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PREFACE -

The outcome of the work reported in thié thesis was theAproduction
of 21 nomographs for the design of vegetation lined parabolic, triangu-
lar, and trapezoidal channels. The graphical design procedure based
upon the use of the nomographs that were developed proved to be a time
saving procedure without any significant loss in accuracy.
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is also extended to Dr. Richard H. DeVries, Professor in Civil Engineer-
,ing,‘and Dr. C. T. Haan, Head of the Department of Agricultural
Engineering, for serving'on the advisory committee and reviewing the
final draft.
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assistantship during my graduaﬁe program and to the Principal of the
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CHAPTER I
INTRODUCTION
The Problem

In the 1940's, the United States Department of Agriculture-Soil
Conversation Services (USDA-SCS) gonducted experiments at Spartenburg,
South Carolina, and the Stillwate; Outdoor Hydraulic Laboratory, Okla-
homa, on vegetation lined channels. The results of these experiments
provided the information which led to the compilation of the Handbook

of Channel Design for Soll and Water Conservation (USDA; 1954). The

semi-graphic design for parabolic channels, triangular channels, and
trapezoidal channels presented in this handbook ﬁave been widely used
since its publication.

In more recent years, other‘more sophisticated analytic design
procedures which make use of the modern computer in varying degrees
were developed. The art of estimating the velocity in a channel lined
with vegetation was replaced by the science of estimating the velocity
of flow in such channels. The methods available to designers for the
design of vegetated channels are now gither bothefsomé, semi-graphic,
iterative procedures, or more sophisticated procedures requiring the -

use of a computer.

Scope of Investigation

The research project described in this thesis was an attempt to



develop a simple design technique for the design of vegetated channels
using all the knowledge available at the time. Current techniques and
design aids were examined. These were simplified to produce design solu-
tions within the bounds of practical application and implementation. TUse
was made of the familiar retardance classes and related standard curves
found in most texts in preference to other more recently developed models
for the n-VR relationships. The original standard curves produced by Ree
and Palmer (1949) were used without modification. No new data were col-
lected or used and the design technique developed was kept as simple as
possible to facilitate its use in the field or field office where the
main design facility is a regular pocket or desk calculator.

A large number of hypothetical channels were designed and a bank
of solutions covering a range of conditions was generated using a com-
puter. From this data, nomographs were compiled to provide graphical

solutions to most of the design situations commonly encountered.
Objectives

The objectives of this project were: (1) to develop a simple
analytical design procedure within the capabilities of a scientific

- calculator and (2) to develop a purely graphical design procedure from

computer synthesized data.



CHAPTER II
LITERATURE REVIEW
Introduction

This chapter provides some background to the problems related to
flow in végetated channels and channel design that researchers have
sought to solve. The inclusion of this historical development to the
present state of the art was considered desirable because some of the
earlier researchers did not conslder that their work provided infallable
answers to all the design problems related to vegetation lined channels
(Ree, 1979). The findings of soﬁe of the earlier researchers, however,
were widely accepted and there followed a period in which 1little further
interest was shown in this field.

Analytical considerations of fluid flow and the development of such
aspects of the principles of momentum and energy are not included. The
material in this chapter was confined to the state of the art with
respect to the application of the presently accepted principles gf fluid
flow in the design of vegetated channels. The concluding section con-
tains a summary of the techniques that can be used to construct nomo-

graphs for several forms of mathematical equationms.
Background

The design problem for grassed lined channels is more complicated

than for bare and other non-vegetation lined channels. Although the



Manning formula for open chaﬁnels can be uéed, it has been shown that
the value of the retardance coefficient does not remain constant (Ree
and Palmer, 1949). Under the influence of velocity and depth of flow,
the vegetation tends to bend and oscillate as water passes. The retard-
ance of flow in open channels due to vegetation thus varies witﬁ these
two parameters, as well as suchvvegetative characteristics as stage of
growth, condition (cut or uncut), plant density, and blade and stem
flexibility (Ree and Palmer, 1949; Frevert, 1955). These parameters
are difficult to quéntify. The earlier wérkers in this field succeeded
in cléssifying the vegetation most often used to line channels into
five retardance clésses (Reé, 1949). |

Most of the earlier experimental work on vegetation lined channels
was conducted by the»USDA Soil Conservation Services at Spartanburg,
South Carolina, and the Stillwater Outdoor Hydraulic Laboratory, Still-
water, Oklahoma. In1946,itwasdeterminedthatsufficiehtinformationwas
available from these experiments to permit the developmént of a handbook
for the design of channels liped with vegetatioﬁ. The handbook produced
was revised in 1954 and supplemented by data, graphical methods, and

design charts useful in the design of vegetated channels. This resulted

in the publication of the Handbook of Channel Design for Soil and Water

Conservation (USDA, 1954).

Vegetation Lined Channels

The work of Ree. (1949) played a major role in the developmentvof;the
Handbook of Channel Design for Soil énd,Water Conservation (USDA, 1954)5
He showed that in both small and large channels, the Manning number (n)

varied with the product of the channel hydraulic radius and the velocity



of flow in the channel (V). The retardance curves in the Handbook of

Channel Design for Soil and Water Conservation (USDA, 1954) shown in

Figure 1 were developed by Ree (1949) from the work done by Ree and
Palmer (1949) who produced the experimental n-VR curves for a variety of
vegetative linings shown in Figures 2 through 5. 1In these figures it
can be seen that the same range of flow was not used for all the vege—
tative linings tested. The extrapolétion ofvthe average n-VR curves for
each retardance class, therefore, could not be done with great confi-
dence. These curves have, however, received widespread recognition and
are often referred to as the Standard Retardance Curves. They form thé

basis of the design procedure outlined in the Handbook of Channel Design

for Soil and Water Conservation (USDA, 1954). Further work by Ree

(1960) showed that for submerged vegetation the typical n-VR relation-
ships of the standard retardance curves was observed to hold. When the
vegetation remained upright and was not disturbed by the flow, the n
value bore no consistent relationship to the product of VR.

The Handbook of ChannelvDesign for Soil and Water Conservation

(USDA, 1954) contains a summary of all the work on vegetation lined chan-
nels done prior to its publication. In this handbook, it is also noted
that for shallow flow, through upright vegetation with no submergence,
Manning's n ceases to be related to VR, Valuable guides to the selection
of vegetal retardance (Table I) and the permissible velocities for chan-
nels lined with vegetation (Table II) are contained in the handbook. The
classification of vegetal covers as to the degree of retardance (Table
III) is also contained in the handbook. The semigraphic design procedure

outlined in this publication is used by most hydraulicians in the design

of channels lined with vegetation.
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GUIDE TO SELECTION OF VEGETAL RETARDANCE

TABLE I

11

Average Length

of Vegetation Degree of
Stand (mm) Retardance

Longer: than 760 A

250~600 B
Good { 150-200 C

50-150 D

< 50 E

Longer than 760 B

250-600 C
Fair 1 150-250 D

50-150 D

< 50 E
Source: USDA (1954).



TABLE II

12

PERMISSIBLE VELOCITIES FOR CHANNELS LINED WITH VEGETATIONl

Slope Erosion Easily..
Range2 Resistant Soils Eroded Soils
Cover (%) (m/s) (m/s)
.0-5 2.50 1.80
Bermudagrass 5-10 2.10 1.50
Over 10 1.80 1.20
Buffalograss 0-5 2,10 1.50
Kentucky bluegrass 5-10 1.80 1.20
Smooth brome Over 10 1.50 0.90
Blue grama
Grass mixture 0-52 1.50 1.20
“ 5-10 1.20 0.90
Lespedeza sericea
Weeping lovegrass 3
Yellow bluestem 0-5 1.10 0.75
Kudzu
Alfalfa
Crabgrass
4
Common lespedeza 0-5° 1.10 0.75

Sudangrass?

Use velocities exceeding 1.5 m/s only where good covers and proper
maintenance can be obtained.

Do not use on slopes steeper than 10 percent, except for side slopes

in a combination channel.

Do not use on slopes steeper than five percent, except for side slopes

in a combination channel.

Annuals--used only on mild slopes or as temporary protection until
permanent covers are established.

5Use on slopes steeper than five percent is not recommended.

Source: USDA (1954).



TABLE III

CLASSTFICATION OF VEGETAL COVERS AS TO DEGREE OF RETARDANCE

Retardance Cover Condition
A Weeping lovegrass Excellent stand, tall (average 760 mm)
Yellow bluestem Ischaemum '
B Kudzu Very dense growth, uncut
Bermudagrass Good stand, tall (average 300 mm)
Native grass mixture (little bluestem,
blue grama, and other long and short
midwest grasses) Good stand, ummowed
Weeping lovegrass Good stand, tall (average 610 mm)
Lespedeza sericea Good stand, not woody, tall (average 480 mm)
Alfalfa Good stand, uncut (average 280 mm)
Weeping lovegrass Good stand, mowed (average 330 mm)
Kudzu Dense growth, uncut :
Blue grama Good stand, uncut (average 330 mm)
C Crabgrass Fair stand, uncut (250 to 1,220 mm)
Bermudagrass Good stand, mowed (average 150 mm)
Common lespedeza Good stand, uncut (average 280 mm)
Grass-legume mixture-—-summer (orchard
grass, redtop, Italian ryegrass, and
common lespedeza) Good stand, uncut (150 to 200 mm)
Centipedegrass Very dense cover (average 150 mm)
Kentucky bluegrass Good

stand, headed (150 to 300 mm)

€T



TABLE III (Continued)

Retardance Cover Condition
D Bermudagrass Good stand, cut to 65 mm height
Common lespedeza Excellent stand, uncut (average 115 mm)
Buffalograss Good stand, uncut (75 to 150 mm)

Grass—legume mixture--fall, spring
(Orchardgrass, redtop, Italian rye-
grass, and common lespedeza)

Lespedeza sericea

Good stand, uncut (100 to 125 mm)
After cutting to 50 mm height. Very good
stand before cutting. .

E Bermudagrass Good stand, cut to 38 mm height
Bermudagrass Burned stubble
Source: USDA (1954).

Al
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Ree and Crow (1977) conducted experiments to determine values of
Manning's n for vegetated waterways of flat slopes planted to row crops.
Their results showed a marked varilation of n over the range of flows
used. Up to a fivefolduchange was prerved. The retardance of the
vegetation in the chanﬁels tested varied through the three highest stand-
ard retardance classes.(A, B, and C) éhown in Figure 1. The n-VR rela-
tionships, however, were not altogether consistent:with the standard
retardance curves. The value of the Manning's n was found to peak‘at a
VR value below one and then decrease markedly as VR increased (Figure 6).
The variables that caused this phenomena were not identified.

Kao and Barfield (1978) conducted experiments on simula;ed dense
vegetation to determine the hydraulic properties of flow at smali non-
submerging dépths; Their results (Figure 7) supported the evidence that
Manning's n increased to a peak and then decreased as VR increased. They
suggested that the standard retardance curves were not intendednfor use
and should not be used for sﬁ#llow flow applications.

The empirical curves of Ree and Palmer (1949) are widely used to
determine Manning's n and feature in most design procedures (USDA, 1954;
Frevert, 1955; Chow, 1959; Henderson, 1966). Such procedures range from
the semi-graphic iterative processes to sophisticated computer models.
Several mathematical modeis describing the n-VR curves portrayed in the

Handbook of Channel Desigrn for Soill and Water Conservation (USDA, 1954)

have been suggested.
Gwinn and Ree (1979) presented the relationship
n = 1/(2.08 + 2.30x + 61n(VR)) 0.02 < n < 0.2 (1)
where x = -0.5,2,5, 7, 11, for the A, B, C, D, E, retardance classes

respectively. It was stated that for Manning's n less than 0.2 the n-VR
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curves produced using this relationship fell within the experimental
results from which the standard retardance curves were derived (Figures
2 through 5).

Templé (1979) supgested that the relatibnship

in(n) = [0.01329 an(RV) - 0.09543 ¢ In(R ) + 0.2971] - 4.16  (2)
| .

where Rv (VR/kinematic viscosity) x 10~

c

10.0, -7.643; 5.601, 4.436, 2.867 for the A, B, C, D, E,
retardancy classes reSpectively.

wpuld p;oduce.curves &ith similar limitations of Manning's n.

This was ﬁdt considered a serious constraint as most designs provided for
maximum and not minimum flow conditions. Temple (1980) suggested that
the above relationship with

c = 10.0, 8.0, 6.0, 4.0, and 2.0
would produce a more orderly faﬁily of retardance curves (Figure 8) which
would still be within the experimental results from which the standard
retardance curves were derived.

.In 1969, Kouwen first indicated his reservations concerning the
emplrical n—VR curves developed by Ree and Palmer (1949). He introduéed
a4 stiffness parameter for vegetation and suggested that this could better
describe the retardance caused by vegetative linings of channels. He
used various plastic strips with different mechanical.properties to
simulate vegetafion. In 1979, Kouwen suggested that Manning's n could
better be described by the eqhatioh
1/6

R
(a + bln k/y)

n=

(3)
o172

where a & b = fitted parameters for the erect or prone condition
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k

deflected roughness height

y = normal depth of flow

Kouwen (1979) developed a method of calculating k from the stiff-
ness and density of the vegetation and was thus able to predict n values
for all types of vegetation ﬁnder any flow conditions. These procedures
cannot be easily appiie& at present, however, because the classification
of vegetation by stiffneés is not yet available. He stated that

Because the method . . . [of applying his design procedure

based upon the stiffness and density of vegetative linings]

. « « 1s not lengthy or complicated, it can be applied

through the use of a small programmable pocket calculator

and can be incorporated in any mathematical model (p. 18).

While the above mentioned models are valuable to all researchers in
their quest to understand the interaction of flow with the varying
boundary conditions of an open vegetated channel, their application by
field designers is limited. There is a need by field designers and pro-
fessional engineers for.a simple design procedure, compatible witﬁ the
present day means of identifying the retardance classes of vegetation,
which can be executed with the minimum of time, effort, and mathematicél
manipulation. With such a procedure, a designer would be able to con-
sider several alternative channels which could accommodate the flow

conditions as well as the economic or land use constraints that may

prevail.
Nomography

Nomography deals with the graphical representation of mathematical
relationships for the purpose of obtaining solutions. The use of nomo-
graphs cannot only sa&e time in the repetitive solution of mathematical

formulae, but also allow the interrelationships of the variables
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of the relationship to be analyzed quickly and easily (Levens, 1965).
There are two types of nomographs: (a) the Cartesian co-ordinate chart
(concurrency chart) and (b) the alignment chart.

Levens (1965) showed how a family of straight lines could be repre-
sented in both types of nomographs. Using the projective geometry prin-
ciple of duality, he showed how a Cartesian co-ordinate chart could be
transformed into an alignmenfchart(Figure9). The duality relationship is:

. « » for every line in the Cartesian co-ordinate system

there 1s a corresponding point in the parallel co-ordinate

system, and for every point in the Cartesian chart there

is a corresponding line in the alignment chart (p. 102).

In the transformation of Cartesian charts to alignment charts,
Levens (1965) emphasized that no mathematical expressions need be employed.
He further showed that a family of curves, after rectification, could be
transformed into an alignment chart as illustrated in Figures 10 and 11.
He suggested that such alignment charts provided a simpler means of
relating the variables involved. Levens pointed out that the rectifica-
tion or the graphical anamorphosis of a family of curves (Figure 10)
éould only be performed if the family of curves could be subjected to a
bilineality.test. This test requires that a rectangular chain, when
constructed on three adjacent curves, must form a closed loop as shown -
in Figure 12. Besides the parallel scale nomographs, Levens presented
other forms of alignment charts together with the parametric equations
governing the spacing between the axes and the scale modulii used to
graduate the respective scales. These forms, illustrated in Figure 13,
are the main type forms which can be repeated and combined in a single
nomograph. The combination of these type forms depends upon the number
and juxtaposition of the variables in the mathematical relationship

which the nomograph is to represent.
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(a) Alignment chart for an equation of the form fl(u) +

fz(v) = f3(w).
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(b) Proportional chart for an equation of the form
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Figure 13.
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(Levens, 1965)
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(d) Z-type chart for an equation of the form fl(u) =
f2(v)f3(w).

Figure 13 (Continued)
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CHAPTER III
RESEARCH PROCEDURE
Introduction

Although the second objective was not essentially dependent upon
‘the successful achievement of the first, such success made the task of
synthesizing the wealth of data required to draw up the graphic solutions

much easier. The two objectives were pursued in their order of presenta-

tion.

Analytical Design Procedure

An iterative design procedure using the continuity equation

Q = VA (4)
and the Manning equation
2/3.1/2

for parabolic, triangular, and trapezoid channels was developed. The
W

procedure developed differed from the normal trial and error procedures

found in the Handbook of Channel Design for Soil and Water Conservation

(USDA, 1954) and texts of open channel hydraulics (Chow, 1959; Henderson,
1966) in that (a) the hydraulic properties of the channel were described
in terms of a parameter(s) related to the shape of the channel and (b)

the calculated value of the velocity of flow (or output) from one itera-

tion was used as an estimate (or input) for the following iteration.

29
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Successive iterations resulted in the estimated and calculated values of
the velocity of flow converging to the design velocity. In each itera-
tion, the numerical value assigned to the Manning coefficient was differ-
ent. The value varied with the product of the velocity and hydraulic

radius as indicated by the standard retardance curves in the Handbook of

Channel Design for Soil and Water Conservation (USDA, 1954).

Models for successive sections of the five curves were developed and
used to determine the value of n for each iteration. The general forms
of the relationships from which the models for Manning's n were developed
were

n=a+bVR (6)
for convex sections of the retardance curves and

n=a+ b/VR . @)
for concave sections of the retaraance curves where a and b are con-
stants.

The constants were determined by substituting graphically determined
values of n and VR for two different points on the standard retardance
curves (Figure 1) in the applicable models to obtain two equations.

These were then solved simultaneously. The acceptability of these models
wag verified by superimposing approximately 50 values of n, calculated
using the models, on the standard retardance curves (Figure 14). The
models used to calculate Manning's n and the limits within which each
apply are shown in Table IV.

Design procedures were developed for the three types of channels
most often used for drainage and water conveyance, namely parabolic
channels, triangular channels, and trapezoidal channels. The design

procedures are given below.
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TABLE IV

MODELS OF THE STANDARD RETARDANCE CURVES

32

Retardance Model Limitg of VR
Class (m“/s)

A n = 0.044 - 0.0139 VR VR < 0.155
n = 0.046 + 0.0024/VR 0.155 < VR
B n = 0.403 - 0.0288/VR VR < 0.047

n = 0.046 + 0.0096/VR 0.047 < VR < 0.186
n = 0.0354 + 0.0115/VR 0.186 < VR
C n = 0.034 + 0.0046/VR VR < 0.093
n = 0.028 + 0.0051/VR 0.093 < VR
D n = 0.038 + 0.0020/VR VR < 0,116
n = 0.030 + 0.0028/VR 0.116 < VR
E n=0.29 + 0.0007/VR VR < 0.114
~n = 0.0225 + 0.0015/VR 0.114 < VR

Parabolic Channels

The shape of a parabolic channel was described by the width (W) of
the channel in meters for a depth of 0.305 m (1.0 foot). Wide shallow
channels were thus characterized by larger values of W and deeper,
narrower channels by smaller values of W. The hydraulic relationships
for the channel dimensions such as depth of flow (D), flow.area (A),
wetter perimeter (P), and top width (T) were determined in terms of the
descriptive parameter (W) as shown in Table V.

For a given discharge, channel shape, and gradient, it is suggested

that the design of a parabolic channel would proceed in the following

steps:



TABLE V

HYDRAULIC PARAMETERS OF PARABOLIC, TRIANGULAR, AND TRAPEZOIDAL CHANNELS

Parabolic Triangular Trapezoidal

Slope Descriptor W Z Z, B
Flow Area (A) Q/v 3/2 Q/V {Q/V 9

1.207 WD 1/2 TD BD + ZD
Flow Depth (D) 0.882 (A/w)2/3 : VAZ (VBZ + 4zA - B)/(22)
Wetted Parameter (P) ;T'+~ 8/3 D2/T 2/D 1 + 22 2D/1 + 22 + B

approx = T .
Hydraulic Radius (R) {A/P A/P A/P

approx = 2/3 D
Top Width (T) 1.811 w/D 2 ZD B + 2 ZD
Manning's n From Table IV

W = width of channel (m) at 0.305 m (1 foot) depth, Z = side slope, B = bottom width.

€€
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1. estimate the velocity of flow (Ve);

2. calculate the estimated flow area (Q/Ve);

3. calculate the estimated flow depth;

4. calculate the hydraulic radius (R);

5. calculate the value of VR;

6. determine the Manning's n using the relationship in Table IV;
7. using Manning's equation, calculate the flow velocity (VC);
8. repeat the above procedures until V, = Ve

With experience, a good initial approximation of the velocity of
flow can be made, thus decreasing the number of iterations that would be
required before the estimated and calculated values of the velocity of
flow converge. Trial computations could be tabulated as shown in Table
VI.

The velocity of flow determined in this way should be compared with
the maximum allowable safe velocity (Table II) for the condition expected
to prevail in the propdsed channel. If the solved velocity is higher
than the allowable velocity, a broader shallower channel, a reduced

slope, or a change in vegetation may be needed.

Triangular Channels

The parémeter used to describe triangular channels was the side »
slope, that 1is the ratio (z) of half the top width (T) to depth (D).
Flatter slopes were thus characterized by large values of Z and vice
versa. Relationships for the hydraulic propertiesvof triangular chan-
nels were determined in terms of Z (the side slopes) as shown in Table

V. For a given discharge capacity, channel side slope, and gradient,
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the design procedure should follow the same steps suggested for para-

bolic channels. The computation form in Table VI should be used.

TABLE VI

COMPUTATION FORM FOR THE DESIGN OF VEGETATION LINED CHANNELS

Symbol

Trial 1

Trial 2

Trial 3

Trial 4

Channel Shape
Channel Gradient
Estimated Velocity
Flow Area

Flow Depth

Wetted Parameter
Hydraulic Radius
Product of V and R
Manning's Coefficient
Calculated Velocity
Velocity Difference

Maximum Allowable
Velocity

W

]

Trapezoidal Channels

Two parameters were used to describe the shape of trapezoidal chan-

nels. These were the bottom width (B) and the side slope (Z).

In the
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design of trapezoidal channels, two approaches were considered. For a
predetermined side slope, a channel could be designed to carry a certain
discharge by (a) choosing a preferred depth of flow and calculating the
bottom width needed to provide the required channel capacity or

(b) choosing a preferred bottom width and calculating the flow depth
that would occur with the design dischafge.

The latter approach was chosen because of the practical advantages
of choosing the channel width to suit the equipment to be used in the
construction. This approach was also found to be more appropriate in
the generation of design data required later in the study to develop a
graphical design procedure. Relationships for the hydraulic properties.
of trapezoidal channels were determined in terms of the side slopes (Z)
and the bottom width (B) as shown in Table V. TFor a given discharge,
channel side slope, bottom width, and gradient, the design procedure
should follow the steps suggested for parabolic channels. The compu-

tation form in Table VI should again be used.
Graphical Design Procedure

Theory

The analytical design procedure which incorporated the calculation
of Manning's n values dependent upon the VR values calculated in tﬁe.
procedure was used in developing a graphical design procedure. A com-
puter program (Appendix D) was designed to calculate the geometric
elements of a range of channels of different shapes and different dis~—
charge capacities. A schematic flow chart of the program is shown in
Figure 15, This program provided the values of the velocity of flow

(v), the depth of flow (D), the top width (T), the product (VR), and



Reod

Number of gradients

Number of flow rates
Number of retardonCy classes

( Read owdunu

2 ]
( Read flow rotes ]
]

T
[ Imitiglize shape tactor (Z)

Write headings

has
moximum
retordancy

Enter nitial or incremented
refardancy closs

Enter inthial or incremented
flow rale

Enter imhiol or incremented
siope

Est. Velocity = 6

IVeIoculy = Esl. Velocity ]-*__-

lColculm tiow area (Arl

Write volues of
variables calculated |

LColculolo fiow depth (IWI

[Colculolc fop width (T) ]

la——{ Est. Valocity = Valocity |

[Colculogo hydroulic rodius (RH

if
velocity
difference
< 0.0l

rva = Vetocity x R l

Call
Sub - program
fo colculate
Manning's n

[vetocity ditterence = Velocity - Est. veiecity |

3 W2
veloety + —Er ST

I

Figure 15. Schematic Flow Chart of the Program
Used to Generate Data for the
Construction of the Nomographs




nx0.046 + 0.24/VR

n=0.0364 +0.124 / VR |-

n=0.048 + 0.103/VR

Retordonce D

Figure 15, (Continued)

38



39

Manning's n for a series of channels for which the retardance class and
shape were specified. Over 4,000 parabolic channels, triangular chan-
nels, and trapezoidal channels were designed using this program. The
data thus generated were used to construct the alignment charts or nomo-
graphs in Appendices B through D. These charts were constructed in

two parts, being a combination of two basic forms of alignment charts
(Levens, 1965). The right-hand half of each chart was the nomographic
layout for an equation having a recurring variable. The left-hand half
of each chart was a Z-type chart for the product of the functions of two
variables. The relationships for the left- and right-hand half of these
charts are of the following forms respectively (Levens, 1965; Johnson,

1952):

fl(u) = fz(v) . f3(u) - (8)
fl(U) + fz(v)f3(w) = fa(w) 9)

The Manning equation can be reduced to the above forms by the
appropriate substitution of the continuity equation and the models
developed for Manning's n as follows:

In Table IV for the B retardance class, we have the relationship

n=0.4-0.03 VR
Substituting the above expression in the Manning equation produces
0.4 v.-0.03 V2R = R2/351/2
Multiplying through by A2 and substituting Q for VA yields
0.4 QA - 0.03 Q°R = aZg?/3s1/2
Rearranging after expressing A and R in terms of W and D, according to

the relationships in Table V for parabolic channels, produces

2

0.4 Q - %ﬂ- = 1)13/6wsl/2 (10)
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For constant gradient (S), the form of the above equation conforms
with the form of equation (9) with Q as the recurring variable. Using
this equation, the flow depth can be determined for a channel given the
channel shape and desired discharge capacity.

A similar procedure can be used to reduce Manning's equation to an
equivalent relationship in which the hydraulic radius (R) is expressed
in terms of the channel slope (W) and velocity of flow (V). For
parabolic channels, using the relationships in Table V, this results in
the relationship

0.4 Q - 0.03 Q2R - v 2?32 (11)

The right-hand half of each chart in Figures 21 through 27 (Appeﬁ—
dices A, B, and C) is the nomographic layout of the above relationships
with an arbitrary value of 2% assigned to the channel gradient. The
left-hand side of the charts provides the graphic solution for the depth
(velocity) of flow in the channel with a gradient of between 0.5% and
10.0%. The above relationships were not used in the construction of
the nomographs. They were subsequently deduced to confirm that the

nomographic layouts used were valid.

Construction of Nomographs

The designer of nomographs for problem solution is required to be
thoroughly familiar with the theory used in an analytical solution. A
knowledge of the basic forms of equations and their nomographic layouts
is also essential. The design technique used to design nomographs is
an art which is difficult to develop in isolation. The experience and

intuition of other designers are invaluable. It was the experience of
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the writer's major adviser that led to the choice of the nomographic lay-
out used.

In the construction of the nomographs for the graphical design of
vegetation lined channels, a large scale was initially used to graduate
the depth (velocity) axis. This scale and the distances between thé
vertical axes of depth (Veldcity), pivot line, and shape parameter were
chosen so as to utilize as much of an A3 size sheet as convenient. A
range of shape factors was chosen and the extreme values (high and iow
values) of the range were suitably plotted on the appropriate axis. The
anticipated mid-value of the range of channel gradients to be considered
(27%) was located between the depth (velocity) of flow axis and the pivot
line. Using these three points and the computer generated design data,
the following steps were followed in plotting the channel capacity curve:

1. Choose the channel capacity (Ql) to be plotted.

2. Plot the simulated depth of flow (DWl) associated with a channel
shape (Wl) and the channel discharge capacity chosen (Ql) on the
depth axis.

3. Draw a ray through le and the channel gradient and produce it
to cut the pivot line at P1 (Figure 16a).

4. Join Pl and wl.

5. Plot another depth of flow (Dwz) associated with é segond chan-
nel shape (Wz) and the same channel discharge capacity (Ql) on

the depth axis.

6. Draw a ray through Dw2 and the channel gradient and produce it

to cut the pivot line at P2.

7. Join P2 and wz and mark the intersection with lel'
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8. The point of intersection of lel and P2W2 represents the point
Ql on the channel discharge capacity curve.

9. Repeat for other values of the channel discharge capacity (Q).

Other values §f the shape parameter were then plotted following a
similar procedure illustrated in Figure 16b. All the channel capacities
plotted by the previous procedure were Qsed to locate the intermediate
points between the extreme shape parameter values. This procedure was
repeated to produce the channel discharge capacity curves for all the
retardance classes.

The channel gradient curve was completed using the points plotted
on the channel discharge curve as illustrated in Figure 16c. The above

construction procedure conforms with the procedure suggested by Levens

(1965) for the construction of alignment charts.



CHAPTER IV
RESULTS AND DISCUSSION

The hydraulic design of a grassed channel consists of two stages
(Ree, 1949). The first stage is to design the channel for stability;
that is, to ascertaln whether the design velocity in the channel exceeds
the limiting velocity for the anticipated slope, soil, and minimum cover
combination. The second stage is to review the design for maximum dis-
charge capacity; that is, to determine the increased depth of flow that
would be necessary to maintain thé maximum discharge capacity under the
condition of highest retardance. In presenting the results of this
study, a channel design'will be executed to show how the design proce-
dures developed may be applied. The design will follow the two stages
described above. At the conclusion of each design, a freeboard of

0.100 m (four inches) will be added to the design depth.
Analytical Design Procedure

The analytical design procedure is based upon the calculation of
the Manning's n using fhe models presented in Table IV. 1In the graphical
comparison (Figure 14), the models were shown to portray the standard
retardance curves satisfactorily. The use of the computation form shown
in Table VI would ensure the orderly iteration of the design steps which

have to be followed in order to achieve a solution. The following
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example illustrates how the analytical design procedure should be
executed:

Given a discharge of6.0n§/s (210 cfs) and a channel gradient of 2%,
determine the section of the trapezoidal channel (4:1 side slopes) lined
with bermudagrass expected to fall in the B retardance class.

1. Design for stability (use retardance D, Table III), try a 10 m
wide channel. The number of iterations in the calculations presented in
Table VII were reduced by the judicial choice of Vo in the successive
calculations instead of using the preceding calculated value of Vé. The
value of AV would depend upon the designer's discretion. The value of
1.70 m/s was compared with the permissible velocity of 1.80 m/s for the
expected conditions (Table II). As the permissible Qelocity was not
exceeded the choice of the bottom widthlwas acceptable.

!
'

TABLE VII

CALCULATION FOR STABILITY DESIGN

Trial 1 Trial 2 Trial 3
B 10.000 10.000 10.000
S 0.020 0.020 0.020
Ve 1.500 1.600 1.700
A 4.000 3.750 3.530
D 0.350 0.331 0.314
P 12.893 12.731 12.586
R 0.310 0.295 0.280
VR 0.465 0.471 0.477
n 0.0360 0.0359 0.0358
Ve 1.799 1.746 1.690
AV 0.299 0.146 0.010
Vg 1.800 1.800 1.800
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2. Design for capacity (use retardance B for mature cover). The
velocity calculated in this section of the procedure (Table VIII) will
always be less than the velocity calculated in design for stability.
After a free board of 0.100 m (four inches) was added to the design
depth, the top width for the total depth (including the free board) was
calculated using the relationship T = B + 2ZD in Table V. The result-
ing trapezoidal section would then be:

Bottom width = 10 m
Depth of channel = 0.530 m _
Top width = 13.440 m
Velocity of flow = 1.19 m/s
This design procedure was used to generate the data required to comstruct

the nomographs for the graphical design procedure.

TABLE VIII

CALCULATION FOR CAPACITY DESIGN

Trial 1 Trial 2 Trial 3
B 10.000 : 10.000
S 0.020 0.020
Ve 1.500 1.200 1.190
A 4.000 5.000 5.040
D 0.350 0.427 0.430
P 12.893 13.522 13.546
R 0.310 0.370 0.372
VR 0.465 0.444 0.443
n 0.0602 0.0614 0.0614
Vo 1.076 1.187 1.191
AV 0.424 0.013 0.001
Va 1.800 1.800 1.800

Design depth is 0.430 m.
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Graphical Design Procedure

The computer program (Appendix E) was used to execute the above
design procedure for a range of channel slopes, channel gradients, and
dischargevcapacitieé for each of the five standard retardance classes.
The iterations were terminated when the value of AV was equal to or
less than 3.05 x 10—3 m (0.01 ft ). Over 1,000 hypothetical channels
for each of the four different channel types were designed and the data
used to construct nomographs for the design of parabolic channels,
triangular channels, and trapezoidal channels with side slopes of 4:1
and 6:1 (see Figures 21 through 27 in Appendices B through D).

The nomographs are grouped inﬁo two sections for each channel type.
The first section (five charts) relates to the channel velocity. The
second section (one chart for parabolic and triangﬁlar channels and four
charts for trapezoidal channels) relates to the channel depth of flow.
The same diécharge capacities, channel gradients, and shape values are
repeated on the charts in both sections.

The example introduced in the section on the analytical design
procedure will be used to illustrate the use of these nomographs in the -
graphical design procedure.

The design for stability should proceed in the following steps:

1. Choose a desirable channel bottom width (say 10 m).

2. Choose the lowest expecfed retardance for the vegetal lining

from Table III (retardance D). ‘

3. Choose the trapezoidal channel velocity cﬁart (Figure 25,

Appendix D) for this retardance.

4. Draw a ray from the value 10 on the bottom width scale through



The

10.

11.

The
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6.01n3/5(n1the flow curve and produce it to cut the pivot line

at "a".
Draw a ray from the point "a" on the pivot line through the
value of 2% on the slope scale and produce it to cut the
velocity axis at 1.7 m/s.

Compare this velocity with the limiting velocity in Table II.
Change the bottom width if the maximuh allowable velocity is
exceeded énd repeat (4) and (5) above. If the solved velocity
is extremely low the channel may be made more economical by
making it narrower.
design fqr maximum capacity should proceed as follows:
Determine the retardance class for the mature vegetal lining
from Table III (retardance B).
Turn to the depth chart for trapezoidal channels with 4:1 side
slopes (Figure 27, Appendix D).
Draw a ray ffqm the value 10 on the bottom width scale through
6.0m3/s on the D flow curve and produce it to cut the pivot
line in "b".
Dfaw a ray from the point "b" on the pivot line through the 2%
value on the slope curve and produce it to cut the depth axis

at 0.422 m.

"Add the freeboard of 0.100 m and calculate the top width of the

channel using the relationship T = B + 2ZD in Table V (T =
13.380).
trapezoidal section will then be:

Bottom width = 10 m

Depth of channel = 0.522 m
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Top width = 13.380 m
Velocity of flow = 1.20 m/s

This procedure can be executed in a fraction of the time required
by the analytical design procedure and compares favorabiy with it.
Reversing the procedure, the maximum discharge capacity of an existing
channel can be conveniently determined.

During the construction of the nomographs it was found that in
some cases 1t was not possible to develop a curve for low flows in chan-
nels with high retardance. 1In the region of low VR values, the n-VR
curves do not conform to the same shape and convergence. The bilinear
test also fails in this region. The nomographs cannot, therefore, be
used for slow flows which have little influence on the erect condition
of tall vegetation (class A retardance). When VR values of less than
0.1 are encountered, a friction factor of between 0.3 and 0.4 should be
used when fhe class A retardance condition applies (see Figure 1). The

reliability of the nomographs tends to decrease as the extremities of

the curves are used.
Statistical Analysis

" An average of about 240 parabolic, triangular, and trapezoidal
channels were designed using both the analytical and graphical desigﬁ
procedures. A range of three slopes, four flow rates, and four channel
shapes were used for each of the five retardance classes. The design
?arameters of depth and velocity, determined by the analytical and
graphical design procedures, were compared. The graphical comparisons
(Figures 17 through 20, Appendix A) showed that there.was a good linear

correlation between the values from the two procedures.
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Barr et al.'s (1979) regression analysis, using a linear model with
the intercept forced through the origin, was carried out on the results
for the depth of flow and velocity of flow respectively. The data
fitted the linear model extremely well showing a very high corrolation
coefficient (Rzli 0.999). The standard deviation of the data from the
model was found to be between 0.008 and 0.014 for the depth analysis and
between 0.031 and 0.070 for the velocity analysis (Tables IX and X).

The coefficient of variation of all the data points in every case was
less than 4.47% with a mean value of 2.4757% and 3.6287% for the depth and
velocity comparisons respectively. With a variation of 0.986 to 1.001
in the regression coefficient of the models for all tHe channel types,
the analysis showgd that the model was a good approximation of the line
of equal value. The analysis thus showed that there was no meaningful
difference between the design values of depth and velocity of flow

determined by means of the analytical and graphical design procedures.



TABLE IX

REGRESSION ANALYSES ON CHANNEL DEPTHS
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Trapezoidal Trapezoidal

Parabolic Triangular (6:1) (4:1)
Regression
Coefficient 0.998 1.001 0.998 0.994
Standard
Deviation 0.008 0.014 0.009 0.008
Correlation
Coefficient 1.000 0.999 1.000 1.000
Coefficient
of Variation 2.225 3.129 2.473 2.074

TABLE X
REGRESSION ANALYSES ON CHANNEL VELOCITY
Trapezoidal Trapezoidal

Parabolic Triangular (6:1) (4:1)
Regression
Coefficient 0.997 0.992 0.986 0.991
Standard
Deviation 0.031 0.032 0.070 0.063
Correlation :
Coefficient 0.999 0.999 0.999 0.999
Coefficient
of Variation 3.267 3.088 4,347 3.808




CHAPTER V
SUMMARY AND CONCLUSIONS
Summary

An iterative analytical design procedure and a graphical design
procedure were developed for the design of vegetal lined parabolic,
triangular, and trapezoidal channels. Simple models for the five stand-
ard retardance curves (n-VR curves) were also developed. These models
were used to determine Manning's n in each iteration in the analytical
design procedure which could be executed using a non-programable sci-
entific calculator. Using a programable calculator or computer, the
ouﬁput of each iteration could be used as the input of the next itera-
tion. The number of iterations, however, could be significantly reduced
by the judicial choice of the value of the input to each iteration.

The analytical design procedure was used to design a large number
of hypothetical channels by means of a computer. The design data gen-
erated were used to construct nomographs for the graphical design of
parabolic, triangular, and trapezoidal channels. The two procedures were
used to design over 900 channels. The design outputs of the two proce-
dures (depth of flow and velocity of flow) were analyzed statistically.
The regression analysis on the graphically and analytically determined
depth of flow and velocity of flow showed that, within practical limits,

no accuracy was forfeited when the graphical procedure was used. A
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congiderable saving in time and greater flexibility was achieved through

the use of the graphical design procedure.
Conclusions

The analytical design procedure developed could be profitably used
to design vegetation lined channels using an ordinary scientific or
engineer's calculator. Using the recommended computation form for
successive iterations, the number of iterations could be significantly
reduced.

The use of the graphical design procedure and the nomographs, de-
veloped from the computer synthesized data, vegetation lined parabolic,
triangular, and trépezoidal channels can be designed in a fraction of
the time'requiréd by 6ther design procedures with no significant loss
in éccuracy. The method is eépecially suitable for field use and is
more flexible than any other design procedure. The method can also be
used to determine the discharge capacity of an existing channel in the
field quickly and easily. Because of the speed and ease with which a
designer can execute a design using this graphical design method, this .
method will in the future allow designers to consider many alternative
designs that otherwise would possibly never be considered.

The credibility of any design procedure is as good as the data upon
which it is based. The reliability with which the retardance of the
vegetation in the channel is classified remains the key to success in
the design of vegetated channels. 1In practice, such classification will

be influenced by the experience and preferences of the assessor.
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APPENDIX A

GRAPHICAL COMPARISONS OF ANALYTICALLY AND
GRAPHICALLY DETERMINED DEPTH OF FLOW

AND VELOCITY OF FLOW
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Figure 17. Analysis on Parabolic Channel Depths and Velocities
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ANALYS LS FOR TRIANGULAR CHANNELS

PLUY OF UNOMEDCAL SYMOOL USEL 1S «

4 mmm g mm g mm—m % . e — 4 —m g~ -4 ===~

U gy g g S S S

N.¢ Ol 0e? 2N ‘Ned 0" q.ﬁ Oe? 0e8 Ne9 1.0

'D!PTN DETERMINED ANALYYICALLY

53 OBS HAD MISSING VALUES UR wiKE OUT JF WANGE 48 0BS HILDEN

Figure 18. Analysis ofi Triangular Channel Depths and Velocities
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ANALYSTS FOR TRAPEZUTDAL CHANNFLS
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Figure 21 (Continued)
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Figure 21 (Continued)
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NOMOGRAPHS FOR THE DESIGN OF TRIANGULAR

CHANNELS
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OATA SIMULATION FOR PARABOLIC CHAMNALS
AL A AT TR E P T

Z = TOP WIDTH AT 0.305M DEPTH (ONE FOOT )

CATA INPUT

LST CARD DAYA READ IN [2 FORMAT
NS=NUMRER OF SLCPES ANALYSED(MAXz16)
NQsNUMRER OF FLPWS ANALYSED(MAX=164)
_NR=NUMRER 0OF RETARUDANCE CLASSES

2ND CARD

~ SLOPE DATA RFAD IN F5,3 FORMAT

3RD CARD
FLOW DATA RCAD IN F5,3 FORMAT

BIMENSION - S(10),2¢10)

RFAD (Sl ) NSeNQyNR

[F (NQ) 400y400,11

READ(Sy3)(S(T), I=]1,NS)

KEAD(592) (QCI) 0=l 4NQ)

IFIBGT.50) GN 1O 10

WRITE(6,85)2

WMITE(6,80)

O 100 I= 1yNR

WRITE(6,90)

NN 280 J=1,NQ

L0 3380 K= 1,NS

VLAST=6.0

CNO=C. 0

V=V LAST

A=QlUII /Y

UR(A/((2./3.)%2))%%(2,/3.)

T=2%0%%),5

R=2,C%D/3 0

VRz V #R

CALL MAN(VR, I,4N)

ANZMANNING N

VE Lo 4BOR(R*%(2, /3, ) ) (SIK)®* (D,5) ) /AN

LVEV=VLAST

CNO=CND+1 .0

IF(CND.GTL 200G 7 717

VLASI=Y

IFCARSIDV) oL b0, OL)GD TN 2)

GO TN 15

ARITECHY 95 W VLAST,CNT

TFCLOEQuL IWRITE(S y30)S(K) o0 (d) oV o)l o VR ANy Ry Ag P

IF{TeEQe2IWRITI(6440)S(K) 1QCI) 0 Vola Ly VRy ANy Ry Ay P '
[ECTeFQeI IWRITF (695 0)S (K yQUI) gV ™y Ty VRy ANy Ry A, P

IFCLOFQot)WRITE (O06T)5(K) 9 QUI) oVedy T yVRy ANy Ry Ay P
IFCTFQoS IWRITE (6y TCISIKY 9 30Jd) ¢V s Ty VR ANy Ry A, P

GO T 300
FURMAT( 312 )
FORMAT(16F5.0)
FORMAT(LAFE.4)

FARMATLAX ) YAy TXoF TadydX ot Tal y4lS5Xyb 602) 45Xy FT0% 132X T2
FORMAT(AX o YR 1y X FTado X9 FTalobl Xy F6.2)95X0FT45 r U 22Xk T.2))
FORMAT(4X,0C 0, TXoF TebyaXof Tul v4(9X0b642)95XK,FT 4% 23(2%FT42))
FORMAT (43, D'y TXoF Tathy aXel Tl 44l 9% 05 602) 95XoF 74 5 132X FTL0Y)
FORMAT(AX 40 F0 4 TXgFTa% 34X o FTal y @ (5K g k6 a2 )g5Xy FTob v 3U2X5ET02))

FORMAT(OLX g PRETARNDANCE ) 3X o0 SLOVPE® y4X, 0 F LOW RATEY ,4X, 'V;‘lClCllY'v )

TAXy PCEPTHYy aXe *TIP WIDTHY 46X, " VR !, 5%, "MARNI N N') {

FORMAT (' 10// 10Xy *2n 0, F Sele?aXy 'PARAYILLS
BOERRRRMRS DL X kb Aok R d Ak kO o)
FORMAT (Y 1)

FORMAT( "ARSIIVIGREATHE THAN Q. Jl¢ 121L0.2,F10.1)

CUNT [N F

CONT INUE

CONT INUE
[F(Z.GE.30)2=2¢10
IF(Z.LT.39)2%745
GO Tn 5%

STOP

END

SHANNALS (IMPYY, /10X,
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77
2

85

a0
9%

109

1)

101

132

112
400

CATA SIMULATICGN FOR TRIANGULAR CHANNELS

AN N Ao o

L = SIDE SLOPE OF CHANNEL RANK

DATA INPUT

1ST CARU DATA RFAD IN I2 FARMAT
NSaNUMBER OF SLOPES ANALYSCD(MAX=! &)
NQ=NUMRER OF FLOWS ANALY SFD (MAX al6)
NReNJYRER NF RETARDANCE FLASSES

2ND CARD

SLOPE NATA READ IN F5.3 FCPMAT ‘

R0 CARD

FLOW DATA READ IN F5.3 FCKMAT
CIMENSION  S(10),Q(10)
READ (5y1) NSyNQyNR
[F (NQ) 40Gs400,411
REACIS, 3)(SL 1), 021 yNS)
PEAN(542) (QUI),1=1,NQ)

L= 4

IF{Z.GT425) 60 T 1C

WRITE(HH5)L
WITF(6,80)
0100 e I,NR
WRITLE(6,90)
DL 280 Je1,4NQ
LO 320 K= 1,NS
VLAST=4,9
CNO=C.Q

V=V LAST
A=Q(J)/V
D=(A/Z)%%0,5
T=2% %)

Pr2AD%( L+ %% 2) 4w, § f

R=x A/ P
VR =V &R

CALL MANIVR,1,AN)

ANz MANNINT

VEL J4BO* (R¥%(2,/3 4 )I&(S(K)I®**(),5))/AN

LveV-VLAST
CNO=CND+1 .0

[FACNDL.GTL200)60 TO 77

VLAST=V

ITFCABS(OV ) oL F W0 .01)GD T7 20

G TC 15

WRITE(6y95)Vy VLAST,CND :
TEOTGFQel WWRITF (6030)S(K) 40 U)oV any |y VR, AN, Ry Ay P
IFCLeEQe2 VWRITF (6940YS UK 9 Q) o Vy 09T oVRy ANy Ko Ay P
IFCTGEQe3IWRITE (Ay SOISIKY 4 0I) gVe) g T, VR g ANy Ry A, P i
P CToEQoa IWKITE (59950 05{K) g QUJ) oV Dyl oV Ry ANy Ry Ay I
IFCTEQaSIWRITE LG TCYSIK) g (J) yVelly 19 VRy ANy Ky Ay P

6N TC 300
FORMAT (31> )
FORMAT( 16F 5,))
FARMAT(13F5,.4)
FORMAT( 4X%,04,
FORMAT( 4X, '8,
FORMAT (4X 40 C! ,
FORMAT( 4X, D',
FOIRMAT (4X, 'F Y,

FARMAT { 1X, CRETARDANCE ¢4 4%, ¢ SLOPE ' 44X, T | Cw RATF ¢
HaXy ' CEPTHY 44X, TOP WIDTH 95Xy TVRY 65X, * MANNING N* )

TX9F Todp A%y F Tal g 4(HXyT6.2) 45X, FT7 .5 , 32Xy T 742))
TXo F lodpy6XoFTolydlNXor 602) 45 XyF 7.5 v U2 X9FTL,20)
TX0FT o4 94X g FT 01 0 4l{5X F0.2)y5Xy bTab ¢ MKy FTu2))

TX0F TalhgtXob Tl y ALK 4k €02 ) 45Xy F7.5 v3(2Y,F7.2))

TXp F 1oy X 7o2adl X3l 602) 45Xk Ta® 43(2X0FT22))

FORMAT( ' 17//10X, 0220 P90l s24X," TRIANGULAR CHANNALS (IMP)0 v /10X,
Mbdvbadi i L TREL L L L R P e :

FORMAT(Y )

FAIRMATI *ABS(NDVIGREATEK THAN GC.OLl'. 2t 10.24F10s1)

CONT INVE
CONTINUE
CONT INVE

IF(2=6) 101,102,112

Ixl+]
0 TC 5%
1=147
6N TN 55
I=24¢2.5
G TC 55

IF(Z~12) 1C2,10%,10%

stoe
END

23Xy CNELCCTTYY ,
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CATA SIMJLATION FOR TRAPEZYID CHAMNELS
M ok ok e R R b ok R

B » BOTTOM WIOTH OF CHANNEL

I = SIDE SLOPE JF CHANNFL 3ANK

CATA INPUT

1ST CARD DATA READ IN I2 FORMAT
N3eNUMBFR NF SLOPES AVAL YSED(MAX=16)
NQ=NUMRER OF FLNWS ANALYSEN (MAX <6 )
NR=NUMRER OF RETARDANCFE -CLASSES

2ZND CARD

SLOPE NATA READ IN Ff,3 FCAMAT
WD CARD

FLUW DATA READ IN FS.3 fORMAT
4TH CARD

BOTTOM WIDTH DATA READ IN |2 FORMATY

CIMEASTON  S(10),Q(10)

READ (S5,1) NS,NQ,NR

IF (NQ) 40Cy 403,11

READ(S3) (S(1)y I=] yNS)

KEAY (S5, 2) LOC]) o131 ,N))

READ(R, 4)2 '

# = 10

TF(B.GT.535) GO 1O 10

WRITE(G 852,48

MITELE,R))

W 130 I=1,NR

WRITE(R,90)

N 220 J=1,NQ

A0 300 K=z 4,NS

VLAST=6,0

CND=).0

V=V L AST

A=Ql U /Y

DA =BH(RRL 20 4%ART) RN, 5) /(2% 7)

Ve B42%)%( 14 8D ) k%0, §

T=Re 2% 7%

R=A/P

VFzV *R

CALL MAN(VRy I,AN)

AN=MANN NG N

Vel o486 (R* % (2, /%, J)%R(5(K)**(D,8) ) /AN
IV=V=VLAST

(NU=CNO e .0

[FAONGLGT L2000 T0 70

VIAST=Y .

TFCABS(DVY oL L 40,0106 TP 20

€ 1r 1s

WITE(6Q5)IV,VLAST N '
T FQWIIWRITF (6 AOPSEK) 0 CIY o V) g Ty VR G AN, Ry A, D
IF(EeEQe? YWRITY (5020 IS UK) 9D (U) gV Dyl o v Ry ANy Ky Ay P
l‘(I.FQ.”NPITr(bo“D)”‘(K)c'J(J)vVv"h'va-o‘ANv"-v’\vp
IFCTeEQ e WETTF (6, 60)5(K) 430 ) VY s T o VRy ANy 4y Ay P
lF(l-EQ-‘*)Wf*ITF(f)970)5(?()-')(J)-Voi‘of:V't,/\Nv 'y Ay P
LY T 300

FORMAT (32 )

FORMATO LA 5,0)

IORMAT{ L3F5,.4)

FOPMAT (FA 1)

FRRMAY (4X , P A

FOPMAT ( 4X, 11 ¢
FCRMAT (4X 40 10
FORMAT(AX, *E 0y TXyT Toth g4 X1 7

F']RMAH'l'llOKy'Z-'.c"’:-1,3X.'H"ol“.lvl4X~
YITRAPEZNIN  CHANNELS ([MP) ¢, /19X

s IX 3 FTabynXyb Telo@UhXoF a2 )y Xeb74>
FORMATE 4X 'm0, 71X, TehgtXer 701 PALORY P02 ) 5%, FT o5
'
'

32N, 7,2
2 3UON G TT 02
?

))
)
IXoF 7oty &Xob Talydl Xy 6,2) 15 Xeb Tas g A{(2X 44 T7.2))
7XyF7.’0.’oX.T7.!vﬁ("xvl'a».?h‘i)f'OT.‘» v 324, F 1.2))

Ly AlBX 0l Aa2) 45X, FT4n v 3(2X4FT7,2))
PORMAT (11X, *RETAROANCE?!, Ko PSLOPE 4 4Ky *FLOW KATE Y. 3X, YNELOCTTY
TAXy REPTHY 34X, TOP wHTH PS5 Xy PRI LG, I MANNING Nt ) ‘

*'*uttt*t',3x,'vnt*¢vm',14x,'mawutan-ut*twvtﬁtnmmﬁ*nmw-g//)

FORMAT (' 1)

FORMAT (Y ARS({DV) GREAT ER THAN D010, 211042, F10.1)
CONTINUF .

CONT INUE

CONT IN'IE

R=R+19

CN Tr 55

STOP

IND

)
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10

15

29

27,

30,

4

40

44

SUBRCUTINE MAN{VR I 4AN)

GO TC (10420+30¢40,50),1

IF(VR.GT.1.67)60 10 15

AN=0 ,44-0.15%VR
GO TC 70
AN=Q ,046+0.24/VR
GO TC 790

IF(VR.GE.2.0)GO TO 2

IFIVRALT2.0.ANDVRGT.0.5)16G0 TN 25

AN=0,403~0431 #VR
Q@ T0 70

ANM= 0 ,046+0.1 )3/ VR
GO TC 79

AN®U ,035440,124/VR
N T1C 70

IF(VR.G1.1.0)G0 TQ 35

AN=2Q ,03440,049/VR
GN 1€ 79
AN=0.028¢ 0.05%/VR
¢ TC 710

IFIVR.GT.1.125)G0 TC 4%

AN=D,3384+C,021/VR
L 1C 70
AN®0,030¢0.030/VR
G0 10 70
IF(VR.GT.1423 GO
AN=Q,029+0.008/ VR
W T0 70 .
AN=Q 0225 40,016/ VR
KF TURN

END

mn 5%

94
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ANALYS IS FOR PARABOL 1C CHANNELS

VCAL

0.99146
C.86A90
1.20732
1.6C57h
1.015%24
1.6634)

2,0910%
Le72561
2.46A17
1.30793

Ce69227
0.94817
1.2%30%
la158%4

1.57012

2.0%579%
1.497291

250841

3.3698%

0.9176A
1.216%1
1.50232
2,01220
1.52134
200610
2.57927
2.26829
2.5122)
1. 78649
J.28€%9

.

Q14006
Ce22561
0040244
0.61720
Ce?20CPS
D.42370

.
C. 70427

.
1.79146
0.42988
0.7%30%
1.229¢€1
1.8%674

Ce?3171
04,2250
0.5%9794
0489024
D.3811)
Ce6 4939
1.02744
1.91924
€. 68263
1.1372)
L. 76220
2.%4878
2.3750)
€. 89144
C.B86R90
1.20732
C.h%8%49
1.0152%
1. 45341
1.14329
1.72561
2.44817
1.30793
0.47866

VNCM

s e e 8 8 e

0.57927
0.88850
1.219%1
1.63110
0.9508%
1.46341
2.08163
1a¢EL%7
2 40817
3. 36939

268398
2.54%12
1.26526
1. 14329
1.2€068
2 .08861
1,684
2.59146
3.47561

9.AB4 1%
1.2C427
1.6C06)
?.0426R
Lo 48341
1.9A780
2.61720
1,9%364
7.43902
1, 24655
3,2465%

J.09146
2.22R6b
0.366%
0.62%00
0.24360
0442683

.
9. 7C122

1.067%
0.45712
N.76220
1. 216%1
1.£997

0.1¢%0817
0.22066
0.57927
0. E5V 04
0.78110
. €3110
0.6564%
1.4639)
Ce3CM
1.09756
1.707%2
2.%1524
0.38110
Ce 6CS7H
N.8€060
1L.206027
0, €%%49
1.021 %
1.46361
1.14329
1.71646
20 42427
1.33¢861
0.,48780

V.DIFF

“a v e e

0.01229
0.00000
~0.012290
~02134
0.02439
0.00009
~0.0% 88
0.06407
0432009
=0.09146

200610
0.0030%

" =0.01220

0.01524
0.0091%
=0433240
0.02746
-0.0030%
=0.10974

0.03354
0.01524
~0.019829
~0.)3049
0.0%793
0.01829
~0.35793
-0.08537
0.07317
0.031963
04039473

0.0487A
-04J030%
0.00610
0.01220
~-0.0010%
“0.0030%

.
Ce0010%

00610
~0.02744
=).00915
0.N0A10
0.00000
0.0733%17
=0.J0304
0.21820%
0.03648%
0.000000
0.01829
0.030468
0.)2136)
0.012195%
037634
0.0%4A878
0.07%3%37
=0.006098
=~0.018293
C.000000
J«)J 3064
0. 000000
=0.006098
0.300032
0.000000
0.009146
-0.,006N9R
~0.03048A
~0 009146

DCAL

0.792683
D.98¢ 156
0.637195
0.746951
0.304878
0.36280%
0.451220
0.579268
0.472%61
0.579268
0.740854

.
0.329268
0.41158%
0.527439
0.231707
0.292683
0.378049
0.%03049
0.426829
0.545732
0.722561
0.301829
04393293
0.518293
0.216463
0, 280488
0.375000
0.%06098
7.3536%9
0.463615
04618902
J.838415
0.253049
0.332317
04445122
0.600707
0.1/79878
04240854
0.240854
J.323171
0.439024

0.667683
0e792683
0.79268%
J.792682

0460366

0.5%548/78
0.5%8748

0.63719%

JeT4069%1

J.378049
0518293
0e 640244
0.823122
0.2591 46
0.304878
0.362808%
0451220
0.402639
0.4724%61
0.%79260
DeT6408%4
0277439
0.329268
D.411585
0.192073
0.231707
0.2926R3
0.378049
0.344512

NNOM

04792683

049847586
0.61%58%4
0.,74085%4
0307927
0,371951
7,4%4268
0.582317
Debh646H3
04579268
04743902

.
0s329268
I, ALL5HY
2,52174%9
Va231707
2.289134
01361096
0,%06098
00426829
9,5%560 T8
04728659
2.304678
Jp 393293
2521341
0210366
2,274390
2.36%854
2,4969%1
0. 365854
00466463
0.6219%51
J.8%56727
0.2%6098
J.335366
D.465122
0,609756
2.179878
2.231707
0.231707
J.314024
0.622927

PRI

Je6T6R2
0.7926R3
Je T9RTRO
0e798780

V4789459
2.570122
0.53650%
0.62%000
Q. T4NASY

-
Ge 378049
Q8210061
De 6407244
JeBITQ27
0.268297%
J.310074
0.371951
0456268
04391293
0.47%610
0.%58%3h6
Qe 79%604B
0.27743%9
0.332317
0.411585
0.1920773%
0.234756
0.2R9634
Qe 3R4 140
0.338415

O_DIFF

0,000000
0,003000
0.021341
0.006098
~0.003049
~0.009146
~0.003049
~0.003049
0.006098
0.000000
=0.003049

.
0.003000
0.000000
0.000000
0.090000
0.003049%

~J .D03049

~0.003049

0.000000
=3.00714¢
~0.00609R

-0.003069
0.002009

=04003049
0.JU6098
0.005098
0.009166
J3.009146

~-0.01219%
-0.003049
-0.003069
-0.218293
-0 «J03049
~-0.203049
0.000000
=0.J03049
0.000000
0.009146
0.009146
JeUu9lés
0 006090

PECEEEY

.
0.,000300
0.002000

=0.0u509R

-0.006096

.
~0.018294
=0 .016244
0.u18293
0.01219%
0, 006098

.
0. VIVJVI
~04003049
0.02000)
0e 912105
~0.0091406
- 006098
- 0.009146
=0073049
Je )91 46
~0.00%04%9
=J.0050%
=J.019264
0.020000
~0. 033069
0. 000000
0.000000
=0. 023049
0.003049
~0.076098
0, CIK091
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tns SKAPE  RET '

SLOPE FLOW VCAL VACM V_OIFF oCAL DNCM O_DNIFF

1 10 A 0.6 100 0434491 0443902 ~0.0945%1 B B .

2 10 A 2.0 1¢0 0.72171 0a 17704 ~0.04572 o . .

3 10 A R840 100 1.,31837 1,271 04 0.06402 . . .

“ 10 A 0.4 %00 ' 0.8%671  1,006{0  -0.14939 . . .

5 1 A 2.0 5co 1.6R2%3 1. HH{Q -0,08%37 . . -

& 1o A 840 500 2.65122 ? A% b1 0.10061 . . .

7 1c A 0.4 1000 1,146 L.29%1 ~0'.14939 . . .

H 17 A 2.0 1000 2.20421 2.21134 “0.067C7 . . .

G 10 A A.0 1009 3.A1707 1.6%8%4 0.158%¢% . . .

10 29 A 0.4 100 €.71080 0.3%001 ~0 433963 . . .

11 20 A 2.0 170 0.4 1A9) 04 €056 0.0091% . . .

12 ’2C A Jeh LI D] 0.A2%) ) 0.09949 ~0.N1622 . . .

1 20 A 2en *00 1.98222 L. %E827 =0.0030% B . .

14 144 A a.n 500 2.69%12 2.%¢€4C2 0.13110 . . .

1% 20 A Te 4 1C¢o0 1.1219% 1.2G132 -0 L0Rr"37 . . -

16 "0 A 7.0 10009 2.129%00 7.118%0 0. 00610 . . .

K2 ?C A R0 10 1460366 1,420 0.1820) . . .

1R N A 0.4 100 NeP 7439 020963 =0.01%24 . .. .

19 0 A 2.0 100 0.%92419 (e #9149 0. 11824 B . .

29 ag A 1.0 100 D.AT1Y% 0o N44 51 0.02 144 . . .
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ANALYSIS FOR TRAPEZOICAL CHANNELS
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