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I. INTRODUCTION

This report is the first in a series of five volumes comprising
the final report for the study entitled Zvaluation of Flood Risk Factors
in the Design of Highway Stream Crossings, authorized by the Federal
Highway Administration {FHWA) under Contract No. DOT-FH-11-7669. The
overall objective of the study is to develop an engineering systems analysis
method to enhance the decision-making process in the design of highWay
stream crossings. This method applies economic risk techniques as well
as standard hydraulic and hydrologic factors in the design of bridge
waterways.

Volume I presents the results of experiments to determine channel
resistance coefficients from artificial roughness elements representative of
heavily vegetated flood plains. These coefficients are used to define the
roughness field for use in bridge backwater experiments and calculations
reported in Volumes II and III.

GOALS AND OBJECTIVES

The major task of this phase of the total study is to determine,
by eXperiment, the configurations of artificial roughness elements that
produce in a large flume a resistance sufficiently high to simulate the effect
of heavily vegetated flood plains. The degree of artificial roughness pro-
duced in the large flume must be relatively high since (1) densely forested
flood plains are characterized by high resistance, and (2) the distortion
of the scale model requires additional roughness to satisfy the law of
dynamic similarity between the model and the prototype.



The conceptual scheme is to treat the roughness elements as acting on

the whole body of the flow rather than on their individual flow perimeters in
order to obtain a more prototype-like flow behavior. The specific objectives

are. to:

BACKGROUND

Experimentally determine the resistance coefficients for

a series of artificial roughness elements, placed at various
distribution patterns, in gradually-varied open channel
subcritical flows, and

Determine those roughness patterns which produce sufficiently
high resistance in a large test flume to simulate the flow
characteristics in heavily vegetated flood piains.

Recent field verification of current methods for backwater predic-
tion has demonstrated that existing methods tend to underpredict the
magnitude of backwater in many cases, particularly when bridges extend over
wide valleys with heavily vegetated flood plains. In recognition of this
problem, the FHWA directed that one of the principal objectives of this study
would be to develop a more accurate method to predict backwater Tevels.

The method to be developed would include the following factors, which have
generally not been previously applied to the problem:

1.

Use of realistic resistance elements to simulate vegetated
flood plains,

Analysis of the effect on backwater of large scale roughness
and flow characteristics over wide flood plains,

Effect of width-depth ratio on bridge backwater for wide

‘channels on flood plains, and

Effect of dynamic similitude between model and prototype.



The only means of considering all these factors in backwater predic-
tion would be to conduct field measurements of water surface elevation at
flood stage. However, in 1ight of the impracticality of such a program in
the time and budget available, the strategy adopted in this study was to:

1. Use to the maximum extent possibie all available information

and data related to the bridge backwater problem,

2. Develop otherwise unavailable data from hydraulic experiments
in the Taboratory to determine flow characteristics in the
vicinity of the bridge opening, and

3. Use all data acquired in (1) and (2) to develop a two-

dimensional mathematical model to simulate flood plain

flow and bridge backwater. This computer model is then

verified as far as possible by field data obtained from

state highway agencies.
In other words, the WRE approach was to maximize the use of existing tech-
nology to model, both physically and mathematically, the prototype behavior
in such a way as to minimize the uncertainty associated with bridge water-
way hydraulics. It is not only uneconomical but practically impossib1e
to physically model the entire river reach under the influence of bridge
backwater, mainly due to the wide variation in the width-depth ratio
existing in natural streams. A physical model, however, may be used with
confidence to study the flow patterns adjacent to the bridge opening.
Away from the opening, the flow conditions may vary markedly from site to
site, depending upon the variations of roughness distribution and the '
topographic features of the stream. It is this area which the physical
model is not able to reproduce accurately and which must be simulated by
other means, in our case by a finite element model.  The use of this
computer model may be further expanded once the model is verified or
calibrated. |

In the prototype condition of densely forested flood plains, the
energy losses of the flow are due to bed roughness, bank roughness and
the resistance of bushes, plants and trees in the flood plains. These



roughness elements either are submerged or extend up through the free
surface during floods. Their distribution is invariably random, making it
impracticable to scale size and distribution patterns in the model flume.
Nevertheless, these roughness components produce one common effect: energy
dissipation of the flow. This effect is the focal point of the study.

Traditionally, roughness element studies have been conducted with
bottom roughness elements that are compietely submerged. The bridge back-
water problem, on the other hand, is influenced by trees and brush that
penetrate the water surface and are spaced randomly. It was not considered
feasible to use model trees for the experiment, so attention concentrates
on achieving various levels of channel resistance and relating that resistance
to statistical representations of spacing parameters where roughness
elements are spaced randomly as well as on a regular pattern.

The hydraulic experiments for this study were conducted in a 22-foot
wide flume with large scale roughness to simulate the densely vegetated
flood plains in the prototype. The roughness fields to be installed in
the large flume were determined by performing preliminary testing and
screening experiments in a 9-inch wide flume. The small flume experiments,
which are the subject of this volume, isolated the effects of various
shapes and densities of roughness patterns.

Altogether there were seven different shapes of roughness element
tested in this study. Three types of element distribution, random,
rectangular and staggered (or diamond), were tested for flow rates ranging
from 0.1 to 0.6 cfs. For each roughness element shape and pattern, the
elements were attached to the channel bed and were of sufficient Tength
to protrude through the water surface. The density (number of elements per
square foot of the channel bed) of the roughness elements was determined
for each configuration. A1l tests were performed for a steady, nonuniform
flow condition. Resistance coefficients for each roughness configuration
were determined from the test data.



LITERATURE REVIEW

Although research on the flow of water in open channels with finite
artificial roughness was conducted by Bazin (1) between 1855 and 1860, the
rigorous definition of the flow phenomena involving boundary roughness was
not possible until the advent of Prandtl’s boundary layer theory in 1904 (2).
Since then the work of Von Karman (3) and Prandt] and the experimental
measurements of Nikuradse (4) have contributed to the development of rational
formulas for hydraulic resistance in pipe flow and an artificial standard
for sand grain roughness. In all of these investigations, the logarithmic
law of velocity distribution was assumed.

Keulegan (1) and others have successfully applied the Nikuradse
roughness standard to open channels in describing grain-type roughness in
wide open channels. However, it has been found inadequate for describing
certain other types of roughness, such as dune and ripple patterns on the
beds of alluvial channels, in which relative Spacing as well as relative
size of the roughness elements is an important boundary characteristic.

Sayre and Albertson (5) have conducted a series of experiments to
determine the effect of roughness spacing on open channel flow. These
experiments were performed in an eight-foot wide by 72-foot long tilting
flume. Roughness elements consisting of sheet metal baffles measuring
six inches wide and 1-1/2 inches in height were placed in symmetric
patterns on the bed of the flume at various longitudinal and transverse
spacings. Experiments were performed over a range of discharge, slope
and roughness densities; the normal depth varied between 0.254 and 0.983

feet. Thus, the ratio of element height to water depth varied from 0.13
to 0.5.



Test data were analyzed in terms of the Von Karman-Prandtl concepts
of turbulent flow near a rough boundary. The data are described by the

equations:
In
C =16.06 log E—-+ C1 : (1)
g
and
In
€ =6.06 1og~;— (2)
/g
where €= Chézy coefficient,
Yo = normal depth,
t = height of roughness element,
C] = a constant, a function of the longitudinal and
transverse roughness spacing, and
x = a roughness parameter dependent on the size,

shape and spacing of the roughness elements.

From an analysis of the experimental data, it is concluded that:

1. Equation 1 1is considerably more accurate than the Manning
formula over the range of roughness and flow tested;

2. The roughness density may be adequately defined as the ratio
of (a) the combined area of all roughness elements projected
perpendicularly to the direction of flow to (b) the total
area of the channel bed; and

3. The general resistance diagram, in which the resistance
function is plotted against the Reynolds number and the
Colebrook-White type transition function, is applicable to
problems of uniform flow in wide, rigid-boundary open
channels.



Subsequent experiments were made by Robinson and Albertson (6) in
which the size of geometrically similar roughness elements was varied, but
the ratios of Jongitudinal and transverse spacing to element height were
held constant. For a particular roughness pattern, they demonstrated that
the Chézy resistance function depends only on the relative roughness (ratio
of flow depth to element height), assuming rough boundary conditions.

Einstein and Banks (7) studied the composite resistance of different
types of roughness opposing the filow of water through an open channel, using
the Salinas River as a case study. In the Salinas River vegetation and |
sand bars exert resistance to the flow. In this case the total force
opposing the flow consists of:

1. The resistance caused by the particles composing the river
bed and sides,

2. The geometrical or form resistance of the bars; and

3. The resistance caused by the vegetation.

In their Taboratory simulation, Einstein and Banks studied four
types of resistance:

1. Blocks without offset and without pegs,

2. Blocks without block offset, combined with various peg
densities and patterns, -

3. Blocks with alternate blocks offset, without pegs, and

4. Blocks with alternate blocks offset, combined with various
peg densities and patterns.

Type 1 was set as a standard level of resistance for the channel bottom.
Comparison of Types 1 and 2 showed the influence of pegs, and comparison
of Types 1 and 3 showed that of the offset. Results of experiments with
Type 4 permit comparison of the sum of the individual resistances with
their composite resistance. The ratio of element height to flow depth
is in the range of 0.06 to 0.09.



Within the range of the variables tested, the study showed that the
total resistance exerted by combined types of roughness is equal to the sum
of the resistance forces exerted by each type individually, as long as the
component roughness elements do not have any mutual interference.

Information on resistance coefficients in highly vegetated open
channel flows has been particularly lacking. One way of estimating resistance
factors on such flow regimes is from the high water marks of historic floods.
High water marks, however, are not generally available along flood plains
for which water surface profiles must be computed.

A report by Barnes (8) gives roughness coefficients for 50 stream
channels. For each field site color photographs and descriptive data are
presented. The report provides a general idea of the appearance, geometry
and roughness characteristics of these channels, thus improving the engineer's
ability to select roughness coefficients for other channeils.

Barnes used the Manning equation as the basis for computing the
reach properties and roughness coefficients. Although the 50 sites cover
a wide range of hydraulic conditions from the boulder-strewn mountain
streams of the western conterminous United States to the heavily vegetated
flat-sloped streams of the southern conterminous United States, all computa-
tions but one are for the flood discharges within the channel banks. At
that one particular site, Roocling Fork at Boston, Kentucky, the n value is
reported to be 0.046 in the main channel and 0.097 in the right overflow
channel.

Chow (9} also gives roughness data on a number of typical channels
including natural waterways having n value as high as 0.150.

Herbich and Schultis (TO).conducted laboratory experiments to deter-
mine roughness coefficients for critical concrete roughness elements in
subcritical open channel flows. Two sizes of elements, 3.75- and 6-inch,



were tested for both submerged and protruding elements. Tests were performed
for roughness elements placed in symmetric and random distribution of uniform
and nonuniform size. The essential purpose of the study was to obtain the
roughness coefficients in streams flowing through cobbles and boulders, with
particular attention to the reach of the Susquehanna River near Harrisburg,
Pennsylvania. The study gives (1)} the results of Manning's roughness coef-
ficient n as a function of the Reynolds number and {2) a roughness parameter
relating projected area of roughness elements in the direction of mean flow
to the horizontal area of the channel. This roughness parameter is, in fact,
a factor that describes the size and spacing of roughness elements. A precise
definition of this roughness parameter is very important.

Hsieh (11) conducted experiments using circular cylindrical roughness
elements one inch in diameter and two feet in length to determine the effect
of spacing and relative depth of flow on the resistance coefficients of
circular piers. Results of experiments with subcritical flow conditions
indicate that:

1. Spacing and relative depth of flow significantly influence
the resistance coefficients,

2. MWave drag 1s very important under relatively shallow condi-
tions, and

3. The surface effect is relatively small at low Froude number,
thus yielding resistance coefficients that approach those
of two-dimensional flow.






IT. THEORETICAL BASIS FOR
ANALYSIS OF LARGE SCALE ROUGHNESS

ONE-DIMENSIONAL OPEN CHANNEL FLOW IN LARGE SCALE ROUGHNESS

Consider an open channel of rectangular cross section, in which.
large roughness elements are placed on the bottom of the channel. The flow
in the channel is steady, nonuniform, as shown in Figurel. It is assumed
that the slope of the bottom and the water surface area are both small, so
that gradually-varied flow profile prevails. The mean total nead at any'
cross section is expressed as:

_ v - | |
Heggt v+l (3)
where H = totaT‘head,
V = mean velocity of flow through the section,
y = depth of flow, and
Z0 = elevation of the channel floor.

A single differentiation with respect to x, which is the distance in the
direction of flow, yields o

2 dz |
dH _d {(V7),dy, 0
X~ dx (29) it X (4)

In Equation 4,-%% represents the rate of energy loss in the flow direction
and is expressed by -Sf, whereas dZo/dx = -S0 is the slope of the channel.

When the flow is turbulent, the energy dissipation of the flow
is through the mechanism of surface resistance, form resistance and wave

11
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resistance. In a reach length, 4Ax, the resistance for each type is

2
Surface resistance F o= 1—F-BE—-P AX (5)
s 4 2
. v2
Form resistance Fe = Cd Nby o (6)
Wave resistance FW = ¢(V2) (7)
where f = Darcy-Weisbach resistance coefficient,

P = wetted perimeter,

p = fluid density,

V = mean velocity in x direction,

C, = drag coefficient for each roughness element,
= number of elements in the flume area B Ax,
width of flume,

= width of element, and

= depth.

w oW =
i

In steady, nonuniform flow the equation of motion for the
elementary volume can be expressed as

dv

-vyByay -sF=pByaxV ax (8)
where iF = FS + Ff + Fw and
vy = specific weight.

Integration of Equation 8 with respect to x yields the one-dimensional
momentum equation

zF

1l

where Q=ByYV ' (10)

13



Equation 8 can be rearranged to yield

. AY. !d_} =
y By ax B+ Lellour o
or
-y B d(+£)=z|= (12)
Y BY Mg WY o
2
- d ( -y ) dH _
Hence v By ax Sf = ;F (13)
 which'al _Lui)
wtengtves ¢ = 5 (g 9
The form of Equatioh 14 is rather interesting. The expression
B EX represents the amount of force expended per unit area of channel

bottom, which, in a sense, is the shear stress. This can be demonstrated
by 1etting

2

zF = R%—- P ax- (15)

-D-'—h

which is the case where the boundary resistance plays the dominant role
in energy dissipation. Substitution of Equation 15 in Equation 14 yields

2 2 ‘
N I %l O (16)
f~yy4d 2 B 4R2g
4R Sf
or f=——2——“ (17)
V- /2g

where R is the hydraulic radius. Equation 17 is the familiar form of
resistance equation, where the boundary shear stress is the source of
energy dissipation.

14



If the surface resistance (boundary shear) is small in comparison
with form resistance, and the wave resistance and the flow turbulence can
be neglected, then Equation 14 takes the form of

y By axSe=NC, by qu. (18)

or LF = P (-Ig)

Equation 19 can be generalized to yield an expression

V2
Tq = Cf 7 (20)
where T4 = equivalent shear stress due to drag, and
Cf = a loss coefficient.
From Equations 19 and 20 it is seen that
N Cd by
i v (21)

In Equation 21 the expression (N b y) is the total projected area of the
roughness elements under water, and (B Ax) is the area of channel bed in

the reach ax. The ratio of these twoc is defined as the concentration of
roughness elements. Let o denote the roughness concentration of the channel,
then

-Nby (22)

and Cf =g (

Equation 20 then becomes

15



v ,
1 =0 Gy S (23)
Since vy Sf = Eg%i
V2
then Y ¥ Sg = o Cy QE_
> Y |
or Cd —7 (24)
°2g

It is conceivable that under prototype conditions the overall
channel resistance is composed of many types of resistance. Formulation
of a general expression for each type of resistance is convenient for
computaticnal purposes. Since each type of resistance is proportional
to the dynamic pressure term, pV2/2 , of the mean flow and the area of the
channel reach, it is reasonable to express the total resistance force as

2
5F = (Cg + Co + C,) BB &x ‘ | (25)

where Cs is the loss coefficient due to surface resistance, Cf is that due
to form drag, and C, that from surface waves. Among the three loss coeffi-
cients, C s difficult to define. We therefore incorporate surface wave

W
resistance into the surface and form resistances. Equation 25 thus becomes

2
- oV~ .
iF = (CS + Cf) > B Ax (26)
In Equation 26
=fP
NC,by ‘
N d
and Ce = 5 (21)

16



Substituting Equations 26, 27 and 21 into Equation 14, we obtain the following
expression:

2
_v 4N b y
4R Sf = 73 (f + Cd P Ax ) (28)
) aN by |
If we let fo=T+C -5 I (29)
then Equation 28 becomes
4R Sf : .
fe = 250 (30)
Ve/2g - ’

Note that Equation 30 resembles Equation 17, the expfession for
the Darcy-Weisbach resistance coefficient. In the present derivation, fe
may be considered a modified friction factor from the Darcy-Weisbach f.
The primary difference between f and fe is that f represents a resistance
coefficient characterized by the boundary shear stress. In the case of
submerged elements the value of f can usually be obtained through the
integration of the Karman-Prandtl equation for logarithmic velocity
distribution to yield ' '

et

1. Jn L.
where C1'= turbulence coefficient that usua11y has a value
of approximately 2,
C2 = constant, which is a function of the roughness
type, pattern and spacing,
Yy = normal depth, and
k = roughness size.

In the case of flows passing through protruding roughness elements, the
overall resistance to the flow is the combined effect of shear stress along

17



the channel bottom and side walls plus the energy dissipation resulting from
the eddy formation behind the roughness elements.

A theoretical treatment of this particular type of resistance field
is not available in the literature. The difficulty arises from the lack of
data for velocity distribution and complex flow characteristics behind the
roughness elements. As a result, studies of this type of problem generally
rely on physical measurement.

DIMENSIONAL ANALYSIS

Equation 13 can be rearranged to yield

daF - : (32)

=V
S¢ %10 dx

Thus gg-represents the Tocal resisting force per unit length of channel.
In steady nonuniform flow, %g-is a function of the following
independent variables (see Figure 2):

s the mean depth, d, and the mean velocity, V, at a given section;

o the parameters of roughness elements, b, t, k, L, LT’ 2, and
a roughness element shape factor, £;

e & cross sectional shape factor, n, another factor, 6, describing
the channel profile, and another factor, ¢, describing the
channel plan; and ‘

« the fluid density, p, specific weight, v, and viscosity, p.

In the case of the nine-inch test flume used in this study, the
channel shape is rectangular, the bottom is horizontal and the width is
constant (Q'inches); hence the factors n, 6, and ¢ may be eliminated.
Replacing d with R, the hydraulic radius, we obtain a functional expression

18
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Se = ¢y (Ry V, by t, ks L, Lys %5 5 Py Y,y 1) (33)

If the hydraulic radius, velocity and density are chosen to be the repeating
parameters, the following nondimensional groups will result:

L
_ bt k L "1 2%
f"¢2(FsR9"s T R E" g"‘s B"a 5) (34)
4R Sf
where f = 5
V=/2q
F=_V_
/gR
_ 4V R
R = 5 and
vok
P
k

In Equation 34 the term E—is a parameter describing the aspect
ratio of an individual roughness element. For all the types of roughness
elements tested, there is a single value of %—for each type of element;
thus, the relationship of f to %-cannot be determined for each element
geometry. The term L]/L is a parameter describing the offset (or eccentri-
city) of the elements in the transverse direction. There are three major
types of geometric patterns that have been tested. These patterns are the
random, rectangular and diamond placement described in Chapter I. It is
not possible to détermine the value of L1/L in random patterns. Furthermore,
the variation of L1/L in the rectangular and diamond patterns was not suffi-
ciently wide to examine the effect of L1/L on f. Dropping E—and LI/L’
Equation 34 becomes

- bt L %
f' ¢3 (FsRs R’ Rs b: bs ‘E) (35)

In Equation 35 the combination of %3 %—and %—is defined as the

concentration of the roughness elements, that is

20



I i=a
=%
n

E%' for R =y ‘ - (36)°

Q
|
o=
ol
o

Combining these three terms, Equation 35 becomes
f=0, (F,R, %, o, 5) (37)
4 2 SR’ ?

In the case of flow through protruding roughness elements, the
value %—is a measure of width-depth ratio as can be shown in the
following:

t_ d _B+2d _ d
RSB - B8 "1t (38)
B+ 2d

Equation 37 may therefore be expressed as

- d
f‘¢5(F5R: B; Oa E)

(39)

Equation 39 consists of both the Froude number and the Reynolds
number. The surface and the form resistances are governed by the roughness
elements, boundary characteristics, and the Reynolds number, whereas the wave
resistance is a function of the Froude number. The re1ati§e significance
of F and R is mainly determined by the concentration of the roughness
elements. When the concentration is high, energy loss of the flow is mainly
from form and wave resistance. In cases where §~approaches unity,'the
flow is blocked out until the depth upstream is changed. If %—approaches
unity, the flow is confined in narrow channels, and assumes the character-
istics of slot flow. The Froude number is 1ikely to be the dominant factor
for high roughness element concentrations. The Reynolds number may be used
to define two characteristics of the flow viscosity: as it relates to bed
geomefry and to channel obstacles. The effect of these two factors on the
flow resistance under the present test conditions is assumed to be minimal
because of the flow separation effect at the upstream edges of the obstacles.

1For nonsymmetrical distribution patterns, such as the random pattern,
Equation 22 is used to determine the value of o.
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In medium to low concentrations, the roughness elements have the
effect of isolated obstacles, causing wake interference, and the effect of
surface, waves and form resistance on the total flow resistance may be of
comparable importance in those cases where F and R are both significant.
The relationship of f to F and R is further discussed in Chapter IV.
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURE

EQUIPMENT SETUP

The hydraulic models used in this study were constructed and
operated on the second floor of the old Bureau of Standards Building 9,
located at 4200 Connecticut Avenue, N.W., Washington, D. C. The small
flume used for the channel roughness experiments was rectangular and
horizontal, nine inches in width, 2145/8 inchés in depth and 198 feet
in length, with a wooden floor and plexiglass sides.

The roughness elements were placed along a 50-foot section of the
flume, referred to as the test reach. Flow was supplied by either the
fire 1ine from the municipal water supply system or a constant head tank
above the flume, depending upon the amount of discharge to be tested.

A schematic diagram of the setup is shown in Figure 3. The fire line was
used only when maximum flow was desired. In most cases the water from the
fire Tine was discharged into a distribution tank and pumped from there
into the flume to avoid flow fluctuations which may occur in the fire
Tine. In Tater experiments, the constant head tank was used exc]usi?e]y.
Flow rates were varied by adjusting the valve opening of the water supply
line and measured by diverting the water from the flume intc a weighing
tank and recording the change in weight over time.

Point gages were used to measure the water surface profile. The
point gages were mounted on top of the flume at eight-foot intervals along
the upstream portion of the test reach and at four-foot intervals along the
downstream portion of the test reach. In order to avoid the marked varia-
tion in water surfaces caused by the upstream and downstream transitional
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zones, the point gages were mounted no closer than eight feet from either
end of the test section. For most of the experiments, seven point gages
were used.

Before testing was begun a common datum, to which all point gages
were referenced, was established in the test reéch. The flume was first
filled with several inches of water and allowed to become still for water
surface readings at each point gage. During the testing all surface readings
were referred to this datum.

In order to obtain the depth of flow at each sectiun, point gage
readings were also taken on the bottom of the flume. Figure 4 shows the
elements of the Ott Point Gage and the detaiis of depth measurements.

To establish a convention, the flat tip is called the "rod" and the pointed
tip the "point." When the point contacts the water surface, an electrical
circuit is completed with the rod which is submerged, and the electric
indicator turns white. All water surface readings are taken using the
point, but it is obvious that the bottom reading cannot be taken in this
manner since the rod extends Tower than the point. The bottom readings
were, therefore, taken using the rod and the resulting depth corrected by
adding on the distance from the tip of the point to the tip of the rod.
This distance is called the "gage constant" for that point gage. The two
readings necessary to obtain this gage constant are illustrated in Figures
4B and 4C. The reading in which the rod contacts the still water surface
is called the still rod and the reading in which the point contacts the
still water surface is called the still point. The reading in which the
rod contacts the flume bottom is called the bottom rod, as shown in Figure 4D..

A dual reference system was used when the point gages were installed
along the test reach. Two identification numbers were assigned to each
gage, the first indicating position and the second the specific point gage
{e.g., 1-3, position 1, gage 3). This system was necessary because the
point gages were periodically dismounted for maintenance.
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The sequence of the testing procedure is shown in Figure 5. The
experiment covered a wide range of flow rates, roughness patterns aﬁd
concentrations. For each series the water surface data at seven locations
were taken for a given roughness element type, pattern, concentration and
range of flow rates. Flow rates were determined by a weighing tank and
a stop watch. During each run the water temperature was recorded.

ROUGHNESS PATTERNS

Tests were performed on various types of roughness elements with
different combinations of patterns and spacings. The various combinations
were selected to insure a broad range of values for channel roughness.
Since the experiment was intended to simulate the roughness characteristics
of forested flood plains, all elements were arranged to protrude from the
water surface.

As mentioned previously, three basic patterns of roughness elements
were used: random, rectangular and diamond. For each pattern both the
Tongitudinal and lateral spacing was varied to reflect the concentration
of elements along the channel bottom. Figure 6 shows in detail the
arrangement of roughness patterns.

The random pattern proved to be the most difficult to set up. The
procedure used to specify the position of the element was not completely
random in that the elements were randomly placed in a preset grid. Grids
of 10 X 10 points on 3/4-inch centers were laid out on a four-foot length of
plywood. Ten degrees of density? (i) of elements were used for the random
pattern. These densities ranged from 5 percent to 50 percent by increments
of 5 percent. For the 5 percent density, a set of two-digit numbers was

2pDensity is defined as the percentage of grid points in which roughness
elements are placed.
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taken from random number tables. These two-digit random numbers were used

as coordinate points for placing the elements, with the first digit

assigned to the ordinate and the second to the abscissa. In order to achieve
a 10 percent density, another set of two-digit numbers was taken from the
random number tables and placed on the grid as before. For those cases

in which a coordinate point was selected more than once, a new coordinate

was selected from the random number tables (12).

The above procedure was followed for densities of up to 50 percent.
The remaining 10 X 10 grids on the four-foot length of plywood were
assigned elements in the same manner. Four pieces of four-foot lengths
of plywood were assigned elements using this procedure and this 16-foot
section was duplicated until the desired length of test reach was
obtained. Figure'7 illustrates a section of the flume in which roughness
elements were assigned using the random technique. Due to the amount of
effort involved in placing the roughness elements with the random pattern,
tests were limited to the circular wooden dowels.

Other patterns tested were the rectangular and diamond patterns.
The rectangular pattern was defined as that in which elements are aligned
in columns parallel to the direction of flow and rows perpendicular to
the direction of flow. The diamond pattern of elements is defined as that
in which elements are aligned in columns oblique to the direction of flow.
Figure 6 illustrates the parameters necessary to describe the geometry of
the patterns.

ROUGHNESS ELEMENT TYPES
The experiments were performed using eight types of roughness

elements. A1l the elements were approximately 18 inches in length. Their
projected widths varied from 0.25 inch to 1.06 inches and their cross-
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sectional areas varied from approximately 0.05 square inch to 0.8 square
inch. A sketch of these various elements is shown in Figure 8.

Téb]e T presents the various parameters needed to describe each
series of experiments. The spacing parameters as illustrated in Figure 6
are given in column 4. Column 5 gives an illustration of the cross-
sectional area of the elements in relation to the direction of flow. The
direction of flow is indicated by an arrow.

While @ is a proper parameter characterizing the roughness concen-
tration of the channel, its determination requires the prior knowledge
of depth. Further, in most practical applications depth is a dependent
variable which is to be determined, thus the value of o is not known
a priori. Without the knowledge of water depth, however, the roughness
field can be physically represented by some type of roughness density,
such as A, a parameter used for measuring the number of roughness elements
of a typical size per unit area of channel bottom. The value of A is
this case is a constant; hence it is a convenient parameter to characterize
the roughness field, though inadequate in a strict sense. The usefulness
of X as a roughness parameter is further discussed in Chapter IV.
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Table 1. Configurations of Roughness Elements

Spacing
seies mavarn MY T e ™
5 Random 0.0482 — () 0.25
6 Random 0.0434 — () 0.25
7 Random 0.0386 — () 0.25
8 Random - 0.0338 — () 0.25
9 Random 0.0290 Bom— O 0.25
10 Random 0.0241 — () 0.25
11 Random 0.0193 - () 0.25
12 Random 0.0145 _— () 0.25
13 Random 0.0096 — () 0.25
14 Random 0.0048 — () 0.25
15 Rectangular 0.0242 1.50 1.50 — () 0.25
16 Rectangular 0.0121 3.00 1.50 — () 0.25
17 Rectangular 0.0073 3.00 3.00 —- O 0.25
18 Rectangular 0.0145 1.50 3.00 — () 0.25




Table 1. (Continued)

S¢

PSpacigg
arameters . .
Series Pattern Denijfy . L L1 Croglegsgzion Prg%e%%ggeﬁ%dth
(in.) _ (in.)  (in.) in.)
19 Diamond 0.0121 1.50  3.00  3.00 — () 0.25
20 Diamond 0.0218 1.50  3.00  1.50 — () 0.25
25 Diamond 0.0543 6.00 4.50  3.00 — §> 1.06
26 Diamond 0.0543 6.00 4.50  3.00 — <§ 1.06
27 Diamond 0.0543 600 4.50  3.00 — O 1.06
28 Diamond 0.0463 6.00 4.50  3.00 — O 1.00
29 Rectangular 0.1159 3.00 3.50 3.00 —- O 1.00
30 Diamond 0.0556 3.00 4.50  4.50 — O 1.00
31 Diamond 0.0121 6.00 4.50  3.00 — Eﬁ": 0.50
32 Diamond 0.0121 6.00 4.50  3.00 —p- L] 0.50
33 Diamond 0.0189 6.00 4.50  3.00 — (l 0.625
34 Di amond 0.0189 6.00 4.50 3.00 == ) 0.625
35 Diamond 0.0189 6.00 4.50  3.00 —_— > 0.625
36 Diamond 0.0113 6.00 4.50  4.50 — > 0.625







IV. DATA ANALYSIS AND RESULTS

GENERAL APPROACH

The main objective of the test data analysis is to establish the
functional relationships in Equation 39. In the process of deriving
Equation 39, the values of f, F, and R are expressed as functions of the
hydraulic radius of the flume. Since the roughness of the glass walls of
the test flume is significantly less than that of the elements placed on
the flume floor, flows in the flume are essentially two-dimensional.
Therefore, the depth of flow is taken as the length parameter in computing
f, Fand R . Thus

_ 89 ¥ Sf
v
Fe—L (41)
vay
R =AW (42)

Additional parameters, including the drag coefficients of various
types of roughness elements, Chézy's C and Manning's n, are also computed
using the expressions

29 Y Sf

Cd = ——V‘z‘—‘ (24)
1/2

C = (%9) (43)

 Preceding page bk
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1/6 =
= l;ﬂgi:::.lft (44)
v8g

n

The roughness data as calculated with the above equations are listed in
Appendix B.

SURFACE RESISTANCE OF TEST FLUME

In order to determine the surface resistance of the test fTume,
a series of tests were conducted without roughness elements. These test
data are listed in Appendix A. Note that the hydraulic radius has been used
as the length parameter'for the calculation of f, F and R . This is because
the resistance is caused essentially by the shear stress along the wooden
bottom and glass walls of the flume. Figure 9 1illustrates the relation-
ship of f and R for this test condition.

Surface resistance data from established sources (13) for a glass
surface and a wooden stave are also plotted on Fiqure 9. A comparison of
these data with the test data indicates that the value of f approximates
that of the wooden stave at low Reynolds numbers and that of the glass
surface at high Reynolds numbers. This is evident from the fact that for
a given channel slope the depth at low Reynolds numbers is shallow; hence,
the wooden floor contributes‘much of the resistance to the flow. At high
Reynolds numbers the flow is deep; therefore, the channel resistance is
governed by the glass surface. In any event, the surface resistance of
the test flume is negligible in comparison with the resistance created by
the roughness elements, as is shown in the following section.
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CHANNEL RESISTANCE FROM LARGE SCALE ROUGHNESS
1/ ff_' AS A FUNCTTON OF ROUGHNESS CONCENTRATION, ©

A common technique for analyzing channel resistance for submerged
elements is to plot 1//f against the relative roughness yn/k to determine
their functional relationships in the framework of the Karman-Prandtl
concepts. However, since yn/k is a constant in the case of protruding
roughness elements, 1//Ff is plotted against roughness concentration, o (=iy/b).
Figures 10 through 15 show plots of this relationship for all types of
roughness elements tested, with Froude number as a parameter. It is
interesting to note that the character of the curve is entirely different
from the well known Karman-Prandtl equation for roughened pipes. Instead
of f decreasing with increasing y, these plots show the opposite. The
explanation is that in the case of protruding elements, the flow resistance
is proportional to the projected area of the roughness elements which in
turn is proportional to the depth of flow.

CHANNEL RESISTANCE AS A FUNCTION OF FROUDE NUMBER

Since it was not possible to tilt the test flume in order to vary
its slope, a comprehensive examination of the effect of Froude number on
the channel resistance is not possible in this study. However, from
Figures 10 through 15, in which the Froude number of each data point is
plotted, it appears that channel resistance is slightly dependent on
Froude number. The mild dependence of the resistance coefficient on the
Froude number for the random pattern in Figure 16 is further demonstrated.
Nevertheless, considering the limited range of Froude number tested the
true relationship is at best inconclusive.
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CHANNEL RESISTANCE AS A FUNCTION OF REYNOLDS NUMBER

To examine the effect of Reynolds number on the channel resistance
the values of 1//F are plotted against the values of o, with Reynolds
number as a parameter. In these plots (Figures 17 through 22) it seems
apparent that the Reynolds number has nc significant effect on the
channel resistance.

To further assess this relationship, a plot of f versus Reynolds
number with roughness element concentration as a parameter for the random
pattern is shown in Figure 23. From this plot it is clear that for a given
concentration f is independent of R.. With the magnitude of the Reynolds
number in the area of 105

conclusion confirms the results of previous studies.

» the independence of R from f is expected. This

CHANNEL, RESISTANCE AS A FUNCTION OF ROUGHNESS PATTERN

In order to investigate the effect of roughness patterns on the
channel resistance, 1//F versus o curves for the random, diamond and rectangular
patterns of the 1/4-inch circular elements were superimposed. The results
are shown in Figure 24. It is noted that for a given concentration the
random pattern yields higher resistance than that of rectangular and _
diamond patterns for the concentration range less than one. The resistance
curve of the diamond pattern asymtotes to the curve or random pattern at
approximately o = 1, whereas the resistance curve of the rectangular pattern
asymototes to the curve of ‘the random pattern at approximately o = 2. This
information is significant in the planning of large scale model tests, when
a decision must be made whether to use random or regular spacing of roughness
elements in the test flume. It is apparent that if the roughness field of
regular spacing can adequately reproduce the random spacing (or more proto-
type-Tike roughness field), then a considerable economy can be realized for
the Targe scale model test.
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The results shown in Figure 24 suggest that:

1. The regular roughness pattern is capable of producing the
kind of roughness field that a random roughness spacing
will yield.

2. A diamond pattern of roughness placement more closely
reproduces the effects of a random pattern than a
rectangular pattern.
These conclusions have been based on a test using 1/4-inch circular rough-
ness elements. It is assumed that other roughness element shapes wouid
obtain similar results, since the basic energy dissipation mechanism
associated with the elements remains the same.

CHANNEL RESISTANCE AS A FUNCTION OF CONCENTRATION

The relationships shown in Figures 10 through 15 and 17 through
22 imply that the effect of the depth-width ratio, %3 on the channel
resistance is also insignificant. It can then be concluded from Equation 39
that for a given tybe of roughness element pattern, £, the channel resistance,
f, is a unique function of the roughness concentration, o. Thus

f= ¢6(a) for £ = constant.

Such an observation is definitely supported by the results shown in
Figures 25 through 34. Figures 25 through 34 also show the relationships
of Manning's n to o. The functional expression for any roughness pattern
is

f=qof | (45)
or n = a of1 (46)
The values of «, B, oy and B8; are Tisted in Table 2. These results are
considered to be valid for the range of Froude number and Reynold's number

tested.
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PRACTTCAL APPLICATION

In practical application the expressions in Equations 45 and 46
are not sufficiently explicit. It is therefore necessary to use a trial
and error method to determine the water depth for a combination of rough-
ness concentration and discharge. This difficulty can be overcome by
a plot of _y/yC versus A (Figures 35 to 37), where Ye is the critical depth
and » is the density of roughness elements. For a given roughness pattern
and density the value of ) is determined by

2 .
i (47)

=
(=

|

A:

(we]

Entering the value of A in Figures 35 to 37 yields the value of y/yc,
denoted by e, for that x. For a given flow rate and channel geometry

(€ '
Ye (g ) (48)
where q is the flow rate per unit width of the channel. Finally,
Y=Y, ¢ (49)
The relationship of Figures 35 to 37 has been derived from test
data for a horizontal channel slope. It is recommended that further tests

be made in a tilting flume to establish similar relationships for other
slopes.
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Table 2. Values of o, B, o; and 8,

Series No. Rg:gggizs o B o1 81
5-14 Random 5.60 0.887 0.208 0.480
15-18 Rectangular 3.80 0.870 0.183 0.520
19-20 Diamond 5.10 1.045 0.210 0.602
25 Diamond 11.40 0.955 0.357 - 0.706
26 D1amond 7.60 0.941 0.275 0.635
27 Diamond 10.08 1.333 0.345 0.862
29 Rectangular 5.90 1.360 0.215 0.824
28430 Diamond 6.03 0.980 0.238 0.603
31 Diamond 7.40 0.735 0.293 0.497
32 Diamond 4.80 0.897 0.247 0.598
33 Diamond 4.40 0.837 0.226 0.565
34 Diamond 11.50 1.007 0.374 0.673
35-36 Diamond 13.30 0.992 0.374 0.589
where f=ua oB, and
n=a 061
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DRAG COEFFICIENTS OF ROUGHNESS ELEMENTS

The drag coefficient of each roughness element is computed according
to Equation 24,

~<

c—Sf
. &4
v

972

[T B o

Drag coefficients computed from the experimental data are presented in
Appendix B. For circular cylindrical elements the values of Cd appear
to vary with roughness pattern and size. Using data shown by Hoerner
in Figure 126 of Reference 14, the calculated drag coefficients for

a two-dimensional circular cylinder in the range of Reynolds number
tested are between 1.0 to 1.20. This range is lower than that for the
test data of this study. The logical explanation of this discrepancy
is the occurrence of surface waves in the test flume which causes
additional resistance over the data for submerged bodies available in
the Titerature. Test results also show that for circular cylindrical
roughness elements the value of Cd tends to increase with the size of
the elements., This may be due to (1) a sidewall effect in the test data
and/or (2) excessive surface wave generation by the roughness elements.

For the random pattern, C, varies from 1.0 to 2.0 with an average
of 1.40; for the rectangular pattern the average value of Cd is 1.10;
and for the diamond pattern the average Cd is 1.25. The low average value
of Cd associated with the rectangular pattern is obviously due to the wake
interference between the rows. This is evident from a comparison of the
data from Series 15 and 16 and from Series 17 and 18. For &/b = 6,
Cd = 1.0, and for &/b = 12, Cd = 1.25. The high value of Cd associated
with the random pattern appears to be due to the irregular variation in
spacing of elements; thus it is not quite comparable to those values of
Cd for rectangular and diamond patterns.
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A comparison of the values of Cd from experimental data of this
study with the data of Reference 14 for various element shapes is shown
in Table 3. Note that the values of Cd in the present study are generally
greater than those in Reference 14 by an order of 10 to 40 percent. This
difference is probably due to the effect of the sidewall and of surface
waves. Until other, similar experiments are conducted in a Tlarger flume,
however, one can only speculate on the sidewall effect and assume that sur-
face waves are the principal factor in the greater value of C

4
Table 3. Comparison of Drag Coefficients

Element Test Data of This Study Existing Data

Shape R Cd R Cd
® 0.6 to 1 x 10° 1.25 0.5 x 10°  1.20
¢ 6 x 10° 2.0 10% to 108 1.55
q 5 x 10° 1.38 10* to 10°  1.16
> 2.5 x 10° 3.20 104 to 10°  2.20

The values for Cd determined in this study may be used to compute
the channel resistance using Equation 29. Such an alternative method is
particularly useful in estimating the resistance field of forested flood
plains once the roughness configuration is determined.
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SELECTION OF ROUGHNESS PATTERN FOR LARGE FLUME BACKWATER EXPERIMENTS

As stated previously one of the objectives of this study is to
determine the roughness patterns to be placed in a Targe test flume to
produce sufficiently high resistance to characterize the flow field in
heavily vegetated flood plains. The selection of such roughness patterns
is generally governed by 1) ease of installing the roughness elements,

2) degree of roughness in the prototype flood plain, and 3) scale of the
model.

Theoretically, when a scale model is used to study the flow character-
istics of its prototype, the dynamic similarity must be maintained between
the two. This condition requires that the Froude number and Reynolds
number be the same in both model and prototype. Unfortunately, it is
practically impossible to achieve a dynamically similar scale model if
water is used in the model. Hence in practical application it is the
normal practice to scale the gravity and adjust the viscous forces by
increasing the roughness of the model over the roughness of the prototype.
This increase is made by a trial and error process in which the depths
and flows in the prototype are measured and the roughness of the model
adjusted until the appropriate flows and depths in the prototype are
reproduced in the model.

In dealing with river models, the situation is further complicated.
Since the laboratory space is usually limited, the model depth is necessarily
small, if the same scale is appiied to both the horizontal and vertical
dimensions. As a result of the shallow depth, the flow in the model may
be laminar, the viscous effect becomes significant, and the Froudian
model is no Tonger valid.
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The viscous effect is commonly counteracted by the use of different
scales for vertical and horizontal dimensions, a so-called distorted model.
The vertical (depth) scale is exaggerated in relation to the horizontal
(distance or width) scale so as to 1ncréase the velocity scale and produce
turbulent flow in the model. A distorted model results in increased
roughness over the scale model.

The bridge backwater experiments conducted in the large flume
were not intended to represent the hydraulics of any site-specific case;
rather, they cover a wide range of typical hydraulic characteristics of
bridge crossing sites. The kind of roughness field to be installed in the
large flume thus must provide sufficient range of variation to characterize
the field conditions. Table 1 of Reference (15) shows a range of Manning's
roughness coefficients between 0.03 to 0.2 for the flood plains.

The large test flume used in this study was 22 feet wide, 3 feet
high and 184 feet long. The bottom slope of the flume was 0.022. The
scales for this flume were based upon field data collected by the U. S.
Geological Survey (15) for over one hundred streams in the States of
Alabama, Louisiana and Mississippi. The scale ratios are:

Yr = 1:12
Xr = 1:100

Where ‘ Yr = vertical scale ratio (model/prototype) and
Xr = horizontal scale ratio (model/prototype).

The above scale ratios and the field data of Manning's roughness coefficients,
along with the derivations presented in Volume III of this project, give

the range of Manning's roughness coefficients to be installed in the large
test flume: This range of n is 0.06 - 0.4.
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The range of n values required for the large test flume is then
used to find a roughness pattern from the small flume test data which
satisfies the selection factors given at the beginning of this section.
The n vs. ¢ curves in Figures 23 through 32 are used to select the rough-
ness pattern.® For a given value of n (in this case n = 0.4), that pattern’
is selected which gives least o, and then for that value of o, the smallest
vatue of X is chosen. The pattern thus selected gives the minimum number
of roughness elements required to produce the specified roughness field.

In this manner it has been found that the v-shaped metal joists
roughness elements in the diamond pattern (i.e., series 35 and 36) yield
the best results, and are recommended for use in large flume experiments.

3For reasons given on page 48, the diamond pattern was selected over the
rectangular pattern for the large flume test.
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V. CONCLUSIONS

Six major conclusions regarding channel resistance for protruding
large scale roughness elements may be drawn from an ané]ysis.of the
experimental data collected during this study:

1. The Karman-Prandtl type of resistance equation is not
applicable to determine the resistance of protruding large
scale roughness elements.

2. The effect of Froude number on the channel resistance is
not significant for the range of Froude numbers tested
(i.e., F=0.08 - 0.205) and the roughness concentration
(0<2.3) in this study.

3. The channel resistance is not a function of Reynolds number
in the range of 10* - 105, or the roughness concentrat1on,
g<2.3.

4. The channel resistance is governed by the roughness pattern
and the roughness concentration o, where

S-Nby (22

f=od® (50)
adequately describes the relationship between the resistance
and the roughness concentration in horizontal channels.

6. The drag coefficients of roughness elements may be used to

calculate the channel resistance for heav11y forested flood
plains as an alternative.
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APPENDIX A

SUMMARY OF TEST DATA

Q = Flow {cfs)
DELX = AX = Length of test reach (ft)
B; = Channel width at upstream section (ft)
B, = Channel width at downstream section (ft)
D; = Depth at upstream section (ft)
D, = Depth at downstream section (ft)
V; = Velocity at upstream section (ft/sec)
V, = Velocity at downstream section (ft/sec)

H, = Total head at upstream section - referred to as
arbitrary datum (ft) !

H, = Total head at downstream section (ft)
NU = v = Kinematic viscosity (ft2/sec)
CONC = Roughness parameter = %'(%l)
WELM = Width of roughness elements perpendicular to flow direction
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APPENDIX B

SUMMARY OF TEST RESULTS

The following notatiohs are used in this Appendix:

FR = Froude Number (F) = s
Yoy
. W
RE = Reynolds Number (R} = —
REB = Reynolds Number of element = E%
SIGMA = ¢ = roughness concentration = A%
EB)-= Depth-width ratio = =By—

ch = Cd = Drag coefficient of elements

1/SQRTF = 1/{f
CHEZYC = Chezy's C
N = Manning's n
D/W = y/b 2
LAMBDA = = Nb_
BAX
D/Yc = y/Yc
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APPENDIX C

NOTATION USED IN THIS REPORT

Width of flume

Width of element perpendicular
to flow

Chezy coefficient

Drag coefficient of roughness
element

Loss coefficient due to form
drag

Loss coefficient due to
surface resistance

Loss coefficient due to
surface wave

Mean depth

Force

Froude number

Form resistance
Surface resistance
Wave resistance

Darcy-Weisbach resistance
coefficient

Modified friction factor from
Darcy-Weisbach f, defined by
4R Sf

f —_— T
Gravitational constant
Total head

Length of element parallel
to flow

Element spacing parameter,
see Figure 4

T T O T S =

v
-4

w
o

A R O o+

N <
> 0

Q
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Number of elements

Manning's roughness coefficient
Wetted perimeter

Flow rate

Hydraulic radius

Reynolds number

Energy gradient

Slope of channel

Element spacing parameter
Element offsetting parameter
Height of element

Mean velocity of flow
Distance in direction of flow
Depth

Critical depth

Normal depth

Elevation of channel fioor
Coefficient

Coefficient

Coefficient

Coefficient

Specific weight

vy,

Channel plan factor

Cross sectional shape factor
Channel profile factor



qQ T ™M < T -~

=~

Density of roughness elements
Dynamic viscosity

Kinematic viscosity

Roughness element shape factor
Fluid density

Concentration of roughness elements
Shear stress due to drag

"Function of"

A roughness parameter dependent on
size, shape and spacing of elements
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