

Show Control Volume (FBD) here! (20% of marks are given for tl}ydlagram)

7 1 = 2073 [k
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2. For the concrete dam in Figure 2 with a seepage barrier of length C:
a) Determine the Factors of Safety against sliding and overturning.
b) Will there be any tension in the foundation?

. { 15 - -

Assume: the specific weight of concrete = 150 Ibs/ft’ /— _ o~} /2.

Neglect: ice, silt and earthquake forces. hi Y _
H 60 | ft F r A oYLoVa): G472 L
Friction factor at the base = AC 707 AR T
c 30[ft Y T
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Factor of safety against overturning = {<1, 1 - 1.25, 1.25- 1.5, >1.5} (Safe), (Unsafe)
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Tension in base: (Yes) ((No) / L Loy
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3. a) Determine the operating point and efficiency for two pumps operating in parallel as shown
in Figure 3 for the pump curve in Figure 4.
b) Will the pump cavitate?
The pump curve is attached.
Given:Kps = 1;
“Kpd=4.
Wet Well Level = 100 ft
Reservoir Level = 135 ft

Circle the closest answer below:
Qo= { 1.0, 1.1, 1.4, 1.6,” 2.0} cofs

Ho= {35, 39, 40, 45, ’@ 3 ft

Efficiency in %= . PP /
/75 >
N

80

Cavitationy /(Yes) (/

PLAN OFPUMPS IN PARALLEL
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Figure 4. [4 marks will|be allocated for the completion of this diagram]



4. In the three reservoir problem illustrated below, the value of Hp is closest to:

ey

(28, 26, 125,/ 24} f

Figure 5.
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Term Test No. 2- ENCE 4318

11:00am to 12:30pm
November 9, 2010

. This is an open-book test; you may use text books, class notes and assignments/tutorials.
Laptop computers are not permiitted.

. Please attempt all four (4) questions.

. Enter your answers in the space provided on the question sheet. Marks will not be
deducted for wrong answers in the multiple choice questions.

. State any assumptions that you make in solving the problems.

Your Name Do/m‘/ // :;/ ) //',«“ PG

Student No. 2. > 20000

Marks - . , /
Question 1: 20 L& /{’:_ S G Uz A N
Question 2: 12 (Vv

Question 3: 18 { 517/

Question 4: 12 T

Total 62 2



1. Circle the nearest answer in the following multiple choice questions:

Given a triangular channel that has a [H:1V side slope and a specific energy of 20 ft:

= .= - 2
L - = & A< a) The critical depth is closest to;
Yo= 0 T {Answer [6.7], [13.3]/]16] }[20]
C v, 4 Ve D = {.—i_ - 'f! J (V.
Co g™y YOl 7 /f—%”—_\,
. -/l‘ 1] . -Ié 1t/
r O Y Y2 A L i
b) If the crmcal flow is closest to: S B
oy ey Answer 1705 140052000, 2200, /40 00y units <
Ve - U’ |4 e - ?j? L:;;/ ;, @ ///ﬂb . L
o DO - YEL ﬂ'/_‘
X c) If the CI‘]thﬂé]_QEe is closest to (given n=0.015):
- [n8. P\ {AnswerQ_(_)lZ/\\O 00123 | 0.003; /0.004) units >
7 E' -~ A s 1 ' | | I gl ".—‘Fif 7, '\\__,//
" e 058 o —p O07 7
d) IfQ =200 cfs and E =20 ft the alternate depths are closest to:
~? {Answer == ]
" [20, 2.5] [19.98, 2.62], [19.99, 2.63] /[19.99. 244] L
L1 2 units__ ‘
i 7 - ,5'/ ;
A 71 i s B yT—204Y 4+ £2],1 ;L
AN ¢) Ifthe slope 0.009 and n = 0.015 the normal depth is closest to:
S {Answer 1.2; 4 0 \S 1, 5.8, 6.3) umts_’
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2. The specific energy for the open channel in Figure 1 is 12 ft. Given B= 10 ft

Figure 1.
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3. For the stilling basin shown in Figure 2;determine:

a. the Froude er at seetion |
(Answep 4%5 2, 6.2, 8.2, 89)

b. the depth y2 for a hydrawtic jump to form if there wasn’t a step

A55)
{Answer 15 3 /18 3, 253, 30.3 ) Units

p—— / I \‘ |

I :‘l) { ';,‘J;'_: @ r‘/ E | l : ! f /? /

[ "

c. the depth y2 for a hydraullc jump to form with the step

{Answeﬂs\.-, 18.0, 252, 30.3, 30.8) Units

ss sectlon 1to2.

65 75, 105.) Units

d. the energ
{An
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4. Given: Q= 5000 cfs; z=1.5; n=0.015; S, =0.0009 and y, = 8 ft.
T
The vatue of b is closest t6 {110, /135, 155, 200} units
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X e 6\.\ YKt oV

I, Given: Q=3000cfs; z=1.5; n=0.015; So = 0.0007 and b = 18 ft.
Find: yn , yc and dy/dx if y = 1 f1.

2. Design a concrete channel to carry 1000 cfs on a So of 0.0007,
Assume Stift clay.

3. Design an unlined channel to carry 3500 cfs with So= 0.0003.
Bed matenal D50 = 2.2 mm, D75 = 3 mm
Soil friction angle = 32°
Use Strickler Eq for n and add n1 = 0.012 for bed forms .
CHECK by maximum velocity method.

4. a) Given: Q = 1500 c¢fs; b=26 {t; n=0.03; So = 0.0008; z=2.5 and y1 = 1.2yn
FFind: x where y2=1.1yn

b) Sketch and Classify the possible flow profiles for the channel shown below.
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9-7. Sketch the vossible flow profiles in the channels shown in Fig. 9-135.
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Applications of Linear Momentum

Assignment 4.1

1. Find the force on the deflector )[f"
rd
Yf'”(‘ ’ l V. ]M?’
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VI M W =6 fi
—a ’ s ’ dl=1f
'alins e & // o= V1=40 fi/sec

Mfi- ‘bu‘(_— Fﬁ o= 300

>
Assume d1=d2 and neglect the weight of the water.
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Assignment 4.2,

Determine the head loss at the Abrupt Expansion in the pipe shown below.

Find the pressure head at section 1. -
Given: Dy=1.5 ft; Dy=4 ft; Q = 20 cfs; po/ y= 10 ft. ﬂ)

Assume: 0= 071 b =L by = ¢

: ;
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Three Reservoir Problem

Assignment 11.1
Three reservoirs (A, B, C) connected at a common point (D) as shown on the following page.
Pipes are numbered as # 1 A-D

2B-D
3C-D

(./‘
L.?
v
Solution: T My T a0
Assumed Hyp = N/ T/
Pipe [Dft |F |Lft ig Kp AH ft Qefs _* /47 |RES H ft
# Arwmeres | £ o | fpears TV fe 7
1 1 0.025 | 2000 | 32.2 7L 26-77- Y d A 26
2 1 0.025 | 2000 | 32.2 176 70-77- G 2 .57 B 30
3 1.5 |0.022 | 3000 | 32.2 0.219 | lo-z22-(-1 fm2, C 10
Z/ ;” »_‘ i
° f b3 Hy __ ‘/J';-,,.{
Assumed Hp = P .
Pipe | Dft | F Lft |g Kp AH ft Q cfs RES H ft
#
1 1 0.025 (2000|322 | /7 / £y A 26
2 1 0.025 [ 2000 [ 32.2 | /.2 ( 3 ] B 30
3 1.5 [0.022[3000[322 | 2.7/ (- C 10

Pipe |[Dft | F Lft ig Kp AH ft Q cfs RES H ft
#

1 1 0.025 [ 2000 | 322 | 24 % & 72h17% A 26
2 1 0.025 (2000 (322 | [.7¢ | &yl 3,162 B 30
3 1.5 (00223000322 | 0.2/ e (=5.%13%) C 10
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Tutorial Assignment 1. /(’ &
Due 9/7/10

1. Using energy and continuity principles estimate the flow under the sluice gate shown in the
sketch below. Assume: no head loss,a = =1, }’V =6 ft, Gate opening =2 ft; yo, =6 ftand Cc =

0.61. ‘- (z
Fgr 'pFCC J*CA!?Q ; 60nrrncr§ o a ilff'ﬂ' ;_,’C = 06/ l)lz;i

* -_-———

[}
¢ LOuln

e\
Assumptions:

riction Logs = 8 ; 0 (KE.comedion fuitss) = flromention aeredliysfids) * L

Equations:

Continuity: ﬂovo AV ; A:Wy S Wt YT W gV, = }’\4-;}’M

! 7 ’
) 'V,_ VZ M&_‘
Energy: /(031-/’+1)L ' 51-9+ M A +-Z—"-—‘4» f H y+_./-r2
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liZ ¥
V =R

- e B L B 4 V,
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2. Find the discharge, energy and momentum correction factors for the channel shown in below.

) Theory and experimental verification indicate that the mean velocity along a vertical line in
a wide stream is closely approximated by the velocity at 0.6 depth. If the indicated velocities
at 0.6 depth in a river cross section are measured, what is the discharge in the river?

W, i veclor

l.3/2 m/s :<§_f__>

’q S (y't)

1.68 m/s “'694“.7] $1.75

Depth (m)
R

hmcnmm’ wrreJ.‘-' Jn%
2
120)f= A

10 20 30 40 50 60 70 80

1 Distance from left bank (m) JJ/"
‘]5 f 3 _ 1—
Q \g\/ Bﬂ e lt.E (erTee. 6.0 er
\W \ ¥ — 3
W o | EAY

Av? :

3. Estimate the velocities and pressures in the venturi device shown below.
Assume: a) no loss in contracting flow, b) for expanding flow hL = 0.1 (Vmu-ij,,)2/2g ,
¢) neglect friction loss, d) a = Kinetic energy correction factor = I, e) vapor pressure 0.3 m, and
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Assignment Problem 11.3 Name i7aald ~ICro M ma
a) Find the flow in all of the pipes in the network shown below. // el
b) Find the pressure at junction c. ~ 7
Assume: = 0.025 and L = 2000 ft in all pipes & K., = 0. {
_All junctions at 0 elevation. { y
/‘; = i . n ; 5 i PR o 7
D1 = 12 inches Lo - e o Lo SRS A IR "
D2 = 10 inches S /
" D3=8inches /. .. i Cow L!{

D4 = 6 inches

Scis
A fo I ofs
- /\b
Ref p t '7 N i
30psi m
/\h_i/*“///’ (”/ﬁ /4\\ b=¢ \L’ l.27e
) A (€]
f‘u
Q. s
= S
0.7%
2 cfs cle
(}-’p [ﬂ ' “[,/z |- ks, (? bo £ [/) /)
AR= - =
I,JIO v ko] + 7 kg laale 7 b, |4,
ANSWERS:

Ql= 7 % 57 cfs

Q2= . 7 / -’!’; cfs

P

" ~ o £
Q=_t L LT s

2/
Q4= 0. /1 cfs

Pressure at ¢ = J 7, 7_ p51

Attach calculation sheet.
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Pipe kp 8/gpin2 f 1 d (in) d (ft) d”5
1 1.259] 0.025174 0.025 2000 12 1 1
2 3.132] 0.025174 0.025 2000 10 0.833333 0.401878
3 9.558] 0.025174 0.025 2000 8 0.666667 0.131687
4 40.279f 0.025174 0.025 2000 6 0.5 0.03125
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pipe

Delta Q

pipe

Delta Q

pipe

Delta Q

pipe

Delta Q

pipe

£HW N = 2 W o R HWw N BWw N

LW N

Kp

1.259
3.132
9.558
40.28

0.353571

Kp
1.259
3.132
9.558
40.28

0.1936694

Kp
1.259
3.132
9.558
40.28

0.0120231

Kp
1.259
3.132
9,558
40.28

4.67E-05

Kp
1.259
3.132
9.558
40.28

Sum:

2.73
-2.27
0.73
-1.27

3.084
-1.916
1.084
-0.916

3.277
-1.723
1.277
-0.723

3.289
-1.711
1.289
-0.711

3.289
-1.711
1.289
-0.711
1&2

1Q

3.73
2,27
1.73
1.27

Q|
3.084
1.916
1.084
0.916

1Ql
3.277
1.723
1.277
0.723

Q|
3.289
1.711
1.289
0.711

|Ql
3.289
1711
1.289
0.711
5.000



Example:
Consider a 10 ft diameter tank with a drain in the center of the floor with an outside wall
depth of 3 ft. The tangential velocity at the perimeter is 1 ft/sec. What will the tangential
velocity be at r = 0.75 ft? Plot the radial, tangential and depth as a function of radius.
Neglect friction. Assume no energy loss, F{E =g

4&! “hay

Ainter = 0.25 £t

Aouter = 1.25
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Donald Jerolleman 25

Assignment No. 1.1  Due Date : Next lecture. l U
1. Classify the flow regime in the following trapezoidal channel (use typical properties): 7 (’)
/
Qoo et o LD
> Xy 1".0”/_1,
y=10ft d/A
Kinematic viscosity = 10° ft %/sec ’y——————-—-f
120"

# A=_350 £F° , ', 2
e 50 ¢t pe p(brzg)e o'(w0's 15(w) 2325
B= -
it 62 b+(22s)= to'+(2(¥1w0)) > SCEL

ol o st g oo b (2 173 ) (X1 ) st
-t 3?01‘?\2
l?ﬁ';/,‘ R-_{. 29 # R= %= s = 62747
._.__._'_...-—""
= £ = A_ r_
DT D= g L 7ot
\cy Q 1000 -f"f/ £1
- v=20.%¢ /3 Ve 5 = ¢ . 2.847%
veloc: 17 - S A 350 ¢
-0 :"\Z‘ =~ . _.—3—6-"‘———" 0.(705
CN F) F}f:‘;iih;“zbfr 7LO—H Me 'Jﬁ 3’ 32.24; (7#)
vl BeF (6-24¢4) _
(%) Revolds Mamber > [7BY4 40 W= “5% - B ’ffa/ 17846%0.

2. Estimate the velocity head and momentum flow (M) for the channel in problem 1

Assume that the kinetic energy and momentum correction factors are: a = Kinetic energy
correctlon factor = 1.05; B = Momentum correction factor = 1.02.

ve {oC f

head Vz/zggﬂz{; | |0c,~(2 8L }72{;22 A >, o. 1334
Mtﬂé"fﬁm M= 7é£9’ lu ;f{;) #6 V /4 OZ ([ ?(f%>(236,5‘> (3{0#{)

= 544G Tatt
¢
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Lecture 19
Unit Tractive Force Method (Allowable Shear Stress Method)
Application of Critical Shear Stress

Critical shear stress is the hydrodynamic boundary shear stress that initiates movement
of bed sediment. Critical shear stress functions can be used to design channels for non-
silting and non-scouring conditions. In actual channels the bed can be stable even if
there is movement of the bed material; this can occur if there is a sediment load being
transported in the channel and there is an equilibrium between erosion and deposition.
Thus the allowable design shear stress in channels is a function of the sediment load and
is often higher than the critical shear stress.

Stable Channel Cross-section

If the bed slope is fixed (e.g. by topography), then the critical shear stress can be used to
determine the channel depth and width for the case of negligible sediment transport and
non-silting non-scouring conditions. The design procedure commonly is called the
Maximum Permissible Unit Tractive Force Method. The concept is that

Local Applied Shear Stress = Local Resistance of the Channel Boundary
= Allowable Design Sliear Stress
T, = Tp > T, 19.1

The applied shear stress is the hydrodynamic shear on the boundary. The attached Figure
5.29 & 5.30 from the COLE manual shows a typical stress distribution for a trapezoidal
channel. The maximum bed stress is 1, and is given by

o =Cpy ¥So 19.2
and the maximum side stress is

7o = Csy ¥y So 19.3

where Cp, and C; are functions of b/y and z as shown in Figures 5.29 and 5.30 (COE
Manual). For typical wide channels Cy, ~ 0.97 and Cs ~ 0.75 - 0.76.
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For other 7, values see ven te Chow Table 7.3, Figures 7.10 and 7.11.
. e) Solve (¢) fory, —>y= 1,/CpySs)
. f) Solve (d) for ¢ and z,
sin g = sin Oy [1- (C; /Cy )*J**
z={1-(sin (p)z]m /sin ¢
. g) Solve for b from use Manning's Q = (c/n) AR?? S,/ .

. h) Check b/y and correct C;, and Cj if necessary; check Froude Number,
Is n OK, e.g. are there bed forms? and
. Add Freeboard (FB2).

Example Problem: Design a channel with a slope of 0.0009 with bed material D50 = 1
inch and

D75 = 1.3 inches (well rounded gravel). The dominant flow is 20,000 cfs. Assume the
Strickler equation for Manning’s n.

Cohesive Soils

Figure 7.11 shows a graph that can be used to estimate the permissible shear stress for
clay soils. The z for cohesive soils is approximated by the stable slope criteria discussed
in Lecture 17.

Permissible 1.0 I e S
Shear Stress < Sondy cloys (sand < 50 %) ||
‘\\\ bttt sil
Heovy cloye f
RefChow . Q5 N
\ Q /Clany 3
J N o \ }-Lean cloyey soils
* = —. ( o
T b o \
= \\ r s
g N
5 N
i o MY
B X
G AL
- \
l__ E 0.05 i
\
v L
-
:-§ Foirly
B § ]Compcci compact lt.ocu I
0.0 11 L1l 1
0 0.2 0.3040306 ttes 20 3 a8

Voids rotio

Fra. 7-11. Permissible unit tractive forces for canals in cohesive material aa converted
from the U.S5.8.R. data on permissible velocitics.
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DESIGN SUMMARY

Maximum Flow Q= < cfs Given
Maximum Pond Level = ft Given
Crest Level = 17 ft Given
Maximum Head =H = ft
Approach Invert ft Given
. Vo= Q/{Ly,};
V. 1 ftisec | ¥, = [Max Pond Level - Approach invert ]
H. max = ft
h, = (=705 ft Given -20 ft
UseH, = Hem
h
, 1- ? Assume
Design Head Hy = 4,9 it [ CPHE_,,,_,] Cp=1.35
Cuo = 77 WES Ll 3.97
Cu= 37
m= ya Assume 1.0
Xip = ft
Yip = ft
K, = - ft WES -0.01
I O
L. L5 fit CGH, "
Lo=/, wbobe Lo = wot-omiim| 7348 ft
Number of piers /N0 Given 100
Whay = 47 ft
wp [; ft Min / 6 ft
Lt = / ’/ (e, ft
TWL = ft
SB FL Elev. = ft
W, = ft
Y, = ft
Vi = A U, ft/lsec
Np = L. .
Y2 = 1725 |t yz:%{\/“wf'z‘l} e 49,
[TWL-(SB FL Elev)] = ft '
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Lecture 27
Rapidly Varied Steady Flow -
Spillway and Stilling Basin Design

Assipnment Due Date : In class assignment.
Reference Corps of Engineers Manuals and Handouts.

Design Case Study
See separate handout.

Function of a Spillway
The function of a spillway is to safely pass the excess flood waters around, through of over a
dam. 3

e 2

Tvypes of Spillways e chaped !
The following are examples of commonly used splllways :
1) Crest, e.g. Ogee, WES, weir, ’ o
2) Side Channel, ;
3) Drop Inlet, e.g. Morning Glory
4) Sluice, ‘ ‘ : g
5) Over-and-Under, "y " -~ 7 ; Pl ) woms el $Pre,
6) Fuse-plug, € i Z) A L _ i
7) Syphon, » ¥y ) ) Tk,
8) Stepped, 5 Jigate tot o S g |, A
9) In-built. e bk -
The spillway may be gated of free flow. In any case the gates are ‘assumed to be fully open at
the PMF.

Design Considerations |

1. The most important design criterion for a spillway is the design ﬂoodl The selection of this
flood must consider the consequences of exceeding the spillway capac;ty Generally it is
assumed that if the dam is overtopped it will fail. If this would cause any risk to human life then
the probable maximum flood (PMF) must be used. This flood is determined by hydrologic
studies of the existing floods, regional flood analysis, regional rainfall analysis, probable
maximum rainfall analysis (maximum moisture content in air column and maximum efficiency
of conversion to precipitation) and rainfall runoff models and flood routing models.

In rivers with very long and reliable flow records, the 1:10,000 year flood is sometimes used as
the design flood. In this case, the extrapolation of the flood frequency curve is based on the
probability function that best fits the available annual series of peak flows. The most common
probability functions are the log-normal Pearson III and the Gumbel distribution.

2. Another criterion in designing a spillway is the maximum allowable reservoir level during the
passage of the probable maximum f{lood. This is established by the overall project cost-benefit
analysis. The cost side includes: the cost of building a higher dam, the cost of land and flood
rights, environmental and transportation costs and present value of future costs such as
operation s and maintenance. The benefits include: increased storage, increased hydroelectric
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power, increased attenuation of flood peaks. Based on acceptable interests rates and inflation
rates the annual benefits (income) must exceed the amortized capital costs plus the operating
and maintenance costs. In fact the owners would like to maximize the return on their
investment; in this case the height of dam that maximizes the return on the capital investment
would be the design height that is selected. In other cases the dam height that give the maximum
benefit to cost ratio is selected.

3. It is also necessary to know the tailwater level (river stage downstream from the dam) for the
entire range of floods from the low flows to PMF. This is usually presented as a Stage versus Q
curve which is also called a rating curve. This curve may change with time after the
construction of the reservoir. For example, the river morphology will change due to removal of
sediment load in the reservoir; this may cause degradation of the channel and lowering of the
tailwater level. This information is needed to design the stilling basin and other outlet works for
the dam. It is also need to estimate uplift on the structure and back pressure on turbines. Fish
migration structures are designed for a specified tailwater range.

A tailwater rating curve can be established using existing flow and stage records; however, if
these are not available it will be necessary to use models like HEC-RAS to estimate the rating
curve - in this case calibration with actual stage-flow data is essential. The tailwater rating curve
may exhibit hysteresis, i.e. on the rising limb of the flood the stage may be lower than normal
and on the falling limb it may be higher than normal where normal refers to the stage that would
exist for the same steady flow.

4. The normal pond elevation is often used to establish the sill of the spillway. It may also
correspond to the ice loading elevation.

Crest Spillway Design

A complete spillway typically con51sts of the following elements (see Fi gure below)
a) the crest section, : ~ ¥
b) the chute, h
c) the bucket, - .
d) the stilling basin.

CREST

CHUTE .
> Bucket

Stilling Basin

Crest Design i .

We need to select a spillway form that has low cost and hlgh capac1ty An early attempt to
obtain an efficient shape was to take the lower nappe of the flow over an acrated sharp-crested
weir as the shape of the concrete crest (see figure below). Of course the weirs were scale
models of the actual spillway. The idea was to have nearly zero normal force between the water
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and the concrete and therefore have almost no frictional resistance for the selected head on the

weir. This gave a parabolic spillway shape. a4 .95 , 4N oz dot that save
NPT \\”‘ ’ ’ X
N 7 ) - s tl/c . &
/- .‘:.'! o f;«/ } i , L
] 7 \_T¥ J ( P S e o
e 4 E i AP,

To generalize these results and make the crest easier to construct, the Waterways Experimental
Station (WES) proposed the following dimensionless equation for the downstream portion of

the crest (see Figure below):

Y/Hy =K' (X/Hq)"

(27-1)

where Hj is the design head (not necessarily the maximum head); X, Y are Cartesian
coordinates of the crest as shown below; Ky and n are constants that depend on the upstream

batter and the relative height of the spillway (sec attached table). For, typical vertical face
spillway K’=1/2 and n = 1.85.

'.:I;;Lgﬁ L.; Yo

7

i

~HgHy e
0475Hg \
0.282Hs /Duigin of o
/comdinolu NN
—_—

xl.ﬂ.ll E.OHg a3

~ Cres) gxiy

;\Sclbach

WES suggests a compound curve for the upstream portion of the spillway. The radii and offsets
are proportional to H.
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Determination of the Maximum Energy Head H, 4,
The maximum head on the crest of the spillway during the passage of the PMF is
H, ,pay = (Maximum Pond Leve! - Crest Elevation) + V32/2g

where V,=approach velocity = Qiuac/A forsay ;the Crest Elevation; usually the normal pond
level.

Discharge Equation
The discharge over a WES spillway is given by

Q=C,LH," | It piees & ety (212

/

s A
[ -

where H, = the energy heéd ébo;fe the spillway crest; L = effective length of the spillway crest;
Cy= discharge coefficient which is a function of the ratio of {H. /Ha}, €.g.

Ci= Cyo {H/H "
27-3

where Cy, = the discharge coefficient for H, = Hy. Iny U._S. units Cgo = 397?-‘ S

Selection of Design Head H,

The design head Hy is the scaling parameter for all of the elements of the spillway crest. It is
selected to reduce the concrete in the crest section, to maximize the QQ but to do this without
causing cavitation due to low negative pressures on the crest. Since the size of the crest
increases with Hy, the larger the H; the more concrete that will be needed.

From the discharge coefficient it can be seen that there is an advantage of increase QQ due to
selecting

Hd < Hc max-
27-4

However, since the radii of curvature are proportional to Hy, as H. increases relative to Hy the
ncgative pressure on the crest also increases, as indicated by

p/y ~d(1 - V(g k Hg) ~ d(1 - C H/Hy) since V.2/2g ~ H./3
Figure 27-1 (attached) was developed using experimental data on the lowest pressure head on a
WES spillway with different ratios of {H. /Hq}. Figures 26-14 a,b,c (from ven te Chow) show

some of the dimensionless WES experimental plots of pressure head along the bed of the crests
for different ratios of {H. /Hg} with and without piers. As a guide the lowest pressure should be
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>> the vapour pressure of approximatel)} - 33 ft for sea level installations. Dug to irregularitics
in the concrete bed and walls a safe negative pressure is approximately, - 18 to -20 ft.

The design Hy that will give the highest discharge coefficient and still be safe from cavitation is
the one that gives pmin/yY ~ - 18 fi at the maximum head on the crest, H yax.

Ha. H=He max. /{1- hp./(1.35 He nux.)} 27-5
Example:
Given: He ax= 60 ft; use pmin/y ~ - 20 fi.
Find Hd.

Selection of Piers
The pier width and nose are determined based on H,. For example a Type 11 WES Pier has a
thickness of 0.266 H; and Radius of 0.133 H,.

Crest Length
The effective crest length L is

Le=L,-NK,H, 27-6
where L, = actual (clear) crest length; IV = number of pier contractions; K, = pier contraction
coefficient. The effective length is found from

Le =Q/{ CaH. '’}
27-7

and then L;,=Le+NK,H, 27-8
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Start of Chute

The Chute starts when the slope of the crest function = the assigned chute slope (1/m). The
minimum value of m depends to some extent the stability analysis of the gravity section of the
entire spillway.

dY/dX = 1/m
Bucket Radius
The bucket radius depends on the velocity and flow. Chow gives an empirical equation for

Rb=

Velocity at Entrance to Stilling Basin
The energy principle along with an appropriate friction equation can be used to estimate the
velocity at the bottom of the spillway:

Vi=[2g(Z-y -h)*
27-9

where Z = [TEL in pond - Stilling Basin Floor Elevation]; y; = depth at start of stilling basin,
hr= energy loss from pond to stilling basin entrance. Note: y; = Q/(V| W) where W is the
width of the stilling basin.
The USBR developed an altemative to the above equation:

V) =[2g (Z - Hy/2]"* 27-10

which is explicit and eliminates the friction term.

179



Lecture 28
Design of Stilling Basins
Function of a Stilling Basin
The function of a stilling basin is to dissipate the excess kinetic energy at the toe of the spillway
to avoid damage to the downstream channel or property.

Types of Stilling Basins
Hydraulic Jump,

Impact,

Flip-bucket

Plunge Pool,

Submerged Bucket and Roller,
Stepped spillway,

Baffled Chute,

Raft.

NN R WD =

Design Criteria

1. The stilling basin must protect the dam and spillway from failure for all floods up to the
PMF.

2. The stilling basin should protect the downstream channel and property for serious damage for
the regional flood, e.g. 1:100 year flood.

Theory
Hydraulic Jump Stilling Basins: An hydraulic jump is the transition for supercritical to

subcritical flow. Due to the inherent instability of the decelerating flow, a large portion of the
kinetic energy is converted to turbulent energy and subsequently lost as heat energy. A portion
of the kinetic energy is also converted tp potential energy. There arc several types of hydraulic
jumps. For stilling basin design, two of these are very important, i.e. the free jump and the
forced jump. The former occurs when there are no appurtenances to aid in the formation of
jump and the latter refers to jumps that have appurtenances such as baffle blocks, chute blocks
and sills, to assist in the formation of the jump.

The characteristics of a free hydraulic jump depends on the Froude Number at the start of the
jump. The table below summarizes 5 phases of the free jump. The US Bureau of Reclamation
(USAR), St. Anthony Fall Laboratory (SAF) and WES have designed stilling basins especially
for each phase (see USAR, “Design of Small Dams”; USCOE, “"Hydraulic Design Criteria” and
EM1100-1602 & 1603; ven te Chow, “Open Channel Hydraulics”).

The momentum principle gives the downstream (sequent depth) of a free jump,
y2=yi {l1 8Nri']" - 1)/2 28.1

and the energy equation gives the energy loss as
AE = E;- Ey=(v2-y) /{4 y1 y2p = V28] (2 -y /2N yiP yo} - 282
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Stilling Basin Design
The velocity at the toe of the spillway can be estimated from the energy and continuity
principles applied between the forebay and the toe, i.e.,

Vi=12g (Z-y)]"" &  y =WV 283
or the USBR empirical equation can be used to obtain V; directly,
v, =[2g(Z-H2)]* & v =QAW V) 28.4
Froude No. at the toe is N g1 = ViAgy))'”? is supercritical.
The purpose of the stilling basin is the dissipation of the excess energy at the toe of the
spillway.

One means of doing this 1s to force a hydraulic jump to occur before the flow re-enters
the river channel.
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In-Class Tutorial

Complete the design of the Sp]llway and St]llmg Basm in the problem
statement below. WES oyt Exparin

A typical cross-section of the spillway is shown below. The crest follows the
WES standard design. There are 100 piers each 6 ft wide. Assume that the
minimum pressure head on the spillway is -20 ft,

a) The maximum discharge from the spillway is 385,000 cfs.
b) Determine if a hydraulic jump conditions on the apron.

Maximum
Water S
Level Crest
23 ft | Elevation
/\ 12 f
Tailwater
Level 6 ft
Bed
Elevation Apron
Elevation
0.0 ft ? ft

BAFFLES
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Common Symbols in Hydraulics
A = Area normal to flow
b = Bottom width
B = Top width [also T]
¢ = Celerity =-(gD) falso ¢ = head due to centrifugal force ]
C. = Contraction coefficient [e.g. 0.5 for re-entrant case; 0.61 for flush opening]
d = Depth of flow normal to the bed
D = Hydraulic mean depth = A/B or A/T
E = Specific Energy =y +aV*/2g
f = Friction factor
F = Force [sometimes Froude number = F, ¢.g. French and ven te Chow]
0 = Specific force = 0 A + BQ*(gA)
g = Acceleration due to gravity [use 32.2 fi/sec’ or 9.81 m/s?]
h = Energy head [energy per unit weight]
hr =Total mechanical energy head at a point [Pressure head+elevation+velocity head]
h, = Discharge averaged velocity head =a V¥/2g
h, = Elevation
H: = Discharge averaged total mechanical energy head over a cross-section
[Pressure headtelevationtvelocity head]ayerage
=ply +h, +a V¥2g
L = Length [length of channel or length of a reach]
m = Mass

m= = Mass flow or mass flux.



M= = Momentum flux or momentum flow
.= = Angular Momentum flux or angular momentum flow

n = Manning=s roughness factor

./_'~:
Nr = Froude Number = Vf(gD) [also F ] @ \/ ’I[E—IV.

Ngr = Reynolds Number = VR/v  [also Ry ]

p = Pressure

P = Wetted perimeter [also pressure force]

q = Discharge per unit width

Q = Discharge = VA

r = Radius of curvature

R = Hydraulic radius = A/P

S. = Energy slope

S= Friction slope

S.= Bed slope

t=Time

T = Top width in French and ven te Chow [also B in other references]
T = Wave period.

{u,v,w} = Velocity components in {x,y,z} Cartesian coordinates

V = Average velocity over a cross-section of area A

W = Width

x = Distance measured along the bed. Commonly taken in the direction of flow
y = Vertical depth of flow at deepest portion of cross-section

{1 = Depth to the centroid of A



o = Kinetic energy correction factor

p = Momentum correction factor

y = Specific freshwater weight = g p (62.4 Ibs/ft’; 9810 N/m°)
& = Boundary layer thickness

¢ = Roughness height

k = von Karman universal constant = 0.4

A = Wave length

0 = Bed slope angle

0¢ = Friction angle

it = Dynamic viscosity

v = Kinematic viscosity (typical 107 ft*/sec; 10* m?/s)

¢ = Surface tension (typical 5%10” Ibs/ft; 7.3*10> N/m)
¢ = Side slope angle

T = Shear stress

p = Density (Freshwater 1.94 slugs/ft’; 1000 kg/m")

Some Useful Conversion Factors (About 3 significant figures)
[ I |




Multiply Value in [—] by To Get Value in [—]
[ft] 0.3048 [m]

[acre] 43560 [ft’]

[gal] 3.783 [L]

[gal/min] = [gpm] 0.00223 [ft'/sec] = [cfs]
[million gal/day] = [MGD] | 1.547 [ft/sec]

[m?/s] = [ems] 35.3 [ft*/sec]
[horse power] = [hp] 0.746 [kW]

[Joule] = [J] 1.000 [N.m]

[Ibs force] = [lbs] 4.448 [N]

[Ibs mass] = [Ibm] 1/32.2 [Slug]

The weight of |1 Ibm] is very

close to [1 Ibs force] at sea level.

Use W(lbs forcel/g[ft/sec’]

to get value of mass in [shugs]

[Ibmy] 1/2.205 = 0.4535 [kg]

[slug] 14.6 [kg]

[Ibs mass/ft’] density 16.02 [kg/m®]
{slugs/ft’] density 515.7 [kg/m’|

[Ibs force/ft’] specific 157.1 [N /m’]
weight

[mile] = [mi] 5280 [ft]

[psi] 144 [Ibs/ft*] = [psf]
[psi] 6894.8 [N/m’] = [Pa]
[psf] 47.88 [N/m?] = [Pa]
[N.mj 0.7376 [ft.Ibs]

[atm] 33.9 [ft of water]
[atm] 101.3 KPa




[inch] = [in] 2.54 [em]
[inch] 1/12 [ft]
Note:

1. In the U.S. system the fundamental units are /7, /bs force and sec while mass is derived and is
expressed as slugs = lbs.sec”/fi. For example mass of a certain weight = {W/g}.

2. In the S.I. system the fundamental units are #2, kg mass and s while force is derived and is
expressed as N = kg .m/s’. For example weight of a certain mass is W = {m.g}.
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Definitions, Terminology and Classification of Flows
Incompressible Flow means that the fluid has a constant density.

Free surface flow: Flow where one surface has a constant pressure; usually this is an air-
water interface with the constant pressure being atmospheric pressure.

Prismatic channel: A channel with constant geometry, including fixed cross-sectional shape,
constant slope as well as constant boundary roughness.

Flow boundary

Pipe flow — flow entirely constrained by solid boundaries with no constant pressure
surface.

Open channel flow — flow with a free surface with constant pressure, e.g. atmospheric
pressure.

Time

Steady — depth and velocity or pressure and velocity do not change with time at any
given location.

Unsteady-- depth and velocity or pressure and velocity change with time at any given
location.

Space
Uniform- depth and velocity do not change with location along a channel at any instant

in time in a prismatic channel.
Varied: — depth and velocity change with location along a channel at any instant in time.
Gradually Varied -gradual change in depth with distance along the channel |
dy/dx|<1/20
Rapidly Varied—-large in depth with distance along the channel! |dy/dx|>/20

Force
Viscous: Reynolds Number =Ny =R, V/v

Laminar Turbulent
Nr <500 Ng >500

Gravity: Froude Number = Nz = V/l(gD) where/(gD) = ¢ = Celerity (surface gravity
waves) and V is the average water velocity.

Critical Subcritical Supercritical
Nr=1 and V =|(gD) Np<1 and vf_rg’b') Ne>1 and V> (gD)
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Definitions, Terminology and Classification of Flows Q;/:'Jc‘lf ([—i—ﬁ‘]
2

V = mean veloe:
Free surface flow: Flow where one surface lias a constant pressure; usually this is an air-
water interface with the constant pressure being atmospheric pressure,

Incompressible Flow means that the fluid has a constant density.

Prismatic channel: A channel with constant geometry, including fixed cross-sectional shape,
constant slope as well as constant boundary roughness. - D=
D e o4 8 Iﬂbmf/‘e,’,“/( ﬁ‘(.-/ - e" Coﬂ‘fr

—_—

Flow boundary — “Lrassare Clow “
Pipe flow — flow entirely constrained by solid boundaries with no constant pressure

surface.
Open channel flow — flow with a free surface with constant pressure, e.g. atmospheric
T e e
pressure.
Time

Steady — depth and velocity(or)pressure and velocit@change with time at any
given location.

Unsteady— depth and velocity or pressure and velocity change with time at any given
location.

Space ) ] oY T -‘Z{%’ =
Uniform- depth and velocity{do not Yhange with Tocation along a channel at any instant
intime in a prismaw -
Varied: — depth and velocity change with location along a channel at any instant in time.
Gradually Varied —gradual change in depth with distance along the channel

|dyrdx|< 1/20
Rapidly Varied—large in depth with distance along the channel |dy/dx|>/20
Force (" é':/e) - P‘%‘::Z 7 zofoiczlzk,r
Viscous: Reynolds Number = Ng =R, V/ v .
Laminar Turbulent Pt ll Tarkalod
Ng <500 Ng >500 /‘/ﬂ > 2600
Gravity: Froude Number = Ng = V/V(gD) where J@) = ¢ = Celerity (surface gravity
waves) and V is the average water velocity. 1 eqa ‘((, # SfccA
Critical flow Subcritical Supercritical
Nr=1and V=v(gD) Nf <1 and V<+/(gD) Ny >1 and V> /(gD)

———



Lecture 2
Basic Principles of Hydraulic Engineering
The following are the fundamental principles of hydraulic engineering:
22380. Conservation of Mass (also called Continuity);
22381. Conservation of Energy;
22382 Conservation of Linear Momentum;,
22383. Conservation of Angular Momentum,;
22384. Thermodynamics (internal and friction losses of mechanical energy);
22385. Dimensional analysis;
22386. Hydrostatics (special case of momentum and/or energy conservation).

Concept of Flow and Continuity

Flow is the amount of a species (scalar or vector quantity) passing through an area per unit time.
Types of flow used in hydraulics include:

volume
mass
mechanical energy
momentum
heat.
Volume flow = discharge=Q =jyv.dA= VA 1.1
A
Massﬂow=m==]dm’=Ip1.dA=pVA 1.2
A A
Flow of kinetic energy =KE==%] v2dm’ =%jpv2v.dA=%ap V' A 1.3
A A
3
a = Kinetic energy correction factor =_[" dA 4 = Zv; A,/ [VP A 1.4
4

Flow of momentum =M= =[vdm’ =Jpyv v.dA 9 BpV?A - {Scalar approximation}1.5
A A

B =Momentum correction factor = j"zd%VzA) = Zv; 2A,/ [V A] 1.6
A

Definitions:

System — Fixed set of particles.

Control volume — Fixed volume in space.
Conservation of Mass (Continuity)

12



General Statement:

{Rate of change of Mass = Mass flow into the c.v — Mass flow out of c.v
in a control volume c.v.}

ZdV, + §92°d£=0

Special case:
p = constant and steady flow:

§pgodé=0

.5

Therefore for a inflow/outflow c.v. we get

pViAi=pV: As=pQi=pQ:

or VA =V;A,=Q =constant

1.7

1.8

13



Lecture 3
Energy Principle for Steady Flow

General Statement for a Control Volume:

{Rate of change of Energy = Flow of Energy into the c.v - Flow of Energy out of c.v
in a control volume c.v.}

I%‘;deol+§7Hg.dii+Pmr_Pm'+Heataur‘ =0 (3.1)
I=internal energy per unit weight.

H = energy per unit weight.

Pou' = Rate of Mechanical Energy extracted by a turbine

P’ = Rate of Mechanical Energy input by a pump

Heat o' = Net Rate Heat Energy lost by conduction and radiation through the control surfuce.

Special case:

Assumptions: 1) steady state flow

2) incompressible flow

3) hydrostatic pressure

4) no chemical or nuclear reactions,

Concept of energy head

Energy head is the energy per unit weight of water flowing.
At a point:

Mechanical energy head = hy = p/y + h, + v¥/2g
Cross-sectional average:

Mechanical energy head = Hr = p/y + h, + aV¥2g
Other forms of energy:

Heat energy per unit weight = hgy

Turbulence kinetic energy = hr,

15



Construction an Energy Balance for a Conduit for the Special Case
Steady: Q, =Q, & oI/0t = 0; incompressible flow: p= p; = p; = constant.

Defining Sketch

Word statement:-
Rate of change of energy in c.v. = Energy inflow - Energy outflow =0

or Energy inflow = Energy outflow *d¥* Note the prime indicates a
rate.

YyQ {Hp + hgy + hy } + Po’ =¥Q { Hip + hgpo + hyo } + Pou’ + Heat o’

Divide by Y Q

{ Hy + hgu+hry } + Py’ /¥ Q = { Hrp + hgip + hia } + Pow’/ vQ + Heat o’/ vQ

Now P’ /yQ =H,=Pump Head and P,,’ /¥y Q = H,;, =Turbine Head (extracted)
Collect all terms related to non-mechanical energy and define as hy,

where hy = [{ hsiz + by } -{Bsui + by § + Heat o’/ ¥Q

Now Hp+ H, = Hp,+ Hy + by, _(3.2)

The Claussius Theorem in Thermodynamic requires that hy, > 0; i.e. in real fluids there
must always be a lost of energy in the direction of the flow. Therefore,

py+ha+aVi/2g+ Hy, = pyy+h,+ V> /2g + Hp+ hy 1z -(3.3 pipe)

vitha+aViRg = y+hao+aV4 2 +hps ~(3.4 open channel)
Tutorial Assignment 1.
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1. Using energy and continuity principles estimate the flow under the sluice gate shown
in the sketch below. Assume: no head loss, a =3 =1, W =6 ft, Gate opening =2 ft; y, =
6 ft and Cc = 0.61.

Assumptions:
-
"B ( y6) = 171
Equations: 0 - 7 ﬂ ( )E;,Z,Z\\) e \; ! ‘ /
Continuity: o

Energy: A :/2/,{! Wﬂ)

Solution:

3 FLC /

f Vﬂ g 42'[ \/.’ 5 3\ )
w0794 6 t4) v k}f ’ \“7
: ~ AllT 2 _“ §
j) C) /g ‘r L'}.i:' | / \//} )
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Lecture 4
Momentum Principle for Steady Flow

There are two momentum principles:
1. “In a system with no external forces, the linear momentum is conserved.”
2. “In a system with no external moments, the angular momentum is conserved. ”

L) . P

Linear Momentum S’f’é‘g/] 1%-., . /r
General Equation “
System: Z F o = m 2 gyqem 4.1)
Control volume form: aué”‘“ Ton of con
ap
Ip dV + ijvg-dﬁ 4.2)

WWM el accdlenon

> Fo = jp%:’dVo, +A{pQY),,

(.-lm_clf 2 {”L - 2
Simplified Equation for Steady State

ZEe =A(BPpQY)=A(M) 4.3)
Component Equations
ZFx=A@pQV): =A(M), (4.4a)

LZF, =A(BpQV), —A(M’)y

(4.4b)
wz e e 2ol vel um«é(‘;‘”““’”’{)
14

—  mo = (feav.),

V=v;1f“

Simplified Control Volume showing Component Forces and Momentum Flow
1

—> ! , . _drero L -
g P :P!_Fz"r? -‘—A(M_)}’«M;, M =F;€Qsz'F,€QM,— zty, id Lb’_y_fi'é
w7 @ L fo/w unfnown
QT‘ V;H’,:VLH-} @.__lu}f. 20 3,

'fojef' Ae»/ (055
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Lecture 5
Angular Momentum Principle for Steady Flow

An external moment applied to a body will increase its annular velocity. If no external
moment is applied the angular moment of the body will remain constant. This is also true
of fluid particles, e.g.

The angular momentum flux of a mass flow m’ is

’/cﬂu F.‘o‘/q.»_'r *“f‘"@ g—vi
M, =mlrxy) o 1 (5.1)
o= o r
masy £loe é € = t
Therefore for the c.v. shown below, we have
[z posifion * 5=1
m / vela”
[ — = e 2
N £ »Br> AQK)= COG\, - PAcY
Vi
[V &
External Moment =X rx F)= A(m’rxv)=22A(pQrV,)=4(M,"’) (5.2)

W” & Scalar 7 , (ex‘
If the external moment ={( = gary Vt—z- @A Véﬂ, -> }V/Q/& Ve, :{z%.‘ Ve, = ;; V;?’ =, l/e - rlé:ﬂ
Then mYrxy) =constant o~V W7

(cxy = .
If m’ = constant then r V, = C = constant V{; = ?
hew RM&"'
nVa =rnVa sl s, Vete,
b(‘.‘n /ﬂt-olt ch r

where r = the perpendicular distanee to the tangential velocity V,. This is the free vortex
equation.
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Lecture 6
Application of Hydrostatics

Principles of Hydrostatics
1. Hydrostatic pressure acts equally in all directions.
2. Hydrostatic pressure varies directly with the depth below the free surface.
3. The pressurc acts normal to the boundary.
4, The pressure force is equal to the liquid specifie weight times the volume under the
pressure loading curve.
5. The pressure force acts at the centroid of the pressure loading eurve.

The equations of Hydrostatics are derived from a special case of the momentum and energy
principles in which there is no loss of energy and no acceleration of fluid particles, i.c.,

p/y + h, = Constant retttreerrreenenannn 6.1
and

EFa=0 62

TXP =0 e 6.3
Also sbsolute and gage pressure are related by:

Parx = Poge + Pum ' . 6.4

If Eq. 6.1 is applied in a reservoir at elevation h,, and h,, {(at the surface) then we get.

PralY + B = PadY s P
(Prgpge + Pam WY + 13y = Py fy +hyy _ - b h
o D=ty -hy, 2, | ©
or 'Pip,.=r(ha-h.l)=yh ................ 6.5 i &%.

where h is the depth below the surface. Itis customary to drop the subscript “gage™ and
use only p for gage pressure, giving

; p=ath SOOI .

Another important concept in hydrostatics is that pressure acts equally in all direcfions af
any point in the water.
Y P b; - b.'_ I"y{- = \

hy .
/by !/\r!] | T wall
1

Aiso pressure acts normal to & wall or soiid surface in tie waier.
L3

Jeall= [

27
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Hydrostatic Forces on a Submerged Body

-

NN N NN
[

) f\
&

wfﬂﬂ?{m/ [i-2%74]

L~
ese | s
ae Mu (ﬂfﬁ-{ ﬁ/(/> 4
/
L
2 Y
@ v _(/9g/ { 5 L L
%
%
Let F, = horizontal componcnl of the force; .
F, = vertical downward component of the force; prvmenl o
F, = vertical upward companent of the force; e -ertia
F, = net vertical force or buoyant force. ~ )
} en !(- o "“ = g bo—
The pressure force on an area dA is I fressue ) A, g

dF =pdA=vhdA
For the horizontal component we take the projection of dA on a vertical plane, so
!J _—
dA,=dAsing and /) Ala g

Fo= s lyhdAsing = yRA, 6.6

L

- e o5 ';{' ~
imi (("T-‘l/‘-’)l”-l r,", Arpan | =oee “; "LJ IL bl /& o
Simifarly it arts  Af zfm’ef af preskace (/r,,
Fr= AhL-2 /YhMCOSG: Yh A.j_’= Y V,_, =Y(V0hlme above A.‘_,} ...... 6.7
F,= a2 /YhdAt:059= YhAy,,=1YV,, =Y{Volumeabove A} ...-- 6.8
F,= F,-F, = Y(V,,- V,y)=y{Volume of body). . 6.9
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: - -
s (Mm'wah/ /nJ
Hydrostatic Forces and Moments on Plane Surfaces /-/] -

/
&
_onsider the inclined flat submerged surface shown below. We want to find the hydrostatic force
and its effective location (y, = centre of pressure).
{ / ‘, ’

L
From Eq. 6.5 we have ’ 4
dF =pdA=yhdA -
and F= ,JyydAsin® = yhA =y} dA sind cenevessmens 610

-

where § = centroid of area A from origin O and h = centroid of area A,

The moment about O due to the distributed force and the concentrated force F should be equal,
A[ ydF = ‘f‘{y’dAsine = y,F
Therefore,
y, =tafyy*dAsin0 VF=(,[yy dasind ¥ {,/yydAsing)

= (P Sy dA J= I )(5A) = 5+ Tad(FA) e 6.11
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Problem: Find the hydrostatic force and the center of pressure on the sluice gate shown

below.
—
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LW e PR = 1Y, 86T
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N yo el
Jiven
W=rAE - et Do) [98] =025 by
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~2-%

XV: @49( - gl,jg“f'm(.e betore ~hece {é—?/[f acts = f{()/' [30/(:'3,>3 rﬂ/
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Pirivg T ailure Lecture 6 (continued)
Reading: Handouts & Design of Small Dams & US Corps of Engineers Manuals.
Stability of Dams - Gravity Dams

Common Tvpes of Dams
Type Mechanism of
stability

. Gravity Dam ;<. ;f, 5, 7;5(’ & ft,[. /7/
+7 /ff‘-’ﬂn 5/,}};,/ z f@ffwf/?,? Ff‘

\\
=, ™ \\‘
1/ rb{ h (:/:
" f mé‘rr']l

. Arch Dam ” "(‘ f Top C—, 4 (‘i“:@j }QWB A 2 anitor o /,;/;/ffm/

r o / Y/’L(.f{’g theu ‘fﬂf“f"";’ﬂﬂ
(C ‘;”"’ A L A s S
(+2¢} o
(,eVe,q}' at’ufmpnf{ 2 b fine J/S
f"Tor/ s || A g falle
FonLoe é’
. Buttress Dam " CnTlipes
i A N J ‘ - . %
Uyumg Yy wpl fes ( 506 T4l i -
o tE 5 Jh (Luses }h,@f-'f(a;,eg less Coac- do ) P /\1} '

= -.'/ b [4 H———m-_ﬂr i ) L l.rl'_,.r- — 7‘;.--"\ .
/i Ay \\/ Fﬁ”’s ! ‘—‘J% /}f AF/— ‘3;“.7‘:”/5/ / j
o, et
. Earth Dam

T 7#’-?- (NLLy 'TRROAZOT

ol 4/1 Slal,

1

/ ]

/ frde A

,//hf‘/ #.. ! (o,»g!\
// [\ TN
\}

. Rockfill Dam hibic herlyife

';rf"rr

. Roller Compacted Concrete 3
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Bull Shoals, Little Rock District

Gravity Dam
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Free Body Diagram of a Vertical Slice of a Gravity Dam
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Forces on Gravity Dams See attached Free Body Diagram
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See 1Y

Seepage Forces

Approximate Solution of Seepage Force on a Dam
Problem: Consider the dam shown below. K = 107® ft/sec.
Find the uplift on the base afier decades of operation.

The approximate method assumes that the loss of piezometric head varies linearly with the
seepage path (s), i.e. | o S | Sac 2 0% 5B s o 5__"225 /
[’f;'}l = ',"j! -!-/]Zr S YA Vo lee 0L ) . \
P=¢1 +(o— 1 )25/85s ‘ ' O= (74 )
Puz fovhy, <[00 @ = y1p” AP ¢,
where 5 = distance along the seepage path starting at the u/s end; ¢ = upstream piezometric
head; ¢, = downstream piezometric head; Sg = total length of seepage path.

The pressure head at any location (s) is found from
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Earthquake Forces

For preliminary analysis we can take the earthquake force on the mass of concrete as
E.=Walg

Where W= weight of the dam; a = the acceleration due to the earthquake and g is the acceleration
due to gravity. The earthquake acceleration can be 3-dimensional.

In addition there can be a wave-like force induced in the water behind the dam; the attached
Figure “8.6” shows the pressure distribution due to the earthquake on the water (f is the height

of the water and y is measured from the water surface). For a vertical face, this force is given
approximately by

E, ~5/9 yH a/g and acts at 4H/(3 1) from the base where H is the depth of water.

The photographs below show earthquake damage to dams in Taiwan.
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Stability Criteria

1. Safety Factor Against Overturning

2. Safety Factor Against Sliding

3. No tension in the foundation/concrete

4. Other considerations:
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Design Criteria 77 TIALRLE o ppn s
1. Criteria for Overturning: = s _
Definition: i F A g pomp Db - 0%
~ 7 - Fos or = {Uprighting moments}/{Overturning moments} ' . o
Taclar of caf «m,_' Ao a . /
The table below for suggcsted factors of safety for different loading combinations, ,'/ i
2. Criteria for Sliding :
Definition: _Q/ AP+ ¢ );”’(/—? o)
F,¢ o1 ={Resisting Forces in Horizontal pIane}/{Downj‘rream, Forces} o '
‘/‘f,',i—fr ¥ e - - -
/ F o EF, -

The table below for suggested factors of safety for different loading combinations.

| Table of Typical Factors of Safety against Overturning and Sliding

" Mode Normal Unusual Extreme

i Overturning >1.5 >1.25 >1

\\/ >2 to 3 for some structures  >1.5 some structures
Sliding Depends on adverse bed Depends on adverse bed Depends on adverse bed

7,/0_.\\]/ /{_ r ‘o ﬂf " angle! angle! angle!

{ . Horizontal case: Horizontal case: Horizontal case:
[ . > 1.5 earth foundation >1.25 earth foundation >1 mneglecting shear for rock
i \ ,f\/-/(‘) fj : >1.5 with shear for rock >1.25 with shear forrock  Earth foundations in

>] neglecung shear for rock >1 neglpctmg shcar for rock earthquake zones need

1 i !
F-—?f & f' ' Jfff oL (_ y ;‘f Aoy | F c’/ it Yendp, 7 special attention.
- [ )3 Foundahon Criteria: I,._,,‘, T J Tersion” |
M a) The most inmiport foundation criteria is that there should be no tension in the foundation under all loading
conditicns.
/ This can be achieved by designing the dam so that the foundation reaction always falls in the kern or middle third of

the base of the dam.

/i b) The second criterion for the foundation is that the compressive stress does not exceed the bearing strength of the
* foundation, e.g. rock crushing strength of approximately 1000 psi is typical. A safety factor of 2 is often applied; thus
' ‘ reducing the actual estirated strength by 50% to obtain the allowable bearing strength.

e ¢) The third criterion is that the shear in the concrete or Rock should not exceed the allowable shear strength. A safety
g factor of 2 is often applied; thus reducing the actual estimated shear strength by 50% to obtain the allowable shear
v strength.
d) Excessive seepage that can lead to a piping failure. This is particularly important for structures built on gravel,
sand or silt. A limit is often placed on the maximum piezometric gradient {H/B < 1/7 to 1/8 for silts and sands) or the
maximum Reynolds number at the exit (e.g. for sand Re = Vp,rcy x Dsg/v < 1).
} ’rr Fid l/t‘ ’
4. Concrete Stresses,
a) There should be no tension in the concrete.
b} The compressive strength of hie concrete should not be exceeded. (Factor of Safety ~ 2). Typical 3000 psi concrete.
c) The shear strength of the concrete should not be exceeded. (Factor of Safety ~ 2). Typical shear strength is 250 psi.

5. Over topping.
The dam and spiliway should design to pass the Probable Maximum Flood (PMF) without overtopping. This criterion

is satisfied on the hydraulie design of the Spillway.

6. Stilling Basin.
The stilling basin must dissipate or deflect the high kinetie energy at the toe of the spillway so that the strueture is not

undermined by excessive scour,






Tutorial No. 4

1. Evaluate the safety of Shasta Dam section shown on the attached Figure 1.

Assume:

neglect ice

neglect waves

neglect silt

full uplift

earthquake a/g ~ 0.15

maximum friction factor at base, p, =0.65
Ss = 2.40 for concrete

SF against sliding > 1.5

SF against overturning > 2.0

no tension in the base

Sound greenstone foundation rock (1500 psi).
Concrete strength (3000 psi)

linear seepage uplift variation from heel to toe of dam.

Use simple shapes to approximate the concrete section.

Calculation of Reactions

For static equilibrium of the vertical slice, we have:

Normal Load Condition (excluding Silt, Ice, Earthquake etc)

2Fx=0:-F-Prw+P,=0
Ft regirea = Py - Prw
Maximum Friction Frayaitabte = N [
2F,=0: N+U-W-P, =0
N=W-U+P,
EMe=0: -xg N-H/3 (Pp)-xy Utxeg W + %y (Py )HywPw=0

xR={H/3(Ph +x, U ‘xcgw'xv (Pv)' Yiw Pow }IN
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6. Experiments and theorctical studies ¢an be used to find the actual form of the above
dimensionless function.

e.g. i) Experiments show that h is proportional to L;
ii) Gravity is included in Ng ;
iii) If there is no air/water surface Nw , has no effeet;
iv) also if only circular pipes are used P/D is constant;

This leaves
Ng = hy /{V*2g} ={L/D} f. (Ng, &D)
hy = f. (Ng, &D )L V/{2gD}

which is the Darcy friction equation. The function f. ( Ng, €/D ) is given in the Moody’s
diagram.
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There are several other friction equations that are used in pipe flow, e.g.

58






Hazen-Williams

The head loss formulas we have presented up to now are general be-
cause they are applicable for any fluid and any system of units. Other more
restrictive empirical equations are also useful for their limited range of appli-
cation. The most notable one, used for decades by waterworks engineers in the
United States, is the Hazen-Williams formula. In English units, the formula is
given in Eq. (5-12):

V = 1.318C,R°635% 3¢ (5-12)
where ¥V = mean velocity in ft/s
C, = Hazen-Williams friction coefficient (depends on pipe roughness)

R = hydraulic radius in ft
S = h,/L (slope of energy grade line)

To solve for head loss using the Hazen-Williams equation, a little aigebraic
manipulation of Eq. (5-12) yields

h, =3.02LD .l'l 1(‘”‘)1.-’ (5'13)
4 ) C
h

The resistance coefficient C, depends on the surface gharacteristics of the pipe

Table 5-2 Hazen-Williams C, Values for Different Kinds
of Pipe (5)

Character of Pipe C,
New or in excellent condition cast-iron and 140
steel pipe with cement or bituminous linings
centrifugally applied, concrete pipe centrifugally
spun, cement-asbestos pipe, copper tubing, brass
pipe, plastic pipe, and glass pipe
Older pipe listed above in good condition,"and 130
cement mortar-lined pipes in place with good
workmanship, larger than 24 in. in diameter
Cement mortar-lined pipe in place, small diameter 120
with good workmanship or large diameter with
ordinary workmanship; wood stave; tar dipped
cast-iron pipe new or old in inactive water

Old unlined or tar-dipped cast-iron pipe in 100
good condition
Old cast-iron pipe severely tuberculated, or any 10-80

pipe with heavy deposits







Manning’s Equation

Civil Engineers commonly use the Manning’s Equation to computer friction losses in open

channels and storm sewers. This equation relates the velocity V to the friction slope (S¢) and the

section geometry by:
V=c'R” 8%

where ¢’ is a conversion factor =1 in SI units and 1.486 in US units; n is the Manning’s
roughness coefficient and R = hydraulic radius of the section.

Now the head loss due to friction is
hy =S87L

Recallthat Q=V A

Therefore a common form of the Manning’s Equation is
Q=cAR” S %/

Typical n values are:

Smooth Concrete 0.013

Rough (old) Concrete 0.015

CMP 0.024

Mississippi River ~ (.025

Grass lined channels ~ 0.03
Natural Rivers (.02 to 0.04

Strickler Equation gives an approximate relation between the grain roughness (D50 = median
grain size) and n:

n = 0.034 (D50 f™*®
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Lecture 7
Stability of an Arch Dam

The stability of an arch dam depends on the safe transfer of the applied loads from the point of
application to the abutments by an arching mechanism, i.e. via compressive forces acting along
the arch. The integrity of the abutments is absolutely critical to the stability of the arch dam.

The arch dam is subject to the same -types of loads as the grav1ty dam however the relative
importance of the loads is different. A gravity dam is mainly supported at its base while an arch
dam is largely supported at its sides. In addition, thermal stresses which are not very important
in a gravity dam are considered in the detailed design of an arch dam.

- 4 St fr"/ Sara/l /n'f—
There are two common types of arch dams: a) constant radius and b) constant angle variable
radlus

Three analysis procedures are used in the design of arch dams: a) ring theory, b) trial load
analysis and c) 3- D finite element analysis. Only the simplest of these, the ring theory will be

considered. This method is often used to obtain a prellmmary design that can be used as the basis
for the other methods. ‘

To illustrate the mechanism of support of an arch dam we will consider a simplified analysis of a
horizontal strip 1 unit in height; this slice is called a “rlb” 'As indicated the slice is taken at some
depth, h, below the reservoir surface. )

nesc
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Simplified Ring Analysts : "
This approach assumes: a ring of unit height subjected to a constant pressure, as shown in the
figure below and a very thin rib thickness compared to the radius.
,L Fh .&ﬂfﬂ"r o
i ’ ;/ _Z’FK =
N

Defining Dlagram and FBD of Ring (Rib) of Arch Dam

Case 1. Consider the hydrostatic loads only:-
P=Yh

Frc;m hydroslatic ]oadiﬁg on a curved surface we obtain,
Py=vyhB=2yhrsin (6/2)

where r = B/{2 sin (8/2)}

From the FBD and ZF,=0weget R=yhr
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If the allowable compressive siress is G, then the ring or rib thickness is
t,=R/oy=7vhr/ o,
Typically 6w = Gconcrete /FOS

where the FOS ~3 to 5.
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( ‘ The volume of the rib is

e cenles ’
n“ : ’:/
o . ) h e . e
Vip= L Or roes (1o TCms of B £7a8 = 05 5 5,0
Uil o EFET L aliminetl & R fnble
or =(y o, )0 1° = (y ho,, )0 [B/{2 sin (6/2)}] pow e = I

The minimization of this volume gives an arch angle of 133.5°,

If r/t, <25 then an abutment stress factor should be applied to get the abutment stress.
Furthermore the rib thickness may need to be increased at the abutment in order to better
distribute the stress to meet the allowable stress for the rock or the reduce the

deformation of the rock. If the allowable abutment rock stress is o, then the thickness at
the abutment should be,

tra =t 0w/ Oy

Other Loads
Ice can be the governing load in the upper elevations of an arch dam:-

Assume that the ice acts as a pressure p; on the whole rib. The rib thickness to withstand

. . . . ’ — I, .
the ice loadingis __— pressurs o (iwet ice  OF "5 SP00 by
/// .

tn= p11/ 0y

Earthquake: Arch Dams are not suitable for zones with Strong Earthquake Loads. It
may be necessary to include an allowance for a smail earthquake force (a/g ~ 0.05 to 0.1).
In this case the following approximate method can be used to estimate the thickness to

r resist the added compressive stresses. - ¥k
— 1. 13\ r"";'_")' T v / : — 4 T - f :
e ¥ . 0 US| SV ) T TR T A L W e Jep POSTE 4 ., A e T
(" € g ( H (/ W) 4w (') H/ 7 . oA gl / £ fuake actele
i - B - a o
) N . p ‘ . 'u’/l —
A o 0 =7 ( B )(2,:4) Fe: (- F
RNz / - 0./7%5 - o3 (( I
L ¥ " W Pew =Ce P{’/g ! L bltedio a
< 4.7_('”_ ' . Tl
/ |
AT o (7
R ~ e " B ;:’; _
le N -71 £ (;
e 0/2 £ Ko P

Wpa,/9

FBD of Rib with Water and Earthquake Acting
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Maximum Compression:
The added pressure from the earthquake at depth h on the water is

Pev =Ceyhalg
or a horizontal force of
P.=BC.yha/g
The added force on the concrete mass is,
Fen=pcViva=vyc rt;50 a/g
Combining the water and earthquake forces, we get (see FBD)
2 Rsin (0/2) = {P.+ Feen + Pu),
or R=tipow=[7Yrtin0a/g+B Ccyh al/g+yhB])/[2sin (0/2)]
which gives

trip, =f [B Cc v h alg +v h B]/[2 sin (8/2)]} /[Cw - Y. r © (alg)/(2 sin (6/2))] > ta
tip=r [Cc.yh alg+yh]/ [ow-7.r* 0 (alg)/B] > t,,

Silt Load:
This is similar to the silt load for a gravity dam. The added pressure due to silt if the
friction angle is assumed to be zero is:

Psin = ¥(Ss - 1)(1 -porosity)h,

_Therefore ! trp=r[Ceyh alg +y h +7(S;- 1)1 -porosity)hg] / [ow - ¥. r* 0 (alg)/B] >

t

1|
1

St f ¥

Definition Diagram for Silt Load

|
:

IR
] ¥
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Corrections for Thermal Stress: Stresses may develop in the arch due to changes in
temperature. The temperature in the concrete depends on the upstream (water) and
downstream (air and solar radiation effects) temperatures as well as the stored heat in the
concrete. The following is an approximate formula for the added load due to a change in
temperature of DT with respect to the base temperature (e.g. mean construction
temperature after cooling of the reaction heat).

The added effective pressure load is,
Pthermat ~ Ec Cr trib AT/ Ru

where pmermal = effective added pressure due to thermal stress; E. = Young's modulus of
concrete;

C" = thermal expansion coefficient; ty, = rib thickness; R, = u/s radius; AT = change in
temperature. Thus

tio =1 [Coyh alg +yh+7y(Ss- 1)(1 -porosity)hs] / [ow-y.1° 0 (a/@)/B - EcC"AT r/ Ry]
> 1

If the ratio r/tgp < 25 then a correction should be added for the rib thickness, i.e.

Lip =
{RS/r} [C. v a/g +yh+ y(S,- 1)(1 -porosity)h l/[o. - v.r* 0(algyB - E.C'AT v/ R,] > t,;

,
N
-
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Lecture 10
Computations with Pumps

Typical Types of Pumps

Centrifugal ('[ﬂ;e 7'&1.:«:}3 (aﬁn r‘-u/-“'ﬂ/ 74{0.. ) (Je. Ak‘meo/f‘b' Skre hé

. Axial flow ({aq( ‘)’731‘:049)

e Mixed Flow { betocen Cofs: f%( £ Hozal Plow)

) Archimedes Screw

. Positive displacement

Pump Characteristics

. Head - Discharge Curve

. Efficiency

. Net Positive Suction Head Requirement (NPSH)

This is a requirement that the manufacturer specifies in order to avoid cavitation on the
pump impeller. For a given pump placement the available NPSH is defined by:

NPSH (available) = am./y)-é-vap/'a— Az - Z h jpss} > Required NPSH (manufacturer)
(/\-—/ L/‘V\./

~AY ’@‘(
sen '\
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Centrifugal Pump

@C:D /- IMPELLER
u) 4
- — -7 (;;j;’/
.
. 7T
S ) Lo

Axial Flow Pump

Archimedes Screw Pump
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Stroke position Outlet g0e5%

connecting rod- shaye

g = - +2n k/ﬁ 'l:;—f

: . : Yoa so ~
Eccen'rlc-h",’-_-_-:‘\ :- - _ c’e‘f—aﬂ-’lﬂ[’
y \'\ ©, A = h] Vressmse
= [ s 7
[[: * : 7 Inlet
: diaphragm

Positive Displacement Pump

hitp://www.rpi.edu/dept/chem-eng/Biotech-Environ/PUMPS/reciprocating.html
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Pipeline System Curve and Pump Operating Point

The System Curve for a Pipeline is defined as the head to lift the water from the wet well to
the outlet water level and overcome all of the losses in between,

:féf'f }' ,I", - S - /—I L 2 2 . a.‘
h?ai( Hyys = Hg +El:: = Hy + 1(QY) - 5 /5,5 ( @, ) ! k/p ( Q() alsome / %4
%571%973%7

where H, = Static Lift = WL1 - WL2
h;, = minor losses + friction losscs

Operating Point 5

The pump operating point (Qo , Hpo) is at the intersection of the Pump Curve and the
System Curve, i.e.

HS}'S = Hp

This is shown graphically in the figure below

180 ’ i 16
)]
160 4+ % [ o8 | o 414
140 N Lyl | —— Eff%
Lile 12 | K‘I j% 1 —6—Hsystem 112
= 120 j s Lt =3 NP$SHmd ‘
: I e aniic Aopune
2 100 ; ! ‘ nepm‘b;r ANE i h | 7 r g
s ] " Hpo) f|!f’f{ 8 I
@ L L {34 S Jﬁ&,ﬂ [
ﬁ 80 1 e-" le | L z
= na | + 6
£ &0 L ' S
L ks 4
40 A =TT
(/
20 ‘ 1 2
0 ‘ )

10 12 14 16

o
(X3
-~
[
L)
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Head in feet

PUMP CURVE
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Lecture 11
Analysis of Pipe Networks
Equivalent Pipes

Define hy;=K; Q;> where K, = 16 f; L; /(2 g D;° n*) for the Darcy friction equation.

Pipes in Series
Multiple pipes (segments) of different size and/or friction factor, connected end to end.

By continuity: Q1=Q,=Q3=Q;

By Energy: The total head loss = The sum of the head losses in each segment
h =% hy;
Equivalent pipe: Kyr =Z K

1 K, 2 Ky i Ky

A mm—mm—me B

Pipes in Parallel
Multiple pipes (segments) of different size and/or {friction factor, a connected at a common
starting and ending point.

By continuity: Q=20
By Energy: The total head loss = The same in each segment
h;=hy;
A 1
> B

Equivalent Pipe: Kpr = 1/ {1/ Koi %}2
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Examples

1a) Parallel: Q = 5 cfs. Find Equivalent Kp , head loss and flow in each pipe.
1b) Series: Q =5 cfs. Find Equivalent Kp , head loss each pipe and total head loss.

Parallel Q 5 cfs 8fL/{g pi*2 D*5}
pipe D D f L Ki 1/sqrt(Ki) |Qi cfs K
112" 1 0.025 1200 0.755[ 1.151 3.67| 10 = O, 2
218" 0.66667( 0.025 1200 5735/ 0.418 1.33 Ky
Sum 1.568 5|cfs
Sq 2.459599 check
KT rec | 0.40657
Hloss 10.1643|ft
Series Q 5 cfs 8fL/{g pi*2 D*5}
pipe D D f L Ki Qi cfs hfi |
1112" 1 0.025 1200 0.755 5.00] 18.87972
2{8" 0.66667| 0.025 1200{ 5.735 5.00{ 143.3679
Sum 6.490] 162.25]|ft
check
KT 6.490
Hloss 162.248ft
Branching Systems
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Pipe Networks
A pipe network is a system of interconnected pipes. The following is an example:

\ Prand Ka
R

Typical Network

\a, cov

The componenis of a simple network are:
1. Terminal Energy point (¢} = point with known energy or pressure

2. Loop (/)= set of connected pipes that form a close loop. The head loss around the loop is
afways = 0.

3. Path (e)= set of connected pipes between terminal energy points
4. Junction (f) = node where two or more pipes meet (excluding terminal energy points). -

5. Pipes (N¥p) = number of pipes in the network —> usually denotes the number of flows to be
computed.

For consistency we must have:
Np = Loops + Paths + Junetions
e = Paths= (Terminal Energy points - 1)

Np=i+@-1+j o '

Example: Check Consistency requirements for network shown above.
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Differentiating hy, = Ky Qp |Qp| we get

Ahppi= (dhp/dQ) A Q

or

Ahpp =2 K, |QnilAQ

EQE

where A Q is the correction must be added to the flow to make 2 hy i+ A hyp > 0

& note that A Q) carries the sign of the correction.

Therefore

Z (hppi+ A hrpi ) = Z (Kp Qpi |Qpil +2 K} |QplAQ) —> 0

This gives

AQ = - Z (K Qpi |Qpil)/{Z (2 Ky [Qpil}

For a Path this becomes,

AQ = {- 2 (Kp Qpi Qpil) + Ea}/{Z (2 K, [Qyil}

Assignment Problem 11.2
Find the flow in all of the pipes in the network shown below.
Assume: hy = Kp Q|Q} Y

! ¢

K =2;K;=1; K =1 Ky =15 K; =2

EL e s

EQF

EQG
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Assignment Problem 11.3

Find the flow in all of the pipes in the network shown below.

Assume: f=0.025 and L = 2000 ft in all pipes & K,, = 0. All junctions at 0 elevation.

D1 =12 inches
D2 =10 inches

D3 = 8 inches
D4 = 6 inches
5cfs
Refp
30psi
¢-1\2"
2 cfs

1 cfs
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Bodeo (D10

Lecture 12
Energy Principle Applied to Open Channel Flow

Reference . Lectuire 3
Energy Equation
General

HTI + HPump == HJ"Z + HTurbr'ne +Eh!ass

Open Channel
Hy; = Hrz + Zhjpss
Hr)=yi+ha+ Vi %2 = Hpy ¥y =32 + bt 00V, 22g + by + b,
Friction Loss = /iy
eg. . h=LSi=L{Vu/c'R” )} average

Eddy Loss = A,

he=Kee (Vi -V2)" /28 Ve
Zg

or  h.=Kcelhw -hz| 7

Defining Diagram

% N,

12,1

12.2

12.3
12.4

12.5

12.6
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Pressure term in_open channels:

Pressure term in open channels:

4 ’i -
-y W psL i
= B S/ =W 7 Y
. (n
— T
T !

Sloping channels Oj oies :f h,w
/\/- fSLx-/ - Weosd e 7._\" e
Wewéd | ¥Ld cose a” 4
F 2 0 AW A 4| ¢ - L L - N Jzz
SR 2 o Jross
- [ I, 2’ :
P - W51, 0
g;ogvvgg'verﬁcal cyrw; h
N=p A=W - WV
E:-0 A 7 S S
- dl'/ V& Y ’FFI’: XJK, - @K_{) V W "ﬁ’ J-s‘ V 54
:"7 « r _ d - iVZ?A 6_\,?.) - .4/\‘_‘\'
jf/‘th{y- A —> Y g'r ar ' N'[ r}‘;'\‘-.- }
Concave vertical curve *
Vi 2 .
N=hbh,=w +mY '
phoe v vl r
¥ 4r x ; W -7
¢ g - ~
NAT L FY
ined slope and vertica curve ” rr{
f = dws@ * C‘:_I_va
g - qr
' ; B /_"if ; ! 90
/ )-7 A 4 €0 3 f
‘ﬁ// ,./“ [



- >
! - _\““\ 7 T
r/{,, [ /‘1’ d EFers g
1 f ar'!
loce g




e, i o rar /4
- /.{‘_ =T 25/ /4i o ’
/ A A7 Z / 4 ,
7 __/f 2 . s - ) ".- v ” ;' /.u' % o/
y i 4 - 7 / )/ a1 i : / / o f
Re-statement of energy equation: : ' v/
(Sce defining diagram. Neglecting curvature effects.) S / ,
dy cos O+ hz; + auV; */2g = dz cos O+ hzy+ 0V, */2g + hy + b, 12.11
Simplifications: ¥

Specific Energy

Specific Energy (E) is the energy head with respect to the bed.

E =d cos 0+ aV/2g

Assuming o ~ 1 and O very small, we have

E=y+ Vg

or E =y + (0/4)°/2g £ ,J

For a channel of unit width A>y and Q- q then £ = y + (¢/y) */2g

This is a cubic equation with 3 roots (y,, y; and y-), Only the two real roots are of interest
roots (yy,and yr).

Notc: No real roots exist for E< Emin. At E = Emin there is only one real root (roots (yc-).

q=3cfsht
6
5 L 3
4 ol
4"”
£ 3 pd
> *_‘,o"
2 pe
¥
1 ¢""
yc[:J ------ 1’- .
i E 2 3 4 5
1ft . Eft
Errin

Example of a Specific Energy Curve for q =3 cfs/ft in a 1 ft wide channel.
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Minimum E:
Find the depth that gives the minimum E for a given Q and cross-section.

Ji+ B,

e

A

Alternate depths:

Subcritical (yy): Np<1 andy> h,
Picard Method:

Assume y” ~ E then V¥ ~ [Q/A]
YO~ E - V@220 and VY ~[Q/A]
y? ~E-V® 229 and VP ~ [(/A])
etc until y™*? ~> y™

Supercritical (y,): Np> 1 and h, fends fo dominate over y

Picard Method:

Assume y(o) ~ between ( and yc , e.g. Kc/Z where yc ~ (q "2/g)”3 and g~ Q/B
Vo 2g@® -y?)]"? and AV ~ Q/ VO and y ~ fen(A™)

v < 2g@®E -y'")]"? and A? ~ Q/ VY and y? ~ fen(A?)

ete until V&) <> vi?
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Critical Flow Concepts:

Constant Q See

Constant E

i+ .»Critical Slope / Y7
T efuld vars —
= &
r 'f" f
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Lecture 15
Uniform Flow

Uniform Flow: is flow in a prismatic channel where the depth and velocity are constant along
the channel. The depth in uniform flow is called the normal depth (y,)

Vertical Distribution of Velocity in an Open Channel

Assuming Uniform Flow the form of the velocity distribution is approximated by Eq. 15.1 as

1 1 s - i P
shown in Figure 15.1. Q=72 VA - 1, Y W
14 : : T r-yECE
ve ) )
12 fz ‘.\./ — -;}':
1 — e i
o8 / =
>06 # = | |
04 & f r’.A": e ’ | -
02 v LT / I
0 - —/‘ff/ . ‘
0 s 1 1.5 2 25
| ¥ mis
I . e
Fig 15.1 L
B s ,
L T4 ) <
Vertical distribution P yr E
u = u*/k {In y/y,} 15.1

where u* = shear velocity = (1, / p)m ;k=04; bedshear= 1,= YR S,

for smooth bed y, = 1/9 ( v/u*)

For rough bed y, = k/30 where k; = bed roughness~ D65

In real channels the actual velocity distribution is affected by the secondary flow due to channel
curvature and the presence of the side walls. For narrow channels the maximum velocity occurs
below the water surface.

Secondary currents

Secondary can be caused by channel curvature as shown below. In this flow the water surface is

tilted to create a pressure force to compensate for the centrifugal force. The super-clevation of
the water surface on the outside of the curve is given approximately by

Az~Ye wVH(gr) 15.2
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Fig 15.2 Secondary Flow

Uniform Flow Friction Equations

Uniform flow occurs in a prismatic channel when the friction and gravity forces are in
equilibrium. This requires that x > X or the turbulent boundary layer = &, =y. Figure 15.3
shows the force balance for uniform flow. i

fes o L) Serrn )

&8/

Figure 5.3 Uniform Flow in a Prismatic Channel
The force balance in the x-direction leads to

Wsin =twPL - [ Qo0 0 15.3
where T, = the average shear stress on the boundary P.

Equation 5.1 and the turbulent shear relationship

©wf t=KpV'= p(gRS,) 15.4
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gives the Chezy friction equation

V =C (RSy)” 15.5
where C = (g/K)"” 15.6
The C is a form of hydraulic conductivity and is inversely related to the degree or friction,

A commonly used alternative to the Chezy equation is the Manning equation; Manning's
equation is based on field and laboratory data and has the form

V =(c'm) R* §,* 15.7
where n = Manning friction factor; ¢’ = 1 for SI and 1.486 for US units. The value of n varies
with the bed roughness, Reynolds Number, Froude Number, sediment transport, vegetation and
channel shape (plan and section).

An simple estimate of n can be made using the Strickler Equation:
n =0.034 (D50 f)"° 15.8

where D50 is the median grain size on the bed.

Note onn Normal Depth:

Uniform is defined as flow with a constant depth and constant velocity in the direction of the
flow in a prismatic channel. The constant depth is called the normal depth and is denoted as y,..

For umform flow we use the Manning Equatlon with Sf So to solve for y,.
/f rafl:fy Mg o eq U for \ Fimres S
For example jﬁr a trapezatdtfl ciumnel we have:
Q= (@MARP S =fen(y,) -~ - G 15.9
where A =y, (b + 2 yy)
ande ]713, P=b+2y, (1 +2)%

Rearrangmg Eq. 15.9

nQ
i2
C'SOH

Cop = = AR = f(y,)
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Finding n in Composite Channels

Simple Channels

These are channels in which the mean velocity can be assumed to apply to the entire wetted
pertmeter. For example, circular, trapezoidal, tniangular and parabchic. A single o and 3 are
assumed to apply to the entire simple section.

The Manning’s n for simple channels can be obtained from the following formula based on
wetted perimeter.

& 7 y!,‘_.!"{. /Wu//wﬁn 5 [/: = V.Z = !/3 -

4 — 3} ¥
1 ,/\_—3—..._ 1S
?‘ n /MF/:'Y i | ?‘J/fna” 5 =S, m Sy
' A
) \ Re 5 \ V n
P' nl d \ lf'-) 4 .
Joty 7
L !
L > 2 )
p Z P '
-~ .

Compound Channels

These are channels in which the mean velocity cannot be assumed to apply to the entire wetted
penimeter. These channels can be considered to be made up of more than one simple channels.
For example, rivers with flood planes are sometimes approximated by three trapezoida! sections.

The Manning’s n for compound channels can be obtained from the following formula based on
separating the total area into sub-areas.

e
S Ay Xy

7 —_— /3
Sl &2 J)
The o and P for the compound section can be found from the basic definitions, L.e.

3
O(T - S K A, . g : f(g' L/.Zlg]”'
73’4,* B T}Z/},
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Summary of Properties of Critical Flow (L 1 D05 f/i‘_,)’;* 0 //
. Froude Number = V/(gD)"? =1
¢ c=Ve=(gD)” e
. E is minimum at critical depth for Q = constant Coiade sotffos
fe .!7‘ ety /
. . . i,
. For E = constant, Q is maximum at the critical depth (/5] e sri
. 7 i
. Specific Force is minimum at Critical depth for Q = constant .
. E. =Emin:yc+Dc/2 kkkkkkkkkk
. Q.= V. A=A, (D)”2 g)l"z EE kK EREIK
. Critical depth is a corntrol for upstream subcritical flow; downstream (supercritical

region) disturbances can not propagate upstream of the critical depth section.

Summary of Properties of Uniform Flow

. Only possible in a prismatic channel
. Gravity force = Friction force
. Depth, y = normal depth =y, , velocity, V, and Q are constant with x
. Soe =5¢=S.; no eddy loss
. Typical computation Formulae are:
. Mannings Eq.

Q = ¢'A (R)ZJ:% ( Sl_)lll Ehkhkkkhk
n

. Chezy Eq.

Q =CA (R)”Z ( SI_)”2 T T
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Z=A~ND=4 flf (2-3)

The section factor for uniform-flow computativn AR is the product of
the water area and the two-thirds power of the hydraulic radius.
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This is the slope required to maintain critical uniform flow; P
S 2N\ g ¥
e /
¢ So = Sf = Sc 5
s
/]
. Ye =¥, = constant ; |7 P i; Y /A g ALE

. Se = {n Qu/(c’Ac RE? )}

Review Problems:
1.. Find the maximum flow through a 6 ft diameter (d,) culvert with a specific energy of 5 fi.
Assume no entrance loss and o = 1.0. What is the critical slope if the Mannings n is 0.0247

2. Estimate the normal and critical depths in a triangular channel with side slopes of 2H:1V.
Given Q = 100 cfs; n = 0.03; S,= 0.0009.

3. Derive the sequent depth equation for the Classical Hydraulic Jump.
4. Estimate the pressure head at the channel bed along the of the spillway shown below

[determine values at locations A, B, Hand I) .Assume: a = =1.0; dg=da.; d¢=dp; dr=dg;
dg = dy ; no head loss between A and H.

H=20y g:¢ Use Lrow Leckure 13
[ 66 _(Zcf 'ﬁﬁi‘lwcur Jth C=o.5

6. A Parshall flume with a 12 inch throat has a discharge of 8 cfs. Find the theoretical and actual
depths and specific energies at A. What is the theoretical discharge? Why 1s the theoretical
discharge significantly less than the actual?
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Lecture 16 ( Coot | ’)

Estimation Manning's n for Natural Channels.
Reference: Chapter 4 & part 10 plus handouts

Cowan Formula:

n:(no+ﬂ1+ﬂz+n3+m)m5

n peadnd Lo Tl §.5

M dpu no 902.4@)40%)

nl = M Np2 1
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Hydraulic Parameters

Open Channel Design

‘Vegetal Retardance Curves

' ‘Flgure A-1 -

wemo 5 ‘Beylu v
‘sse0ylnc jo seibop sAfEpy = 3 puv 0'D'8'Y

sal AyoopA Mol = A

W 'snpes snupdy = 9]
wepeos sseuydnal Bupuumyy = u

. poslE
(s7,w) HA
0l o'l 10 1oa
=1 ]
w L
l'll.ll'fll e | —
N JLLJ.!U.TI./LQ/Q/ /m/li.f
jll-ll-LL =3
efHLG ! 1%@/% |
B N ,MMr/l/mﬂﬁ O
4././ ,//
N S
ﬁ Wl Tmf l/ﬁ ]
g ‘ RN
AN > N
Hibpdan mel.ru ) N .
I

<00

200

BOC

20

Y0

90
890
0

“Aaqo>5 'O AQ 'BEB) 'SRUUTYD UBUIS Ul UOABOW| Uj 2818 [0 MO0l JOLY 02N0S

u jusiayacd ssouybnor Buwuepy

92 10






Lecture 16 ( C,c-"-u‘!' d )
Estimation Manning's n for Natural Channels.
Reference: Chapter 4 & part 10 plus handouts

Cowan Formula:

1= (N, + n +nz + N3+ ngms
. W{, Aee  Yahle §.5
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Hydraulic Parameters
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Open Channel Design
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Under View of Drainage
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Lecture 17
Design of Lined Channels.

Channel Desien Using the Manning Equation

Design variables:

JSoo.

Design Equations:

") Continuity Q = VA N

Design flows (max1mum and minimum flows).
channel shape T i

e.g. trapezoidal, Lol

Most economical section (Best Hydraulic Section) s
bed slope, | -~ -
side slope, ( _ ,
lining malenal, { T e
bottom width,/ |, | 4 7
freeboard. "

o L [ —

“_‘\‘
<)

Manning Q = (¢/mA R3S, [ . o) R

Eq 17.2 can be use to find the normal (ya) or uniform depth for uniform flow
with a given Q, slope, b, nand z .

/’1,’/;{‘ /’. ‘

Design Criteria:
. Design Flows: 1) Based on demand, e.g. aqueduct or irrigation canal
2) Based on floed frequency analysis/hydrology
3) Low flows
. Selection of lining material, n (wsusl® copee et _ A
Pt N e %
. Best hydraulic section; | »*° 5T (P55 ¢ ‘ [
biy =2 {(I + )% - z}jor bes! {r apezozdal channe! 17.3
z = col(p) where ¢ = Side slope angle. & o,
(See example problem) gy TR
J Side slope is determine by slope stability -> z
Material z
Rock 0
Stiff clay 05101
Firm clay 1.5t02
Soft clay 3
Sand 2 to3
. Bed slope must meet project goals but is influenced by cut/fill requirements, S,
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eot A/E [ .7/
Assignment  Due Date : One week from this lecture.

1.Design a trapezoidal channel with concrete lining with Q = 20,000 cfs; b/y = best
hydraullc section; n =0.013; z=2 and S, = 0.0005. Low Flow is 5 cfs.
What is the critical depth in thlS channel? ¢k

.“-f'. 7
;’f\z’ a7laLs. “ﬁ"

2. Repeat Problem No. 1 based on a maximum velocity of 5 ft/sec with a Mannings n of
0.0225.

| i N .
> | G 7 L . Lz ) 5 fﬁjf Lot o=
|) O?,-: ey ,f' I ,,:J.,;. 204 ;{; = ( ‘ ‘f ¥ Z - ) ) whérpe Z {
{ - i,/ </ < 0 0005
Z—o.47] - sidespe = Z =OG . Ced Slopr 7w .00C7,
’ D) - |
"2y e . il X pe y‘-olﬁ 2[‘{‘ 4'
(j‘? B 285 Oonep _efl’l‘.’;/, o = -'1-/ wpl‘,% }/’ e (’\ ﬂ [ / (/ G = ” : 'l'" e ( P“ . //)/(/ /J
1:«7;',-" A : /‘_ Lo g ! / ’ "v*‘ C v_ & _/.'.'j:fh, /Hf' 15 ______—(,__——-f———._'
e \ i D)
r 7< 7} L"‘. & - ——— L Z
"7 {47 (f" )/ (( £ ! }, é ! I{ ?) T “'{5» —-[);:\ EZ Z }: -
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‘ / Te ¢~ ¢ : -— & nac
4 f
. V = Vmin to prevent siltation and vegetation (approximately range 2 to 2.5
fi/sec)
. V < Vmax to prevent abrasion (for concrete channels 15 to 20 fi/sec)

. Solve for y and b from Egs 17.2 and 17.3

; ) \

. Freeboard = fcn(F, () f ¢ Sn T Calrnla " o | AR S FE

Details

» Lateral subsurface drains

» Uplift relief drains

+ Frost protection

* Maintenance considerations

Fence

fa— R o

Concrete

Styrofoam Q O
Drainage JLaye * »° Drains
Geotextile :

Soil

Figure 17.]1 Lined Trapezoidal Channel Design Considerations
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Lecture 18
Design of Erodible Channels.
Reference: Handouts
Design Procedures for Unlined Channels

Methods for Unlined Channels _ Chm  see
- i vi
- MEelpod d
= Maximum Permissible Velocity Method g e S 5
T + Maximum Permissible Shear Method P 2 o oTher

- N * Regime Melhod
d / » Sediment Transport Method

Regime Method « 'r_,} ol A s Ll

{ p

» The Regime Concept is “In nature there is a unique set of stable dimensions (depth, width

and slope) for a given flow and silt load ™
'f,'/ B
Lacey was one of the early engineers to formulate this approach. He based his Regime

“equations on his observations of irrigation canals. He identified the non-silting non-scouring

canals and developed the following equations to describe their stable dimensions:

i

. P=2670Q" ftwithQin cfs

I/ [y £5=8.(d50 inches)

. ;o
s taalo, ',._f.. 2[,.,‘} /_‘ 4

- V=117[fsR]"
« V=16R 7§, "?
. Q=

My A
> :

AV=PRYV

v
Al

« V=117[fs R |"? =Q/(PR)

Therefore_il = {Q/M1.17P "2 |}*7 |

&
+ | So={V/(16 R™)P

/

clv= Q/A=Q/PR) |

""j_:‘:_. 'Ass_Lgnment: Given: Q= 2000 cfs: D50=0.02 inches. Find: P, R, So
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Fundamentals of Engineering Design

(oie z-'f § . od: ';‘.‘:- Gl e~ o 2C Sy Pt :
Table 5.9 Simons and Albertson (1963) Modified Regime Equations ,
o Clps

Sand Bed and Sand Bed and Cohesive Bed and

Sand Banks Cohesive Banks Cohesive Banks
P=C, Q" 33 2.51 2,12
R =C, Q" 0.37 0.43 0.51
A =C, Q" 1.22 1.08 1.08
V=C,R*S" 13.9 16.1 16.0
W/D = C, Q%! 6.5 43 3.0

Simons and Albertson (1963) expiain the limitations of the Indian and their own regime
equations. Simons and Albertson (1963) also provide guidance for designing with their equations:

L.

4.

Canals that are formed in coarse non-cohesive material of the type studied by the USBR
(sediment transport < 500 ppm).

Canals that are formed in sandy material with sand beds and banks (sediment transport
< 500 ppm).

Canals that are formed in sand beds and slightly cohesive to cohesive banks (good
results when sediment transport < 500 ppm, qualitative results when sediment transport

> 500 ppm).

Canals having cohesive beds and banks (sediment transport < 500 ppm).

The USACE (1994) provides guidance on channel design. Their recommendation is to use
locally or regionally developed equations for channel design. However, when this is not possible,
Figures 5.34, 5.35, and 5.36 can be used to provide rough estimates for top width, depth, and slope
of a channel given the channel-forming discharge and bed material. Limitations associated with the
charts are provided in the following paragraphs.

USACE Regime Chart Limitations

1.

Where possible, reach-averaged data for existing channels should be plotted and
compared with the indications of the charts, using bankful!l discharge as the channel-
forming. If bankfull discharge is not determinable, a 2-year recurrence discharge can
be used as the channel forrming. This comparison can indicate how compatible the
stream system is with the assumptions of the charts. The trends of the charts can then
be used to estimate changes appropnate for modifications due to increased in-channel
flows.

DRAFT — July 1999 166
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Curve nd.
1000 —
1 3
700 : " 2
200 P ]
=
¥ a0 — -]
T o N —
E 200 Zalli=l A
= | A1 AT
] L L1
T o L1 A ]
30y
=1
» ¥o H
e )
E i 1 1]
= [
Z 30 //
[s]
207
10 1
100 2 5 1000 z 3 mooe 2 5 100 000
CHAKNEL-FORMING OR BANK-FULL DISCHARGE, cfs
TENTATIVE GUIDANCE: CURVE 1: STIFF COHESIVE OR VERY COARSE GRANULAR BANKS.
CURVE 2: AVERAGE COHESIVE QR COARSE GRAMULAR DANKS.
CURVE 3: SANDY ALLUVIAL BANKS.
SEE PARAGRAPH 55 FOR UDMITATIONS,
FORMULA: W = CCP% WITH C ~ 16,2.1,2.7

Figure 5.34 Top Width as Function of Discharge (USACE,

1994)
100 . |
1 - T 1
1 T
= 50
30
£ Bl
w20 = el
3 - =uL
=] L 11 /4 M | 4
£ 10 L g T AT
=z ] — =
= T o
@ = e Jrt
2 5 £ H
uEJ 4 [~ ] L~ il
el T 1T L T
. >
F\: 90113 //_ /4 B ’Lﬂ/,-i/‘
A 1 —
Mg. 52 ,’anl L1 b 1)
_oom™ 1T l .
050" !
58-’0 100 200 500 1000 2 5 000 2z 5 100000
A\
2R CHANNEL-FORMING OR BANK-FULL DISCHARGE. cis
NOTE: FOR VERY APPROXIMATE GUIDANCE ONLY; DEPTHS SHOULD BE CHECKED
BY UNIFORM-FLOW CALCULATION USING SELECTED WIDTH AND SLOPE
(FIGURES 54 AND 5-5) AND ESTIMATED RCUGHNESS (SEE PARAGRAPH 4-7E),
APPUIES BASICALLY TO CHANNELS WITH LOW BED SEDIMENT TRANSPORT.

Figure 5.35 Depth as Function of Discharge (from USACE, 1994)
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Design Procedure

1. Demgn a Stralght canal with Q =

1. Determine the design flow, Q.

2. Determine the design bed slope, So.
N

) —Hem [Lp r O 4 £ r
{

3. Use soil properties estimate the side slope, z.
4. Based on the bed material, estimate Mannings n.

5. Based on the bed material and sediment.load, estimate Vmax
Le s

6. Calculate the flow area A = Q/Vmax = Y (b + z)y

7. Calculate the hydraulic radius from Manmngs E

/\\R {Vmax n/(c’ So ") *

f

8NowP AR = b+2y(1+z 2y 12

o

9. Solving for y from Eq 6 and 8 gives:
P-2y(1+2) " fjy+tey’'-A=0
fz-2(1+2) Y]+ Py-4=0

or y=[P+ Disc’Jj2 [2(1+7)" -2 ]}

here Disc = {P°+4 A [z-2 (1 + 7))}

10. Then b = P- 2y (1+z2)”2

Taf

11. Add FB2.
,- ‘,’4?‘ A7 [

6] (o {ude

o

Assignment. Due in 1 weeks.

follows: Dss- =1"; Dso=0.75"; slightly rounded, non-colloidal.
Compare the solutions for maximum permissible velocity and maximum permissible unit tractive
force (shear).

10,000 cfs and So = 0.0009 with bed and bank material as
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GRAIN SIZE IN INCHES
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I
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10 ' Enter chart with D,, particle size
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GRAIN S1ZE IN MILLIMETERS
BASIC VELOCITY FOR DISCRETE PARTICLES OF EARTH MATERIALS (vb)

ALLOWABLE VELOCITIES FOR UNPROTECTED EARTH CHANNELS
CHANNEL BOUNDARY MATERIALS ALLOWABLE VELQCITY

DISCRETE PARTICLES
Sediment Laden Flaw

D,, > 0.4mm Basic velocity chart value x D x Ax B
O, <<0.4mm . 20 tps
Sediment Free Flow
D,e > 2.0 mm Easwe velocity chartvaluexD x A x B
0,, < Z.Orr:rr.— T Z.C fps
COHERENT EARTH MATERIALS

Pl >0 Basic velocity chert value xCx A x F xCy
Py -<.—EO I R 2.0 fps

Figure 5.28a Allowable Velocities for Unprotecied Earth Channels (from USDA, 1977)
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Assignment: Due Date : Next lecture.

I .Find the normal and critical depths for the following:
A trapezoidal channel with Q = 1000 cfs; b= 10 ft; n = 0.03; z =2 and S, = 0.0005.

2. Find the bottom width for the following;
A trapezoidal channel W1th Q=1000cfs; y,=8 ft;n= 0 03;z=2and S, = 0.0005.
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Lecture 20
Gradually Varied Flow (Steady Flow)
Chapters 14 & 15 ,Handouts and HEC RAS Manual

In gradually varied flow the change in depth with distance along the channel is small.

Common Simplifying Assumptions:

1. |(dy/dx)| < 1/20

2. Q= constant;

3. Bed slope is small; cos0 ~ 1; sind ~ tanB ~ So
4, Hydrostatic pressure; ¢ = 0;

5.1 is constant;

6. a ~ 1 and P are constant;

6. Eddy loss is smatl;

7. Prismatic channel.

Equation for water surface slope:

The total mechanical energy head at a section in an open channel is:

Hr=h,+y+ VY28 . 20.1
The Continuity Eq. requires V= Q/A at all sections.
dily = dh,+ dy+ d{V¥(2g) e 20.2

dx . dx dx dax

Note™ dHy = -S¢'

dx
dh; --S,
S dx
where St = {n Q/(c’ AR o

( Q" ) L L Defining Diagram
Expanding d[VY/(2)] = i FLj _ Q- o4 d_cf et Yk g
wooo 25 Andoidy T oAy
_ _,Ql _Al_ .................... 20.3
2
s, ey - @y
dx  qad
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Substituting Equation 20.3 into 20.2 gives:

’ / |
o )
/ / - ] &
/ - _ o om Gy .
g5 “? /a4 Al
4 -
/1"',—' ’ -
o e f 3 :
! oy 2 A A
. ol
Fora wnd/e rectangular channel, A ~y; R~y; D ~y, therefore |, .
: 8 apl - TR A T T 4
dy - [ Pp Yy 5" [ T 20.5
dx S | (7 ) S ase o

Ju
g

General case for trapezoidal channel:

N o

Problem: Given a very wide channel with q = 20 cfs/fi; So = 0.0016; n = 0.03.
a) Calculate: y, and y.. .
b) Find the value of dy/dx for1) y =20 ft; J
‘ ii)y=3f; Casv
fiyy=14.."" "7

r/",,
p e
|‘
4
i’ - ’;‘-1
f’r‘ ]
[ Ly
- f- ‘-‘I,‘- o .
J / ' 131
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GRADUALLY VARIED FLOW

Profiles in Zone Y1y>y, y>ye

Profiles in Zone 2! yn2¥2Yei¥e 2Y 2¥n

Profiles in Zone 3:y<yn\y<Yc

&

Horizantol slope

’

PR

‘o

Yn = Ye

@ -

i ! 7
‘ ; %
None )i o, .syms
L 2

Mild slope
Yn* Yo

Criticol slope -

e T

¥n

Stegp slope — .

-

AT

¥n < Yo

e

ey

Adverse slope

-

-

J_ ; -

—_——

F1i. 9-2. Classification of flow profiles of gradually varied flow.







r e (7
Guide to Sketching/Calculating and Classifying Flow Profiles

1. Draw channel invert profile with an exaggérated vertical scale.
2. Compute and plot y, and y. on the channel profile.

3. Identify the slopes of all of the reaches by the slope classification (H, M, C, S, A) using the
table (b) on page | of Lecture 21.

4. Identify the two or three possible (depth) zones in all of the reaches by the classification (Z, 2,
3) using the table (b) on page 1 of Lecture 21.

5. Identify and mark all possible control points [boundary conditions]:
- outlet stage at a lake or large river
- critical depth control(s)
- artificial controls levels e.g. sluice gates, weirs, spillways
When two or more controls are in conflict, use the one which gives the highest energy level

6. Identify and mark all possible normal depth limits [asymptotic conditions]:
- Upstream end of a long mild slope
- Downstream end of a long steep slope

7. Sketch profiles starting at possible control points using the following rules:
- in a subecritical flow region always sketch (and compute) in the upstream direction.
- in a supercritical flow region always sketch (and compute) in the downstream
direction.
- identify hydraulic jumps (HJ/RVF) where flow changes from supercritical to
subcritical
- identify hydraulic drops (HD/RVF) where flow changes suddenly from subcritical to
supercritical such as at a weir or spillway - often when an Adverse slope precedes a
Steep slope. .
- use the table of possible flow profiles on page 2 of this lecture to identify the shape of
the curves for each reach. Mark all profiles with the classification based on bed slope
(H, M, C, 8, A) and depth zone (1, 2, 3),e.g. M1.
-Note that there can be one or more possible profile that can only be determined by
complete analysis, e.g. a supercritical flow profile and a subcritical profile may appear
to be feasible when you are sketching the curves; however, in the final analysis a
hydraulic jump will occur and result in a transition from the supercritical profile to the
subcritical profile. The location of the hydraulic can be found be determining the
location where the Specific Force is the same for the supercritical and subcritical
profiles. Except for hydraulic jumps the curves should be smooth.
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i | [ / / /7| Lecture 22 Ll
ol ‘.‘ / Gradually Varied Flow (Steady Fiow) -4y’
) ; ) | i /Computation of Flow Profiles v
o0 o V i ' ! . / ! © .
7 7 .Some of the possible methods of computing water surface profiles are: - I B Sl o
’ i /€T .. A e 77T
Method dependent independent Limitations Comments ;;‘/7-— ’
variable variable ve
1. Graphical distance x depth y Prismatic Constant n v
Integration channel Eddy loss ~ 0 e
2. Numerical distance x depth y Prismatic Constant n
‘| Integration channel Eddy loss ~ 0
3. Direct Step distance x depth y Prismatic Constant n
channel Eddy loss ~ 0
4. Standard depth y distance x Prismatic & Variable n.
Step non-prismatie Eddy loss
channel included.
Basis of HEC2
Graphical and Numerical Integration are similar. The Water Surface Profile slope equation (Eq.
20.3) for a pnismatic channel can be inverted and written as:
[ 2
dy 4 [ g & Ay J( '}f‘/‘ e ¥ ‘/’_;
- ol ! J ZE

. e s
H <71 4 f ; 2

= function(y) which can be graphed as
dx/dy versus y as shown at the left. We can write,

{X2 - Xl} = . e, 22.2

1. Classify and sketch the flow profiles that correspond toa) y=1 ft; b) y =3 fi; and ¢) y = 10 ft.
Given: A trapezoidal open channel with: b = 20 feet; Q = 440 cfs/ft; z=1; n=0.03; S, = 0.0009.
Use a spreadsheet program to compute and plot the water surface profiles for each case. Use
numerical integration.
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9-7. Sketch the possible flow profiles in the channels shown in Fig, 9-13.

Sta e

LEGEND:
————————— Critical -depih line

e v = = Normal - depth lina

Fiec. 3-13. Cheanels for Prob. 9-7. The vertical scale ia exaggbrated.

EL. 1274

—— 1 —~{EL1266
—

500" } 1,500

- 1,000
F16. 9-14. A channel profile for Prob. 9-8.

9-8. A rectangular channel (Fig. 9-14), 20 ft wide, consists of threc reaches of
different slopes. The channel has a roughness coefficient »n = 0.015 and carrics »
discharge of 500 cfs. Determine:

a. the normal and eritical depths in each reach
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Lecture 23 & 24
Standard Step Method for Non-Prismatic Channels

In Non-Prismatic channels, it is common to use x as the independent variable (known) and y as the
dependent variable (unknown).

The Differential Equation must be modified to include the effect of change in geometry with x.

However, either the energy or the momentum equation is usually used to relate the flow conditions(x known
and y, V unknown) at one section to those ar another section (x, y, V known).

Se

hv2

T hvll

Se |-~ _ _ _ hf +he =
TUBfL+he

hzl

DATUM

Defining Sketch for Backwater Case

Applicable Equations

Assume subcritical flow/steady state; treat y at section 1 as known
By definition

Hypy=hy +y,+ hy
Hr=hyp+y, + hy {4)
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By the energy principle

Hpy= Hyp + hy+ h, (B) [computation proceeding upstream]

If the flow is subcritical the Eqs A and B are solved for the depth and velocity at section 2.
For this case all the variables are known at section 1.

The standard step method for solving these equations is as follows:

1. Assume y, or WSEL2

2. Calculate: A,, Vo= Q/A,, hv,, Sy, ave S, hy, h. and
WSEL2

3.Calculate:Hz™ = hy+y,+h,,
4. Calculate: H® = Hy, + b, + h,
5. Compare:Hr,” =Hry+ hy+ hy :H™ = hy +y, + hy,

IF H:,® = H;*Y GOTO NEXT SECTION AND REPEAT FROM STEP 1
ELSE GOTO STEP I AND REPEAT (FOR THE SAME SECTION),

Note: For supercritical flow the computation proceeds
downstream. Eq B becomes:

Hro®=Hr -hs - h,

Otherwise the procedure is the same,
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Application of the U.S. Army Corps of Engineers HEC RAS (HEC2) Program
for Computing Water Surface Profiles

Ref. Handouts from the HEC-RAS Manual

Assignment

1. Using the Standard Step Method estimate the depth of the flow at Section 2 in the channel shown
below (set up a shreadsheet solution with at least the following columns:

[
X

ft

| Q Invert | WS |y A |V hy | H* (R[S Srave | hr he Hy°
lcfs | EL |EL

| l

l |

Note: Use “solve for “ or “ Goal Seek” to find the WSEL or y that gives Hy" = H,".
y = WSEL - Invert EL;

V=QA;
h, = a V¥2g
Stave = Y2 {Sgn + St w1} 5
Sr = {Qn/(c’AR™)}*
HTa n+l = {WSEL + hv }n+1 = I—ITb ntl = I'{Ta n + { hf +ht‘ }n o ntl = fen (}’ n+li )
[backwater]
hr = Ax Srave ;
he:ch | h\.'n+l' hvn |
n = downstream section; n+1 = upstream section in backwater calculation.

DATA:

Section 1: Trapezoidal; x =0
Q=1000cfs;b=20f;z=2;n=0.03; WSEL = 110.0; invert El. = 100.0 fi

Section 2: Rectangular; x = 300.0 fi
Q= 1000 cfs; b=20 fi; z= 0; n = 0.03; invert El. = 100.18 f1.
Distance between Section 1 and 2 is 300 ft,

Section 3: Rectangular; x = 600.0 ft
Q =1000 cfs; b=20 ft; z= 0; n = 0.024; invert EL. = 100.22 fi
Distance between Section 2 and 3 is 300 fi.

2. Prepare a HEC2 or HEC-RAS tnput file for the river sections in problem 1. Run the HEC2/HEC-RAS
program with your data file and submit the standard summary table of your results along with a profile
showing the invert, water surface clevation and energy level. Assume the channel is straight with no
overbank flow,
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Guide for HEC-RAS

Example:

River Name: Ence
Reach 1

Flow 2000 cfs
Downstream Stage 23.0 ft

Section 0 d/s

Station 0 35 45 50 60 70 100
Elevation | 23.6 21 11.5 10.5 1125 |20.8 24

LOB Ch ROB
Dx to d/s section 0 0 0
Manning n 0.04 0.025 0.045
Stations for 35.0 70.0
Floodplains
Ke 0.1
Ke 04
Section 300 mid
Station 0 30 36 42 53 60 85
Elevation 24.0 21 12.0 10.8 11.5 21.5 25

LOB | Ch ROB

Dx to d/s 300 300 300
section

Manningn | 0.04 0.025 ]0.045

Stations for | 30.0 60.0

Floodplains
Ke 0.1
Ke 0.4

Section 600 u/s

Station 0 10 20 25 30 40 65

Elevation 25.0 22.0 12.0 11.0 12.5 21.0 26

LOB | Ch ROB

Dx to d/s 300 300 300
section '

Manningn | 0.04 | 0.025 [0.045

Stations for | 10.0 40.0

Floodplains
Ke 0.1
Ke 0.4
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Application Setup
The opening Window for HECRAS looks like this:

Steady Flow Analysis - Perform a steady flow sim... @
W Edit Run View Options Help
EEEGE A AL e PTREE R s Kl
Project: i o

Planc |
Geometty: i
Steady Flow, |
Unsteady Flow: |

Project I
Description :

[;] fUS Customary Unds

Fig .1 Opening Window

1. To start a new project click “file” and then “new project”

2, A new window will open as shown below. You will necd to enter a name for the project in the first row
column ] (e.g. ENCE 6319 Example) and a file name in column 2 with the .prj e¢xtension as shown
below (e.g. EN6319.pri). In addition you can create a new directory by ¢licking on “Create
Directory”, for “ENCE 6319 Test” on the Desktop. Finally click OK to accept this infortnation.

£ New Project |

o Tite File Name Directories

[I[ [ENCE 6313 Exempie {=E313 by C:\Documents and 5 ettings\{
=T
3 Dacuments and § attings
3 Ownes. CUSTOMER B2

w

o C1100K74310

y F

ok | cace | Help Create Direclory | =

Fig. 2 Project name and directory

3. The next step is set the units (by default US units are set ). This is done under options in Fig. 1.
4, Next we start the geometry file from the Window in Figure 1. First click on the 3™ icon from the left
(tree branch) which will open the “geometry” window shown below.
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Geometric Data

File Edit View Tables Tools Help

River |Sorspa| SA Pump
Resh | A2 | Comn | S el
[re] <rH

B

{%‘-E of ﬂg

;

A

]

ofi| e |tsl]

Figure 3a. Geometry Window

Now click on “River Reach” and a “pen” will appear. You use this to sketch the river plan
{(approximately) starting at the upstream end. This is shown in Figure 3b

A small window will open asking for the River name and the reach number wbich are illustrated on
the Figure 3b.
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Geometric Data

File Edit View Tables Tools Help

B
§

EEESE ] J

o] 72 oat | 531 0 R T O e

i

ECRAS - Rii.

.
A Standard Step...

Figure 3b. River Plan with Name and Reach Number

5. Once the River plan is finished, we click on Cross-section to enter the cross-sectional data in the
window shown below.

Cross Section Data

Exit Edit Options Plot Help
fiver [Eres 7] o - =4 Poiloions ()]0 KeepPreviS Pve _Cewrbrey |
Feach [i lRversta:[ =14t
Description | E
DelAow |
2 o
e o
I = e No Data for Pra
5 i e Leit Bark Right Bank.
— O i
[ o - CovEsp Cosifcients [y
._91 . § Conhiacion E wparmon
o =l |

Figure 4a. Cross-section Entry Window
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6. We start by clicking on “Options” and selecting “Add a New Cross-section” which will allow us to
enter the coordinates for the cross-scction from the right. Note: “station” means the lateral coordinate
cntered in increasing sequence (only). Then the elevation of each “station” is entered. You can have
about 200 coordinates. When you finish the coordinates you can click “Apply Data” and the cross-
section will be plotted to the right as shown below.
Cross Section Data

Exit Ecit Options Plot Help
Arver [En - tstos [+ Bomons B[ 2T Kee: Previs Pt e |
Aescr 1 =] ive 1[50 =141 ENCE E319 Examge Plan
Dascopton  [ufs L] “
—T06 | Chws | ROB * [Copwmd ]
& g« | | | | N
Frd
c
§
‘;‘ &
14
12
P 0 T w . w w70
Raen (1)
. I T e el e et e

Figure 4b. Coordinates and Plot

7. Next we enter the distance to the next downstream station these are the Dx values and must be entered
for the Left Floodplain (LOB), the main channcl, and the right floodplain (ROB). Then we specify the
Manning n across the section {left floodplain (LOB), main channel and right floodplain (ROB). This is
followed by a “station” value corresponding to where the floodplain or “overbank” flow starts on each
side ofthe main channel. The program uses looking downsiream to set left and right but for the
calculations it is not material. Finally we enter the contraction and expansion loss coefficients. See
Figure 4c.

Cross Section Data
Exit Ecit Opticrs Piot Help

River [Ence <] sopyDaia_|[] + mm| Pt ltem BISAT xeeoPimoS o _Oow P |
Resch [1 | Rives 51a: [600 BRI ENCE 6319 Example  Plaw
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DalRow ] »
L
. e
| 1o | 7z
2lio”
. fose [ jaces g =
= x
i Lok Baric Fight Bar. H
— ﬁ'n_‘_“—lﬁ‘———‘_—' - i6
| 7185
e m "
s e | Contracton Expanson
30, L! I Y E— 12
10
10 0 0 0 S0 (1] HJ
Station ()
g N S, SIS, e S,

Figure 4c¢. Entry of Ax’s, Manning’s n, floodplain-channel stations and K¢ & Ke

NOTE: After entering these data be sure to click “Apply data”

This process is repeated for cach cross-section by going back to “options” and selecting “ “Add a New
Cross-section”.

Afler all the sections are entered and “Apply Data” clicked, then go back to the Main Geometry window
and to “file” and save the geometry with a descriptive name.

8. Now we must enter the Boundary Conditions by clicking on the 4™ icon in Figure 1 (Opening
Window). This will bring up the window shown in Figure 5a.
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Steady Flow Data
File Options Help
Enter/E dit Numbe: of Profiles (2000 max): |1 Reach Boundaly Conditions | Apply Date E

Locations of Flow Data Changes
Rives: ]Eme ___'J
Reach: {‘i v | River Sla.:lSED hd I Add 4 Flow Change Location [

Profie Mames and Flow Rates

Flow Change Location

River i Heach RS

{E dit Steady llow data for the profiles [cfs)

Figure 5a. Window for Steady Flow Boundary Conditions

. Where it shows PF1 for RS 600, we enter the inflow for this section as shown below.

teady Flow Data
> Cptions Help
=3/E dit Number of Profes (2000 max): 11 Reach Boundary Canditions l Lpph De

Locations of Flow Data Changes

o |~

oh: 1 _v | River Ste.:[600 v | AddA Flow Change Locat
Flow Change Location Prafile N ames and Flow R ates
River Reach RS PF 1
Ence 1 600 2000

o river for addien & resw finw change lacation.
3 set under the options menu] —

Figure 5b. Entering Flows

10. Now go to “Reach Boundary Conditions” to obtain the window below.
You will see 4 choices: Known WL, Critical Flow, Normal Depth and Rating Curve,

The example below selects known WL of EL. 23.0 ft. Then click OK which sends you back to the
window in Fig. 5b. You must click “Apply Data” and then go to “File” and save along with a
descriptive name (not used in the cacluations),
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Output

1. Ifthere were no errors, then you can review the output in many ways, e.g. from the “Main Menu”
select the icon showing profiles.

= . Profile Plot
‘| File Options  Help

Reaches Y J Profiles ¥ r_l@

| ENCE 6319 Example Plan: PlanD1  11/13/2005 ’j
|
i
i
i
|

Ence t

1

Elevation (1)

=1 —

1]
[N _'_’J

Figure 8. Profile Output

2. The output also can be obtained in Tables, ¢.g. second last icon give the Standard Table shown
below.

File Options Sid. Tables Locations Help

HEC-BAS Plan: N1 River Ence Reach: 1 Profile: PF 1
Reach |River Sta | Piofile Q Tolal | MnEREI|W.S. Eley| EritW.S. | E.G. Elev|E.G. Slope} Vel Chnl | Flaw Area| Top Width| Froude # Chl]

(cfs) {ft] fft) fft) (ft) [ft/f) {ft/s} [sgft) [ft)
1 600 |PF1 200000  11.00 2336 2434 0001475 801 26381 4631 043
] 300 |PF1 | 200000 1080 2318 | 2388 0000830 677 32379 6383 0.38
1 0 PF 1 2000000 1050 23000 1803 2357 0000730 613 36811 8255  0.36

Figure 9. Profile Output
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Assignment NAME \Conald 2P/l 2L

Due Date : In class assignment.

Estimate the maximum flow for a 4-ft by 8.ft wide concrete box culvert with a well
designed entrance (low contraction) and an upstream depth of 5 ft. The upstream invert
is 100. ft. Assume: n = 0.015; Ken=0.08; Kex=1.0 - \

VI,-:; ' ‘Q’"/s_‘é fif‘i

= {00-0
;:Lq g LT _—_— 'L":-L- =
‘f - - _— n
5.° S« TAES
L. T foo. fhe a
" 0.
{7 | 2
( | ¥ VA
f ) , k }
(/",r, g
/ , 5 i
v / 2 .
. (e JF f / f'f!'l
/ /;}r )
’ l Pf / o i

<)y -
What bed slope should be used to ensure the maximum flow?

What is the restriction on the downstream depth?
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?

2. Estimate the maximum flow for a 100 ft long 4-ft by 8-ft wide concrete box culvert

with a flush entrance and an upstream stage of 105 ft and a downstream stage of 101 ft.

The upstream tnvert 1s 100.0 ft and the So =Sc. Assume an approach velocity of 1 ft/sec

and the tarlwater velocity of 1 ft/sec. Costraelion (n Gy = Badd ble - 05
Assume Entrance is unsubmerged; n = 0.015; Kex 1.0.

olrm o1 g,

3. Assuming orifice control, estimate the flow for a 100 ft long 4-ft by 8-ft wide concrete
box culvert with a flush entrance and an upstream stage of 108 ft and a downstream stage
of 100 fi. The upstream invert is 100. ft. Determine the downstream invert to ensure
orifice control. The approach velocity and the tailwater velocity are very low (< 1 ft/sec).
Assume Cc=0.62 at entrance. Set the bed slope to ensure free surface flow in the culvert,
e.g. yn<0.75d. TRy
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5. Assuming outlet control and a flow of 120 cfs, estimate the upstream depth for a 100 ft
long 4-ft by 8-ft wide concrete box culvert with a flush entrance and a downstream stage
of 101.5 ft. The upstream mnvert is 100. ft and downstream invert is 99.9 ft. Neglect the

approach velocity and the tailwater velocity in the stream. Assume: n=0.015;
Kex=1.0; Ken = 0.5
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Lecture 26
Culvert Hydraulics
Reference Modern Sewer Design (AISI) and Handouts.

Combined Rapidly and Gradually Varied Steadv Flow.

There are six commonly encountered types of flow in culverts. These are illustrated on the
attached Figure. '

Type 1 has Critical Flow Inlet Control which means that there is critical depth at the inlet
and there is free surface flow in the culvert. To ensure critical depth, the bed slope must be
equal or greater than the critical slope. The actual critical area may also be affected by the flow
contractions due to poor entrance conditions, e.g. a pipe projecting into the upstream flow. If
the tailwater is too high, it may submerge y. and reduce the culvert capacity.

Type 2 has Critical Flow Qutlet Control which means that there is critical depth at the outlet.
This may occur if the bed slope is less than the critical slope. There is a backwater profile
between the downstream and the upstream end of the culvert. The tailwater is less or equal to y,
for this case. There may or may not be free surface flow in the culvert for this case.

Type 3 has Tailwater Qutlet Control which means that the tailwater depth exceeds the critical
depth at the outlet and/or the critical depth at the entrance. There is a backwater profile between
the downstream and the upstream end of the culvert. The tailwater is greater than the critical
depth (hs< y, ) for this case. There may or may not be free surface flow in the culvert for this
case.

Type 4 has a Submerged Outlet Control which means that the tailwater depth exceeds the
pipe depth at the outlet (hs > D). There 1s pressure flow in the pipe. The energy principle is
commonly used to analyze this case. Usually, the inlet is also submerged in this case.

Type 5 has a Submerged Inlet Control with Free Surface Flow which means that there is an
orifice type control at the inlet and there is atmospheric pressure downstream of the entrance.
Generally, the upstream depth is about 50% higher than the pipe depth. This also requires one
or more of the following conditions: low tailwater depth (hy< D), a steep slope, a short pipe
length, low friction and unsubmerged outlet. There is no pressure flow in the pipe. The orifice
cquation is commonly used to analyze this case.

Type 6 has a Pipe Friction Control with an Unsubmerged Outlet which means that there
pressure flow downstream of the entrance but the tailwater is less than the outlet pipe depth (hg<
D). Generally, the upstream depth is about 50% higher than the pipe depth This may occur
under one or more of the following conditions: a mild slope, a long pipe length, high friction.
There is pressure flow in the pipe. The energy principle i1s commonly used to analyze this case.
Assumption hy < 0.85D then hy = 0.85D.

168






The US Burecau of Public Roads has developed nomographs for several of these types of
flows; examples of these nomographs are attached to this lecture. The nomographs
included:

1) Various inlet controls (Types | and 5) and pressure flow (Types 4 and 6).

2) Circular and box culverts.

3) Corrugated-metal (n = 0.024) and concrete pipes (n = 0.012 Note: this may be low
especially for older pipes).

169






nwwmﬁ -mﬂﬂm_.:ucmv GOﬁumUﬂu.ﬂmmmH_U MOTd JA18ATRD Aaaang .ﬁwv.ﬂmOHowU s'n e .w.—“..m

R
P W : Oicus u
0120/ 5 o orrasty
. a . a
S -1y m..v.m.nwﬂ
TIv4LN0 3344 2] LnoronoBRHi
M074 104
gt bz i - MO0T4 NNONVYL
g (4™ 5032 10 4tz oo [ ¢
W : z
o'13asMy = v%m
q e =S 01>y "y
g1 7oy rﬂrrg © 2.0 g1> -9
et h.ipH!J.i?!IJii.l -y
137N Ly T " S 13m0 L
M014  didv H1d3Q vIILIN)
L& TI 2T uﬂ b2, f — "1 o
S (-0 u::m\,.uqu.o i ¢
BT 2 o
O.“AD\.VS : s M mv
, B orysy
0l < mm.n_. ah o> a -
-0
137100 3
Q25HANENS - LW v
b2 u HLd3Q vIiLigD
(Bt~ S rr-hyb2ANI s D 1
M F TN !
I VWYX 3 3dAlL INdWVX3 JdAL







“moy 1aana Jo radA ], .mn“\._ RN

apfouf

SGnMALTATE TANNYID OLLYIWSNLINON HANOILL MOTd

apumIIUB 41 [011U0D

moy [wanuasadng

>

oH >
paBaamqueun 1210y (9)

13|10 4% [01ue)
BO_C _da_.—_._.uﬂ_—m
M
H>H
padaatuqusun 1300 (g)

Moy [Ba1HYNg

Mo M

+H>H
postrawgneun 9330 (¥)

1y £jHeg

P>

1< H
pashiswgneun 191G (£)

moyf finil

p>'

o < H
pefiotuqusun j21ing (2)

Aoy qihd

p<f

Pr<Hi
pafiowqne 1w@png (1)

odfi ],

qu §1 UO1Y099 [023U0D BY] ‘Boudy ‘puv |woPLqNs 8L moy ¢ adLy  ‘yrFus]
o1 9y3 qnoydnoayy |vanitioqns st mop § ad£y ‘gz-A1 "Jy[ ul umoys sy
"UOIIPUOD 199uApTay puv L1jewodd oouvijus ay) uo Butpuadep ‘0
07 ¢1'0 wolj ApPrsuwxordds salva jusroyeod odavyosip dyJg, iloa U
31| 570@ 11 pu® 1998Ax Kq Pa|was 10U §f 30uBLIUA 3y} ‘Smop 9 put g ‘F adky
200 ‘CLQ 0} B0 wol) Apjuwtxordds soliva 931TYIEIP JO FULIOYA0D
2y, ‘e0yLI0 UB 9Nl 510V BAIND By} ‘moy g adAy 10 Moy [PuuByd
~uado a1w sad£y 19yjo ay) pun ‘aoy adid 218 a0y Jo sadLy oml 151y Y],
-da9a1s £19a st ado|s pag ay3 jt 19[1n0 ay) Jo doj 2y} usyy 2ydly 1918AIT)
a4 10 yadap (eoraao ay) uvy) Jeydiy AIYTLs 191uA 1] YIiAL INDD0 UTVD
aoy 1 ad£q 9ey) ur uondadxa uv s{ alay) ‘U0IIBILYISST[D RAOQT Y] Uf

‘|sonpaotadns st adols eyg J1 g ad£7 Jo pus [8019119¢ns 81 ado[s 142A[ND 1))
J1 ¢ ad£7 jo 8t Mol oY) “191BA[ID] 18a0] doy]  F 2d L] JO €1 mop 9Y) 19718M
-|iwy 1oySiy 1o, *39]1N0 1IBAIND 8y 18 MOy eyl JO yidep |BoIILID Y] usy)
1amo 1o 1eydiy 1oy)e aq ABwr 191BAIT) 27 'BN{UA [UD11LID BY) UNY) SSI
SI Jojumpuay ay) usyay ‘Hoys Lpeotnuapdy st ) Jt ¢ ad£y jo pun Juoj
AjlmoyneapAy St 1aeA(nd 2y Ju g adAy jo st moy Yl CLT-LT PUY 0Z-L1
831, ut §14BYD 8Y) Jo supew Lq penljuaLayip 9q ute 959yl {Fuof 10 110ys
Ao nuapAy 1ayjte aq Asur JaA|nD 9u) ‘anjva (U111 oY) uny) 139ra4d &l
IIUMPUIY BY) USYAY  'ONJUA |UOIILID 3y UTY) §89] 10 1391243 13Uy oq Aew
1210A4puay ayq ‘padtawrgns jou sl 10PIN0 3Yg J1 ‘1 2dLY Jo 9 (tm aoy
ayy pun 'aded B o)1) |[n] MO (1A JI2AIND 2Y7 'paflaawigns st 13900 AYy I]

9 mah,ﬁﬁ._o_a:o_mgzm ..uQC__m ‘u
mwﬁ_hrﬁ ................. R LK R BT mgo_m 1
yjdap (9217142 ayj UTY) J9MO0[ IITM]IB], ¢
poaddy,-----" yrdap [voruae 8y usyy BYSiY 1DITAJIT], D
INIBA |UIILIO 211 UBYY SSI[ MUMPURY] 7
e Qﬁ_hrr. f e e i e e e e e ._u.—O_.—m %:dn.__:d.__uh._._ .H._P}_:.O a
ALY SRR T Augy LuoynuapAy aeang v

DIRA U011 Y uryy 199vaad d9jumpue |
padteurqnsun 191100 ‘[
—mgxﬂf.__u........-.....-.-.-..--.-..........ﬁwwu—mﬁﬁzmﬂu_ﬂ:o -<

:aulno Juimo)jog 2y 01 Sutplooay
pauruidxa aq Avw ad£ youa jo uonvoynuapi sy, ‘9z-L1 'J] ur umoys
s¢ ‘sad£7 x13 ojur paysev]d aq Avwr aoy 4eA|nd "sasodund [uoryevad doy -

‘[a41eq ay) dpisul pado|paap
satm aopms Fuipuwis w 1o 39|90 Ayl o 109yd Jojrayoug oy ‘dulni -
AHNTApAY 7 Lo FISND JR0UL UL PISNLD 1404 N0 Y9 Jo do] oyl 07 dn 19jua 8y
J0 @s11 v 09 aup s uotjaw Butwiid-ja8 s1y) [gZ) wosseyn] puv ] £q suon
-ndysaam K10inioqu] ay) o Juipiodoy | nj aoy snyj pur Ljuoljruoine
J1osyt awrd ALout sdumajus pafiowqgng Yiim 119A|N0 J10ys A|r wapdy U
‘suoljipuod a|quiIng 1apuf)  “Meano Fuo[ LjuonuipAy B put 4. ys Apudl|

JMPY A serssAavAr L wemaaa wanar -






WATER A

SURFACE ,
I = H ws.
HW -

[
P A AL
B
— L]
| H
HW ~~ W.S
— - \\.__-—--.__
w}‘w /] ST i
_ C
3
r A \ i
HW B E
. P "“‘r-._,._-.‘ﬁ'§___
IR RSB
D
\ L
_B.Lm'_“____ - - H .
HW ZI T——— 3 WS
7}\\%\%&\% R WA

OUTLET CONTROL

Figure 2






. —'—_'-———r__—__-
C T mw I
—W - —
——h
TSNy ol
UNSUBMERGED

PROJECTING END —

B

SUBMERGED

PROJECTING END —

G

MITERED END — SUBMERGED

\NLET‘ GONTROL

Figure |

5-2

¢~






FEET

c..

CRITICAL DEPTH-d

GHART 16

3
1] L |
%
2 —_
y&ﬂ Iaﬁjgzi%;ar
5 =35
) ) de CANNOT EXCEED TOP OF PIPE
b s
LY
1.0'01A
!
% 1o 20 30 aQ 50 60 70 80 90 100
- DISCHARGE-Q-CFS :
6 8
- e e
5 : %7 z// 7
__ A —
N nyé/ /‘¢
'_
g ) ]
s V/% 5 — 5w
S 7 '
fé 72 > o
% ;
// de CANNOT EXGEED TOP OF PIPE 5 e
3 f/L'TI E_—]
s s
2
2o 100 200 3100 400 500 600 700 800 900 1000 2
DISCHARGE-Q-CFS E
O
i4
A
12 ///
—
///
10 /;f:j:
,//ﬁ/
8 ////'/
////
s Aﬁj//ié( de CANNQT EXCEED TOP OF PIPE
142%13
#éﬁqr
9" DIA
% 1000 2000 3000 2000

BUREAL OF PUBLIC ROADS
JAN, 1964

DISCHARGE-Q-CFS

GRITICAL DEPTH
CIRCULAR PIPE






TABLE 1 - ENTRANCE LSS COEFFICIENTS
Outlet Control, Full or Partly Full

Entfance head loss He k_ Ve

Type of Structure and Design of Entrance ' Coefficient X,

Pipe, Concrete

Projecting from fill, socket end (groove-end)
Projecting from fill, sg. cut end
Headwall or headwall and wingwalls

*® & e & = = . »

(o Ne]
o

Socket end of pipe {(groove-end) . . . . . . . 0.2
Square-edge . . s s 2 4 4 s e e s e e e s . s 0.5

Rounded (radfus = 1/12D) . . . . . . . . . . 0.2

Mitered to conform te fill slope . . . . . ¢« . . & 0.7
¥End-Section conforming to fill slope . « . + « . & 0.5
Beveled edges, 33.7° or 45° bevels . . . ... .. 0.2
Side-or slope-tapered inlet . . . . . . . &+ + & o . 0.2

Pipe, or Pipe-Arch, forrugated Metal

Projecting from fi1l (no hemdwall) . . . . . . . . 0.9
Headwall or headwall and wingwalls sguare-edge . . 0.5

Mitered to conform to fill slope, paved or unpaved
SlODPE ¢ & 4 ¢ 4 4 4 e e s s e e s e s e e aa e s 0O
#End-Section conforming to flll slope . . . . « .« . 0
_Beveled edges, 33.7° or 45° bevels . .. ... .. 0.
0

Side-or slope-tapered inlet . . . . . . . .

Box, Reinforced Concrete

Headwall parallel to embankment (no wingwalls)

Sqguare-edged on 3 edges . . . . e s e = s = 0.5
Rounded on 3 edges to radius of 1/12 barrel
dimension, or beveled edges on 3 sides . . . 0.2
Wingwalls at 30° to 75° to barrel
Square-edged at crown . . . e h e e e e e . 0.4
Crown edge rounded to radius of 1/12 barrel
dimension, or beveled topedge . « + . » - . 0.2
Wingwall at 10° to 25° to barrel
Squere-edged at crown . . . . e e e e e s 0.5
Wingwalls parallel (extension of sxdes)
Square-edged at crownn . . . . . . 4+ . 4 e - . 0.7
Side-or slope-tapered inlet . . . . . . + & « & « = 0.2

*Note: "End Section conforming to fill slope,”" made of elther metal
or concrete, are the sections commonly available from manufacturers.
From limited hydrmulic tests they are eguivalent in operation to
2 hesdwall in both inlet and outlet control. Some end sections,
incorporating a closed taper in thelr design have a superior
hydraulic performance. These latter sections can be designed
using the Information given for the beveled inlet, p. 5-13.
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HEIGHT OF BOX (D} IN FEET

BUREAU OF PUALIC ROADS JAN. 1963

.RATIO OF DISCHARGE TO WIDTH (Q/B) IN CFS PER FOOT
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Pigure 3 shows the terms of eguation 2, the energy line, the hydran-
lic grade lin= and the headwater depth, HW. The energy line represents
the total energy at any point along the culvert barrel. The hydraulic
grade line, sometimes called the pressure line, is qefined by th= eleva-
tions_to which water would rise in small vertical pipes attached to the
culvert wall along its length. The energy line and the pressure line are

_parallel over the length of the barrel except in the immediate vicinity

of the inlet where the flow contracts and re-expands. Thg difference in
zlevation batween these two lines is the valocity head, %é . '

The exoression for E is derived by eguating the total energy uo-
stream from the culvert entcance to the energy just inside the culvert
outlet with consideration of all the majior losses in energy. By refer-
~“ng to figure 3 and using the culvert invert at the ocutlet 25 a datum,

v met: 2
a + L s LS, = dp + B, + H
1 2g + o 2 1LV e-rf
where
dl and d? = depths of flow as shown in fig. 3
Vg
1 = velocity head in entrance pool
2g
LSO = length of culvert times barrel slope
then i
d +__V]‘2+LS d, = H +H +H
17 3 o T2 T Yy e 'f
and

— 2

H=dl+z_i_-_+LSO-d2=ﬁv+He+Hf

From the development of this energy equation and figure 3, head H
i5 tne divference between the elevations of the hydraulic grade line at
the outlet and the energy line at the inlet. Since the velocity head
in the entrance pool is usually small under vponded conditions, the
water surface or headwater pool elevation can be assumed to equal the
elevation of the energy line. Thus headwater elevations and headwater
depths, as computed by the methods given in this circular, for outlet
control, can be higher than might occur in some installations. Head-
water depth is the vertiecal distance from the culvert invert at the en-
trance to the water surface, assuming the water surface (hydraulic grade

line) and the energy line to be coincident, dj + ;é_ in figure 3.
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F1a. 9-13. Channels for Prob. 9-7. The vertical scale is exaggerated.
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Assignment L.
Open Channel Flow

1. Find the alternate flow depths for a SpeCIﬁC energy of 12 feet ina tnangular channel that hag
z=3 and a flow of 400 cfs. y?

(_,/

.'/' 3
7,

' 2 Fmd the alternate flow depths for a SpCClﬁC ene;gif of 20 feet in a trapezoidal channel that is
20 feet wide at the bottom with 2H:1V side slopes and has a flow of 1400 cfs.

i

7/
i
&

=i
2

3. Find the critical depth in a triangular channel that has z = 3 and has a specific energy of 12
feet. What is the flow corresponding to this critical depth?

4. Find the critical depth in a circular pipe that has diameter of 9 ft and has a speciﬁc energy of 8
feet. What is the flow corresponding to this critical depth‘? /
BN

EB

4. A spillway with a crest has radius of curvature of 8§ ft and a critical depth pth of 12 ft. Estimate the
pressure head at the surface of the crest.
Note: Assume that the velocity is the critical velocity.

—iziqﬁéwi
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. .
I .Find the equivalent n for the trapezoidal channe] shown below. Azcu v,
Given: Q=500cfs; z=2; b =20 f y~ 10 fi.

Assignmernt

/’\,.‘ p - e /v /'—.-_i'—y.._k
n o:'-';/: 7 '('5_-» [eXs}) /" ’ ! /ﬂ 1 70&
&% /I{(/ 7 = ) .
,[‘ ,‘/IZ 3/2 fa 7’
. (P{ 7. >
e
2. Find the equivalent Q, n, « and § for the compound section shown below. 5 5
iven: So = N RVEY, S VA
Given: So = 0.0003. [y (\{}/J/ 5 cpitl !
s} ¥ I /’







%
M
9 \
0

—

D\,Z

i

($4422),67'2

]k
oo
W

(s2a)) (0871 )<+ [(05) (8132 )07 )+[(5'292) (3LT) ='

<00
h

55538 =
by Al 00T 4'40)501 + 5191 = ——
758 3 \NJ\%\W\ KOk 2% P |
&mOr \f ’
, -1 Sllkhoo - $55%8/ — ,W.WH! o
A (LB il st e e e
" - 1
4312 246 °249%h SEUT| hopt|SnR004ap |5 Thé s2een| B
A | ‘ 1 © 43 1 Ly
g = A T LD =202 tagd | ada| Tluy 5 Y
0h7 " 79'027/ 960L4 |5%95h2 | 521 s |ho'0 W89 h gz WQ\ 4
$h%°'7 IMSOLL 931 98] | 7429t | 207 | 5075100 pU'2 | $2'94| Q54| 2
03 ] £l 4 9h 2LLIT | pOJTL| STU| 51| ho'o | 9 h|£0ts WRN o8
RTINS § A5 S DI TRE A W, W 2 RSN N2 -0 A A T
e 03 _r\.w.\r\n\m ‘w m\N m\ .\u/ﬂ Qu oy Q.u_cg ﬂfb#&u
o r7\1/\ o )
" 24410 9= o 7






P»‘fd}!f v 5~ p guimv}’/ﬁ o
| C g e
L"\ wrlie ) W Sing
A \.7\ LL l}
rov 4 \ \ o NG A > o {/ ,
77 Y 7 < e . /
| = < — =yl
s < n P N2z
Lo T K T F"Jl‘/gﬂgn
Fia.5.23 |
See hdr/@fﬁ'f’ 4; }%
fm?{'c‘/ g
’ﬂr IZé Wf;f‘-'°5 57'??05 7{-9 f—a[‘w . ol ears
]) F}/‘d/ Ffllpw (o;:';o \
” o , T, )
2) ﬁ"/ Mﬁﬁﬂi:fé} /7 (fﬂL/f 7_—}f”‘ {?‘03-//}20/.’0!_?\)64( gt/
P =3 r."p o o
?) 6ot 04 Fy 53 /

1) 4= 2, ot 23204 (Vpear )= Ch XuSe
r7-) Z’z_r:K?'f,:Z—m:Cs);‘zgo

é\j g: /Tk \ /“iﬂﬂ 1o nypw.,f Ser00s CroOSipa oy, é.?ﬁﬂ,

vt

Cb J/So —\

(/4%\

D) Snd=5, 001 (£ Foh 3
»* (o Ggef CS ;{Cb &9,.-1 CoE C&m/fs-

* 'C"/ row B LSy CS:O:?{ E Cb: 07?'7

/

2 Zond

e

3 = 7 , (y Gtz )™ "
?5) O =% A R }90/" :(5,/,,,E): % m% >

X Solve Yo b

) Al Foe boged

r i



-
P ey A 57 A
4 v Sy 4t SRAE TEaa N

T 4’? 54_{-@ !:;‘/L ZA T
DR IRV T

e G L B (]
[ ‘

r;/ %)37_) (/0/




Hu, v },’./N v, *Z

Fundamenials oj/Engineering Design

Tabie 5.8 Permussible Canal Velocities (Fortier and Scobey, 1926)

Mean velocity, after aging of canals with flow depths g 3 ft

‘Water ransporting
noncoltoidal silts,

Clear water, no Water transporting  sands, gravels or rock
Original material excavated detritus colloidal silts fragments
for canals (fvsec)  (mfsec) (fu/sec) {mv/sec) (fu/sec) (m/sec)
1. Fine sand {noncolloidal) 1.5 0.46 2.5 0.76 1.5 0.46
2. Sandy loam (noncolloidal) 1.75 0.33 2.5 0.76 2.0 0.61
3. Silt loam (noncolloidal) 2.0 0.61 3.0 0.91 2.0 0.61
4, Alluvial silt {(noncolleidal) 2.0 0.61 3.5 1.07 2.0 0.61
3. Ordinary fim loam 2.3 0.76 3.5 1.07 2.25 0.69
6. Volcanic ash 2.5 0.76 25 1.07 2.0 0.61
7. Fine gravel 2.5 0.76 5.0 1.52 3.75 1.14
8. Stff clay 3.75 1.14 5.0 1.52 3.0 091
9. Graded, loam to cobbles (noncolioidal} 3.75 1.14 5.0 1.532 5.0 1.52
10. Alluvial silt (colioidat) 375 1.14 5.0 1.52 3.0 091
11. Graded. silt 1o cobbles (colloidal} 4.0 1.22 5.5 1.68 3.0 1.52
12. Coarse grave! (noncolloidat) 4.0 1.22 6.0 1.83 6.5 1.98
13. Cobbles and shingles 50 1.52 5.5 1.68 6.5 1.98

14. Shales and hard pans 6.0 1.83 6.0 1.83 5.0 1.52

2.

W

Determine the sotl properues of the bed and banks of the design reach and of the channel
upstrean.

Determine sediment vield for the reach and compute sediment concentration for design
flow.

Check to see if the allowable velocity procedure is applicable using the Channel
Evaluaton Procedural Guide, Figure 5.27.

Determine the basic channel velocities from Figure 5.282 and muluply them by the
appropriate correction factors as found in Figure 5.28b. Compare the design velocities
with the allowable velocities determined from Figures 5.28a and 5.28b.

If the allowable velocities are greater than the design velocities, the design is satisfactory.
Otherwise, if the allowable velocities are less than design velocities, it may be necessary
1o consider a mobile boundary condition and evaluate the channel using appropriate
sediment transport theory and programs.

5.3.4 TRACTIVE FORCE DESIGN

Lane (1933a.b) developed an analytical design approach for shear distribution in trapezoidal

channels.

The tractive force, or shear force, is the force which the water exerts on the wetted

perimeter of a channel due 10 the motion of the water.
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Figure 5.29

Maximum Unit Tractive Force Versus b/d (from Simons and
Sentiirk, 1992), b is the Bottom Width and d is the Depth
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Figure 5.30 Maximum Tractive Forces in a Channel (from Lane, 1953b)
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Lecture 27
Rapidly Varied Steady Flow -
Spillway and Stilling Basin Design

Assignment Due Date : In class assignment.
Reference Corps of Engineers Manuals and Handouts.

Design Case Study
See separate handout.

Function of a Spillway
The function of a spillway is to safely pass the excess flood waters around, through of over a
dam.

Types of Spillways
The following are examples of commonly used spillways:
1) Crest, e.g. Ogee, WES, weir,
2) Side Channel,
3) Drop Inlet, e.g. Morning Glory
4) Sluice,
5) Over-and-Under,
0) Fuse-plug,
7) Syphon,
8) Stepped,
9) In-built.
The spillway may be gated of free flow. In any case the gates are assumed to be fully open at
the PMF.

Design Considerations

1. The most important design criterion for a spillway is the design flood. The selection of this
flood must consider the consequences of exceeding the spillway capacity. Generally it is
assumed that if the dam 1s overtopped it will fail. If this would cause any risk to human life then
the probable maximum flood (PMF) must be used. This flood 1s determined by hydrologic
studies of the existing floods, regional flood analysis, regional rainfall analysis, probable
maximum rainfall analysis (maximum moisture content in air column and maximum efficiency
of conversion to precipitation) and rainfall runoff models and flood routing models.

In rivers with very long and reliable flow records, the 1:10,000 year flood is sometimes used as
the design flood. In this case, the extrapolation of the flood frequency curve is based on the
probability function that best fits the available annual series of peak flows. The most common
probability functions are the log-normal Pearson Il and the Gumbel distribution.

2. Another criterion in designing a spillway is the maximum allowable reservoir level during the
passage of the probable maximum flood. This is established by the overall project cost-benefit
analysis. The cost side includes: the cost of building a higher dam, the cost of land and flood
rights, environmental and transportation costs and present value of future costs such as
operation s and maintenance. The benefits include: increased storage, increased hydroclectric
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power, increased attenuation of flood peaks. Based on acceptable interests rates and inflation
rates the annual benefits (income) must exceed the amortized capital costs plus the operating
and maintenance costs. In fact the owners would like to maximize the return on their
investment; in this case the height of dam that maximizes the return on the capital investment
would be the design height that is selected. In other cases the dam height that give the maximum
benefit to cost ratio is selected.

3. 1t is also necessary to know the tailwater level (river stage downstream from the dam) for the
entire range of floods from the low flows to PMF. This is usually presented as a Stage versus Q
curve which is also called a rating curve. This curve may change with time after the
construction of the reservoir. For example, the river morphology will change due to removal of
sediment load in the reservoir; this may cause degradation of the channel and lowering of the
tailwater level. This information is needed to design the stilling basin and other outlet works for
the dam. It is also need to estimate uplift on the structure and back pressure on turbines. Fish
migration structures are designed for a specified tailwater range.

A tailwater rating curve can be established using existing flow and stage records; however, if
these are not available it will be necessary to use models like HEC-RAS to estimate the rating
curve - in this case calibration with actual stage-flow data is essential. The tailwater rating curve
may exhibit hysteresis, i.e. on the rising limb of the flood the stage may be lower than normal
and on the falling limb it may be higher than normal where normal refers to the stage that would
exist for the same steady flow.

4. The normal pond elevation is often used to establish the sill of the spiliway. It may also
correspond to the ice loading elevation.

Crest Spillway Design
A complete spillway typically consists of the following elements (see Figure below):
a) the crest section,
b) the chute,
c) the bucket,
d) the stilling basin.

2 {f

CREST

Bucket

X Stilling Basin
”

Crest Design

We need to select a spillway form that has low cost and high capacity. An early attempt to
obtain an efficient shape was to take the lower nappe of the flow over an aerated sharp-crested
welir as the shape of the concrete crest (see figure below). Of course the weirs were scale
models of the actual spillway. The idea was to have nearly zero normal force between the water
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and the concrete and therefore have almost no frictional resistance for the selected head on the
weir. This gave a parabolic spillway shape.

To generalize these results and make the crest easier to construct, the Waterways Experimental

Station (WES) proposed the following dimensionless equation for the downstream portion of
the crest (see Figure below):

Y/Hy=K' (X/Hq)"

(27-1)

where Hy is the design head (not necessarily the maximum head); X, Y are Cartesian
coordinates of the crest as shown below; K4 and n are constants that depend on the upstream
batter and the relative height of the spillway (see attached table). For, typical vertical face

spillway K'=1/2 and n = 1.85.

Y i 1
\‘\“\,L,‘

tHaHa -

i Q.175Hy
QOrigin of
coordinales

S NE 1.3\
A o ;_ R
\\\Cr:n oris ‘\ .ﬁ

Setbhack

0.282H,

\

WES suggests a compound curve for the upstream portion of the spillway. The radii and offsets
ar¢ proportional to Hy
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Determination of the Maximum Energy Head H, 1o

The maximum head on the crest of the spillway during the passage of the PMF is

S bag fe o f ey & AL,
o 1 SR |{’\ 5 5 e
H, o= (Maximum Pond Level - Crest Elevation) + V32/2g i L,
where V,=approach velocity = Qynac/4 joray sthe Crest Elevation; usually the normal pond /. = /%
level. '
Discharge Equation

The discharge over a WES spillway is given by
0=C,LH" 27-2

where H, = the energy head above the spillway crest; L = effective length of the spillway crest;
Cq= discharge coefficient which is a function of the ratio of {H. /Hg}, e.g.

Ci= Cap {H/Hd}a”
27-3

where Cy, = the discharge coefficient for H, = Hq. In U.S. units Cy, = 3.97.

Selection of Design Head Hy

The design head Hj is the scaling parameter for all of the elements of the spillway crest. It is
selected to reduce the concrete in the crest section, to maximize the Q but to do this without
causing cavitation due to low negative pressures on the crest. Since the size of the crest
increases with Hj, the larger the H; the more concrete that will be needed.

From the discharge coefficient it can be seen that there 1s an advantage of increase Q due to
selecting . ;‘F Al =20 (v 220 Ley

QO

o frF1bm

if 1 - = ]
Hy < Hemax. 1 /;_ _hp
Y

T e T
/ iy ~

! o e
5 :
J F -

However, since the radii of curvature are proportional to Hy, as H, increases relative to Hy the
negative pressure on the crest also increases, as indicated by

piy ~d(1 - V(g k Hy) ~ d(1 - C H/Hy) since V./2g ~ He/3
Figure 27-1 (attached) was developed using experimental data on the lowest pressure head on a
WES spillway with different ratios of {H. /Ha}. Figures 26-14 a,b,c (from ven te Chow) show

some of the dimensionless WES experimental plots of pressure head along the bed of the crests
for different ratios of {H./Hy} with and without piers. As a guide the lowest pressure should be
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>> the vapour pressure of approximately - 33 ft for sea level installations. Due to irregularities
in the concrete bed and walls a safe negative pressure is approxtmately, - 18 to -20 ft.

The design Hy that will give the highest discharge coefficient and still be safe from cavitation is
the one that gives pmin/Y ~ - 18 ft at the maximum head on the crest, He nay.

Ha. H=He¢ max. /{1- hp./(1.35 He max.)} 27-5
Example:
Given: He nux = 60 {1, use pmin/y ~ - 20 ft.
Find Hy.

Selection of Piers
The pier width and nose are determined based on H,. For example a Type II WES Pier has a
thickness of 0.266 H; and Radius of 0,133 H,.

Crest Length
The effective crest length L is

Le =L, - N,K, H. 27-6

where L, = actual (clear) crest length; /N, = number of pier contractions; K, = pier contraction
coefficient. The effective length is found from

Le=Q/{ CqH. "}
27-7

A~ . I i [T I A A

and then L, =Le+ NfK;, H. | ' | 27-8
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Start of Chute
The Chute starts when the slope of the crest function = the assigned chute slope (1/m). The
minimum value of m depends to some extent the stability analysis of the gravity section of the

entire spillway.

dY/dX = 1/m
Bucket Radius
The bucket radius depends on the velgclty and flow. Chow glves an empirical equation for
/-‘ \! ‘. { ‘.'.‘:,n | ;0 ( j
Rb — /, (”Ff._. ,~ -4";,;‘,-"* (— ‘,r‘“:"- v, (Avi | -
B A 1 { /!

Velocity at Entrance to Stilling Basin
The energy principie along with an appropriate friction equation can be uscd to estlmate the
velocity at the bottom of the spillway: _ g

Vi =[2g(Z -y - hp}*

I -
Al W LEL 7 [/I
where Z = [TEL in pond - Stilling Basin Floor Elevation); y, = depth at start of stilling basin;
h;= energy loss from pond to stilling basin entrance. Note: y; = Q/(V, W) where W is the
width of the stilling basin. ,

{;/ O+

The USBR developed an alternative to the above equation:
/
V) =[2g(Z - Hy2]"* 27-10

which is explicit and eliminates the friction term.
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Lecture 28
Design of Stilling Basins
Function of a Stilling Basin
The function of a stilling basin is to dissipate the excess kinetic energy at the toe of the spillway
to avoid damage to the downstream channetl or property.

Types of Stilling Basins
Hydraulic Jump,

Impact,

Flip-bucket

Plunge Pool,

Submerged Bucket and Roller,
Stepped spillway,

Baffled Chute,

Raft.

XN AN =

Design Criteria

1. The stilling basin must protect the dam and spillway from failure for all floods up to the
PMF.

2. The stilling basin should protect the downstream channel and property for serious damage for
the regional flood, e.g. 1:100 year flood.

Theory
Hydraulic Jump Stilling Basins: An hydraulic jump is the transition for supercritical to

subcritical flow. Due to the inherent instability of the decelerating flow, a large portion of the
kinetic energy is converted to turbulent energy and subsequently lost as heat energy. A portion
of the kinetic energy is also converted tp potential energy. There are several types of hydraulic
jumps. For stilling basin design, two of these are very important, i.e. the free jump and the
forced jump. The former occurs when there are no appurtenances to aid in the formation of
jump and the latter refers to jumps that have appurtenances such as baffle blocks, chute blocks
and sills, to assist in the formation of the jump.

The characteristics of a free hydraulic jump depends on the Froude Number at the start of the
jump. The table below summarizes 5 phases of the free jump. The US Bureau of Reclamation
(USAR), St. Anthony Fall Laboratory (SAF) and WES have designed stilling basins especially
for each phase (see USAR, “Design of Small Dams”; USCOE, “Hydraulic Design Criteria” and
EM1100-1602 & 1603; ven te Chow, "Open Channel Hydraulics”").

The momentum principle gives the downstream (sequent depth) of a free jump,
y2=yi f{1 8Ne " - 12 28.1

and the energy equation gives the energy loss as
AE =E;-Ez=(v2-y) /{4 y1 9 = [Vi/28].(v2- y) /{2Nr1 * i 2} 28.2
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Stilling Basin Design
The velocity at the toe of the spillway can be estimated from the energy and continuity
principles applied between the forebay and the toe, i.e.,

Vi=1[2g (Z-y)]'" &  y =WV 28.3
or the USBR empirical equation can be used to obtain V; directly,
v, =[2g(Z-H/)]* & y1 =QAWV;) 28.4
Froude No. at the toeis N g = ViAgy)™? is supercritical.
The purpose of the stilling basin is the dissipation of the excess energy at the toe of the
spillway.

One means of doing this is to force a hydraulic jump to occur before the flow re-enters
the river channel.
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Spillways

drainage system cannot be considered entirely
effective because of the possibility of clogging
or silting of the-drain outlets, the ficor slab is

usually made sufficiently heavy to resist the

flotation effect on the fioor.

For design, the stilling basin floor is consid-
ered to be a free body in static equilibrium
with foundation reactions balancing active

Water surface profile of jump

- 445

head on the bottom of the slab are counter-
balanced by the weight of the concrete and the
effective weight of the water in the basin.
Differential horizontal hydrostatic forces are
oppesed by the sliding resistance of the hori-
zontal leg of the slab on the foundation.
Equilibrium against rotation is achieved by
equating any unbalanced. forces with a founda-
tion reaction force positioned so that the mo-

~~ Outiets for basin underdrainage system.
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In-Class Tutorial

Complete the design of the Spillway and Stilling Basin in the problem
statement below.

A typical cross-section of the spillway is shown below. The crest follows the
WES standard design. There are 100 piers each 6 ft wide. Assume that the
minimum pressure head on the spillway is -20 ft.

)
1

a) The maximum discharge from the spillway is 385,000 cfs.
b) Determine if a hydraulic jump conditions on the apron.

Maximum
Water -
Level Crest
23 fi B Elevation
m 12 ft
WES Spill
Hway Tailwater
Level 6 fi
Bed
Elevation Apron
Elevation
0.0 ft ? fi
BAFFLES

183
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ENCE 4319
LABORATORY # 2 — Hydraulic Jump

10-26-10
Objectives:
1. To verify the classical hydraulic jump theory.
2. To conduct and experimental error analysis.
Theory:

The equations to be used in the analysis are the following:

1. Flow through the spillway: @-= 1 CW\/ZgH%

T2
2. Flow under the gate: O=y.yW ( 28 (assumed to be the “true” flow)
ya +yb
. Y
3. Hydraulic jump: Y, =—;—(J1+8Nﬁ2 —])
where Np = N
BN
. L,
4, Length of the jump: —L =10N. -6
gl :

yo — e — T e _1
3
4 %
ydL
‘f N — - - h
\//// A N L VI T A A POLP O lF L P P il edrss 7
A
J
Procedure:

1. Each group of three students will take the following measurements (in mm): P, yo, y1, y2,

Lj: Ya, ¥Yb.

2. Each group will provide the information to the ASCE President, who will prepare a
summary table in Excel, with all the values provided by each group. The ASCE
President will email the summary table to all students in the class.

3. Each student will calculate a table similar to the table presented on p. 2.
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