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3.5 Hydraulic Gradient and Energy Gradient. The hydraulic grade
line, or the hydraulic gradient, in open flow is the water surface, and in
pipe flow it connects the elevations to which the water would rise in pi-
ezometer tubes along the pipe. The energy gradient is at a distance equal
to the velocity head above the hydraulic gradient. In both open and pipe
flow the fall of the energy gradient for a given length of channel or pipe
represents the loss of energy by friction. When considered together, the
hydraulic gradient and the energy gradient reflect not only the loss of
energy by friction, but also the conversions between potential and kinetic
energy.

In the majority of cases the end cobjective of hydraulic computations
relating to flow dn open channels is to determine the curve of the water
surface. These problems involve three general relationships between the
hydraulic gradient and the energy gradient. For uniform flow the hydrau-
lic gradient and the energy gradient are parallel and the hydraulic gradi-
ent becomes an adequate basis for the determination of friction loss, since
no conversion between kinetic and potential energy is involved. In accel-
erated flow the hydraulic gradient is steeper than the energy gradient, and
in retarded flow the energy gradient is steeper than the hydraulic gradi-
ent. An adequate analysis of flow under these conditions cannot be made
without consideration of both the energy gradient and the hydraulie gradi-
ent.

4. Open Channel Flow

4.1 Steady, Unsteady, Uniform, and Nonuniform Flow. Steady flow
exists when the discharge passing a given cross section is constant with
respect to time. The maintenance of steady flow in any reach requires
that the rates of inflow and outflow be constant and equal. When the dis-
charge varies with time, the flow is unsteady.

Service work will involve problems in unsteady flow in the analysis
of discharge from conduits and spillways and in natural and improved chan-
nels where discharge varies during periods of runoff.

Steady flow includes two conditions of flow; uniform and nonuniform.
Flow is steady and uniform when the mean velocity and the cross-sectional
area are equal at all sections 1n a reach. Flow is steady and nonuniform
when either the mean velocity or the cross-sectional area or both vary
from section to section.

4.2 Elements of Cross Sections. The elements of cross sections re-
quired for hydraulic computations are:

a, the cross-sectional area of flow;

p, the wetted perimeter; that is, the length of the perimeter
of the cross section in contact with the stream;

r = a/p, the hydraulic radius, which is the cross-sectional
area of the stream divided by the wetted perimeter.

General formulas for determining area, wetted perimeter, hydraulic
radius, and top width in trapezoidal, rectangular, triangular, circular,
and parabolic sections are given by drawing ES-3%5.



5.4-2

4,3 Manning's Formula. The most widely used open channel formulas
express mean velocity of flow as a function of the roughness of the chan-
nel, the hydraulic radius, and the slope of the energy gradient. They
are empirical equations in which the values of constants and exponents
have been derived from experimental data. Manning's formula 1s one of the
most widely accepted and commonly used of the open channel formulas:

v = 1296 2/0 /2 (5.4-1)

mean velocity of flow in f{. per sec.
hydraulic radius in ft.

slope of the energy gradient.
coefficient of roughness.
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Manning's formula gives values of velocity consistent with experimental
data and closely comparable to those computed by the Kutter-Chezy formula.
For very flat slopes the Kutter-Chezy formula is considered to be prefer-
able by some authorities. The Manning formula has the advantage of simpli-
city. The alignment chart, drawing ES—3h, may be used to solve for v, r,
s, and n when any three are known.

4.4 Coefficient of Roughness, n. The Manning formula is expressed so
as to use the same n as is used in the Kutter formula. Table 93, p. 287,
"King's Handbook™, compares values of n which will meke the Kutter-Chezy
and Manning formulas equivalent. This table and many other comparisons be-
tween the two formulas show that Kutter's n need not be modified for use in
Mamning's formula when the slope is equal to or greater than 0.0001 and the
hydraulic radius is between 1.0 and 20 or 30 feet.

The computed discharge for any glven channel or pipe will be no more
relisble than the value of n used in making the computation. The engineer,
when he is selecting the value of n, is in fact estimating the resistance
to flow of a given channel or pipe. This estimate affects the design dis-
charge capacity and the cost and, therefore, requires careful consideration.

In the case of pipes and lined channels this estimate is easier to make,
but it should be made with care. A given situation will afford specific
information on such factors as size and shape of cross section, alignment of
the pipe or channel, type and condition of the material forming the wetted
perimeter. Knowledge of these factors, associated with the published re-
sults of experimental investigations and experience, make possible selec-
tions of n values within reasonably well-defined limits of probable error.

Natural channels and excavated channels, subJect to various types and
degrees of change, present a more difficult problem. The selection of ap-
propriate values for design of drainage, irrigetion, and other excavated
channele is covered by handbook data relating to those subjects.

The value of n is influenced by several factors; those exerting the
greatest influence are:
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(1) The physical roughness of the bottom and sides of the channel.
The types of natural material forming the bottom and sides and the degree
of surface irregularity are the guides to evaluation. Soils made up of
fine particles on smooth, uniform surfaces result in relatively low values
on n. Coarse materials such as gravel or boulders and pronounced surface
irregularity cause the higher values of n.

(2) Vegetation. The value of n should be an expression of the re-
tardance to flow, as it will be affected by height, density, and type of
vegetation. Consideration should be given to density and distribution of
the vegetation along the reach and the wetted perimeter; the degree to
which the vegetation occupies or blocks the cross-sectional area of flow
at different depths; the degree to which the vegetation may be bent or
"shingled" by flows of different depths.

(3) Variations in size and shape of cross section. Gradual and uni-
form incresase or decrease in cross section size will not significantly af-
fect n, but abrupt changes in size or the alternating of small and large
sections call for the use of a somewhat larger n. Uniformity of cross-
sectional shape will cause relatively little resistance to flow; whereas
varigtion, particularly if it causes meandering of the major part of the
flow from side to side of the channel, will increase n.

(4) Channel alignment. Curvature on relatively large radii and wich-
out frequent changes in direction of curvature will offer comparatively
low resistance to flow. GSevere meandering with the curves having rela-
tively small radil will significantly increase n.

(5) silting or scouring. Whether either or both of these processes
are active and whether they are likely to continue or develop in the fu-
ture is important. Active silting or scouring, since they result in chan-
nel variation of one form or another, will tend to increase n.

(6) Obstructions. ZLog Jams and deposits of any type of debris will
increase the value of n; the degree of effect is dependent on the number,
type, and size of obstructions.

The value of n, in a natural or constructed channel in earth, varies
with the season and from year to year; it is not a fixed value. Each
year n increases in the spring and summer, as vegetation grows and folil-
age develops, and diminishes in the fall as the dormant season develops.
The annual growth of vegetation, uneven accumulation of sediment in the
channel, lodgment of debris, erosion and sloughing of banks, and other
factors all tend to increase the value of n from year to year until the
hydraulic efficiency of the channel is improved by clearing or clean-out.

A1l of these factors should be studied and evaluated with respect to
kind of channel, degree of maintenance, seasonal requirements, and other
considerations as a basis for making a determination of n. As a general
guide to judgment, it can be accepted that conditions tending to induce
turbulence will increase retardance; and those tending to reduce turbu-
lence will reduce retardance. Table 5.4-1 lists values of n taken from
various sources which will be useful as a guide to the value to be used in

a given case.



TABLE 5.4-1. VALUES OF ROUGHNESS COEFFICIENT, n

. . Values of n Refer-
Type of Conduit and Descripticn Min. Design Mo, ences
Pipe
Cast-iron, coated 0.010 | 0.012 - 0.014 | 0.01k 1
Cast-iron, uncoated 0,011 | 0.013 - 0.015| 0.015 1
Wrought iron, galvanized 0.01% | 0.015 - 0.017| 0.017 1
Wrought iron, black 0.012 0.015 1
Steel, riveted and spiral 0.01% | 0.015 - 0.017 ] 0.017 1
Corrugated 0.021 0.025 0.0255 2
Wood stave 0.010 [ 0.012 - 0.013] 0.014 1
Neat cement surface 0.010 0.013 1
Concrete 0.010 | 0.012 - 0.017 | 0.017 1,6
Vitrified sewer pipe 0.010 | 0.013 - 0.015] 0.017 1
Clay, common drainage tile 0.011 [ 0.012 - 0.014 ] 0.017 1
Lined Channels
Metsl, smooth semicircular 0.011 0.015 1,5
Metal, corrugated 0.0228 0.024 0.024k4 2
Wood, planed 0.010 0.012 0.015 1,5
Wood, unplaned 0.011 0.013% 0.015 1,5
Neat cement-lined 0.010 0.013 1,5
Concrete 0.012 |0.014 - 0.016 | 0.018 1,5
Cement rubble 0.017 0.0%0 1,5
Vegetated, small channels, shallow depths
Bermuda grass; long - 13", green 0.042 3
Long ~ 13", dormant 0.035 0.25 3
Short - 3", green 0.034 3
Short - 3", dormant 0.034 3
Sericea Lespedeza; long -l6", green 0.076 0.22 3
Long ~ 16", dormant 0.050 3
Short - 2", green 0.0%% 3
Short - 2", dormant 0.034 3
Unlined Channels
Barth; straight and uniform 0.017 0.0225 0.025 1
Dredged 0.025 0.0275 0.033 1
Winding and sluggish 0.0225 0.025 0.030 1
Stony bed, weeds on bank 0.025 0.035 0.040 1
Earth bottom, rubble sides 0.028 [0.030 - 0.033 | 0.035 1

(Continued on next page)
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TABLE 5.4-1 (Continued). VALUES OF ROUGHNESS COEFFICIENT, n

w
X . Values of n Refer- .
Type of Conduit asnd Description Min. Desian Max. ences ¥
Unlined Channels—Continued N
Rock cuts; smooth and uniform 0.025 0.03%3 0.035 1
Jagged and irregulsr 0.0%5 0.045 1
Natural Streams
(1) Clean, straight banks, full stage, no rifts or
deep pools 0.025 04033 1,4
(2) Same as (1) but more weeds and stones 0.030 0.0L0 1,k
(3) wWinding, some pools and shoals, clean 0.033 0.045 1,4
(k) Seme as (3), lower stages, more ineffective slopes
and sections 0.040 0.055 1,4
(5) Same as {3), some weeds and stones 0.035 0.050 1,4
(6) Same as (4), stony sections 0.045 0.060 1,4
(7) Sluggish reaches, rather weedy, very deep pools 0.050 0.080 1,k
(8) Very weedy reaches 0.075 0.150 1,54

REFERENCES :

1. "King's Handbook", pp. 182 and 268.

2. "Hydraulics of Corrugated Metal Pipes" by H. M. Morris, St. Anthony Falls Hydraulic

Laboratory, University of Minnesota.

and USDA Technical Bulletin No. 967, February 1949.

ESAN ||

Washington, D. C., pp. 227-233.

o\

"Low Dams" by National Resources Committee, U. S. Government Printing Office,

"Flow of Water in Charmels Protected by Vegetative Linings" by W. 0. Ree and V. J. Palmer;

"The Fiow of Water in Flumes" by Fred C. Scobey; USDA Technical Bulletin No. 393, Dec. 1933.
. "Hydraulic Studies of Twenty-four Inch Culverts"”, studies by St. Anthony Falls Hydraulic

Laboratory, University of Minnesota; The American Concrete Pipe Association; and the

Portland Cement Associatiom.

\O 0O

May 4, 1916,

. "The Flow of Water in Irrigation Channels" by Fred C. Sccbey, USDA Bulletin 194, 1914,
"Flow of Water in Drainage Channels” by C. E. Ramser, USDA Technicel Bulletin No. 129, 1929.
. "Scme Better Kutter's Formula Coefficients" by R. E. Horton, Engineering News, February 2k,
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h.5 Critical Flow. Critical flow is the term used to describe open
channel flow when certain relationships exist between specific energy and
discharge and between specific energy and depth of flow. Specific energy
is the total energy head at a cross section measured from the bottom of
the channel. The conditions described as critical flow are those which
exist when the discharge is meximum for a given specific energy head, or
stated conversely, those which exist when the specific energy head is mini-
mum for a given discharge.

Consider the specific energy and discharge at a section in any chan-
nel, using the notation

= total discharge.

= Q/T = discharge per unit width of channel.
crogs-gectional area of flow.

depth of flow to the bottom of the section.
= a/T = mean depth of flow.

top width of the stream.

mean velocity of flow.

acceleration of gravity.

specific energy head, i.e., the energy head
referred to the bottom of channel.
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The specific energy head (see Fig. 5.3-1) is:

.
He-—d+-é-é-

From equation (5.3-2) v = Q/a; therefore,

Q3
H, =4+ (5.4-2)
Ega?
By solving this equation for the H, at which q 1s a maximum or the depth at
which H, is a minimum, the following general equation for critical flow in
any channel may be obtained. (See "King's Handbook", pp. 372-373):

2 8.3
g— = 7 (5.4-3)

From equation (5.4-3) @%/a® = ag/T; and since Q%/a® = v and a = d T, the
specific energy when flow is critical is:

o

B, =d+5z=d+5 (5.5-4)

Study of the specific energy diagram on drawing ES-35 will give a more
thorough understanding of the relationships between discharge, energy, and
depth when flow 1g critical. While studying this diagram, consider the
following critical flow terms and their definitions:
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Critical discharge - The maximum discharge for a given specific en-
ergy, or a discharge which occurs with minimum specific energy.

Critical depth - The depth of flow at which the discharge is maximum
for a given specific energy, or the depth at which a given discharge
cccurs with minimum specific energy.

Critical velocity - The mean velocity when the discharge is critical.

Critical slope - That slope which will sustain a given discharge at
uniform, critical depth in a given chanmel.

Subcritical flow - Those conditions of flow for which the depth is
greater than critical and the velocity is less than critical.

Supercritical flow - Those conditions of flow for which the depth
is less than critical and the velocity is greater than critical.

The curves show the variation of specific energy with depth of flow
for several discharges in a channel of unit width. These curves are
plotted from the equation, He = 4 + (g° + 2gd%), by taking constant values
of q, assuming d, and computing H,. Similer curves for any discharge at
a section of any form may be obtained from the general equation (5.4k-2),
Certain points, as illustrated by these curves, should be noted:

(a) There 1s a different critical depth for every discharge. In
this graph all critical depths fall oa che line defined by the egquation
He = 3d,/2; in the general case, critical depths will fall on a curve
defined by equation (5.4-4).

(b) In a specific energy diagrem the pressure head and velocity head
are shown graphically. The pressure head, depth in open channel flow, is
represented by the horizontal scele as the distance from the vertical
axis to the line along which Ho = d. The velocity head at any depth 1s
represented by the horizontal distance from the line along which H, = d,
to the curve of constant q.

(c) For any discharge there is a minimum specific energy, and the
depth of flow corresponding to this minimum specific energy is the crit-
ical depth. For any specific energy greater than this minimum there are
two depths, sometimes called alternate stages, of equal energy at which
the discharge may occur. One of these depths is in the suberitical range
and the other is in the supercritical range.

(d) At depths of flow near the critical for any discharge, & minor
change in specific energy will cause a much greater change in depth.

(e) Through the major portion of the subcritical range the velocity
head for any discharge 1s relatively small when compared to specific en-
ergy, and changes in depth are approximately equal to changes in specific
energy.
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(f) Through the supercritical range the velocity head for any dis-
charge increases rapidly as depth decreases; and changes in depth are
associated with much greater changes in specific energy.

In addition to its importance in the discharge-energy relation-
ship, critical velocity has significance as the velocity with which
gravity waves travel in relatively shallow water. If, in the general
equation (5.#-3) Q = av and the appropriate values for a channel of unit
width are substituted, the critical velocity is found to be /gd,. The
velocity of propagation of gravity waves in shallow water is also ¢§E s
d being the depth of water. Therefore, a wave may be propagated upstream
in suberitical flow but not in supercritical flow.

4.5.1 General Formulas for Critical Flow. General formulas
for critical flow in any section are:

=4 3
== = (5.4-3)
dm

H, = d, + 35 (5.4-4)
%

& =z (5.4-5)
%

dm = ? (5.‘-!--6)
a“g

v, =vVed (5.4-7)

Q. = a\Ved, (5.4-8)

Symbols used in these formulas are:

He = gpecific head.

Qc = critical discharge.

q, = Qc/T = critical discharge per unit width of channel.
a = cross-sectional area,

T = width of water surface,.

dc = ¢critical depth.

dm = a/T = mean depth of critical flow.

Vo = critical velocity.

g = acceleration of gravity.

See drawing'ES-53 for the symbols for channel dimensions.
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4.5.2 Critical Flow Formulas for Rectangular Channels. See

paragraph 4.5.1 for the symbols used in the following formulas:

H
e

a

[+

Graphical solutions for Q. or
use of the alignment chart on

=3/2 4, (5.%-9)
=2/3 H, (5.%-10)
= ﬁz (5.4-11)
ol 5.4

3 Qi
= ‘/ z (5.4-12)
3 Qi
=~/ = (5.4-13)
g

=/ &4, (5.4-14)

- *feq_ (5.4-15)
afeq,

= - (5.4-16)

- a2 [g (5.%-17)

= 5.67 bad/2 (5.4-18)

= 3.087 bE/2 (5.4-19)

d, in equation (5.4-18) may be made by the
drawing ES-24.

4.,5.3 Critical Flow Formulas for Trapezoidal Channels. See

paragraph 4.5.1 for the symbols used in the following formulas:

(5o
H

+5zd ) d
M (5.4-20)

e~ (2b+ hzdc7
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HYDRAULICS: MANNINGS

FORMULA

Range of Chort
= 5:0.0/0 to O.50
—ao? = r=0.20 fo 7.0
= = n:0.008 ro 0.07
= sk y<16.0 r0 50.0
— = 3.5
R
|- aos
= 40
F aoas|
E - 3o
—a0d |
E - 2.0
=~ aosf
E a5 g
; E 5—13.0
—aos [ E
= E o
" e - E_
9| 'T =
L oaes . C oo
SE 2 = ©
£ R E %
N TR oo 3
b E E
s E e E >
=L E 3 Foo 8
c—aR =g E E 2 8
2E F b E 3
SE M X E 9
“wE [ E
SE a0t v £ oo
oF 2 =
QF ao7 |- E /
L= B 70
SE oo E 40 = 2
E = 0.93 = 0.\
a5 E-og0 f—so;’/ X
E E pead V-~
= aosl 00 = ,,-’.;__Q.,CLZ//
F Eas0 s
; o3 ; ars e e /§
I E — b/ ==
o = 07 2 )
: - 065 4 E
= ot ‘\‘a“/ =
i =y y E3.0
- - e E
- = RS =
— o0 [—~ 053 ) =
E F 2 Feo
S 0«\9/ E
F- 0009E y E
= = =ro
== E aes E
E B e
= o008- E
g/a,o =o.0
0.5 , R ,
E for the solution of problems in uniform flow
= by Manning's Formula:
E 4 !
o.s0 y= L"!,'-@- rise
= va Mean velocity - f1./sec.
F rx= Hydraulic Rodius = ft.
- oes s= Slope of the energy gradient; which in
= uniform flow equals the channel slope
= and also the slope of the water surfoce- ﬂ./r‘f.
e n=Coefficient of roughness
Lazo

.50 —

N

by
1
S
|

°
N
[+

99.‘32
MECIRTIRN

o
<
8

5 o
S
8

L ot v i bl

0025

|Ill|HI|||I!lmhhl\hllHllm|!s!!lmlwllllhlmhl\lILI]]IIIIMIH“\

ooz

0.0/

o

o.0l0

s Slope - ft/71

A
5
=]

2Le

200
195
190
8.5
18,0

7.5

6.5

16.0

el il

v = Velocity = f/sec.

REFERENCE
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HYDRAULICS: PRESSURE DIAGRAMS AND METHODS OF

COMPUTING

HYDRGCSTATIC LOADS

YUnit Wid*h
8 / of Face
Water Surface @ s
- - — S Note: By or Brareo of the cwh Unit width
8 pressure diagram Farw 4‘—7‘; of A-8.
4 fg for each cose i Vr_- -
RN Fig. 1.
)
Q
?: £y or b 24
< 5 reg r L AN
B
5 Bp orFy (“'9' Aop I
sig }
@ Sl PN whs Determine by one
3 |;‘ / of methods shown
¥ / /n Frg 2.
-t — . . £ ————.
77777, PTITT7T7Z7T77 i’ P w/)

Structure (Schematic)

Fressure Dicgrom
Foce of Structure

Pressure Diogrom

Portion A-8 of Face of Structure

) Unit Width
p-wih-h) of Foce prwf*-hy)
Water Surfoce "E %7 —-f—__-) ’)-
[ — e g / Unit Width
. éﬁf_fafe( 5u.rface oF A-B
Ay T 1|/ \\ / "-\\A
> / /
Qg / / \ 7 / \
3 N Lo 0r P, /// A -9 Ly !, \—\ A
S S Y L \ { 7 K N andec.
N “QN ¢ — tg-hy / ’\c-‘.g_\ P
& Determine by [/ ’ cg. A g \
8 N one of methodsy / \\ z / /) 8
g shown in Fig. 2. 7\&? \ // \
3 /7 \ Iy \
~ // \ /7 \
§ 4 N L lL A
77 §777‘7777ﬂ P e
Structure (Schematic) Pressure Diogrom Pressure Diogrom
Foce of Strvcture Portion A-o of Foce of Structure
g Unit Width
peufh-h,) of foce Pa=wh
Water Surfoce ‘.'t for e e ” ‘rl-
— Y F V8 T [ ] / Unit Width
N / of A-8
)
] / /
ate 4
S Worter Surfoce /
Eq = == =4
< [y PRA (VK res Bl A i
cp.
$ 2 O Py ; ,/ 2\ #ecp. o // \\ o
3 & Determine by /| |/ \ / / \
8T a < one of methods | \\ Determine //’ 8\
S Shown in Fig & ~ 1> \ by moments, / \
N FENY \ /o \
2 / \ ; \
: Lo A 4 L1 A
b prwh, | paawh
B [amwh e SN
Structure (Schematic) Pressure Diagram Pressure Diogrom
Foce of Structure Porrion A-B of Foce of Structure
Figure 1
Deferm/nof/an af Center of Grovity of Tra,oezma
A g A About 88 y - AR
= ad gt F(b-0/dz50 @00 Zm——————mme—— -
center of Y __i'i—}a = E] d_ a
ovit adr§(b-a)o e z .2
gravily % S/mpllfy/ng \ b e /
| aS— = Zed+bg ~ ! . certer of
: About B'A; 3 (a “ \K:-/ grovity
i P ? ad-fa+ é(b-a)d-(afb-‘sf) £ /% i
I s /_f ad*l(b-a)d \\\\
407, ng L e = =
B‘ b 8’ p/y/g ob+ b2 a2 - 43 '|= b a P!
Mothemotical Solution 3 lo+b) 3(az-4% Groppico! Solution
Frgure 2
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HYDRAULICS:

PRESSURE DIAGRAMS AND METHODS OF
COMPUTING HYDROSTATIC LOADS

Water Surfoce A

opposite fo those shown. Pressure Diegram

—rg origin
!ch ¥lcglof ABO
Py Fix) |
__ L eTcp
A" >1 5 WA - 8
/ plwn | Cnit wiors cg X e, ®
4 [ of 4-8
4 / i/ Verticol Projection)
4 // | Unit Width of A-8
e - b 1 (Horizontal Frojection)
Note: The following solution is
general and I8 valid For;
11hany shape of portion 4 2 - - y 2
A-B ana.(2), woter on Fu= 2 wh £=wAsg0 Fr = e A
either sice of A-8. g- R Aq8n =Arec7 bovnded by ABO sina=
However, when woleris 3 ‘.[f( o 2
on the right of A-8, the () ax b _
pressure forces B, P, ./xf(x)dx _ Bzt hx
ond £, act in directions _74-— YR = P,
ABo R

by subscript, or al bottom of structure or
portion of Struciture if no Subscrip? /s uvsed.

Structure (Schematic) af Horizonta! Pressure Vertical Pressure Force Pesuitont Pressure Force
Portion A-8 Fortion A-B Portion A-B
Figure 3
Woter Surfoce <D
—F 4 T/
/! Lo
2 |
/| |
/o |
// | o | cgof
/ | Unit Wiorh i | " a8co
/ |, ord8 N
< / |(Verticol Prajection) -] 1
loyeah, /m——/ |
gl o F la A
4
Py \‘ cg. | { 5
(BN ; cp | |
1 I P
8 B 8 8
L*& »h | o | cg
(Un'/;‘ Wigth of A-8
(Horizontal Projection)
2 2
¥ (n7-h?) o whi-h) (whi-hg)
y y ) [ e N Zsing
- (A-H)(H+ 2,
: #,,)2 5. (=r) (e 2hy) o=l u) 2 212)
Py 30k, 14,) ton @ N80k k) sind
Pressure Diaggrom
Struc ture (Schematic) — oF Horizonta! Pressure Vertical Pressure Force  Normo/ Pressure Force
Portior A-8 Portion A-8 Portion A-8
Figure 4
Symbols and Definitions
C.g. — <enter of gravity of grec, o5 indicaored. Py = horizontal cormponent of pressure farce per fool width.
C.p. — ceénter of pressure; /e, point of oction of o Py, — vertical component of pressure force per foot width.
pressyre rorce, or a compornent of o pressure Py — normal pressure force per fool widih,
force, on Mg foce, or o projeclion of rhe e — resultont pressure force per Foor Width.
foce, oFf o Structure. w — wesght of woler per cubic foof.
hHh - he/ym‘ of worter obove < pamf os indicoted ny — coorarnares or c.g. of pressure d/'ayram.
in "Structure (-Schema/'/C) or as indicotec Yy — distance from given point perpendiculor fo
by svbscript, line of oct/on of Fy.
P T intensity of pressure ol o po/nt jndicored Yo — disrance from givert point perpendicular to

line of oction of Fp.
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

-

Values of Qc , Criticol dischorge _ c.fx.
&

° bottom width ld

20
no

? & 8 9 9 9 9
£ 9 s = y 3 3 3 3 3 3 3 3 M N
1unllmlmthh||JLnu]unfmm/unnu\mxlmn\uul\m]uu\unlunluuluuh||1|:||||uuMnllunlnH!xlHil\nlu]\Ix [N I N SN VAN I AU E RO N S I

s a 7/
4 4 / ; / / / . yd / ; / / - , ;

o
L3
1

b as
2.0

7.
%.0

o0

ratio Yo =0 ond values of d; can

200 e
4. 50 7
/ be read directly olgrg the
%.00 coincident 954 and %, <@ scoles.
28077 For erample: i %4 =103 for
v 7 M rectonguior section, fhen de =t 49
b

) 3.08 / %.00

5,60 st

CHECK OF GRAPHICAL SOLUTICN oo ’ %00

The farmulo for critical discharge in a channe! + ﬂ ﬂﬂ'
, 7 ’ v W o Woter surfoce

N “ - Wﬂ l 1068 « Crifical dischorge = —-—_4]’
Qe =Criticol d.:scharye [ £ T W / 7; Qc v Z
o *(Cross-sectiona! arec of channe) 3! crilicol .00 / >

depth de —F1 l;"
T *Widfh of cross section of crificol depth o, ~rt g / 3
/ Qe " dcz

. 0 Q
F ol ”‘ﬂ
160
o 7 4co RECTANGULAR SECTIONS
# z / For ;ecfongu/ar sections, the

of ony section is 2097

g(6+2d. )
bt 2zar
re, CcHECK: /
£X LE: z
Qe 153 chs; =378 25 o = bok #2d;? <3 X(06535) + 5(0655) / @ = Total critical dischorge - c.Fs.
o5y, fe3reer - 1965 4 204502 < 4.11012 3q.FF. / o = Critical depth -1
Reod o 10,6511 T - bt2zde  IHE XS X0.655) ¢ » )
/ b = Bottom width of section - Ft
- .55 = 8. d ., Z
3 £6,55 = 25571 / Side slope ratio Horizonta!

’ s Vertrcal
ot g § cszse P2l 250017 - '
/ PIVOT POINT g = 3246 rifsec

Qe = 1528/ .5 @,/

z

REFERENCE . - . - .
7This nomogram was oeveloped by Paul D Douvb? of rhe Engineering s 81T WIFARTMENT OF AGRICULIURE | STANDARD DWS. Ho,
. H

Stondords Unrt H. X. Beonaett, Chief ES- 24
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: . « Critieol discharge _ o7
Ty % 33 ox o2 oy 3§ g s g 2 YeeerE Bottamcwidtn T P e . . . . . e s s w3
bpoabenndu d o Lo e b by BT T Pl S b B b S ey ey ¥ TR T
prepm " Slonbpnde e b leaga b B dwgetsnDng o B Tee b by ol g,
SN \\\\\\\\‘\.\\ T T /z //// -, » s
* rd
[/ A A 008 s
Etor
o boe
ot
.00
0. 16
-
.20
.20
.40
o.50
g 2.0
ﬁtﬁ.n 2,70 @b
e a0 &
ey 1 090 4
—jftl‘i - V§
A ]
o w O
by} 6
=l = I
X = X
=
X3 G 20
= o
7
i ‘ia
- z .
CHECK OF GRAPHICAL SOLUTION i vl
The formula Ffor critical dischorge in o chonne! 4.0 =
of any section is 4.0 X
4 50 s 'de ) =
&g ¥ 252 . jues of critical, dopths fee)
G *Critical dischorge ofs, G ve i
o *Cross-sectionol orea of channel of critical I;l.‘.\\
depth g - rt 3
T =Width of cross section of criticol depth o -1t ?f.‘\
l\
EXAMPLE SHECK: 1
51011 24, Q=302 crs a = boh Frd 2 I0X226 42267 l\
Fe0z; foo4 = 226 $20.43 =43.03 sg. ft | R
Read o <2.26 1 T s brlzoe 02 X4 X2.26) | Q ‘dcé \fg(b*‘z‘/:)
= 10 +18.08 <28.08 £t l\ btizoe
o’ gf-32/6045Y -5 2525 i
& - VEJEIS « 30208 1 Qe = Total critical dischorge - c.fs
‘l de = Critical depth -t
\ b = Boftom width of se;:ff/orz -f;t/
. S5 - orizonta,
1\ z = Side siope :aha Verticol
PIVOT POINT g = 3206 rt/sec.
REFERENCE ; ; : AR . -
* This nomogram was oeveloped by Paul D Doubt of the Engineering s &1 YIATIMENT OF AORICULIURE ::‘:""2":& ro.
Stordoros LUn/t H. H. Bonnett, Chief
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

< 3 ¥ ‘?
|

O , Crifical dischar ze cfs
Velues of 3t » = pottom width F
O T

‘T’ § ] 2

7 g
— P
/)/ o0z
% .02
//’[/ O
W .08
/ 7 ; 0.06
5 = e 07
/ Ao.aa
i ’ .
/// ae
/ - = o
- /8
= — ¥
=
et et N
% ¢
e 0. y
=+
s e e s €
”h" - s
X A l I// .50
5750 /U/ e
e e e
G P e
- 6% ,6:,” 2.6
GRAPHICAL SOLUTION o et e :‘;”’ - azs
ek or saummeas souur e e
The formula for critical dischorge in o channel aes ,) 4] '; p ”‘;’ 0,
o i e
of any section is e A ! ==
9 ¥ 0.0 "—" = " 3o e
q: -:rfﬁ:al drschorge cks. = ,/% 4 3 !,| .8 _—gé_%ﬁ—%f_—-:__:?_ / N
o =Cross-seclional aree of channel of crificel ’ :, 4 ,‘//4'111" az.i:,7j/-‘ 3 cre ;’Cdfaf: ischorge = -
oy LS
d‘epﬂu dg ~Ff ] 5 15’.‘ %, 2.5] oo 5
T =Widrh of cross section of crifical depth dp -F1 20 / L———"]
3/ Are tze)°
EXAMPLE s 5/ @ ~dc b+22zde
Q- 3207.5 cfs; 20 3.6, b 25 FE CHECK: h‘f
2‘::&7‘ sf;.mﬂ o Ak Fack®n2s X604 1 3.5(6.04)0 /‘ Q. = Total criticol discharge - ¢.(s.
ecd o <6.04 1, = /5! /2769 = 278.69 sq. FE. / . ~
de = Critical depth -1t
e / b = Bottom widh of sechion 1t
. .28 =67, d X N 2/
02« g8 w3216 Q4L - 10,306,518 f z " Side siope :o"’a ver tical
: e = 32 7, .
Qe = VID,346,5/8 ~ 3,2/6 c.fs / ~PIVOT POINT g 3216 1 /Sec
REFERENCE . i . - \
This nomograr was  developed by Poul O Doubt of the Fngineering s&YS REFARTMENT oF soricuLTuRE  |sTAnoaRo owe. No.
Stondords Lnt. H. H. Bennett, Chiel ES- 24
ENGINEERING STANDARDS UNIT SHEET __ 3 or 3
DATE [ 3 1]
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HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

Q¢ _ Criticol discharge _ c.fs.

Valuves of —= = >
6 o o o o o S S o ] bottom width rt
s % N $ 9§ ¥ @ N 2 ] S S Q M 2 N M N 23
~ ~ < ~ ~ ~ < X L 9 ~N ® [} 3 o N ~ g
O‘VGI!IIII[HII‘IH!‘IIHIIII]!IIII/iI(Il!I[HII/HlIIlIIll\/ll|IHI111111I11I|\l|l]|lllllllll!llI|lll|ll\ll!\l!lllllllllll‘Ilillll!llllll]l'!l|Illlll!ll||llllllliilIlIlllII|IIIILJl1I oo
/ s . Y, / Ve % / Vs / / /] / ; s 4 / ,
A / J / Vz / 7 : b.10

_'T / q’p // / , // 7 0. 20

RECTANGULAR SECTIONS
For rectongular sections, the
ratio ¥b =0 and volues of dy con

be reod directly along the

0 g coincident 94, and %4 =0 scales.
25 , For example: If %/ <10.3 for
rectangulor section, then dc=/.49

CHECK OF GRAPHICAL SOLUTION

The formula for critical discharge in o channel ’ " ’
of any section is 5007 ﬂ’” ’
’ aJy 00 / ’”‘ 7 2.00 Water surfoce
Q=9+ ¢ 2 ” /] 10.00 —‘—C Frcal dischar =
Qe =Critical dischorge c.fs. 7097, ” / ritical discharge =

o =(ross-sectional area of channel i critical 9.00
depth dc — 1t
T =Width of cross section af critical depth d. -+

de

3
[\3
]

LE

—EXamp,
o
[
Q
e
<
o
+
N
&
~
4

CHECK: /
EXAMPLE:
< . . a = bd. #2d.% =3 X(0.655)+5(0.655)¢ o )
0"/5'3;"’5;‘&"3”" z=3 ¥ ¢ / Q- = Total critical discharge - ¢c.fs.

. L3, =
55, 531667 1965 +2./45/2 =4.1/012 sg.r1.

Te—
S

Reod de =0.655 £+ = Critical depth -1t

T = b+2zde =342 X5X0.655) / i .
b = Bottom width of section -rt
= 3+6.55 =955t . . Horrzonta/
N ‘ 3 / z = Side slope rotio —
Q= g F 3206 Gy 235,817 / 3206 £t fsec? Vertical
= 32  /sec.
Q = /5.29/ c.Fs. @/"”"07 POINT g <
REFERENCE . . .
/77 777 ) L. .S. TME ; , . NO.
Jh/s 1o 09/'0’ Was 0’€V€/0,0€O' bJ/ Pov/ D Doub’r of rhe /79//788/'//79 . U.S. DEPARTMENT OF AGRIGULTURE STANDARD DWG. NO
r SOIL CONSERVATION SERVICE
Srondorods Unst. H. H. Bennett, Chief ES- 24
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Q. _ Critical discharge c.r.s.
Va/ues of -
¥ 52 38 § ° ¥ 8§ § 8 8 g R Bettom widih % S 2 v o8 ¢ e vy = v < 8 2 3% %3
000 lJ\lII\llll\l\llHlllHll{\\ll\l\ll\ll\l\l\l\'I\I)lﬁLl\l ﬁ;\t ll‘lwi L bl lell[h ll/’({7_1_1||l|mhm|m1[m||x phntog 117111111[1\“[“11[7(;Innl;\l'lLLnhmhmhmlm\lnnlmxlm\lnnlnx bbb b, e
R Y \ | o.or
Ay \(0 « B \ / / / / / L A / L o'af.os
0.0/ 3 t;‘; =Q 1 bl 0.05
AN p °%.o7
AR RS +— o‘o?).o.o
0.08 T 33_»0 - 0.10
© :s—-ﬂ, 0.12
§_ N, o./4
0.08 T8 ,;.h% i 0.16
i %0
0.04 s :"u_ o.
0.05 ‘ﬂ:?’ 3 L] 0
0.06 °‘;‘~’;§:§ 0.9
0.07 b o 2
-8 0.40
0.08 o %?_v;
0.02 Y 0.50
0.10 N 0
o.12 P o 70:
o 7 ”'vb/w«__b ajo é
16 o
< oo.:s i ¥ /%90 q?
o o (L ’0'5—/1 0
- 2 2,0 L2 o\
c'o - = i )
1) 0.30 "/I,’ls/‘q 1.6
°¢h \-/:6 zloa
0.40 T
& 12
oV 0.50 2= 20
0.600 i l-‘/".’a .
0-;30 de 4.0
"0.96 B 5.0
/.iz o o7 . 50.0
1.4 o.é.————/,,ﬁeo
CHECK OF GRAPHICAL SOLUTION 1855 2575.0
The formula for critical discharge in o chorne/ 5.0 o ’
of any section is 4.0
! o t.
ol :g%’ 75020 ;. rlf/cdl\ d‘Pfhs (dC) f
¢ 8.0 : jues of € i
Qc =Criticol discharge c.fs. #OWOS va |
a =Cross-sectional area of channel af criticol E\\
depth de - Ft §\ Wot P
aler surfoce
T =Width of cross section of critical depth o ~rt E\\ = <
\ o Critical discharge =
\ A Qc
EXAMPLE : CHECK: \ B 5 N
510 F1, 24, Q- 302 cfs @ = ba *zop TI0X226 t4(226)° \\ b >
Q
5:30.2; F=0.4 = 22.6 +20.43 =43.03 sq. ft \ 3 3
Read dc =2.26 f*. T = bt2za =10 H2 X4 X2.26) \ Qe =d? \/—hg(b*zoé)
" 10+18.08 2808 £t \\ bt2zc
@’ = g&l-32/6%449) -9 2525 \
& = VBI2525 = 302.08 | Q. = Total critical discharge - c.fs
\ de = Criticol depth -+
\ b = Bottom width of section-Ft
. . Horizontal
\ z = Sid Lorizenial
\ ide s/ope :a)‘/o Ver fical
PIVOT POINT g = 326 rt/sec.
REFERENCE : ) ’ U. 8. DEPARTMENT OF AGRICULTURE STANDARD DWG. NO.
This nomogram was oeveloped by Paul/ D. Douvbl of the Engineering oSS DEPARIMENT OF AGRIGULTURE T
5)40/70/0/,0/5 Z//7/,4. H. H. Bennett, Chief
ENGINEERING STANDARDS UNIT SHEET __2 OF 3
DATE 5-2-50
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REFERENCE

HYDRAULICS: CRITICAL DEPTHS AND DISCHARGES IN TRAPEZOIDAL AND RECTANGULAR SECTIONS

Volues o Qe . Critical discharge  c.fs.

8 BN 9 by} S o Q 9 9 a N ) onffomwid{{; gf' ) S 9 ° 9

N S 9 3 N R N X < S g N § Y 8 3 ¢ N Q N $ 3 8
000%}&\X)JllllJiJIL[[Jllllllll||L1L|[l_li|iIIlIIIIII!I(}[IIII!JIJILILII[Illl[lll\lliiIll]J]]llI]illlllIlJIJJIJILaw
o.oosl?—;/"‘o;;w L

o.0r ==l705 8

0.03 .9.9'7 // —~=0.04
0.0q 9'902 . K .0;’
0.05 ;// 3; 82 - / %/ o.ooe
0'00705 O'B 8 :; 7 % % jr o./2
0.09 ‘8":&0 //// /
017'67-5 ‘/6
<. LT ”
S o 5 . %
S —— — el W ——— S &
o o./6 / 27, ,, .20
Q. 0.8 o! /I / T ””,’ 0.26 0"’
o Sot; —— B — =03
e = pcad
oz6 s T ,’4""} 2.5°
B
303@3 /54,95.25‘,‘50 0.50550
000 / S AI;’, ﬁ
a0 I, 4“"54.4 —— '70
CHECK OF GRAPHICAL SOLUTION * e ;l’l; .5 = l";,,{:’ =075
The formula for criticol discharge in a chonnel ces l’ﬂ; AL 4;{’,;“:""' %5
0.70 ,’;’5{"’— o i Rt e A
of any section is o _,, ~”:’-'V 31 p =t 1.0
Q2-g¢ ogs; W =" 2

5
B e // b
. g = z
Qe =Critical dischorge c.fs. // 2

Water surface
// =350 e = 7= 2
“ ” = %>, Fi ischarge =
@ =(Cross-sectional area of chonnel af criticol P M 2.9, _7/,,5 Critical d. ] a
depth d. - £+ 8

|
\
|
h

(+
_ _ .. 18 T £ ¥eo L b |
T =Width of cross section at critical depth oy -1t 2.0 / ot o
N o -aF \g(6+24)°
EXAMPLE: ;§/ < *dc bt2zd
Q*3217.5 cfs; 223.5, b= 25 f* CHECK: “‘/
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e b
i, =5 ~ & (5.%-21)
b + zdc
VAT W S (5.4-22)
Q. = (5.4-23)

The use of these formulas will be materially simplified by tables referred
to in "King's Handbook", pp. 382-384., Drawing ES-24 is an alignment chart
to be used in solving for Q, or d_ in equation (5.4-23).

4,54 (Critical Slope. Critical slope is that slope which will
sustain a given discharge in a given channel at uniform, critical depth.
The relationships that must exist between discharge, energy, and depth in
critical flow are expressed by equations (5.4-3) and (5.4-k). The slope,
roughness coefficient, and shape of channel cross section determine whether
flow will occur in accordance with these specific relationships. A channel
of given cross section, slope, and roughness coefficient will carry only
one discharge at uniform, critical depth; the uniform depths at which other
discharges will occur are either greater or less than the critical depths
for the respective discharges. The same fact stated in another manner is:
A chanmel having a given cross section, roughness coefficient, and dis-
charge will carry that discharge at uniform, critical depth if the channel
slope is equal to the critical slope; if the channel slope is greater than
the critical slope, the depth of flow will be less than critical; if the
channel slope is less than critical, the depth of flow will be greater than
critical.

From the critical flow formulas and Manning's formula,

v, = Vv gdm and

v

1.486 r2/3 g1/2 then
n

1.486 /s g1/2 _ i
n =/ Sc/ =V 8l

From which the critical slope, S.» is:
nzdm
s = 1k.56 L2k
. % s (5.4-24)
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In a given channel the following criteria apply:

If the channel slope = 14.56 nzdm/r4/3, depth of flow = d.

If the channel slope < 14.56 nzdm/r4/3, depth of flow > 4.

If the channel slope > 14.56 ngdm/r4/3, depth of flow <d .
Formula (5.4-24) and the above criteria are useful for the foliowing pur-
poses: locating control sectlons, guiding the selection of channel section
and grade in preliminary design so that the unstable conditions of uniform

flow at critical depth may be avoided, determining the type of water sur-
face curve that will occur ir a given reach of channel.

4.5,5 gSignificance of Critical Flow in Design. Critical, sub-
critical and supercritical flow affect design in the following manner:

{a) Critical flow. Uniform flow at or near critical depth is un-
stable. This results from the fact that the unique relationship between
energy head and depth of flow which must exist in critical flow is readily
disturbed by minor changes in energy. Examine the curve for g = 4O c.f.s.
on drawing ES-35. The critical depth is 3.68 feet and the corresponding
cnergy head is 5.52. If the energy head is increased to 5.60, the depth
may be 3.2 or 4.2. 'Those who have seen uniform flow at or near critical
depth have observed the unstable, wavy surface that is caused by appreci-
able changes in depth resulting from minor changes in energy. In channel
design these conditions must be recognized. Variations in channel rough-
ness, cross section, slope, or minor deposits of sediment or debris may
cause fluctuations in depth of flow that are significant to channel opera-
tion. In many cases it is desirable to base design computations on two or
more values of n in order to establish the probable range of operating con-
ditions. Because of the unstsble flow, channels carrying uniform flow at
or near critical depth should not be used unless the situation allows no
alternative.

The critical flow principle is the basis for the design of control
sections at which a definite stage-discharge relation is desired or
required.

(b) Suberitical flow. Two general characteristics of suberitical
flow are important. First, at all stages in the subcritical range, except
those in the immediate vicinity of the critical, the velocity head is small
in comparison with the depth of flow. Study of the curves of constant dis-
charge, drawing ES-35, will make this point clear. Second, the velocities
are less than wave velocity for the depths involved and a backwater curve
will result from retardation of velocity. Thus, in the subcritical range
we are concerned with cases in which the depth of flow is of greater im-
portance than kinetic energy as represented by velocity head. In practice,
this means that changes in channel cross section, slope, roughness, and
alignment may be made without the danger of developing seriously disturbed
flow conditions so long as the design assures that flow in the supercriti-
cal range will not be created for some discharges in the operational range.
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However, in many cases the latitude in design which may be possible as a
result of dealing with subecritical flow will be offset by limited head
requiring that friction losses be held to a minimum.

(e) Supercritical flow. The design of structures to carry super-
critical flow requires consideration of some of the most complex problems
in hydraulics. In supercritical flow the velocity head may range from a
value approximately equal to depth of flow to many times the depth of flow.
Note from the curves on drawing ES-35 that the velocity head increases
very rapidly with decreases in depth throughout the supercritical range.
Supercritical velocities exceed the velocities at which gravity waves may
be propagated upstream. Any obstruction of flow will result in a standing
wave, and there will be no effect upon flow upstream from the cbstruction.
The fact that kinetic energy predominates in supercritical flow and cannot
be dissipated through the development of a water surface curve extending
upstream is of primary importance in design,

Channels involving changes of direction, contraction or expansion of
cross section, or the joining of two flows at a confluence at which either
or both of the flows may be supercritical require careful consideration.
Changes in direction or channel contractions develop disturbances at the
walls of the channel which take the form of standing waves reflected diag-
onally from wall to wall downstream from the disturbance points. The
height of these standing waves may be several times the depth of flow im-
mediately upstream from the origin of the disturbance. Confluences at
which either flow or both flows may be supercritical also develop disturb-
ances resulting in standing waves. In expanding channels the discharge
may be incapable of following the channel walls because of the high veloc-
ities involved. This results in nonuniform depth and the development of
a hydraulic jump which is unstable as to both location and height.

A number of the factors that must be determined as a basis for design
of these high veloecity structures cannot be evaluated through theoretical
analyses only. General experimental results as well as experimentation
with individual structures are required. Basic requirements for projects
and structures should first be determined and tentative designs to meet
these requirements selected. The tentative designs should then be per-
fected through model tests.

Water surface profiles applying to cases of supercritical flow in
straight channels of uniform width can normally be determined with suffi-
cient accuracy for design by standard methods of analysis. Most structures
mist have outlet velocities in the subcritical range to prevent erosion
damage. The creation of the hydraulic jump by the use of stilling basins
is an efficient means of dissipating the excessive energy in supercritical
flow. Design criteria, based on thorough model investigation, are available
for some types of stilling basins. An example is the SAF stilling basin.
Under unusual conditions or when exacting requirements must be met, stilling
basin designs should also be perfected by model tests.

4.6 The Hydraulic Jump. When water flowing at greater than critical
velocity enters water with less than critical velocity and sufficient depth,
a hydraulic jump develops. In the jump the depth increases from an original
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depth to a depth which is less than the higher of the two alternate depths
of equal energy. The depth before the jump is always less than critical,
and the depth after the jump is greater than critical.

Between cross sections located Jjust upstream and downstream from the
Jump there occurs a loss of energy, a decrease in velocity, and an increase
in hydrostatic pressure. "King's Handbook", pp. 373-378 and 406-412, gives
a discussion of the energy and momentum conditions involved in the hydrau-
lic jump and shows the derivation of genersl formulas.

In paragraph 4.5 the specific energy in flow is discussed and illus-
trated by the curves on drawing ES-35. The force of a flowing stream is
the momentum force due to velocity plus the hydrostatic pressure force.
The force equation is:

2 -
F = gg + ay (5.4-25)
Fm = the force of the stream.
Q@ = the discharge.
a = the cross-sectional area.
Y = the depth to the center of gravity
of the cross section.

g = the acceleration of gravity.

For a rectangular channel of unit width, equation (5.4-25) becomes:

Drawing ES-36 shows the specific energy curve, the momentum force curve,
and a sketch of a hydraulic jump for a discharge of 30 c¢.f.s. in a rectan-
gular channel of unit width. The momentum force curve for any discharge
in any type of channel would be similar to the one shown. Note that there
is a depth at which the force of the flowing stream is minimum and this
depth is the critical depth. When the force is greater than the minimum,
there are two possible depths, called conjugate or sequent depths, of flow.
One of these depths is less than critical, that is, in the supercritical
range where the pressure force, because of shallow depth, is relatively
low and the momentum force, because of high velocity, is relatively great.
The other depth, the sequent depth, is in the subcritical range where the
pressure force becomes more significant than the momentum force. The les-
gser of the two depths is the depth before a jump and the greater is the
depth after a jump. The energy head lost in the jump is the difference
between the energy heads for these two depths. As the two depths of equal
force approach the critical depth, the energy loss in the jump decreases.

4.6.1 Depth After the Jump. Formulas from which depth before
and after the jump in any type channel may be computed are:
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2 azYa - &1Y1 (5.4-26)
al(l——

Q2 GeyZ — alyj (5.}4__27)

Depths before and after the Jump in rectangular sections are given by:

Vi

_ 4y 2vi8d; | 4,7

dz = 5 +V// 2 + (5.4-28)
-9 2voPdp |, % _

dy = CN +/ g + n (5.%-29)

Q = discharge.
v = mean velocity.
a = cross-sectional area of flow.
d = depth of flow.
y = depth to the center of gravity
of the cross section of flow.
g = acceleration of gravity.
Subscripts 1 and 2 denote cross sections and
depths before and after the jump respectively.

"King's Handbook", table 133, gives a limited number of values of depth
after the jump in rectangular channels, and "Hydraulic Tables", table 3,
gives a more complete series of these values. Values for y for trapezoidal
and circular channels for use in equations (5.4-26) and (5.4-27) can be
computed more readily by the use of "King's Handbook", tables 99 and 104,

4,6,2 Location of the Jump. When structures involve the hydrau-
lic jump, design will normally be made by criteria that will place the jump
in a certain position and no specific estimate of Jjump location is neces-
sary. However, there will be cases in which a determination of where the
Jump will occur will be valuable or required. The reliability of the de-
termination depends on the accuracy with which friction loss can be esti-
mated. hThe location of the jump is estimated by the following steps (see
Fig. 5.4-1):

a. From s control section downstream from the Jump compute and plot
the water surface profile, IM, to a point upstream from the probable
position of the Jump. And from a control section upstream from the jump
compute and plot the water surface profile, NO, to a point downstream from
the jump. Methods of computing these profiles are given in paragraphs
4.7.4 and %.7.5.
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b. Through depths sequent to the depths of profile, NO, at 4 to 6
points along a reach certain to include the jump, draw the curve PQ. See
paragraph 4.6.1 for methods of determining sequent depths.

¢. The approximate location of the jump is D, the intersection of
the sequent depth curve, PQ, and the tailwater curve, IM.

d. In most cases the approximate location of the jump, as determined
by carrying out steps a, b, and c, will satisfy practical requirements.
Some authorities suggest that a closer approximation of the Jjump location
may be obtained as follows; Construct AB vertical and equal in length to
the depth d; with the Jjump at A, and BC horizontal and equal in length to
the length of jump which may be taken as 4 to 5 dp. This construction
must be in accordance with the horizontal and vertical scales to which the
water surface profiles and the sequent depth curve are plotted. Note that
the position of point C must meet three simultanecus requirements: First,
it 1s on the tailwater profile; second, the depth d» at C 1is that which is
sequent to d; at A; third, it 1s the length of the jump downstream from A.

a,l ]
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Locotrion of the Hydrav/rc Jump

4,7 Water Surface Profiles. The main objective in the majority of
open channel problems i1s to determine the profile of the water surface.
Methods of computing water surface profiles are described for the general
cases of uniform flow, accelerated flow, and retarded flow.

4.7.1 Uniform Flow. In uniform flow the force of gravity is
balanced by the friction force. The slopes of the hydraulic gradient, the
energy gradient, and the bottom of the channel are equal; alsoc mean veloc-
ity, depth of flow, and area of flow are constant from section to section.
Depth of uniform flow is called the normal depth. Flow may be uniform
only when the channel is uniform in cross section. The relationships be-
tween the energy gradient, hydraulic gradlent, and bottom of channel are
shown by fig. 5.k-2.
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The energy equstion for sections 1 and 2 is:

2 2
AN = Y2
r + d + SOI g + ds + he

Since the velocities and depths at sections 1 and 2, and channe: slope
and friction slope are equal, the friction head, hp, expressed as a func-
tion of velocity, cross section elements, slope, and roughness coeffi-
cient, is the basis for the soluticon of uniform flow problems. Solutions
may be made through the use of Manning's formula:

v = }4%§§ r2/3 glf2 (5.4-1)
Q= 1'286 ar?/® gl/2 (5.4-30)
v = mean velocity in ft. per sec.
Q = discharge in cu. ft. per sec.
a = cross-~-sectional area of flow in sgq. ft.
r = hydraulic radius in ft.
s = slope of the energy gradient or friction
head in ft. per ft.
n = roughness coefficient.
Sec./ Sec.2
V=V
g =a,
\Sbl=$/'[

horizonto/

|
L. 74 J

Condrtrons of Uniform Flow

FIG. 5.4-2
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"King's Handbook", pp. 279-283, gives a number of useful working forms of
Manning's formula. The most frequently used of these forms are:

Q=2 a®/° sl/2 (5.4-31)

Q== (b or 1)/ &1/2 (5.4-32)
2

6 = IV (5.4-33)

0.2082 rt/°

L2 2

h, = v — (5.4-34)
L 008 r4/3
K and K' = factors varying with the ratios of certain linear

dimensions of cross sections.

b = bottom width of rectangular or trapezoidal sections.
d = depth of flow in any section.

he = total friction head lost in a reach.

T = width of water surface in parsbolic sections.

V4

"King's Handbook" contains tables of values of K, K' and 1 + (2.2082 r4/s).
The utility of formulas (5.4-31) and (5.4-32) depends upon the availabil-
ity of tables giving values of K and K', and the user should refer to
King's Handbook for further discussion regarding application of these for-
mulas to channel sections of different forms. Formulas (5.4-1), (5.4-30),
(5.%-33), and (5.4-34) are useful in many problems and they are adapted to
use with slide rule or longhand computations. It should be noted that
King treats the triangular section as a special form of the trapezoidal
section; therefore, K and other factors related to triangular sections are
found in the tables for trapezoidal sections where the ratio of d/b =
infinity. The aligmnment chart, drawing ES-34, may be used for graphical
solutions for any one unknown in formula (5.4-1).

horizontal length of reach.

4.,7.2 Accelerated and Retarded Flow. This subsection considers
steady, nonuniform flow and attention is given to methods of determining
water surface profiles under various conditions. Those who are interested
in a more thorough treatment of nonuniform flow are referred to "Steady
Flow in Open Channels" by Sherman M. Woodward and Chesley J. Posey, John
Wiley and Sons, Inc.; and "Hydraulics of Open Channels" by Boris A.
Bakhmeteff, McGraw-Hill Book Company.

Tn accelerated or retarded flow, as in uniform flow, the fall of the
energy gradient represents the loss of head by friction. The fall in the
water surface reflects both friction loss and the conversions between po-
tential and kinetic energy. 1In analyzing nonuniform flow problems it is,
therefore, necessary to consider both the hydraulic gradient and the en-
ergy gradient.
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Refer to fig. 5.4-2. The equation of energy for sections 1 and
2 1is:

2 2
-2‘%— + & + soh = %? +dp + spk (5.4-35)

Solving for A? gives:

;G e) (B )

(5.4-36)
Bp — Sp
v = mean velocity.
d = depth of flow.
8, = slope of channel.
S¢ = hf/[ = friction slope, i.e., the slope

of the energy gradient.
.l = length of reach.
Subscripts 1 and 2 denote upstream and downstream
sections respectively.

Water surface profiles may be computed by the use of formula (5.%-35) or
(5.4-36). The methods of use of both formulas are among the several step
methods for backwater computations. In those cases where the water sur-
face elevation, i.e., the depth, at a specific section is to be computed,
the solution is by trial and error and formula (5.4-35) should be used.
This method of solution can be applied in any type of channel regardless
of whether it is uniform or nonuniform. Where the distances between a
gseries of depths along a uniform channel are to be computed, the solution
is direct with formula (5.4-36), but it should be noted that this approach
mey be used only in uniform channels.

The general procedure for computing depths at given locations is:
(1) Determine the location of a control section and the depth of flow at
that section. (2) Take a relatively short reach of selected length and
assume the depth at the upper or lower end depending on whether the com-
putations are to proceed upstream or downstream. (3) Evaluate s, and the
velocity heads and substitute the values in formula (5.4-35). If the
equation balances, the assumed depth is the correct depth; if it does not
balance, a new trial must be made by assuming a new depth in (2) and re-
peating (3). (4) Continue these trial and error determinations by reaches
until the depths at the given locations have been computed.

Procedure for computing successive distances along the channel to
selected depths is: (1) Determine the location of a control section and
the depth of flow at that section. (2) Select a depth at the upper or
lower end of a reach of length,,[, depending on whether the computations
are to be carried upstream or downstream. (3) Evaluate sp and the ve-
locity heads, substitute these values in formula (5.4-36), and computeA[.
(4) Continue these computations by repeating (1), (2), and (3).

In computing water surface profiles for the design of improved chan-
nels, particularly lined channels, by either of these procedures the
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change in velocity in a reach should be held to a maximum of 15 to 20 per-
cent, that is, neither v; nor vp should be allowed to vary from the other
by more than 15 or 20 percent. This can be done in the trial and error
computatlon of depth by keeping the selected reaches sufficiently short.
When distances between depths are being computed by formula (5.4-36) the
value of d; or ds, whichever is being selected, can be taken so that
neither v, nor vo is greater or less than the other by more than 15 to

20 percent.

It is recommended that in all cases the computations for surface pro-
files be carried upstream when the depth of flow is greater than critical
and downstream when the depth of flow is less than critical. The first
step in the analysis of flow in a channel should be to locate all control
sections for the discharges to be investigated. This step sets out the
portions of the channel in which depths of flow will be greater or less
than critical and spots the stations or sections from which computations
should be carried upstream and downstrean.

Note that velocity head plus depth, (v + 2g) + 4, at sections 1 and
2 is the specific energy at those sections. Inspection of the specific
energy diagrams on drawing ES-35 will show that when depth of flow is less
than critical, specific energy increases as depth decreases; and when
depth of flow is greater than critical, specific energy increases as depth
increases. Formula (5.4-36) may be written:

/- Hep — Hea
T 8o — 8p

When step computations in a uniform channel of considerable length are to
be made, it will often be worthwhile to plot the specific energy diagram
for the discharge or discharges to be considered. This disgram may be
used as a guide to the selections of depths for successive steps when
either formula (5.4-35) or (5.4-36) is being used.

Evaluation of S may be made by one of the following formulas:

2 2
n V'm

= .J-'.‘
°f ~ 5 2082 rl‘;‘l/3 (5-4-37)

Q,2 n2 (
5.4-38)
£ 2.208 a2 ri/s

m
o _\* (5.4-39)
S = - -
(=)

Sf =(I—('—1Q)'%/g)2 (5.,4--14-0)

n
I
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roughness coefficient.

=]
[

]

v, = %2 Y2 - pean veloeity in a reach.

m 2

ry = El_%_Ea = mean hydraulic radius in a reach.

ay = gl—%~§a = mean area of flow in a reach.

d, = QLﬁEJ%a = average depth in a reach.

b = bottom width of rectangular or trapezoidal channel.

Q

K and K' = factors varying with the ratios of certain
linear dimensions of cross sections.

discharge.

In computations for uniform channels, formulas (5.4-39) and (5.4-%0)
are time savers. This is particularly true of formula (5.4-40) since
for a given Q the value of (Qn + 1B 2)2 is constant and Sy 1s obtained
by multiplying (1/K')2 for the verious values of da/b by this constant.
King's Handbook contains tables of values of X, K', and (l/K')2 for
various types of channels. In nonuniform and natural channels S¢ may
be computed by formuls (5.4-37) or (5.4-38). When a high degree of
accuracy is not required, sp may be obtained from the alignment chart,
drawing ES-54, by entering the chart with the appropriate values of
Vs Tpo 804 n.

A general guide to the analysis of flow conditionsg in the cases
most commonly dealt with in channel design is given by drawing ES-38.
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4.7.3 Examples - Uniform Flow. In the majority of cases we
will know, or will have selected, the type of cross section and the rough-
ness coefficient and will want to determine either discharge, velocity,
channel dimensions, or slope. Methods of solving a number of practical
problems are illustrated by examples. The following table summarizes the
factors known and to be determined in the various examples; § and v are
discharge and velocity; b, T, d, end z are channel dimensions (see draw-

ing ES-33).

Type of Example
Q v borT d 8 n Channel No.
0 O X X X X Trapezoidal 1
0 O ¥ X X X Triangular 2
X 0 X 0 X X Rectangular 3
X O X 0 X X X Trapezoidal 4
X O 0 X X X Triangular 5
X O X 0 X X X Parabolic 6
0 0 X X X X X Trapezoidal 1
X O 0 X X X X Trapezoidal 8
X 0O 0 X X X Parsabolic 9
X X 0 0 X X X Trapezoidal 10
X X 0 0 X X Rectangular 11
X X 0O 0 X X Triangular 12
X X 0 0 X X Parsbolic 13
X - Known

0 - To be determined



HYDRAULICS: SURFACE PROFILES IN UNIFORM CHANNELS

Surface Concove

Surface profile is straight, and uniform flow exists down-
stream from the break in grade. Surface profile imme—
diately upstream from the break in grade is concave upward
and is asymptotic to uniform flow surface.

Flow is retarded and sub—critical
Determine the concave upward surface profile by computing

upstream from the break in grade starting with the normal
depth corresponding to s,.

C

Surfoce Convex
Upword

Wavy /ine indicales
unstoble condition

Surface profile is straight, and uniform flow exists down—
stream from the break 'n grade. Surface profile imme—
diately upstream from the break in grade is convex upward
and is asymptotic to uniform flow surface.

Flow is accelerated and changes from sub-critical to
critical flow. This case can occur for only one discharge
for a given channel cross—section, slope and roughness
coefficient.

Determine the convex upward surface profile by computing

upstream from the break in grade starting with the normal

depth corresponding to sy which is also d..

NOTE:

KFevised £-19-5/

SURFACE PROFILES ILLUSTRATED ARE BASED ON THE ASSUMPTION THAT THE REACHES OF s AND s,
TO PRODUCE UNIFORM FLOW, THUS THE HORIZONTAL SCALE MUST BE VISUALIZED AS BEING GREATLY CONDENSED.

Surface profile is straight, and uniform flow exists down—
stream from the break in grade. Surface profile imme-
diately upstream from the break in grade is convex upward
and is asymptotic to uniform flow surface.

Flow is accelerated and sub-critical
Determine the convex upward surface profile by computing

upstream from the break in grade starting with the normal
depth corresponding to s,.

Surfoce Convex
Upweore

Surface Concove

~—

Surface profile inmediately downstream from the break in
grade is concave upward and asymptotic to the uniform flow
surface. Surface profile immediately upstream from the
break in grade is convex upward and asymptotic to the
uniform flow surface.

Flow is accelerated and progresses from sub—critical
through critical to super—critical.

Jetermine the concave upward surtace protile by computina
downstream from the break in arade, starting with the
critical depth. Determine the convex uoward surface pro-
file by computing upstream from the break in arade, start-
ing with the critical depth.

ARE SUFFICIENTLY LONG
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HYDRAULICS: SURFACE PROFILES IN UNIFORM CHANNELS

E

Jurfoce Convex

/n Grooe

Surface profile immediately downstream from the break in
grade is convex upward and asymptotic to the uniform flow
surface. Surface profile is straight, and uniform flow
exists throughout the reach upstream from the break in
grade.

Flow is retarded and super—critical.
Determine the convex upward surface profile by computing

downstream from the break in qrade, starting with the
normal depth of s;.

Surfoce Con-
cove Upword

Section j

E

mn Groce

Surface profile is straight, and uniform flow exists

downstream from the jump. Surface profile immediately
downstream from the break in grade is concave upward.
Surface profile is straight, and uniform flow exists up—
stream from the break in grade.

Flow is reiarded and changes ahruptly from super—critical

to sub-critical.

2 _ g2
D > 2 754

a; Y|4 ~_
b 9ay 9a;

Determine the concave upward surface profile by computing
downstream from the break in grade, starting with the
normal depth corresponding to 5.

The locaticn of the jump is at the section j within the
reach containing the concave upward surface profile
satisfying the relation

a; ¥

- 2
i Yj a2y2+Q_

+ .
93 dap

NOTE:

Beyrsed 4-/9-5/

SURFACE PROFILES |LLUSTRATED ARE BASLD ON THE ASSUMPTION THAT THE REACHES F s, AND s,
TO PRODUCE UNIFORM FLOW, THUS THE HORIZONTAL SCALE MUST BE VISUALIZED AS BEING GREATLY CONDENSED.

F

Surfoce Concove
Upwore

Surface profile immediately downstream from the break in
grade is concave upward and asymptotic to the uniform
flow surface. Surface profile is straight, and uniform
flow exists throughout the reach upstream from the break
in grade.

Flow 1s accelerated and super-critical.
Determine the concave upward surface profile by computing

downstream from the break in grade, starting with the
normal depth of s.

.t % H

8 ¥ D

‘§ s O  Surfoce Convex
T g|.S  dpword

9 ____,___y

! S

&”—Hgﬁ_

5,

2<5¢:

Surface profile is straight, and uniform flow exists
downstream from the break in grade. Surface profile
immediately upstream from the break in grade is convex
upward. Surface profile is straight, and uniform flow
exists immediately upstream from the jump.

Flow is retarded and changes abruptly from super—critical
to sub-critical.

The criterion to determine whether the jump occurs downstream or upstream from the break in grade is:

v 2 - 2
N+ ca, 7,48
ga; 2 Tgm,

See 4.6.1 for nomenclature

Determine the convex upward surface profile by computing
upstream from the break in grade, starting with the
normal depth corresponding to s,.

The location of the jump is at the section j within the
reach containing the convex upward surface profile
satisfying the relation

QZ

- 02 _
a X = a; Y4
I yl+ga‘ Al yj"'gaj

ARE SUFFICIENTLY LONG
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HYDRAULICS: SURFACE PROFILES IN UNIFORM CHAMNELS

J

Poo/ Levg/ l JSurfoce Convex Upword
~ |“l Surface Concave
)."lNl \‘S
R
v §I X
w v
Poo/ § L‘vg}ﬂf’v‘ Slop®
d
Neg };
Relatively Q|
Short Inler

Surface profile immediately downstream from the break in
grade is concave upward and asymptotic to the uniform flow
surface. Surface profile immediately upstream from the
break in grade is convex upward.

Flow is accelerated and progresses from sub—critical
through critical to super-critical.

General solution for the discharge at a given pool elevation:
Ist - Determine whether flow conditions are shown by J or K.

vation which may be determined.
discharges; one which has a pool elevation slightly higher
vation, H.

K
ool lave/ |

Surface Convex lpword

"';!1‘:]' . T
Bl g
NN T
POO/ gl*e [ [v ot
Glw x| D Ny
N‘qdf N} S
L
Re/otively o B
Short Inle? !

Surface profile is straight, and uniform flow exists
downstream from the break in grade. Surface profile
immediately upstream from the break in grade is convex
upward.

Flow is accelerated and sub-critical.
Each discharge over the crest has its own pool ele-

2nd - Find two trial
and the other slightly lower than the actual pool ele—

3rd — Interpolate for the correct discharge between the two trial discharges.

1. Establish, closely, whether the downstream slope s< or >s_ by:

A. Solve for a test discharge.Qt, assuming no loss of

over the crest is critical. 5
%
29a;

(Q, is chosen to balance the equation d .+ 5

c

B. For Q, compute s_.
2. A. Take Q, =0, for first trial discharge.

a. Compute, for the discharge Q;. the convex up-
ward surface profile to the channel entrance
starting with the critical depth d. at the
crest; value of d, is critical- corresponding
to Q|.

b. Obtain the pool level by adding the velocity
head and depth at the channel entrance. The
pool elevation, H; for the trial discharge, 0,
will be found to be higher than the actual pool
elevation, H.

B. Select the second trial discharge Q; < Q; such
that its pool elevation Hy is s?ight]y less than
H. {Determine H, by the same method as stated for
Hy in 2}A.a. and b.)

3. Interpolate for Q, the correct discharge lying be—
tween the trial discharges Q; and Q,, given H, H|,
Ho, and observe whether s> s, for ; if s< s,
solve by method under K.

4. |f s> 5., determine the convex upward surface pro—
file to the channel entrance by computing upstream
from the break in grade starting with the critical
depth, d,, corresponding to Q.

5. Determine the concave upward surface profile by
computing downstream from the break in grade start-
ing with d. corresponding to Q.

NOTE:
NON-UN|FORM CHANNEL.

Levised L-/9-5/

head from the channel entrance to the crest when the flow

= H; values of d. and a, are the critical quantities

corresponding to Oy at the crest.)

If s >s., proceed on the left under J; if s < Sc» proceed on the right under K.

2, A. Solve for the first trial discharge Q; by assuming
no loss of head from the channel entrance to the
crest when the flow over the crest is normal depth
for Q) downstream from the break in arade. (Q, is

< = H

Zgaﬁ

values of d, and a, are the normal quantities

corresponding to Q) on the slope, s.)

a. Compute, for the discharge Q;, the convex up-
ward surface profile to the channel entrance
starting with d, at the crest, d, being the
normal depth corresponding to Q; on the slope,
s.

b. Obtain the pool level by adding the velocity
head and depth at the channel entrance. The
pool elevation, H; for the trial discharge,
Q;, will be found to be higher than the actual
pool elevation, H.

Select the second trial discharge Q, < Q; such
that its pool elevation H, is slightly less than
H. (Determine Hy by the same method as stated
for H; in 2.A.a. and b.)

Interpolate for Q, the correct discharge, lying be-
tween the trial discharges Q; and Q,, given H, H|,
Hp, and observe whether s < S far Q; if s > S
solve by method under J.

4, Determine tne convex upward surface profile through
the inlet by computing upstream from the break in
arade, starting with the normal depth, d,, corre-
sponding to Q in the channel downstream I?ro.-r. the

chosen to balance the equation d.+

W
N

break in grade.

SURFACE PROFILES |LLUSTRATED ARE BASED ON THE ASSUMPTION THAT THE REACH OF s IS SUFFICIENTLY LONG TO PRODUCE
UNIFORM FLOW, THUS THE HORIZONTAL SCALE MUST BE VISUALIZED AS BEING GREATLY CONDENSED.

THE INLET MAY BE A
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HYDRAULICS: SURFACE PROFILES IN UNIFORM CHANNELS

CONTROL SECTIONS
Definition of control section: A flow section at which, for a discharge or a range of discharge, there is a
fixed relation between stage or depth of flow and discharge. These conditions are most commonly met at those sec-

tions where critical depth occurs. Control section, as used here, does not mean control of discharge. Examples
are: (1) a weir; (2) a cross-section of a channel at which the depth of flow is critical, thus establishing that,

3
- 3/2 o 32 glb + zd_)
Qc= 6.67 bdd/2 and g = q.¥2 \/ LT <

for rectangular and trapezoidal channels respectively. See the subsection 4.5 on Critical Flow.

Control sections are the starting points, both as to station location and elevation of water surface, from
which water surface profiles are computed. Consider the following sketch of a break in grade in a uniform channel.

Channe! Slope S,
5 <5, ‘

When there is steady flow in a uniform channel with constant roughness coefficient, acceleration or retardation
can be caused only by a change in slope. The slopes upstream and downstream from the break in grade determine
whether critical depth will occur and, therefore, whether the break in grade is a control section. Refer to
paragraph 4.5.4 on Critical Slope and to formula (5.4-24).

14.%6 n? d,
c - A3

s, = critical slope; dj= mean depth when flow is critical; = hydraulic radius corresponding to critical depth;
n = roughness coefficient.

Method of Determining Control Sections

Assume a break i1n grade in a uniform channel as sketched above, to determine whether the break
is a control section when the discharge is 0.

Ist. Compute d. corresponding to Q. |f the channel is rectangular or trapezoidal, make this computation with the

alignment chart, Drawing No. ES-24. When the channel is another form see subsection 4.5 for the formula to
be used in computing d..

2nd. Compute dy corresponding to de by: dp = cross—sectional area + width of flow surface. Refer to Drawing
No. ES-BBF,“ Elements of Channe Sectiorrl\ls; also see "King's Handbook”, Table 98, "Hydraulic Tables", Tables 4-14
inclusive.

3rd. Compute r corresponding to d.. "King's Handbook", Tables 97, 101,and 105; "Hydraulic Tables", Tables 4 to
14 incluvive.
4th. Compute the critical slope, s,
{a) by formula (5.4-24) given above
(b) or by computing v., (Q<+ area corresponding to d., or by appropriate formula in subsection 4.5) entering
the alignment chart, Drawing No. ES-34, with Ver T, and n, and reading Sg-

If 5| =< s, = sy, d, occurs at the break in grade and it is a control section. But if sj< s, =s,, or if
$; > s., d; cannot occur and the break in grade is not a control section.

In a given channel s| and s, are fixed. [t is important to remember that d, and S% vary with discharge; there-

fore, it may be found that a break in grade is a control section for some discharges buf not all discharges in the
operaticnal range.

RPevised 4-/9-57
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HYDRAULICS: SURFACE PROFILES IN UNIFORM CHANNELS

Example
Given: Concrete lined, rectangular channel, depth 7.5 ft.; width, 20 ft.; s, = 0.0025; s, = 0.0055; n = 0.018

To determine: If the break in grade between s; and s, is a control section when the discharge is: 2000, 1000,
500, and 200 c.f.s.

Compute the following tabulated values under instructions given above. In other than rectangular channel,

d,, and dm/r'“3 would be required.

Q 0/b de r rt3 dey 43 S¢ Conclusions
2000 100 | 6.77 4.04 6.43 | 1.057 0.00498 5| << 5. << 5, break is control section.
1000 50 | 4.27 2.99 4,31 | 0.993 0.00468 S| << 5, =<<s,, break is control section.
500 25 | 2.69 2.12 | 2.72| 0.988 0.00467 5| << s_ << Sy, break is control section.
200 10 | 1.46 1.27 1.38 ¢ 1.057 0.00499 3| << 5. =<5y, break is control section.
d d
= 2 He = 2 c = 4
s, = 14.56 n vE] 14.5 (0.018) e 0.00472 d_, 4/ 3

r

STEPS IN ANALYSIS

An analysis of flow in a channel having a number of breaks in grade should be made in the following steps:

1st. Determine the control sections and the depths of flow at those sections for each discharge to be investigated.
This sets out the reaches in which the depth of flow will be greater or less than critical and defines the
starting points for surface profile computations.

2nd. Compute the surface profiles for each discharge. Carry computations upstream in the reaches where the depth
of flow is greater than critical and downstream where the depth of flow is less than critical.

Pevised 4-/9-5/
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5.4-20

EXAMPIE 1

Given: Trapezoidal section

/
n = 0.02, s = 0.006 \% 1;,5#_ /§]/7/

To determine: Q in c.f.s. and v in ft./sec. |= ,

Solution by formula (5.4-31):
1. d/p = 332 = 0.313
2. TFrom King's Handbook, table 112, p. 331, K = (by interpolation) 5.96
3. From King's Handbook, table 111, p. 324, a®/3 = 2.58/2 = 11.51

4. From King's Handbook, table 108, p. 311, or by slide rule,
/2 = 0.006%/2 = 0.0775

5. @ = % 38/3 gi/2 - %f%g x 11.51 x 0.0775 = 266 c.f.s,
6. v = % = 266 +[(8 x 2.5)+(2 x 2.5%)]= 8.19 ft./sec.

Solution by formula (5.#—30) without tables or other work aides:

1. a =(2.5 x 8)+(2 x 2.5%) = 32.5

2, p=8+2 /52 + 2.5 =19.18

%05 + 19.18 = 1.695  r2/3 = 1,hpp

N
[a}
1

k. /2 = 0.006%2 = 0.0775

5. Q= 1.486 8.1'2/8 31/2 _ l.)+86

o =500 X 32.5 x 1.422 x 0.0775 = 266 c.f.s.

6. v =

o |

= 266 + 32.5 = 8.19 ft./sec.
Solution by alignment chart, drawing ES-34:

= 32.5 + 19.18 = 1.695

l. r = 2
P

2. Enter chart with r = 1.695, s = 0.006, n = 0.02, and
read v = 8.19 ft./sec.

3, Q=av = 32.5 x 8.19 = 266 c.f.s.
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EXAMPLE 2

Given: Triangular section

= 0.025, s = 0.006

To determine: @ in c.f.s. and v in ft./sec.
Solution by formula (5.4-31) using King's Handbook tables:

1. d4/b = ——— = infinity

O

2. = 3. 67 table 112, p. 335

5. d8/2 = 38/2 = 18.70, table 111, p. 32k

=

4]
[

~
N
!

= 0.006*/2 = 0.0775, table 108, p. 311

5, @ = g a8/2 gi/2 - g 225 18.70 x 0,0775 = 213 c.f.s.

6. % =213 + 36.0 = 5.91 ft./sec.

<
I

Solution by formula (5.4-1) using King's Handbook tables:
1. d/b = infinity
2. r=cd=0.U485x 3.0=1.455 ¢, from table 97, p. 296
3, r2/3 = 1.4552/2% = 1,284, from teble 109, p. 312
y. sY2 = 0.006%/2 = 0.0775

l.h86 r2/3 31/2 l 486

5. v= = 5 e X 1 284 x 0.0775 = 5.91 ft./sec.

av = 36 x 5.91 = 213 c.f.s.

[exY
f-»)
il
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EXAMPLE 3
Given: Rectangular section I
Q = 600 c.f.s.
n = 0.025 4
8 = 0.000k

20 1,
To determine: 4 in ft. and v in ft./sec.

H
Solution using formula (5.4-32) in the form Q = g—-—‘ba/3 sl/2 yith
King's Handbook tables:

1. b8/3 = 208/2 = 2950, teble 111, p. 327; 0.00041/2 = 0.02,
table 108, p. 311.

o, K' = —aQn ﬁiﬁljiilé%zi = 0.254
ba/a gl/2 2950 x 0.02

3, In table 113, p. 336, column for vertical sides, find K' = 0.25k,
and find, by interpolation, d/b = 0.448. Then d/20 = 0.448 and
d =20 x 0.448 = 8.96 ft.

600

he ve=gg-= 8.96 x 20

= 3,35 ft./sec.

Solution using formula (5.%-30) and slide rule only:

' /o ___@n _ 600 x 0.085 _ .,
Lot s e ST Tas roe

2. By assuming values of d, compute ar®/® until one value lower

and one higher than 505 is found, as follows:

204
& =20d; T =555
Trial d a 20 + 24 T r2/3 ar?/3
1 8.0 160.0 36.0 4. 45 2.71 L3l
2 8.7 17k.0 374 4 .65 2.79 486
3 9.0 180.0 38.0 Lt 2.82 508

y
Trials 2 and 3 bracket the value sought.
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Example 3 - Continued

3, Plot d versus ar?/3 for trials 2 and 3 as follows:

9.0]
I[T—TET T2
5 88|
8.7

8.6 1 1 1 1
480 902 500 /0

ard

I
T
|
I
|

Enter this plot with ar®/3 = 505 and read d = 8.95 ft.

h, v = %‘a = g.—gg%—éa = 3.%5 f't./sec.

Note: "Hydraulic Tables" makes rapid computations possible
in step 2.
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Given: Trapezoidal section

Q = 300 .t.5. Bl -l

n = 0.02
s = 0.0009 |_5#+

To determine: 4 in ft. and v in ft./sec.
1
Solution by formuls (5.4-32) in the form Q = g—‘ba/3 s1/2 with King's
Handbook tables:
1. 1©8/3 = 1%8/3 = 1370, table 111, p. 326

5. /2 = 0.0009Y/2 = 0.03

5. K = —98 . 200 x0.02 _ 46
bs/a S1/2 1370 x 0.03

4. 1In table 11%, p. 336, column for side slopes 2:1, find XK' = 0.150
for d/b = 0.23 and K' = 0.139 for d/b = 0.22; by interpolation,
d/b = 0.226 vhen K' = 0.1k6.

5. 4 =15 x 0.206 = 3.39 ft.
6. v=0/a=300+[(3.39 x 15)+(2 x 3.39%)]= L.06 ft./sec.

Solution using slide rule and formula (5.4%-30):

. /3 _ Q@  _ 300 x0.02 _ .
Lo 1.486 gl/2 1.486 x 0.0% 134.5

2. By assuming values of d, compute ar2/3

and lower than 13k.5
a =154 + 282; p = 15 + b.h7d; r = (154 + 282) + (15 + b.h74d)

for a value higher

Trial d a 15 + 4.h7a T r2/3 ar?/3
1 3,0 63.0 28.42 2.21 1.698 107.0
2 3.5 77.0 30.65 2.51 1..847 142.0
3 3.3 71.3 29.76 2.39 1.788 127.5
3. Plot 4 versus ar?/3 for trials 2 and 3; where ar?/® = 134.5,
d = 3.40 ft.
3.51
o 3J7r"__ﬂé______
3.3 1
{
1 1 l A 1
/120 130 /40 /150
ar s

Y, v =Q/a =300 +[(15 x 3.)+(2 x 3.4%)}= 300 + Th.1 = 4,05 ft./sec.
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EXAMPLE 5

Given: Triangular section

Q = 400 c.f.s.
n = 0,025
0.005

i

s
To determine: d in ft. and v in ft./sec.

Solution using formula (5.4-31).
1. d/b = infinity
2. From King's Handbook, table 112, p. 335, col. z = 4, K = 3.67

5. @/ = Qﬁ/z - 3“g$ o = 3855, 4= 3.5/ = 3,95 £,
. ) )

b, v =Q/a =400 (4 x 3.93%)= 6.48 £t./sec.

Solution using formula (5.4-30):

. Jo _ __Qn  _ %00 x0.025
L. e 1.486 gl/2 1.486 x 0.0707

= 95.3

2. Compute the following table assuming 4:
= 232 = ha®: p = /22 = / = A
a=123 =hd%; p=2dvVz" + 1 =2dV17 = 8.244; r = Tohg = 0.4854

a r 2/3 ar2/3

d
2 16 0.97 0.98 15.7
3 36 1.455 1.28 L6,
64 1.94 1.556 99.6

B

3. Plot ar®/3 for d = 3 and d = 4; enter with ar®/2 = 95.% and
read d = %.92 ft.

4.0

3.8[

3.6

v 34|

32|

3.0 1 [} L L
40 50 60 70, 80 90 /00
ar 3

Y. v =q/a =400 +(4 x 3.92%) = 6.50 ft./sec.
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Given: Parabolic section | s L

Q = 400 c.f.s. - |
n = 0.025 o4
0.005

s

To determine: d and v when width of water surface T is 10 f%t.,
20 ft., and 30 ft.

Solution by formula (5.4-3%2) and King's Handbook tables:

- K /s /2 O - S
1. Q 3 ™ s or K Ts/a 51/2
When T = 10, K' = igﬁ X 8:8?27 = 0.305
~ . 400 x 0,025
When T = 20, K' = 5550 x 0.0707 0.048
When T = %0, X' = 400 x 0.025  _ 0.0163%

8690 x 0.0707

2. From table 118, p. 358, by interpolation

When K' = 0.305, 4/T = 0.746 and d = 10 x 0.746 = 7.46 ft.
When XK' = 0.048, 4/ = 0.198 and 4 = 20 x 0.198 = 3.96 ft.
When XK' = 0.0163%,d/r = 0.1002 and 4 = 30 x 0.1002 = 3.01 ft.
3, a =(2/3)Td v=Q+a
v = 400 +(2/3 x 10 x 7.46)= 8.03 ft./sec.
= Lo0 +(2/3 x 20 x 3.96)= 7.60 ft./sec.
v = 400 +(2/3 x 30 x 3.01)= 6.65 ft./sec.
Solution by formula (5.%-30):
l, 8,1'2/3 = QI,\, _ AOO X 0.025 _ 95.5

1486 x s1/2  1.486 x 0.0707

2. Compute the following table for T = 30
T2 4 ~ 900 &

a = (2/3)1d = 20d r= ——
1.57° 4+ 487 1350 + 4d?
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a a T r2/3 ar?/3
2 i¥e} 1.318 1.202 48.1
3 60 1.945 1.558 93.5
3.5 70 2.255 1.72 120.4

3. Plot d versus arz/a, enter with ar2/3 = 95.%5 and read d = 3.02 ft.

35
34+
33
32
3/t

30 1 —& 1 1 1
20 /00 ’o /20

or %

- =2 = 400 =(20 .02)= 6.63 ft. )
v (5T57ar (20 x 3.02) 3 /sec

T




EXAMPLE 7

Given: A comecrete lined floodway

5.4-30

Trapezoidal gection @ @« @ ~c immmi——p—0 —
n = 0,016 / 11.5Ff /
8 = 0,005 2 z

To determine: 24 1.

(a) Maximm Q when the freeboard is 1.0 ft., i.e., d = 10.5 ft.

(b) The depth, d, for any Q less than maximm,
Solution by formula (5.4-30):

1. Compute a teble as follows:

Columms 1 2 k] y 5 6
d T ra/e a ar2/3 Q
10.5 6.66 3.54 472.5 1673. 11,000.
8.5 5.62 3.16 348.5 1101. 7,230.
6.4 L 48 2,72 235.52 6h1, k,210.
Ly 330 222 144,32 320, 2,100.
2.4 1.99 1.58 69.12 109.2 T17.
1.4 1.2% - 1.15 37.52 43,1 283,
0 0 0 0 0 0
Col. 1: Assume values aof 4.

Col. 2: From "Hydraulic Tables", table 10, p. 164,

Col. 3: From "Hydraulic Tebles", table 19, p. 29%, or

"King's Handbook", table 109, p. 312.
Col. 4: From "Hydraulic Tables", table 10, p. 16k,

Col. 5: Products of the values in cols. 3 and 4 by slide rule

or calculating machine if preferred.

Col. 6: Q = ar?/® lz%éé sl/2, l=%§§ st/2 - 1488 0.0707 = 6.57;

= 0.016

therefore, the values in col. 6 = the values in

ecol. 5 x 6.57.

2. Maximum Q = 11,000 c.f.s8.

3. Plot d versus Q, from which 4 for any given § may be read.
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/2r

Mox @ =1,000 < Fs.

/o

1 1 1 1 1 !

4 4 é g /o 2

@ /7 thovsornas of cFs.

Solution using formula (5.4-1) and "Hydraulic Tables", taking n as
0.0175 instead of 0.016:

1. Compute a table as follows:

Col.
Col.
Col.
Col.

Col.

Columns 1 2 3 ) 5
a r a v Q
10.5 6.66 472.5 21.26 10,050,
8.5 5.62 348.5 18.97 6,620.
6.4 L4.48 235.52  16.32 3,840,
L4 3,30 1,32 13,31 1,920,
2 1.99 69.12 9.50 656.
1.4 1.24 27.52 6.96 261,
0 0 0 0 0
1: Assume values of d.
2: Tabulate values of r from table 10, p. 16k,
3: Tabulate values of a from table 10, p. 16k,
k. Tabulate values of v for r, s, and n from table 28,
p. 378. 1Interpolation is required.
5: Product of the values in cols. 3 and 4% (Q = av).

2. Maximum Q = 10,050 c.f.s.

3. From the table developed in step 1, plot a graph of d versus Q,
from which d for any given Q may be read.

Note:

Cols. 1, 2, and 3 could be tabulated as above, and v in col. 4

computed by the alignment chart, drawing ES-34.
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EXAMPLE &

Given: Trapezoidal section

Q = 500 c.f.s.
s = 0.009
n = 0.025

To determine: b in ft. and v in ft./sec.
Solution using formula (5.4-31) with "King's Handbook" tables:

L xo_.8a __500x0.025 _ 500 x 0.025

@8/3 /2 %8/3 x 0,0001/2 ©18.7 x 0.0949

= 7.04

2. In table 112, p. 331, column for z = 2-1, find K = 7.08 for
d/b = 0.25, and K = 6.87 for d/b = 0.26. Interpolating
d/b = 0.252 for X = T7.04

b = 3.0+ 0.252 = 11.90 ft,

3. v = 9 - 500 +[(11.9O X 3.0)+(2 x 9)]= 9.31 ft./sec.
bd + zd®

Solution using formula (5.%-30):

1. ar?/® = ngnm ~(500 x 0.025)+(1.486 x 0.0049)= 88.8
» S

2. Compute the following table:

Columns 1 2 3 4 5
b a T 2/3 ard/®
10 48.00 2.05 1.613 77 .4
12 54 .00 2.12 1.650 89.1

Col. 1; Assume values of b

Cols. 2 and 3: Values of a and r from "Hydraulic Tables",
table 10, p. 163, These values may be computed
if tables are not available.

Col. 4: From "Hydraulic Tebles", table 19, or from "King's
Harndbook", table 109.

Col. 5: Product of cols. 2 and k.

3. Plot b versus ar2/3, enter with ar2/3 = 88.8, and read
b = 11.90 ft.
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Qi 1z &
g
Q T
2= ‘_; o 20
ar/3
h, v = % = 500 +[(11.90 x 3)+(2 x 9)]= 9.31 ft./sec.
Note:

The solutions for b and v in rectangular sections are similar
to those given above.



Given: Parsbolic section

Q = 600 c.f.s.
n = 0.03
s = 0.009

To determine: T in ft. and v in ft./sec.
Solution by formula (5.4-31) using King's Handbook:

1. K = Qn - 600 x 0.03 = 340

a8/8 x ¢1/2 55.2 x 0.09487

2. In table 117, p. 358, by interpolation, 4/T = 0.2058

il

T =4.5 3+ 0,2058 = 21.8 ft.

9
a

3.0V = 600 +(2/3 x 21.8 x %.5)= 9.2 ft./sec.

Thie may also be solved by formula (5.4-30) by:

1. Compute ar?/3 = ) S— 127.7
1.486 §1/2

2. Holding d constant and assuming T, compute values of ar2/3
above and below 127.7.

3. Plotting T versus ar®/® and entering the plot with 127.7
to find T.

Y, v _ 800

- . _
2/3 ar 3T

5.3k
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Cases Where Both d and b or d and T are Required

In conservation work, cases are frequently encountered in which Q,
n, s, and shape of cross section of a waterway are known but where the
allowable velocity ig limited by the soils at the waterway site. These
cases require the determination of channel dimensions and the sclution
is tediocus if approached on a trial and error basis. The general ap-
proach to these problems is given in the following 3 steps:

Step 1. Compute the required r by Manning's formula from the known
n, v, and s.

Step 2. Compute the required area by a = Q/v.

Step 3. Express & and r in terms of the channel dimensions z, d,
b, or T, and solve for the dimensions by these two simul-
taneous equations. Only two unknowns are inveolved in any
case. In trapezoidal channels z is selected or known,
leaving b and d as the required values. In rectangular
and triangular channels the two unknowns are b and 4, and
z and d, respectively. Parabolic channels require that T
and 4@ be determined.
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EXAMPLE 10

Given: Trapezoidal section

Q = 500 c.f.s.
v = 4.0 ft./sec.
n = 0,03

s = 0.005

To determine: b and 4 in ft.

1op o f—m 7 ::<' 4.0 x 0.0% :)3/2 o
. 1.486 s1/2 1.486 x 0.07071 )

2, a=Q/v=>500+k40=125 ft.?

3, Completing step 3 (see preceding page) gives a general equation
for depth in trapezoidal channels:

2
T O

= SR
5 (5 )
X varies with z and a and is to be evaluated by:
X = 2 ) (5.1"—42)
2Jz8 + 1~z
(a) Evaluating x:
x = — 222 I _ 5561

5 — 2.0 2.47
(b) Computing d:

50.61 V// 50. 61 —( x
50.61) +
5= =/ (£ 22 _ 41.50 = 29-00 _ 1 25 or 40.25

d:

(4 = 40.25 would obviously not give a practical channel section.)
(c) Compute b:

% ~zd = %%%5 —(2 x 1.25)= 97.50 ft.

_ bd + zd® _(97.5 x 1.25)+ 2(1.25)% _ 125.13
b+ 2d 22 + 1 97.5 + 2.5 J5 105.1

= 1.21 O0.K.
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Given:

B wn <o

EXAMPLE 11

Rectangular section

300 c.f.s.
5.0 ft./sec.
0.005

0.03

To determine; b and 4 in ft.

~m YR 5.0 x 0.05 /2 _ (1L428)3/2 = 1.705
1.486 g1/2 1.486 x 0.07071

2. a

60 ft.2

Q/v = 300 + 5.0

3. Compute 4 and b. See step 3, example 10:

Fe /() -w

da =
2
. a _ 60
In rectangular sections =5z =5 = 30
N =
4 o 795 T 510 - 120 _ 17.6 ¥ 13.8
2 pal
(d = 15.7 is not a practical section.)
b =a/d =60+ 1.90 = 31.6
Check:

_pd _ 31,6 x1.90 _ 60 _
b+ 2d 31.6 +(2 x 1.90) 35.4

r

1.

6

95

O.K’
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EXAMPLE 12

Given: Trilangular section

300 c.f.s.
6.0 ft./sec.
0.03

0.0075

v <o
I n

Tc determine: 4 and 2z

vn a/z 6.0 x 0.05__ \*/2
: \ — = = = (1.40)3/2 = 1.656
o (1.1+86 51/2) (1.486 » o.0866) (1-40) 5

2., a=Q/v=7300+6.0=50ft.?

3, This step in the solution for triangular sections is to be
accomplished by:

(a) Entering the graph on drawing ES-39 with the value of
a/r* and reading z.

(b) Computing @ from 4 = /%

Carrying out the solution:

(a) a/r® = 50 + (1.656)2 = 18.25. From drawing ES-39, z = 4.30

) a= /2 = [2% - 16 - s
Check:
r = —24 . M3 x3M g g6 ok,

2 x k.1 —
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Given: Parabolic section

300 ¢.f.s.
5.0 ft./sec.

0.0%5
0.008

n B0
oW onon

To determine:; 4 and T

vy 3/2 N 5,0 x 0.035 3/2 _ a/s _
(1.&86 31/2) B (1.1;86 x 0.0894k = (1.317)%/2 = 1.51

Q/v = 300 + 5.0 = 60 £t.%

fl

1. r

2. a8

3. This step in the solution of parsbolic chammels is to be
accomplished by:

(a) Entering the graph on drawing ES-41 with the value of a/r?
and reading the value of x = d4/T

/é&
2%

xT

(b) Computing T from T

(e) Computing 4 from 4
Carrying out the solution:

(a) a/r® = 60 + 1.51° = 26.3, From drawing ES-41, x = 0.058.

(b) T = %% = % = /1550 = 39.h ft.

(c¢) d = 058 x 39.4 = 2.29 ft.

]
=
]
O

Check:

paT2 k.58 x 1550 - 0 . 151 ok

31?4+ 8a% ) (3 x 1550)+(8 x 5.24) 4691.9




HYDRAULICS: GRAPH FOR DETERMINING SIDE SLOPE z OF A
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HYDRAULICS: GRAPH FOR DETERMINING DIMENSIONS OF
A PARABOLIC CHANNEL WITH Q,v,n,s GIVEN

See Fxomple 13, Subsection 4. 7.3 for qoplicarion
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4,7.4 Examples - Nonuniform Flow in Uniform Channels.

EXAMPIE 1

Given: Concrete, trapezoidal channel, Q = 1000 c.f.s., z = 1.0,
b = 10 ft., n = 0.01l4. Station numbers increase in the direction
of flow. A break in grade 1s located at Sta. 33 + 50; the slope
upstream from 33 + 50, designated as s;, is 0,001; the slope down-
stream from 33 + 50, designated as s5, is 0.00k. A profile of the
channel is shown at the end of this example.

To determine: The water surface profile upstream and downstream from
the break in grade at Sta. 33 + 50 by computing distance to selec-
ted depths using formula (5.4-36).

Solution: (See subsection 4.7.2 and drawing ES-38.)

1. Determine whether Sta. 33 + 50 1s a control section.
(a) Compute critical depth:
Q/b = 1000 + 10 = 100, and z/b = 1 + 10 = 0.1

From drawing ES-24, d 5.58 ft.

]

e
Or using King's Handbook, formula (57), p. 383,

' <& 1000 _ 1000 _ ..
¢ 5/2 105/2 316.2 )

From table 125, p. 436, by interpolation, when K' = 3,162,
d./b = 0.558 and 4, = 10 x 0.558 = 5.58.
2

d.
(b) Compute critical slope: 5, = 14.56 4/sm

o mmm M ee—————— = hd hd o= h.

_(d+ddde (10 4 5.58)5.58
N L -2 - 3.37
b+ 242 10 +(2.83 x 5.58)

2
. - 14,56 x 0.014% x k.11 _ 0.0117 _ 0.00232

c 3.574/3 5.05

0.001 < 0.00232 < 0.00k ; i.e., s; < 8. <8, ; therefore,
Sta. 3% + 50 is a control section.

Or enter alignment chart, drawing ES-34%, v,, r, n, and
read s.. Use values r and v, corresponding to dc.
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2. Compute the normal depths (uniform flow) on the slopes upstream and
downstream from 33 + 50. This is not necessary, but knowing these
depths, facilitates the selections of reaches and trial depths in
the computation of the surface profile.

Qn

Use formula (5.4-32) in the form X' = —————~ and King's Hand-
book, table 113, p. 336. p8/3 $1/2
(a) For s = 0.001, X' = 1000 x 0.01%  0.03018 _ 0.955

108/3 g1/2 0.001%/2

1:1 side slopes, d/b = 0.698, 4 = 6.98

(b) For s = 0.00%, XK' = 0.03018 + 0.0041/2 = 0.477
d/b = 0.482, a4 = 4.8

Upstream from 33 + 50 the depth increases from 5.58(d.) to 6.98;
downstream the depth decreases to 4.82. See Example U4, sub-
section 4.7.% for other methods of determining normal depth.

%3, Compute the water surface profile downstream and upstream from Sta.
33 + 50 by computing distances to selected depths using formula
(5.4%-36). . .

Voo (X )
[: Pe +d2) (Eg + d;
So T Br

The table on the following page lists the computations which are
carried downstream and upstream because depths are respectively less than
and greater than critical.

(a) Cols. 5, 6, and 7 record velocity, velocity head, and specific
energy corresponding to the selected depths in col. k.

(b) The differences in specific energy at successive sections are
tabulated in parentheses. This is the numerator of formula (5.4-3%6).

(c) Computations for the friction slope, sp, between two successive
sections are tabulated in cols. 8, 9, and 10. Friction slope is evaluated

by the equation, -
Sp = I:(Qn) = b8/3] (L + K")2

vhere (1/K')? is determined for the average depth (dg) between successive
sections. Tabulated values for (1/K')Z corresponding to d,/b are taken
from "King's Handbook", table 114, pp. 341-356.

(d) Col. 11 is the denominator of formula (5.4-36) and 1s the dif-
ference between friction slope and slope of channel bottom.

(e) Col. 12 lists ,[, determined by dividing the values in paren-
theses in col. 7 by the values in col. 11.

Remarks: If reasonably accurate results are to bhe obtained in computing,[
by equation {5.4-%6), it will frequently be necessary to evaluate H, =

d + (v¥ + 2g) to the nearest 4th or 5th decimel place. Note that this

may be necessary to obtain significant figures in both the numerator and
denominator.



COMPUTATICONS FOR WATER SURFACE PROFILE
Example 1 - Subsection 4.7.4

1 2 3 L 5 6 7 8 9 10 11 12
Elevation d 2
Sta. Bottom Water d v %Z— Hezd + %Z Bé (%%) S¢ Sq — Sg ‘f
Channel|Surface X
Downstream from Sta. 33 + 50
27,50 | 100.00 [105.58 | 5.58 | 11.503 | 2.057 7.637
(0.011) | 0.549| 2.71 | 0.00247 0.0015% 7
23457 | 99.97 |105.37 | 5.40 | 12.025 | 2,248 7.648
(0.0k1) | ©.530| 3.09 | 0.00281 0.00119 3l
32401 | 99.84 |105.04 | 5.20 | 12.652 | 2.489 7.689
(0.075) | ¢.510] 3.56 | 0.0032k 0.00076 99
34490 | 9944 | 104, 4h | 5.00 | 13.33% | 2.76h 7.76M
(0.103) | 0.491| 4,09 | 0.00372 0.00028 368
28458 | 97.97 [102.79 | 4.82 {13.999 | 3,047 7.867
Upstream from Sta. 33 + 50
32450 | 100,00 [105.58 | 5.58 {11.503 | 2.057 7.637
—{0.014) | 0.569| 2.38 | 0.00217 | —C.00117 12
3%+38 | 100,01 [105.81 | 5.80 |10.912 |1.851 7.651
—(0.0%6) | 0.590{ 2.07 | 0.00188 | —0.00088 L1
32497 1100.05 [106.05 | 6.00 |[10.417 |1.687 7.687
—(0.0873) | 0.615] 1.78 |0.00162 | —0.00062 141
31+56 {100.19 |106.49 | 6.30 | 9.738 | 1.4743 7.7743 ‘
—(0.,1208) | 0.645( 1.48 .00135 | —0.00035 345
28+11 |100.54% [107.14 | 6.60 | 9.127 |1.2951 7.8951
—(0.1916) | 0.679| 1.22 L.00111 |—0.00C11 1742
10+69 [102.28 |109.26 | 6.98 | 8.437 |1.1067 8.0867
Q = 1000 c¢.f.s. z = 1.0 o 2 2
b = 10 ft. s; = 0.001 (an) = 0.00091 sp = (Qn) G—)
n = 0.01k s» = 0.00k4 18/ 3 v3/2) \k'

G
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EXAMPLE 2

Given: A concrete, rectangular channel, Q = 1240 cfs., b = 20 ft.,
n = 0.014. At sta. 27 + 30 the channel slope changes from 0,018 to
0.0015. The slope of 0.0015 is of sufficient length to assure that
uniform flow will occur in the reach downstream from 27 + 30. Bottom
of channel elevation at 27 + 30 is 100.00. A profile is shown at the
end of this example,

To determine: The location of the hydraulic jump when depth of flow at
sta. 27 + 30 is 3.1 ft.

Solution: (See subsection 4.6.2 and drawing ES-38.)

1. Compute the tailwater curve for the flow in the reach downstream
from 27 + 30. One of the given conditions is that this reach is
long enough to assure the occurrence of uniform flow; therefore,
the tailwater curve is a straight line parallel to the channel
bottom and at the depth, d,, for 1240 cfs.

(a) Compute 4 using formula (5.4-32):

K = Qn - 1240 x 0.01h _ 17.36 0.152
p8/3 §1/2  208/3 x (0.0015)%/2 11k.2
From King's Handbook, table 113, p. 336, by interpolating, find
d/b = 0.309; therefore, &, = 20 x 0.309 = 6.18 ft.
2. Compute and plot the water surface profile downstream from 27 + 30

starting with 4 = 3.10. The Jump must occur before the depth has
increased to d,.

d, = (@ + g)}/3 = (q+ b)2/3 &+ g2/3 = (1240 + 20)2/® &+ 32.21/2 = k.93

d, may also be computed from drawing ES-2L.

Use formula (5.4-%6):

[ () (3 o)

8g ™ 8p

|
i

The tsble on the following page lists the computations:

Col. 1 starts with sta. 27 + 30 given; other stations are obtained
by accumulating the computed distances in col. 12.

Cols. 2, 3, 5, and 6 are self-explanatory.
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Col. 4 starts with & = 3.10 given; other values of d are selected
g0 as to hold the change in velocity, v, about 10 to 15 percent.

s, is evaluated by formula (5.4-40) which may be written,

l 2 Q,n 2
() ()

Col. 7 lists specific energy, with the differences in specific en-
ergy at successive sections shown in parentheses.

g

Col. 8 lists the average of appropriate palrs of depths in col. 4
divided by bottom width.

Col. 9 lists (1/K')2 for the d,/b values found in King's Handbook,
table 114, p. 341.

Col. 10 lists the values in col. 9 multiplied by the constant,

( g;‘s)z = 0.0000348
b

Col. 11 is self-explanatory.

Col. 12 is computed by dividing the values in parentheses in col. 7
by the values in col. 11l.

3. Compute and plot a curve of sequent depths, i.e., depths after jump
corresponding to those shown by the profile computed in step 2.
These depths after jump may be computed by formula (5.4-28) or they
may be determined by interpolation using "Hydraulic Tables", table 3,
p. 16, or "King's Handbook", table 133, p. 4hh.

Bottom Sequent

Sta. dy Vi do Channel Depth
Elev. Elev.
27 + 30 3.10 20.00 T.37 100.00 107.37

27 + 91 3.30 18.788 7.02 99.91  106.9%
28 + 49 3.50 17.71h 6.70 99.82 106.52
29 + 30 3.80 16.316 6.26 99.70 105.96
30 + 23 L.20 1762 5.73 99.55 105.28
31 + 10 4 .80 12.917 5.06 99.43  10k4.49

4. The profiles of tailwater, flow entering jump, and sequent depths
are plotted at the end of this example. Note that the vertical scale
is exaggerated in relation to the horizontal scale,
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(a)

An spproximate location of the Jjump is sta. 29 + 40 where the
profiles of tailwater and sequent depths intersect. On the
profile shown on the following page, this is noted as the first
approximate Jjump location.

A second approximation of the jump location, determined by the
procedure in step d, subsection 4.6.2, is also shown on the
profile. At 29 + 50 the depth of flow entering the jump, d;,
is 3.90; and at 29 + 80 the tailwater depth, dp, is about 6.15,
which is the depth sequent to 3.90, making the length of the
jump 30 to 35 ft. or approximately 5 times 6.15.

Note that the accuracy with which water surface profiles may be de-
termined depends on: (1) whether the roughness coefficient, n, accurate-
ly represents the condition of the chamnel; (2) whether the friction
losses, sp, are carefully evaluated. Since the position of the jump de-
pends on the profile of flow entering the Jump and the tailwater profile,
it is apparent that a minor error in n may result in an appreciable
error in the determination of jump location. In short, the estimated
position of a Jump in a channel not designed to stabilize the jump should
be accepted only as an approximation.
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4.7.5 Examples - Nonunifcrm Channels and Natural Channels.

EXAMPIE 1

Given: A rectangular, concrete spillway. Maximum discharge 2000 cfs;

roughness coefficient, 0.014%. Width of the channel varies uniformly
from 30 ft. at entrance to 20 £t. at crest. A profile is shown on
the computation sheet.

To determine: The water surface profile from the crest upstream to the

spillway entrance and the pool elevation for the discharge 2000 cfs.

Solution: (See subsection 4.7.2) The slope downstream from the crest,

1.

sta. 1 + 00, is given as greater than s, for 2000 cfs; therefore,
critical depth occurs at 1 + 00. The water surface profile rises in
the upstream direction from the crest through the nonuniform width
inlet. The pool elevation for 2000 cfs. is equal to the elevation
of the water surface profile at 0 + 00 plus the velocity head at

¢ + 00.

Compute d, at the crest, sta. 1 + 00, where the section is 20 ft.
wide.
Q/b = 2000 + 20 = 100 and z/b = O

From drawing ES-24, 4, = 6.77 ft.

Compute the water surface profile from 1 + 00 to 0 + 00 using the
energy equation (5.4-35).

2

2
v Vo
—ng +dl+sc)[=2g +d2+5f[

(a) Since subscripts 1 and 2 denote upstream and downstream sections
respectively, dz and v» are known for each successive reach as
the computations progress upstream.

(b) The length,‘[, is selected for each reach.,

(c) In each reach assume d; and compute vy = Q/bdl. Note that b
changes from section to section.

(d) Evaluate v1%/2g and vo%/2g.

v2 n®
(e) Evaluate 5p = -
2.2082 r3/3
m

(f) Determine whether the assumed d; balances equation (5.4-35); if
not, take additional trial depths until a balance is obtained.



5.4-50

The table on the following page lists computations made in accordance with
the above instructions.

Cols. 1, 2, &, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 18, and 19 are self-
explanatory.

Col. % lists both d; and do for a given reach. For example, in the reach
from 1 + 00 to O + 90, dp = 6.77; and 9.80, 9.66, and 9.67 are trial val-
ues of di; 9.67 gives a balance for the energy equation, and it becomes
do for the reach O + 90 to O + 80. Values of d; giving a balance in the
energy equation are marked with subscript 1.

Col. 11 lists wvalues taken from King's Handbook, table 107, p. 309.

Col. 16 lists values of the left-hand member of the energy equation.

Col. 17 lists values of the right-hand member of the energy equation.
Note that the values of col. 16 and col. 17 are essentially equal for the
trial set of computations for d, marked with the subscript 1, thus indi-
cating that the assumed depth is correct.

Note that sy is negative in this example since the channel slope is ad-
verse to the direction of flow.



COMPUTATTONS FOR WATER SURFACE PROFILE, 1 + 00 to O + 0O
Example 1 - Subsection 4,7.5

-
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Depth Area | Velocity He = r= va? 2 Elevations
sta.| b a - _8 ;—2- ;e a a Vp o —1—4/3 (!Wm)2 g sff sol EM‘Q—S(’I 52_'“11_5?] Chanpel | Surface
v=a e |z * 5 2.2082rp = Hap- 8¢ |= Hey- sed |Bottom | Profile
1400 [ 20| 6.77 | 135.40 [14.7710 |3.3921 | 10.1621 | 4.0k 1 1109.20 | 1115.97
12.2k [ 4.55 0.0601 0.0295 | 0.00177 | 0.0177 | -1.00 11.162% 11.2506
0490 1 211 9.80 | 205.80 | 9.7182 |1.468% | 11.2683 ] 5.06
- 12.31| 4.5% 0.0604 0.0296 | 0.00179 L0179 11.1533
0+90 .66  202.86 | 9.8590 |1.5112 |11.1712 | 5.03
12.31| 4.53 0.060k 0.0297 | 0.00179 -0179 11.1602
0+90 9.67, | 203.07 | 9.8488 |1.5081 |11.1781 | 5.0% 1108.20 | 1117.87
8.981 5.29 0.0491 0.0158 | 0.00078 L0078 1 -1.00 12.1781 12.2165
o+80 22| 11.20 | 2k6.40 | 8.1169 [1.00243 [12.2243 | 5.55
9.00| 5.29 0.0401 0.0159 | 0.00079 | 0.0079; 12,1756
0+80 11.15; | 245.30 | 8,1533 |1.0%35 | 12.1835 | 5.54 1107.20 { 1118.35
-2,00 14,1835
C+60 | 2k | 1%.00 | 336.00 | 5.952k |0.5509 | 14.5509
7.1k 1 5.95 0.0420 0.0100 | c.00042 | 0.0084 | 14,1753
0+60 13.60 | 326.k0 | 6.1275 |0.5837 {14.1837 | 6.37 |
7.14 1 5.96 0.0419 0.01.00 | 0.00C42 | 0.008k4; 1k, 1844
0+60 13,61, | 326.6k | 6.1229 |0.5828 |1k.1928 { 6.38 1105.20 | 1118.81
4731 7.47 0.0310 0.00438 | 0.000135 { 0.0081 | -6.00 20.1928 20.1647
0400 | 30| 20.00 | 600.00 | 3.3333 [0.1727 |20.1727 | 8.57
L.,73 | 7.47 0.0310 0.00438 | 0.000135 | 0.0081, | 20.154%1
0+00 20,03%; | 600.90 | 3.3283 |0.1722 |20.2022 | 8.57 1099.20 | 1119.23
= 2
2 2 & ot sta. 0 + 00 = 0.1
v o+ v (n vm)2 32-’2— + da Bo[ = %L +dy - sff g 2
Q = 2000 cfs Vg = AR sp = ————— g € Pool elev. = 1119.40
n = 0.014 2.2082 r/2
Sp = -0.10 r, = tT2 " ] Ny ! T
m o _F;! : 4 b )= .
EEESSENREN E: L2 S AT T
Check: Consider the energy equstion between /120 S F1w,
gtations O + 00 and 1 + OC. T '/’ f i 1]
2 s i { ! ol " IR E = g Nm 1 1]
%é_‘*dl‘*so!‘:\éé-'*@* Zsff ! =l A2 Sk N [ 1]
At sta. O + 00 (s, is negative) g V7375
.2 N R WEPEE o VR BAE e A
L sod = 0.1122 + 20,03 ~(0.1 x 100)= 10.2022 g JIr L ry e A g N
® s 2L -
At sta. 1 + 00 3 - L Ld—ets] 1 E il o
o 1100+ T NG AMAE +
‘2’? +d + EZ.spk T B .
TE = Iy =]
= 3.3921 + 6.77 + (0.0179 + 0.0079 + 0.0084 + 0.0081) i T i
B b GMbaEaammsHARARE T e e
= 10.202k 100 I 4 I 1 0 A A
oOro0 O+20 O+do 9460 O*80 /00 /+E0

Stotron



COMPUTATIONS FOR WATER SURFACE PROFILE, 1 + 00 to O + 00 5-’4-51
Example 1 - Subsection 4.7.5

Depth Area |Velocity He = r = v_22_ W_fﬁ Elevations
Sta.| b a _9q Eﬁ fe N a v ro —‘1—175 (nvm)2 Sp sf[ sO/ 2g +d2_sd[ 2g +dl_sf[ Channel | Surface
& VT3 g 2g M o 2.2082rm = Heo- SO/ = Hg,- Sf[ Bottom | Profile
1+00 | 20| 6.77 | 135.40 [ 14,7710 {3.%921 | 10.1621 | L.ok 1109.20 | 1115.97
12.24 | 4.55 0.0601 0.0295 | 0.00177 | 0.0177 | -1.00 11.1621 11.2506
0+90 | 21| 9.80 | 205.80 | 9.7182 |1.4683 |11.268% | 5,06
12.31| 4.53 0.0604 0.0296 | 0.00179 | 0.0179 11.1533
0+90 9.66 | 202.86 | 9.8590 |1.5112 [11.1712 | 5.0%
12.31 | k.53 0.060k4 0.0297 | 0.00179 | 0.0179; 11.1602
0+90 9.671 | 203.07 | 9.8488 [1.5081 |11.1781 | 5.0% x 1108.20 | 1117.87
8.98 | 5.29 0.0491 0.0158 | 0.00078 | 0.0078 | ~1.00 12,1781 12.2165
0+80 | 22| 11.20 | 246.40 | 8.1169 |1.0043 | 12.2243 | 5.55
9.00| 5.29 0.0401 0.0159 | 0.00079 | 0.0079; 12.1756
0+80 11.15, | 245.30 | 8.1533 [1.03%5 | 12.18%35 | 5.54 1107.20 | 1118.35
-2.00 1%.1835
0+60 | 2k | 14.00 | 3%36.00 | 5.9524 [0.5509 | 14.5509
7.1% 1 5.95 0.0420 0.0100 | 0.00042 | 0.008k4 14.1753
0460 13.60 | 326.40 | 6.1275 [0.58%7 | 14.1837 | 6.37
7.14 1 5.96 0.0k19 0.0100 | 0.00042 | 0.0084, 14,1844
0+60 1%.61, | 326.6k | 6.1229 |0.5828 |14.1928 | 6.38 = 1105.20 | 1118.81
b3 7.47 0.0310 0.00438 | 0,000135 | 0,0081 | -6.00 20.1928 20.1647
0+00 | 30 | 20.00 | 600.00 | 3.33%%3 [0.1727 |20.1727 | 8.57
73| 7.47 0.0310 0.00438 | 0.0001%5 | 0.0081; 20.1941
0+00 20.0%; | 600.90 | 3.3283% |0.1722 |20.2022 | 8.57 1099.20 | 1119.23
VL
2 2 X = at sta. 0 + 00 = 0.1
v o+ v (nvm)2 z2——+<12—so,/=ﬂh+dl~--sf,(/ g !
Q = 2000 cfs vy = 52 sp o= —— B 2e ce Pool elev. = 1119.40
n = 0.014 2.2082 r;/s
8o = -0.10 , = T1+ To SRR T T V¥ N
m 2 - ___ L 7 y L/_ o 'le_k /;‘ firy i
I R AR /[ ;
Check: Consider the energy equation between /120 ' 4
stations O + 00 and 1 + OO. '"__',_'_Zf“ I L - ]
5 5 ERNAN SWaler surioce (= 2000 £5 =
%é—+dl+so/=%+d2+ Esf[ k'j/ Y. = R oY N
At sta. O + 00 (s, is negative) g Yi¥le)
N - T ol RN =
viZ / , N O v BEEES Vi W e
e dy + s, = 0.1722 + 20,03 —(0.1 x 100)= 10.2022 g s N o dEE T I ]
&) ;T* : T D; ] T y v
At sta. 1 + OO L‘\) -:T.I__A‘ N S RE * n‘ra Vi 3 ll Fr P,
5 /100 o i /.,‘..m'-.’-,k.'- j
% + do + E.sf1 R ;»3;\»'\ : - |
= 3.3921 + 6.77 + (0.0179 + 0.0079 + 0.008% + 0.0081) i ae R a | i ; ,
B oe T : i
= 10.202k BREAN i EanEu] e
— /090 L e ‘ -
Or00 O+20 O+gO O+60 O+E0 /+O0 /+E0

totron



EXAMPLE 2

In dealing with natural channels, it is common practice to use an
average slope and an average cross section for a reach in the open channel
formulas. A further simplification is normally made by the assumption
that the variations in velocity head may be neglected. The decision as to
whether this latter assumption may be applied in a given case should be
made by the engineer from a consideration of the conditions involved. If
the changes in velocity head cannct be neglected, the water surface profile
may be computed by the method illustrated in Example 1 of this subsection.

When velocity head may be neglected, the méthod illustrated by the
following example results in a direct solution. This method requires that
stream profile, cross sections, and roughness coefficients be obtained by
field surveys and that water surface elevations at the lower end of the
stretch of stream for given discharges be known or determinable. The meth-
od is taken from: "Graphical Calculation of Backwater Eliminates Sclution
by Trial" by Francis F. Escoffier, Engineering News Record, June 27, 1946.

Given: A portion of a natural stream is shown in plan and profile on fol-
lowing pages. Cross sections are available at stations 23 + 00,
26 + 00, 29 + 00, 33 + 50, 38 + 00, 42 + 00, and 46 + 00. The cross
section at station 38 + 00, which is typical, is shown on a following

page.

To determine: The water surface profile for Branches E and E-2 for the
three sets of conditions stated in the following table:

Sets of Discharges - cfs Elev. Water
Conditions | Branch E-1 |Branch E-2 |Branch E [Surface 46 + 00
A 1800 600 2400 1181.50
B 1200 Loo 1600 1180.75
c 600 200 800 1180.20

Theory:

The energy equation (5.4-35) between sections at the upper and lower
ends of a reach is:

2 2
s = Yo
pg * dy + so/ =2 T dz + Sf[

Assuming the change 1n velocity heads to be negligible results in:

i - X2, then dl—dg+sol=sf[
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From Manning's formula:

Q= l'i86 ar?/3 sfl/Z, and since sp =

h'f _n2 n 2
7°° (1.11,86 a.r2/5)

Placing

he
{

n 2
_— =P results in hf = QEPI
1.486 ar?/3

. a4 —do + s = bp = Pl
hf = loss of head due to friction.

Since the value of P varies with n and water surface elevation at each
cross section, assume an average for a reach ag valid.

P =1/2 (P> + Py), in which

P» = the value of P at the lower end of a reach.
P; = the value of P at the upper end of a reach.
b, =1/2 (By + P,) Q% or e SN 4

P2 +P1 2

Values of P> and P; versus water surface elevation are plotted as in

tig. 5.4-3.

R curve ror cross- A curve for cross-

w, Section al Jfower sectron ot vpper
\ & end of reoch end of reoch
3.9 N
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XD e
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If the known elevation of the water surface for a discharge, Q, at the
lower end of a reach, point M, is projected to A, the elevation of the
water surface at the upper end of the reach, point N, may be determined
by constructing AB on the correct slope. By imspection,

ww Dby
MA + NB P, + P,

MA =P, , NB =P, , and the slope of AB is
Since hp + (P2 + Py) = (G2F) + 2, the slope at which AB is to be drawn
is (@24) + 2.

Solution:

1. Compute the P values for each cross section. Table T lists the
computations for P at one foot intervals of elevation in the
cross section at 38 + 00; other cross sections would be treated
in a similar manner. The cross section is given on a following
page. Column headings in the table are self-explanatory.

(a) Values of (l.h86/n)ar2/8 are first computed in each part of
the cross section and totaled at each elevation for the en-
tire cross section.

In a cross section not subdivided,

P = ____E______ 2 a.nd 1 _ l.)"*86 arz/s
1.486 ar2/3 JE n

In a subdivided cross section,

1 1

Pp = the P value for an entire cross section at any elevation.

Pgs» Py, Po, etc. = the P values for parts of the cross section
at any elevation.

n > 2, the total number of parts of a cross section at any
elevation.

(b) This method makes it possible to apply differemt n values in
selected subdivisions of a channel cross section.

(c) In a subdivided part of a channel only the perimeter of the
channel in contact with water should be used in computing r.
That portion of the perimeter where water is in contact with
water should he excluded in computing r.
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2. Plot the values of P for each cross section as P>, and P; as shown on
the work sheet. P values for the cross section at 38 + 00 are plot-
ted twice as Py values for reach 3 on the left side of the sheet,
and as P, values for reach 2 on the right. P values at 42 + 00,

33 4 50, 29 + 00, and 26 + 00 are also plotted as both P, and P
values for appropriste reaches. The P values for the cross sections
at 46 + 00 and 23 + 00 are plotted only once; those at 46 + 00 as

P> values for reach 1, and those at 23 + 00 as P; values for reach 6.

3. Compute values of Q%[—% 2 for the reaches and sets of discharge con-

ditions:
Reach A Condition B Condition C Condition
2 2
No.| From | To £l q Qéé x 1078 q Q;! x 1078 q QEZ x 1078

1 |46+00 | 42+00 | 400 || 2400 11.52 1600 5.12 800 1.28
2 42,00 | 38+00 | 400 || 2400 11.52 |11600 5.12 800 1.28
3 138,00 | 33+50 | 450 || 2400 12.96 |1600 5.76 800 1.44
L [33450 | 29+00 | 450 || 2400 12.96 {[1600 5.76 800 1,44
5 |29+00 | 26400 | 300 || 600 0.5h4 400 0.24 200 0.06
6 |26+00 | 23+00 | 300 || 600 0.54 koo 0.24 200 0.06

f

4, Determine the three water surface profiles using: (a) the given
water surface elevations at 46 + 00; (b) the Q3£ + 2 values tabula-
ted above; {c) the work sheet on which the P curves are plotted.

Examine the set-up of the work sheet. The scales of P-, P;, and
water surface elevation and the plotting of the P curves will be readily
understood. Note the slope scale, 1l.e., the scale of Q%[ + 2 values, on
the right and the reference point near the bottom center. The value of
the slope scale unlit in relation to the reference point is determined as
follows:

vertical distance by Ll

slope = = =
horizontal distance P> + P; 2

The vertical distance = 1 scale unit = 1 foot.

Each horizontal unit has the value 1 x 10—9. The horizontal distance from
the reference point t¢ the slope scale = 10 scale units = 10 x 1 x 10 =
107®; therefore, the value of one unit on the slope scale is:

slope = 1 - = 1x 10°
107
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To solve the water surface profile for the "C" condition proceed as
indicated below.

On the P> curve for reach 1, station 46 + 00, locate the point for
water surface elevation 1180.20, Q = 800 cfs. From the table of @l + 2
values, take 1.28 x 10® for "¢" condition, reach 1, and find this value
on the slope scale, thus defining a slope line. Draw a line parallel to
this slope line from the point of elevation 1180.20 on the Po curve for
station 46 + 00 to intersect the Py curve for reach 1, station 42 + 00.
This intersection establishes the water surface elevation, 1181.23, at
the upper end of reach 1 and the lower end of reach 2. Project this
water surface elevation to the left to the P curve, reach 2, station
ho 4 G0, and repeat the above procedure for reaches 2 through 6 to com-
plete the water surface profile for "C" condition. Note that the dis-
charge changes to 200 cfs at reach 5, and that this fact has been recog-
nized in the computation of Q2 + 2 values.

Water surface profiles for "A" and "B" conditions are determined in
the same manner and the three profiles are plotted on the last page of
this example.

Remarks:

This and other methods for determining backwater curves require
that the water surface elevation at the lower end of a stretch of stream
be known or that it be determined through some type of stage-discharge
relationship. In some cases a gaging station or control point makes it
possible to meet these requirements, but in most cases they cannot be met
directly by determinations at a single section. In such cases a series
of several contiguous reaches should be established downstream from the
stretch of stream under consideration, and several profiles for any re-
quired value of Q based on assumed water surface elevations at the down-
stream end of the lowest reach should then be computed upstream. These
profiles will converge in the upstream direction making it possible to
determine or closely approximate the water surface elevations for given
discharges at the lower end of the stretch.

An important advantage of this method is that when the P values
have been computed and the work sheet constructed, only a short time is
required to make the graphical solution for the water surface profile of
any discharge.



TABIE I - COMPUTATIONS COF "P" VALUES FOR SECTION AT STA. 58 + 00
Example 2 - Subsection 4.7.5

Part a (n = 0.075) Part b (n = 0.030) Part ¢ {(n = 0.050)
Elev. a P r 1‘2/3 11:186 ar2/3 & P * r2/8 l.i86 ar2/3 a P v /3 l Ili86 ar2/3
82 | £t rt .1 2| £t £t - L ez | |oer [T 2 A
/B, VB Vil
1178 0 1.8 13.1| .137 |0.266 23.7 0
1179 0 29,0 | 33.2 | .874 j0.91k4 1310 0
1180 ¢ 59.0 | 35.4 | 1.665 |1.405 4100 0
1181 0 93,4 | 37.6 | 2.48 [1.83 8450 0
1182 0 130.2 | 39.8 | 3.27 |2.20 14200 0
1183 3.1 8.6]0.3%96 ]| ¢.540 264 168, |Lo. | k.20 |2.60 21600 29,6 | 58 |0.511 | 0.6k 560.
1184 | 49,4 | 55.6 | 0.888 | 0.924 905, 206. |40, [5.15 [2.98 30400 0.8 165 |1.40 |1.25 3370,
1185 | 105.8 | 60.0 | 1.762 | 1.k6 3060. okl [Lo., 16.10 |3.34 L0300 159.2 |72 |2.21 [1.70 8050.
1186 | 165.4 | 62.6 | 2.6k | 1.91 6250. 282, Lo, |7.05 |3.68 51400 £232.8 | 78 |2.99 |2.07| 14300,
ol = /Py x 10° P, x 1012 £ st
ev. V/Ei T a = area of stream
p = wetted perimeter
1178 2%.7 | 42300. 179 x 107 ] _
1179 | 1310. 76k 581,000, r = hydraulic radius
. Il , -
N | s | T 22500 L - L 22/9 5 caen elevation
1182 | 14200. 70.5 L,970. /?E
1183 [ 22196. 45,15 2,04k0,
1184 | 34675, 28.85 832,
1185 | 51k10. 19,48 379,
1186 | 71950. 13.9 19%.

LG4 G
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Sketch Plan ond Typical Cross Section

Q for
Example & - Subsection 4.7.5.
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SCALE OF WATER SURFACE £LEMATION
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