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PREFACE \@b
OQQ 2
S

This publication, the third in a series on the hydrm;gc gn of %

highway drainage structures published by the Fede nghw
Administration, makes generally available a gro hydr

charts which facilitate the computation of unifor ﬂow in op -
nels. Some of the charts are als eful in the of st s ralns

The text is not intended t% treatl the des1 open
channels, although a brief disgu

on of 01p1es ow in open
channels is included. It x ended e , s a G@g tool that
should be of cons1de1@ rvice desi eady. familiar
with the subject.

This publicati ntains charts which dlrect solution of
the Manning e@ﬁn for uniferm flow,i en prismatic channels
of various cross ‘sections; ruction sing the charts; a table
of recommended V&lﬂ% for usei e Manning equation; tables
of permissible veloci@ earth an%etated channels; instructions
for constructing ng similarqto tho$§6 presented; and a nomograph
for use in the selutidn of th ﬂ%\ﬁ!ng equation. Charts are included
for rectang trap d triangular channels, grass-lined
channels, r p1pe Xnelb (part-full flow), pipe-arch channels,

and ov ete pip nnels
‘\*ldl in this publication was developed by the

Reg Office of Federal nghway Administration (then Region
Bureau Qu‘bhc Roads), in cooperation with the Division of
ydrauh arch (now Environmental Control Group), Office of

Q ese e publication was assembled by the Hydraulics Branch,
Bri ision, Office of Engineering, and the -Division of Hydraulic
, Office of Research. The only changes in this reprint of

1

961 publication consist of a redesigned cover and revised

N
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Chapter 1.-INTRODUCTION

1.1 Content of publication. This publication contains
charts which provide direct solution of the Manning equa-
tion for uniform flow in open prismatic channels of various
cross sections; instructions for using the charts; a table of
recommended values of n» in the Manning equation, and
tables of permissible velocities in earth and vegetated
channels; instructions for construeting charts similar to
those presented; and a nomograph for use in the solution
of the Manning equation. A quick index to the chart
numbers is given on the outside back cover.

The publication is not intended to be a textbook,,and
it is assumed that users will be familiar with hydraulic
theory and design. However, a brief discugsion, of the
principles of open-channel flow is presented in‘¢hapter 2.
No attempt has been made to cover the subject of flow
in natural channels except as thesefmay approximate the
uniform prismatic channels covered infthé charts.

The charts fall into two major groups: The firstgroup,
Nos. 1-51, consists of separate charts fot ,various size
channels of a given shape, with all functiong omeaeh chart;
the second group, Nos. 52-82, has charts{covering a wide
range of sizes but with only one or twé funetions on each
chart, _

The open-channel flow charts_ in the first group give ja
direct and rapid determination/of normal\ depth” and
normal velocity of flow in a ¢haunnél of given=eross section,
roughness, and slope, carryingasknown discharge. Values
can be read to two significant figures, which is sufficiently
accurate for ordinary design purposes. ‘While the open-
channel flow charts‘were drawn fer a specific value of n,
they can also besused’for any other'walue of n by follow-
ing the instructions given.( Fer%circular sections, two
other n valueshare provided, by.additional scales.

The gecond group of.charts, Nos. 52-82, requires only
five charts to covemghe hydraulic functions of a wide range
of gizes of\channels\ofia given shape and roughness. They
havé some smallidisadvantage in that normal depth must
bevdetermined”by, three steps, involving two charts and a
simple caleulation) Determination of friction slope in
part-full, flowal§o requires three similar steps. On the
other hand, critical depth, critical slope, and specific head
at critical'depth may be read directly from these charts,
and probably more accurately, than from the open-channel
flow charts. The latter actually give only critical depth,
critical slope, and critical velocity but require computation
of velocity head to obtain specific head at critical depth.

The designer is cautioned Mmot,t6 use the)open-channe
flow charts presented in this,publication a8 & means of es
timating the size of culvert(required fopa given discharge
because the hydrauligs of culverts is ‘nét)simply uniform
flow at normal depthy, \The head required to get flow into
a culvert may be several times the head required to main-
tain uniform #flow. Other publications proposed for the
Bureau of Publie’ Roads hydraulic design series will deal
with the-hydraulic design of jeulverts.

152, Arrangement of publication. A list of symbols,
with, their definitionsy=as used in this publication, follows
thisysection. AS\already mentioned, a brief discussion of
the basic principles of flow in open channels is presented
in chaptef 2

Chapter((3 contains charts 1-29, and instructions for
their use, eovering rectangular, trapezoidal, and triangular
crogs-section channels.

Chapter 4 includes charts 30-34, for flow in grass-lined
channels where channel resistance (called retardance)
varies as. the product of the velocity and the hydraulic
radius.

Chapter 5 contains charts 35-60, for circular pipe chan-
nels; chapter 6 contains charts 61-73, for pipe-arch chan-
nels; and chapter 7 contains charts 74-82, for oval concrete
pipe channels.

For convenience of the designer who may have frequent
recourse to this publication in his work, all of the tables
are grouped together in Appendix A. These include table
1, recommended values of n in the Manning equation;
tables 2 and 3, permissible velocities in earth and vege-
tated channels; table 4, factors for adjustment of @ for
increased resistance caused by friction against the top of
a closed rectangular conduit; and table 5, a guide to the
selection of retardance curves for use in connection with
grassed channels. }

Designers may wish to prepare open-channel flow charts
for cross sections other than those represented on the
charts contained in this publication. This may well be
worthwhile for sections used sufficiently to justify the
effort. The computation and construction of the charts
is relatively simple and reasonably rapid. Instructions
for preparing open-channel flow charts, including those for
grass-lined channels, will be found in appendix B.

Chart 83, in appendix C, provides a ready means for
the graphic solution of the Manning equation.



1.3 Definition of symbols. The symbols used in the
ensuing text, figures, and charts are defined below. Units
of measurement. used with the symbols are given in
parentheses following the definition.
A= Area of cross section of flow (sq. ft.).
a=Kinetic energy (velocity head) -coefficient;
assumed as 1.0 on the charts.
B=Width of rectangular channel or conduit (ft.).
b=Bottom width of trapezoidal channel (ft.).
C.M.= Abbreviation for corrugated metal.
D=THeight of a conduit (ft.).
d=Depth of flow at any section (ft.).
d.=Critical depth of flow in a channel (ft.).
dm=Mean depth=A/T (ft.).
d,=Normal depth of low in a uniform channel for
steady flow (ft.).
g=Acceleration of gravity=32.2 (ft./sec.?).
H.=Specific head at minimum energy=d.+ V 2/2¢
(ft.).
n==Manning’s roughness coefficient.
Q=TRate of discharge (c.f.s.).
R=Hydraulic radius=A/WP (ft.).
S=Slope of total head line (energy gradient)
(ft./ft.).
8.=That particular slope of a given uniform con-
duit operating as an open channel at which
normal depth equals critical depth for a

*

8;=TFriction slope in a conduit. This represents
the rate of loss of head in a conduit due to
friction. In a uniform channel with steady
flow, it is equal to the slope of the total
head line (ft./ft.).

So==Slope of the flow line of a conduit (bed slope).
With a steady uniform flow, the water sur-
face, the total head line, and the flow line
are all parallel and S,=S8, (ft./ft.).

T=Top width of the water surface in a cham@
(ft.).

V=Mean velocity of low (f.p.s.).
V.=Mean velocity of flow in a channel Qow

is at critical depth (f.p.s.). é)
V.=Mean velocity of flow in- a chal en flgw

is at normal depth. Nor and

mal velocity apply o niform
with a free water surfa%’l‘hese conditio
will be approache ith steady rge
in a uniform c of length t to
establish unifo w ({.p.s.

WP=Wetted peri ter the len e of con-

tact b the flowin water and the

\ con easured 0!‘!035 section (ft.).

Z =Ele f bed of nnel above an arbitrary

A Kh ; also, ciprocal of cross slope of
given Q (ft./ft.). \Q\ e@a

r channel (ft.).



Chapter 2.—PRINCIPLES OF FLOW IN OPEN CHANNELS

2.1 Design of highway drainage channels. The design
of a highway drainage channel to carry a given discharge
is accomplished in two parts. The first part of the design
involves the computation of a channel section which will
carry the design discharge on the available slope. This
chapter briefly discusses the principles of flow in open
channels and the use of the Manning equation for comput-
ing the channel capacity.

The second part of the design is the determination of the
degree of protection required to prevent erosion in the
drainage channel. This can be done by computing’the
velocity in the channel at the design discharge, using the
Manning equation, and comparing the calculated velocity
with that permissible for the type of channel/lining used.
(Permissible velocities are shown in tables, 2,and 3, on
page 101.) A change in the type of channél lining will
require a change in channel size unless“both linings have
the same roughness coefficient.

2.2 Types of flow. Flow in open channgls is¢lassified
as steady or unsteady. The flow is said to besteady when
the rate of discharge is not varying with #ime. In this
chapter, the flow will be assumed to b€ steady at the, dis-
charge rate for which the channel is to be'designed. Steady
flow is further classified as uniform*when the chanfiél cross
section, roughness, and slope ére ¢onstant4 andias’ non-
uniform or varied when theséhannél properties, vary from
section to section.

Depth of flow and thelmean w€locity, #ill be’constant for
steady flow in a unif¢Tt channel.

2.3 Uniform _flowd With a.given depth of flow d in a
uniform chanpel,{the mean gelocity V may be computed
by the Maghing-€quatioi ;

=.1_'-‘_1?Rm,gl/z _________________________ )]
n
infwhich?
£ =Hydraulic radius=A4 /W P=area of cross section of
figw divided by wetted perimeter.
S=8lopevof total head line.
nz2 Manning roughness coefficient.

The discharge @ is then:

The Manning equation will give a reliable estimate of
velocity only if the discharge, channel cross section,
roughness, and slope are constant over a sufficient distance
to establish uniform flow conditions. Strictly speaking,

uniform flow conditions seldomf if_‘ever, occun(in ngture
because channel sections chapge‘from point topoeint. For
practical purposes in highway engineering, however, the
Manning equation can (bgYapplied to most streamflow
problems by makinggudicidus assumptions.

When the requirements for uniform,flow are met, the
depth d and the velogity V, are&aid %o be normal and the
slopes of thégwatersurface and\the channel are parallel.
For practical purposes, in highway\drainage design, minor
undulationg i streambgd™ervminor deviations from the
mean (ayérage) cross section can be ignored as long as the
mean (average) slopeyof the channel can be represented as
a ‘straight line.

The Manning eguation can readily be solved either
graphically (usingChart 83, appendix C) or mathematically
for the ayerage velocity V in a given channel if the normal
depthnd,, i§ Known, because the various factors in the equa-
tion @re'known or can be determined (the hydraulic radius
can\be=computed from the normal depth in the given
channel). Discharge @ is then the product of the velocity
Veand the area of flow A. More commonly, however, the
depth is the unknown quantity, and without channel charts
the solution requires repeated trials, using special tables
such as those in the Corps of Engineers Hydraulic Tables
and the Bureau of Reclamation Hydraulic and Excavation
Tables.

The charts in this bulletin provide a direct solution of
the Manning equation for many channels of rectangular,
trapezoidal, and circular (pipe) cross section. A pipe
flowing less than full operates as an open channel.

2.4 Energy of flow. Flowing water contains energy in
two forms, potential and kinetic. The potential energy
at a particular point is represented by the depth of the
water plus the elevation of the channel bottom above a
convenient datum plane. The kinetic energy, in feet, is
represented by the velocity head, V?/2g. In channel-flow
problems it is often desirable to consider the energy con-
tent with respect to the channel bottom. This is called
the specific energy or specific head and is equal to the depth
of water plus the velocity head, d+ V?%/2g. At other times
it is desirable to use the total energy content (total head),
which is the specific head plus the elevation of the channel

1 Hydraulic Tables, prepared under the direction of the Corps of Engineers,
War Department, by the Mathematical Tables Project, Federal Works
Agency, Work Projects Administration for the City of New York, 1944,
Published by the U.S. Government Printing Office. ,

Hydraulic and Ezcavation Tables, Bureau of Reclamation, Department of
the Interior, 11th edition, 1957. Published by the U.S, Government Printing
Office.
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Figure 1.—Definition sketch of, specific head.

bottom above a selected datum. For example, total head
may be used in applying the energy equation, which states
that the total head (enmergy) at one point in a channel
carrying a flow of water is equal to the total head (energy)
at any point downstream plus the energy (head) losses
occurring between the two points. The energy(Bernoulli)
equation is usually written:

2
-d1+%;—+z1=dz+‘2’—j+za+hm. ............ @

In the equation, cross section 2 (subscript 2) is downstrédm
from cross section 1 (subscript 1), Z is the elevation of
channel bottom, and hjos» represents loss of héad between
cross sections 1 and 2. A convenient way of showing
specific head is to plot the water surface ‘and/the specific
head lines above a profile of the channél bottom (see fig. 1,
sketches A and C).

Note in figure 1 that the line“obtained by%plotting
velocity head above the water gurface is the same line as
that obtained by plotting specifichead abowve the channel
bottom. This line represents the total energy, potential
and kinetic, of the flow\in the channél and’is called the
‘‘total head line’’ or«‘total energylinel’.

The slope (gradient) of the energyline is a measure of
the friction slope or rate of efiergy’head loss due to friction.
The total hedd\loss\in length, Ihis"equal to X L. Under
uniform flow,(the energy lifie is parallel to the water surface
and toxthestreambed. (For low to occur in a channel, the
the total head or energy‘line/must slope negatively (down-
ward) in the direction of flow.

2.5 Critical flow. The relative values of the potential
energy (depth) and kinetic energy (velocity head) are
important in the analysis of open-channel flow. Consider,
for example, the relation of the specific head, d4 V?/2g,
and the depth d of a given discharge in a given channel that
can be placed on various slopes. Plotting values of
specific head as ordinates and of the corresponding depth

4

a8 abscissa, will result in a spegificzhead curve such as tha
shown in figure,1B. The gtraight, diagonal line is drawn
through peintis where depth.and specific head are equal.
The line thUs represehts the potential energy, and the
ordinatewinterval bétween this line and the specific head
curve is the veloeitytiead for the particular depth. A
change in the'diseharge @ or in the channel size or shape will
change the pesition of the curve, but its general shape and
location abeve’and to the left of the diagonal line will
remain(thejsame. Note that the ordinate at any point on
the specifi€ head curve represents the total specific energy,
d4:V?/2g, at that point. The lowest point on the curve
represents flow with the minimum energy content. The
depth at this point is known as critical depth d,, and the
torresponding velocity is the critical velocity V,. With
uniform flow, the channel slope at which critical depth
occurs is known as the critical slope S..

Points on the left of the low point of the specific head
curve (fig. 1B) are for channel slopes steeper than critical
(supercritical or steep slopes), and indicate relatively
shallow depths and high velocities (fig. 1A). Such flow is
called supereritical low. It is difficult to handle because
violent wave action occurs when either the direction of
flow or the cross section is changed. Flow of this type is
common in steep lumes and mountain streams, In super-
critical flow, the depth of flow at any point is influenced by
a control upstream, usually critical depth.

Points on the right of the low point of the specific head
curve (fig. 1B) are for slopes flatter than critical (sub-
critical or mild slopes) and indicate relatively large depths
with low velocities (fig. 1C). Such flow is called subecritical
flow. It is relatively easy to handle through transitions
because the wave actions are tranquil. Flow of this type is
most common in streams in the plains and broad valley
regions. In suberitical flow, the depth at any point is
influenced by a downstream control, which may be either
critical depth or the water surface elevation in a pond or
larger downstream channel. Figures 1A and 1C indicate



the relationship of supercritical and suberitical flows,
respectively, to the specific head curve.

Critical depth d, is the depth of flow at minimum specific
energy content (fig. 1B), and it can readily be determined
for the commonly used channel sections. The magnitude
of critical depth depends only on the discharge and the
shape of the channel, and is independent of the slope or
channel roughness. Thus, in any given size and shape of
channel, there is only one critical depth for a particular
discharge. Critical depth is an important value in
hydraulic analyses because it is a control in reaches of
nonuniform flow whenever the flow changes from sub-
critical to supercritical. Typical occurrences of critical
depth are: (1) Entrance to a restrictive channel, such as a
culvert or flume, on a steep slope; (2) at the crest of an
overflow dam or weir; and (3) at the outlet of a culvert or
flume discharging with a free fall or into a relatively wide
channel or a pond in which the depth is not enough to sub-
merge critical depth in the culvert or flume.

Critical slope is that channel slope, for a particular
channel and discharge, at which the normal depth for
uniform flow will be the same as the critical depth.
Critical slope varies with both the roughness and geometric
shape of the channel and with the discharge.

The open-channel flow charts for rectangular, trape-
zoidal, and circular channels presented in this bulletin¢hage
a heavy broken line from which critical depth andeeritical
velocity may be read directly for different, values of @,
regardless of channel roughness. Critical slope, however,
varies with roughness and must be determiged a®*provided
in the instructions.

For large circular cross-section pipésypand for pipe<arch
and oval pipe sections, a direct readifig can be made on
the part-full flow charts for critical depth, specific head,
and critical slope (for certain values of n). Determination
of critical velocity, however, requires thesmore involved
procedure described in the instructions, for fhe part-full
flow charts.

2.6 Nonuniform flow. Trulyamiform flow rarely exists
in either natural or man-made, cliannels, becausezchanges
in channel section, slope, or roughness causethédepths and
average velocities of flow,fo'vary from point ‘o point along
the channel, and the water surface will\not)be parallel to
the streambed. TFlow that varies in depth and velocity
along the channel is\¢alled nonumiform. Although mod-
erate nonuniformflow actually exigts itv a generally uniform
channel, it issusually treated &s uniform flow in such cases.
Uniform flow ‘eharactefigties “ean readily be computed

" and the,computed valwes axre usually close enough to the
actualfor all practieal"purposes. The types of nonuniform
flo# /are innumerable,but certain characteristic types are
described in the Yollowing paragraphs. Briefly discussed
are’the charagteristics of nonuniform flow, both subecritical
and super€ritical, together with common types of non-
uniform(flof_encountered in highway drainage design.

With subecritical flow, a change in channel shape, slope,
or roughness affects the flow for a considerable distance
upstream, and thus the flow is said to be under downstream
control. If an obstruction, such as a culvert, causes pond-
ing, the water surface above the obstruction will be a
smooth curve asymptotic to the normal water surface
upstream and to the pool level downstream (see fig. 2).

Another example of downstream control occurs where an
abrupt channel enlargement, as at the end of a culvert
not flowing full, or a break in grade from a mild to a steep
slope, causes a drawdown in the flow profile to critical
depth. The water surface profile upstream from a change
in section or a break in channel slope will be asymptotic to
the normal water surface upstream, but will drop away
from the normal water surface on approaching the channel
change or break in slope. In these two examples{ the flow
is nonuniform because of the changing water depth.caused
by changes in the channel slope or channelseetion. Direct
solution of open-channel flow by the Manning equation or
by the charts in this bulletin is not possiblejin the vicinity
of the changes in the channel section/orchannel slopé.

With supercritical flow, a changetin‘channel shape, slope,
or roughness cannot be reflected upstream except\for very
short distances. However, thefchange may affect the
depth of flow at downstream\points; thus the flow is said
to be under upstream contfol. An exafple=is the flow in
a steep chute where the water surfage profile draws down
frows critical depth atjthe chute entrance and approaches
the lesser normal depth in the chute)(see fig. 3).

Most problems in highway’drainage do not require the
accurate cgmputation of jwater surface profiles; however,
the desigtier should know'that the depth in a given channel
may Je'influenced by.conditions either upstream or down-
streamy, depending on” whether the slope is steep (super-
critical) or mild((subcritical). Three typical examples of
nontiniform flow, are’shown in figures 2-4 and are discussed
in the following paragraphs. The discussion also explains
the use of theitotal head line in analyzing nonuniform flow.

Figurez2%shows a channel on a mild slope, discharging
intoza'pool. The vertical scale is exaggerated to illustrate
theNcase more clearly. Cross section 1 is located at the
end/of uniform channel flow in the channel and cross
section 2 is located at the beginning of the pool. The
depth of flow d between sections 1 and 2 is changing and
the flow is nonuniform. The water surface profile between
the sections is known as a backwater curve and is charac-
teristically very long. The computation of backwater
curves is explained in textbooks and handbooks on
hydraulics.

Figure 3 shows a channel in which the slope changes
from suberitical to superecritical. The flow profile passes
through critical depth near the break in slope (section 1).
This is true whether the upstream slope is mild, as in the
sketch, or whether the water above section 1 is ponded, as
would be the case if section 1 were the crest of a spillway
of a dam. If, at section 2, the total head were computed,
assuming normal depth on the steep slope, it would plot
(point a on sketch) above the elevation of total head at

Water Surface

Pool Level

2

Figure 2.—Water-surface profile in flow from a
channel to a pool.



Total head computed
for normal depth on
steep slope

Actual total
head line

Figure 3.— Water-surface profile in changing from
subcritical to supercritical channel slope.

section 1. This is physically impossible, because the total
head line must slope downward in the direction of flow.
The actual total head line will take the position shown,
and have a slope approximately equal to S. at section 1
and approaching slope S, farther downstream. The drop
in the total head line h, between sections 1 and 2 represents
the loss in energy due to friction. At section 2 the actual
depth d, is greater than d, because sufficient acceleration
has not occurred and the assumption of normal depth at
this point would clearly be in error. As section 2 is
moved downstream, so that total head for normal depth

drops below the pool elevation above section 1, the a.ctua.l

depth quickly approaches the normal depth for the s%

section 2) is characteristically much shorter t
backwater curve discussed in the previous pa

Another common type of nonuniform flow raw-
down curve to critical depth which occurs upstream from

channel. This type of water surface curve (sectimt'Be
t

a

from critical depth to normal depth provided the

R

section 1 (fig. 3) where the water surface passes thr 0
critical depth. The depth gradually increases upst
Figur

remains uniform through a sufficient length.

of the drawdown curve is much longer than the curve
from critical depth to normal depth in the steep channel.
Figure 4 shows a special case for a steep channel dis-
charging into a pool. A hydraulic jump makes a dynamic
transition from the supercritical flow in the steep channel
to the subcritical flow in the pool. This situation differs
from that shown in figure 2 because the flow approaching
the pool in figure 4 is supercritical and the total head in
the approach channel is large relative to the pool depth.
In general, supercritical flow can be changed to subcriti
flow only by passing through a hydraulic Jump
violent turbulence in the jump dissipates energy -.
causing a sharp drop in the total head line bet$ % the
supercritical and ‘subecritical states of flow.
occur whenever the ratio of the depth d1
channel to the depth d; in the downstrea,
a specific value

5O

el re
. Note in figure 4 thaglgmal dep '
the approach channel persists well he point (wh
the projected pool level would inters the wat
of the channel at normal de t{ Normal n be
assumed to exist on the stee@p upstre section
1, which is located ab toe of t p. More

deta.lled information ydra.uhc mp y be found
in t tbooks on hyd.@

@ Total h@r narmal depth

Water-surface profile illustrating hydrau-
lic jump.



Chapter 3.—RECTANGULAR, TRAPEZOIDAL, AND TRIANGULAR CHANNELS

3.1 Description of Charts. Charts 1-29 are designed
for use in the direct solution of the Manning equation for
various-sized open channels of rectangular, trapezoidal,
and triangular cross section. KEach chart (except the
triangular cross-section channel chart, No. 29) is prepared
for a channel of given bottom width, and having a par-
ticular value of Manning’s n, but auxiliary scales make
the charts applicable to other values of n.

The rectangular cross-section channel charts, Nos. 1-14,
are prepared for an n of 0.015 (average value for concrete).
A separate chart is provided for each foot of width from 2
feet to 10 feet and for each even foot of width from 10 feet
to 20 feet.

The trapezoidal cross-section channel charts, Nos,
15-28, are prepared for an » of 0.03 and side slopes of 21
(horizontal to vertical). A separate chart is provided (for
each foot of bottom width from 2 feet to 10 feet and for
each even foot of width from 10 feet to 20 feety~Charts for
other side slopes may be constructed aceording to the
method explaine in appendix B. Chazts fof grass-lined
channels, where n varies with both depth™and typel of
grass, are given in chapter 4.

The charts for rectangular and trapezoidal cross-seciion
channels are similar in design and methods%f use) The
abscissa scale is discharge, in cubic feet peri$econd (c.f.s.)
and the ordinate scale is velocity, in feet pefsecond (f.p.s.).
Both scales are logarithmic. Superimposed/on the loga-
rithmic grid are steeply inclined lines representing, depth
(in feet), and slightly inclined lings representingsehannel
slope (in feet per foot). A heavy dashed linecomeach chart
shows the position of critical flows Auxiliary abseissa and
ordinate scales are providediforjuse with values of » other
than those values used it preparing the/Chart:

In these charts, and"subsequent ones‘similarly designed,
interpolations may,be made with confidenece, not only on
the ordinate and abseissa scalesfDut between the inclined
lines representingydepth and slepe.

The triangulas cross-séction ghannel chart, No. 29, is
prepared in, nomographiform. It may be used for street
sections, with a vertiCal (@r nearly vertical) curb face.
(The“eurbed streetysection is a triangular section with
one/deg vertical.) Theéequation given on the chart ignores
thewresistancegofy the curb face, but this resistance is
negligible from azpractical viewpoint, provided the width
of flow ig at l€ast 10 times the depth of the curb face;
that is,(if€Z2>10. The equation gives a discharge about
19 percent greater than will be obtained by the common
procedure of computing discharge from the hydraulic
radius of the entire section. The latter procedure is not
recommended for shallow flow with continuously varying
depth. The nomograph may also be used for shallow
V-shaped sections by following the instructions on the
chart.

3.2 General instructions for use ‘of “charts 1-28.
Charts 1-28 provide a solution of the/Manming equation
for flow in open channels of uniform slope, cross section,
and roughness, provided the flow i§ siot affected by baick-
water and the channel has a ledgth ‘stfficient t6 est&blish
uniform flow. The charts providesaccuracy, Suffieient for
the design of highway drainage eghannels of, fairly uniform
cross section and slope. ( Rounding of the ifitersection of
the side slopes with phe bettom of the'ehannel does not
appreciably affect theschannel capagity.

The charts may alsg be used t¢"0htain rough approxima-
tions for depths ad velocities\in natural channels of
nearly the nominal cross section.™ For such channels, a
straight line drawn throughnirregularities in the bed profile
may bé used to define the slope. The rectangular cross-
section ‘eharts can beyused for closed rectangular conduits
flowing, full, by.fellowing the procedure described in
séction 3.2-3. '

The use of charts 1-28 is described, with examples, in
the followingh\subsections. Instructions and example for
chart'29"ate)given on the chart itself.

39221 Use of charts 1-28 with basic chart-design value
of m.” For a given slope and cross section of channel,
whén n is 0.015 for rectangular channels or 0.03 for trape-
zoidal channels, the depth and velocity of uniform flow
may be read directly from the chart for that size channel.
The initial step is to locate the intersection of a vertical
line through the discharge (abscissa) and the appropriate
slope line. At this intersection, the depth of flow is read
from the depth lines; and the mean velocity is read on the
ordinate scale opposite the point of intersection (see
examples 1 and 2). The procedure is reversed to determine
the discharge at a given depth of flow (see example 3).
Critical depth, slope, and velocity for a given discharge
can be read on the appropriate line or scale (velocity) at
the intersection of the critical curve and a vertical line
through the discharge.

Example 1

Given: A rectangular concrete channel 5 ft. wide, with
n=0.015, on a l-percent slope (8§=0.01), discharging 200
c.f.s.  Find: Depth, velocity, and type of flow.

1. Select the rectangular chart for a 5-ft. width, chart 4.

2. From 200 c.f.s. on the @ scale, move vertically to
intersect the slope line 8§=0.01, and from the depth lines -
read d,=3.2 ft.

3. Move horizontally from the same intersection and
read the normal velocity, V=12.5 f.p.s., on the ordinate
scale.

4. The intersection lies above the critical curve, and the
flow is therefore in the supercritical range,




Example 2

Given: A trapezoidal channel with 2:1 side slopes and a
4-ft. bottom width, with n=0.030, on a 2-percent slope
(8=0.02), discharging 150 c.f.s. Find: Depth, velocity,
and type of flow. )

1. Select the trapezoidal chart for b=4 ft., chart 17.

2. From 150 c.f.s. on the @ scale, move vertically to
intersect the slope line §=0.02, and from the depth lines
read d,=2.1 ft. .

3. Move horizontally from the same intersection and
read the normal velocity, V=84 f.p.s., on the ordinate
scale.

4, The intersection lies above the critical curve, and
the flow is therefore in the supercritical range.

Example 3

Given: A trapezoidal channel with 2:1 side slopes, a 6-ft.
bottom width, and a depth of 4.0 ft., with n=0.030, on a
0.5-percent slope (S=0.005). find: Discharge, velocity,
and type of flow.

1. Select the trapezoidal chart for b=6 ft., chart 19.

2. Locate the intersection of the 4-ft. depth line and
the slope line 8=0.005 and, moving vertically to the

abscissa scale, read the corresponding discharge, Q=350

c.f.s.
3. Move horizontally from the intersection and read
the normal velocity, V==6.1 f.p.s., on the ordinate scdle(
4. The intersection lies })elow the critical curve, and
the flow is therefore in thé subcritical range.

8.2-2 Use of charts 1-28 with other than basic“chart-
design value of n. Auxiliary scales, labeled @n (abscissa)
and Vn (ordinate), are provided on charts 1-28 so thiat,
the charts may be used for values of n other than those for
which the charts were basically prepared. To usé the
auxiliary scales, multiply the discharge by the wvaluesof
n and use the Qn and Vn scales instead of the @ ‘and V
scales, except for computation of critical depth, or critical
velocity (see step 5 of example 4). Tofobtalh normal
velocity V from a value on the V= secale;,divide the value
by n (see example 4).

Examplé 4

Given: A rectangular cement, riibble masonry, channel
5 ft. wide, with n=0.025, o™ha 1.5-percent slope ¢S=0.015),
discharging 200 c.f.s. Find:) Depthy velocity, and type of
flow.

1. Select the ree¢tangular chart for a5-ft. width, chart 4.

2. Multiply @.b¥ n to obtdin '‘Q7:)200< 0.025=5.00.

3. From 5/00\on the @n scalejmove vertically to inter-
sect the slope(line, S=0.01%; and at the intersection read
dn=4.1 ft.

4, Moye“horizontally™rom the intersection and read
Vn=0.24" on the¢Va “scale. The normal velocity
V=Vn/n=0.24+0025=9.6 f.p.s. '

5. Critical depth and critical velocity are independent of
the value of n and their values can be read at the inter-
section of the critical curve with a vertical line through
the discharge. For 200 c.f.s., on chart 4, d,=3.7 ft. and
V.=10.8 f.p.s. The normal velocity, 9.6 f.p.s. (from step
4), is less than the critical velocity, and the flow is therefore
subcritical. It will also be noted that the normal depth,

8

4.1 ft., is greater than the critical depth, 3.7 ft., which is
also an indication of subcritical flow.

6. To determine the critical slope for Q=200 c.f.s. and
n=0.025, start at the intersection of the critical curve and
a vertical line through the discharge, @=200 c..s.,
finding d, (3.7 ft.) at this point. Follow along this d, line
to its intersection with a vertical line through @n=>5.00
(step 2), and at this intersection read the slope value S,=
0.019.

3.2-3 Closed rectangular conduits flowing full. Charts
1-14 may be used to compute the friction slope™ Sy of
rectangular conduits flowing full, provided the dis¢charge is
adjusted to allow for the increased resistance(céused by
friction against the top of the box (conduit).f This adjust-
ment is made by multiplying @ (or @n) By a*factor equal
to the two-thirds power of the ratio of, (1)/the hydraulic
radius of an open channel of depth equalito D, the height
of the box, to (2) the hydraulic ra&dius"6f the box, ﬂowmg
full. This may be reduced tothe‘\expression:

2B+2D)2/3
B+42D

where ‘B=span or width of box and (D =height of box.

To facilitate making the adjustment’of @, the factors
shown' in table, 4 (see”p. 101) hdve been computed for use
(intermediate ‘values may besinterpolated).

Havingqdetermined the factor for @, enter the channel
chart hdVingsthe proper bottom width with the adjusted
Q,,equal\to’the desigi)Q (or @n) multiplied by the proper
factor, and read the fricfion slope S; at the point where the
vertical lie throughithe adjusted @ (or @n) intersects the
depth line which, eéquals the height of the box (see example
5).

The slope of the pressure line (which equals S;) for a
conduit flowing full is independent of the slope of the con-
duit. The*mean velocity in the conduit may be computed
from the formula V=@/A or it may be read directly from
the chart opposite the point where a vertical line through
the design @ intersects the depth line which equals the
height of the conduit.

) Example 5

factor for'@= (

Given: A rectangular concrete box conduit 6 ft. wide by
4 ft. high, with n=0.015, on a slope §=0.0010, discharging
150 c.f.s. Find: Whether the box flows full or part full
and, if full, the slope of the energy line (friction slope Sy).

1. Select the rectangular cross-section chart for 6-ft.
width, chart 5.

2. At the intersection of @=150 c.f.s. and $=0.0010,
read d,=5.2 ft. This depth, required for normal flow,
exceeds the available depth of 4.0 ft.; thus the conduit
must flow.full at a discharge-of 150 c.f.s.

3. The D/B ratio=4/6=0.667. From table 4, the
corresponding factor is 1.27.

4. The adjusted @=1.27X150=190 c.f.s.

5. On chart 5 (B=6 ft.), at the intersection of a vertical
line through Q,4;,=190 c.f.s. and the depth'line for D=4.0
ft., read the friction slope S;=0.0031. The slope of the
energy line is steeper than the bed slope, 0.0010.

6. The mean velocity, 6.2 c.f.s., can be read on chart 5,
moving across from the intersection of @=150 c.f.s. and
D=4.0ft.; or it may be calculated as V=150 (6X4)=6.2
c.f.s.
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Chapter 4—GRASSED CHANNELS

4.1 Description of charts. Charts 30-34 are designed
for use in the direct solution of the Manning equation for
various channel sections lined with grass. Charts 30-33
are for trapezoidal cross-section channels, in each case
with a 4-foot bottom width, but with side slopes, respec-
tively, of 2:1, 4:1, 6:1, and 8:1. Chart 34 is for a triangular
cross-section channel with a side slope of 10:1.

The charts are similar in appearance and use to those
or trapezoidal cross sections (charts 15-28, described in
shapter 3). However, their. construction (see appendix
B) is much more difficult because the roughness coefficient
n varies with the type and height of grass and with the
velocity and depth of flow. The effect of velocity and
depth of flow on n may be evaluated by the produetfof
velocity and hydraulic radius, VR. The variatien ‘of
Manning’s n with the retardance and the produgt WR'is

0.5

shown in figure 5, in which four retardance curves<are
shown. The retardance varies -with fthe “height ofygthe
grass and the condition of the standmassindicated ip"table
5 (see p. 101). Both of these factors depend uponsthe type
of grass, planting conditions, ghd maintenange praetices.

Each of charts 30-34 hasstwongraphs, the‘uppef graph
being for retardance D and ‘the lower graph for retardance
C. (Retardances A and B, also shown in“figure 5, apply
toegrasses not used gificonnection with highways.) For
grasses commonly, Used”in roadway)drainage channels,
suchyas Bermudagrass, Kentucky bluégrass, orchardgrass,
redtop, Italiah\ryeégrass, and’buffalograss, the retardance
may be selected from table™s. ’

The charts, are plotted with discharge, in cubic feet per
second, 'ag*he abscissa, and slope, in feet per foot, as the
ordinates Both scéles are logarithmic. Superimposed on

4

e

FROM HANDBOOK OF CHANNEL DESIGN
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Figure 5.—Degrees of vegetal retardance for which the Marining n has been determined.



the logarithmic grid are lines for velocity, in feet per sec-
ond, and lines for depth, in feet. A dashed line shows the
position of critical flow. '

4.2 General instructions for use of charts 30-34.
Charts 30-34 provide a solution of the Manning equation
for flow in open grassed channels of uniform slope and
cross section, provided the flow is not affected by backwater
and the channel has a length sufficient to establish uniform
flow. The charts provide accuracy sufficient for design of
highway drainage channels of fairly uniform cross section
and slope. Rounding of the intersection of the side slopes
with the bottom of the channel does not appreeciably affect
the channel capacity.

The design of grassed channels requires two operations:
First, finding a section which has the capacity to carry the
design discharge on the available slope; and second, check-
ing the veloeity developed in the channel to ensure that
the grass lining will not be eroded. The need to consider
retardance has already been noted (section 4.1). Because
the retardance of the channel is largely beyond the control
of the designer, he should compute the channel eapacity
using retardance C; but should compute the velocity for
checking with the permissible velocity (see table 3, p. 101)
using retardance D. The use of the charts is explainedtin
the following steps:

Seleet, the channel cross section to be used and find the
appropriate chart.

Enter the lower graph (for rétardance C) on the chart
with the design discharge value, on the abscissa, and move
vertically to the value of the slope, on the ordinate scale!
At this intersection, read the normal velocity and ndormal
depth, and note the position of the\critical curve. #If the
intersection point is below the critigal curve, the flow is
suberitical ; if it is above, the flow is Supercriticals

To cheek the velocity developed against that\permissible
(table 3), enter the upper graph on the same, chart, and
repeat the steps described in the preceding paragraph.
Then compare the computed velocity with that permissible
for the type of grass, the chansdel slope, and_thewsoil
resistance of the channel.

Example 6

Given: A trapezoidal ehannel}”in easily eroded soil, lined
with good Bermudagrass sod, with 4:1%ide slopes, and a
4-ft. bottom widthy, ‘en’a 2-percent slope” (§=0.02), dis-
charging 20 c.h.s. Find: Depth, velocity, type of flow,
and adequacy, of jgrass to prévent»erosion.

1. Select chart for 431 side,slopes, chart 31.

2. Enterthe lower graph,or retardance C, with @=20
c.f.s,, and move vertically, to the line for S=0.02 (ordinate
scale). At this interse¢tion read d,=1 ft., and normal
velocity V' =2.6{.ps,

3. The velocity*for checking the adequacy of the grass
cover should\be ‘obtained from the upper graph, for re-
tardance(I). § Using the same procedure as in step 2, the
developed Velocity is found to be 3.1 f.p.s. This is about
half of that Tisted as permissible, 6 f.p.s., in table 3. It
is interesting to note that the 1-ft. depth channel indi-

cated in step 2 will earry 30 c.f.s. if the grass is well mowed
when the design flood occurs (as read on the upper graph

of chart 31).
Example 7

@iven: The channel and discharge of example 6. Find:
The maximum grade on which the 20 e.f.s. could be safely
carried. (

1. With an increase in slope, the allowable velocity (see
table 3) will probably be 5 f.p.s. On the upperigraph of
chart 31, for short grass the intersection of the 20 c.f.s.
line and the 5 f.p.s. line indicates a slope (0£/6.4 percent
and a depth of 0.62 ft.

2. If the grass were allowed to grow to & height of 12
inches, retardance would increase toselass<C and the=depth
of flow ean be found in the lower graph. ¥ Again using 20
c.f.s. and a slope of 6.4 percent, @ deptheof(0.70 ft. is
indicated.

Example 8

Given: A 20-ft. wide median swale with 10”1 side slopes,
rounded at the bottem, on a 3-pércent) slope (§=0.03),
with a good stagd ‘of *“Bermudagrass, mowed to a 4-in.
length, andidischarging 3 c.f.8)\ Find: Depth, adequacy
of grass proteétion, and adgquacyvof the median width.

1. Seleet the chart forsl0;1 slope, chart 34. Table 5
shows g8 Jretardance D ‘for 4-in. grass; hence the upper
graph of ghart 34 iseused.

2. At the intersegtion of S=0.03 and Q=3 ec.f.s., the
depth is indicated as 0.54 ft. and the velocity as 1.0 f.p.s.
Depth must/Be méasured from the projected intersection
of the side slopes, not the rounded bottom.

3. Af the grass were allowed to grow taller than 6 inches,
the rétardence would become C and the lower graph of
chart\34'is used. This gives a depth of 0.76 ft., which is
less, than the available depth of 1 ft. for the 20-ft. median
with 10:1 side slopes. The grass will stand much higher
velocities than 1 f.p.s., according to table 3. Thus the
swale dimensions and the grass cover are adequate for the
flow.

Example 9

The problem presented and solved in example 8 can also
be solved by using the triangular cross-section channel
nomograph, chart 29, of chapter 3. This method would
be needed if the side slopes were less than 10:1, but ought
not to be used for steeper side slopes.

1. Find n in table 1. If the depth is assumed to be less
than 0.7 ft. and the velocity less than 2 f.p.s., n for Ber-
mudagrass is 0.09.

2. The median being considered is, in effect, a shallow
V-shaped channel. For use in chart 29, Z=T/d=20/1=20;
and Z/n=20/0.09=222.

3. For Z/n=222, on chart 29, the depth is found to be
0.48 ft. This checks the value obtained by using chart 34
(in example 8), to the nearest tenth of a foot.

The rounded bottom of the swale would have only a
slight effect on the capacity, and can be ignored. Depth,
however, must always be measured to the projected inter-
section of the side slopes, and not just to the deepest point
of the rounded bottom.
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Chapter 5.—CIRCULAR-PIPE CHANNELS

5.1 Description of charts. Charts 35-60 are designed
for use in the solution of the Manning equation for circular-
pipe channels which have sufficient length, on constant
slope, to establish uniform flow at normal depth without
backwater or pressure head. It is important to recognize
that they are not suitable for use in connection with most
types of culvert flow, since culvert flow is seldom uniform.

The charts are of two types. Charts 35-51, whose use
is described in section 5.2, are similar to the open-channel
charts of chapter 3. Separate charts are provided for pipe
diameters of 12-36 inches, by 3-inch increments; for diams
eters of 42-72 inches, by 6-inch increments; and for ‘diam=-
eters of 84 and 96 inches. The charts are prepared*for an
n of 0.015, with auxiliary scales for n=0.012"and0.024.
Instructions are given for using the chartswith any other
value of n, in section 5.2-2. The charts havé an abscissa
scale of discharge, in cubic feet per second, and an ordinate
scale of velocity, in feet per second™wBoth scales are
logarithmic. Superimposed on the logarithmicsgridwéaire
steeply inclined lines representing depth g(in feet), and
slightly inclined lines representing channel“slope (in feet
per foot). A heavy dashed line on eachfchart>shows the
position of critical flow.

The second set of charts for circular-pipe channels, Nos:
52-60, whose use is described in Section 5.3, différ_from
charts 35-51 in that they requife the‘use of geveral charts
for solving the Manning eguation. The charts®contain
curves for standard sizes of pipe‘up to 15 feet in diameter,
for values of n=0.011, 6.012; and 0.025( “I'he€ relations of
friction slope, dischargey, velocity, and ‘pipe diameter for
pipes with n=0.025,are given on chart 52; similar relations
for pipes with n=0.001 and 0.012%ré\given on charts 53
and 54. Ratios for computationtef part-full pipe flow are
given on cHart=55. Chant 66 jshows critical depth and
chart 57 shows specific head\at critical depth; both are in-
dependent of the n valudof*the pipe. Chart 58 shows the
criticalslope for pipes with n=0.025, and charts 59 and 60
show Jeritical slope“for pipes with n values of 0.011 and
0012

5.2 Inktructions for use of charts 35-51, for pipes 1-8
feet indiameter. Charts 35-51 cover pipe sizes from 12 to
96 inchesvin diameter. It will be noted that each slope line
has 2 hook at its right terminus. If d, is greater than 0.82
diameter, two values of d, will be shown by the slope line
hook for a particular value of Q. In these cases, flow will
occeur at the lesser of the alternate depths. Interpolated
slope lines follow the same pattern as those drawn on the
charts.

The maximum rate of uniforin diStharge, infa ecircular
pipe on a given slope, when/fiotaflowing under“pressure,
will occur with a depth 0f.0:94 diameter ~This discharge
can be determined by readingvthe highesti@, on the appro-
priate n scale, which gan beTead on the/given slope line.

5.2-1 Use of ¢harts ‘with basiechart-design value of n.
For a given discharge, slope, and, pipe size, the depth and
velocity of auniform flow m@ay be ‘read directly from the
chart for that\size pipe.s~Ehe,initial step is to locate the
interse€tion ‘of a vertical, line through the discharge (on
the appropriate n geale) and the appropriate slope line.
Agthisintersectionj\the depth of flow is read or interpolated
fromvthe depth(lineg; and the mean velocity is read oppo-
site the interSeetion on the velocity scale for the n value of
the pipe fseeNexamples 10 and 11). The procedure is re-
verset, to determine the discharge at a given depth of flow.
If,th€ discHarge line passes to the right of the appropriate
slope line, the pipe will flow full (in which case, see sec.
5,283

@ritical depth and critical velocity are independent of
the value of n. They are read at the point where a vertical
line through @, on the scale n=0.015, intersects the critical
curve. Critical slope for n=0.015 is also read or interpo-
lated from the slope line at the same intersection. For
n values of 0.012 and 0.024, critical slope is determined by
first finding critical depth, using @ on the scale n=0.015.
Critical slope is then read or interpolated from the slope
lines at the intersection of critical depth and the vertical
line through @ on the appropriate n scale (see example 11).
Critical depths falling between the last two normal depth
lines have little significance, since wave action may inter-
mittently fill the pipe.

Example 10

Given: A long 30-inch comcrete pipe, with n=0.015, on a
0.5-percent slope (8=0.005), discharging 25 c.f.s. Find:
Depth, velocity, and type of flow.

1. Select the chart for a 30-inch pipe, chart 41.

2. From 25 on the @ scale for n=0.015, move vertically
to intersect the slope line 8§=0.005; at the.intersection,
from the depth lines read d,=2.05 ft.

3. Move horizontally from the intersection and read the
normal velocity, V,=5.8 f.p.s., on the ordinate scale.

4. The intersection lies below the critical curve, and the
flow is therefore subcritical. At the intersection of the
Q=25 c.f.s. (on the scale n=0.015) line with the critical
curve, the chart shows critical depth d,=1.7 ft. and critical
velocity V.=6.9 f.p.s.
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Example 11

Given: A long 60-inch corrugated metal pipe with n=
0.024, on a 2-percent slope (§=0.02), discharging 100 c.f.s.
Find: Depth, velocity, and type of flow.

1. Select the chart for a 60-inch pipe, chart 47.

2. From 100 on the @ seale for n=0.024, move vertically
to intersect the slope line §=0.02, and read d,=2.5 ft.

3. Move horizontally from the intersection and, on the
V scale for n=0.024, read the normal velocity V,=10.5
f.p.s.

4. Critical depth and ecritical velocity are independent
of the value of #» and are read using the n scale (0.015)
for which the charts were basically constructed. At the
intersection of Q=100 c.f.s. (on the n=0.015 scale) and
the eritical ecurve, the chart shows d.=2.8 ft. and V,=8.5
f.p.s. The normal depth, 2.5 ft., is less than the critical
depth, 2.8 ft., and the normal velocity, 10.5 f.p.s., is high-
er than the ecritical veloeity, 8.5 f.p.s.; thus the flow is
supereritical.

5. To find the critical slope, follow the critical depth
line, 2.8 ft. (found in step 4), back to its intersection with
a vertical line through Q=100 c¢.f.s. on the scale n=0.024,
and read 8,=0.015. The pipe slope, 0.02, is greater than
the ecritical slope, 0.015, which is another indication that
the flow is in the supereritical range.

5.2-2 Use of charts with other than basic chart-designe
values of n. For pipes with n values other than 0.015
0.012, and 0.024, use the scale n=0.015 and an adjust
Q obtained by multiplying the design @ by the ra
the pipe n to the chart value n=0.015; that 15,&
QX (n/0.015). Read the depth directly at t. sec-
tion of the pipe slope line and a vertical line t ugh the

terse
adjusted Q. The velocity is read opposite thevinters ®Ipe dla,m k\d
tion on the seale n=0.015, but this value must be div X

by the ratio n/0.015 to obtain the pipe velocity,

example 12). In reversing the procedure, to d ifie
the discharge for a given depth and slope, read
scale n=0.015 and divide by the ratio (see

example 12).

Critical depth, velocity, and slope e rmlned\\
explained in step 4 of example 12. Q

orrugated metaelpe,

Given: A long 72-in. field-
with n=0.030, on a 0.3-perc slope (8 3), flowing

Example 1

at a depth of 3.0 ft. d D]sch veloeity, and
type of flow. Q

1. Select the cha 72 -in. t 49.

2. Locate the ersection o es for d,=3.0 ft.
and §==0.00 %ead Quah= e.f.s. and V,4;.=7.0
f.p.s. on r n=

3. Co he ratio 5 0.030/0.015=2.0; and
divi alues of Q ound in step 2 by this ra.tlo
Q=100/2,0=50 c.f.@ 7==7.0/2.0=3.5 f.p.s.

4, Critical deQ d critical velocity may be read
directly on chart %49 by finding the intersection of the
critical eurve with a vertical line through Q=50 c.f.s.
(determined in step 3) on the n=0.015 scale. These
values are d,=1.9 ft. and V.,=6.5 f.p.s. The normal
depth, 3.0 ft., is greater than d., 1.9 ft., and the normal
velocity, 3.5 f.p.s., is less than V., 6.5 f.p.s.; the flow is
therefore in the subcritical range.
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5. To find the critical slope, follow the eritical depth
line, 1.9 ft., to its intersection with a vertical line through
Q.4;.=100 c.f.s. on the n=0.015 scale, and read S,==0.015.
The pipe slope, 0.003, is less than the critical slope. This
is another indication that flow is in the suberitical range.

5.2-3 Pipes flowing full. When, on charts 35-51, a
vertical line through the discharge passes to the right of
the terminus of the pipe slope line, the pipe will low full
and under pressure. The slope of the pressure and energ
lines for full flow can be determined from the charts.
lines are both parallel to the friction slope 8, wh &
pipe flows full. The friction slope is the rate
energy is lost by resistance to flow and it will
than the pipe slope.

To find 8,, enter the appropriate chart

for values of n other than 0.012, 0.015, and 0.024, and m%
vertically to intersect the depth line ahi equal
pipe diameter. At the intersection, re @u interp.

rks

friction slope on or between th@or right-a

indicating slope (see exampleQ
GMA long 30- Qrugated
. a O 8-pm lope (S=

pipe, with n=
) discharging 25

lope S,
& rt for a ipe, chart 41.
the Q séalegfor n=0.024, move verti-

cally: t tive is t ct slope line §=0.008, but
the @ l@asses to ight of the end of the 0.008 slope
hx&e efore, will flow full.
aving v @ dll flow, proceed vertically on Q=25
depth line, which equals the 30-in.
read the friction slope S,=0.012.

ctlons for use of charts 52-60, for pipes 1-15

feet in eter. Charts 52-60 are used to solve the

ni ing equatlon for uniform flow in part-full circular

up to 15 feet in diameter and with »n values of 0.011,

0 12, and 0.025. Charts 52-55 are for normal flow and

require, first, finding the friction slope for the given dis-

charge in a pipe flowing full. For this purpose, use chart

52 for n=0.025, and chart 53 or 54, depending on pipe

size, for n=0.011 or 0.012, Then the ratio graphs of

chart 55 are used to find discharge @, depth d, velocity V,
and friction slope S,.

Chart 56 is used to determine critical depth d., and
chart 57 to determine specific head H. at critical depth.
To find critical slope 8, chart 58 is used for n=0.025,
and chart 59 or 60, depending on pipe size, for n=0.011
or 0.012.

It will be noted that charts 52 and 58 for corrugated
metal pipe are based on n=0.025. For 6- by 2-ineh cor-
rugations, current laboratory tests indicate that the value
of n should be higher, When the final results of these
tests are published, the user may wish to add a slope scale
for the new value of n to charts 52 and 58. Such scales
could be placed as are the n=0.012 scales on charts 53
and 59.

5.3-1 Use of charts to find discharge. The following
steps are used to find discharge, when depth of flow and
slope of pipe are known (see example 14).



First find full-flow discharge QpuiLy corresponding to Critical slope 8. is read on chart 58, 59, or 60, selected
the slope of the pipe, using chart 52, 53, or 54, according according to the n value and pipe size, at the intersection

to the n value and the size of pipe. of @ and the pipe size.
Next compute d/D, the ratio of depth of flow to the
diameter of the pipe, and.on chart 55 read the correspond- Example 14
ing Q/Qrury on the relative discharge curve in the upper Given: A long 48-in. diameter concrete pipe, with
graph. n=0.011, on a 0.5-percent slope (S=0.005), flowing at a

Finally, compute the discharge at the given depth by depth of 3.0 ft. Find: Discharge.
multiplying the full-flow discharge (from the first step) 1. On chart 54, using the »=0.011 scales, fi he inter-

by the ratio @/Qrurs (from the second step). section of the lines for a 48-in. pipe and S=0 From
this point move vertically down to rea =120 c.f.s.
5.3-2 Use of charts to find depth of uniform flaw. 2. The ratio of d/D=3.0/4.0==0. 7& the upper
The following steps are used to find depth of uniform flow, graph of chart 55, move across fr value to the
when discharge and slope are known (see example 15). relative discharge curve, and the o the scale
First find QryrL corresponding to the slope of the pipe, to find the relative discharge, O @
using chart 52, 53, or 54, according to the n value and the 3. Then Q—120 (from step ) X40.91= 109
size of pipe.
Next compute the ratio @/@ruLL, and on chart 55 read
the corresponding d/D on the relative discharge curve in Given: A long 10 eter e plpe, with
the upper graph. n=0.012, on a 0. 0 slope 06), discharging
Finally, compute the depth of flow by multiplying the 315 cf.s. Find; h and velo
pipe diameter by the ratio d/D (from the second step). 1. On chart ing the scale, find the inter-
D and d must be in the same units. section of the llnes for a pe and S=0.0006, and
read QFU c f.s. K
5.3-3 Use of charts to find velocity of flow. 2. atio Q/Qr 5/440=0.72. In the upper
following steps are used to find velocity of ﬂow w gra, I@hart 55, fr intersection of this value and
charge and slope are known (see example 15).. théirelative dlsch®curve, read the d/D ratio=0.63.
First find Vgurn corresponding to the give arge hen d 10=6.3 ft.
rate, using chart 52, 53, or 54, accordin e Value On c g’»t the intersection for @ =315 c.f.s. and
and the size of pipe 10 0 f@ VrurL=4.0 f.p.s.
If the depth of flow is unknown, i Q)etermi ed a intersection of the d/D ratid of 0.63 and
indicated in section 5.3-2. x eloclty curve, on the upper graph of chart 55,
Next compute the ratio d/D, a hart 55 gj rorL=1.50.
corresponding V/Vyyrr on the relative Veloc e in ,X en V,=1.50X4.0 (from step 4)=6.0 f.p.s.
the upper graph. 0
Finally, compute the mean velocity V& t-full flo ) Example 16
by multiplying Vgyry (from the first y the ratio Given: A long 10-ft. corrugated metal pipe, with n==0.025,
V/VgurLy (from the third step). discharging 600 c.f.s. at a depth of flow of 7.5 ft. Find:
Slope S, required to maintain the flow, and the critical
5.3-4 TUse of charts to find e required t in slope 8, for the given conditions.
flow. The following steps ar to fin l\ qulred 1. On chart 52, at the intersection of Q=600 c.f.s. and
to maintain flow, when x e known the pipe diameter 10 ft., read S; pyr=0.0048.

e and
(see example 16). @ 2. The d/D ratio=7.5/10.0=0.75, and on the lower
First find S; pyrL @u ng t[@ scharge, using graph of chart 55, the corresponding ratio S;/8y pyL=1.2.

chart 52, 53, or 54 ing to the lue and the size 3. Then S,=1.2X0.0048 (from step 1)=0.0058.
of pipe. \ 4. On the lower graph of chart 58, for Q=600 c.f.s.

Next compute the rati “on chart 55 read the and D=10, §,=0.012.
relafnve fric lope S n the lower graph. Example 17
Finall ute t slope Sy by multiplying ) . .
Ss Fu the first s by the ratio S,/S; urs (from Given: A long 10-ft. concrete pipe, with n=0.012, dis-
th nd step) % charging 600 c.f.s. Find: Critical depth d,, critical slope
8., and specific head H, at d..

1. On the lower graph of chart 56, for Q=600 c.f.s. and
t find 1 fi T ’
rts to find eritical flow. The following /7, % ™ 70 Z5 0t (Note that in this case, D is

ps are Q ﬁnd critical flow (see example 17), for interpolated between the next larger and next smaller
a glven di3elts ‘ pipe sizes.)

Cr d pth dc is read on chart 56 at the intersection 2. On the upper graph of chart 60, for Q=600 ec.f.s.
of @ and the pipe size. and D =10 ft., and using the right margin scale, S,=0.0026.

Minimum specific head H, is read on chart 57 at the 3. On the lower graph of chart 57, for Q=600 c.f.s. and
intersection of @ and the pipe size. D=10 ft., read H,.=8.4 ft. (See note at end of step 1.)
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Chapter 6.—PIPE-ARCH CHANNELS

6.1 Description of charts. Charts 61-73 are designed
for use in the solution of the Manning equation for pipe-
arch channels which have sufficient length, on constant
slope, to establish uniform flow at normal depth without
backwater or pressure head. It is important to recognize
that they are not suitable for use in connection with most
types of culvert flow, since culvert flow is seldom uniform.
The charts are in three groups:

Group 1.—Charts 61-65 are for standard sizes of
riveted, corrugated-metal pipe-arches (n=0.024), varying
from 25 by 16 inches to 72 by 44 inches in cross sect10n0

Group 2.—Charts 66-68 are for the same sizes of
arches as those in group 1, but group 2 pipe-arches h
40-percent paved inverts (n=:0.019). Charts 63 a d
of group 1 are also used with group 2 charts to

critical depth and specific head at critical de
Group 3.—Charts 69-73 are for standard sizés o ﬁeld—
bolted corrugated-metal pipe-arches (n=0.025) angl&

cross section from 6 feet, 1 inch, by 4 feet, 7 inches,
feet, 7 inches, by 10 feet, 1 inch.

These charts are similar to charts 52-60, des %
chapter 5. They require the use of several c rts for
solving the Manning equation. Each gr of “charts
consists of a chart showing friction slop
velocity for full flow; a chart of ratios fe
full flow; and charts for computing ¢ @ flow.

6.2 Instructions for use of

0 a et of
instructions applies to a.ll comprising

charts 61-73. Separatlon in ecause of

groups is
differences in n values roups 1 an 1fferences
group 3 rts 63 and 64

in both sizes and
are common to gr and 2 hey are used to

find critical depth an speclﬁc critical depth, and
both of these independe @z value of n.
It wil b edjthat ch =73 for field-bolted pipe-
arches ed on @5. For 6-inch by 2-inch
current (laberatory tests indicate that the
should gher. When the final results of
these tests are p , the user may wish to add a slope
scale for the newyvalue of n to charts 69 and 73. Such
scales could be placed as are the n==0.012 scales on charts
53 and 59 of chapter 5.
The use of charts 61-73 requires, first, finding the fric-
tion slope for the given discharge in a pipe flowing full,

sGl 73.

u ! ree groups

74

arge
utmg p&

8
o®~

by using chart 61, 66, or 69 (for grou , or 3, res
tively), depending on the value hen th
graphs of chart 62, 67, or 70 (for group 1,2, or 3, res )
are used to find solutions for d%rge Q, dept clty
V, and friction slope S;.

Critical depth d., specifi ad H, a al depth,
and critical slope S, Netermmed om arts 63-65
(foﬂgzup 1), 63, 6 68 (f up 2), or 71-73
( up 3).

e more ific instructions that follow, whenever
e ch01ce three du"fe charts is specified, it is

understoo the sele made according to the

appro oup 1, that order. For example,

in the_ fin step 1n the next subsection, chart

1s u for chart 66 for group 2, and chart
group 3

6 2~1 &charts to find discharge. The following

steps a to find discharge, when depth of flow and

slope e are known (see example 18).

t
F1r full-flow. discharge @rury corresponding to

pe of the pipe, using chart 61, 66, or 69.

%ext compute the ratio of depth of flow to rise of pipe,

and on chart 62, 67, or 70 read the corresponding
Q/QrurL from the relatlve discharge curve in the upper
graph.
Finally, compute the discharge at the given depth by
multiplying the full-flow discharge (from the first step)
by the ratio €/QruLL (from the second step).

6.2-2 Use of charts to find depth of uniform flow.
The following steps are used to find depth of uniform
flow, when discharge and slope are known (see example 19).

Find Qpunr corresponding to the slope of the pipe,
using chart 61, 66, or 69.

Next compute the ratio Q/QruLs, and on chart 62, 67,
or 70 read the corresponding d/D on the relative discharge
curve in the upper graph. ‘

Finally, compute depth of flow by multiplying the rise
of the arch D by d/D (from the second step). D and d
must be in the same units.

6.2-3 Use of charts to find velocity of flow. The
following steps are used to find velocity of flow, when
discharge and slope are known (see example 19).

x&

O
%

*



First find Vpyr, corresponding to the given discharge
rate, using chart 61, 66, or 69.

If the depth of flow is unknown, determine it according

to the instructions in section 6.2-2.

Next compute the ratio d/D and on chart 62, 67, or
70 read the corresponding V/VgyrL on the relative velocity
curve in the upper graph.

Finally, compute the mean velocity V of part-full flow
by multiplying VeyrL by the ratio V/Vryrr.

6.2-4 Use of charts to find slope required to maintain
flow. The following steps are used to find slope required
to maintain flow, when discharge and depth are known
(see example 20).

First find S; oL corresponding to the given discharge,
using chart 61, 66, or 69.

Next compute the ratio d¢/D and on chart 62, 67, or
70 read the corresponding relative friction slope S;/Ss ruLL
on the lower graph.

Finally, compute friction slope S; by multiplying
S; rurL by the ratio S;/S; rurr.

6.2-5 Use of charts to find critical flow. The following
steps are used to find critical flow (see example 21).

Critical depth d, is read on chart 63 or 71 at the int
section of @ and the size of pipe-arch.

Minimum specific head H. is read on chart 6400
the intersection of @ and the size of pipe-arch

Critical slope S. is read on chart 65, 68, o 73
intersection of @ and the size of pipe- a.rch

the

Example 18

Given: A long pipe-arch, 58 by 36 in. in cross
with n=0.024, on a 1.0-percent slope (S 0. O
a depth of 2.4 ft. Find: Discharge.

1. Group 1 charts are used. * On cha.rt
section of S=0.01 and the line for the

arch, read QFULL:‘ 65 c.f.s.
X ﬁhthe upp e
% is va!

2. The ratio d/{D=2.4/3.0=0.8
tive discﬁm 1.02.

of chart 62, from the intersectio

e inter-
6—1n. pipe-

relative discharge curve, read
3. Then Q=65X1.02=6

o
0\,5\\

O
@Q

\cfs and t
2. Th

Example 19

Given: A long pipe-arch, 72 by 44 in. in cross section,
with 40-percent paved invert, n==0.019, on a 1.8-percent
slope (S=0.018), discharging 110 c.f.s. Find: Depth and
velocity.

1. Group 2 charts are used. On chart 66 read QryLL=
200 c.f.s.

2. The ratio Q/QrurLL=110/200=0.55.

In thé, upper
graph of chart 67, from the intersection of this rat Q alue
and the relative discharge curve, read d/D= 0

3. Then d,=0.39X44/12=1.43 ft.
4. On chart 66, from the intersection
and the size of the pipe-arch, read Vyy f.p.s.
5. On the upper graph of chart 67, =0
=Ty ()
, 9 in,, in
00 cf s. at a

110 c.f.s.

the relative velocity curve, read ¥
6. Then V,=2.21X6.3 (fro

Exa
Given: A long plpe-a

, 2 in. )
025 dlsch

cross section, with
depth of flow of 4.0 md Sy to maintain the
flow and the ¢ cal e S, for en conditions.

art 69, for Q=200

-arch si 6), read S; FULL-—O 004.
d/D=4.0/ 0.70. For this ratio, on

the 10 , read 8;/Ss rurLL=1.25.

h of ¢ 70
S,-—O 0 step 1) X 1.25=0.005.
the upperigr of chart 73, for Q=200 c.f.s. and
pe

1. Group a.re use

e-arch d S.=0.012.

Example 21
ong pipe-arch, 12 ft., 10 in., by 8 ft., 4 in,, in
n, with n=0.025, discharging 800 c.f.s. Find:
depth d., critical slope S, and specific head

% Group 3 charts are used. On the lower graph of
t, 71, from Q=800 c.f.s. and the pipe-arch size, read
% d.=5.2 ft.

2. On the lower graph of chart 73, from Q=800 and the
pipe-arch size, read S.=0.0123.

3. On the lower graph of chart 72, from Q=800 and
the pipe-arch size, read H.=7.9 ft.

G‘ve
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Chapter 7.—OVAL CONCRETE-PIPE CHANNELS

7.1 Description of charts. Charts 74-82 are designed
for use in the solution of the Manning equation for flow in
oval concrete-pipe channels which have sufficient length,
on constant slope, to establish uniform flow at normal depth
without backwater or pressure head. It is important to
recognize that they are not suitable for use in connection
with most types of culvert flow, since culvert fow is seldom
uniform.

These charts are similar to charts 52-60, described4in
chapter 5, and to the pipe-arch charts, described in chapter
6. The group consists of chart 74, showing friction slope;)
discharge, and velocity for full flow; charts 75 _.and 76,
showing ratios for computing part-full flow; afid charts
77-82, used for computing critical flow.

Oval pipe can be laid with the long axis of its cross
section either horizoatal or vertical. Sinee the position
of the long axis has no effect on flowp,when the pipe_flows
full, chart 74 can be used in either ease.™ The positiongof
the long axis does make a differenceywith part<full ‘fiow,
however; thus separate charts are necessary for ‘the part-
full ratios, and chart 75 is provided for Hhorizontal long
axis and chart 76 for vertical long axis, ( Separate charts
are similarly necessary for critical flow, and’charts 7779
are provided for horizontal long axis andicharts 80<82 for
vertical long axis.

It should be noted that a_considerable Fange“of pipe
sizes are listed at the bottomi of chart 74, and all 'of these
gizes are shown on the pertinent charts except Nos. 77
and 80. On these latter chafts, interpolations can be
made, when necessary;) reading, for ayparticular size,
between the curves\forsthe next.larger and next smaller
sizes. It should,also be noted that\dimensions are shown
appropriately (on charts 77-82%aceording to whether the
long axis i§ herizontal or entical; for example, the pipe
shown as 23\by 14 in. on chart 77 is shown as 14 by 23 in.
on the corresponding (chart 80.

742 Instructions\for use of charts 74-82. The use of
charts 74-82 sequires, first, finding the friction slope for
the given discharge in a pipe flowing full, using chart 74.
Then the(ratio graphs of chart 75 or 76 are used to find
solutions fordischarge @, depth d, velocity V, and friction
slope S;.

Critical depth d., specific head at critical depth H.,
and critical slope S, are determined from charts 77-79
or 80-82.

More detailed instructions for the use of the charts
follow.

7.2-1 Use of charts to find discharge. The following
steps are used to find dischafge, ‘when depth of fiow and
slope of pipe are known (see example 22),

First find full-flow dischgrge QruLL corresponding to the
slope of the pipe, using chart 74.

Next compute theyratio of the depth*ef flow to the rise
of the pipe, d/D, and on chart 75/or 76 read the correspond-
ing Q/QroLL,Musing the relativeNdischarge curve in the
upper graph.

Finally, ‘eompute the (discharge at the given depth by
multiplying the full-flow“discharge (from the first step)
by the ratio Q/Qrudl, ffrom the second step).

7.2-2 Use_of charts to find depth of uniform flow.
The following steps are used to find depth of uniform flow,
when diseharge and slope are known (see example 23).

First, find QruLL corresponding to the slope of the pipe,
using chart 74.

Next*Compute the ratio @/@ruLL and on chart 75 or 76,
using the ratio and the relative discharge curve in the
upper graph, find the corresponding d/D.

Finally, compute depth of flow by multiplying the pipe
tise D by d/D (from the second step). D and d must be
in the same units.

7.2-83 Use of charts to find velocity of flow. ~The
following steps are used to find velocity of flow, when
discharge and slope are known (see example 23).

First find VyuLL corresponding to the given discharge
rate, using chart 74.

If depth of flow is unknown, determine it according
to the instructions in section 7.2-2.

Next compute the ratio d/D and, using the relative
velocity curve in the upper graph of chart 75 or 76, find
the corresponding V/VruLL.

Finally, compute the mean velocity V of part-full flow
by multiplying VrurL by the ratio V/VruLr.

7.2-4 Use of charts to find slope required to maintain
flow. The following steps are used to find slope required
to maintain flow, when discharge and depth are known
(see example 24).

First find 8; ryLL corresponding to the given discharge,
using chart 74.

Next compute the ratio d/D, and in the lower graph of
chart 75 or 76 read the corresponding relative friction
slope S;/8s ruLL.

Finally, compute the friction slope Sy by multiplying
Sf FULL by the ratio Sf/Sf FULL-
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7.2-5 Use of charts to find critical flow. The follow-
ing steps are used to find critical flow (see example 25).

Critical depth d. for a given discharge is read on chart
77 or 80, from the intersection of @ and size of pipe.

Minimum specific head H. for a given discharge is read
on chart 78 or 81, from the intersection of @ and the
gize of pipe.

Example 22

Given: A long oval pipe, 76 in. by 48 in. in cross sec-
tion, long axis horizontal, with n=0.011, on a 1.0-percent
slope (8§=0.01), flowing at a depth of 3.0 ft. Find:
Discharge.

1. On chart 74, find the intersection for S=0.01 and
pipe size (No. 11); move vertically down and read
QFULL:320 c.f.s.

2. The ratio d/D=3.0/4.0=0.75. In the upper graph
of chart 75, find the intersection for this ratio and the
relative discharge curve; move vertically up and read
Q/QruLL=0.94.

3. Then 'Q 320 (from step 1)X0.94 (from step 2)=
300 c.f.s.

Example 23

Given: A long, oval concrete pipe, 49 in. by 32 in. in
cross section, with n=0.011, on a 0.6-percent slope
(8=0.006), discharging 60 c.f.s. Find: Depth and
velocity, for long axis either horizontal or vertical.

1. On chart 74, for §=0.006 and the pipe size (N
read QpurL=280 c.f.s.

2. Compute Q/QryLrL=060/80=0.75.

3. Again on chart 74, using @=60 and the p’&
read VeyLr,= 6.8 f.p.s.

4. For long axis horizontal:

4a. Using chart 75, from Q/Qrurr=0.75 (on th
scale) and the relative discharge curve, find ratio d/D K

4b. With the long axis horizontal, D=32 in.=3
Then da=0.64X32/12=1.7 f. &E

4c. Again using chart 75, from d/D=0.64 and rela-
tive velocity curve, find V/Vgyrr=1.50 %‘
scale).

4d. Then V,=1.50X 6.8 (from ste@o 2 1.p. so

O\\o

*
>
@b

e bottem 0*

5. For long axis vertical:

5a. Using chart 76, from Q/QryrL=0.75 and the -
relative discharge curve, find ratio d/D=0.66.

5b. With the long axis vertical, D=49 in.=49/12 ft.
Then d,=0.66X49/12=2.7 ft.

5c. Again using chart 76, from d/D=0.66 and the
relative velocity curve, find V/VpyrL=1.43.

5d. Then V,.=1.43X6.8 (from step 3)=9.7 f.p.s.

Example 24

Given: A long oval concrete pipe, 38 in. by 24 in. i
section, long axis horizontal, with n=0.011, discha

60 c.fs. at o depth of flow of 15 ft. Find: Slope S,
required to maintain flow.

1. On chart 74, from Q=60 c.f.s. and th
4), read Sy puLr=0.015.

2. Since the long axis is horizontal

1 ze (No 0@

4 in.=2

%of cha

The ratio d/D=1.5/2.0=0.75.
3. For d/D=0.75, on the 10\7{

the relative friction slope S,/S
4. Then 8,=0.015X 1. 15‘\

pe25

% Along ova, e e plpe by 32 in. in cross
with n= »on a 0. 6-p slope (8=0.006),
glng 6 the sa ond 1tlons as in example

and H

horlzont 1cal
F ng’axis ho
a art 7 60 and the pipe size (inter-

read
On char m Q=60 and the pipe size, read
3 05 ft

. for long axis either

c On ch 79, from Q=60 and the pipe size, read
2 g axis vertical:
2a. On.chart 80, from Q=60 and the pipe size (inter-

pola d), read d,=2.9.

On chart 81, from Q=60 and the pipe size, read
4.2 ft.

2¢. On chart 82, from Q=60 and the pipe size, read
8.=0.0052.
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Appendix A.—TABLES

Table 1..—Manning roughness coefficients, 2 !

I. Closed conduits:
A. Concrete pipe. -
B. Corrugated-metal pipe or pipe-arch:

1. 235 by %-in. corrugation (riveted pipe): 2
a. Plain or fully coated
b. Paved invert (range values are for 25 and 50 percent
of eircurnference paved):
%i Flow full depth.
3

Flow 0.8 depth
Flow 0.6 depth_
2. 6 by 2-in, corrugation (field bolted)..____.______..___
. Vitrified clay pipe---
. Cast-iron pipe, uncoated
Steel pipe
Brick
Monolithic eoncrete:
1. Wood forms, rough i
2. Wood forms, smooth.
3. Steel forms
H. Cemented rubble masonry walls:
1. Concrete floor and top.-..__
2. Natural floor.
. Laminated treated wood.
Vitrified clay liner plates.... -

Q

v}

o

A

Open channels, lined ¢ (straight alinement): &

A. Concrete, with surfaces as Indicated:

. Formed, no finlsh

. Trowel finish
3. Float finish___
4. Float finish, some gravel on bottom.. .. ... Qo
5. Gunite, good section. ..
6. Gunite, wavy section....

B. Concrete, bottom float finished, sides as indicated:
1. Dressed stone in mortar
2. Random stone in mortar
3. Cement rubble masonry. ..
4, Cement rubble masonry, plastered................._.
5. Dry rubble (riprap) ]

C. Gravel bottom, sides as Indicated:
1. Formed concrete.
2. Random stone in mortar.
3. Dry rubble (riprap)

D. Brick

E. Asphalt:
1. Smooth..
2. Rough.
F. Wood, planed, clean. . -
G- Concrete-lined exeavated rock:
1. Good section -
2. Irregular section

o

H

ining):
A. Earth, uniform section:
1. Clean, recently completed
2. Clean, after weathering _ -
3. With short grass, few, weeds,
4. In gravelly soil, uniform section, cléan.
B. Earth, fairiy uniformgection:
1. No vegetation_—....--..- -
2. Grass, some weeds
3. Denserweedsor aquatic plants inkdeep channe.
4. 8ide§ clean, gravel bottom
5, Bides ¢lean, cobble bottem. 1w . ____________
C. Dragline excavated or dredged:
InNo vegetation.... £--
2, Light brush on banks__~3._._
D. Rogk: )
1. Based on designfsection._.
2. Based on dgetual mean sect:
8. Smooth and uniform. .____________
b. Jagged and irregular - -
E. Channels not maintalned, weeds and brush uncut:
1. Dense weeds, high as flow depth
2. Clean bottom, brush on sides. .
3. Clean bottom, brush on sides, h
4. Dense brush, high stage. ... . ...

Footnotes to table 1 appear at the top of page 101.
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Open channels, excavated ¢ (straightwdlinement, natural

Manning’s

7 TAnge 2
0.011-0. 013

0.024

0.021-0. 018
0.021-0. 016
0.010-0. 013

0.03
0.012-0. 014
0.013
0.000-0. 011
0.014-0.017

0.015-0. 017
0.012-0.014
0.012-0.013

0.017-0. 022

0.013-0. 017
04012:0. 014
0.013-07015
0.015-0. 017
02016-0. 019
0.018-0. 022

0.015-00017
0.017=0,020
0. 020~0,025
0. 016~0. 020
0, 0200030

0. 017=0. 020
02020-0. 023
0.023-0. 033
0.014-0. 017

04913
0. 016
0. 014-0.013

0.017-0:020
0. 022-0. 027

0.016-0.018
0.018-0. 020
0.022-0.027
0.022-0. 025

0. 022-0. 025
0.025-0. 030
0.030-0. 035
0,025-0. 030
0. 030-0. 040

0. 028-0. 033
0.035-0. 050

0.035

0.035-0. 040
0. 040-0. 045

0.08-0.12
0.05-0.08
0.07-0.11
0.10-0. 14

IV. Highway channels and swales with maintained vegetation ¢7
(values shown are for velocities of 2 and 6 £.p.8.):
A.. Depth of flow up to 0.7 foot:

1. Bermudsgrass, Kentucky bluegrass, buffalograss:
a. Mowed to 2 inches.
b. Length 4-6 inches. .

2. Good stand, any grass:
a. Length about 12 inches.
b. Length about 24 inches

3. Fair stand, any grass:
a. Length absut 12 inches,
b. Length about 24 inches

B. Depth of flow 0.7-1.5 feet:

1. Bermu ass, Kentucky bluegrass, buffalograss:
a. Mowed to 2 Inches_ .
b. Length 4 to 6 inches.

2. Good stand, any grass:
a. Length about 12 inches
b. Length about 24 inighes

3. Fair stand, any grass:
a. Length about,12 inches
b. Length about 24 inches

Y. [Street and expressway gntters:
A¢ Concrete gutter, troweled finish
B. Asphalt pavement:
1. Smooth\texture___.
2. Rough texture. .
C. Conerete gutter with asphalt pavement:
L"Smooth-
2. Rough.__
D. Congrete pavement:
1, Float finish. 0. £ 1% __
2. Broom finjsh
E¥For gutters with'small slope, where sediment may accu-
mulate,4ncrease above valuesofn by .._________

VI. Natural stream channels:$
A. Minorstreans ° (surface width at flood stage less than 100

.
1., Falrly regular section:
=Some grass and weeds, little or no brush__...______
.aDense growth of weeds, depth of flow materially
greater than weed height. . _________.
ome weeds, light brush on banks._ -
. Some weeds, heavy brush on banks.._ -
Some weeds, dense willows on banks. _._....._.....
For trees within channe], with branches submerged
at high stage, increase all above values by_..__._
2. Irregular sections, with pools, slight channel meander;
increase values given in la—e about ___________ PR
3. Mountaln streams, no vegetation in channel, banks
usually steep, trees and brush along banks sub-
merged at high stage:
a. Bottom of gravel, cobbles, and few boulders..._..
b. Bottom of cobbles, with large boulders.____.__.._.
B. Flood plains (adjacent to natural streams):
1. Pasture, no brush:
a. Short grass
b. High grass_
2. Cultivated are:

mope of

¢. Mature field crops
. Heavy weeds, scattered b:
. Light brush and trees: 10
a. Winter__
b. Summer_
5. Medium to dense brush: 1?
a. Winter..
b. Summer -
. Dense willows, summer, not bent over by current.. ..
. Cleared land with tree stumps, 100-150 per acre:
8. NOSPIOUS . oo oo ccmmcccccaeam -
b. With heavy growth of sprouts. ... ...
8. Heavy s}t;and of timber, a few down trees, little under-
growth:
a. Flood depth below branches. .
b. Flood depth reaches branches -
C. Major streams (surface width at flood stage more than
100 ft.): Roughness coefficlent is usually less than for
minor streams of similar description on account of less
effective resistance offered by irregular banks or vege-
tation on banks. Values of # may be somewhat re-
duced. Follow recommendation in publication cited &
if possible, The value of = for larger streams of most
regular tsection, with no boulders or brush, may bein the
rangeof ... ...

~ oo

~Noy

Manning’s
THrange 2
0. 07:0. 045
0. 08-0. 05

0. 18-0. 08,
0.30-0415

0.012

0.013
0.016

0.013
0.016

0.014
0.016

0.002

0.01-0.08
0.01-0.02

0.07-0.11
0.10-0. 16
0.15-0.20

0. 04-0.05
0. 08-0. 08

0.10-0.12
0.12-0.18

0. 028-0. 033



Footnotes to Table 1

1 Estimates are by Bureau of Public Roads unless otherwise noted.

2 Ranges indicated for closed conduits and for open channels, lined or exca-
vated, are for good to fair construction (unless otherwise stated). For poor
quality construction, use larger values of n.

3 Friction Faclors in Corrugated Metal Pipe, by M. J. Webster and L. R.
Metcalf, Corps of Engineers, Department of the Army; published in Journal
of the Hydraulies Division, Proceedings of the American Society of Civil
Engineers, vol. 85, No. HY®, Sept. 1959, Paper No. 2148, pp. 35-67.

4 For important work and where accurate determination of water profiles
is necessary, the designer is urged to consult the following references and to
select n by comparison of the specific conditions with the channels tested:

Flow of Water in Irrigation and Similar Channels, by F. C. Scobey, Division
of Irrigation, Soil Conservation Service, U.S. Department of Agriculture,
Tech. Bull. No. 652, Feb. 1839; and

Flow of Water in Drainage Channels, by C. E. Ramser, Division of Agri-
cultural Engineering, Bureau of Public Roads, U.S. Department of Agri-
culture, Tech. Bull, No. 129, Nov. 1829,

tWith channel of an alinement other than straight, loss of head by resistance
forces will be increased. A small increase in value of 7 may be made, to allow
for the additional loss of energy.

8 Handbook of Channel Design for Soil and Water Conservation, prepared by
the Stillwater Outdoor Hydraulic Laboratory in cooperation with the Okla-
homsa Agricultural Experiment Station; published by the Seil Conservation
Service, U.S. Department of Agriculture, Publ. No. SCS-TP-61, Mar.
1947, rev. June 1954,

Table 2.—Permissible velocities for channels with erodi-
ble linings, based on uniform flow in continuously wet,
aged channels !

«

7 Flow of Waler in Channels Protected by Ve%ative Linings, by W. O. Ree

and V. J. Palmer, Division of Drainage and Water Control, Research, Soil

gogsirg\;gtion Service, U.8. Department of Agriculture, Tech. Bull. No. 867,
eb. §

8 For calculation of stage or discharge in natural stream channels, it is
recommended that the designer consult the local District Office of the Surface
Water Branch of the U.S. Geological Survey, to obtain data regarding values
of n applicable to streams of any specific locality. Where this procedure is
not followed, the table may be used as a guide. The values of # tabulated
have been derived from data reported by C. E. Ramser (see fogtnote 4) and
from other incomplete data.

? The tentative values of n cited are principally derived from nieasurements
made on fairly short but straight reaches of natural streams. % e slopes
calculated from flood elevations along a considerable ] hannel,
involving meanders and bends, are to be used in velocit tions by the
Menning formula, the value of # must be increased t or the adadl-
tional loss of energy caused by bends. The increase e in the range

of perhaps 3 to 15 percent.

10 The presence of foliage on trees and brush unde od stage will mate-

rially increase the value of n. Therefore, roug oefficients for v, tion
in leaf will be larger than for bare branches, F egs inichannel or anks,
es Increas 1 pth

*

of flow, n will increase with rising stage. \
bley velocities f@nels lined with

overs, well main-

and for brush on banks where submergencc)

Table 3.—Permiss
uniform stands arious |

tained ! 2
X £

velocities for—
Soil type or lining (earth; no vegetation) 1

Fine sand (noncolloidal)
Sandy loam (noncolloidal).
Silt loam (noncolloidal). .
Ordinary firm loam____ oo ___
Voleanic ash

WY,
PoReIe w

OC}!C}!O'OOOO\I (=3 Y=

Finegravel . ... . ___
Stiff clay (very colloidal).. .

Graded, loam to cobbles (noncolloidal)
Graded, silt to cobbles (colloidal).. .-
Alluvial silts (noncolloidal) .. ..._._._____.

Alluvial silts (colloidal)
Coarse gravel (noncolloidal).
Cobbles and shingles_____.
Shales and hard pans. ____...._..

cY

A \%»
1 Asrecommended by Special C it n Irrigation @ ¢h, American
Society of Civil Engineers, 197@

O
O Q-

4.—Fact@r adjustment of discharge to allow
increased stance caused by friction against the
op of a cl % ectangular conduit !

" o
K DIB . Factor
1.00 1.21
.80 1,24
.75 1.25
. 667 1.27
.60 1.28
.50 1.31
.40 1.3¢

! Interpolations may be made. See derivation of factors on p. 8.

Meximum permlssiblem\

- §
Permissible
velocity on—
Slope |Erosion| Easily
range | resist- | eroded
ant soils
soils
Percent | F.p.s. | F.p.s.
0-6 8 ]
5-10 7 5
Over 10 [ 4
B ass
entitcky bluegrass_ .. .o ooaoo______ 5‘_’{8 g i
th brome....... Over 10 5 3
T4 - 11 SRR
888 MIRbUre - - ool { 59;3 i %
Lespedeza sericea...
Toliow bisesteme .o
ellow bluestem_ . oo
Kudzu. .. ToTTTTTmmmm 0-5 3.5 2.5
Alfalfa . ....
Crabgrass. .- oo emimicmmamn——————
Common lespedeza d ... oo 4 :
SUABDZLASS 8- neooeoo oo } 0-5 3.5 2.5

t From Handbook of Channel Design for Soil and Water Conservation (see

footnote 6, table 1, above).
- 3 Use velocities over 51.p.s, only where good covers and proper maintenance

can be obtained. . .
3 Annuals, used on mild slopes or as temporary protection until permanent

covers are established.
1 Use on slopes steeper thaun 5 percent is not recommended.

Table 5.—Guide to selection of retardance curve

Retardfance curve
or—
Average length of vegetation
Good Fair
stand stand
6-10 INCheS._ - o oo e mcccamr e e [0 D.
2-8 inches. . - Do D.
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Appendix B.—CONSTRUCTION OF DESIGN CHARTS FOR OPEN-CHANNEL FLOW

B.1 Charts with Manning’s n constant. Design charts
for open-channel flow, such as those presented in chapter 3,
are plotted on logarithmic paper. Each chart is con-
structed for a fixed cross section and a given value of
Manning’s n by the following steps. Table B-1 serves
as an illustrative example. (See note at end of section.)

1. Prepare a table with column headings as shown in
table B-1.

2. Tabulate desired increments of depth in the first
column. :

3. Compute 4, WP, R=A/WP, R¥3, T, and d,,=A4/T
for each depth.

4. Using Manning’s equation:

V=£Rz/asm
n

and the given value of n, compute V for a slopefof S=0.01,
for each depth.

5. From the values of V, derived in step 4,)compute
values for Q=A4V. .

6. Compute values of V and Q for 8§=0.10 for each
depth, by multiplying the tabulated values of V_ and @
for $=0.01 by the factor (0.10/0.01)/2=3.162. Similarly,
compute values of ¥V and @ for 8=0.001 for each depth,
by multiplying the tabulated values of V and.Qfor §=0.01
by the factor (0.001/0.01)¥/2=0.3162.

7. On logarithmic paper with a sufficieif number=ef
cycles, plot V against @ for S=0:0I00.10, and 0.001,
Note the value of the correspondifig déptH, using(a sSmall
number written alongside each plotted point.

8. Draw a smooth curve through thé points for dach

slope.

A point not falling on thisssmeoth curvespres

sumably indicates that an error has Peem made either in

computing or in plotting.

9. Draw straight lines through, points of equalsdepth.
This provides another check on the accuracy ofy\cémputing
and plotting. These equal-depth lines_must.be straight,
since the equation is J=0/A4, where 4 is a constant for
a given depth.

10:\The graph (now has all the ‘depth lines but only

threesslope linés.

Other slopg”lines may be laid out by

marking off, \logarithmic seal€ along enough depth lines
to defineythe) slight curvature in the slope lines. The
length of"thedlog cycleqjs the distance between either two
of the three slope cdtyes\already drawn, and will be the
A simple graphic device to
obtain the logarithmic spacing for any length of cycle can
bestmade by laying“off a log scale along the leg of a right
triangle with anlong base line, and then drawing straight
lines from‘thé"divisions on the scale to the opposite vertex.
The spacing Jof these lines along any line laid across them
will be loggfrithmic and it is merely necessary to position
the\triangle so that the distance from the base to a point
on the hypotenuse corresponds to the length of cycle
desired. '

11. Critical curves are an essential part of the charts.
For plotting points, compute, for each depth, gd,,=32.2 d,,

same along any depth line.

and tabulate.

(d,» has already been tabulated in the

table.) Next compute, for each depth, V.= (gdn)!/2

Table B-1.—Sample computations for channelsflow chart: Trapezoidal channel, 1:1 side slopes, 10-foot bottom width,

n=0.03 -
For $=0.01 For §=0.10 For §=0.001 Critical curve
d A WP R R2/3 T dm ’
v Q v Q Vv Q Gl Ve
Ft. Sguft. . Ft. Ft

042 204 10. 57 0. 193 0.334 10.4 0.1962 1.65 3.37 5,23 10.7 0.523 1.07 6.318 2.51
.4 4. 16 11,13 2374 .519 10.8 3852 2.57 10.7 8.13 33.8 .813 3.38 12. 40 3.52
.6 6.36 1170 544 . 666 11.2 5679 3.30 21.0 10.4 66.4 1.04 6.64 18.29 4.28
1.0 11.00 12.83 7857 802 12,0 9167 4.47 49,1 14,1 155 1.41 15.5 29. 52 5.43
1.5 17.25 14,24 1.211 1.137 13.0 1.327 5.63 97.2 17.8 307 1.78 30.7 42.73 6.5¢
2.0 24.00 15. 66 1.533 1.330 14.0 1.714 6. 59 158 20.8 500 2.08 50.0 55.19 7.43
2.5 31.25 17.07 1.831 1.497 15.0 2,083 7.42 232 23.4 733 2.34 73.3 67.07 8.19
3.0 39.00 18.48 2.110 1.645 16.0 2.438 8.16 318 25.8 1,000 2.58 100 78.50 8.86
3.5 47.25 19.60 2.375 1.779 17.0 2.719 8.81 416 27.9 1,320 2.79 132 89,48 9.46

4.0 56.00 21.31 2.627 1.904 18.0 3.111 9.43 528 29.8 1,870 2.98 167 100.2 10.0

5.0 75.00 24.14 3.107 2.129 20.0 3.750 10.5 791 33.3 2, 500 3.34 250 120.8 11.0

6.0 96.00 .97 3. 560 2.331 22.0 4,364 1.5 | 1,110 36.5 3,510 3.85 350 140.5 11.8

7.0 119.0 29.80 3.983 2.517 24.0 4. 958 12.5 1,480 39.4 4,890 3,64 469 159.8 12,6

8.0 144.0 32.63 4.414 2.691 26,0 5, 538 13.3 1,620 42.2 6,070 4,22 6807 178.3 13.4

10.0 200.0 38.28 5.224 3.011 30.0 6. 667 149 | 2,880 47.2 9,430 4.72 943 214, 7 14.6
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Plotting points of intersection of V=7V, with respective
depth lines locates the critical curve.

12. The usefulness of the chart many be expanded by
adding scales along the ordinate and the abscissa, corre-
sponding to the products Vz and Qn, respectively. It
must be borne in mind, however, that the critical curve
may be used only with the value of n for which the chart
was drawn,

Note: Computations in steps 3 and 4 for many channel
sections can be found in the Corps of Engineers Hydraulic
Tables and the Bureau of Reclamation Hydraulic and
Ezcavation Tables.!

B.2 Charts for grassed channels with n variable.
Design charts for open-channel flow in grassed channels,
such as those presented in chapter 4, are computed by the
Manning equation with » varying as a function of VR
(see fig. 5, p. 38). On these charts the ordinate is channel
slope S and the abscissa is discharge Q. For a given
cross section, each depth and velocity curve must be
computed separately according to the following steps.
Table B-2 serves as an illustrative example.

1. Prepare tables with column headings as shown in
table B-2. Select desired increments of depth. A sepa®
rate table is required for each depth.

2. For each depth d, compute A, WP, R=AJWE,
T, da=A/T, RY3, and (1.49R ¥%)2. Arrange thesé™con-
stants at the top of the table.?

3. Select desired increments of velocity, ustially, 0.5 f.p.s.
and 1 to 10 f.p.s. by units of one, and list inf the first column
of the table.

4. Replot the appropriate retardanéescurve from figuregb
on logarithmic paper. The purpose of this is 0 jobtdin
consistent readings of =», so that the velocity,curves to
be plotted later will be smooth curves. (This does not
mean, however, that velocities determingéd/in the com-
pleted graph are actually that accurate, sifice the true
value of retardance may vary considerably.)

5. For each selected depth (that is, in each gable being
computed for a selected increment/of d):

5a. Compute VR for eachVelocity V, and=tabulate.

5b. From the retardangeycurve)plotted as step 4, read
and tabulate n for each valuevof*VR.

5¢ Compute (Vg)2.

5d. Compute andtabulate S= (¥n)?~- (1.49R¥3)2. The
denominator has,already been «¢computed as one of the
constants.

5e. Compute and tabulate Q=AV.

6. Select ‘logarithmic “graph paper having sufficient
cycles tojcover thedesiredyrange of @ and S, and for each
depth:

6al Plot'S against ‘@ for each velocity; label each plotted
point with thercerresponding value of V.

1See footnoted, p. 3s
2 The vdluel(1.40R?/3)2=2,2082R4/3. A table of values for the reciprocal

of the latter, will be found in Handbook of Hydraulics, for the Solution of
Hydraulic Problems, by H. W. King, revised by E. F, Brater, McGraw-Hill
Book Co., 1954. (See table 107 in 3d edition or table 81 in 4th edition.)

Table B-2.—Computations for grassed channel:!
Trapezoidal channel, 8:1 side slopes, b=4, retardance C

CONSTANTS

d=08 R=0.401 R2[2=(,621

A=832 T=16.84 (1.49R 2/3) 3=0.857

WP=16.04 dm=0.404

v VR n (Vn) 2 8 Q
F.p.s. Ft. 2fsec Fi.ft. €.1.8
0.5 0. 246 0.225 0.0127 0.0148 4,16
1 491 136 . 0182 0212 8.32
2 982 084 .0282 0327 16.6
3 1.473 067 . 0404 0471 25.0
4 1.964 057 .0520 0607 33,3
5 2,456 052 . 0676 0789 41.6
8 2.946 047 L0795 0928 49,9
7 3.437 . 0949 111 5392
8 3,938 043 1183 138 66.6
9 4,419 041 .1362 . 150 74.9
10 4,910 .040 1600 2187 83.2
.=3.09 1.9 0. 057 0.0517 0:0603 33,20

1 Similar computations must be made for each selected depth.

6b. Draw a curye for eacih depth, through the plotted
points. This'should be a smoothly,.eurving line. A point
not falling om, the curve presumably indicates that an
error has_been “made eitler\in® computing or in reading
the n yalues,

7., Connéct lines of 8qual velocity, which again should
be smoothly curvingWlines. Points will not fit perfectly
because of minor,discrepancies in reading the retardance
curve, but wide, variations indicate major errors in
computation

8. Critical slope is calculated for each depth as follows;
the camputed values being entered across the bottom of
the,table”as shown in table B-2:

8ah Compute V.= (gdn) V2.

8b. Compute V R.

8c. Read from the retardance curve the value of n for
V.R.

8d. Solve for slope S, as in step 5d.

8e. Compute Q.=AV..

9. Plot critical slope S. against Q. for each depth, and
draw a smooth curve through the points.

10. Examine the plotted curves for consistency. If
equal increments of depth and velocity have been used,
curves should show a systematic change in spacing,
becoming closer as depth increases or velocity increases,
as the case may be. At any point of intersection of depth
and velocity curves, the product AV must equal the value
of Q read for that point.

11, Changes in retardance must be taken into account.
Unlike the open-channel charts for a fixed value of =,
where a single chart may be used for other values of =,
the grassed channel chart must be replotted for & different
retardance. However, only two additional columns are
required in the computation table: the = for the new
retardance and the solution for 8 as in step 5d. The
new S is then plotted against Q as previously calculated
(in step 5e), to obtain a new set of curves for this
retardance.
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Appendix C.—GRAPHIC SOLUTION OF THE MANNING EQUATION b

equation: with a 0.3-percent slope (S=0.00
1.49 A=6X0.75=4.50 sq. ft.; wetted meter
V== RV 83, X 0.75=7.50 ft.; then R=A/WP
A sgtraight line is laid on @
This chart will be found usef1l when an open-channel flow and n=0.02. Anothen straig

chart is not available for the particular channel cross chart, connecting R= the intersection of the first
section under consideration. Values of n will be found in lin&i the ‘“turning line,”’ and e g to the velocity

Chart 83 is a nomograph for the solution of the Manning cross section, 6 feet wide, flowing W

table 1, and slope S and hydraulic radius R=A/WP, s Reading @ e, V=2.9

where A is the area of cross section and WP is the wetted chart may, ourse, ed to find any one of the

perimeter, are dimensions of the channel. ¢ Aur valuesﬁ ented, gi the other three; and may
Use of the chart is demonstrated by the example s \ also be us r channels with cross sections other than

on the chart itself. Given is a channel with recta rectazb Q
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