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ABSTRACT

This thesis describes the influence of multiple 
roughness on the conveyance capacity of streams. Experi
mental studies were made of covered or open-channe1 flow 
in cross-sections lined entirely or partially with various 
roughness materials. Friction factors which were expressed 
in terms of Manning's and Chezy's roughness coefficient 
were determined and detailed velocity distributions were 
also measured. Theoretical analysis was made on the 
boundary shear stress distribution and velocity profiles, 
and relating these parameters to different configurations 
of the channel cross-section. A finite strip method was 
developed here in describing the velocity flow pattern 
within a channel, and the results would be very useful 
for the determination of stream flow characteristics in 
natural rivers.
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CHAPTER I

INTRODUCTION

1.1 Introductory Remarks
The regimes of rivers are continually being altered both 

by nature and man. The effects of such alter-ations often 
extend far distance up and down the stream from the actual 
site. Hence a complete assessment of the impacts of such 
changes is important to future planning of water resources 
development and control. Although laboratory studies which 
involve turbulent flow of water in flumes, lined channels, 
and other conduits of homogeneous boundary roughness are well 
understood in their overall aspects, yet these studies have 
depended either on very generalized descriptions of the 
natural rivers or on very idealized laboratory models of 
the rivers. Such simplicities are seldom found in natural 
streams. It is quite common to find marked lateral varia
tions of bed configuration and roughness in such streams 
which associated with variations in depth as well. There
fore, the extent to which the laboratory results apply to 
the behaviour of natural streams is limited by many 
idealized test conditions.

In order to estimate the resistance to flow which is
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encountered, the question arises as to the extent to which 
existing mathematical models derived from flume data are 
applicable. As far as the composite roughness is concerned, 
a variety of formulas can be found based on different 
assumptions. It has been pointed out by some previous 
investigators that these assumptions are generally too 
optimistic.

The aim of this study is to develop a more rational 
model for the prediction and presentation of data on the 
velocity profiles, the shear stress distributions and 
friction factor of a composite channel.

1.2 Definition of the Problem
Channel sections with different roughnesses along the 

wetted perimeter are often encountered in design problems, 
such as man-made and natural watercourses. Typical design 
problems include partly lined canals and tunnels with 
different construction materials used for the bottom and 
the sides.

In order to solve the problem, a more general solution 
has to be developed. There are two major aspects which have 
to be considered.

Firstly, the model has to be applicable to a multiple
roughness channel, with or without a buoyant cover.

Secondly, it can also be applied to channels of dif
ferent configurations, without neglecting the sidewall
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effects.
The need for such a solution is obvious, both for 

design purposes and for laboratory investigation.
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CHAPTER II 

LITERATURE REVIEW

2.1 Introduction
As stated in the previous chapter, most laboratory 

experiments on the resistance to flow in open channels have 
been conducted under carefully controlled, idealized condi
tions. But these experimental conditions fail in important 
ways to reflect the characteristics of natural streams, in 
which lateral variation in depth and roughness may be very 
pronounced.

Past experience indicates that the roughness coeffici
ent should be a function of the following independent 
variables: the Reynolds number; the roughnesses of the
wetted perimeter; the cross-sectional shape; the non
uniformity of the channel in both profile and plan; the 
Froude number; and the degree of unsteadiness [38].

It is worth noting that many investigators have been 
studying the effects of these variables. Their invaluable 
experiences, which form the ground for future investigations, 
are going to be discussed in the following sections.

For the sake of simplicity, some of the notations used 
in different literature reports have been modified to agree
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with those adopted in this thesis.

2.2 Development of Equivalent Roughness Equations
Basically the development was first studied for the 

determination of the equivalent roughness of an ice covered 
channel and the related problem of predicting the shear 
stress on the wetted perimeter. Later on different methods 
had been developed to obtain a more general solution to the 
problem of equivalent roughness.

By considering a segment of an ice covered stream as 
shown in Fig. 2.2.1, a common feature of practically all 
the analysis is the division of the whole flow section into 
two parts: area , which is dominated by the bed; and the
balance of the section A^, for which the streamwise gravity 
force is balanced by the shear on the ice cover. The 
method for dividing the section into A^ and A^ differs from 
one analysis to another. The = corresponding wetted perimeters 
are and ; and the Manning coefficients, the Darcy- 
Weisbach friction factors and shear stresses are n^, n^, 
f^, f2  and respectively.

In 19 31 Pavlovskiy [33] was the first to calculate the 
composite roughness n^, by equating the gravity force along 
the channel to the sum of the shear forces exerted on the 
channel bed and the ice cover

"̂ 1̂ 1 ^ ^2^2 y V o  = - •<•-£>■! (2.2.1)
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where
Y  is the unit weight of the fluid 

is the energy slope of the channel 
is the hydraulic radius of the channel 

The shear stress  ̂ is obtained from Manning's equation in 
metric form

V^Yj — 1 n f i = 1/ 2 (2.2.2)

where V is the mean velocity.
He assumed R^ = R^ + R^ and introduced Eq. (2.2.2) 

into Eq. (2.2.1) to obtain
2 ^  2 n n. + a n^

n. = — -------   (2.2.3)^ 1 + a •

2 2where a = P2^^1* Equation (2.2.3) states that n^ and
are weighted in the composite n^ by and P^. It is

2apparent from Eq. (2.2.2) that T̂ /n^^ is constant, under
the assumptions that R,, i = 1,2, are equal and V.,i ' 1
i = 1,2, are common to all sections.

In 1933 Lotter [33] based his analysis on both the 
Chezy formula and continuity, developed the relation for 
composite Chezy's coefficient,

Q = AC^ /R^^  = A^C^ /R^S^ + A^C^ (2.2.4)
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Where and are the mean velocities and Chezy's coef
ficients for the flow sections. By the introduction of 

= constant, and a = P^/P^ Eq. (2.2.4) yields

^1 ^ ^^2C. = — -----   (2.2.5)
^ 1 + a

When the equation is expressed in terms of n^, Eq. (2.2.5) 
becomes

1 + a (2.2.6)

In 19 38 Belokon [33] used a power-law velocity dis
tribution, with an exponent of 1.5, for each of the sub
sections and Ag, and assumed that V = . The
expression he derived was,

^t " "'l  ̂  ̂ ^ (2.2.7)

In the limiting case n^ = n 2  and = P^ f Eq. (2.2.7) yields 
n^ = 1.59 n^, which is obviously incorrect.

In 1948 Sabaneev [33] utilizing a generalized form of 
the Chezy relation with

= 1.486 R^/n^ (2.2.8)

where r is a nondimensional coefficient, which is equal to 
1/6 in the Manning equation. Introducing Eq. (2.2.8) into
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the Chezy equation Eq. (2.2.4), and solving for yields

A. = [ ---------   ]2/(2r + D p  (2.2.9)
^ 1.486 /S7

Substituting Eq. (2.2.9) into A^ = A^ + A^ and assuming 
the equality of leads to

n_ 2/(2r+l) (2r+l)/2
1 + a (;̂ )

n = n [ -------- —  ]
^  ̂ 1 + a (2.2.10)

In 19 4 8 Levi [28], for a wide channel, applied the 
logarithmic velocity distribution to sections 1 and 2 to 
obtain

=  i  /U. (y) = i / ^n ^  , i = 1, 2 (2.2.11)

where k is Von Karman's constant; y^ are vertical displace
ments away from the corresponding boundaries and is the 
hydraulic roughness height. Equating the maximum velocity 
by substituting = y^ into Eq. (2.2.11) and with Y = Ŷ  ̂+ Y 2  

leads to

Yi = Y , i = 1, 2 (2.2.12)

By applying the continuity equation together with the Chezy's 
relation, results in C^,
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10

c. — [ Zn yc—  - 1 ] (2.2.13)t K

9where k =     ..£.
k, + k.

In terms of Manning's n^, Eq. (2.2.13) becomes

Kn. =  =-rr---  (2.2.14)
I - 1 ]m

where k^ is given by the relation,

k = f-exp [ - 1 ------—  1 (2.2.15)
”  ̂ /g ^

Levi recommended the use of Eq. (2.2.15) for each n^ and
n~ to solve for k, , k«, and k and introducing k into 6 X 2 m m
Eq. (2.2.14) for the required n^.

In 19 5 8 [16] a "Task Force on Flow in Large Conduits" 
of the Committee on Hydraulic Structures (A.S.C.E.) was 
authorized to assemble and evaluate information on hydraulic 
characteristics in large pipes, tunnels, and conduits.

According to Colebrook, when a conduit is lined cir-
cumferentially with two different materials, a relationship
can be used to weight the composite friction factor slightly 
in the direction of greater roughness, that is,

'■r S's 2/3n. = n^ [ ---------- E----  ]̂ /-̂  (2.2.16)
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in which r and s represent the rough and smooth sections 
respectively.

In 1959 Chow [11] by following Pavlovskiy, utilized 
the static balance expression Eq. (2.2.1) together with the 
Chezy equation, obtained the expression

— (2.2.17)
V  =1 =2

where a = P^/P^^ which in terms of the Manning equation, 
becomes

. 2 2 2 (1 + a) n. n, an«--------- 5 _ = — ±—  + — f  (2.2.18)
1/3 1/3 _ 1/3

^t H  ^2

by assuming + R 2  and the maximum discharge condi
tion expressed by

    (n.) = 0 (2.2.19)
d(R^/R2)

Equation (2.2.18) becomes

n = [ â /"̂  + (-̂ ) (2.2.20)^ /ï+â ^2

In the limiting case n^ = n 2 and a = 1 Eq. (2.2.20) yields 
= n^ (2) .
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12
For channel with multiple roughness coefficients, he 

assumed that each part of the channel section has the same 
mean velocity which is equal to the mean velocity of the 
whole cross-section; the equivalent roughness coefficient 
can be obtained from.

I P. n.3/2
n = ( Xli— -—  ---  (2.2.21)

where i = 1, 2...N. By assuming that the total force re
sisting the flow is equal to the sum of the forces resisting 
the flow developed in the divided areas, another expression 
for n^ can be derived,

N 2Z P . n .
n = ( (2.2.22)

Further assume that the total discharge is equal to the sum 
of the discharges of the subdivided parts, the equivalent 
roughness coefficient can be expressed by

p r ^ / 2
n.  --- — --------- (2.2.23)
^ N 5/3

Z P . R. i=l ---
n . 1
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In 1961 Shiperko [39] used the assumptions that for 
a given channel section with roughness coefficients n^ and

, the average velocity and discharge must be a maximum.
Thus the equivalent roughness coefficient can be obtained 
as,

2 ^1 2 ^2 2=t = p; =1 + p; =2 (2.2.24)

By further assuming that / and in term of
Manning's n^, Eq. (2.2.24) becomes

^1 . ^2 7  :— ?^t^l ^t^2 (2.2.25)

In 1962 Dul'nev [13], by following hotter and by further 
assuming that the hydraulic radii R^, R^ and R^ were equal, 
he came up with an expression for the equivalent roughness 
coefficient as

. ?2+
*̂ l̂ t ^2^t (2.2.26)

In 1965, Sinotin [40], by applying Nikitin's law of 
velocity distribution for uniform flow in a wide channel 
(R :Y),
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U y/Y.-i= 6.45 log y/Y. + 5,6 + 2.8 --   (2.2.27)
1   y/Y.

where V*. are the shear velocities of section 1 and 2, to 
i=l,2

both the cover and bed sections of the channel, he obtained
Yi n^

a hydraulic division relationship —  = F(— -) as,Y ng

^1 ^1■ Y ~ 0.6 log ^ ■ + 0.5 (2.2.28)

He concluded that the formula for determining the reduced
Yicoefficient of roughness with variation of by Eq. 

(2.2.28) as,

"1
t 1751.67 [ (0.6 log (— ) + 0.5)-^*'^

^2

+ —  (0.5 - 0.6 log (21)^'"^^ ] (2.2.29)
^2 ^2

In 1966 Carey [2, 3], by basing his analysis on the 
Karman-Prandtl resistance equation for turbulent flows in 
pipes, he developed a framework for analysis and presenta
tion of data. The resistance equations for the channel 
subsections can be written in terms of the effective size 
of roughness projections, k^, as
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V. 2R.
1 = 2  log + 1.74 (2.2.30)/8aR.S "- X o

i = 1/2

By obtaining data on the stream discharge, channel geometry, 
and k^, Eq. (2.2.30) can be solved for R^ and by a trial 
and error procedure. Then, by employing Darcy's friction 
relation,

8gR.S_^
f• —  ̂ , i = l , 2  (2.2.31)

V.X

the quantities f^ can be calculated.
In the following year, 196 7 [4], he presented two 

different approaches for computing total discharge.
The first computation method called the "Pipe-flow- 

equation method," he modified the Darcy-Weisbach equation 
in the form of

Q =1— ^ --- A^ R^^/^ (2.2.32)
^MOD

where Q is the total discharge for the covered channel, 
fĵ OD the modified Darcy-Weisbach friction factor

for the channel, 
to evaluate the total discharge of a covered channel.

The second method called the "Stage-fall-relation 
method" is based on an analogy between ice-covered streams
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and streams having variable slopes caused by backwater 
during periods of open water. Basically, it involves two 
graphical relationships: (1) a relation between stage
and discharge for some fixed condition of fall of the water 
surface/ (2) a relation between discharge ratios and cor
responding fall ratios.

Since the relationships in both methods are developed 
with data either recorded or measured in the field, it 
cannot be used for general applications.

In 1967 Sumbal and Komora [41], based on the studies 
of the flow under an ice covered channel, derived a method 
for solving the equivalent composite roughness.

He assumed that the velocity profile can be divided 
into several parts, pertaining to the walls and bottom and 
to the ice cover, where equal average velocity and equal 
energy slope exist.

For a given channel, as shown in Fig. 2.2.2a ,from
the assumed values of the n^, n^ and n^ at a given dis
charge area, the relative distance of maximum velocities

Yifrom the bottom *y " is determined by means of a monograph
[41], The coefficient of n, - can be defined by Eq.•L / ̂
(2.2.33) ,

n n
n = ------  — ------ ÿ------  (2.2.33)
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cover

bed

Fig. 2,2.2a Covered Channel with Three Different 
Boundary Roughnesses (After Sumbal 
and Komora [41]).

cover

'5,5

35 3 Z

bed
Fig. 2.2.2b Scheme of the Uniform Channel with Common Shape and 

Multiple Boundary Roughnesses (After Sumbal and 
Komora [41] ).
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Finally, the equivalent roughness coefficient n^ by Eq. 
(2.2.34), as/

n, 3/2 + I  „3/2 2/3
n. [ ----------  1--   3 (2.2.34)

1 + F
whe re

Y is the maximum depth of the channel/
B is the width of the channel.

In the same year they examined several composite 
roughness equations which had been derived by previous 
investigators. By following Pavlovskiy's approach and the 
introduction of the Manning-Strickier equation, they ob
tained an expression for the hydraulic division ratio as.

and a Composite roughness equation

(2.2.34a)

1 + (^) ^/3 3/3
n^ = n, [ -------   ] (2.2.34b)t 1 o

By further assuming that Eq. (2.2.34b) can be applied to a 
uniform channel of common shape as shown in Fig. 2.2.2b to 
obtain a simple expression as.
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[ E n.3/2p, 2/3
i= 1  ̂ ^^----------  (2.2.34c)

In 1967 Bruk and Volf [1] had established a mathema
tical scheme which utilized Manning's equation to determine 
the roughness coefficients for very irregular rivers with 
large flood plains. The reach of the river is divided into 
k sections (Fig. 2.2.3), and each section is subdivided into 
a main channel and several strips of the flood plain. By 
applying the Manning equation to each strip, together with 
the continuity equation, they derived a system of equations.

S n.”  ̂A . . R . S . -  Q = O (2.2.35) i=l J
whe re

Q = total measured flow rate 
A . . = cross-sectional area of each strip 

= hydraulic radius of each strip 
Sj = energy slope for each section 
i = number of strips within one section 
j = number of sections within the reach

Since the channel geometry, total discharge and slope 
are measured, the only unknown variables of the k equations 
are the m roughness coefficients. The number of k equations 
are then reduced to m normalized equations by the method of
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1=1 T
I
' 1=3

I

r -n
flood plalUj

!<-
flood plain

[flood plain
main

channel

Sketch-dlagram of a River with Various 
types of Vegetation.

main
channel

1. Main Channel
2. Grass
3. Planted Timber 
A. Natural Forest

k-1

Plan View of the Main 
Channel and Flood plain

Fig. 2.2.3 Irregular River with a Large Flood Plain (After 
Bruk and Volf [1]).
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least squares, with the additional condition that the total 
head loss along the given reach be equal to its measured 
value H;

n k m -J g k
Q E L. [ E nT A. . R. V  ]" = E Ah. = H

j = l ] i=l  ̂ j = l ]

(2.2.36)
where L is the length along each section.

The computation is initiated by assuming m roughness 
Coefficients for the sections and the recalculations of 
these coefficients by the above method.

In 1967 Hancu [18] [45] took the velocity defect law
as the starting point for his investigation of the compo
site roughness channel. The velocity defect relation is

^max “ ^i(y) Y. '  ̂ (2.2.37)

where k is Von Karman's constant.

^  V^^, i = 1,2 shear stress on the boundaries
(2.2.33)

y .
x\ = 4 log ^  + 4.25, i = 1,2 friction" coefficients

1 (2.2.39)
k^ are the absolute roughnesses 
P is the density of fluid.
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By integrating Eq. (2.2.37) and eliminating , the re
sulting expression is then combined with the force 
equilibrium of flow, pressure gradient and continuity 
equation which will yield,

V. 2 V 2X"= 1/2 [ (-^)^ X£+ (r^)^ X^ ] (2.2.40)

where X"̂ is the composite friction coefficient.
The parameters , V 2 # , Yg/ X^ and are the un

knowns to be solved for using the given values of <, k^, 
V and Y. Hancu presented a series of figures [18] to 
evaluate all these parameters, and the final expression 
in terms of Manning's friction coefficients is

^1 .2

+ (^)^ ]]^/^ (2.2.41)V  n^ Yg

In 19 68 Yu, Graf and Levine [47] reviewed the avail
able formulas and then developed a semi-empirical relation
ship for n^ both for ice covered and ice free channels. 
First they adopted a modified form of Manning's equation.

V. = 1/2) gl/2 (2.2.42)
 ̂ ^1

where r = 1/6, an empirical constant 
^2 1/6Z = (— ) ' which is determined experimentally.
^1
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By using the geometrical relation = A^ + A 2 and the 
equality of they came up with an expression for n^, as,

1 + a^Cn^/n,)^/^ 
n = n, [ ---------- B------  ] (2.2.43)
^ 3 (1 + a) 3

In 1969 Larsen [25] , for wide and constant depth chan
nels, he applied the logarithmic velocity distribution to 
the subsections which is given by

U (y) = 2.5 V*. I n ^  y.r i = 1,2 (2.2.44)
J- 1  X  ^

where is the distance from the boundary of A^ 
is the roughness of the boundary 

v*^ is the shear velocity of A^.
By evaluating the common maximum velocity and the mean 
velocities for both sections, together with the Manning 
equation applied to A^ and A 2 / he came up with a hydraulic 
division ratio expression of Y^/Y2 .

V Y, K n  §2. Y - 1 ) n, 3/2. Kg 2 1_______ ^   ̂ (2.2.45)
Y, Yg - 1) ng

which, together with the continuity equation and the 
Manning equation applied to A^, A-ĵ and A 2  yields
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0.63 + 1)3/3
”t "  ̂ — rrr— ^-------  1 (2.2.46)

^2 i- + i-
Ÿ[ "2 "l

The quantity ^  can be expressed as a function of n. and2 130(^)Y. by Eq. (2.2.45). For the practical ranges of k .K . 1 1
30and Y. , the expression In (^)Y. is usually greater than
i

unity and Y^/Yg is.only a function of n^/n2 « Thus n̂ /n̂  

can be related to n^/n^ by Eq. (2.2.45] and (2.2.46).

In 19 72 Krishnamurthy and Christensen [24] presented 
a paper on the equivalent roughness coefficient of a wide 
channel. They assumed that the channel is so wide and 
shallow that the side wall effect can be neglected. The 
channel is subdivided into segments as in Fig. 2.2.4 . 
Through the continuity equation, the discharge, AQ, in any 
subdivided section is expressed as,

" = 1,2,3,...N
(2.2.47)

The logarithmic velocity distribution U(y)^, at any 
distance y from the bed and the roughness expressed in 
terms of hydraulic roughness k is

(H1%1). = 8.48 + 2.5 In (J)., i = 1,2,3,...NV ̂  jL jC X

(2.2.48)
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where V* is the shear velocity
k is the hydraulic roughness, k = (—  ---)^

0.0342

By using the assumption that the mean velocity occurs at
a distance of 0.36 8 from the bed, and the sum of partial
discharges equals to the total discharge, the equivalent
roughness expression is,

N
1 1

N

E In n^
n. = exp [   ] (2.2.49)

E P.Y.
i=l  ̂^

It is noted that Eq. (2.2.49) cannot be applied to rect
angular channel sections and also covered channels.

In 19 81 Lau and Krishnappan [26] presented a paper 
of an ice cover and its effect on stream discharge and 
flow mixing. They adopted the "k-e" turbulence model 
described by Launder and Spalding [27] to calculate the 
depth, velocity distribution, and turbulent eddy viscosity 

distribution for the given discharge, bed slope and 
boundary roughnesses. These results are then used in the 
two-dimensional mass transport equation for simulation.
The final solution gives some indications of the effects 
of an ice cover on the flow and on the vertical mixing.

For steady, two dimensional channel flow, the equa
tions of continuity, momentum and the transport equation
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for k and e take the following forms

f = 0  ,2.2.50,

(2.2.51,

(2.2.52,

f r  ly W  iy^ ^1 I  ^ ” S  I  (2.2.53)

The coordinate system is shown in Fig. 2.2.5 where U, V 
are the velocity components in the x and y directions 
respectively.

Y is the flow depth
is the channel bed slope.
Gfg, 0 /̂ and are empirical constants 

e is rate of dissipation of turbulent energy 
k is kinetic energy of turbulent motion 
G is turbulent energy production by the mean motion f

= = ''t ' '§>' + I

4> is a scalar quantity such as concentration in mass 
transfer.

S. is the volumetric source rate of 0*<P
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The governing equations listed in the foregoing are de
rived with the assumption that the flow is predominantly 
along the x-direction, and that the turbulent transports 
U, k/ e and  ̂are negligible in that direction.

For the numerical scheme, the one which was proposed by 
Patankar and Spalding [37] is adopted. The forms of the above 
governing equations are such that one single numerical scheme 
can be used to solve all of them. An implicit form of the 
finite difference equations of Eq. (2.2.54) are arrived at 
by integrating the differential equation term by term over 
small control volumes.

The result shows that, the computed velocity and eddy 
viscosity distributions do not follow the logarithmic and 
parabolic distributions for the whole depth of flow. The 
vertical mixing rates is larger in the case of free surface 
flow than in ice-covered flows, due to the difference in the 
eddy viscosity between the two. The final computed energy 
slope and the flow depth Y can be used to define the 
equivalent roughness coefficient through the application of 
Manning's equation.

2.3 Shape Effects on Channel Resistance
Prediction of discharge through a channel depends directly 

upon an accurate prediction of the resistance coefficient.
One of the major governing factors is the channel geometry. 
Although the shape effects of the channel cross-section have
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received considerable attention from hydraulic engineers for 
many years, yet their results cannot be generalized. Some 
of the techniques previously used to deal with this problem 
are reviewed and their shortcomings are discussed.

In 196 7 Marchi [30] presented a paper to show the vali
dity, for the calculation on friction factor in open channels, 
of formulae analogous to those of circular pipes and also 
taking into account the influence of cross-sectional shape 
and the free surface.

By combining the "velocity-defect law" and the "logarith
mic velocity law," the velocity distribution along normals to 
the side wall can be represented by,

EiZl = 1  Inn* + F (n*. S*) (2.3.1)
V* K V*

in which
V* = y T^/p the mean shear velocity,
V* = / T /p the local shear velocity
F = Z* °— the ratio between local shear velocity and mean 

shear velocity 
n* = ^ is the depth ratio from the boundary 
F (n*, Ç*) is a function which is equal to zero for

n* = 1, and becomes independent of n* for small
g

values of n* (h**̂  —) , where 5 is the thickness of 
the laminar sublayer,< is the Von Karman constant
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According to Eq. (2.3.1), the wall has a sensible influence 
on the value of the velocity which represents the beginning 
of the turbulent distribution, that is on the value of U(y) 
for y =5 in the smooth flow, but it has a negligible action 
on the variation of (U(y)/V*) as the y increases. By using 
the experimental data observed by Tracy [43] on closed con
duits and by Nikuradse [34] and Marchi [29] on open channels, 
Eq. (2.3.1) becomes, for smooth flow.

U(v) = a log — +Fg Cn*, C*) (2.3.2)
V*

and for fully rough flow (in conduits with a sand roughness
e )  r

= a log + F (n*/ Ç*) with a = 2.30/k
V. (2.3.3)

The integration over the cross-section of the velocity given 
by Eq. (2.3.2), (2.3.3) together with the Chezy relation, 
yields the following resistance equations:
For smooth channels

NpC — a log + a' (2.3.4)Li o
in which

C is Chezy's coefficient for the channel
is the Reynolds number and L is a constant unit
length and the a^ is an experimental coefficient.

R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.



32

For rough channels.

4PC = a log (-—  ) + a' (2.3.5)r

where
^ I is an experimental coefficienta'
r
e is the sand roughness.

By assuming that the shear velocity distribution is a func
tion of only the section shape, different from open to closed 
sections, but independent for the regime of turbulent flow, 
and with a sectional shape coefficient which is introduced 
into Eq. (2.3.4), (2.3.5), yields:
For smooth boundary flow.

C = 5.75 log (-— ) (2.3.6)
j_l

For fully rough boundary flow,

C = 5.75 log (lliUiE) C2.3.7)

and for the transition region

C = 5.75 log ( ^ H -  (2.3.8)

in which ip is the shape factor which has to be determined 
experimentally.

In 1973 Yen and Overton [46] presented their study on 
the shape effects on the resistance in flood plain channels
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By assuming that secondary flow is non-existent both in 

laminar and turbulent flow, the equation of motion for a 
cross-section shown in Fig. 2.3.1 can be written as,

a^u
— ^ + — yi) = 1  (2.3.9)
gb i-\)

in which
= ^; u is the local velocity at point (y,z), V is

the mean velocity over the cross-section.

y^ = ^, = g and h^ = peizometric head gradient

in the flow direction.

In solving Eq. (2.3.9) for velocity distribution, the numeri
cal method of relaxation was used, then, the boundary shear 
stress is computed from velocity gradient at various points 
on the boundary. By integrating the velocity over the en
tire cross-section and the shear stress over the wetted 
perimeter, the average velocity and average boundary shear 
stress were obtained. The Darcy-Weisbach resistance coef
ficient was then evaluated for various flow stages.

For resistance evaluation, the method suggested by 
Overton [36] was used to produce a resistance coefficient 
and an associated effective channel boundary for the channel 
cross-section. The effective channel boundary is an 
imaginary surface located at a distance of e from the actual
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channel boundary.
By assuming that the Manning n-value for the channel 

is considered to be independent of the channel slope S^, 
then, the following proportionality holdsj

Q / / ^  ~ (2.3.10)

where
Q is the total flow rate
A is the effective flow area
R is the effective hydraulic radius.

If 0// is plotted versus the AR^^^ term on a linear graph
paper, the slope of the line of best fit would be equal to
1.49/n^, when using imperial units provided that the line

2 /3intersects the origin. Since AR is a function of e, the 
e value was chosen so that the line of best fit would pass 
through the origin. The objective fitting function such as 
the linear least squares can be used to solve the problem. 
The Manning n-value is calculated as,

2 ^Za, - cT. Sa,
n = 1.49 i   (2.3.11)

SK^a^ - K^Sa^

and the equation for the zero intercept is 

__ 1.49 a,
K    i. = 0 (2.3.12)1 n .
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in which
is Q/ / (2.3.13a)

is (2.3.13b)

and the bar signifies the mean of observed values.

By eliminating n^ from Eq. (2.3.11) (2.3.12) yields

Ea^ - EK^ ° (2.3.14)

Since Is a function of e, Eq. (2.3.14) can be written as,

Funct (e) = 0 (2.3.15)

Finally, the Newton-Raphson method is used to solve for e 
and n^.

In 19 79 Hey [19] presented a paper on the influence of 
shape factor on the resistance to uniform flow in straight 
gravel-bed rivers and derived a standardized approach for 
the estimation of flow resistance.

By adopting the Colebrook-White equation in its general 
terms ,

—  = C-i log (*T̂ ) (2.3.16)/f J- ^
in which

a = 10(E</2.30)  ̂ = 2.30/(x ./¥)
E is a coefficient 
K is the Von Karman constant
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k is the roughness height of the surface
f is the Darcy-Weisbach friction factor.

Various cross-sectional shapeswere evaluated to determine the 
relation between shape effects and the coefficient 'a* as in 
Eq. (2.3.16). A unique relation was found between R/Y the 
radius-depth ratio and 'a', where Y is the perpendicular dis
tance from the perimeter to the point of maximum velocity; 
usually, it is the maximum flow depth unless flow width/ 
depth ratio is very small. He transformed a variety of 
channel cross-sections to their equivalent plane surface 
Fig. 2.3.2.a,b . Assuming that the flow is two-dimensional 
and provided the roughness heights, hydraulic radii, and 
slopes are the same in each case, the smaller the ratio of
R/Y, the higher the average velocity. Since proportionately
more of their flow area is at a distance greater than R from 
the solid boundary. As the flow resistance declines with R/Y, 
it implies that the coefficient 'a' is inversely related to 
R/Y. In order to evaluate the flow resistance of the channel, 
it is necessary to standardize the roughness height of the 
banks to that«of bed material. This is achieved by reducing 
the effective hydraulic length of the bank, if the bed is 
rougher than the bank and the reverse, to obtain a common 
velocity gradient in the bed and bank flow areas. Fig.
2.3.2b . The effective hydraulic radius of the section can 

then be defined for use in the Colebrook-White equation 
Eq. (2.3.16)
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ï
b

(a)
Idealized Distribution, Uniform 
Shear Stress and 2D Flow

P'R

Cb)

Transformed Distribution, 
Standardized Velocity Gradients

Fig. 2.3.2.a,b Velocity Distribution in Trapezoidal Channel 
with Differing Bed and Bank Roughness (After Hey 
[19]).
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By equating the wall flow areas in Fig. 2.3.2a and 
Fig. 2.3.2b , the effective wetted perimeter of the left 
and right banks are

^ R = sT ^  <2.3.18)

the effective hydraulic radius will be ^
R ’ = A/P' (2.3.19)

where P ' = P^ + P^ + P^ is the effective wetted perimeter. 
Thus the flow resistance of the sections can be defined by 
using the effective hydraulic radius R ' in Eq. (2.3.16).

In 19 79 Kazemipour and ApeIt [2 2] developed a method 
for dealing with shape effect from considerations of dimen
sional analysis and using the experimental data of previous 
investigators. The method employs parameters more represen
tative of the effect of cross-sectional shape on flow resis
tance in open channels. The shape factor developed is

 ̂ (2.3.20)

where is equal to /P/B, (P is the wetted perimeter, B is 
the width of the channel), reflects the effects of non-uni- 
form distribution of shear stress on the boundary as the 
shape of cross-section departs from an infinitely wide 
channel and a function of the width/average depth or
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aspect ratio of the cross—section. With this ratio, the 
value of 4 * 2 can be obtained from the dimens ion les s plot of 
Tracy and Lester's and Shih and Grigg's experimental data 
[22] .

The shape factor i|j can then be defined by Eq. (2.3.20) .
If the flow is in the smooth or transitional turbulent region, 
the adjusted channel friction factor f* can be obtained from

j -  = -2 log ( ■ ■ + 2 - ^ L , (2.3.21)
/ T T  14.84R f• *

where f * = (128R^gS, /(v̂ ip)̂ '̂  ̂ (2.3,22)

kg is Nikuradse's sand roughness size
R is the hydraulic radius
N_ is the Reynolds numberX\
V is the kinematic viscosity
g is the acceleration due to gravity.

If the flow is in the fully rough turbulent region, the f*
will be obtained from

= 2 log 14.84 (R/k^) (2.3.23)

The final friction factor f^ for the channel is obtained from

(2.3.24)

In any specific case, it may be necessary to complete a
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preliminary trial calculation in order to determine the 
smooth or fully turbulent regime.

In 19 80 Ghee, Haggag and Wong [6] presented a paper on 
the influence of channel shape on the conveyance capacity 
of streams.

By using the Reynolds form of the Navier-Stokes equa
tion in two dimensional flow, the Prandtl-Von Karman mixing 
length theory, they came up with an equation which described 
the composite roughness of a covered channel

n, c n, 5/3
-i. = (a+d-a)!)"^^-^ (a+(l-a)—  X ) (2.3.25)nt H2

where
n^ is the channel roughness 
TI2 is the covered roughness 
n. is the composite roughness

R
X is the hydraulic radius ratio /R,

Pia is the wetted perimeter ratio /P

From observations in the laboratory for seven different 
channel shapes, they developed the shape' factor 'P such that,

= n/n^ (2.3.26)

in which n is the measured composite roughness of the channel 
From the plot of versus the Reynolds number N^, an ex
pression which related the shape factor to the Reynolds
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number can be obtained as

<P = (3Z00_j1.75 ^ (2.3.27)
R

in which is an experimental constant for different 
channel configurations [ 6 ] , is the Reynolds number.

2.4 Secondary Flow in' Open Channel
Flotv in noncircular channels of finite width has received 

considerably more attention to their motion pattern than chan
nels with other shapes. The complexity of the channel con
figuration requires an additional dimension for its descrip
tion. Irregularities in mean velocity distribution can be 
explained by reference to a system of secondary motions or 
superposed circulations in the plane of the conduit cross- 
section. Since these irregularities are not present in 
laminar motion, irrespective of boundary form, or in turbulent 
flow within circular pipes, it is usually concluded that the 
secondary motions are connected to the turbulent fluctuations 
in non-circular conduits.

Very few laboratory studies of this type of flow have 
been reported; J. Nikuradse [35], L. Howarth [20], H. A. 
Einstein and H. Li [14] are those among the earliest investi
gators. The result of their studies concluded that secondary 
currents may be expected to occur in open channel turbulent 
flows.
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In 19 61 Taylor [42] carried out exploratory studies on 
open channel flow over boundaries of laterally varying rough
ness. The laboratory work was done in a tilting rectangular 
flume with plywood for the smooth half of the bottom, and 
nominal one inch filter gravel for the rough half. Obser
vations were made both for the determination of overall fric
tion factors of different bed types as well as detailed 
velocity traverses which were necessary to determine the 
distribution of flow and existence of secondary currents.

The recorded velocity distributions show displacement 
of equal velocity curves toward corners of the cross-section, 
and the occurrence of the thread of maximum velocity, in 
open channel flow, at a point below the free surface.
These features are thought to be the result of a pronounced 
system of secondary circulation. Although Taylor had not 
derived any mathematical model for solving the enigma of 
secondary circulation, yet the presentation of his results 
provided good evidence for the existence of secondary cir
culation in open channel flow.

In 19 6 5 Tracy [43] presented a paper on "Turbulent Flow 
in a Three-Dimensional Channel." By examining the flow re
gions, he assumed that the condition of steady flow removes 
the dependency of any time averaged quantity on time; the 
condition of uniform motion causes the mean values of the 
fluctuating quantities to be independent of the x-direction;
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the viscous terms of the equations of motion are insignifi
cant in fully developed turbulence flow. For these conditions, 
the equations of motion become

= - i l l  - ^ (2-4.2)

 ̂"1̂  = - i  If - ^ (2.4.3,

and the equation of continuity is

| ^ + | | = 0  (2.4.4)

where x, y , z are the coordinate system referred to Fig.
2.4.1

U, V, W are mean velocities parallel to x, y, z 
directions respectively, 

u, V ,  w  are instantaneous values of velocities fluc
tuations parallel to the x, y, z 

p is the fluid density.
By differentiating Eq. (2.4.2) with respect to z and 

Eq. (2.4.3) with respect to y , then, subtracting one from 
the other, and combining it with the continuity equation,
Eq. (2.4.4), the equations yield:

W- + v . ^  = (72- 7 2 ) (2.4.5)3y 5 y 2  3y3z
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/
X/

Flow

Origin of Coordinates/

Fig. 2.4.1 Orientation of Test Channel (After Tracy [43])
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in which

The quantity Ç is a measure of the rotation of a fluid par-R
tide about an axis normal to the y-z plane. The magnitudes

2 2of the normal stress terms v and w of the Eq. (2.4.5) are 
functions of the Reynolds number of the mean flow, the space 
coordinates of the point at which they were measured, and 
the shape boundary roughness of the channel. They are physi
cally significant as additional normal, or pressure forces 
superposed on an elementary particle as a result of the tur
bulence of the motion. It is therefore, reasonable to spe
culate that the secondary motions are sustained as a result 
of an imbalance in these forces.

A sufficient condition for the existence of the motions
2 2is the existence of nonzero values of v and w of Eq. 

(2.4.5). Since the symmetry condition of uniform flow in 
circular pipes will prevent the above condition to exist, 
thus secondary motions are not present in circular sections.

In 19 81 Chiu and Hsuing [10] based on their earlier 
papers [7][8 ][9] dealing with various.aspects of three- 
dimensional mathematical modeling of open channel flow, de
veloped some relations and interactions among the secondary 
flow, shear stress distribution, and sediment concentration 
in alluvial channels. The analysis uses the framework of a
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curvilinear system consisting of isovels (equal velocity 
curves) of primary flow (measured or computed local veloci
ties) , marked as ? curves and their orthogonal trajectories 
marked as n curves(Fig. 2.4.2), The equations for Z and 
n can be written as

Ix.T IX3 I/B. gi Ç = (^) [ (1--^) e (2.4.7)Y ^i
X  2  (X I |x I

T| — (-T̂ ) + — 5-- (-fn ■ Q-—  — -r, ) (2.4.8)

in which Y is the water depth at the X 2  axis
; i = 1 , 2  are the transverse distances on the

water surface between the X 2 ~axis and either 
the left or right bank of a cross-section; 

and = empirical coefficients.

By applying the momentum equation in the x^ direction in the 
Ç-n coordinate system directly gives the C component of the 
secondary flow.

. 3V, , 3V^ 3V, .
’ [ -P —  -

3̂ 'i i 3 t _ ,  1 3 h

while the continuity equation gives the n component of the 
flow
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, .n 3V, 3V_ Sh.

V  ^
(2.4.10)

in which h^ and h^ are the scale factors on the Ç and n curves 
p is the fluid density
t is the time

is component of flow velocity 
g is the gravitational acceleration
H is the mean elevation of the bottom of a transverse

cross-section of open channel
V * is the value of V at a boundary point in which 

*n = n
is the shear stress in the x^ direction in the
plane perpendicular to the Ç direction
is the normal stress in the x^ direction.

To compute secondary currents/ Eq. (2.4.9) can be used first 
at every grid point of the Ç-ri coordinate network to obtain
, the other component can be obtained by integrating

Eq. (2.4.10) along each C curve starting from a boundary
point (point at water surface).

By re-arrangement of Eq. (2.4,9) and applying it to the 
bed boundary i for steady uniform flow in the x^
direction, the equation for the shear stress in x^ direction
in plane perpendicular to Ç direction can be written as,
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.Çy(n) . Çy(n)

3V,
h^Vç dÇ ] (2.4.11)

in which S@ is the energy slope. Equation (2.4.11) can be 
used to compute the shear stress in the flow and along the 
channel bed, that includes among other things, the effect of 
secondary flow.

In a study of bank erosion problems, Eq. (2.4.11) should 
be used to determine the peak values of boundary shear (drag 
force) that tend to occur on the side walls and on the channel 
bottom near the.side walls. Peak boundary shear along with 
convection by secondary flow near the side walls should be a 
major mechanism responsible for bank and bed erosion of al
luvial channels.

2.5 Discussion on Literature Review
Determination of the composite roughness of a covered 

or open channel and the related problem of predicting the 
shear stress exerted by the flow are of central importance 
to several aspects of hydraulic engineering. Hence it is 
not surprising that this problem has received the continued 
attention of engineers since the early 19 30's.

Based on the foregoing discussion, it can conclude that 
many existing models has involved one or more fundamental 
shortcomings which are vital in hydraulic analysis of covered
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or open channel flows. Some of these shortcomings are 
listed as follows:

1. The assumption of equal hydraulic radii (R = = R^)
regardless of the boundary roughness.

2. The assumption of an infinitely wide channel 
(R^Y) to a finite channel.

3. The assumption of equal velocities (V = = V^),
which is invalidated for most finite channels.

4. By assuming uniform distribution of shear stress 
along the wetted perimeter.

5. By assuming no sidewall and geometric shape effect 
on the flow region.

6. Most models cannot handle more than two boundary 
roughnesses.

7. By applying one- or two-dimensional models to three- 
dimensional f low.

8. By assuming no secondary circulations exist in the 
flow region.

To be more generally applicable, a mathematical model 
which can deal with the complex reality of three-dimensional 
flow, has to be developed in order to overcome the foremen
tioned problems.
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CHAPTER III 

THEORETICAL ANALYSIS

3.1 Introduction
The approach used to evaluate the effects of the mul

tiple roughness of the wetted perimeter, and channel shape 
on the flow and "stream resistance, is presented here based 
on the concepts developed in the earlier research by Chee 
and Haggag (1977) (1976) [17]. The procedure involves the
Reynolds form of the Navier-Stokes equation in two-dimen
sional flow together with the Prandtl-Von Karman mixing 
length theory to develop the velocity profile equations. 
Through the use of Manning's equation, the momentum equa
tion and the defined velocity profile equations, the 
composite roughness equation of the channel is thus derived, 
The relations are then applied into a numerical model to 
solve for the final solution.

The model is developed in a manner that it can handle 
any geometric shape effects and multiple roughness condi
tion of a channel. The cross-section of a stream is 
divided into segments of corresponding depth and bed 
configuration, such that a composite result can be ob
tained by numerically integrating the velocity pattern

52
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over the entire stream cross-section. Also, the friction 
factors which are expressed in term of Manning’s roughness 
and Chezy's coefficient can be calibrated through this 
method. The results obtained from this investigation can 
be extended for use in prototype covered or open-channels.

3.2 Theoretical Assumptions
The following assumptions are used in derivation of the 

relations :
1. The channel flow cross-section is divided into 

vertical finite strips. Fig. 3.2.1 . For each strip, it 
is again sub-divided into two small sections, an upper and 
a lower sub-section. Both subsections exert shear on and 
are affected by their boundary conditions respectively.

2. The dividing surface between the upper and lower 
sub-sections is the locus of no shear within the flow and
is also the locus of maximum velocity. The boundary between 
two finite strips is considered as no shear within the flow.

3. The above assumptions also hold when the channel 
cross-section is sub-divided into horizontal finite strips, 
with each strip consisting of the left and right sub-sec
tions, corresponding to the boundary conditions on both 
sides of the channel.

4. In case of open channel flow, the vertical finite 
strip will consist only of one sub-section, which is the 
lower sub-section corresponding to the channel bed.
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5. In the vertical strip approach, each strip is
assumed to be a finite section within an infinitely wide
channel, where the side walls exert no effect on that par
ticular section. In the horizontal strip approach, each 
strip is assumed to be a finite section within an in
finitely deep channel, where the surface and bed exert no 
effect on that particular section.

6. The hydraulic equations such as the continuity
and Manning's equation can be applied to each finite strip
separately.

7. The fluid is homogeneous, incompressible and the 
flow is steady and uniform.

3.3 Derivation of the Flow Equation
The derivation is based on a covered channel which is 

divided into two sub-sections. The division boundary line 
represents the locus of no shear and maximum velocity in 
relation to a vertical. The Reynolds form of the Navier- 
Stokes equation in two dimensional flow can be written as:

+ F. (3.3.1)IX

in which U, V are average velocities in x and y directions;
U', V  are local velocity variations in the x and 
y directions;
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p, y are fluid density and viscosity;
P is the average pressure; 

is the body force; 
and the main flow characteristics and notations are shown in 
Fig. 3.3.1 and Table (3.3.1).

For the condition of steady flow, the change of the 
flow velocity with respect to time 9U/3t will equal zero 
while V will vanish as it averages a random variation. And, 
as the flow is uniform with respect to the x-direction, both 
3Û/3X and 3P/3x will be zero.

Moreover, from Fig. 3.3.1 , the force due to gravity 
is the only body force which acts on the flow. This force 
is represented by the weight component in the x-direction. 
For unit volume of flow,

F . = Y * s i n 9  (3.3.2)IX

As 9 is very small in most practical cases, the sin 8 value 
can be substituted by the bed slope and by replacing y 
with pg, Eq. (3.3.2) becomes

F^^ = pgS^ (3.3.3)

Then, Eq. (3.3.1) can be simplfied as

 ̂̂ ” PU ' V M = ■" (3.3.4)
3 ÎTThe first term on the left side of Eq. (3.3.4), h —dy
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Fig. 3.3.1 Definition Sketch of Channel Cross-Section
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TABLE 3.3.1 

Assigned Notation

Parameter
Flow

Cross-section
Channel

Sub-section
Cover

Sub-Section

Plow Area A ^2
Wetted Perimeter P 2̂
Hydraulic Radius R «2
Plow Depth Y ^2
Relative Depth 

Ratio e = 2
Local Velocity U “2
Mean Velocity V
Manning's Roughness n "2
Shear Stress T ^2
Shear Velocity V* V*1 ^*2
Bed Slope sO
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represents the laminar shear t and the second term pÜV'1j
represents the turbulent shear Then Eg. (3.3.4) can
also be written as

(Tj_ + T^) = - pgs^ (3.3.5)

3.4 The Shear Stress Distribution
By integrating Eg. (3.3.5) with respect to each sub

section f the shear stress and velocity distributions can 
be obtained.

For the channel sub-section (1), the shear stress is 
given as

^L1 + ^tl =-09^0^1 + "=1 (3.4.1)

where is an integrating constant.
Since the upper boundary of sub-section (1) is the 

separation surface between the two sub-sections, which is 
presumed to be the locus of zero shear and lies at a dis
tance frcan the bed, therefore, when ~ ^i' the laminar 
and turbulent shear will be

“ 0 When ŷ  ̂= Y^ (3.4.2)

From this boundary condition, can be obtained as 

^1 = P9^o ^1 (3.4.3)
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and substituting it back to Eq. (3.4.1), yields

■'l I + ■'tl = P9Sot^l-yi> (3.4.4)

The existence of a laminar sublayer close to the bed
boundary at a very small distance of only the laminar
shear exists in this region. Therefore, when y^ = 0, Eq. 
(3.4.4) yields

■'oi = '̂ Ll “ (3.4.5)

where is the total shear on the bed.

Since the laminar shear is very small outside the 
sublayer, it can be neglected from the total shear, and 
Eq. (3.4.4) becomes

Tti = pgs^<ïi-yi) (3.4.6)

where describes the shear distribution between the
range Y^>y^>5

Similar shear stress distribution can be obtained for 
sub-section (2), with the changing of subscript 1 to 2 for 
the above expression, and they are shown as in Pig. 3.4.1

3.5 The Velocity Distribution
The velocity profiles of a channel can be obtained by 

employing the Prandt.l-Von Karman mixing length theory. For
the lower subsection (1) of a covered channel, the equation
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2 *^^12^tl ^ (dÿT) (3.5.1)

where L, according to Von-Karman is defined as

L = (3.5.2)

where ic is the Von-Karman constant.
By substituting Eq. (3.5.2) into Eq. (3.5.1) gives

_ 9 2 1 o (3.5.3)

Combining Eq. (3.5.3) with Eq. (3.4.5) yields

_ 1 ,1/2 ,1/2dÿ^ = —  <3=o' (3.5.4)
y,which in terms of the relative depth ratio e, = j1 Y 2
yn terms of the relative depth ratio = 

becomes

dU, , 1/2 (1-
<3-3-5)

Since the shear velocity of a wide channel can be 
expressed as,

V*i = ( g Y ^ S ^ ) (3.5.6)

therefore, Eq. (3.5.5) becomes

dU, V*. (l-E^) ( 3 . 5 . 7 )
=  — -   --
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The velocity distribution in terms of can be ob
tained by integrating Eq. (3.5.7) with respect to ,

V*iU. (e ) = --- F, (e,) + C, (3.5.8)1 1  K 1 1  1

where
1/2 l+(l-Ci)l/2

F-,(e,) = 2(1-6.) - Zn ------  ̂ . 7 9  (3.5.8a)

is a dimensionless velocity function and is shown in Fig. 
3.5.1 .

By equating the mean velocity of the sub-section 
to the value computed from Eq. (3.5.8) and putting the 
relative depth = 1/3, which is the location of the mean 
velocity in the sub-section, the constant can be obtained 
as,

C, = + 2/3 — - (3.5.9)1 1 k

Substituting Eq. (3.5.9) into Eq. (3.5.8) yields,

V -U (e )
■ V -̂ --7—  =  -F. (E.) - 2/3 (3.5.10)^*i/ k

which when simplified, gives

V, - (e. )
(2V*^/k) ^ 2 (^1  ̂ (3.5.11)

in which F2  (ŝ  ̂ is another dimensionless velocity function 
shown in Fig. 3.5.1 and can be expressed as
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(c,)'/' 1/2F,(e.) = In-----   - 1/3 (3.5.12)
 ̂ l-(l-e^)^'^ ^

By applying another boundary condition, that is, when 
equals unity, where the local velocity becomes equal to 

the maximum velocity and F^(GjJ equal to zero, Eq. 3.5.8 
becomes

= ^max + 4 ^  (3.5.13)

Noticing that F̂  ̂(ê )̂ is always a negative function and 
when = 1/3, F^(e^) is equal to -2/3. Putting it back 
into Eq. (3.5.13) gives

°l'=l> = W  - 2/3 Vi (3.5.14)
which is the mean velocity of sub-section (1).

Similarly, the velocity equations for the upper sub
section of an covered channel can be derived as

“2<^2> = '"max ^''l'"2> (3.5.15)

or

V n  - U_ (G_)
■2V.,/) ■- = ^2<^2> (2.5.15)

and the mean velocity of sub-section (2) as

U_(G_) = V^^^-2/3 — - = V_, for e, = 1/3 (3.5.17)2 2 max K 2  2
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Therefore, with the above equations, the velocity 
profile of a covered channel is completely defined.

3.6 Characteristic Equations for Velocity Distribution 
The derived velocity equations show that as the 

boundary roughness coefficients of the two sub-sections 
are equal, their mean velocities will also be equal, and 
the maximum velocity will be located at the mid-depth of 
the cross-section. If the channel consists of different 
boundary roughness, then the difference between the two 
sub-section mean velocities can be expressed as

in which V^, and can be evaluated by applying Manning's 
equation to both sub-sections separately.

V. = i = 1,2 (3.6.2)
1  n. 1  o

and the maximum velocity which can be expressed as

Vmax = 2/2(V^+V;) H- i  (3.6.3)

will move away from the rougher boundary.
The velocity distribution also shows that, as the bed 

slope Sq increases, the curvature of the velocity profile 
will become more severe. The variations of the velocity
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profile are shown in Fig. 3.6.1
By using the continuity equation together with the 

above equations, the channel mean velocity can be written 
as

V = 1/2(Vĵ +V2> - ^  (3.6.4)

which when combined with Eq. (3.6.3) , gives the ratio be
tween and V , as,

= 2 + ^  (Zp: ̂  4- I;! ̂ )  (3.6.5)

Equation (3.6.5) also shows that, the rougher the boundar
ies, the higher the shear velocities and consequently 
the larger the ratio.

3.7 The Hydraulic Radius Ratio Equation
The equation used to evaluate the hydraulic radius 

ratio can be obtained by substituting Eq. (3.5.6) for sub
section (1) and (2) and Eq. (3.6.2) into Eq. (3.6.1) as

R 1/2Zi--------0.44i(x/2 , ) (3.7.1)
n^ /g K(l-n^/n^ X )

in which X = R^/R^ is the hydraulic radius ratio.

By applying the momentum equation to the flow, for
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unit length of channel in the flow direction

yAS^ = ?2 (3.7.2)

and substituting by i = 1,2, for uniform flow,
Eq. (3.7.2) becomes

R^/R = 1/(0 +(1-0)X) (3.7.3)

where o is the wetted perimeter ratio P^/P.

The final equation for the hydraulic radius ratio X 
can be obtained by combining Eq. (3.7.1) and Eq. (3.7.3) 
and taking the value of K = 0.4,

^ = 1.11  — ■ — (o+Cl-o) X)^/^ (3.7.4)
h^ /g 1-(n^/n^) X

The location of the division surface between the two 
sub-sections can be obtained by solving Eq. (3.7.4) for the 
X value.

3.8 The Composite Roughness Equation
By the definition of the hydraulic radius R = A/P, 

and the cross-section geometry, it gives

~  = X L s. .2 (3.8.1)
1 o
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Introducing this equation into Eg. (3.6.4) together 
with Eq. (3.6.2) and Eq. (3.5.6) for both sub-sections, 
yields

^  - -p[76 c W  •

0Ml-a)X (3 .8 .2 )
(a-(1 -a)X)

The above equation can be simplified by means of 
Eq. (3.7.4) to obtain.

= (a+(l-a)X)""^^^(a+(l-a)-^X (3.8.3)"t ^2

This is the general composite roughness equation for a
covered channel with only two boundary roughness.

In wide channels, the a value becomes 0.5 and Eq.
(3.7.4) and Eq. (3.8.3) can be reduced to

—  = -------- - 2 / 3  ' (1+X) (3.8.4)

and

n^ /g l-(n^/n2 ) X

n^ .1.587(,l+(n^/n2)X
^t ( l + x T ^

(3,8.5)
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3.9 Mathematical Model for General Solution
The difficulties of solving the channel flow problems 

arise from the fact that most natural channels usually 
consists of more than two roughnesses along their wetted 
perimeter. Also, the shear stress is not evenly distri
buted along the boundary.

The model used to solve these problems is illustrated 
in the channel shown in Fig. 3.9.1 . The cross-section 
is divided into vertical and horizontal finite strips cor
responding to their local flow depths and boundary rough
nesses. The relations derived in the previous sections are 
applied to the strips for their individual velocity profile. 
The dimensionless velocity profiles (U_/V_) ando o Xy
(Ug/Vg)^^ are then used as coefficients of each other 
through a coefficient equation. The relative velocity at 
the intersecting point 'A' can be estimated. The successive 
evaluation of the local point velocities forms the solution 
field for the channel cross-section.

The coefficient Equation which describes the velocity 
distribution within the channel cross-section can be ex
pressed as,

U/V = El [ (^S/^S)^y • (3.9.1)

or
U/V = E3 [ (Ug/Vs)^y . <3-9-2)
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in which
(U /V_) is the dimensionless local velocity profile s o xy '

in the x-y plane 
(Ug/Vg)^^ is the dimensionless local velocity profile 

in the xz plane 
Ug is the point velocity within the strip 
Vg is the mean velocity for that particular 

strip
U is the final local velocity for the solution
V is the mean velocity for the cross-section

V is the maximum velocity of the cross-section max
El is the velocity coefficient which indicates

the magnitude of the flow
E 2 is the velocity exponent which indicates the

velocity gradient steepness
E 3 is the velocity coefficient, where

E3 = El . (V^^/V)
The coefficient equation (3.9.2) defines the solution

set of any individual cross-section, whereas Eq. (3.9.1)
defines the solution for the cross-section with a given
flow rate designated by its ratio.

The evaluation of the unknown coefficients El, E2 in
Eq. (3.9.1) or (V ^_/V), E3, E2 in Eq. (3.9.2) can be donern3.x
by satisfying the following boundary conditions:

1. Through the continuity equation, the total flow
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rate of the cross-section should be equal to the integra
tion of the velocity profile with respect to the elementary 
areas, that is,

1 (3.9.3)

where A is the total flow area, Q is the total flow rate, V 
is the mean velocity.

2. By means of the momentum equation, the total driving 
force (gravitational body force) should be equal to the in
tegration of the shear force along the wetted perimeter, 
under the steady state condition. For unit length along the 
flow direction (x axis)

YASq = (3.9.4)

where is the boundary shear stress
N is a displacement vector normal to the boundary 

surface, N=Funct. (y,z)

If is the local product of (^S/^S)„ , ( ^ S / ^ S ) ,J. x y  x z

Eq. (3.9.1) becomes

U/V = El 9 (3.9.5)

By condition (1)

dA = 1 (3.9.6)

which can be written as.
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El =
C3.9.7)

(3.9.8)

By condition (2) and Eq. (3.9.5)

i| = T O / E 2 - l )  ^

Therefore, the total shear is

J [  =X 132.0/^3-1) (3.9.9)

Using Eq. (3.9.1)> (3.9.7) and (3.9.9), the coefficients
El, E2 can be defined.

Identical relations can be obtained for the coefficient
equation (3.9.2), in order to solve for E2, E3 and (V /V)max
ratio. Finally, a complete model for solving the problem 
is well defined and this concludes the chapter on Theoreti
cal Analysis .
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CHAPTER IV

EXPERIMENTAL INVESTIGATION

4.1 Introduction
In trying to understand the flow situations and to 

estimate the composite roughness of a channel, the question 
arises as whether the derived mathematical method in Chapter 
III is applicable to all channels. Thus, experimental in
vestigation is necessary, in order to answer this question.

Experiments were undertaken to examine those aspects 
such as:

1. The calibration of roughness materials,
2. the variations of geometric shape and multiple 

roughnesses in channel flow,
3. the verification of theoretically developed 

velocity profiles,
and to estimate their significance. The results of those 
experiments form the basis for this study.

4.2 The Test Equipment

4.2.1 Laboratory Facilities
Experimental observations were carried out in a 

1.5' (0.457 m) width by 2.0' (0.61 m) depth flume with an

76
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uninterrupted length of 24' (7.315 m) (Ref. Fig. 4.2.1.1).
The bottom and one side of the flume were made of plywood 
while the other side was made of clear plexiglass. The 
head tank, with a size of 4.25' (1.419 m) by 3.66' (1.18 m)
in plan and 4' (1.219 m) in depth was provided at the up
stream end of the flume, where an adjustable gate was also 
located. Gauge screens were installed between the outlet 
section of the tank and the flume, in order to reduce the 
air bubbles entrained within the water as well as the sur
face waves caused by turbulence.

At the downstream exit, a tail gate was installed to 
control the flow depth. The flume was served by a centri
fugal pump capable of delivering up to 3500 USGPM 
(0.2267 m^/s) in discharge with a 22.0' (6.71 m) head. It
has an open loop system used together with a sump. The 
flow was adjusted by a gate valve installed between the
pump and the inlet pipe of the head tank. An electro-

—4 3magnetic flow meter calibrated to 10 USGPM (6.31 x 10 m /s) 
was used for discharge measurements.

4.2.2 Measuring Equipments
Point gauges with electric bulb indicators were used 

to measure water surface elevations at three stations along 
the flume. They were calibrated to read up to 0.01"
(0.025 cm) directly.

Pi tot tubes were used for measuring point velocities
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at the centre station. The manometer used read directly 
to 0.1" (0.254 cm).

A miniature current flow meter was also used to measure 
the point velocities at the cross-sections. The meter, to
gether with two separate probes, could operate in four dif
ferent ranges, with a majcimum reading of 13.12 '/s (4 m/sec). 
The sensitivity of the meter is 0.157"/s CO.4 cm/s).

All these equipments are shown in Fig. 4.2.2.1 to Fig.
4.2.2.2.

4.2.3 Experimental Channels
Seven different channel cross-sections had been used for 

observations. These channel shapes ranged from rectangular, 
semi-circular, trapezoidal, triangular, and compound varia
tions of the last three shapes. The rectangular channel was 
actually the testing flume itself with bottom and one side 
made of plywood and the other side of plexiglass. The semi
circular channel was built with 20 gauge sheet metal, and in
scribed in the flume. The trapezoidal and triangular channels 
were also built inside the flume, with 3/4" Cl.90S cm) thick 
plywood. Several vent holes were drilled on the channel bot
tom near station (1) and (2), to balance out the static pres
sure built up under the channel.

There were seven partition blocks on each side be
neath the channel bottom, to prevent any leakage flow in
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that region. The details and dimensions of these channel 
cross-sections are shown in Fig. 4.2.3.1 , together with 
some of these sections in 4.2.3.2 and 4.2.3.3 .

4.2.4 Simulated Covers and Roughness Materials 
In the cases of flow with covered channels, the float

ing covers were made of plywood boards with and without 
roughness elements attached to the underside. The size of 
the covers were 17" (43.2 cm) square by 1.5" (3.81 cm) 
thick. The specific gravity of the cover was 0.8.

Two different kinds of wire mesh, with diamond shape 
patterns, of sizes 2 1/2" x 1 1/4" (6.35 cm x 3.175 cm) 
and 1 1/2" x 3/4" (3.81 cm x 1.905 cm) had been used.
These wire meshs together with the plywood would impose 
riultiple roughnesses for different boundary conditions.

All these materials are shown in Fig. 4.2.4.1 . The 
symbols n^, n̂ , and np are used to designate (2 1/2" x 1 1/4") 
wire mesh, ( 1 1/2" x 3/4") wire mesh and plywood respec
tively.

4.3 Experimental Program
This program consisted of groups of experiments which 

had been carried out along the investigation in order to 
^eet the objectives of this study. The arrangements and 
procedures used in different groups are listed in the fol
lowing sections.
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Fig. 4.2.3.1 Dimensions of Experimental Channel Cross-Sections
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4.3.1 Calibration of Roughness Materials
Six different arrangements had been used for this 

calibration procedure. The rectangular channel was chosen 
as the standard shape for comparison. Only the bottom was 
lined with an unique wire mesh at a time. The energy slope, 
the total flow rate and the water surface elevations at 
station (1) and (2) were recorded in order to evaluate 
Manning's roughness coefficient. Two different approaches 
were used to measure the flow rate Q. The first one was 
using the flow rate recorded by the flow meter, which was 
the total flow rate through the flume. The second method 
is by means of a recorded velocity profile. The profile 
along the vertical centre line of the cross-section had 
been measured and was used to evaluate the discharge.
These two sets of values were then compared.

4.3.2 Evaluation of Channel Composite Roughness
The experimental procedures were almost the same as

described in the previous section. Instead of just using 
the rectangular flume, all seven channel cross-sections 
had been studied. The boundary roughness elements were 
also rotated for different settings. In this way, the 
significance of the geometric shape and multiple boundary 
roughness can be estimated.
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4.3.3 Study of the Velocity Profile
Detailed velocity traverses through the flow depth 

and across the width of the channel were recorded by using 
pitot tube and miniature flow meter. The station which had 
chosen for taking measurements were located well beyond an 
initial length of 40 times the cover thickness to ensure 
the establishment of uniform flow away from the leading 
edge.

The coordinate system used in recording data was in
dicated in Fig. 4.3.3.1 . Elevations were measured as a 
ratio to the maximum flow depth. The spacing of the 
traverse stations were small near the sidewall of the 
channel.

All seven different configurations with rotating 
multiple roughness had been studied and sixty seven velocity 
traverses were recorded.

4.4 Experimental Results
A summary of the results obtained in the experimental 

investigation is given in Appendix C.

4.5 Experimental Errors
The sources of the experimental errors along with their 

expected values are discussed in Chapter V.
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CHAPTER V

DISCUSSION OF THEORETICAL AND 
EXPERIMENTAL RESULTS

5.1 Introduction
In this chapter the utilization of the analytical re

lations and the mathematical model developed in Chapter III 
are discussed. First, the behavior of various analytical 
relations to their independent variables, then the appli
cability of these relations to different model channels and 
comparisons with the experimental results. Finally, the 
application of the numerical model together with the above 
relations in solving composite channel problems, and veri
fication of this procedure through the experimental results.

5.2 The Division Surface Equation
The analytical model mentioned in Chapter III involved 

the solving of the Division Surface Equation, Eq. (3.7.4), 
in order to locate the position of the division surface, 
which separates the two flow sub-sections in relation to the 
cross-section of the channel. Since the dependent variable 
1 can not be separated from the other parameters, no direct 
solution can be found.

In order to evaluate the values of X, one method is to

90
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develop a kind of alignment chart which consists of a 
practical range of precalculated X values.

By referring back to Eq. (3.7.4), successive numerical 
values of n^, n 2 / a and X are used within a numerical sub
routine in order to generate the corresponding values of 
f, where § = (n̂ ĝ̂ '̂ )̂ denotes a separate functional
group of the equation.

During the computation process, the values of § was 
found to be very insensitive to the changes of a, thus the 
range of a values from 0.5 5 to 0.65 can be considered as a 
parameter with one unique value.

The Alignment Chart, Fig. 5.2.1 , is developed with a 
logarithmic base. It consists of a total of nine axes.
The first axis from the left contains all pre-calibrated $ 
values. The rest of the eight axes carry the values of X 
corresponding to eight different n^/n^ ratios.

To distinguish the positions of the X values on dif
ferent axes, a reference point is placed on the far right 
side of the figure.

With a single set of X and § data generated by an 
unique value of n^/n^ ratio, we can calibrate a single X 
axis, by aligning the reference point with the correspond
ing values on the pre-calibrated ^ axis.

The use of this Alignment Chart to find X values of 
certain given n^/n2 f a and $ value is demonstrated in 
Appendix Al.
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5.3 The Composite Roughness Equation
The general equation for the estimation of the com

posite Manning’s roughness factor n^ for a covered channel 
with any cross-sectional shape is referred to by Eq. (3.8.3).

Although the equation can be solved directly to get the 
value of n^, yet it will involve a lot of mathematical opera
tions. It is much more handy to develop another alignment 
chart to solve the equation graphically.

The development of the alignment chart is much similar
to that described in the previous section. But this time,
the composite roughness n^ is quite sensitive to the change 
in a values. Thus the chart has to be developed to take 
this effect into accouht.

In order to include the complete range of n^/n^ ratio,
two separate charts. Fig. 5.3.1 and Fig. 5.3.2 , have
been developed with one ranging from 0.2 to 0.6 and the other 
one from 1.5 to 4.0.

The first axis to the left contains all precalibrated X 
values. The rest of the four axes carry the values of 

n^/n^ corresponding to different n^/n2  ratios. For each 
axis, the left side of the axis is calibrated with a values 
equal to 0.55 and on the right equal to 0.65. For the rest 
of the n̂ /n.̂ . values within this a range, they can be ob
tained by interpolating between the 0.55 to 0.65 values.

The use of these Alignment Charts to find n^/n^ values
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of certain given n^/n2 / a and A value is demonstrated in 
Appendix Al.

5.4 Calibration of Roughness Elements
The experimental procedures and settings for these 

calibration tests had already been mentioned in Chapter IV, 
Section 4.3.1. The recorded data were then used to evaluate 
the corresponding hydraulic parameters as well as the rough
ness coeff,icients expressed in terms of Manning's n and 
Chezy's C. The procedures used to carry out the evaluation 
is listed in Fig. 5.4.1 . All the results are presented in 
Appendix Cl, Table (C.1.1) to (C.1.6). The calculated 
Manning coefficients for different roughness elements were 
then plotted against their Reynolds'’ numbers, and the graphs 
are shown in Fig. 5.4.2 and Fig. 5.4.3 . It can be seen 
that all these roughness curves range from the laminar flow 
^region, then passing by a transitional zone, into the tur
bulent region. The slopes of the curves dn/dN_ are very 
steep in the laminar region which indicates the persistence 
of laminar shear under low flow velocity, while the values 
of dn/dNj^ approaching zero when they reach the turbulent 
region. Usually, most of the practical designs and labora
tory studies are based on this region, since the roughness 
coefficient becomes a constant with respect to the flow 
Velocity.

The curves also show that the fine wire mesh has
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a higher Manning's value, than the coarse one. It can be 
explained that, since both of them have almost the same 
roughness height (manufactured by steel sheet of the same 
thickness), but the fine one carries a denser pattern 
within an unit area of wire mesh, so more energy will be 
lost when flow passed over it. Thus, it shows a higher 
roughness coefficient, than the coarse one. The- figures 
(5.4.2, 5.4.3) also show that, the centre velocity profile 
approach will give a lower roughness coefficient due to 
reduced side wall effect in calibration (Ref. Fig. 5.4.4) 
and this method is more advantageous in standardizing 
material roughnesses for design purposes.

5.5 Effects of Geometric Shape and Boundary Roughness
There were twenty two tests carried out according to 

the procedures mentioned in Chapter IV, Section 4.3.2, in 
order to verify the effects of geometric shape and multiple 
boundary roughness.

The testing started with experiments on different 
geometric shapes with equal lining material and under free 
surface conditions. The data were analyzed according to 
the procedures listed in Fig. 5.4.1 in order to obtain 
the roughness coefficients. The results were then plotted 
against the corresponding Reynolds^ numbers as in Fig.
5.5.1 . It shows that for different shape of channels
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with similar lining material, different roughness coef
ficients will be expected. The most efficient geometric 
shape found is the semi-circular section. The reason can 
be related to the secondary motions mentioned in Chapter 
II, Section 2.4. The symmetric condition of uniform flow 
in semi-circular section greatly reduces the existence of 
secondary motions within the flow. Thus less energy loss 
will be encountered.

The second part of the testing involved experiments 
on channels with different geometric shapes, lining ma
terials and buoyant covers. The results were graphed and 
shown in Fig. 5.5.2a,b to Fig. 5.5.5a,b .

For different combinations of channel shapes and 
lining materials, different roughness curves can be ob
tained. Thus, it concludes that mathematical models which 
involve precise definitions of geometric shapes and bound
ary roughnesses is needed to solve the complexity of 
channel hydraulics.

5.6 Comparison Between Experimental and Theoretical
Composite Roughness
In verifying the utilization of the Division Surface 

Equation (3.7.4) and Composite Roughness Equation (3.8.3), 
fourteen experiments had been carried out on channels with 
different shapes and buoyant covers.

The experiments were separated into two groups, the
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first one involved channels with plywood blocks for the 
cover, and the second group with 2 1/2" x 1 1/4" coarse 
wire mesh. The experimental procedures were described 
as in Chapter IV, Section 4.3.2. The recorded data were 
then analyzed according to the procedures as shown in 
Fig. 5.6.1 . The results were shown in Fig. 5.6.2 to 
5.6.15 and in TablefC.2.1) to CC.2.14).

Both cases show that, although there were variations 
in experimental composite roughness coefficients for dif
ferent boundary conditions, the theoretical curves 
generated by Eq. (3.8.3) were more or less the same. This 
behaviour implies that Eq. (3.8.3) is not so sensitive in 
response to shape effects as is to be expected. The same 
argument can also be found as in Chapter II, Section 2.3 
and in this chapter. Section 5.2.

In Section 2.3, the introduction of a shape factor <j) 
in Eq. (2.3.26) to form the correlation between the experi
mental and theoretical predicted n^ implied that Eq.
(3.8.3) cannot be used to evaluate the composite n^ di
rectly with regards to channel configurations. And in 
Section 5.2, the insensitivity of X to the changes of a 
Values also indicated that, the a parameter failed to 
represent the shape effects within the relation.

It is suspected that the wide channel assumption 
^ ~ Y used in deriving the relations caused this vital
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disadvantage of utilizing Eg. (3.7.4) and Eg. (3.8.3).
In the following section, the introduction of the 

finite strip method into the analytical model in order 
to eliminate the above disadvantage is examined.

2•7 Comparison of Velocity Profiles Using Finite
Strip Approach
To study the effect of channel shapes and boundary 

roughnesses on the flow pattern, sixty seven experiments 
were tested. All seven channel configurations together 
with three different kinds of roughness elements combined 
to form different settings for analysis. The experimental 
Procedures were described as in Chapter IV, Section 4.3.3. 
The recorded velocity traverses were analyzed according to 
the procedures as shown in Fig. 5.7.1 . The theoretical 
and experimental velocity traverses are listed in Appendix 
*-•4, Table (E-13 ) to Table (E-9 3) . There are several im
portant aspects which had been deduced from the data 
analysis, and they are going to be discussed in the follow
ing sections. ' -

5.7.1 Percentage Difference Between Experimental 
and Predicted Local Velocities

The percentage difference between measured and pre
dicted point velocities ranged from less than 1% minimum, 
^nd up to 11% maximum.
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^^8* 5.7.1 Flow Chart for Estimating Velocity Profiles
by Finite Strip Approach.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 3 0

The estimated percentage error in measuring local 
Velocities which is discussed in this chapter, section
5.8 has been found to be ±5%. It seems that both ranges
^re compatible to each other.

Since, the mean velocity was obtained by integrating 
the local velocity traverse with respect to the finite 
sreas, its level of error should fall into the same range 
ss in the above case. Thus, the estimated percentage

in mean velocity of % ±6% described in Section 5.8 is 
acceptable.

5.7.2 Behavior of Coefficient Equations
The two coefficient equations discussed in Chapter 

III, Section 3.9, Eq. (3.9.1) and Eq. (3.9.2) had been 
tested against the experimental data.

The coefficients El and E3 had been recorded graph
ically as in Fig. 5.7.2.1 to Fig. 5.7.2.2 and E2 in
Table C.5.1. For all seven configurations with different 
boundary conditions, the values of El shown in Fig.
5.7.2.1 has more or less a constant value o f ~ 0.9 75,

'̂ hen they were separated from the ratios, the
values of E3 can be obtained. Fig. 5.7.2.2 shows that 

has slightly more scatter than El with a mean value of 
~ 1.135. The values of E2 are shown in Table C.5.1. The 
^^^iations between the data ranged from 0.164 up to 2.6 00.
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Since El is obtained by the correlation between dimension-
less velocity traverses, a constant value is most likely
to be expected. The scattering in values of E2 implies that
for different boundary conditions and discharges, different
Velocity gradient steepness will exist.

The values of E2 was then plotted against El as in
Pig. 5.7.2.3 and ratio as in Fig. 5.7.2.4. Both
cases show good relations between these coefficients. In
Pig. 5.7.2.3, a second degree function between El and E2
^nd in Fig, 5.7.2.4 a linear function between V/V andrciQ.xT
P2 are expected.

The constancies of El and E3 together with the re
lations shown in Fig. 5.7.2.3 and Fig. 5.7.2.4 enable them 
to be selected as the initial conditions for solving design 
problems when an iterative method is used, whereas, the 
Value of E2 has to be evaluated successively.

5.7.3 Statistical Analysis Between Theoretical 
and Experimental Results 

A statistical program has been carried out to esti- 
^^te the correlation between the theoretical and measured 
Velocity traverses. The most commonly used "Least Square 
Regression" model has been adopted, and the results through 
^11 sixty seven velocity traverses are presented in 
Appendix C.3, Table (C.3.1).

The "Least Square Regression" model is designed to
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minimize the sum of the squares of the deviations of the 
actual data points from the straight line of best fit.
The correlation coefficient "r", which measures how well 
the line fitted to the data ; ranged from 0.811 up to 0.999 , 
with value of 1.0 in the ideal case. The slope "ni" of 
the regression line ranged from 0.9 46 up to 1.052, with 
1.0 as the ideal value. The standard deviations of the pre
dicted local velocities were found to be 0.0075 m/s minimum 
and 0.12 38 m/s maximum, and of the measured one with 0.00 84 
m/s as the minimum and 0.1342 m/s maximum.

In most cases, the higher the standard deviations are 
the lower the correlation coefficients become.

5.8 Experimental Errors

5.8.1 Sources of Errors
The sources of experimental errors during the labora

tory testings can be classified as follows :
1. Flow depth and distance measurements:

(a) Variations of channel bed ±0.100" (0.254 cm).
(b) Reference datum recording (still water level) 

±0.005" (0.0127 cm).
(c) Point gauge reading ±0.005" (0.0127 cm).
(d) Water surface fluctuation in still water wells 

upstream ±0.1" (0.2 54 cm); downstream ±0.0 5"
(0.127 cm).
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(e) Distance measurement between station (1) 
and station (2) ±0.05" (0.127 cm) .

2. Local velocity measurements:
(a) For the pitot tube, a common instrument 

precision error of ±1% was assumed.
(b) Manometer reading ±0.10" (0.254 cm) in

cluding fluctuation.
(c) For the miniature current meter, a common 

instrument precision of ±1% was assumed.
(d) Averaging of dial reading ±1 Hz.
(e) Velocity conversion chart accuracy ±3%.
(f) Vertical displacement in traverse ±0.00 5" 

(0.0127 cm).
(g) Horizontal displacement in traverse ±0.10" 

(0.254 cm).
3. Total flow measurement :

(a) Electro-magnetic flow recorder ±5 USGPM 
(3.15 X 10""̂  m^/s.)

5.3.2 General Equation for Errors Estimation 
The general equation of the theory of errors can be 

written as

(5Q ) ^  = O F / 3 X ^ ) ^ ( 5 X ^ ) ^  + 0 0 7 3 X 2 ) ^ ( 5 X 2 )^ + ____

(5. 8.2.1)

in which Q = F (X^,X 2 /X^...) is a defined function.
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Q is the dependent variable
/Xg,... are the independent variables 

&Q is the estimated error in Q
5x^/ ôXg, ... are the specific errors in X^^X^... 
that were made during their measurements.

Eq. (5.8.2.1) can be applied to each tests in order to es
timate its expected experimental error.

5.8.3 Estimation of Experimental Errors
1. For the local velocity, the error was estimated 

at ±5% maximum
2. For the average velocity, since

V = Q/A (5.8.3.1)
and applying Eq. (5.8.2.1),

ÔV = [ (50)  ̂ + (5A)^ (5.8.3.2)
where

5Q = 5% max., 5A = 3.4% maximum 
Therefore, 5 V * ±6.1% maximum
3. For Manning's Coefficient, since

n = i (5.8.3.3)

applying Eq. (5.8.2.1.)

ôn = [ (6V)^ + I* (5R) ̂  + j (5S^) ̂  (5.8.3.4)

in which 5V =±6.1% maximum
5R = [ (5A) ̂  + C.5P)̂  C5.8.3.5)
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= [ (3.4)^+ (2.6)^ ]1/2 _ 4.3% maximum
ôS = 4.9% maximum o

Therefore 5n = [ (6.1) ̂  (4.3)^ + ^ (4.9) ̂

= 7.2% maximum

The above calculations for various experimental 
errors are only based on the sensitivity of measuring 
equipments. Therefore, the figures provide conservative 
estimates.

5.9 Remarks on Discussion of Results
Generally, the theoretical model which had been pre

sented in Chapter III was tested and good agreement was 
obtained between theoretical and experimental results. 
However, field measurements are essential in order to prove 
its general applicability. Since, there was no suitable 
field data available during this research to serve the 
purpose, an extensive field study should be carried out 
to fulfill the need.
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CHAPTER VI 

CONCLUSIONS AND RESEARCH SUGGESTIONS

6.1 Conclusions
The general goal of the study was an improved under

standing of the characteristics of multiple roughness 
channels and their related flow patterns. The analytical 
and numerical models developed here satisfactorily pre
dicted the behavior of flow velocities under laboratory 
conditions. On the basis of the analytical and experimen
tal results the following conclusions may be summarized:

1. The Composite Roughness Equation (3.8.3) mentioned 
in Chapter III, Section 3.8 has been found to be inadequate 
in applying to finite channels of different configurations.

2. The experimental investigation proves that the 
different channel configurations and boundary conditions 
offer varying resistances to the flow. The use of shape 
factors by previous investigators to describe the influ
ence are insufficient for wide general applications.

3. The numerical model mentioned in Chapter III, 
Section 3.9 has proved to be satisfactory under laboratory 
conditions. Velocity profiles estimate by this model 
averaged about ±5% error.

140
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4. The velocity profile equation 3.5.15 derived in 

Chapter III, Section 3.5 can be exmployed by the above 
numerical model to yield satisfactory results.

5. Precise estimation of composite roughness coef
ficient for multiple roughness channels can be possible 
by applying the above model.

6. The Finite Strip Approach for the calibration 
of roughness elements has been quite successful in de
fining their friction coefficients.

6.2 Research Suggestions
The results of the present study could probably be 

extended to further investigations. Some of these sug
gestions are summarized as follows:

1. The subdivision of a turbulent flow into hydro- 
dynamical ly independent zones is not in general possible, 
because the turbulence generated at the bed is definitely 
diffused throughout the channel. Therefore, more precise 
experimental investigations are needed and the measure
ments should be extended to include determinations of 
turbulence and secondary circulations in three dimensional 
flows.

2. The laterally varying roughness found in nature 
is interrelated with the transport of sediment. Investi
gations are needed to study their complexity.

3. Further investigations on the definition of
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friction factor are necessary. Common lining materials 
should be tested to verify the Finite Strip calibration 
procedures.

4. Extensive field programs are suggested to verify 
the model's applicability together with the effects of 
scale.
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Al. Numerical Example in Demonstrating the Use of Monographs in Finding X and n^/n^ Ratio

In this section a numerical example is illustrated 
to explain the use of the developed charts in finding 
the values of X and n^/n^.

Given; A trapezoidal channel with the following characters are known,
: cover underside Manning's roughness is equal to0.02616,
: the channel sides and bed roughness is equal to

0 .0 1,
: dimension of the channel;

0 . 2 0 8 m

•0 .66 ' —  

0 . 2 0 1 m
I I

n^=0.01
ng=0 . 0 2 6 1 6

Fig. A.1.1 Channel Cross-Section 

Solution:
Wetted perimeter of channel bed and sides = 0.8' + 0.66' + 0.8' = 2.26' (0.6889 m)
Wetted perimeter of channel cover 

= 1.5' (0.4572 m)
Total wetted perimeter
P = + P 2  = 2.26' + 1.5' = 3.76' 11.1460 m)
Wetted perimeter ratio 
a = P^/P = 2.25/3.76 = 0.601064
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The roughness ration^/n^ = 0.01/0.02616 = 0.382263

The total flow area of the channel A = 0.735353 ft.2 (0.06832 m2)
The hydraulic radius of the channel R = A/P = 0.735353/3.76' = 0.195572' (0.05961 m)
The value of § function
I = = (0. 195572)/ S  ^

n̂ g-̂ /"̂  0.01(32.2)

In order to obtain the value of X we use Fig. 5.2.1 . 
By $ = 13.43, n^/n2  = 0.382263, we read from the chart,

(n̂ /̂Ug = 0.3) axis will give X = 5.03
(n^/Ug = 0.4) axis will give X = 3.49

Therefore for n^/n2  = 0.382263 implies

A = 3.49 + -°(0 4 2 " (5.03 - 3. 49)
= 3.763150

And to obtain the value of n^/n^, we use Fig. 5.3.1 . 
By X = 3.76, a = 0,601064, n^/n2  = 0.382263 
From (n^/n2  = 0.3) axis, when

a = 0.5 5 -> n^^/n^ = 0.463
a = 0.65 -+ n^/n^ = 0.519

Therefore for a = 0.6010 6 4

"l/"t = - ‘°'(o !65 2'o°85r
= 0.491596
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From (n^/n^ = 0.4) axis, when

a. = 0.55 ri^/n2 = 0.5696
a = 0.65 n^/n^ = 0.6235

Therefore for a = 0.601064
= 0-6235 - lO^Ü^GS °'-0?55)^’ '0-6235 - 0.5696)
= 0.597124.

In order to get the final n^^/n^ value for n^/n2  = 0.382263 
we have to take one more interpolation along the n^^/n2  

value.
Therefore for n^/n2  = 0.382263

ni/Uf = 0.597124 - Z. (0.59 7124 - 0.491596)

= 0.578406 n^ = 0.01/0.578406 = 0.01729
The percentage in error, using the exact X and n^/n^ values 
as the base.
By the Ea. (3.7.4) and (3.8.3) , the exact value of X and 
n^/n^ are

X = 3.695937, n^/n^ = 0.576947.
. . % different in X value

—  — ^2°6T 5I'37^ ^ = 1.82% ■
And % different in n^^/n^ value

°-628-»06^-^0.576947 ^ . 0.25%

Notes: The magnitude of the error in percentage depends ontwo major factors : (1) The accuracy in reading the
charts, and (2) the round-off figures during the calculations.
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C.1 Roughness Elements Calibration Data

In this appendix, the data which had been used in 
calibrating the roughness elements are listed in the 
following tables. The symbol which had been used are 
as follows:

Q Experimental Total Flow Rate
V Experimental Mean Velocity

Del Different in elevations between station (1)
and (2) per 12 ft. (3.658 m) of channel length
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TABLE C.1.1
Calibtration by Standard Approach

n.

Q(USGPM)
V

(ft/S)
DEL 
(ft. )

Nj^XlO”^ n C

180 0. 240 0.001167 2.8745 0.0357 6.431
320 0. 400 0.000833 5.1103 0.0185 12.474
460 0.548 0.001500 7.3460 0.0182 12.705
59 0 0. 679 0.002166 9.4221 0.0178 13.040
9 30 0.984 0.000833 14.8520 0.0079 29.524
770 0. 848 0.000833 12.2966 0.0089 26.145
180 0.242 0.000333 2.8745 0.0189 12.152
310 0. 391 0.001167 4.9506 0.0223 10.334
39 0 0.478 0.000334 6.2281 0 .0098 23,467
500 0.592 0.000001 7.9848 0.0004 542.160
630 0. 721 0.000167 10.0608 0.0047 49.260
775 0. 855 0.001167 12.3764 0.0106 21.875
950 1.003 0.002501 15.1711 0.0134 17.357

1135 1.157 0.000667 18.1254 0.0059 39.550

*1 USGPM = 6.3 X 10  ̂m^/s
**1 ft. = 0.3084 m
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1 7 3

TABLE C.1.2
Calibration by Standard Approach

Q(USGPM)
V

(ft/S)
DEL 
(ft. )

-4N^XIO n C

125 0.174 0.001333 1.996 0.0520 4.4036
200 0.265 0.001500 3.194 0.0368 6.2492
300 0 .380 0.001082 4.791 0.0219 1.0481
390 0. 478 0.002499 6.228 0.0268 8.6207
490 0 .580 0.001499 7.825 0.0172 13.4470
605 0.697 0.002999 9.661 0.0204 11.3730
710 0.797 0.002666 11.338 0.0169 13.7590
800 0. 876 0.003166 12.776 0.0168 13.8410
920 0 .982 0.005167 14 .692 0.0192 12.1060
1020 1.065 0.005167 16.289 0.0178 13.1120
120 0.16 4 0.000499 1.916 0.0339 6.7490
200 0.264 0 .000329 3.193 0.0173 13.2640
260 0.334 0.000499 4.152 0.0169 13.5800
335 0 .417 0.000167 5.349 0.0789 29.2220
440 0.528 0.000667 7.026 0.0125 18.39 30
520 0.611 0.001517 8.304 0.0165 14.0630
575 0.666 0.003917 9 .182 0.0243 9.5193
660 0.747 0.001583 10.540 0.0139 • 16.7480
720 0 . 803 0.002749 11.498 0.0170 13.6450
800 0 . 876 0.003833 12.776 0.0185 12.5070
880 0.948 0.004582 14.053 0.0187 12.4270
96 0 0.101 0.003583 15.331 0.0155 15 .0050

‘USGPM 
♦*1 f t .

= 6.3 X 10  ̂itî /s 
* 0.3084 m
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TABLE C.1.3
Calibration by Standard Approach

h?

Q
(USGPM)

V
(ft/s)

DEL
(ft.)

N_ X10“"̂ n C

1085 1.096 0.009333 17.327 0.0234 9.9863
9 40 0.981 0.011750 15.011 0.0292 7.8960
860 0.916 0.009583 13.734 0.0281 8.2855
790 0.857 0.008833 12.616 0.0288 8.0835
730 0. 806 0.008833 11.658 0.0268 8.6602
680 0. 761 0.006166 10.859 0.0269 8.6267
630 0.716 0.005999 10.061 0.0281 8.2506
555 0.645 0.005666 8. 863 0.0302 7.6745
485 0.578 0.004333 7.745 0 .0294 7.8809
415 0.507 0.003749 6.627 0.0310 7.4601
350 0. 438 0.004582 5.589 0.0394 5.8614
425 0.517 0.005999 6. 787 0.0384 6.0119
4 75 0.567 0.005080 7.585 0.0324 7.1485
515 0. 606 0.005167 8.224 0.0306 7.5607
570 0. 660 0.008166 9 .102 0.0355 6.5293
630 0.717 0.006249 10.061 0.0287 8.0924
690 0. 770 0.006916 11.019 0.0282 8.2365
750 0. 823 0.007333 11.977 0.0273 8.5334
800 0.866 0.007999 12.776 0.0271 8.5816
835 0. 897 0.007999 13.335 0.0262 8.8 85 9
940 0.983 0.010833 15.011 0.0279 8.3390

*USGPM = 6.3 X 10"^ m^/s
**1 ft. = 0.3084 m
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TABLE C.1.4

Calibration by Vertical Strip

n.

Approach y y

Q(USGPM)
V

(ft/s) DEL 
(ft. )

N_X10 ^S\ n C

22. 0 0.511 0. 000999 6.3384 0.0289 9.271
7.2 0.248 0.001999 2.2697 0.0656 3.839
9.0 0 . 302 0.002750 2.5871 0.0640 3.949

11.2 0 . 363 0.000417 3.2339 0.0212 11.996
13.0 0.416 0 . 000333 3.7513 0.0166 15.317
19.3 0.609 0.000417 5.5622 0.0129 19.710
22.5 0.692 0 .000334 6.4677 0.0104 24.667
26.5 0 . 799 0.001000 7.6319 0.0159 16.239
30 .1 0. 889 0.000583 8.6667 0.0108 24.007
27.9 0.756 0.000333 8.0199 0.0103 25.314
34. 2 0.904 0.000334 9.8309 0.0088 29.742
40.5 1.167 0.001000 11.6419 0.0113 22.928
45. 0 1.267 0. 000668 12.9354 0 .0087 30.019
46.5 1.302 0.000083 13.3752 0.0029 87.181
53.1 1.440 0.000501 15.2638 0 .0068 38.453
57.6 1.688 0.000667 16.5573 0.0059 44.113
63.0 1.801 0.000749 18.1096 0.0058 44.098
73. 3 1.671 0.000499 21.0847 0.0061 43.889
81,0 1.804 0.000501 23.2838 0 .0063 43.249
82.3 1.829 0.000499 23.6719 0.0057 47.763
90.8 1.933 0.000667 26.1296 0.0064 42.912

*USGPM = 6 . 3 X 10“  ̂m^/s
** 1 ft = 0.3084 m
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TABLE C .1.5 

Calibration by Vertical Strip Approach /
V ^ F

Q(USGPM)
V

(ft/s)
DEL
(ft.)

N.XIO-"^R n C

9.4 0.2137 0.000667 2.7164 0.0579 4.663
14.0 0.3063 0.001167 4.0244 0.0548 4.958
20 .0 0.4190 0. Ô00083 5.7347 0.0109 24.904
26.9 0.5533 0.000250 7.7469 0.0146 18.844
32.5 0.6524 0.001916 9.3566 0.0347 7.938
41. 3 0.8010 0.000916 11.8719 0.0199 13.896
46.9 0.8951 0.001333 13.4816 0.0217 12.794
53.9 0.1076 0.002920 15.4938 0.0258 10.681
61. 2 0.1192 0.003333 17.6066 0.0253 10.954
74. 5 0.1636 0.008667 21.4295 0.0267 10.092
82.6 0.1765 0.006833 23.7436 0.0224 12.168
89. 6 0.1871 0.008999 25.7557 0.0245 11.152
97.6 0.1988 0.008582 28.0697 0.0228 12.041

102. 6 0.2055 0.009667 29.4782 0.0236 11.666
109 .9 0.2157 0.009333 31.5910 0.0223 12.384
116.9 0.2254 0.105830 33.6031 0.0229 12.093
123.9 0.2637 0.016833 35.6147 0.0224 12.201
135. 1 0.2799 0.021249 38.8337 0.0238 11.488
144.2 0.2929 0.018667 41.4498 0.0214 12.810

*USGPM = 6.3 X 10”  ̂m^/s 
**1 ft = 0.3084 m
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TABLE C.1.6

Calibration by Vertical Strip Approach
n.

/

Q(USGPM)
V

(ft/s)
DEL 
(ft. )

N XIO""^X\ n C

13. 3 0.506 0.001667 3.8231 0.027 9.105
17. 6 0.635 0.011167 5.0519 0. 058 4. 314
21.8 0.775 0.001833 6 .2809 0.019 12.619
25. 5 0.769 0 . 000668 7.3186 0.013 19.181
29.4 0. 868 0.001167 8.4652 0.016 16.125
34.9 0.997 0.003333 10.0221 0.024 10.754
46.5 1.072 0.003167 13.3809 0.025 10.658
56.0 1.244 0.001667 16.1117 0.016 16.671
63.4 1. 543 0.002666 18.2145 0.015 18.072
70. 3 1.676 0.002333 20.2079 0.013 20.893
78.6 1. 821 0.004499 22.5838 0 . 016 16.221
89.0 1.999 0.005168 25.5877 0.018 14.854
96.6 2.131 0.004333 27.7723 0.014 19.146

105.0 2.269 0.005332 30.3119 0.015 18.273
114.0 2. 412 0.004667 33.0428 0. 013 20.669
124.0 2.555 0.006166 35.7735 0.014 18.991
145. 0 3.948 0.032500 41.6938 0.014 19.005
155.0 3.224 0.013998 44.6481 0.016 16.981
165.0 3.372 0.013332 47.6521 0 .015 18.236
180.0 3.578 0.014166 51.8847 0.015 18.865
193.0 3.965 0.019999 55.5704 0 . 014 19.012

*USGPM = 6.3 X 10  ̂m^/s
**1 ft = 0.3084 m.
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C.2 Theoretical Results on Covered Channels

In this Appendix/ the theoretical results on covered 
channels with different shapes and boundary roughness are 
presented. The symbols which had been used in the tables 
are as follows :

n_ - Manning's Coefficient for Coarse Wire Mesh 
^ (2 1/2" X 1 1/4")

n„ - Manning's Coefficient for Fine Wire Mesh 
Cl 1/2" X 3/4")

n^ - Manning's Coefficient for Plywood 

n̂ ,p - Theoretical Composite Manning's Coefficient 

n_̂ g - Experimental Composite Manning's Coefficient
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TABLE C.2.1 ?

Composite Roughness for Covered Channel

N^XIO"^ "1 "2 A9 R A a ^tT ^tE
(ft^> (ft)

4.41 0.0225 0.0135 0.709 6 0.1745 0.583 0.5858 0.0189 0.0181
4.67 0.0210 0.0123 0.7149 0.1751 0.577 0.5858 0.0175 0.0164
5.97 0.0166 0.0077 0.5817 0.1579 0.381 0.5858 0.0133 0.0126
7.25 0.0152 0.0063 0.6285 0.1642 0.296 0.5858 0.0119 0.0150
8.70 0.0157 0.0062 0.6816 0.1710 0.296 0.5858 0.0122 0.0158

10.63 0.0165 0.0072 0.5524 0.1539 0.380 0.5858 0.0129 0.0133
12.06 0.0167 0.0077 0.6144 0.1623 0.381 0.5858 0.0133 0.0126
14.65 0.0167 0.0082 0.6795 0.1707 0.382 0.5858 0.0135 0.0146
17.23 0.0167 0.0083 0.6582 0.1680 0.382 0.5858 0.0135 0.0127
18.03 0.0167 0.0083 0.6956 0.1727 0.382 0.5858 0.0135 0.0142
* 1 ft := 0.3084 m

t n-.TABLE C.2.2
Composite Roughness for Covered Channel

N^XIO"^ ^1 "2 A
(f t2>

R
(ft)

A a ^tT "tE

3.62 0.0320 0.0200 1.3535 0.2894 0.590 0.6792 0.0284 0.0156
3.72 0.0307 0.0193 1.3640 0.2908 0.588 0.6802 0.0272 0.0153
4.58 0.0215 0.0127 1.4069 0.2964 0.500 0.6871 0.0189 0.0158
6.48 0.0160 0.007 1.3302 0.2864 0.336 0.6771 0.0134 0.0081
9.02 0.0160 0.0062 1.4255 0.2987 0.294 0.6857 0.0133 0.0065
11.82 0.0166 0.0075 1.3732 0.2920 0.337 0.6810 0.0140 0.0122
15.50 0.0167 0.0083 1.2836 0.2801 0.379 0.6727 0.0142 0.0139
18.08 0.0167 0.0083 1.3521 0.2893 0.379 0.6791 0.0143 0.0129
20.54 0.0167 0.0083 1.4122 0.2970 0.379 0.6845 0.0143 0.0131
23.69 0.0167 0.0083 1.3173 0.2847 0.379 0.6759 0.0143 0.0144

*1 ft = 0.3084 m
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TABLE C.2.3
Composite Roughness for Covered Channel

N X10“̂  K "l ’"2 A(ft2)
R

(ft)
A a \ t "tE

3.71 0.0290 0.0192 0.6038 0.1617 0.587 0.5628 0.0249 0.01534.58 0.0220 0.0130 0.6574 0.1690 0.507 0.5637 0.0183 0.0114
5.65 0.0175 0.0087 0.5274 0.1506 0.381 0.5613 0.0139 0.0118
6.53 0.0160 0.0070 0.5695 0.1568 0.333 0.5622 0.0125 0.0119
7.08 0.0155 0.0065 0.7159 0.1767 0.315 0.5646 0.0119 0.0148
7.84 0.0153 0.0060 0.6335 0.1658 0.287 0.5633 0.0117 0.0145
9.68 0.0162 0.0067 0.5977 0.1608 0.311 0.5627 0.0125 0.013310.97 0.0165 0.0075 0.6986 0.1744 0.347 0.5644 0.0129 0.0157
11.24 0.0165 0.0075 0.7266 0.1799 0.347 0.5648 0.0129 0.0153
12.07 0.0166 0.0077 0.6701 0.1707 0.347 0.5639 0.0131 0.0156
*1 ft = 0.3084 m

TABLE C.2.4 t
.1Composite Roughness for Covered Channel y °

N^XIO"^ "1 2̂ A(ft2) R
(ft)

A a ’̂tT ”tE

3.46 0.0350 0.0220 1.2350 0.2810 0.561 0.6586 0.0308 0.0161
4.58 0.0220 0.0130 1.2903 0.2888 0.504 0.6643 0.0192 0.0096
6.74 0.0157 0.0067 1.2113 0.2776 0.320 0.6562 0.0129 0.0114
9.59 0.0162 0.0067 1.3173 0.2925 0.308 0.6669 0.0134 0.0076
12.23 0.0167 0.0077 1.2158 0.2783 0.351 0.6566 0.1390 0.0123
14.32 0.0167 0.0082 1.2793 0.2873 0.273 0.6632 0.0137 0.0121
16.21 0.0167 0.0083 1.3357 0.2949 0.377 0.6688 0.0142 0.0125
17.81 0.0167 0.0083 1.1069 0,2621 0.378 0.6448 0.0140 0.0132
18.63 0.0167 0.0083 1.1262 0.2651 0.378 0.6469 0.0140 0.0132
20.88 0.0167 0.0083 1.1832 0.2736 0.378 0.6531 0.0141 0.0126

*1 ft = 0.3084 m
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TABLE C.2.5
Composite Roughness For Covered Ch=.nnel w -

NgXlO"4 *1 *2 A
Cft2) R

(ft)
A a *tE

2.22 0.0350 0.0270 0.9110 0.2341 0.760 0.6147 0.0319 0.01114.06 0.0270 0.0167 0.8879 0.2299 0.542 0.6116 0.0233 0.01466.42 0.0160 0.0071 0.8749 0.2276 0.337 0.6098 0.0128 0.02098,41 0.0155 0.0060 0.8500 0.2230 0.281 0.6066 0.0122 0.019510.28 0.0163 0.0070 0.8043 0.2147 0.325 0.6006 0.0129 0.016012.66 0.0166 0.0078 0.8660 0.2259 0.359 0.6087 0.0135 0.016514.49 0.0166 0.0082 0.8659 0.2258 0.376 0.6087 0.0136 0.016016.68 0.0166 0.0083 0.8395 0.2209 0.380 0.6052 0.0136 0.015618.34 0.0166 0.0083 0.8242 0.2179 0.380 0.6032 0.0136 0.014520.55 0.0166 0.0083 0.8295 0.2187 0.380 0.6039 0.0136 0.0142
*1 ft = 0.3084 m

TABLE C.2.6 t
Composite Roughness For Covered Channel

i v

N X10“̂ A R A a n „ n „R 1 2 (ft2) (ft) . tT tE

3.91 0.028 0.028 0.7473 0.2040 1.000 0.5935 0.0280 0.01706.33 0.016 0.016 0.7488 0.2043 1.000 0.5937 0.0160 0.0178
8.40 0.016 0.016 0.7644 0.2072 1.000 0.5956 0.0155 0.0205
11.93 0.017 0.017 0.7735 0.2088 1.000 0.5967 0.0166 0.0185
12.89 0.017 0.017 0.7944 0.2126 1.000 0.8994 0.0166 0.0189
14.09 0.017 0.017 0.8035 0.2142 1.000 0.6006 0.0166 0.0189
16.47 0.017 0.017 0.8239 0.2177 1.000 0.6032 0.0166 0.0189
17.96 0.017 0.017 0.8854 0.2279 1.000 0.6115 0.0166 0.0243
19.03 0.017 0.017 0.9010 0.2299 1.000 0.6138 0.0166 0.025320.06 0.017 0.017 0.9107 0.2314 1.000 0.6152 0.0166 0.0247
*lft = 0.3084 m

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 8 2

TABLE G. 2. 7
Composite Roughness for Covered Channel

‘-■n

N_X10"4R *1 *2 A(ft2) R
(ft)

A a ntT %tE

2.00 0.0350 0.0270 1.8250 0.3570 0.746 0.7065 0.0327 0.08504.34 0.0185 0.0145 1.8161 0.3561 0.763 0.7059 0.0174 0.04265.52 0.0175 0.0090 1.7725 0.3516 0.398 0.7025 0.0152 0.02367.44 0.0153 0.0062 1.8279 0.3573 0.299 0.7068 0.0129 0.01009.13 0.0160 0.0064 1.7085 0.3447 0.295 0.6973 0.0134 0.017511.21 0.0150 0.0075 1.7694 0.3513 0.378 0.7022 0.0130 0.015312.70 0.0166 0.0079 1.7508 0.3493 0.361 0.7007 0.0143 0.005514.45 0.0166 0.0082 1.8024 0.3547 0.374 0.7048 0.0144 0.007616.29 0.0166 0.0083 Ï.7688 0.3512 0.378 0.7022 0.0144 0.013318.39 0.0166 0.0083 1.7362 0.3477 0.378 0.6996 0.0144 0.0108
*1 ft = 0.3084 m

TABLE C.2.8
Composite Roughness for Covered Channel :'C

Nĵ XlO"̂ "l "2 A(ft2) R
(ft)

A a "tT "tE

1.89 0.0350 0.3500 1.8378 0.3583 1.000 0.7075 0.0350 0.1018
3. 83 0.0290 0.0290 1.6902 0.3427 1.000 0.6958 0.0290 0.0404
5.44 0.0180 0.0180 1.7713 0.3515 1.000 0.7024 0.0180 0.03117.13 0.0153 0.0153 1.8476 0.3595 1.000 0.7083 0.0153 0.0191
9.13 0.0160 0.0160 1.6727 0.3408 1.000 0.6944 0.0160 0.0069
11.09 0.0166 0.0166 1.7362 0.3477 1.000 0.6996 0.0166 0.003513.30 0.0166 0.0166 1.8116 0.3556 1.000 0.7055 0.0166 0.0134
14.95 0.0166 0.0166 1.7051 0.3444 1.000 0.6971 0.0166 0.0141
18.09 0.0166 0.0166 1.7418 0.3483 1.000 0.7000 0.0166 0.0107
18.55 0.0166 0.0166 1.8116 0.3556 1.000 0.7055 0.0166 0.0152
*1 ft = 0.3084 m
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TABLE C.2.9

\ y

-4N_X10K "l "2 A(ft2) R
(ft)

A a "tT "tE

4.31 0.0235 0.0235 0.6046 0.1610 1.000 0.5858 0.0235 0.01535.87 0.0170 0.0170 0.6656 0.1689 1.000 0.5858 0.0170 0.0177
7.88 0.0153 0.0153 0.6247 0.1636 1.000 0.5858 0.0153 0.01659.00 0.0160 0.0160 0.6795 0.1706 1.000 0.5858 0.0160 0.0174
11.17 0.0165 0.0165 0.6116 0.1619 1.000 0.5858 0.0165 0.0139
14.18 0.0166 0.0166 0.6152 0.1622 1.000 0.5858 0.0166 0.0139
14.93 0.0166 0.0166 0.6788 0.1702 1.000 0.5858 0.0166 0.0166
17.07 0.0166 0.0166 0.6572 0.1673 1,000 0.5858 0.0166 0.0146
17.79 0.0166 0.0166 0.6989 0.1722 1.000 0.5858 0.0166 0.0169
18.55 0.0166 0.0166 0.7613 0.1797 1.000 0.5858 0.0166 0.0182
*1 ft. = 0.3084 m

TABLE C2.10
é
-4-^c

Composite Roughness for Covered Channel

—4N XIO n. A R A a n _R 1 2 (ft2) (ft) tT tE

3.69 0.0310 0.0310 1.4062 0.2963 1.000 0.6839 0.0310 0.0208
4.50 0.0217 0.0217 1.2635 0.2773 1.000 0.6707 0.0220 0.0113
5.37 0.0182 0.0182 1.2487 0.2830 1.000 0.6747 0.0180 0.0078
7.29 0.0153 0.0153 1.3177 0.2753 1.000 0.6693 0.0160 0.0151
9.23 0.0160 0.0160 1.4053 0.2847 1.000 0.6759 0.0166 0.0174
11.85 0.0166 0.0166 1.2826 0.2962 1.000 0.6839 0.0166 0.0147
15.37 0.0166 0.0166 1.3592 0.2799 1.000 0.6726 0.0166 0.0143
18.29 0.0166 0.0166 1.3936 0.2902 1.000 0.6797 0.0166 0.0153
19.61 0.0166 0.0166 1.3936 0.2946 1.000 0.6828 0.0166 0.0141
22.99 0.0166 0.0166 1.2774 0.2792 1.000 0.6721 0.0166 0.0154
*1 ft = 0.3084 m
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TABLE C.2.11 
Composite Roughness for Covered Channel

N_X10~^K "l " 2
A

(ft?)
R
Cft)

A a "tT "tE
3.58 0.0350 0.0350 0.5545 0.1546 1 . 0 0 0 0.5619 0.0350 0.01344.18 0.0250 0.0250 0.5916 0.1599 1 . 0 0 0 0.5626 0.0250 0.01314.67 0.0207 0.0207 0.6223 0.1642 1 . 0 0 0 0.5631 0.0207 0.01496.06 0.0166 0.0166 0.5403 0.1525 1 . 0 0 0 0.5616 0.0166 0.01288.05 0.0155 0.0155 0.4571 0.1385 1 . 0 0 0 0.5594 0.0155 0.01788.95 0.0159 0.0159 0.5440 0.1529 1 . 0 0 0 0.5616 0.0159 0 . 0 1 2 110.53 0.0163 0.0163 0.5662 0.1560 1 . 0 0 0 0.5621 0.0163 0.012311.65 0.0167 0.0167 0.6516 0.1676 1 . 0 0 0 0.5636 0.0167 0.015812.74 0.0167 0.0167 0.7323 0.1781 1 . 0 0 0 0.5648 0.0167 0.016411.59 0.0167 0.0167 0.6243 0.1739 1 . 0 0 0 0.5631 0.0167 0.0148

* 1  ft = 0.3084 m

TABLE C.2.12 
Roughness for

à
1

Composite Covered Channel I J  '

Nĵ XlO"̂
* 1 " 2 (ft2 ) R

Cft)
A a "tT "tE

3.64 0.0320 0.0320 1.2526 0.2836 1 . 0 0 0 0.6605 0.032 0.02634.75 0.0205 0.0205 1.3100 0.2915 1 . 0 0 0 0.6662 0.0205 0.00257.15 0.0153 0.0153 1.2924 0.2891 1 . 0 0 0 0.6645 0.0153 0.00689.66 0.0162 0.0162 1.2623 0.2849 1 . 0 0 0 0.6614 0.0162 0.013812.78 0.0166 0.0166 1.1736 0.2721 1 . 0 0 0 0.6522 0.0166 0.015014.69 0.0166 0.0166 1.2340 0.2809 1 . 0 0 0 0.6585 0.0166 0.014617.12 0.0166 0.0166 1.3079 0.2912 1 . 0 0 0 0.6660 0.0166 0.014619.77 0.0166 0.0166 1 . 2 0 1 2 0.2761 1 . 0 0 0 0.6550 0.0166 0.014716.46 0.0166 0.0166 1.3024 0.2904 1 . 0 0 0 0.6655, 0.0166 0.014914.85 0.0166 0.0166 1.2502 0.2832 1 . 0 0 0 0.6602 0.0166 0.0132
*1 ft = 0.3084 m
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TABLE C.2.13
Composite Roughness for Covered Channel

N^XIO 4 "l " 2
ACft2 ) R

Cft)
A a "tT "tE

6.79 0.0156 0.0066 1.8937 0.3428 0.315 0.7285 0.0135 0 .01154.87 0 . 0 2 0 0 0 . 0 1 1 2 1.8155 0.3349 0.465 0.7233 0.0178 0 .02453.19 0.0350 0.0235 1.7353 0.3266 0.603 0.7177 0.0319 0 .04288.14 0.0155 0.0060 2 . 0 0 2 1 0.3531 0.279 0.7354 0.0133 0 .01299.58 0.0162 0.0065 2.0465 0.3572 0.295 0.7382 0.0140 0 .014711.18 0.0165 0.0075 2.0952 0.3616 0.344 0.7411 0.0145 0 .009612.72 0.0166 0.0079 2.2937 0.3770 0.361 0.7519 0.0149 0 .015314.37 0.0166 0.0082 1.8703 0.3404 0.374 0.7269 0.0146 0 .016116.29 0.0166 0.0083 1.9287 0.3462 0.378 0.7308 0.0146 0 .2161
* 1  ft = 0.3084 m

TABLE C.2.14
;I

n«
Composite Roughness for Cov’ered Channel >

C

N_X10“^ A R A a n _ nR 1 2 CftZ) Cft) tT tE

3.11 0.0350 0.0350 2.0869 0.3609 1 . 0 0 0 0.7406 0.0350 0 .03304.87 0 . 0 2 0 0 0 . 0 2 0 0 2.0484 0.3574 1 . 0 0 0 0.7383 0 . 0 2 0 0 0 .0146
6.31 0.0162 0.0162 2.1067 0.3627 1 . 0 0 0 0.7418 0.0162 0 .0083
8.14 0.0155 0.0155 2.0454 0.3572 1 . 0 0 0 0.7381 0.0155 0 .0146
9.89 0.0162 0.0162 2.1741 0.3685 1 . 0 0 0 0.7457 0.0162 0 .093211.24 0.0165 0.0165 1.7641 0.3296 1 . 0 0 0 0.7197 0.0165 0 .015412.78 0.0166 0.0166 1.8176 0.3351 1 . 0 0 0 0.7234 0.0166 0 .017214.37 0.0166 0.0166 1.8708 0.3405 1 . 0 0 0 0.7269. 0.0166 0 .0176
16.29 0.0166 0.0166 1.9353 0.3468 1 . 0 0 0 0.7312 0.0166 0 .0196

*1 ft = 0.3084 m
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C .3 Results of Statistical Analysis on Velocity Profiles

In this appendix, the results obtained from statistical 
analysis on velocity profiles are presented. The symbols 
which had been used in the tables are as follows:

E-13

^UT

^UE

m
r
YmaxT
VmaxE
VmeanT
VmeanE

Experiment run number
Standard deviation for theoretical velocity 
profile
Standard deviation for experimental 
velocity profile
Slope of regression line
Correlation coefficient
Theoretical maximum point velocity
Experimental maximum point velocity
Theoretical mean velocity
Experimental mean velocity
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TABLE C.3.1
Results of Statistical Analysis on Velocity Profile

Run
No.

aUT
Theory

*^UE 
Exper.

m
Slope

r
Cor.

VraaxT VmeanT VmaxE VmeanE

E-13 0.034 0.0350 0.999 0.956 0.2907 0.2510 0.2982 0.2511
E-14 0.0490 0.0515 1.007 0.957 0.4092 0.3509 0.4251 0.3509
E-15 0.0522 0.0539 0.983 0.952 0.4768 0.4146 0.4785 0.4152
E-16 0.0409 0.0402 0.965 0.982 0.2711 0.2100 0.2648 0.2102
E-17 0.0394 0.0401 1.005 0.989 0.2670 0.2085 0.2639 0.2086
E-18 0.0639 0.0692 1.000 0.980 0.3503 0.2525 0.3491 0.2526
E-19 0.0391 0.0403 1.001 0.971 0.2860 0.2347 0.2915 0.2345
E-20 0.0275 0.0287 1.014 0.968 0.2902 0.2565 0.2975 0.2572
E-21 0.0682 0.0707 0.999 0.964 0.4893 0.4012 0.4785 GU4015
E-22 0.0298 0.0316 1.003 0.944 0.2940 0.2570 0.2980 ,0.2570
E-23 0.0530 0.0550 1.004 0.968 0.4213 0.3522 0.4251 ' 0.3512
E-24 0.0683 0.0732 1.033 0.963 0.4967 0.4069 0.4910 0.4083
E-25 0.0338 0.0356 1.013 0.962 0.3009 0.2606 0.3116 0.2612
E-26 0.0552 0.0568 0.995 0.967 0.4238 0.3582 0.4184 0.3591
E-27 0.0521 0.0576 0.997 0.901 0.4829 0.4225 0.4919 0.4247
E-28 0.0287 0.0327 1.007 0.887 0.3173 0.2808 0.3249 0.2830
E-29 0.0373 0.0422 1.010 0.893 0.4242 0.3769 0.4451 0.3777
E-30 0.0381 0.0447 1.029 0.878 0.4402 0.3923 0.4652 0.3946
E-31 0.0367 0.0399 1.001 0.920 0.3802 0.3343 0.3975 0.3330
E-32 0.0222 0.0258 1.005 0.867 0.3333 0.3062 0.3459 0.3036
E-33 0.0267 0.0282 0.946 0.896 0.3375 0.3009 0.3265 0.2995
E-34 0.0273 0.0293 0.949 0.882 0.3370 0.3034 0.3329 0.3070
E-35 0.0335 0.0364 0.979 0.899 0.3439 0.3046 0.3620 0.3054
E-36 0.0267 0.0293 1.011 0.922 0.3332 0.3000 0.3459 0.3000
E-41 0.0621 0.0627 1.002 0.991 0.3539 0.2861 0.3650 0.2863
E-42 0.0593 0.0773 1.026 0.788 0.5205 0.4402 0.5720 0.4456
E-43 0.1238 0.1342 1.052 0.971 0.8775 0.7043 0.9267 0.7043
E-45 0.0446 0.0499 0.977 0.873 0.6458 0.6024 0.6599 0.6029
E-46 0.0246 0.0296 1.029 0.854 0.3266 0.2973 0.3449 0.2977
E-47 0.0486 0.0591 0.995 0.818, 0.7662 0.7156 0.7976 0.7192
E-48 0.1100 0.1157 1.005 0.957 0.8911 0.7732 0.9267 0.7748
E-50 0.0279 0.0294 1.000 0.951 0.3485 0.3163 0.3683 0.3164
E-51 0.0296 0.0299 1.007 0.993 0.2915 0.2626 0.2924 0.2624
E-52 0.0514 0.0514 0.999 0.999 0.5232 0.4800 0.5232 0.4800
E-53 0.0995 0.0991 0.977 0.982 0.8203 0.6656 0.7976 0.6675
E-55 0.0324 0.0341 1.013 0.963 0.3582 0.3367 0.3624 0.3374
E-56 0.0251 0.0251 1.000 0.999 0.2568 0.2389 0.2568 0.2389
E-57 0.0091 0.0136 0.983 0.655 0.4123 0.3989 0.4123 0.4027
E-58 0.0960 0.0996 1.007 0.970 0.7788 0.6660 0.7976 0.6657
E-60 0.0501 0.0519 1.020 0.983 0.4310 0.3583 0.4611 0.3593
E-61 0.0152 0.0171 0.998 0.886 0.2655 0.2696 0.2679 0.2502
E-62 0.0646 0.0655 1.005 0.991 0.5167 0.4376 0.5381 0.4378
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TABLE C.3.1 - continued

Run
No.

^UT
Theory

'̂ UE
Exper.

m
Slope

r
Cor.

VmaxT VmeanT VmaxE VmeanE

E-63 0.0716 0.0779 1.021 0.938 0.7798 0.6803 0.7976 0.6842
E-65 0.0356 0.0383 1.027 0.954 0.4183 0.3781 0.4478 0.3799
E-66 0.0215 0.0221 1.014 0.982 0.2315 0.2065 0.2332 0.2067
E-67 0.0399 0.0477 1.010 0.846 0.6553 0.6137 0.7170 0.6171
E—68 0.0689 0.7063 1.001 0.976 0.8242 0.7550 0.8429 0.7568
E-70 0.0317 0.0324 0.979 0.958 0.3179 0.2722 0.3123 0.2729
E-71 0.0567 0.0596 1.012 0.962 0.5563 0.4749 0.5520 0,4759
E-72 0.0809 0.0910 1.048 0.931 0.8210 0.7078 0.8299 0.7089
E-74 0.0239 0.0246 1.007 0.976 0.3491 0.3214 0.3516 0.3217
E-75 0.0427 0.0460 1.027 0.952 0.5506 0.5017 0.5735 0.5037
E-76 0.0545 0,0599 1.021 0.927 0.6899 0.6278 0.7331 0.6295
E-78 0.0873 0.0909 1.018 0.978 0.6021 0.5084 0.6044 0.5092
E-79 0.0276 0.0279 1.010 0.998 0.1475 0.1082 0.1499 0.1086
E-80 0.0499 0.0551 1.051 0.951 0.4249 0.3666 0.4345 0.3679
E-81 0.0804 0.0805 0.985 0.983 0.7611 0.6604 0.7559 0.6590
E-82 0.0334 0.0353 1.048 0.989 0.1869 0.1485 0.1887 0.1497
E-83 0.0463 0.0531 1.029 0.896 0.5805 0.5429 0.6068 0.5473
E-84 0.0276 0.0341 1.003 0.811 0.7143 0.6890 0.7262 0.6860
E—87 0.0190 0.0199 1.022 0.979 0.9930 0.0748 0.1010 0.0754
E-88 0.0283 0.0295 1.011 0.972 0.2159 0.1841 0.2297 0.1843
E-89 0.0265 0.0272 0.981 0.956 0.3264 0.2985 0.3285 0.2981
E-90 0.0075 0.0084 1.013 0.913 0.1061 0.9849 0.1164 0.9849
E-91 0.0178 0.0189 0.956 0.901 0.1913 0.1705 0.1827 0.1713
E-92 0.0551 0.0550 0.982 0.984 0.3286 0.2657 0.3152 0.2653
E-93 0.0246 0.0247 0.994 0.992 0.1846 0.1581 0.1827 0.1582
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C.4 Experimental and Theoretical Velocity Profiles

In this appendix, the theoretical results on velocity 
profiles are listed as below. The symbols which had been 
■used in the tables are as follows:

STN A represents the stations shown in
Pig. 4.3.3.1

Level 1 represents the dimensionless depths shown
in Fig. 4.3.3.1

M in meter
M/s in meter per second
E-13 Experiment run number
Up Manning's Coefficient for Coarse Wire

Mesh (2 1/2" x 1 1/4")
n_ Manning's Coefficient for Fine Wire ̂ Mesh (1 1/2" X  3/4")
np Manning's Coefficient for plywood.
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\ L_ o c vJ CTo O 1 1 7 3 U' . i.P n-1— o o  « i.'J
\ S ■L' AJ PJPJ 2 o CJ 1 u ) z  .J — L .' C I
8 o O 1 1 > 1 :: X CT o O J >
t L: —4 ID c. • 1 1 j —4 mm — ID t.l j
1 »ej m a 1 7 . * * a a
1 CL o C- O O O o O 1 1 < c o  o c o O J
t V 1 I 7 ‘ f
1 u 1 i 3

<r — G 7 C o O 1 1 7 M r L' 7 o  c 2  ;
X o O C o O 1 i PJ 2 C 2 o  »

o C CT2  O o O 1 1 O : r J ^ CT O O O O j
< in ? 7 r j  c: o CM 1 < s r» n 7  CTo  o O 1 —

p-4<—• —z  c o O 1 1 Vm I O o O 3 A)
• a 9 • a a a 1 1 < a . a •2

o o  o c  o o O 1 1 S o  c o  o o  o o  : E
1 5 a
1 O

U
■ "'I 

1
1 .P

! 7 i II•-r. 'JJ 1 1 ; 7 1 X
H >  -# CJ E CT G O N 1 1 X 1 > ^  r j E  CT G C X <
T L! 1 1 <j' 3 7 p

-I 1
____1

1
I....... • ) 7 1 X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



255

G

OS

OJ2
I
LU
a■J
D
Z

CM T, P- C. O C C 3
LO — E — O C- O- ?
CT a; — >0 o  o  o  I
CJ CT L~ LO O O O J
CJ CJ nj -a o  O O 3

% • a 3
O O C O O O O i!

1
J

E  n  ro ro X o  o  :
2  O X  E  — O O 1
2  2  7 X 0 0 0 1

7 LO CD œ E LO O O 1
OJ CJ OJ CJ — O O 1
a a a a a a a l

O O O O O O o  1 
1

2  E  CT CT O G E  1
5 — LO X  0] CJ CT CT — 1
1 G ■7 E  LO LO CT C! O 1
; X C X  .D — — 2  Oj .E 1
1 — CJ OJ l’ î iM OJ Cj — 1

a a . a .a,a a a 1
o  c  o  o  O C O 1

■J u? 1
) UJI z E E  CT CT CT CT — 1
1 X n CT CJ C J Cj OJ O' 1
1 z 7 CJ XI LO L’ L'' U) O 1
i U U UJ CL' z  —  —  —  'J ) 1
: o CJ oj >’ i A j r, l'l CJ 1

i 7 a a a a a a a t
! 7 »-• o  C O O O 7  1
1 > 1

I 7 LOG CT CT'7 G r i 1
; < U ) X  OJ CVi CT CT z  I
J u 700 L> U' CT OJ 7  1
) o U X  7  z  —  O' CJ rj 1
1 _! OJOJ E  I'J CJ OJ — 1

a a a a a a a l
1 7 O C> O O O O O 1
!■ CT 1

1
] Z 0 ) lE E  n  x  .o o  1
: 7 2  vu 1̂  -E <4 O O 1
3 2  2  OL X  C O O 1
1 z LO 'X C 7  LO O O 1

DM OJ Cl Cl z  v_' f.> 1
I 7 a a a a a a a l

O O O O O O C 1

’ ^
1
1

OJ X  2  X  O O o  1
in — X — o  o  o  1
CT X  — 7  C O o  1

< CJ CT LO Li CT CJ o  1
CJ OJ OJ Z  Cl O CD 1 
• • • • • • • 1

O O O O O O O 1 
1 
1

7  1wi Î
X >  Z  O J n  CT G J3 X  1
G '7 •

7  1

3 <!
.1

) î ! i !
3. ) i 
{1

X  CT CT O  C  O
I
»

L' 2  OJ X  CT CT CT 3
nl CT X CT O  O CT 1
O.J CT -CT LO O  CT O ! OJ
OJ (j  C! z  O  CT O i CT

M' ' * # ! 1
X O  Cl o  o  o  o  o 7

1 z
— s •X

ri E  2  2  OJ C  O 5 'LA
L" O  LO 2  X  CT O ! E

z lO o - CT 2 X 0 0 3 ' V—4
'7 G X 2 X 2 0 0 1 a

1—H OJ 01 CJ OJ —  O  O ! oV- # - #' */# * J
< C O O  O C T  CTCT ! II
7 ' 7
O I U.

-H vj G  O  X  O  CT ! . Z
jj- ro —  z  OJ -CT 2 j 7

X CT' CT —  r  '.0 LO — s u
3  • X  2  OJ —  01 E  -T ;

7 OJ OJ AJ E  OJ OJ Z < X
<—• a a a a a a a J l:
u 7 C T C C T C T C C T » 2.

5

7 CC X  UI tU 0.1 0  2  3 7
7 D C j z u .'O d o ; 5

7 7  LO E E X X X
0 ■7 X  O  OJ ot o  X i

Oi'-n 05 r i E  01 c;
7 a a a a a a a « LO
X '7 CT CT O  CT CT O X
z 3 D.
>- z  '7 U 1 CT X  O C T 3 ' z
7 VI OJ z  z  Oj CT L 7

O  2  z  CC CT UI z i MJ
LO U X  2  ;M z  CU E  CT i •■'J
7 Cv. CJ "1 0) OJ OJ Z 3 a

4 CT
X O  CT CT O  O  C T O j— 1 II
7 1 7
a z  0) 2  2  Cm CT O <
7 j; o  LO 2  X  O  O 1 in
u ' L.I Cl 2  2  in CT O J
> L'j <r 2- X  LO CT C- >

'VJ O' '.'J c; Z  CD CT
7 . a a a a a a a 5
< CT CT O  CT O  O  CT !
7

7 X  T  X  <■ O  O  O 1
LO 2  OJ E  C  CT O ! z
E  X  X  CT C  O  O

< OJ *T <r 111 o  o  o ; CT
X Ov OJ OJ Z  CT CT O ! E
< • • ’ . 2

O  O  O  O  O  O  o Î E

; CT

7 5 II
7 3 X

X >  z  (VJ E  <0 G  2  X 5 <CO

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

o

.''1O'IUJ

1 11 cc N-r vn cr o o 1 1-----1 3--------------- 11 N. ' r-- ir- 0  r'. 11 '-•> cr 'O r* : o  o c 1 1 1 — -cr r-. c-c 11 UT N CM m o C O 1 1 I .: •: -3 03 c> 0 0  11 <r ' o O 1 1 1 <r X— --t -4 0  c C t1 ^ ^  ̂  O  O O 1 1 —4 —4 4—4 4—1 CO 0  0 I 01 1 C/J 11 o o c: o o c o 1 1 N 1 0  0 C C 30 C> 0 1 0,1 1 O'-1 1 .01 N. ,n r c  o 1 1 1 03 S- 0 *4- 0  0 0 1 m1 O UT rc N O O 1 1 1 CM vj -4 Cvl .> C 0  1Ï .«J C' »-* C3 C* 1 1 z 1 0  0  XI r- ''■3 C: 0  1 y-4̂
UJ 1 o o 0 .0 rj o o 1 1 c lb 1 C N- 4Û C' — 0  0 1 «1 *-4 v-4 "-4 *—« o O  1 1 *-4 4-4 --4 ,-4 —i 0  C" 1 x-31 • « « « • • •  j I t— I • • • * • • « (1 O O O C O O O 1 1 < 1 0  0  0  0 C CO CO 1 II1 1 1 J 1 1 lU1 CO 1 1 u.1 CD N- 00 n N m o 1 1 LU 1 xj- ■r' N- r>- OJ 0  0  1 31 ^ 1 •X) u~ o >* '-• cc n 1 1 1 O' -4 0  CM -4 CO C3 1 _!1 vT 1 O CO CO O' '.0 <r 1 1 J- 1 03 -10  r> 0 0 1 I*'1 \ o 1 N N 3 r- u~ c<o O' 1 1 z C 1 C- CD CC r- 03 r : O' 11 % 1 *-4 #4 v4 *-4 r-* CO | 1 UJ t 44 — 4 -.4 4-4 -4 t-4 CO 1 0-1 1 • • • • • • • ! 1 • • • • • • » ! 01 o o o o  o a o I 1 u ) 0  CO 0  0 C C.3 0  1 z1 U) 1 I 1 11 W 1 1 1 11 UJ CD CO n m CO -■ 1 t u. 1 4 4c mU 3 c  CM 1 UJ1 1- 1 CO c c <r <rm i 1 UJ 1 44 x£j X> CD 03 in -a' 11 1 o (M cj <r O' -4 CO 1 1 0 1 CO xj- .-3 cc c- xt 0  11 u u 1 uu æ UJ >  VC -0 rf) 1 1 CJ u 1 >- CO 35 N U U) 1

3 Q 1 *-4 *-4 .-4 *.4 4-4 —  - 1 1 r~* ̂  r—4 ̂4 *—4 |J _J 1 1 UJ 1 * # # # # » # ; U)
j ii; 1 CJ 0  0  0  0 CJ 0  1 1 JO 1 0 0  CO 0 0  CO CO 1 N.
j .;> 1 1 1 t— t 1 >

t _J
1 11 CO c- oj m r>- n UJ 1 1 0-

1 1
1 -? or rxx c- iM vu C' 1 VM

j  < 1 CO 05 O ' -  »- 03 m  1 1 IJJ 1 U' 44 CJ CJ <-4 UJ 0." 1 U)
1 V 1 \ü CO CO <r 00 u 1 T  1 1 1 in 44 CO <r (T <5 0Ü 1 'il
s 3 u 1 1̂ N .03 N 0/ m-jv 1 1 03 u 1 ^4 33 'X) S  U3 "I O' 1 «•H
1 _i I *-4 r4 -4 -4 »-4 --4 0  I 1 'JJ 1 444 •-4 -4 ■—i — 44 CO 1 «

I # * # * * # * ! 1 • • • • • • • ! 0
; _i 1 0 0  0  0 cj 0  0 1 1 5- 1 0 0 0 0 0 0 0 1

1 1 1 1 II
1 t- 1 1 1 CJ 1 1 z
;  z 1 i-J CO 0 0 1 1 J I u r-. 0  0  0  0  1 c; UJ 1 C  O' -U" j*5 C* CJ 0  1 1 _1 1 04 \C 4- CM O' 0  0  1 IJ1 UJ 0  -* -* C5 0  1 1 UJ 1 0 0  CO 'V. 1’) 0 0  1 z1 w 0 C CJ 0  0 1 1 > c 1 0 3- D "x"' 4-4 0 C  1 >1 —4 -4 44 4 4-4 <_t C-' 1 1 1 4-4 44 44 44 44 CJ' 1
! UJ 1 • • • • > • * ) 1 _l 1 4 » * » • • 41 t
J c. 1 0  0 0  c 0  0 0  1 1 < 1 C.C 0  0  0  0 C' 1
1 X l u 1 1
3 U 1 t 1 3

1 cc <4- 03 O' C  0 0  1 I r- c- N -1,0 0  0 0  11 03 0 0 X 0  0 C 1 1 1 —• -r n .*c 0  CO 0  1 —1 03 N c J rn .0 0  0  1 1 3 1 -j 'D '•J 03 C 0 1
< 1 <r -rt —1 0 0 1 1 OJ < 1 e  xc -4 0 c  CO 11 -4 —• CO 0  0  1 1 t— 1 44 44 —4 4-4 ( J L- 1 0-

1 • 4 • • * • • 1 1 # * # * * # * (1 0  0  Q 0  0  0  0  1 1 0  c  0 0  0  C  0  1 n
1 1 1 1
1 t 1 (- 1 1

1 i3 1
1 _J 1 1 _I 1 II
1 OJ .1 1 1 W  1 X
1 >  44 (X If. .0 1 1 (- t >  444 c.' ~3 -a- 03 a  1 <

■r\ 1 IÜ 1 03 1 IL 1 XT1 _J 1 
1 1

1
1

1 -1 1 >

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



257

C .5 Values of VeTocity Exponent E2

In this appendix, the experimental values of velocity 
exponent E2 had been recorded.
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TABLE C.5.1 
Values of E2

Run
Number E2

Run
Number • E2

Run
Number E2

Run
Number E2

E13 0.9979 E.33 9.6816 E61 0.1638 E87 0.9578
. E14 0.1002 E34 0.6149 E62 0.8906 E88 0.9587
E15 0.9148 E35 0.6600 E63 0.8728 E89 0.4834
E16 0.1561 E36 0.5771 E65 0.6082 E90 0.3387
E17 0.1507 E41 0.1186 E66 0.4051 E91 0.6164
E18 0.2064 E42 0.1493 E67 0. 4249 E92 0.1086
E19 0.1273 E43 0.1838 E68 0.4750 E93 0.8895
E20 0.7487 E45 0.4369 E70 0.1025 ■

E21 0.1243 E46 0.6870 E71 0.9792
E22 0.7103 E47 0.7205 E72 0.9204
E23 0.9683 E48 0.1399 E74 0.5430
E24 0.1067 E50 0.8122 E75 .0.6070
E25 0.7701 E51 0.8631 E76 0.6132
E26 0.9220 E52 0.6599 E78 0.9837
E27 0.7153 E53 0.1821 E79 0.1226
E28 0.5148 E55 0.5579 E80 0.9222
E29 0.4767 E56 0.6585 E81 0.8507
E30 0.4583 E57 0.2478 E82 0.1015
E31 0.7608 É58 0.1643 E83 0.3804
E32 0.4934 E60 0.1156 E84 0.2243
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D.l List of Nomenclature
In this appendix, the nomenclature and subscripts 

used in this thesis are presented. Each term is also de
fined as it first appears.
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NOMENCLATURE

A^ - effective flow area of section
-  F 2 /F1

a^ - experimental coefficient
a^ - experimental coefficient
B - the width of the channel

- Chezy's coefficient for the section
- Chezy's coefficient for the channel 

E - Coefficient
El - velocity coefficient which indicates the

magnitude of the flow
E2 - velocity exponent which indicates the

velocity gradient steepness
E3 - velocity coefficient where E3=E1.• (V /V)max
e - the rate of dissipation of turbulent energy
exp - exponent of e
F - general function
F. - body force

I X

Funct - general function
f^ - Darcy-Weisbach friction factor of section
f.,̂ _ - modified Darcy-Weisbach friction factor forMOD the channel
G - turbulent energy production by the mean motion
g - gravitational acceleration
H - the mean elevation of the bottom of a transverse

cross-section of open-channel
h- - scale factor
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h - scale factorn
i - number of strips within one section
j - number of sections within the reach
k - kinetic energy of turbulent motion
k^ - absolute roughness height of the boundary
kg - Nikuradse's sand roughness size
L - length along each section
In - natural logarithm
log - logarithm to base 10
N_ - Reynolds number
n^ - channel roughness
ng - covered channel roughness
n^ - Manning's coefficient for coarse wire mesh
n - Manning's coefficient for fine wire meshr
np - Manning's coefficient for plywood
n^ - composite channel roughness
n ^  - experimental composite Manning's coefficient
n^T - theoretical composite Manning's coefficient

- wetted perimeter of section 
F - average pressure
Q - total measured flow rate
q - unit flow rate
R^ - effective hydraulic radius of section
R^ - effective hydraulic radius
R^ - hydraulic radius of the channel
r - coefficient of correlation
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r - nondimensional coefficient
- energy slope of the channel (bed slope)

S, - volumetric source rate of ({>9
t - time
U. - local velocitv1
O’ - average velocity in x-direction
U"* - local velocity variation x-direction
Ug - point velocity within the strip
u - instantaneous velocity fluctuation in x
V - channel mean velocity

- mean velocity of sections 
V* - local shear velocity
V* - mean shear velocity
V - maximum velocity of cross-sectionmax
Vg - mean velocity for the particular strip
V - average velocity in y-direction

- the value of at a boundary point 
V' - local velocity in y-direction

- x^ component of flow velocity
V  - instantaneous velocity fluctuation in y
W - mean velocity in z-direction
w - instantaneous velocity fluctuation in z
1x1 - absolute value of x
V - maximum flow depth of the channel

- flow depth of section
y . - distance from the boundarvX
z - empirical constant
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a wetted perimeter ratio P^/P
3^ - empirical coefficient
Y - unit weight of the fluid
5^ - laminar sublayer thickness
e - sand roughness

- relative depth ratio
Ç* - ratio between local shear velocity and mean

shear velocity
Çp - rotation of fluid particle

- empirical coefficient
n* - depth ratio from the boundary
1C - Von Karman ' s constant

- hydraulic radius ratio ^ 2 / ^ 1

- composite friction coefficient 
y - viscosity
V - kinematic viscosity
p - fluid density
a - normal stress

- shear stress
- turbulent shear 

(f) “ shape factor
(f) - scalar quantity such as concentration in masstransfer
g - a functional group
ijj - sectional shape coefficient
9 - channel bed slope
8, - local product of point velocities
S — summation
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