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;

c¢) 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.

e) 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 Outlines, 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)
jmccorqu@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 & 15%.
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 69.5-79.5
D 59.5-69.5
F Less than 59.5.

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, TUTORIALS, 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 1s 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.
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INSTRUCTOR: Alex McCorquodale, Ph.D. P.Eng., P.E.
Room EN 817 or CERM 315
Telephone 280 6074
jmccorqu@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.

MO OW >

*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 does not attend the respective lab or tutorial session. Handouts will only be
available for those attending the respective class.

* A\CADEMIC DISHONESTY POLICY click
http://alt.uno.edu/stud handbook.html#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 UNO 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.edu:7633/popstore_user/, logging in, and using UNO email forwarding
options. It is the student’s responsibility to obtain access information (username and
password) for your UNO email account. To obtain UNO 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
are 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__ Vong/d Sz colloman Y /g

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 ft/sec, the D~ R 75\ and the P=2200 ft. =D
cfs

b
1. What is the flow in the River? é 0 g: wlols. /cw'{/e;}ys, ;‘%

2. What will be the impact on the water depth if the turbines extract 10,000 HP? ;’;L

T,

elect the best answer: ﬁ 2200 Pt

a) tream depth will increase by about 0.15ft
v&‘ am depth will decrease by about 0.15ft
c) Do
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§% |
stream depth will increase by about 0.15ft 1 (
d) Downstream depth will decrease by about 0.15ft 7 { ?
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e) None of the above.
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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.

D T/
Your Name !/,_f’\/‘,‘_,'f*‘ O/l Crig s

Student No. 7 ‘;,

Marks

Question 1: 15

Question 2: 15 #li

Question 3: 15 _(_\Z

Question 4: 10 __&
4 (

Total 55
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1. Determine the force on the support for the 90° elbow shown in Figure 1. The elbow
weighs 400 lbs. —

- —— i

pe——

a. the pressure head at section (2) is closest to: {Answer 36, 38, 40, (44)ft

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

Answer F, = 2 3, 9/ 5 ki@or & Ey= Z/ a 23 ki;@r‘? :

>

Assume:

a=3=1
Neglect energy loss and friction.

Given:

Upstream pressure

head (section 1) = 50 | ft

Diameter = 3| ft

Q= 80 | cfs

Elbow radius = 6 | ft

2 T PROFILE
Elbow radius
Pipg diameter
Q ey A . ... Datum
1

Figure 1.

Solution:

Show Control Volume (FBD) here! (20% of marks are given for th/crdxagram)

y | = 2073 [}
T 2 PROFILE
Elbow radius ~/

E o
| Z, = 4. & F7

Npﬁ diameter

o / ____________________ + Datum

s

- L/(a(-,f‘: } !',ff,ﬁ,z;g
(552 [L



fqﬁo:
Wy = Y00l W, = gg,gga(gz.y%a = 915316
h, n//éf L
-2 -2 1% 7
%t o \i YT T o /h32 /5
@ . Vom #h = so(éeq)708) = 2205815
radiusz &
Loepulie - gy Erepy bel ;
)(.-//ffqﬁ;w : 7*/ : //
—_— g fi—»_(/g(_f-wl—'/ﬁ*: —z{f:+g2+"=%l’_+}\/
?F\,(': P Z-F@Mx J/ ! ?;; Zj -1

MR E PRy,
(7.07)

f’cféz ﬂ el qq)[@o)( I32) = M L

)= 2074 Vo= A (o) = 707(¢ [ E)= 4.6 #+*

f (Pz‘ Fe H, - 27%7[707) - 200737

t{_ %,‘f(cf:g,-; /\/? Mi)‘/%‘" p— :ZZ,}__;O___%__.___{_&__‘
- D 3 ) 2116%\ - 4 e
iF® ()@Vz;' %ﬁ M = tun (Zzsz) L5 A
Ve = PeV, Focce o ruler on 9”//0/\/
- Y, = 4
My = 0-%)/@0"32}4 20077 W sy : BM
My = 21430 1b T - é %
} T E?Eafé L/ZF



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?

Assume: the specific weight of concrete = 150 Ibs/ft’ /- _ 112.73 >
Neglect: ice, silt and earthquake forces. h ;2 ‘
T 50 [ A Vio)s): 5406k
Friction factor at the base = < = 07 hv - FE ¢
£ 30 [ ft A o
e 367 . i
e w=Y 4 = o.5(¢0)éo)1)= 270"
£
bA= o't 30" = 70
bo - 307
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Figure 2. q / : 2
Circle the closest answer here!
Factor of safety against sliding = { <1, / ) .
— E g /__, s o
Factor of safety against overturning = {<1, 1 - 1.25, 1.25 - 1.5, #1.5} (Safe), (Unsafe) “
P
Tension in base: (Yes) @ [ /e
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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 ¢ 1s attached.
Given: ifpgf%‘\
Kpd=4.
Wet Well Level = 100 ft
Reservoir Level = 135 ft

Circle the closest answer below:

Qo={10, 11, 14, [16,) 2.0 y

Ho= {35, 39, 40, 45, '@ Vft

Efficiency in %= . . /
o

/ 80
(

PLAN OFPUMPS IN PARALLEL

PUMPELEV 112 ft

Fi 3. P ;
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4. In the three reservoir problem illustrated below, the value of Hp is closest to:

{28, 26, 125,/ 24} ft

Hy=30ft ((9

Kp = 3 for all pipes
Elevation of D = 24 ft

W, By N N i
i = &%

- J;r-'ft- Hp 7F’:.;.‘
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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 permitted.

o 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.

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

Your Name DO/)/F// :0//”) ///:’“,» &)

7] T Py Ay TN A
StudentNo. 2 5 4 (DD (D

Marks - /
:y') 7 174 > =
Question 1: 20 L /CX @/QCL“/ ! “

Question 2: 12 (¥
Question 3: 18 (%
Question 4: 12 [V

Total 62 é: 2



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

Given a triangular channel that has a 1H:1V side slope and a specific energy of 20 ft:
= =
E, - E}:\-- 3 Je a) The critical depth is clos
Yoo 30— {Answer [6.7], [13.3]

est 1o
, ‘[20]
e T
7. . .
L io‘ﬁ( 4 i{ k')c— Z'g;_ 7 D’E o o /ﬂﬁ&

\ £ / f'/
J i y - i _/}+_7¥ / —':\"""oﬂ" K 17/

b) Ifthe critical flow is closest to:

o _‘/ﬁ, S\ 27 {Answer 170 1400; 2000, 2200,/ 400 e ol
PRV w) W/ Ve - 0198 et .

¢ e [ 186 (—~
A | \ Ll c) Ifthe critiﬂﬁl_o%is closest t0 (given n=0.015): ‘
—~ _/}/) R P \ {Answer (0.0125 >0.0012; | 0.003; /0.004) units_~~
“H 7 /'7‘ . /o 4 e —i- 2_<\ /
c" A | [G., 2 /aNTA
L. = Yoop L% = a0 9 7 —_—
e N i V'3 o
A} ¢
d) If Q =200 cfs and E = 20 ft the alternate depths are closest to: 2
7 { Answer — \‘ /
g i [20, 2.5] [19.98, 2.62], [19.99, 2.63] | [19 99, 2. 44]
L3 € ¢ units__ -
¢ | . ’ ,—-/; o7
0=y + 62117 A = M 204"+ 62].1 ).
{7, & '_“
A e) Ifthe slope 0.009 and n = 0.015 the normal depth is closest to:
s {Answer 1.2; (4.0;"\5.1, 5.8, 6.3)units_/
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—(y-b\| - v}
2L ‘1205
b _~ b) The maximum flow is closest to:= N2/
{Answer 440; 620; 830;( 112} 60) units 7 / 5
_/

2. The specific energy for the open channel in Figure 1 is 12 ft. Given B=10 ft

es]

Ec
- yc
B/2 K J
Figure 1.
a) The critical depth is closest to: _‘
y Ve {Answer: 5.0, 6.5; 7.1; /8.4)units
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3. For the stilling basin shown in Figure 2,determine:
a. the Froude number at seefion 1
{Answer4.2,))5.2, 0.2, 8.2, 8.9)

L_V/:'

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

{ Answer \.15'_5’.}%18’3’ 253, 30.3) Units

Y - s / ‘ i o - I ] \ p
/ ks f»"F“’ (ﬁ "‘/ & | } i I / é

" v
c. the depth y2 for a hydraulic j Jump to form with the step

{Answe@ 18.0, 252, 30.3, 30.8) Units
\___/

Given: q /) - y h\= 7 & 2%
Ty ) RN
y1 =2.5 ft (Initial depth) Vi=Q _ [O0 _ yya.
B \ F: Y. Sl
s = 3.0 ft (Step height) { U () ,
Assume: a=p=1 ; N /f Ji ‘;;y”
Hydrostatlc pressure at sections 1 and 2 e e e
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. Given: Q= 5000 cfs; z=1.5;n=0.015; S, = 0.0009 and y, = 8 ft.

e

The value of b is closest t0 {110 /135, 155, 200} units
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1. Given: Q=3000cfs; z=1.5; n=10.015; So=0.0007 and b= 18 ft.
Find: yn , yc and dy/dx if y = 1 ft.

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

3. Design an unlined channel to carry 3500 cfs with So= 0.0003.
Bed material 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 cfs; b=26 fi; n = 0.03; So = 0.0008; z=2.5 and y1 = 1.2yn
Find: x where y2=1.1yn

b) Sketch and Classify the possible flow profiles for the channel shown below.

o 4
s S ;_J
| g ;B
. s‘ir't H (2
M-_ L 4
& “-"‘"'-‘-——iu._ ""-‘f i L5
7 ...%.___:__::‘ _;‘»— ) :} Y (o)
— T
. K
o k"
g -
= —
e
T ———
_"‘ﬂ--_




MM‘L

Fiad 2o, e (a;:;f/ =1 ) ©

D gwven Q=3000:fs ; Z= )5 ; f=0.0/F S.=0000# ;b= /3"
-~ 7na | e
\ :ﬂ/’ (Ca = g o ( = (J9%8)(0,0002)* = 1191.58
T Galheeg ] ]
47 Lin(p+e A

K_fr

{C& Pzé (},4—29,,7)!44_ )z/ } Solve Lor Y 50}#,

(b(&f MM/% 1?’/? CAO;({’ gunswprs w%( 9’/4 )

[

£ - N ez )ze
( (b+£’%c>%“ b+272yc 50/{/561',,’45 54’m945—/
L_..__ﬁh / - ¢

/ Qecf Lm. Tehe Ec= ge + . Df%
?<L0‘\ ) Al by ffﬂz L (b+zy) Re=Ve Ae = 4foR Ae
Tolo, Sl B b J2es | 224 +) Rz =

(; \ P}Z,;z +} /zapEff L+z;1/z?+_ﬂ -

Lo 5 (l—(m%)) sobvef), -
Ax = | - (75 7F)* T ——
p= 2 L+zy) O N
= y(b+zy) ( N
b+ 2y 9254 ‘5#9‘“ ILF as asted Lor fﬁ’;‘m)
p=2. it2e /




ks Fous) Poview & |

2) DE 5‘;']? 7 Z,)/iﬁﬁ_/‘ g@mg{i:"-__/ Jiven Q= 1000 clf';/' S =0.0007
Hssume SHEE C/é}?z ) lined w/ concreTe

Lecture |7 Z = 065%]

choose | concrele —=> pn=0.013%

Q B .
Cow Fom feml4gbSul 5T 2T 2) = cale
DAL R e e
A= Q(‘ﬁt’arz)% A e y 4 = cale

FB = o4y 7. Q = |5 = ele.
F&Z = 0,'—}7—5’ 70& A cq/r,,

A=u(Ey + Z,,%n): cale.

B= b dEag o= calc, \
p= A/B = g_al.e

V= @/ﬂ = | eale Vi (7_—2.‘3' ‘H/é)
Ne=
F™ 4y

D/m»v ?%

; W"ﬂx ({5_'20 Hé Co'rmﬂzd

]
()
=l
~

< 1 oKk#lY

(eciyre ( 7




| ==

3> D‘&é_‘ji—éﬁ”—f /.31""5/_.,6,(9”, ff'_""f/ given Q= 3500 cfe ) So = 0003
Bod Material V50 = 2.2mm , D75= Som
Soil Lriction aﬂj/{ = 320 e STricKer ef Gr n ¢l nizovi

'QrLf’/é/m$
Check max velpcily method /
" aK Shear method 7C,-0.75 ' n=o. (9}‘/(1762L 6
2,204 D5l G =077 Lecture |S
gz‘/ lectace 90/1/@ 700 N then add Nl 1o
it to account tor bed {orms,

Jel ti=s o =C4 B’;L 5 =2 Solve for,‘ln e o Bt
B T

G- (1¢
soif ff'cfm ""’f’f;?.wm 5:247
l = J=essy
ORI = el
= tanl = Cﬁ/é cale

(&) sty BT S s b b (A

c/leak“j' qu 4;@;/4

fV’C®F/4“lL/5 Z

\/: % = IS ‘42) okﬂ;

o S % 1 4

T B T seny £l
W

At s v IS AR e




|

Ji
4

Given @ R=1500 ot Lt e’ n-o0.03 | 6, =00003 27

gr‘/Z;n
,_ClﬁL—S'/z

Ao = //;n F A AX =/, ‘/ég

—_—

Cq P (L*Z;m r—_"'!wrz) s p'f')

v_i%,zl gDc . //c Solve -,4fpggc

b+22 2

Ilgn y*(ba}éﬂ; i ? P
L |2,z

Ax d 2h W
R B L

'BC /""\

A

O\/‘}“‘ - SR e {8
i (15¢ 54,,

=~

L~




ce4318GVF.png (PNG Image, 1276x1231 pixels) - Scaled (66%) hitps://uno.blackboard.com/courses/1/10FAL-ENCE4318-001/content/...

9-7. Sketch the possible flow profiles in the channels shown in Fig. 9-13.
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Applications of Linear Momentum

Assignment 4.1

1. Find the force on the deflector )If .
I'd
\{,:p{, d y ]M?’
z
c .V /
Vi . W=6ft
. : . : di=1ft
141 —» —> dl O, / g , V1=40 ft/sec

MfL —_—> 11/\.»/(_ P o =30°

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

Q=V, AW 3 10(1)(¢) = 210 (¥ .
(513 J
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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. e
Given: D;=1.5 ft; D=4 ft; Q = 20 cfs; po/ y = 10 ft. 5@
Ansume: gzl Bty =
_ e e - - .. Qlliar
R=20.4; 0 : 1
6 U
Detls’ %=1
B =4
Section 1 Section 2
Altly Cofinuct: 207 20
ey v B2 gkt Vo o 2 hAIZ
Kk=Vh=V, 4, 7(&5{} e
V,ﬁ%l %:‘ %
oo L2t ERER *'AF"/‘Z = M-m= £ V-V
> —p
Vo 3 Lop:  phe 2(Peh)- £ #e = pa(U-V.)
my
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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

_7*"

Dﬁ”ﬁ (// e/ ’i.-(f‘wﬂﬁ

Three Reservoir Problem

2B-D
3C-D
| LLE Y.
f
vﬁ:_
Solution: PP ? AW &
Assumed Hp = : o
Pipe Dft |F  |Lft |g Kp AH ft Qefs _* 47 | RES H ft
4 Atimele -r{l, sclioe | lpratt Yesd (6 Vo ke hep
1 1 0.025 | 2000 | 32.2 bid i 26-72- Y (75 A 26
2 1 0.025 | 2000 | 32.2 |26 )-22= § 2.57 B 30
3 1.5 [0.022 3000322 | »n.7/9 ) —27(~]2 [=7,4° C 10
x, (-
e 7 7 L . /{g._
Assumed Hp = e gl -
Pipe |Dft |F Lft |g Kp AH ft Q cfs RES H ft
#
1 1 0.025 [ 2000|322 | [ 14 A 26
2 1 0.025 2000 [32.2 | ). 1 ( B 2 B 30
3 1.5 [0.022 3000322 | 0.7217 (-7 ) =45 C 10
T t 0.2y 7
Assumed Hp = \//
Pipe | D ft | F Lft |g Kp AH ft Q cfs RES H ft
#
1 1 0.025 [ 2000 [32.2 | (24 3. ¢ 2.b1% A 26
2 |1 0.025 | 2000 | 32.2 6 2.6 5. 1672 B 30
3 1.5 [0.022[3000[322 | 0.2/7 [ (7Y (~5.91%) |C 10
X (00323

83




Aé?/fa 'ﬁ’é?" - ’/’4£7f‘£~t’ -

. Ho)0) (1) (1) = 15p X

A e
T X=. 33 3048

11!9.9 MNe ;::f
‘4 wealfr e ¥ o=
‘ o : ‘/,

I
I L-_f'i;f_?*“"’__._mf_____ b( | BA Y0 hten: TO° o= 5‘0

oo M hil By

i

TUE Fy P, 9 2 —~_

W 2~ [-150)F 333 ¢F - i

Tre  5f o o | e

bo 255 & $- Js,}H/ ©

| U B 295° BB 4 | &

o ¢ ¥ . -

fo 50 & 40 | 4p 2 ot

B g0 1o £33 | V3.5 o’ - Us o.5(13. ’z’Y?tJYYﬂ‘{

o 5o tso & | B ___=72g7a%

o= sk B




AV AN =
e \
=NX ¢

(1s1x8 J0U wmouv@mwxmv olsusipue y 59 ¢,
— b IS S04 °Z

] =10S04 |
:

™
Q
1]

, . B

[ 224
1 5 ey
1

N7 4

: 4 A
£ Brgeis lt, “w % X o7 Whitd/)osd \S_\Q
2 W, G 4 52 W= = .
o - :_%:\M % /0 =10]J3E] UOI}Ol} sWNSSY \\ .ﬁ/\\ Q
.C>>Ocm, .Mm SPEQ| _MGCH_M.._OC Japun wep siy} Jo \ﬁ___Qmu—w 9] YoayD 1
. 5‘&% w%%.@.ﬁm \ﬁev«.\wu
8 NQ\KWW\Q

A~
o Sl

L er @ - L
2 9 = /

...‘. \\ .
f o



ﬁ[fa/fgu/ﬂ} Q'om‘ Qaﬂa/d/ -&ra/e"M‘ LeVee H W :aﬂ_Za{

D 5= A V”E 2 /oo#‘f(/#!)(iz?%)(%g’*j~ ?;lz*"
W= AW &‘)go({po W i) 150 $ep>) = 600 %
U= A, v 2 &)ror)(207) (1D = 24165 @ X, fomp=53Y

A (4 ()

‘f:'::+ } 6 ‘ M‘rﬂ\‘% g’) -{ﬁr
Gl | Lo Y. 333° /0320 ¢t-k
U # |awlc |42 o33 | 330 frk
W g 00" | U3y p0ek |

S z> | %564y |

P s SR < -1/
% /0“;"2-%(:/—/35'

| 315304*{ 23611 the

O‘f
< _o2(zsa k)
- Z}:%LL' OITY sl L
Xl/ i }'Li305'0 32{?4’_ 23,65 #+ piddlle )5 = 247> 537
;o Less Than middlle /5

et g g,

2) = B2E , wE 6005, Us Ko 1hI”
RSE 610 mhe wh S 9"( G

z‘f 32 3. 10370 -1
U | 24.3 L LLs2 1K
i -¢00 C3D  FI280OHK
< 3z> Yl 31980 9 [7042
Fogo,r = .48

_ o7(475.2)
595.1 i “"""—_C)—I—?:—/‘ - /| 07

X, = Sl middle 5% 2672 5333 OFR/

b




30
Flurd (ab @
ENCE 4319 1) //

Tero /fmﬁm

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 =p=1, zV = 6 ft, Gate opening =2 ft; yo, =6 ft and Cc =

0.61.

For Lree As'clllf")e/"‘l'cpnrracf) 1o a /ef'ﬂ) };”C Y = Oél(z!)zzﬁ
&

-—-———

T ’cOaf&'u-
Assumptions:
Eriction Logs = ﬂ /4 (k E. corvedion A‘ﬁ,) F(mawnf 'rr“fh, ‘Q‘#J =1

Equations:

Continuity: ono ;-‘q’(// ; ﬂﬂd'y; ;. W‘}g'V,:L\/'%'VI"’ }"%_’yyvl

Energy: /‘{p :Hr”u
o=

Solution: \/ %7_

il
i

44 = -
0= 3 H056) =l e pg— 0 (e A 1y

Q= \77/(232) = |5l ‘D’L/5 L/ 22V, . 7
/{ .f - @Aé : L;)%’_/l,|,zz(zé)f Vi

‘p‘l'; - k . r;\/& /
-_2s s |5 307.9% ViP- 0.0
) i \/Lv 'jz,l S m

e | )= 1257
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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 | 2 .- (. (g. )
a wide stream is closely approximated by the velocity at 0.6 depth. If the indicated velocities : = e
at 0.6 depth in a river cross section are measured, what is the discharge in the river?

1-? m/s éﬁ',——)' bivector 1.02 m/s

L]

1.68 m/s 11699171 ¢1.75

Q Distance from left bank (m)

{.E (erree. '&.{,‘f‘o/‘
s d‘ 14,3

N 2

N oo 0 ) Q“:Ti 9’%5% M% |

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(Vmax-Vimin)*/28 ,
c) neglect friction loss, d) a = Kinetic energy correction factor =1, e) vapor pressure 0.3 m, and

f) pressure head at entrance is 250 m. @ V‘ 1” Jf #/ ® ff V., _ ,l; A 4;%"
Co/frnu.t;- eﬁt{ ﬂu( A;,UT- ¢ﬁ7V = @= 0?.—“‘ 27 L 2—;1 J’ L S

o
Gueryy e e Ho */r—’
@&ft Hf%

4007067 m° Q=200"/s
A= 0.007%5
A O, 2827m"

D=300mm ' %é |

{ |/ - !;;’ 2‘g17?—5’7$
.
P

. 247 % / 250mly ) /]2'/50#/3

/}/ O, /0/(¥é_/

\Z i &
& 2 ’7 él 04 l/f/-’
230% (s s, ORI, (G
~ @ ——————"‘k/v + 7 ?g{\ ‘7?,,,;] /L{frf{) 2 %?’//
(Z%Z'?z% - 16’%‘/7?;) 3 = ek, 2(7.90 .

rj"l' = Pm——— N . /
Top2) 25 7.8F%,7) e .
— == 7423,
S/fe= 2130 ¥s - / ’ -

m



_ (2406 ¢ Y

S STL ;%w?mn

A

57| JLihs| sl | 3
A e

, - 0
— 78 | PES (RyTE Sy [
. ik =X ] N.A. ‘\.m. 172 9G9°'T
= 95 SL'T
T glZh | [8'T
£9°¢52 16°T
Sh 07T 8'T
—ZZ 7l S'TT SL'T
- 1T (7734 |o77iz 8§ LT
\@\ml_wwﬂl\ 92775 0 )1 T 69°1
Thal | 8ThE | 50T 89'T
—57759 gl . 5'S vS'T
QriT <00/ 'z Vo 408

\%\ ﬁ Q\Q 7 . - O o.
w.S % N -8 0-% M \uo>

.q/w‘

Qi

CD,K‘\. A iz

0
YAN
§.°¢
8C
8'C
8'¢C
8'¢
8'¢C
6'C
§8°¢
T'€
€
6'T
0

'A

S‘\m\b\\ Qumwv.
\\3\%&

LTT
STt
80T
66
S8
CL
65
Sy
9¢
6¢C
14!

N OM™MmOw

‘7 Juawubissy |elont 6TEY ADNI

w177



wdb ul p

000y  00SE 000  00SZ  000Z  0OSL  00OF  0OS 0
] : 7.0
A /
I /
MO \. 1 - =[] q
4 _ - ——t= - ‘%
i __ /
L 4, .
: : 0¥
SJ0 £€2200'0=wdb} A VI, imm|
v .\m 3 .:.?w 7 T ol / 1 “ = [/ 09 w
? G a
N[ E w\ (=%
I Mww._ % \@\ =5
F.l - 108 @
T T %r. o= < w
o ~ ; N !
% Kousloyg —7— . Eayram /@ 122001
BHSAN @ - & \ 1 e ——
; : | 0Z1
|
¥ H—0— |
g | oL
jmed supurdy &
s ./ \dno dwnd .
A o] ?@i | c
Sert ~ “J-dwng auQ awnssy
(an g 350)2 Pr3) \,w s91e1Aeo dwnd ay} [JIA
N "W $€ = ainssald ousydsowyy
,‘ 1 '} | = peay aJinssald Jodep

P 0T = 3 dwind
(4 09 = ZTM ‘HOL LM
SISSO[ HONDLIY + SISEO] JOTIUI = Ty 0'€ = _UQV‘_ el = WQV_ UDAID

_ TIM ~ TIA =11 2B8IS = | 219gm
__ i w ‘(oH‘0p) julod Bunelado ayy pui-
L = L R N Lo BEr L Tlype g Wyp L $ESyy
A@_\wufwuww.ﬁ. 2 (ON+TH= T = - 079 \\ ey
LN L4 (LS F i ! b - /

2>



a7

. w

(A

e~

o [0
b ~m\~ —+— = 71
v _;..H_‘,»o.» = . /
\1\\ >
mm 7 é.\m //../ ) n‘r J
sdwd e M,J\/Miuﬂv.
ewdy _W
I o 7
_Z 5 LY R V4 i
_.\xew 09 )¢ B Zied
g ey
(¢ 58 95 AYARCIA
I\ b0 05 B ce)
/\ ww.m 24 UNQ\\ r {7 \ oL
(50 gTuT  as\ )
4. L 0% < Q , \ o
291 “i]£9%b 502 T o \1\@ 0052
ZOL |ESTE 4545 146 ©= | 950 h|o00g
IL0L [A58 (75752 |2 2| o5 | 2h<t|008)
oL £757| 434 (427 a5 | 2217|000)
T 25 | © © os | ¢ o
~ [ sfsH[ P su[ sH[ TSP O
ol <) | 4 i ) 8222000
:ﬂ\\x) Qm ;m; ,_F © ﬂ NO foi

- wd?|




- 7 —
@ff;#/_,;%_ﬁ_\;_;_:“““““———
G2 & pba)
5 v 5 ) -;‘HO/L
. _0
___f__fgﬁ_w ~°H

l e

_ (24 999 v
/5/5? (#9997 :57:)77

’/Aéﬁd/ /9/#/\
< wens ;ﬁg)@ﬂ (ﬁ £ Zél) HegeLs - #4007 = (V- 7 “H
""" R shy 27TE - b = 2] = AT
/ m rf;é)%—é"m » 900l Pyt KT f
_ v
fF 00T - g/‘%
Z° X /
5/%0) QQdh =V
LF 000] =)

(/ﬁw‘?// cv,)i // vuaG



Y
o= Dt

— f:( — . ;,“]
Assignment Problem 11.3 Name l){)/} f')/;,’/,/ DErD /r,, 1A #

a) Find the flow in all of the pipes in the network shown below.
b) Find the pressure at junction c.
Assume: f=0.025 and L = 2000 {t in all pipes & K,, = 0.
//-g’ _All junctions at 0 elevation.

24 D1 =12 inches ) . 1 -l = g e 3
7,177 D2 =10 inches t =1 ; /= j & s J
727" D3 =8 inches o
9% D4=6inches |/ cee ‘-,‘ =]+ @ 5 Lf
0 N ¢ 5 cfs
A 70 1 cfs
Fb
Refp t @02 N )
30nsi1 | < 2,27
‘ 5 - Fad 7
MV 5 A e b b
b |
REVANIA
-
@'_% Jets
05
Ziol cLe
A&-ﬂ%w”Q’J%QﬁJJ G%‘wk@&@JJ
. ._/_ / {/ |
2knlO, ] + 2kpj@d =7 kg (04l + 2 |8
ANSWERS:

Q1= 5.2 g7 cfs

Q=_1. /11 s

G 4
Q3= 2 FT s

Q4= O /"f cfs

Pressure at ¢ = ]7: Lt psi 7

Attach calculation sheet. //

T



Pipe kp 8/gpin2 f ] d (in) d (ft) dns

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 40.279] 0.025174 0.025 2000 6 0.5 0.03125

| 4//-3/_ = }y(

H,ﬁ+}'/ /2(/ r(/r(@r)z

e,

y fffi %ﬂ*« He=hy = €9.20F~ 125 4[32@:) = 655,54 ¥

/

. A -
HC _ f’?,*(//; = q*hﬂ{ >~ 55 .55 - ?%?//:Z?‘AZ: 39.7 £
- /

//;, (él/ {)“777; 73 %]

— %



pipe

Delta Q

pipe

Delta Q,

pipe

Delta Q

pipe

Delta Q,

pipe

bW N s W N BwWw N 2w NP

B W 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

lal

3.73
2,27
1.73
1.27

lal
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

Q|
3.289
1.711
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 =g
A&f - 45—1

Amlet 0.25 ﬁ2

Aoutlet 125 ﬁ2
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Donald Terolomaen 2B

—_— —
Assignment No. 1.1  Due Date : Next lecture. Z 0
1. Classify the flow regime in the following trapezoidal channel (use typical properties): El
R 1o00c¢5 / J
Q= 1000 ofs (0009 e B~
b=20 ft ;e
z=1.5 w \ F

$10 /_1 l
~10ft g’ /.
Kinematic viscosity = 10™ ft ¥sec J—
3 20’
#rea A= 350 €

P
z9(bt2 ‘(10°+ 15[10°) ) = 350¢1
sibee  p- g £f Az p(br2n) < 1o"(20'+ 15( )-__,ﬁf_?
. - g-/b (223) = 0% (2(1)(0))
Al b- st L+(zﬂ vz )? Zo-r(Z(lO)‘]j)H:’) SL.16
_ A 35wk
ol v (29 #f R' R Sk L2TE
- A 39‘ 14?
“Oepth o-_¥ f7 // Wi T FEE
.l.
wcty v-28% 7 v g %% . 2.86%%
&%
roude Number=_0ut 705 M :_JZ._’___/ - 286 >————- 0.(705
(NF> foﬁ'(clrl\?}"c:} / i Fv \ J32. Z%(_?H—)
_ v, 2.34%(5 29¢4) _
CNO Reyn(')‘lﬁii:\}gnfl}er Mé_‘i@ N{L" * 07 H |78 9640

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: o = Kinetic energy
correction factor = 1.05; B = Momentum correction factor = 1.02.

veloc 5]}

heag ©V7E=C-l £t 1.05’(2-%2)’/2{32.2 #2) = 0.13349
Mcm?dﬁm —ﬁ

melin e 545/ L A (.oz(z.?t/%‘%)(zgﬂ%)t(;fo#f‘)
e/ = 566G Yot

14



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 Shear Stress
T, = T > T 19.1

The applied shear stress is the hydrodynamic shear on the boundary. The attached Figure
5.29 & 5.30 from the COE manual shows a typical stress distribution for a trapezoidal
channel. The maximum bed stress is 7, and is given by

T, =Cpy ¥S, 19.2
and the maximum side stress is

750 = CsyySo 19.3

where C, and C; are functions of b/y and z as shown in Figures 5.29 and 5.30 (COE
Manual). For typical wide channels C, ~ 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.
o e) Solve (c) fory, ->y= 1, /(CpyS,)
o f) Solve (d) for ¢ and z,
sin ¢ = sin Oy [1- (Cs /Cy ']
z=[1- (sin ¢ )’]"? /sin ¢
. g) Solve for b from use Manning’s Q = (c/n) AR?* S,"? .

o h) Check b/y and correct C, and Cj if necessary; check Froude Number,
Isn 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 S
| B LR 2 A e | T T
Shear Stress Sondy clays (sand < 50 %) _|_|
N R
. — -Heovy cloyey soils
Ref Chow « o AN ‘/ Ll Lot
NSO
& }-Lean cloyey soils
. ; ¥, N 4
T ~
b E- o \ ‘§‘\ N 4
AN\
Ok NN
J e od S
>
9 = X
4 g R
T AY
¢ to0s
&= g \\
A |
-
]
f'é‘ Fairty
£33 Compact | compact lLoose
0.04 11 [N
[X] 0.2 0.3040506 11215 2 3 45

Voids rotio

Fra. 7-11. Permissible unit tractive forces for canals in cohesive material as converted
from the UU.5.8.R. data on permissible velocities.
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DESIGN SUMMARY "
Maximum Flow Q = cfs Given
Maximum Pond Level = ft Given
Crest Level = [ ft Given
Maximum Head =H = ft
Approach Invert ft Given
V,=0/{Ly,};
V, 1 ft/sec | ¥, = [Max Pond Level - Approach Invert |
H. ma ft
h, = ft Given -20 ft
UseH, = ‘;:"‘
A Assume
Design Head Hy = fit CpHe.max] Cp=1.35
Cdo = WES P 3.97
Ca= 7
m= Assume 1.0
Xip = ft
Y = ft
K, = ft WES -0.01
O
L. = ft = Cy He,macm
L.=/-1v/, Z,q’“ ft
Number of piers Given 100
wbav = ft
W, ft Min (rive- 6 ft
L= ft
TWL = ft
SB FL Elev. = ft
W, = ft
Y1 = ft
V= J I (Z~ ftisec
Np = .
Y, = ft J’2=221—{\}1+8Nf12 _1} eqy 29, 1
[TWL-(SB FL Elev)] = ft |




Yydro
Ve oV "g
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. \ E

Types of Spillways means 'S “ohaped
The following are exam}}les of cornmonly used splllways

1) Crest, e.g. Ogee, WES, weir,

2) Side Channel,

3) Drop Inlet, e.g. Morning Glory

4) Sluice,

5) Over-and-Under,

- 6) Fuse-plug, BN, ol

7) Syphon, 1z b ) barl o Tolk

8) Stepped, o dsgate ent . 052\ !

9) In-built. Fapeis e SRR : o
The spillway may be gated of free flow. In any case the gates are assumed to be fully open at
the PMF.

Design Considerations x

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 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 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 hydroelectric

174



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 cons1sts of the followmg elements (see Figure below)
a) the crest section, : ‘
b) the chute,
c) the bucket,
d) the stilling basin.

CREST

CHUTE _
"= Bucket

gy

Stilling Basin

~3
=

Crest Design o e il

We need to select a spillway form that has low cost and hlgh capa(nty An early attempt to
obtain an efficient shape was to take the lower nappe of the flow over an aerated 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 aparabohc spﬂlway shape. VERARS ) = /- Loed Thal 2
=3 .‘,/'._‘.— ,L ' R |

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/Hd =K' (X/Hd )n

(27-1)

where Hgy 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.

0.175H,

0.282H4.”Qrigin of =
/coo:dinoics
X

12.0H3 **y

Cres! oxis
Setback

WES suggests a compound curve for the upstream portion of the spillway. The radii and offsets

are proportional to Hg.
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Determination of the Maximum Energy Head H, ,ax
The maximum head on the crest of the spillway during the passage of the PMF is
H, 0 = (Maximum Pond Level - Crest Elevation) + Va"'/Zg

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

Discharge Equation

The discharge over a WES spillway is given by

0=C;LH" . cs. i vantaits, (2T
{ e oan P, o Tu

]
= er

— / 7 ! P
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 {He /Hq}, e.g.

Ci= Cip {H/H "
27-3

where Cy, = the discharge coefficient for H = Hy. In/U.S. units Cgo = 3.97. '

Selection of Design Head H;

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 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 Q due to
selecting

Hd < HE max-
27-4

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

p/y ~d(1 - V¥(gk Hg) ~ d(1 - C He/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. /Hg}. 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. /H4} with and without piers. As a guide the lowest pressure should be
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.F.
(1€ i 1N D Cres/ el

>> the vapour pressure of approximatel}-r - 33 ft for sea level installations. Due to irregularities
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/y ~ - 18 ft at the maximum head on the crest, He max.

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

Selection of Piers
The pier width and nose are determined based on H,. For example a Type Il WES Pier has a

thickness of 0.266 H; and Radius of 0.133 Hy.
Crest Length
The effective crest length L is

Le=L,-NK,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, '}
29-7

andthen 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 -h9]*
27-9

where Z = [TEL in pond - Stilling Basin Floor Elevation]; y; = depth at start of stilling basin;
hy= 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 alternative to the above equation:
Vi=[2g(Z-Hd/2]" 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 channel or property.

Types of Stilling Basins
Hydraulic Jump,

Impact,

Flip-bucket

Plunge Pool,

Submerged Bucket and Roller,
Stepped spillway,

Baffled Chute,

Raft.

B OB e B

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=y1 {{1"8Nr’I"” - 1}/2 28.1

and the energy equation gives the energy loss as
AE =E; - Ez=(2-y)' 4 y1y2} = [Vi'/28].(02-y)/{(2Nr:1 " yi" y2} 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.¢.,

Vi=[2g (Z-y)]"” &  y=0MWWn) 28.3
or the USBR empirical equation can be used to obtain V; directly,
Vi =[2g(Z-H2)]* &  y1 =Q/(WV1) 28.4
Froude No. atthetoeis N g = Vi /g y;)m 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
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In-Class Tutorial

Complete the design of the Splllway and Stlllmg Basm n the problem
statement below. {2 me

__{

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 1f a hydraulic jump conditions on the apron.

Maximum

Water —

Level
23 ft

Bed
Elevation

0.0 ft

(\

WES

illway

Crest
Elevation
12 ft

Tailwater
Level 6 ft

BAFFLES

Apron
Elevation
?f
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Common Symbols in Hydraulics
A = Area normal to flow
b = Bottom width
B = Top width [also T]
¢ = Celerity =-(gD) [also ¢ = 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, e.g. French and ven te Chow]
0 = Specific force = 0 A + BQ*(gA)
g = Acceleration due to gravity [use 32.2 ft/sec’ or 9.81 m/s’]
h = Energy head [energy per unit weight]
hy =Total mechanical energy head at a point [Pressure head+elevation+velocity head]
h, = Discharge averaged velocity head = o V*/2g
h, = Elevation
Hr = Discharge averaged total mechanical energy head over a cross-section
[Pressure head+elevationtvelocity head]uverage
=ply +h,+ a V¥2g
L = Length [length of channel or length of a reach]

m = Mass

m= = Mass flow or mass flux.



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

n = Manning=s roughness factor

/_’ﬁ
Nr = Froude Number = Vf(gD) [also F ] W \/ ,J;Ty‘

Nr = 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

[l = Depth to the centroid of A



o = Kinetic energy correction factor

B = Momentum correction factor

y = Specific freshwater weight =g p (62.4 1bs/ft’; 9810 N/m?)
6 = Boundary layer thickness

€ = Roughness height

k = von Karman universal constant = 0.4

A = Wave length

0 = Bed slope angle

0, = Friction angle

p = Dynamic viscosity

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

o = 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)
1




Multiply Value in [---]

by

To Get Value in [--]

[ft] 0.3048 [m]

[acre] 43560 [ft%]

[gal] 3.785 L]

[gal/min] = [gpm] 0.00223 [ft'/sec] = [efs]
[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] = [Ibs] 4.448 [N]

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

The weight of [1 Ibm] is very

close to [1 Ibs force] at sea level.

Use W|lbs force)/g[ft/sec’]

to get value of mass in [slugs]

[Ibm] 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]

[psil 144 [Ibs/ft?] = [psf]
[psi] 6894.8 [N/m’] = [Pa]
[psf] 47.88 [N/m?] = [Pa]
[N.m] 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 f7, /bs force and sec while mass is derived and is
expressed as slugs = Ibs.sec’/ft. For example mass of a certain weight = {W/g}.

2. In the S.I. system the fundamental units are #, 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}.

Lecture 1




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 = Ng =R, V/v

Laminar Turbulent
Nr < 500 Ng >500

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

Critical Subcritical Supercritical
Nr=1 and V =|(gD) N¢<1and V<F gD) Nr>1 and V> (gD)
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Definitions, Terminology and Classification of Flows Q: SetAp <~
V = mean velocity
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.

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. . B
_________E-. — 14 8 ch.-m/r;;s;éff ﬂ/,(,-/ - e = Co’tff:

"
Flow boundary — “tregsare Llow
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
e Naiog.
pressure.
Time

Steady — depth and velo@@pressure and veloci@t}change with time_at any
given location.

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

Space 2 el —— _{fz_ =g
Uniform-— depth and velocit{do not ¥hange with location along a hannel at any instant
in time in a prismam -
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 C, é"'/e) = [3:«;‘1 720;;“2[3/“(_
Viscous: Reynolds Number = Ng =Ry, V/ v Y
Laminar Turbulent Etll Tarkulod
Nk < 500 Ng >500 Mp 7 2500
Gravity: Froude Number = Ni = V//(gD) where f@f)) = ¢ = Celerity (surface gravity
waves) and V is the average water velocity. mreqn Lo 1 Sfce A
Critical Flew Subcritical Supercritical
Ng=1and V=+(gD) Nr <1 and V<V (gD) Ng>1 and V> (gD)
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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 = fx AdA=VA 1.1

A
Mass flow=m==|dm’ =jpv.dA=pVA 1.2
A A
Flow of kinetic energy =KE==%] v’ dm’ =%Jpviv.dA=%ap VA 1.3
A A
3
a = Kinetic energy correction factor =J“’ d%Vs 4= Zv;’A; / [V? A 1.4
A
Flow of momentum = M= =| vdm’ =/ py v.dA 2 BpV?A -- {Scalar approximation}l.5
A A
_ : = [vid4 = Vo IA
p = Momentum correction factor vig) = Zvi2A; / [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, + §PE’ d4=0
Special case:

p = constant and steady flow:
§pz *dA4=0

Therefore for a inflow/outflow c.v. we get
PViA=pV: A;=pQi=pQ:

or V;A;=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 ¢.v
in a control volume c.v.}

I%}/dVO, + §yHgo dA+P,,—P, +Heat, =0 (3.1)

cv

I =internal energy per unit weight.

H = energy per unit weight.

P..' = Rate of Mechanical Energy extracted by a turbine
P..' = Rate of Mechanical Energy input by a pump

Heat ,,' = Net Rate Heat Energy lost by conduction and radiation through the control surface.

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 = Hy = p/y + h, + aV?/2g
Other forms of energy:

Heat energy per unit weight = hgy

Turbulence kinetic energy = hy,

NI

15



Construction an Energy Balance for a Conduit for the Special Case
Steady: Q, = Q, & 0l/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 **%** Note the prime indicates a
rate.

Y Q { Hr + hsm + hru } + Piw’ =vQ { H + hsip + hro } + Pou’ + Heat oo’

Divide by y Q

{ Hp + hsin + by } + Pi’ /Y Q = { Hrz + haio + by} + Pou’”/ ¥Q + Heat o’/ YQ

Now P’ /vYQ =H,=Pump Head and P,,’ / Yy Q =H;, =Turbine Head (extracted)
Collect all terms related to non-mechanical energy and define as h;,

where hy = [{ hspz + hroz § ~{hsm + hyw } + Heat o’/ YQ]

Now Hpy+ H, = Hp+Hp + ~-(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,

pYy+ha+ alVi/2g+ Hp, = py/y+ha+ aVi/2g + Hy+ hiys -(3.3 pipe)

Vithat+aVi2g =y +ha+ aVi/2g +hise ~(3.4 open channel)
Tutorial Assignment 1.

16
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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 =B =1, W =6 ft, Gate opening =2 ft; y, =

6 ft and Cc =0.61.

Assumptions:

Egquations:

Continuity:

Energy:

Solution:

3364
O30 +
% 07,4 ONf

(qut/f

}OZ% z \/(l/'— 00‘/!3%‘7
207.% " (( B O'ﬁ(/;}) 'a/{ K

vell =Vl
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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.”

L0 .,

Linear Momentum ef5. / @£ 7
General Equation
System: Z F ext=m 2 system 4.1)
| hosd
Control volume form: _— 8[4,,4'1‘_:“ o cenl
— v
ZEext - jp _dV i fj.PVE " dﬁ 4.2)

c.v

W&%‘M W accelecal: ..

Foo= [pZdV, + Mpol).,

&Y~
(_-mc.c/& 6’4f ‘é# 55
Simplified Equation for Steady State

ZFEext =A(BpQY)=A(M) 4.3)
Component Equations
EF,=ABpQV)x =A(M ), (4.42)
Fy=A(BpQV)y =A(M), (4.4b)
2=~ -ateol volume (Fired vel.) ..
\_’\—‘ o I‘A‘
w-=(eaY)
 mem—— Wy —_— Mo’ = (FC&‘&)X
Py — Velify | 4———Py
@utol [—>V
Vi o < o
NT v Ff "l/’w.'/f“

Simplified Control Volume showing Component Forces and Momentum Flow .

;’Fxf 0 -P-6 =a(m) = n-m > \Wﬁ

o gof head (055 Q= V:H,’ V. A, @ W » "’2{5‘ s 3
h = thy - e, (e07 «g2)
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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

'/-(/'n) f"ﬂ/-@;_‘r "'“SM‘@ E ~1
MI=m(xY . gogry, (5.1)
maz fre
Therefore for the c.v. shown below, we have
i, i -
[ = .
N £7 *Bar= ALK COG\, - PAG Y,
{
Vi2
Wi
External Moment=3(rx F)= Am’'rxy)2A(pQrV))=4(M,’) (5.2)

Scalar (a@

4

Il . .
If the external moment 0 = Ouly Ve, - PO %, = m“ Ve, .;gfl/(' Ve, » Iy , =1, l/t_‘ > rié:ﬂ

Then m{rXxy)=constant

If m’ = constant then r V; = C = constant

rVu =r2Ve

beiny doun T r
where r = the perpendicular distance 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 pressure acts normal to the boundary.
4. The pressure force is equal to the liquid specific weight times the volume under the
pressure loading curve.
5. The pressure force acts at the centroid of the pressure loading curve.

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

p/y + h, = Constant ............... 6.1
and

TEL=0  smahiiees 6.2

Z(rxF) =0 e ——— 6.3

Also absolute and gage prcssixre are related by:

Pabs = Ppge ¥ Pum ' Srmsssnarnennien st 6.4
5 If Eq. 6.1 is applied in a reservoir at elevation h,; and h,, (at the surface) then we get,
Pravd/Y + By = Pua/Y +h - I =
h

(P;W"‘me*h;lzpmﬂ"'hu
| b le
or Pm.,,T: {hﬂ = hzl) 3

- %

OF  Pipge =T (g ~N)=Yh s 6.5 2,

where h is the depth below the surface. 1Itis customary to drop the subscript “gage™ and
use only p for gage pressure, giving

; p=1h ass 6.5

Another important concept in hydrostatics is that pressure acts equally in all directions af
any point in the water.
Y P b: o b

T
/by

Aiso pressure acis normal to & wall or soiid surface in the waier.
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Hydrostatic Forces on a Submerged Body

[

NN N RN
=

NN
<«

ﬁ/” X‘Vl{ ur/ ]:J “ ?)f’}
iy @ cod boid (%)

&-4)
fu gj{}j;[ /fﬁlﬁ A A,
Fofu-f= 5712

Let F,=horizontal compom:nt of the force

WO & NN NEUNTS
W

F, = vertical downward component of the force; jament o
F, = vertical upward component of the force; '”‘»C ~ertn
F, = net vertical force or buoyant force. g .
— ) fconterof \ - % »4
The pressure force on an area dA is ézf ( fressme / 7 /41/ Tﬁ{

dF=pdA=yhdA
For the horizontal component we take the projection of dA on a vertical plane, so
dA,=dA sind and /7 Aka
Fo= sl yhdAsing = yhaA, I ¥

b
g apT 5
Similarly (fnf/f’ml ol Area pote| ﬁa t bat oes ro‘ll '@ N’f70J

T A?’ cenfer 94 /”f’”"”t’(/r’)
F' = AnL2 fY h dA cosf = Y h A*,_J =% V‘_g = Y(Volume above Aﬁl-}} sesncs 6.7
F, = a2 f? hdAcosO= YhA,,=7YV,, =Y(Volume above A,,)} ...... 6.8

F,= F,-F, = Y(V,;- V,;)=y{Volume of body] izt
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X ;({’f(’f‘]—;‘ff'ﬁ.@/;:. /fn’f;
and M ts -
Hydrostatic Forces oments on Plane Surfaces /]/] = £ Fﬁ

_onsider the inclined flat submerged surface shown below. We want to find the hydrostatic force

and its effective location (y, = centre of pressure).
r¥h = {(Ng 1 0)

— 0
s /
9 y- __L
. 510 ~
] /
. / .
C
From Eq. 6.5 we have . 7
dF=pdA=vyhdA L.
and F= ,JyydAsind = ybA =ygdAsind 6.10

-

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 =, [yydAsing = y F
Therefore,
v, =l vy dAsing VF=(, vy dasinoy (,/yydAsing)

= (JIPAAY [ SYdA ) =LA} = 54 L /PA} e 6.11
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Problem: Find the hydrostatic force and the center of pressure on the sluice gate shown

below.
X
00T ;A= () - AL ALY

A A o)

W=VAE = et Dnlom] L8] =120 k.
R o L . =

%fr }*W = D0+ ‘ggff{fﬁs_%i) ,io_,-f_,%‘

o=y - éz,(([vg (60)(’;0)(1>]: 4.1 by E"/fj

Xy: 645f = ﬁlig‘hnu ‘ﬂolfyre ~here Q?/Cf acts = ){0/”[30/(—%>l :"L;/D__(_j__/

Ezmmg - H,O(v) - ﬁ(sﬁ)—: %.([K({a o’) - /]Z.}“(w’) :%f_i, 30
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©pifiy 1alws? Lecture 6 (continued)
Reading: Handouts & Design of Small Dams & US Corps of Engineers Manuals.
Stability of Dams - Gravity Dams

Common Tvypes of Dams

Type Mechanism of
stability

® Gravity Dam Hoes 717 M:jﬁ(' é‘, dft‘ /7/

v
L) /’fu’en 5 / / ,7 { ﬂ"éffoJ:j} {J‘;] _#_M_]‘J’_,.l
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MG ooty (e stall
concedlé

° Buttress Dam gulipss
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Bull Sheals, Little Rock District

Gravity Dam
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Free Body Diagram of a Vertical Slice of a Gravity Dam
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Force Type | Force | Direction | Magnitude Point of application
B z a
1 Z 3’ H /‘%h . _,g_
Hydraulic Fh —>
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See

Seepage Forces
Approximate Solution of Seepage Force on a Dam

Problem: Consider the dam shown below. K = 10 ft/sec.
Find the uplift on the base after decades of operation.
The approximate method assumes that the loss of piezometric head varies linearly with the

seepage path (s), i.e. Sp= 20+ B 50’ o 5_f225_ /

= H, +hy = 106"+ 1007z 20¢” .
=g + (¢ — ¢ )5/S . Judhf ¥
s B I Ll el w2
where s = distance along the seepage path starting at the u/s end; ¢y = upstream piezometric

head; ¢2 = downstream piezometric head; Sg= total length of seepage path.

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

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

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 (k 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,~5/79 sz a/g and acts at 4H/(3m) 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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NDO TENSZA )
[ A A j—- - /
\ AV WHEL ]
Design Criteria Vi3 ALR E it poim T
1. Criteria for Overturning: Y 4 L
Definition: g stabnlie) my pempd s N5~ 0.3
—— Fos o= {Uprighting moments}/{Overturning momenis} g
Taclar ol call f},{_, 4 ‘//r aivr W

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

2. Criteria for Sliding :
/ Definition: 20 M+ g / A0 )
' F,¢ 51 ={Resisting Forces in Horizontal plane}/{Downstream Forces} _ ;

Veaozmli 2 ing

e

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
|

Overturning =15 >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

T/M‘i/' K /ﬁ/ffm A angl_e! angl.c! angl_e!

Horizontal case: Horizontal case: Horizontal case:
M\ ' >1.5 egrth foundation >1.25 earth foundation >1 neglecting shear for rock
| ‘L’ \ ne A ] / £) A 20 >1.5 with shear for rock >1.25 with’ shear for rock Earth foundations in
Ak i —0D f et s P p: F ! ( >lj\ neglecting shear for rock >1 neglecting shear for rock earthquake zones need
! ".. '_ ) | * \ 7L ) I \ -;  /n 4 = - .
el [ b 2eM) v L (1..4)(#0) [,:Jr/;j/ ot 7’?“/&,,/ ] special attention.

\/0)3_ Foundation Criteria: I,V-f, AT 2

Jérsipe

N a) The most import foundation criteria is that there should be no tension in the foundation under all loading
) conditions.
[, 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 estimated strength by 50% to obtain the allowable bearing strength.
¢) The third criterion is that the shear in the concrete or Rock should not exceed the allowable shear strength. A safety
ey factor of 2 is often applied; thus reducing the actual estimated shear strength by 50% to obtain the allowable shear
t strength.
/ / ‘\ d) Excessive seepage that can lead to a piping failure. This is particularly important for structures built on gravel,
mriddl€ cand 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
. | ; .
he rr/ | maximum Reynolds number at the exit (e.g. for sand Re = Vparey X Dspfv <1).
\7ule —"Kern cule”
4. Concrete Stresses.
3 71/ a) There should be no tension in the concrete.
/ gt b) The compressive strength of he concrete should not be exceeded. (Factor of Safety ~ 2). Typical 3000 psi concrete.
yg m[‘ LM’ c) The shear strength of the concrete should not be exceeded. (Factor of Safety ~ 2). Typical shear strength is 250 psi.

ch 1] ve 5. Over topping.
e The dam and spillway should design to pass the Probable Maximum Flood (PMF) without overtopping. This criterion

o3 !
f is satisfied on the hydraulic design of the Spillway.

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

undermined by excessive scour.

t1 I

,’ /’,'i o Jp AYy & . - %
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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)

TFx=0:-Fr-Prw+Pp=0
Fr regirea = Pn - Prw
Maximum Friction Fyavaiaple = N s
ZFy,=0: N+U-W-P, =0
N=W-U+P,
IM,=0: -xg N-H/3 (Py)-%y Utxeg W+ %y (Py )y Pw =0

XR: {H/3(Ph)+Xu U-Xcgw'xV (PV)-thPIW }[N
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6. Experiments and theoretical studies can be used to find the actual form of the above
dimensionless function.

/’[/ﬂ//&

P

'

C a0 i ﬁ

r/f"’i/’ -
v

e.g. i) Experiments show that hy is proportional to L;
ii) Gravity is included in Ng ;
iii) If there is no air/water surface Nw , has no effect;
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.
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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%-6350-54 (5-12)

where V = mean velocity in ft/s
C, = Hazen-Williams friction coefficient (depends on pipe roughness)
R = hydraulic radius in ft
§ = h//L (slope of energy grade line)

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

_ ~1.167 l{_ g g
hy = 3.02LD ra (5-13)

h

The resistance coefficient C, depends on the surface characteristics 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-ashestos 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
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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? S;*/n

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 =S7L

Recall that Q =V A

Therefore a common form of the Manning’s Equation is
Q= c’AR?” S"/n

Typical n values are:

Smooth Concrete 0.013

Rough (old) Concrete 0.015

CMP 0.024

Mississippi River ~ 0.025

Grass lined channels ~ 0.03
Natural Rivers 0.02 to 0.04

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

n = 0.034 (D50 f1)"
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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 graity 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.

/'r Saa /] ¢/ [
There are two common types of arch dams: a) constant radius and b) constant angle variable
rachus

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

considered. This method is often used to obtain a preliminary 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 1ndlcated the slice is taken at some
depth, h, below the reservoir surface. Y

NESE
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Simplified Ring Analysis ‘ /
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.

7

Case 1. Consider the hydrostatic loads only:-

p=rvh
; /
From hydrostatic loading on a curved surface we obtain,
Pu=yhB=2yhrsin (6/2)
where r = B/{2 sin (6/2)}

From the FBD and ZFx=0weget R=vhr
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/\/
/

If the allowable compressive stress is/c,, then the ring or rib thickness is
tl‘:R/Gw:‘Yh I'/O'w
Typically 6w = Gconcrete /FOS

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

- . /

\od i r :’ e y —
Vrjbz g@r Terms ;;‘!':-/‘ B - ,'_‘/,1;’/—?’ = 1 2

s S (

.}”i[i‘i o B -r‘; il :‘ ~oTe @ vaciable .
= . 2/ . 2 ; %f/ :l/ .
or =(y h/c, )0 1° = (y /o, )0 [B/{2 sin (6/2)}] O 57;!‘-/4 : /7(
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 = 1, Ow / O
Other Loads )
Ice can be the governing load in the upper elevations of an arch dam:-
Assume that the ice acts as a pressure pj on the whole rib. The rib thickness to withstand
the ice loadingis _— pressury t2 Cruchice  Of "t SPp0o ’7{,,'_,- z
ta= p1 r/ Gy
Earthquake: Arch Dams are not suitable for zones with Strong Earthquake Loads. 1t
may be necessary to include an allowance for a small earthquake force (a/g ~ 0.05 to 0.1).
In this case the following approximate method can be used to estimate the thickness to
e resist the added compresswe stresses. £ ¥ )
75,’1/ } /j : jﬂ-: + | bjf; - ‘Mmf(i e f, )
7 L,‘ P H‘ /' lq' H [\_ L C{/ i & ¢ e .
: v (_ T Ou]’/ G -5"'{;

Wpan/g

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

pew=Cevhalg
or a horizontal force of
P.=BC.yhalg
The added force on the concrete mass is,
Feen=pPc Vriba ="Ye I t:in 0 a/g
Combining the water and earthquake forces, we get (see FBD)
2 Rsin (6/2) = {Pe + Feen + Py ),
or R= tiyow=[Vrti6a/g+BCe.yhalg+yhB]/[2 sin (6/2)]
which gives

trip ={ [B C. 7 h alg + 1 h B)/[2 sin (6/2)]} /[ow- Yer O (alg)/(2 sin (6/2))] > t.
tib=r[Ceyh alg +yh]/ [ow-7Y.¥* 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:

Psit =Y (Ss- 1) -porosity)hs

\_Therefore ' trip=r [Ccyh alg +yh+7vy(Ss- 1)(1 -porosity)hs] / [ow- e r* 0 (a/lg)/B] >
1

Definition Diagram for Silt Load
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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,
Pthermal ~ E; C" tgp AT/ Ry

where pmerma = effective added pressure due to thermal stress; Ec = Young’s modulus of
concrete;

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

tip =1 [Cey h alg +7h+y(Ss- 1)(1 -porosity)hs] / [Gw-Yer* 0 (alg)/B - ECC"AT 1/ Ry]
> 1y

If the ratio 1/t < 25 then a correction should be added for the rib thickness, i.e.

Liip =
{R./r} [C, yh a/g +y h+ y(Ss- 1)(1 -porosity)hs J/[ o, - y.r’ 8(a/g)/B - E.C"ATr/R,] > t,;

T
2oy 7 g Ll .
g f"a(_kf P(* 2 r 1 _'IJ”};- 7 Sé 7 " /i
a Z
4 ;’j y. .’;" | -
j_gr ] GEs . Lo J Al \],r// f
A VA |
< e =/ Zi
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Lecture 10
Computations with Pumps

Typical Types of Pumps

' Centrifugal C(M}e 7'&7?0”}3 (aﬁn mu/-"d/ ’F{ow) ("e- Hre hamedres Skr M

. Axial flow ( [arge 57;1."0495

o Mixed Flow (Le{'w“,, CE’ 4T f‘yd { f'ffx.‘al flow )

° Archimedes Screw

J Positive displacement

Pump Characteristics

o 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) = mm/ﬂ-@vapﬁa— Az - T h joss}] > Required NPSH (manufacturer)
(/\_/ W
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Centrifugal Pump

\/ IMPELLER

U
=

\___ LJ

Axial Flow Pump

Archimedes Screw Pump
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Stroke position
connecting rod-+_

Eccentric-f —~_ :

Outlet oy
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Positive Displacement Pump

- _‘I Pressnse

inlet

diaphragm

http://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,

Z ettt hegth, — N A z) ., 3 e S
h;e,':ti( Hsys=Hst+2;; =ﬁst+f(Q2) - st /s ( [0} ) k/p ( fﬁ,(> 4T5 e / a1

where Hg = Static Lift = WL1 — WL2
h;, = minor losses + friction losses

Operating Point $

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

Hsys = Hp

This is shown graphically in the figure below

180 16
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140 41 o
blelot 2 “™ j{ L —B—Hsystem ¥
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Lecture 11
Analysis of Pipe Networks
Equivalent Pipes

Define hy;=K; Q; 2 where Kei=16fiLi/(2g D 2) 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; =X hy;
Equivalent pipe: Kpr = ) Kpi

1 K,y 2 Ky i K,

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

By continuity: Qr=ZQ;
By Energy: The total head loss = The same in each segment
hy = hy;
A 1
2 B

Equivalent Pipe: KpT =1/{Z 1/ Kpi '/2}2
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Exampies

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 D5}
pipe D D f L Ki 1/sqrt(Ki) [Qi cfs e
12" 1 0.025 1200 0.755 1.151 3.67 0 =0, z
8" 0.66667 0.025 1200 5.735 0.418 1.33 K,
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 D5}
pipe D D f L Ki Qicfs  |hfi |
12" ) 0.025 1200 0.755 5.00| 18.87972
8" 0.66667 0.025 1200 8.7.00 5.00] 143.3679
Sum 6.490[  162.25]ft
check
KT 6.490
Hloss 162.248 |(ft

Branching Systems
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Pi etwork:

A pipe network is a system of interconnected pipes. The following is an example:

pan A /ﬂ |

Typical Network

The components 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
always = 0.

3. Path (e)= set of connected pipes between terminal energy points
4. Junction (j) = node where two or more pipes meet (excluding terminal energy points). /7=

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

For consistency we must have:
Np = Loops + Paths + Junctions
e = Paths= (Termin'fll Energy points - 1)
Np=1+(@-1)+j

Example: Check Consistency requirements for network shown above.
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Differentiating hyp = K, Q, |Q,] we get

A hypi= (dh,/dQ) A Q

or

EQE

where A Q is the correction must be added to the flow to make Z hypi+ A hypi —> 0

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

Therefore

Z (hppit A hrpi ) = Z (Kp Qpi |Qpil + 2 Kp [QpilAQ) —> 0

This gives

AQ = - X (Kp Qui [Qpl)/{Z (2 K [Qyil}

For a Path this becomes,
AQ = {- Z (Kp Qpi [Qpil) + Ea}/{Z (2 Kp |Qpil}

Assignment Problem 11.2

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

Assume: hy= Kp Q|Q] [=1 e=C

= )

Ki =2, Kb =1L K; =1; Ky =1; K5 =2

£L. 119" + /efs

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

1 cfs

D3 = 8 inches
D4 = 6 inches
5 cfs
5 =10
/
Refp t
30psi
1 4| A= [
’ 1 ,u;
-
a 3 c
2 cfs
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Lecture 12
Energy Principle Applied to Open Channel Flow

Reference : Lecture 3
Energy Equation
General

H 1t HPump == HJ? +H Turbine +zhloss

Open Channel
Hr; = Hrz + Zhipss
Hryy =1+ o+ 0fV;7/2g = Hpy +Zhips =y + hpt a2Vs /2g + hy + b,
Friction Loss = ki
e.g.  hy=LS=L{Vn/c'R” )}’ merage

Eddy Loss = h,

he=K. (V1 -V2)’ /28 o V2
or  h.=Kcglhy -hz| 7

rydegnl

a

Defining Diagram

12.1

12.2

12.3

12.4

12.5

12.6
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Pressure term in open channels: - / - pl
7 . (“’ o
> g
Pressure term in open channels: ”‘ L
_ g F= ¥l (050
( 7 - of (/ﬁ"f-w ¢ hed?
Ne ptns = weoss 2L i
- m/aayd LJ CaSE g ”:;,J}?\ 2
SFE- A-f.F ¢ P pya j l ~/d Weag 5\
LSV £ -",, )
Sy é = o coso "‘{do;e/%
ﬁ f l/\/)J 1 t, 3 9
quauerhal_g__cgr_vs - 7\ M -y

o /Ji A dVZ‘&' r
w =d -7 _{f-v* 7 .
prd —7 ¥ al ¢ “c“) NT];:E'\"'\:
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= A"‘-’ W & _...v-z !
M= f r
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! i -/ ‘ ) 3 ™)
—_— ( 4 ; / B ,/ ol —
Re-statement of energy equation: / , Vv
(See defining diagram. Neglecting curvature effects.) J === T J / .
d; cos O+ hzy + auV; %/2g = d; cos O+ hz+ 0V, */2g + hy + b, 12.11
Simplifications:

Specific Energy

Specific Energy (E) is the energy head with respect to the bed.
E =d cos 6+ aV?/2g
Assuming o ~ 1 and 0 very small, we have

E=y+V?2g

or E =y + (0/4)*/2g E-t 5.2

For a channel of unit width A>y and Q- q then E =y + (3/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) .

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

q=73cfsit

v Tt
Mlw & o oo
\

y

[= EpI=Y
[ ]
u
u
.
n
u
ks

1ft

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.

(*44 = Bdy

Alternate depths:

Subecritical (yy): N, <1 and y > h,
Picard Method:

Assume y ~ E then V® ~ [Q/A]
YO ~E -V?22g and VP ~[Q/A]
yP ~E-V®P 226 and VP ~ [Q/A]
ete until y™V ~> y®

Supereritical (y): Nr> 1 and h, tends to dominate over y

Picard Method:

Assume y ~ between 0 and yc , e.g. yc/2 where ye ~(q*2/g)'” and q ~ Q/B
VO~ 2gE -y?)]"? and AV ~ Q/ V? and y¥ ~ fen(A")

VO~ 2gE -y")]"? and AP ~Q/ VY and y? ~ fen(A®)

etc until V("D ~> vy
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Critical Flow Concepts:

Constant Q see [%W[-’ M/ /9{ ?/

Constant E ff( = l’/,‘wf'- @ ‘f ’
j:?f/z'r{r(?_w r b )
/ r;ﬁ /( 0 G

2, | ;
) ' F_'_( 2 0'7'( + l/{ (ia/( (ec] mn/{/n 4': = Fe 7 - e & é
L_ K:\F = y';‘ zf' 1176 AC - 1 ,1!.7_?. ‘\j é. (é )(T? p) = l/..:f /(3

b0 C “de ble tocTonsle

i a slopete

s ,{;', Pt I
./mﬂf:x{"J"fPC—m.;——thlcalSlo € ( WLH erf/(r n C1 f(q/ f/ph/ 5" v 5’7/ /*’7, / /f L({( /( " gRSG 71' ’ )J

[ fuyp fhet oo —
f”’ ‘[(; 71 by

4 f“' i : Ji y O
V;dﬁm (k{f‘;CR f/OW (S May g,,#, (‘f . /ow y0u can nNave (4/ 4 /f’**’?"

\ : ﬂf __wa'//ff‘/‘;’ (u_ /’j Jon wa V?/L l[p l«".ﬂ i CFT ?[ ca /)

i o //) (g G N \\\2 (-/l—'—’;
iyt e = <A, 8 S 5 B ) < o
A%,

Qc e [}( -htl Dc 1’;%{ ((/ L:/’)’ i 1 /l .
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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 approxnnated by Eq 15.1 as

shown in Figure 15.1. = (2 \/5 /‘5/( - —A‘-‘-'o_{’? y, % |/
1_4] A B A S s 5 o ) «-(f, . ’
1.2 ! 7 C :/ i
1 1 — ’
e 28 ;f = ,
>06 ’; Zizze ) .' e‘ff’
0.4 - e AN 13 > = T {
s /// | " ’I
0 0.5 1 15 2 25
Vmis ,
, e
Fig 15.1 o AP o o
L~ ZJ/ J
Vertical distribution e i >
u=u*/x {ln y/y,} 15.1

where u* = shear velocity = (1, / p)”2 ; K =0.4; bed shear= 1,= YR S,

for smooth bed y, = 1/9 ( v/u®)

For rough bed y, = k¢/30 where ks = 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 1s
tilted to create a pressure force to compensate for the centrifugal force. The super-elevation of
the water surface on the outside of the curve is given approximately by

Az~ Ve 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

o

shows the force balance for uniform flow. | L r 2 5]
b o Wl
keV
Figure 5.3 Uniform Flow in a Prismatic Channel
The force balance in the x-direction leads to
Wsin® =t%PL = LA )<, 0 153
where 1, = the average shear stress on the boundary P.
Equation 5.1 and the turbulent shear relationship
j / ol 1w=Kp vi= p (gRS,) 15.4
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gives the Chezy friction equation

V=C (RS,)"* 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** 8,” 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 f1)"/¢ 15.8

where D50 is the median grain size on the bed.

Note on 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 uniform flow we use the Manning Equation with Sy = S, to solve for y,.
mafl: PDapn:ose &Y, Aor \ Tires H

/] »5 f, .’_‘_-’,..g ) | ¥
For example fﬁr a trapezoidal channel we have:

Q= (CMAR® S =fong,) - o O
g /

75 o

15.9
where A =y, (b +zyy)

'r.p b+ 2y, (1 +Zz)f/z

and {R = A/,
Rearranging Eq. 15.9

nQ

T /2
c' S,

Co = = 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

perimeter. For example, circular, trapezoidal, triangular and parabelic. A single o and § 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.
P%E_q u yli"é”- /W[[’Fv‘-hﬂ 5 : [/: - Vz = Z/:;) .
Mo ; = S P .

N A

—

='/L//’ 4
\ . 3\\ p

n
P.L]nl . g4
Boony i
. U —>
7 = Z_FL £ B _

= U= 4

Compound Channels
These are channels in which the mean velocity cannot be assumed to apply to the entire wetted

perimeter. 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 trapezoidal sections.

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

i = - = 4

B /j ~b| . Voo "3 L o M J

AT %*g“ﬂ?é\ Ly SR B M/

S A
As
s p Vs
X - S4B K AR
>

7 —_— 2, )
W@ 27 0 )

The o and P for the compound section can be found from the basic definitions, i.e.
3
<5 VA 5 2,4,
G(T = f & K ¢ . g _ (5‘. \/t- /4 .
== 3 ) 5%
VT A 2
VoA
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f o sfipn, 10 (VEY Ggped v /‘ ;/{, ) !’ /A
Summary of Properties of Critical Flow B ; D 0 | Van I L) /
. Froude Number = V/(gD)'? =1

4 e frﬂ;.";f,'- \-/ﬂ-/ 14
® c =Vc — (gD)II‘Z J I / i p
. E is minimum at critical depth for Q = constant Coindey ot
fo //L'I ,h /
. For E = constant, Q is maximum at the critical depth - F e voen
e ’"’f ‘ p /

° Specific Force is minimum at Critical depth for Q = constant iy
® EC =Emin — yl: + DE‘IZ E o o
= Q.=V A=A, (D)lfz(g)m R R S L L]
. Critical depth is a control 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
° Se = S;= S, ; no eddy loss

. Typical computation Formulae are:

. Mannings Eq.

Q= cA (R)Z"3 ( Sf)m TkdkkhERR
n

. Chezy Eq.

Q=CA (R)I/Z ( SE)UZ e e e e o v o oo e
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Z=A@:A\/—Zf (2-3)

The section factor for uniform-flow computation AR is the produect of
the water area and the two-thirds power of the hydraulic radius.

0O 0! 02 03 04 05 06 07 08 09 10 1 12 13

= 10 — S —
- "L -~ ?'/ef /" } ‘r'
03 2 £ ‘L"/ )
* \}_(' | "
N -
Z - /‘*'*77 - A /
" = L = AN
07 - 7[41_/ . (|
pd -] p_\\"o \ Q}Q“
0.6 A2 > ||
y 5 1 \ba/" £ \ i
dg U_ 0.5 / —()/_. 7 — —»——7 b—_—
o]
, 04 o - St - }_1__1
03 QR = y:
s / P/ &7 Ve
& // / | i
0.2} S N S 1
\ L// s L~ Fo=7do=3.1416 d,
01 7,4// =" Ao=ZTaZ- 07854 a4

Fra. 2-1. Geometric elements of & circular section.

Volues of Z/b25 for trapezoidal sections
0.001 : 0.01 o1 ] LN

o
®

o
o

o
D

¢9
Volues of y/b.and y/dg

0.2

00! 5 0.1 : i
Volues of Z/d;"" for circular sections

Hind

.01 -,'J_--H:"I
0.0001

F1a. 4-1. Curves for determining the critical depth.
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Critical Slope Thea a7 B = 9w & H_t}:/
s . . . . .ge . - &
This is the slope required to maintain critical uniform flow; g j
- e & '/ /{i ;
® So=8S1=8¢;
° Ve =¥n = constant ; . ‘- ;I g AL

. Sc = {n Q/(c’Ac R )Y

Review Problems:
1.. Find the maximum flow through a 6 ft diameter (d,) culvert with a specific energy of 5 ft.
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, H and I) .Assume: o= =1.0; dg =da.; dc=dp; dr=dg;
dg = dy ; no head loss between A and H.

. T , o ‘
H=20, 27 Use éZ byeow [echure i3

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 is the theoretical
discharge significantly less than the actual?
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Lecture 16 ( C,c'kJI“ C‘ )
Estimation Manning's n for Natural Channels.
Reference: Chapter 4 & part 10 plus handouts

Cowan Formula:

n=(n, +n; +n; +n3+ngms
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Lecture 16 ( C,c—-u‘!' d )
Estimation Manning's n for Natural Channels. .
Reference: Chapter 4 & part 10 plus handouts

Cowan Formula:

n=(n,+n;+n;+n3+ngym
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Under View of Drainage
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Lecture 17
Design of Lined Channels.

Channel Design Using the Manning Equation

Design variables:

/e Design flows (max1mum and minimum ﬂows)
° channel shape = 1re
e.g. trapezoidal, AL S
Mo;t economical section (Best Hydraullc Section) A o
° bed slope { 4 :. Lk f|,/'.’,-l ; L4
° side slope, ’;g - _
. lining material, () B /11
. bottom width,/}, 7
o freeboard. I
- . . . j
Design Equations: W S
. _V L :‘!’-.:..'ff . . .
' Continuity Q = VA 51 o . 7317.1
) (, -"_f-“__ Hi Ts (142 0)]
Manning Q= (¢/MAR??S,” (el cyu) > 78 767 17.2 ',

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

Design Criteria:

. Design Flows: 1) Based on demand, e.g. aqueduct or irrigation canal
2) Based on flood frequency analysis/hydrology
3) Low flows
. Selection of lining material, n ( visus/% co0o o/ TRy
(= | (‘ a 2 2/
o Best hydraulic section: 055 sontel X={n f
bly=2{1+2)% - z} for best trapezozdal channel LES
z = col(p) where ¢ = Side slope angle. !f“’ I
(See example problem) e
e Side slope is determine by slope stability —> z
Material z
Rock 0
Stiff clay 0.5¢t01
Firm clay 1.5t0 2
Soft clay 3
Sand 2 to3
o Bed slope must meet project goals but is influenced by cut/fill requirements, S,
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LecTyre |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
hydrauhc section; n=0.013; z=2 and S, = 0.0005. Low Flow is 5 cfs.

What is the critical depth in th17 channel? kot oz 7{"‘(‘ o

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

)\) Of’!‘-ii,rr-fi :S.fﬁ,ir"}‘?-:at‘.l,j {% = 7 (l/,f’? - Z) /w-lw?rc Z = (c?f £o° = Z
b

| e .
471 sile slpe = Z * 0.5 Ged Slope = 567 0.000%,

f\
~ Qs 0. 013(20000 )
) o=t =001 (q =00, = = 78247
@h{?ﬁ = 20,00 ’m/‘ yKeow ™ 7 %o, N 0.01% ‘ gigh € Gl /%n_ Jooms ——

. \ L @) 5
q-1 [7 2 ;'/k‘* =N ff?)\ ~2» k%}: f ZJ-,JT’L’E;?;' ~ |5
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I
o V > Vmin to prevent siltation and vegetation (approximately range 2 to 2.5
fi/sec)
o V < Vmax to prevent abrasion (for concrete channels 15 to 20 fi/sec)

e Solve for y and b from Eqs 17.2 and 17.3

° Freeboard = fen(F, Q) "-e dds &0 L calealoto A #E8 S FE )

Details

Lateral subsurface drains
Uplift relief drains

Frost protection
Maintenance consideration§_

BRI EER SS I IR : lF B 2 ; .
\ FB1I 5

oncrete

Fence

L ]

Styrofoam ¢ o
Drainage La / + Drains
Geotextile o

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 ) ~Car sl y

» Maximum Permissible Velocity Method b
2 Y + Maximum Permissible Shear Method / S for oTh
Y + Regime Method
) + Sediment Transport Method

Regime Method !'j(/" L

/ :
!f {ay v o]

s 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.”
lq 34 .
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:

re

. P=2670Y ftwith Qincfs

1/ fyi e fs=8.(d50 inches) _
Hydraylic ."zf-,i."'(.',-','“"' A¢y ’,,

. V=117[fsR]"
z V=16R2f3solf3

* Q=AV=PRYV

> A-
- V=117[fsR]*? =Q/(PR)

Therefore R = {Q/[1.17P fs"? |}

& /
. [ So={V/(16 R**}

. [ Vv=QiA=Q/PR) |

1—
\/ / |~ Assignment: Given: Q= 2000 cfs: D50=0.02 inches. Find: P, R, So

AN
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Fundamentals of Engineering Design

Core of Cagr. moditiciTon ot lpne i g, )
Table 5.9 Simons and Albertson (1963) Modified Regime Equations .

¥ s

Sand Bed and Sand Bed and Cohesive Bed and

Sand Banks Cohesive Banks Cohesive Banks
P Qo 33 2,51 2.12
R =, O 0.37 0.43 0.51
& = Q- 1,22 1.08 1.08
V=C; (RPg? 13.9 16.1 16.0
WD =, QM5 6.5 4.3 3.0

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

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

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

3. 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).

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

The USACE (1994) provides guidance on channel design. Their recommendation 1s 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 bankfull discharge as the channel-
forming. If bankfull discharge is not determinable, a 2-year recurrence discharge can
be used as the channel forming. 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 chan ges appropnate for modifications due to increased in-channel
flows.
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Curve no.
1000 - T
T 3
700 i HTTH 2
500 ]
=
= =
= 300 |
T pE
E 200 17 / ]
§ L |+ /
L A 1=
[S) L1 o
& 100 ] ol
o
=]
o 70 -
=
u;: 50 anrs
X
£ 30 — 1 1A
== /
20 L1 A
10
100 2 5 1000 2 5 oooo 2 5 100 ooo
CHANNEL-FORMING OR BANK-FULL DISCHARGE, cis
TENTATIVE GUIDANCE: CURVE 1: STIFF COHESIVE OR VERY COARSE GRANULAR BANKS.
CURVE 2: AVERAGE COHESIVE OR COARSE GRANULAR BANKS,
CURVE 3: SANDY ALLUVIAL BANKS.
SEE PARAGRAPH 5-5 FOR LIMITATIONS,
FORMULA: W = CQ% WITH G = 1.6,2.1,2.7

Figure 5.34 Top Width as Function of Discharge (USACE,

1994)
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g — 1 e = el
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O e
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oA snr\‘ﬁ — L = L.,//D
Mezors*‘- s AT
c i
o T |
050~ !
5 580 100 200 500 1000 2 5 10000 2 5 100000
\
7—00 CHANNEL-FORMING OR BANK-FULL DISCHARGE, cfs
NOTE: FOR VERY APPROXIMATE GUI DANCE ONLY: DEPTHS SHOULD BE CHECKED

BY UNIFORM-FLOW CALCULATION USING SELECTED WIDTH AND SLOPE
(FIGURES 54 AND 5-5) AND ESTIMATED ROUGHNESS (SEE PARAGRAPH 4-7E).
APPLIES BASICALLY TO CHANNELS WITH LOW BED SEDIMENT TRANSPORT.

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

e 1. Determine the design flow, Q.

2. Determine the design bed slope, So.

3. Use soil properties estimate the side slope, z.

4. Based on the bed material, estimate Mapnings n.

{ e 7 o
» Y.
3 &b

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

6. Calculate the flow area A = Q/Vmax = »i (b + zy) |

7. Calculate the hydraulic radius from Mgnnlngs E
/\R Vmax n/(c’ So )"

.-”_'r 5
e ,.‘,"f 1

8. NowP=A/R=b+2y(1+z%)"”

— + DaZpr A

9. Solving for y from Eq 6and 8 gives:

P-2yA+2)Vpy+rzy’-4=0

[z-2(+) ]y’ +Py-A=0

L]

or y=[P+ Disc” )22+ *%-2]}

here Disc={P>+4 A [z-2 (1 +)"?)}

10. Then b =P-2y (1 +7)"
> puTl:nts (§ )
11. Add FB2.

>/ K77 Assignment. Due in 1 weeks.

/ AT De51gn a stralght canal with Q = 10,000 cfs and So = 0.0009 with bed and bank material as
follows: Djs= =1"; Dso=0.75"; slightly rounded, non-colloidal.
Compare the solutions for maximum permissible velocity and maximum permissible unit tractive
force (shear).
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GRAIN SIZE IN INCHES

BASIC VELOCITY FO

GRAIN SIZE IN MILLIMETERS
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o LTI T T T 1T
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41 A AT A

R DISCRETE PARTICLES OF EARTH MATERIALS (vb)

ALLOWABLE VELOCITIES FOR UNPROTECTED EARTH CHANNELS

CHANNEL BOUNDARY MATERIALS

ALLOWABLE VELOCITY

DISCRETE PARTICLES
Sediment Laden Fiow

D,s>0.4mm
D?a < 0.4mm

Sedimen! Free Flow
D.[= > 20 mim
D75 < 20mm

SIS

COHERENT EARTH MATER!ALS

P! > 10
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Basic velocity chartvalue x Dx Ax B
+—
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i
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—_

Basic velocity chort vGiue xOx A x F xCq
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Figure 5.28a Allowable Velocities
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for Unprotected Earth Channels (from USDA, 1977)
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Dpﬂﬁ/ ”/(?/C‘:ﬁ‘y’,./am
Assignment: Due Date : Next lecture.

1.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 with Q = 1000 cfs; y, =8 ft; n= 0 03; z=2 and S, = 0.0005.

A:,?n(L+Z;n> Fe e //”. Ni /

| - I - ¢~ /;_i ///4 , | Rz
Z/3 D /
it bon it oo et G = TR iy e
S . ‘ , ; ; !
b LSe trial € error j/ypo,/ Sers ; Frs 6_//,,,77_,,;_@,/
/ & ( -
WA Rl
. [ fii>
‘— A i O,0% {000 L — /
b = g = 22% 7 = 702,85
L f,L](flL‘ (O-DOO 5) g,ﬁg‘ﬁ/ ‘77}(‘7;/&,
e y o
N B B y
5 f ,’ — N F ayn = /O
( b 5 éj/%g\,
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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

S~

2. Q = constant;

3. Bed slope is small; cos0 ~ 1; sinf ~ tanb ~ So
4. Hydrostatic pressure; ¢ = 0;

5. n is constant;

6. o ~1 and B are constant;

6. Eddy loss is small;

7. Prismatic channel.

Equation for water surface slope:
The total mechanical energy head at a section in an open channel is:
Hr=h,+y+ ViQ2g) e 2001

The Continuity Eq. requires V = Q/A at all sections.

dHr = dh, +dy + d[V¥/(2g)] F—— 20.2

dx . dx dx dx

Notef"\' dHy = -Sr ‘
dx

dh, --S,
-7 dx

where S = {n Q/(c’ AR™)}?

5 ‘ ( Q" ) 7 . Defining Diagram
Expanding d[V7/(2g)] = 4 Atzgl _IQ-L d4) dg ot (14 4
d d Se A S i [
. =3 XN ™ A’i
- Ql, SJQ_ .................... 20.3
(?A D = x
130
. 2
L -G e-8, 4 - 8 dy
dx  g4™D ¥






Substituting Equation 20.3 into 20.2 gives:

P a
dy= - 51 2 B P R e 20.4
dx ’“.‘ — "‘_'-{
ﬁ/ 3
A e
/ i .{; : 4 / - 0 - 'f !, x
- ; f i ] N od | £ [\
/ < .
2 7 © e
i H 7
L’-‘Aj; V
- For a wide rectangular channel, A ~y;R~y;D ~y, therefore /" '-
dy . 14\ 3 it S 20.5
dx o\ ( . /.» { : 1 t
\‘L?‘L_:‘
General case for trapezoidal channel:
dy I\ hade T T el e 20.6

Problem: Given a very wide channel with q = 20 cfs/ft; So = 0.0016; n = 0.03.
a) Calculate: y, and ye.

b) Find the value of dy/dx for 1)y =20 ft; :

11) Y= 3 f[ ¢ 6U 1 4

fidy=14f. )"
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GRADUALLY VARIED FLOW

Profiles in Zone 11y>y,;y>ye

Profiles in Zone 21 yn>yY2Ye;Ye Y 2¥n

Profiles inZone 3:y<yniy<Ye
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Fic. 9-2. Classification of flow profiles of gradually varied flow.
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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 1 of Lecture 21.

4. Identify the two or three possible (depth) zones in all of the reaches by the classification (1, 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 subcritical 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, S, 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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= 1 ij j { Gradua]ly Varied Flow (Steady Flow) F=40¢
, | | [ !f JCOmputatmn of Flow Profiles
= —— = - / 7 ;
Cq 7 ‘Some of the possible methods of computing water surface proﬁles are: ;e s o,
) & N o a0
A7) : o suberit
Method dependent independent Limitations Comments ;x Z £he
variable variable - e
1. Graphical distance x depth y Prismatic Constant n \ « p 5 -
Integration channel Eddy loss ~ 0 \\\
. 2. Numerical distance x depth y Prismatic Constant n
colv" | Integration channel Eddy loss ~ 0
o 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-prismatic | Eddy loss
Py : channel included.
| Basis of HEC2

Graphical and Numerical Integration are similar. The Water Surface Profile slope equation (Eq.

20.3) for a prismatic channel can be inverted and written as:
F' f"’ L.
Ve / ) "[ ;\r ,’.) ":/.( V,J

J

-— [ ——vf
| ~ y) < A ) AY

&7 < | (a S ) I

/0| & Z L ~ s

/10 / /

= function(y) which can be graphed as

dx/dy versus y as shown at the left. We can write,

{X2-x1} =

/ ) / '(( / v /;,- X, E’? [ F2-3,

1 \“‘-E{\)
~ >
—_

1. Classify and sketch the flow profiles that correspond toa) y=1 ft; b) y =3 ft; and ¢) y = 10 fi.
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.,

b ," '/‘ (¢ and vy e ’
% k | Harizonial
b
ﬂr{ e AL
> [ s/ .“,)//‘f "
Fi
(s¢e carves)
/ s’ﬂe =
¥ ol Ly / g ~
————————— Critical -depth fline
| C — — — — Normol -depth line
/ - )
Suf whHsI G Fic. 9-13. Channels for Prob. 9-7. The vertical scale is exaggérated.
El.1274
; E_EZTZ 3 12 -
E £1.1270
——x—{ELI266
5:0.0004 e
—s00'— 1,500" L 1,000"
‘g F1c. 9-14. A channel profile for Prob. 9-8.
: 9-8. A rectangular channel (Fig. 9-14), 20 ft wide, consists of three reaches of
E different slopes. The chanoel has a roughness coefficient n = 0.015 and carries a
discharge of 500 cfs. Determine:
g a. the normal and critical 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
andy, V unknown) at one section to those at another section (x, y, V known).

Se

hv2

) e hf +he =
TSfL+he

DATUM

Defining Sketch for Backwater Case

Applicable Equations

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

Hr=h,y+y; + hy,;
Hry=hyp+y, + hy; (A)
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By the energy principle

Hr; = Hyy + hy+ h. (B) [computation proceeding upstream]
hy =7 {Sn+Sp} & he =K |hy2-h

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,, V.= Q/A,, hv,, Si, ave S;, hy, he and
WSEL2

3.Caleulate:Hp,™ = hy+y,+h,
4. Calculate: Hy,® = Hy, + hs + h,
5. Compare:HTz(B) =Hry + hs + h, .'HTZ(A) = h,, + y2 + h,.

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

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

HT2(B)= Hri -hf -he

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

|1Q
|cfs

Invert | WS
EL |EL

y

A

A%

hy

Hr"

R

St

Sf ave

hg

hi

E

]

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

V=QA;

h, =a V¥2g
Sfave = 1/2 {an T+ Sf n+l} 5

S¢ = {Q n/(c’AR??)}?

HTa n+l = {WSEL +hv }n+1 = I_ITb S I'I'l'a nt { hf + hf}n to n+l — fen (y n+l )
[backwater]

hf =AX Sf ave »

he: ch | hvn+l' h\'n |

n = downstream section; n+1 = upstream section in backwater calculation.

DATA:

Section 1: Trapezoidal; x =0

Q = 1000 cfs; b=20 ft; z=2; n = 0.03; WSEL = 110.0; invert El. = 100.0 ft

Section 2: Rectangular; x =300.0 fi

Q = 1000 cfs; b= 20 ft; z= 0; n = 0.03; invert El. = 100.18 ft.
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 ft
Distance between Section 2 and 3 is 300 ft.

Prepare a HEC2 or HEC-RAS input 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 elevation 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 11.25 |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 0.4

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

Manning n | 0.04 0.025 | 0.045

Stations for | 30.0 60.0

Floodplains
Kc 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

Kec 0.1

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

Edit Run View Options Help =5
EREEEE AP ACEREEEER o Sl

Ipri

|

Project: |
Plan: i
Geometry: I
|
|
|

Steady Flow:

Unsteady Flow:

Project

Description :
e

B 3 US Customary Units

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 need to enter a name for the project in the first row
column 1 (e.g. ENCE 6319 Example) and a file name in column 2 with the .prf extension as shown
below (e.g. EN6319.prj). In addition you can create a new directory by clicking on “Create
Directory”, for “ENCE 6319 Test” on the Desktop. Finally click OK to accept this information.

} New Project

“ Title File Name ) Directories

D[ ;ENCE 6319 Example 59531 9.prj C:\Documents and Settings\(
| - o [

{23 Documents and Settings

23 0wner. CUSTOMER-B2

& Desktop

v {71 100K 7430
Tod 100K743-10
v ;

oK ] Cancel ] Help i Cieate Direclory 1 | B
on T

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

Joois| River [storage | A | Pump || RS | copy
ENEEETE]

Edctrdaden.: | WEECRAS-Ri. GeometricDats

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 which are illustrated on
the Figure 3b.
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Geometric Data
File Edit View Tables Tools Help

Jools [ River |Stor: SA.
e

2
)

CEE|ef

=3
&
5
5

7

A

i

HER ST

Geomefric Data

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

River: lEnca - ] Hpply Data E Plot Dptions g T~ KeepPrev XS Plots _ Clear Prey |
Reach: F ;_1 River Sta.: _'_-_j _l_-jﬁ
Description 1 Q

DelRow | Ins Row_| Downstiesm Reach Lengths

Channel ROB
i I i

_1--» i
2 .
3

4|
— No Data for Plot

S
=
| 8f . nts
| 9. Expansicn

10f .

__._1 i

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-section from the right. Note: “station” means the lateral coordinate
entered 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 Edit Options Plot Help
River. {Ence ~ Eppl Data + | Plot Options g T~ KeepPrev XS Plots _ Clear Prev
Reach: [1 ] Piver Sta: 600 =l .!.i,ﬂ ENCE 6319 Example  Plan:
Desciiption  {u/s E_] wis
Del Row
r % [Cogend |
2
_1o. 22
{ 2
3 g
——; £
8 Le Bk | Right Bank hH
I o ! i
g | e |
9 Contraction Expansion
T P - o o3 12
[ ] 10
| 0 1 22 3 4 s 60 70
Staion (1)

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 channel, 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 of the main channel. The program uses looking downstream 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 o Ei=1E3
Exit Edit Options Plot Help
River. [Ence - foslyDea_|[5]) + o] Ptntons (B 5 1 Keep Prev)s Pl _Diear ey
Reech 1 =] Fiver Sta:[600 R ENCE 6319 Example  Plan:
Description !u!s uis

Dowmaheam Reach Lengths
s
Channel ROB

{300 {300 200 24 Ground

M 's n Values
LOB Channel ROB

Del Row Ins Row

Cross Seclion XY Coordinates

joos joozs [ooas

Elevaiion (1)
E

B I 05 los

a0 20 30 40 S0 70
Station (%)

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 each cross-section by going back to “options” and selecting ““ “Add a New
Cross-section™.

After 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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Dat
Ste
File Options Help

E nter/Edit Number of Profiles (2000 max): h Reach Boundary Conditions l Apply Data |

Locations of Flow Data Changes

River: i Ence _"_j

Reach: [1 ~~ | River Sta: {600 ~| AddA Flow Change Location |

[Edit Steady flow data for the profiles [cfs)

Figure 5a. Window for Steady Flow Boundary Conditions

=r/Edit Number of Profiles (2000 max): i‘l Reach Boundary Conditions [ Lpply De

Lll::-léilj.ﬁs of Flow Data Ehal'n:lES

__v_! River Sta.: iBDD _:_j Add A Flow Change Lucé

~ Flow Change Lacation

e location.

STTERTT R
a 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. If there were no errors, then you can review the output in many ways, e.g. from the “Main Menu”
select the icon showing profiles.

File Options Help

Reaches 4 I Profiles ¥ | _F_J Reload Data 1

\ ENCE 6319 Example Plan: Plan 01 11/13/2005 _‘__1
I Ence 1 I

Legend

O

Crit PF1

g s
Ground

Elevation (1)

™1 —

100 200 300 400 500 600
Main Channel Distance (ft) -
3 B 3

Figure 8. Profile Output

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

= Profile Output Table - Standard Table 1
File Options Std. Tables Loca_’_cio_ns__ Help

_ HEC-RBAS Plar: N1 River Ence Reach: 1 Profile: PF 1

Reach | River Sta | Profile ( Total | Min ChEl|'W.5. Elev| Crit'\W.5. | E.G. Elev|E.G. Slope| Vel Chrl | Flow Area| Top Width| Froude # Chl
[cfs) i3] i3] (f) (i3] (ft/ft) [ft/s) [sq ft) 3]
1 600 PF 1 200000 11.00 2434 0001475 8.01| 26391
1 300 PF 1 ~2000.00;  10.80 23

T o PF1__ | 200000 1050 2300

2388 0000330 677 32373 B3
2357, 0000730, 613

1803

Figure 9. Profile Qutput
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Assignment NAME \Onald €0/ Eurg

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 z A v

Jine wadls -
[

— 5 SN
\Q"é& %rsj A"'—i
100 - .
F\Lﬂ (%) 4_9KJL/ l';—L‘ =
5 $.° S, e

S oy m G S f, - Be  awule ,
Fe Pl % -1 )8

What bed slope should be used to ensure the maximum flow?

What 1s 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 invert is 100.0 ft and the So Sc Assume an approach Velomty of 1 ﬁ/sec
and the tailwater velocity of 1 ft/sec. Loalia O.L -

Assume Entrance is unsubmerged; n = 0015 Kex 10

V! )

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 ft. 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,
el ¥ =0.75d. 7
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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 invert 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

_— - A
'  ‘-r/,‘ —
N B o

l L=
VY.
¢ - 09- 77 _p00/
7 /&Oéég/

- 4 \/ = 4 j = /6':/ #/9 p( B P( 2%(,
e Cz’@i & W‘

gf - DC)O L/V(’Ig 750 .'; OV!T/G—f/ (Jﬂ‘ﬁﬁ/

% = 3.2 (2
, t

i~k (g tpn) =255 |
R i} - |

M= 10.040.9105) = (0277 {1 AT

(ues s Y 2.56 £t / = 102. 77 + Z,(S‘W) - /03,07’
}_L('fﬂ)-. }/\ sz_ ? _’}’A’ “ gﬁz/ = -:', (/fx( -+ §’ ) =000 3 2
L %Jr%’?% )»?\/B%‘é/ | )

o L 103,074 (@) +(}) 4gree 7 correc
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—
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,I.W\,m Ver 7

w 1.6
d 4 yc 1.91|ft yd<yc |So<Sc [Outlet Control
n 0.015 Vc 7.85|ft/sec yn>yc |Slope =M
L 100 Rc 1.29| L4
INV u/s 100 Sc 0.00445
yn 3.25]ft HTc 102.77| ¢4
An 26.0 hz1 100| ¢4
Vn 4.62|ft y1 2.55| {4
Rn 1.79 A1 2041 f4%*
cQ 38.30 V1 5.88| £ /e i
AnRn23 38.30| Ht1 a 103.09 1L
f 0.00 R1 1.56 Lt
S1 0.00195
Sav 0.0032
hf 0.32] #+ rgl- | helly
Ht1 b 103.09] f4 -0.0005
Hen 0.27| L+
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Lecture 26
Culvert Hydraulics
Reference Modern Sewer Design (AISI) and Handouts.

Combined Rapidly and Gradually Varied Steady 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 Outlet 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 vy,
for this case. There may or may not be free surface flow in the culvert for this case.

Type 3 has Tailwater Outlet 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 is 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
equation is commonly used to analyze this case.

Type 6 has a Pipe Friction Control with an Unsubmerged Qutlet which means that there
pressure flow downstream of the entrance but the tailwater is less than the outlet pipe depth (hy<
D). Generally, the upstream depth 1s 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 is commonly used to analyze this case.
Assumption hy < 0.85D then hy = 0.85D.
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The US Bureau 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 1 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).
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TABLE 1 - ENTRANCE LOSS COEFFICIENTS
Outlet Control, Full or Partly Full

Entrance head loss Hy = kg EE ;
‘ =

Type of Structure and Design of Entrance ' Coefficient kg

Pipe, Concrete

Projecting from fill, socket end (groove-end)
Projecting from fill, sg. cut end
Headwall or headwall and wingwalls
Socket end of pipe (groove-end) . . . 6.2
Square-edge . . . . . . . . . 0.5
Rounded (radius = 1/12D) . B b S B 0.2
Mitered to conform to fill slope . . . . . « o . 0.7
0.5

0.2

0.2

e e e & o e - .

e = & @ ® s 8 .

*¥End-Section conforming to fill slope

Beveled edges, 33.7° or 45° bevels . . . . . . . .
Side-or slope-tapered inlet . . . . .

Pipe, or Pipe-Arch, €orrugated Metal

Projecting from fill (no headwall) . . . . . . . . 0.9
Headwall or headwall and wingwalls sguare-edge . . 0.5
Mitered to conform to fill slope, paved or unpaved

slope . . . . . . © s s 5 e 4 e s s s 8 s s & = 0.7
¥End-Section conforming to flll slope . . &« ¢« & « & 0.5
_Beveled edges, 33.7° or 45° pevels . . . .. ... 0.2
Side-or slope-tapered inmlet . . . . . . . . . . . . 0.2

Box, Reinforced Concrete

Headwall perallel to embankment (no wingwalls)
Square-edged on 3 edges . . . . o e e . 0.5
Rounded on 3 edges to radius of 1/12 berrel.

dimension, or beveled edges on 3 sides . . . 0.2
Wingwalls at 30° to 75° to barrel
Square-edged at crown . . . . . : é 0.h
Crown edge rounded to radius of 1/12 barrel
dimension, or beveled top edge . « « . . . . 0.2
Wingwall at 10° to 25° to barrel -
Square-edged at ‘crown . . . % e s s e o s 0.5
Wingwalls perallel (extension of 51des)
Square-edged 8t Crown . . . . . . . . o o o O.7
Side-or slope-tapered inlet . . . . . . . . . . . . 0.2

*Note: "End Section conforming to fill slope,”" made of either metal
or concrete, are the sections commonly available from manufacturers.
From limited hydraulic tests they are equivalent in operation to
a headwall in both inlet and outlet control. Some end sections,
incorporating a closed taper in their 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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BUREAU OF PUBLIC ROADS JAN. 1963

/B) IN CFS PER FOOT

'RATIO OF DISGHARGE TO WIDTH (@

\

CHART |

600

F co (12 - 13)

L EXAMPLE —8 [% 1o

— 400 5'x 2" Box Q0=75cfs =7 —8 [=

E Q/B = I15cfs/ft 5 — 7 — 8

. Hw HwW 3 - =7

[ 300 Intat D feet 5 L 8

L (1 1.75 3.5 - — 5 .— &

L. 200 (2) 190 3.8 - 4 r 5

r (3) 205 & B —4

- . C - &

C — 3 C -

_ B — 3 I»

- : - — 3

— 100 B 3

— 80 QL L Moo

- N —2 i

60 o T M -

B T - -

— 50 Pl I -

- 40 w = ES B

L -~ =z L i — 1.5
W o

— 30 - o o | -

L ) -

- o »

B e =TI i L

— 20 14

20~ SRR I -

F~ zr

L == 9 — 1.0 — 1O

N A?qle of /ﬁ ?_: . - =

- Wingwall o

— 10 Flara - wi g — -9 — 9

— et D .

- 8 / e i i

.. E___7 -8 8
<T

— 6 = - L

: 5 o F [}

C HW cca g WINGWALL ~3 e

4 D FLARE T [-.6

B n 30° to T5° L

3 (2) 90" and 15° — .6 — .6

I (3) 0° (extensions — .5

Y of sides) B i

- B — .5 — .5

___ To use scale (2) or (3) project

N herizentally to scale (1), then

C use straight inclined line through B L r

L D ond Q scales, or reverse os

| illustrofed.

.8 - — .4 — .4

.6
_— L. 39 = .35 - 35
HEADWATER DEPTH
FOR BOX CULVERTS
WITH INLET CONTROL






CHART 2

180 — 10,000
— 168 — 8,000 EXAMPLE (1) (2) (3)
156 — 6,000 D=42 inches (3.5 fest) B B -
- r Q=120 cfs
L~ 144 ’_"‘ 5,000 — 5, -
- — 4,000 Hw* HW — 6. = — 5.
— 132 B o foat ~ 4 -
" 6 [=:3,000 i 2.5 8.8 5 - — 4.
i C > 000 (@) 2.1 7.4 B - -~
Eies 3 : X — 4. - =
o8 E (3) 2.2 7 : =y =
B :_ *D in feet o B '__ s
[~ 98 = 1,000 G - i
- — ' B =
— 800 - B L
84 - I i by e
— 600 ~ L =2
L — 500 // i - N
" - 72 : 400 o g _— z. ': L
e — 300 W z - -
& F & > - 5 s
= 2 F - 2r =
= 60 o F 200 / E — 1.5 |
9 — 54 §,:/ s | - i
— - . o
1 — 100
w |- 48 -] = z | - i
> ~~ x| 80 e
3| -7 iE z
S EgP S [ 80 o 10 |_1o0
- @ - 50 u
e 2r HW soa g ENTRANGE o F i
- —40 D TYPE e [~
w - - — .9 -
: — 36 — 30 () Square edge with ‘; 2
= [ - headwoll g — .9 =
I [~ - <
= — 20 (2) Groove end with w
= 3 headwall T — .8 8
:_ (3 Groove and — .8
L 27 s: projecting = -
L 10 L
= — . T —
L 24 — 8 — .7 !
[ 6 To use scale (2) or (3) project 5
| 5 — 5 horizontally to scale (1), then - B
: 4 use straight inclined line Yhrough
4 D ond Q scaoles, or reverse as — .6
L 3 illustrated. L .6 ) — .6
— 18 C
- 2 i if "
15 = L
C L .5 A e o D
= .0
-2’ HEADWATER DEPTH FOR

neaowater scates 283  CONCRETE PIPE CULVERTS
REVISED MAY 1964 WITH INLET CONTROL

5-22

BUREAU OF PUBLIC ROADS JAN. 1963






— 5000
— 4000
3000
2000
-
- 12X12 —
— 1000
— 800 %10 —— —
5 10X10 ~—100
C 4 i
500 5 9x9 so M
b Lt B Ll
—500 w B8X8—
i ! — 60 &
-400 z T7X7—1-50 3
o - B w
C > — 40
0300 O 6X6— =
[ ¥ S fia]
b w - 30 X
b [1 - m
=r < 5X5—
Feog 2 - =
S @ - 20 3
'éJ - W axs - @
—- o
o[ o — =
< [ > r <T
L 00 OASXAS =
o= z C o ®
OB W axz
. = b
o
- a — 8
—60 L <
- - (18]
" 50 25%2.5 s &
o =40 PR =
40— — [ 5%
i k- ot
2xe2 _/4
—30
C w
£ 20 5
e ©
- =
C =
L .
=
- -
—10
—8
—6
s

BUREAU OF PUBLIC ROADS JAN, 1963

_+ 1 hg
AN 7
Slope Sgq— N A

SUBMERGED OQUTLET CULVERT FLOWING FULL
HW = H4+ hg~LSg

For outlel crown not submerged, compute HW by
methods described in the design procedure

5 .
/ EXAMFLE —_— ——

s
e
L —

— " HhsT.3

HEAD FOR

HEAD (H) IN FEET

[Hll]lll||||llflllll_r IIIIIJII’I]TIII!IIII[I l T

T

I

o

»

a

20

CONCRETE BOX GULVERTS

- FLOWING FULL
n=0.0I2

L ad
v

N






|
n
o
o
o

LI B R N N B B I

)]
(e}
o

I!\Illllll_llllllifl[lll'

I
o
o

T

DISCHARGE (Q) IN GFS

I
o
o

— 40

BUREAU OF PUBLIC

TURNING
LINE

—iz20

— 108

— 96

— 84

— 72
— 66
— 60
— 54

D=48

— 42

36
— 33

— 30

DIAMETER (D) IN INGHES

= 2.

— 24

— 21

ROADS JAN. 1963

48— =

CHART 9

=1/ I _

b

ho

N2y
Y Slope Sp—=

SUBMERGED OUTLET CULVERT
HW s H+ hg—1LSg

For outlel crown not submerged,
methods described in the design

A NS
FLOWING FULL

compute HW by
procedure

HEAD (H) IN FEET

HEAD FOR
CONCRETE PIPE CULVERTS
FLOWING FULL

n=0.012

II¥]IIIII

n

Ill¥l]ll||

T
b

w

[T

| B S
™~
o

w

(1]

@

o






SSh

il

.-OEEGD 23ubljus ——-_“ ABA|AD D

('spooy 21jqnd Jo Aesing 'S'N)

£ -
-
= ﬂ.l.
9" —
L
L - i
i 1" - =
o4 1 4B
-
1 od o8
v 3
6 i b=
| ]
oi4 ¢ .¢78
4 4 10
-
ol o144 T
i z
J ’ 42
| »
z
. n 4 m
—
T 4 m
g1 — 1 - ] “
] i ﬁ._gnwu
2~ ez .
&Ic].ll.l.l..]x\
4 .N.!
aﬂl *~
~ .ﬂl 1
b — { e
) .tl_ 4
gi] |
- . .'-l..
g G — |
. 'g - T
(€) .
5l
(2)

“poima iRy

80 9448A84 J0 '48j038 D pus Q

yhnoayy suyy paujjau) jybjesge asn
.

u [YLETRT

LITLHITTY]

138jesd (g) so (2) 0|03 s0n 0}

Bujissfeig

edoje 8y

W0 Ju03 0) pasaIA

fompaay

3dAL
JONVHLNI

[LLTCTR
ER ] 2'2 (4]
£ 1"z )
*'6 8 o
lise)) Q

H H

)2 990
(180 0K} #8434} 8K =0

ATdWY X3

SNOILYLNAWOD DNV YAAH—E XIAN3ddY

VoS

a

oD Qwwn T N

| IR PERUY SUUPITE 0 B S A

[+]]

[=}
o

H

o o
T ™

o OO0
@, © 0
I e

[ ENEIE ITITS SRR B W

ooz

oog

00v

Q0§
009

ooa
000’

000'2

000'¢
ooa'y
000's
coo'a
oo0'e
000'0l

Lowan Divalaan s}

L

540 NI (D) 398VHOSIO

T e e

| EWRIN PYETH P

Lo lo by

Ll

b

\

N_J
61—

En_

0g —

Wn\.
2t

abr —

vE —

09

2L

8 —
]
26 —

801 —

0zl —

2¢l -

|

¥l

14
a9l

SIHONI NI (Q) 1H3ATND 40 831.3““&]

|

o8l

d|d |ojsw-pajobnuas Joj Yidap 1ajompoaH ‘4=f by

S —

(pooy 31jqng o ADSING ‘§'M]) |OHUOI BIUDLUB Yipm HBA|ND

3 £ 7
g = 8-
9
9 =
_F.I
R
| _
g @ 13
=
i 1 &%
: 5
6 € 1m
| 1l a1d=
A
% o'l -
0l — '..u
4
1 1 1z
Q .
E B 1
z
A N O ]
- m
. 4 {=
4 w
61 — 1 — 1~
1 - 1oz
] 1 24"~
‘2 - i -
Py N,
1 e
e i
£ - i
. L
v - 1.
L
s q 9
4 ¢
vg | ]
o]
(£) (2) (1)

SWVA T1VAS 40 NOIS3d

o'l

E

2

- g

ﬂ -

g -

_D ]

o1 -

Buijoaloud pua 3001y  (E) oz lw
[leMpEaY Y)iM pud 300D  |Z) ]
llempeay Yyjim adpa aienbs ([} oF —
. adal Q or —
1Y3S —— ]

oNvMIND A og ]
09 —

08 —

001 —

~ 3

~~ o034

\ g

\\41._,& 00§

Xw)w 4

~ ooy
- 008§ —
009 —

008 —

000"1

j23j ul d g ]

L zz ey l.

v'L te (2l o0o'2

8’8 'z (I} ]

123) a 000's —

H H ;]

Q00 v =

5j2021=0 ona's -

(1 G'E) saydul b= 00p's ~
37dHYX3 ooa’a
0o0‘ol

549 NI (D) 398VHOSIO

%

\

‘pajesisn||l Se @518AAL A0 ‘535 b pue g ydnasyj aul)
pauljaus \ydiens asn uay) ' (1) ajeds o Ajjejuozlioy y12aloud ‘|g)J0 (2) 2|eIS BN O]

09

2l q

b2 —

L2 —
0f -
£€

2y -
or

P -

2L

...m4
801
ETR
261
vl
961
mu.l”

oal -

sdyd siaducd soj Yidap sapapedl ‘B-f asabyy

S3IHONI NI (@) LH3ATIND 40 ¥3IL3WVIO






o
o~

MRS S |

0l ~

1334 NI [H) OV3H

LS¥

(‘1pooy 3yqnd ja noaing ‘5'7)

4)3 u) oo abioydnip ubneg

i88)

R
‘p30'0=M ‘||0) Bupmoy)) susajnd sdid |Disw-pajnEauc) 10f poapy

=0
s 7
jumia))jeod sseuybnos abujuuoy = U
188) W sdid jo ssjswoly = Q 21
JU8131)J003 880] 8DLOAILT = U
100) u) pory =ty
[o]] cra0 o0 i 61~
_A.wv\... 5 8998 * (4N _..omn.u.\ % iNouwnol
8l
005
00% 12
L
00Y
.-.\N\I
9
—ermi— | O L 0e
FRPLLEE] — e
0Q% - £
- 9¢ —
-
W e 2
Y b
w ~ ot
8 ~
z
o R
) ,
09 —
99 —
o 1 2L~
b8 —
96 —
801 -
H2LVMIUL HOIH HALTMITL MO 021—
Ilrﬂlﬂﬂlﬂ.] A Pxooseo 7 cf2
i Z| 2
:n_ w m N :H i I
o

SNOILYINGWOD JINVYAAH—E XIANIddV

‘Li-g anby4

op —

S3IHONI NI (0) H3L13WVIQ

0002 —

$40 NI (D) 39HVHISIO

(8"

——

30

.\h.rm.v

DN-n
] ]
i ]
ol
DI
) 9 -
I § ]
1=
P m
-
{o
-
£+ T
12
| 1m
24 m
1+
i .
.
]
01~ &
o]
]
9" —
m.]
»

SWVQA TIVWS 10 NOIs1d

>

757 o
F @AM - O

(‘poay a|jqnd Ja nosing *§7M)) ‘BElO'D=w ‘fing Bupmo)) sueajas adid sjsiouna ) paspy °gl-g snb)y

.
)3 Uy 8104 aBioydsip ubiteg a O <
188) up sAjR3 jo yibusy s 7 1
1u121jj802 Bnauybros sfuiuucpy & o 2l 9
100) i adyd jo Jojswoi] a g -
1ud13)))803 s00) edwpsjul = OH 8 —
188) W poep =iy ]
S 01—
o]} o o2 ]
~A..m.v\.._ 5 araar * (%D vnun.u\ *'H  tmouwnOd
81
12 - 02
Ky
2+ 0% -
12 - m 1
z or —
og—m & N
— 05 o
— m « 1 2
L 0s- &
e e T
2 -~ B
Ea Z \;\cn.ﬂ o
20 =~ ©° —m
| Z ool =
X YR -+ s
B e L [ 5
\ i o
- (47 E 1™
S .g 1 e
%ﬂ 09 ~| 0032 —
e
99 ]
2L
00% —
b8 ") oot |
96 — 00§ —
801 @09
MILPANIVL HOIH HILTATIVL MO . 7
—_— Gl 008 -}
3 i 4 -
I NP DN SO ]
H _ m m
n_ ]
INIT JWNSSAH 1
0002 ~
o<y






('spooy qng jo apaing '§'N) CEr00=¢ "INy Bujmaj) 1112403 0Qq B|213u0d Joj pRAH  ‘£l-8 EYLY T

143 u) s10s sbioyaalp ubsseg = 0
j88) wi kisapnd jo yjbuey = 7
jusyajpgeoa sasuybnos sbujuuopy & U
108) u) noq 4o ‘usds one ublay = 0
jusiayjjeca a10) soussul = %
jaa) u| poeH atH
Amwv £iQ 29 atu
02 — A/ vaLe2 * (51 66T
] 1x08 IHVNOS HO4 NOILYNO3
0ol
- ——— ..Il..].l)\l
8 — &P LLE] \
l‘_.ll\l ~
\
9 — v
- 5 -
S ] =
v —
x
£ m
1»
J]o
4~
Ly
iz )
1 +
4 m
15 .
ol —
B
|
5 —
[
HILWMUTL MOT

HILVMTIYL HOIH

AN 3ENS

14

S3ud

SNOILYINAWOD NV YGAH—E XION3ddV

FNIT DNINBNL

vl
9%
Alg
H-.‘u -4
2 9
m
m A
o 8-
m ~
@ Ol -
m -
o ]
3 ]
P i
= —
Q :
&
T oz
e ]
@ -
2 oe -
Z op
w B
2 o5
2 09
n
m o8
Mo
— 001 |

nni
m|
ml
01—
o2z -
o€ -
- 2X2 |
‘Il||||0vst
— —gpe0 A
- g2xg2 08 ]
5 bes
m —
— £ XE M 08 -
% i
L gexggo 0017
z -
Lexe S ]
w ]
2 ]
002

. B
sxs & ]
m ]
i ]
-3x9 Q 00€ -

bod
L ix. Z 00t
- ]
L gxg M 008
- 09 |

- 6x6 “

— 01X 0l 008 —|
Laixar 99970
0002
000€ |
000b |
0006 —

$39 NI (D) 3DHVHISIO

e

o

{'1poay 2yjqnd fo Aosing ‘5'(1)

ge ¢ 287 * =
w. —
v - 1 8 —
polonen 7]
ub 8810401 40 ‘Bojo3n p puo O I|
1 ' — auy jybess sin B
s E
s (] ]
9" — | o6l Pu0 .06 (2) ¢ -
o614 94 40€ t 1=
) vl 5
- x IAHVI4 a 1 =
i m WS -
e 12 TITMONIM Hog]2 P
4 £ 9 aq™ \
.. o Wv... i m \\
4 o B 0O \
i o a W \
8" —
. m = 04014 0l »
6 1= = pembuim 1@ \
1 nln. A o o sbuy o
0'1 6"~ _ 4.4
4= \vn. o
. i 1=
4 1 — 1=
0 o \ou 99
J 1z
W 5 ...5\ “ M
. 12 ._a)% ot —{ £
§ ] .1 1~
&1 lm pd ov -| =
J o k
g4 g 1o
4 J&# 0% ] H
Sy e, /1 09 o
o E m
2 Jelx =
C e 08 - o,
18
i [so]] \1. =
£ - ]
€ — &
= i ] e b0z M0
-] z2 3
4 * 20 e oer 2l
£ n N : gg el u
9 -] i 00€ — w4
W P i o H
h -
g - e oov 7] Wsie
6~ 87 oos fustaen
(2) (1) o009 AdNY X3

SWVQ TTYWS 40 NOISId

‘|oajuod B3UBLUB YilM saA|n3 oq doj yidap isjpmpoal G 1—§ sanbfy

2=

]

1334 NI (Q) XOB 40 LH9I3H

BSY






Figure 3 shows the terms of eguation 2, the energy line, the hydran-
lic grade line and the headwater depth, HW. Tne energy line revpresents
the total energy at any point along the culvert barrel. The hydraulic
grade line, sometimes called the pressure line, is defined by th= eleva-
tions to which water would rise in small verthal pipes attached to the
culvert wall along its length. The energy lins and the pressure line are

parallel over the length of the barrel except in the immediate vieinity
of the inlet where the flow contracts and re-expands. Thg difference in

2levation batween these two lines is the velocity head, %é .

The expression for H is derived by equating the total energy up-
stream from the culvert entrance to the energy just inside the culvert
outlet with consideration of all the major losses in enercv. Bv refer-
~ing to figure 3 and using the culvert invert at the outlet as a datum,

v et 2
By ® L LS, = dr + I[ + H
1 2_+ o = do T il e
24
where
dl and d? = depths of flow as shown in fig. 3
v 2
1. = velocity head in entrance pool
2g
LS, = length of culvert times barrel slope
then
12
dy + + LSO - d2 = Hv + He'+ Hf
and
2
s -a H, + H
szl £+LS 2=H'v+e+f

From the development of this energy equation and figure 3, head H
15 the dirference between the elevations of the hydraulic grade line at
the outlet and the energy line at the inlet. Since the veloc1ty head
in the entrance pool is usually small under ponded 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 vertical 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 =+ E}_ in figure 3.
2g
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N
9-7. Sketch the possible flow profiles in the channels shown in Fig. 9-13. %
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LEGEND:
--------- Critical -depth line

— = — — Normal - depth line ' 3

F1a. 9-13. Channels for Prob. 9-7. The vertical scale is exaggerated.
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Assignment 2.
Open Channel Flow

1. Find the alternate flow depths for a spe01ﬁc energy of 12 feet in a tnangular channel that has
z=3 and a flow of 400 cfs. b=z v _

2. Fmd the alternate flow depths for a spe01ﬁc energy 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 -

B‘-‘ ?_ol

fla

I

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?

&. A spillway with a crest has radius of curvature of 8 ft and a critical depth of 12 ft. Estimate the
pressure head at the surface of the crest.
Note: Assume that the velocity is the critical velocity.
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Assignment ,
1.Find the equivalent n for the trapezoidal channel shown below. Pecy 1e . Vr '
Given: Q=500 cfs;z=2; b=20f; y =10 ft. - S zc =C

70(

2. Find the equivalent Q, n, o and B for the compound section shown below.

Given: So = 0.0003. Ky = Cof- I/ = 4, B .2 fpil
L= T ,
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Fundamenzals of Engineering Design

Table 5.8 Permissible Canal Velocities (Fortier and Scobey, 1926)
D50 See tree. te N | =

Mean velocity, after aging of canals with flow depths < 3 ft
Water Transporting
noncolloidal silts,

Clear water, no Water transporting  sands, gravels or rock

Original materia] excavated detritus colloidal silts fragments

for canals (ft/sec) (m/sec) (ft/sec) (m/sec) (fi/sec) (m/sec)
1. Fine sand (noncolloidal) 1.3 0.46 25 0.76 1.5 0.46
2. Sandy loam (noncolloidal) 1.75 0.53 2.3 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 (noncolloidal) 2.0 0.61 3.5 1.07 2.0 0.61
5. Ordinary firm Joam 2.5 0.76 35 1.07 2.25 0.69
6. Volcanic ash 2.5 0.76 3.5 1.07 2.0 0.61
7. Fine gravel 2.5 0.76 5.0 1.52 3:79 1.14
8. Stiff clay 3.75 1.14 5.0 1.52 3.0 091
9. Graded, loam to cobbles (noncol]oida]) 3.75 1.14 3.0 1.52 5.0 1.52
10. Alluvial silt (colloidal) 3415 1.14 5.0 1.52 3.0 0.91
11. Graded. silt to cobbles (colloidal) 4.0 1.22 5.5 1.68 5.0 1.52
12. Coarse grave] (noncolloidal) 4.0 1.22 6.0 1.83 6.3 1.98
13. Cobbles and shingles 5.0 1.52 3.5 1.68 6.5 1.98
14. Shales and hard pans 6.0 1.83 6.0 1.83 5.0 1.52

2. Determine the soil properties of the bed and banks of the design reach and of the channe]
upstream.

3. Determine sediment yield for the reach and compute sediment concentration for design
flow.

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

5. Determine the basic channel velocities from Figure 5.28a and multiply them by the
Appropnate correction factors as found in Figure 5.28b Compare the design velocities
with the allowable velocities determined from Figures 5.284 and 5.28b

6. Ifthe allowable velocities are greater than the design velocities the design is satisfactory

5.3.4 TRACTIVE FORCE DESIGN

channels.

Lane (1953ab) developed an analytical design approach for shear distribution in trapezoidal

The tractive force, or shear force, is the force which the water €Xerts on the wertted

perimeter of a channe! due 1o the motion of the water.
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0.750 ¥y ds AR 0.750yds
| O.970yd5

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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Figure 5.33 Angle of Repose of Noncohesive Materia] (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.

Tvpes 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. Moming Glory
4) Sluice,
5) Over-and-Under,
6) 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 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 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 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 consists of the following elements (see Figure below):
a) the crest section,
b) the chute,
¢) the bucket,
d) the stilling basin.

2 f

CREST

A

sl afe,
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
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.

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/Hd =K' (X/Hd )n

(27-1)

where Hgq 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.

i Hg Hy

0475H4"

Origin of
coordingles

0.282Hy

q L
N -5
5 o83
x %2 0Hg Py |

T b "‘
R o p F
\\\ o \
‘\Clesl aris \.
o] ] "Setback e

WES suggests a compound curve for the upstream portion of the spillway. The radii and offsets
are proportional to Hg.
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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 1s
20 DS //’-/e f!

H, max= (Maximum Pond Level - Crest Elevation) + V,/2g #ss f "z

where V,=approach velocity = Q,uax/A forbay ;the Crest Elevation; usually the normal pond
level.

Discharge Equation
The discharge over a WES spillway is given by
Q=CiLH" 27-2

where H. = the energy head above the spillway crest; L = effective length of the spillway crest;
Cg4= discharge coefficient which is a function of the ratio of {H. /Hg}, e.g.

Cs= Cuo {H/H"
27-3

where Cg, = the discharge coefficient for He = Hyq. In U.S. units Cg, = 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 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 Q due to

Selecting ' j,y’ﬁ P DR ‘,’ ‘E -A ~70 7/-'"" [ erse - '.. n ,
[1E pt X “alloneslle rba. £7255w o 7S 5 grr Ot
Ny = /1. < : |
Hy < He max. et () ng Lt e
S = i1 4 . TPE T o
PTG R THE I e 274 s Iy un

) ¥

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

p/y ~d(1 - V¥(gk Hy) ~ d(1 - C He/Hy) since V.*/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. /Hg}. 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. /Ha} 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 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/y ~ - 18 ft at the maximum head on the crest, He max.

Hd. H=He max- /{1‘ hp./(l.BS He mg_x.)} 27‘5
Example:
Given: He max = 60 ft; use pmin/y ~ - 20 ft.
Find Hg.

Selection of Piers
The pier width and nose are determined based on Hy. For example a Type Il 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; /N, = number of pier contractions; K}, = pier contraction
coefficient. The effective length is found from

Le=Q/{ CaH. "}
) | 27-7
ront. .. 1. ; ne O frore _[:im G-""'-."-' = "\,*'\':

and then L,=Le+ 1\;1(;,1{3 | - 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

Vit g Y 1 ,;',
CYrélte *l6 ¢ o
Ry = 3 ok TP | /
)

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: 0= H+ 22

Vi=1[2g(Z-y1 - hd]*
27-9

v
bkl WSE 7‘7’
where Z = [TEL in pond - Stilling Basin Floor Elevation]; y; = depth at start of stilling basin;
hs= energy loss from pond to stilling basin entrance. Note: y; = Q/(V, W) where W is the
width of the stilling basin. -

A~ A )
/ [ 0%
L

The USBR developed an alternative to the above equation:

7
'd

V1 =[2g (Z - H/2]"* 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 channel or property.

Types of Stilling Basins
Hydraulic Jump,

Impact,

Flip-bucket

Plunge Pool,

Submerged Bucket and Roller,
Stepped spillway,

Baffled Chute,

Raft.

PR =3 O% L g, b2 ) e

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=y1 {1 8Nei']"” - 12 28.1

and the energy equation gives the energy loss as
AE =E;-E;=(y2-y)) /{4 y1 93 = [Vi'/28].(v2 - y) /{2Nr:1° 31 32} 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=[2g(Z-y)]"” &  y=0WV) 28.3
or the USBR empirical equation can be used to obtain V; directly,
Vi =[2g(Z-H2)]* &  y1=Q/(WV1) 28.4
Froude No. at the toeis N g = Vi Agy)™? 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 floor slab is

usually made sufficiently heavy to resist the.

flotation effect on the floor.

For design, the stilling basin floor is consid-
ered to be a free body in static equilibrium
with foundation reactions balancing active
loads. TUplift forces caused by hydrostatic

. 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
opposed 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-

_—Outlets for basin underdrainage system.

c-Maximum failwater level

N Water 'surface profile of jump
\\ for moxnmum d;scharge—:

Joint--__

NN~ < \’&; = )
PN ‘lu &_ “FU, )
3 , e
Slab reinforcedo < T \\ W ~Joint G

’ : ) R A SRR
resist moments from - AY. lJ
external loadings —-~

g i G " ~---Concrete weight
i i ' s /.’? Ve

‘~-Uplift pressure diagram }'ﬁ’lf"
(A) LOADINGS ON FLOOR

adf

7"?\——Ne’r vertical force diagram

AN

-’rj)/ j— e
Y _,-Horlzontol sliding resistances

PR (Equal to horizontal component
s of resultant force.)

Net horizontal
force diagram-----

“- Resultont reaction to place slab in equilibrium for
balanced vertical forces, horizontal forces, ond
rotation. (Distribution of reaction assumed to vary
linearly over length of slah)

(B) FORGE DIAGRAMS

Figure 299.- Ilustration of uplift forces acting on o stilling basin floor, 2B8—D—2522.
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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. ol

&3 P d ¥
. . . . Are £
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 ft
WES Spill )
nway Tailwater
Level 6 ft
Bed
Elevation Apron
Elevation
0.0ft ? ft
BAFFLES
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ENCE 4319
LABORATORY # 2 — Hydraulic Jump
10-26-10

Objectives:

To verify the classical hydraulic jump theory.
To conduct and experimental error analysis.

Theory:

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

1
Flow through the spillway: Q=—CW,/2gH %

1. -
2
2. Flow under the gate: O=ynW f 28 (assumed to be the “true” flow)
ya +yb
. . yl 2
3. Hydraulic jump: =——( 1+8N -1)
¥ jump Y ) 4/ R
where NF, =_.E_._
EN
: L,
4. Length of the jump: —+=10N, -6
N '
Y e
4% y
Y777 5 FIS T S T e TS o e PR
Ly
Procedure:

. Each group of three students will take the following measurements (in mm): P, y,, v1, ¥a,

Lj: Yas Yb-

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.

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