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ABSTRACT

Simulated dense vegetation with random blade arrange-
ments and different blade flexibilities were used to deter-
mine the hydraulic properties of flow of small, non-submerging
depths. With the water flowing among the randomly patterned
vegetation blades, drag resistance becomes the dominant force
that retards the flow. An equation of flow was established
based on the momentum balance in the system. Experimental
results were used to determine the coefficient of blade re-
sistance, Ry, and plotted in terms of blade width and flow

depth Reynolds number respectively.

Descriptors: Grass Waterways, Hydraulic Resistance, Drag,
Flow Properties

Indentifiers: Grass Waterways, Turbulent Flow Hydraulics






HYDRAULIC RESISTAWCE OF GRASS MEDIA ON
SHALLOW OVERLAND FLOW
I. INTRODUCTION

The effects of vegetation on the flow characteristics of
water through open channels has long been of interest to
hydraulicians. The presence of vegetation in open channels
acts to retard the flow of water by causing a loss of energy
through turbulence. Various flow models have been employed
to estimate and explain this type of hydraulic resistance.
Due to the variety of conditions which may be present with
flow through vegetation, much of the work has been empirical
in nature. The combination of large flow depth variation over
various kinds of vegetation adds to the problem of estimating
hydraulic resistance in vegetation covered open channels. The
depth of flow is to a large extent dependent on the density,
height and flexibility of the vegetative elements. This report
will explain the hydraulic resistance of vegetative in terms
of the drag upon the individual elements and will attempt to
advance the concepts of various other researchers in this area.

Review of Related Research

There are two major formulas for computing discharge in
open channels as it relates to the resistance factor of the

channel. The first was developed by Chezy in 1775:

v = c(rs)L/? (1)



where:

V = velocity of flow,

S = slope of channel,

R = hydraulic radius of the channel, and
C = coefficient of roughness.

One of the most widely used empirical equations, especially
in the United States, relating the mean channel velocity to
hydraulic resistance and other parameters of the channel is

known as Manning's Formula:

v = il;%gﬁl (32/3) (sel/z) for British Technical Units (2)
or:

vV = %—(RZ/B) (Sel/z) for SI Units _ (3}
where:

V = mean flow velocity in channel, LT-l;

S = slope of energy line;

R = hydraulic radius, L; and

n = Manning's roughness term, 1/,

For fixed boundary streams as well as most alluvial chan-
nels, the value of Manning's roughness term can be selected
from established tables and charts. Ree and Palmer (1) have
presented Manning's 'n' value for many types of vegetative
channel linings. They found that when vegetation is submerged,
values of "'n' vary with the product of average velocity, V,

and hydraulic radius, R, and generally decrease as flow depth

increases. When flow is such that the vegetation is non-
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submerged the value of 'n' was found to increase with depth
but no relation is believed to exist between 'n' and 'VR'.

A number of studies have attempted to determine the retar-
dance of flow for different artificial roughness elements.

Sayne (2), in an effort to establish roughness standards for wide,
open channels, discussed the results of early experiments by
Kenlegan, Nikuradse and Einstein. This approach, however, was
found inadequate when describing certain other types of roughness,
especially where the important boundary characteristics were
relative spacings in addition to relative size of the roughness
elements. Rowcbari, Rice and Garton (3} sought to determine the
relationship of Manning's resistance coefficient, n, to size of
rough elements, pattern of arrangement, density of spacing, slope,
and discharge in a smooth artificial channel using dimensional
analysis and gradually varied flow. Round aluminum pegs served
as roughness elements. They found that an increase in either
density or size of roughness elements increased the resistance
coefficient. However, they concluded that sufficient data was
not available to present conclusive results on the individual
effects of size and density because not enough roughness elements
were studied.

Einstein and Bank (4) studied the effect of composite rough-
ness in a channel using concrete blocks and pegs. They proposed
that the shear resistance contributed by dissimilar sources of
roughness, Ty = Tg T, with its magnitude proporticnal to the
" mean flow velocity square. Using rigid wires to simulate vegeta-

tive cover Fenzl and Davis (5) tried to explain resistance in



in terms of scil rcughness, Tpe Based upon the assumption pro-
posed by Einstein and Bank, they established a dimensionless

equation to describe the total resistance to flow per unit area

of bed with:
, w v?at oy b ,
TO = flpv + f2 (—.\_)'_f T h' h B) Nbhpev™, (4)
with:
2_-4

p = density of fluid, FT L ;

V = mean velocity, LT—l;

fl' f2, v . fi = a function;
b = diameter of wires, L;
v = kinematic viscosity of fluid, L2T_1

h = height of elements, L;
v_= normal depth of water, L;
B = parameters of profile shape of plant unit;

measure of flexible rigidity, 1172, ang

o
I

N = number of elements.

If isolated roughness flow is present Fenzl and Davis defined
the function f2 as a drag coefficient, Cd' Under such a condi-
tion the resistance varies directly as the density of the
vegetation.

Through their experimental work they found that the
assumption of To = Tg + T is a valid one. They further con-
cluded:

1. For very small depths of flow (y < ¥y, 2 h) in a channel

with vegetative roughness elements of height, h, scil

roughness is the predominant source of hydraulic resis-



tance. Under these conditions, resistance decreases
with increasing depth 6f flow.

2. At some greater depth of flow (y2 <y = h), resistance
becomes essentially independent of small changes in
s0il roughness and increases with increasing depth of
flow.

3. There is a range in depth of flow (yl <y < yz), within
which resistance is influenced by both soil and vegeta-
tion roughness. The values of yi and y, are dependent
on thé nature of the soil rouchness, the population
density of the vegetation elements, and the velocity
of flow. Other important factors may be shape and
rigidity of vegetation.

Fenzl (6} represented a drag coefficient; Cd' which varied

with Reyncld's number and relativé depth of flow as:

Vbp R" (TO - Tr)
Cq= £y (—) —) = ———— (5)
U b NbR"pV™ /2
with R" = hydraulic radius of bed and wires, L.

He noticed in his experimental work that as water depth
increases, the relationship between the drag coefficient of
the wires and relative depth, h/R", was logarithmic. Fu;ther
he found that when the wires were partially submerged (h/R" <
1.0), the hydraulic resistance varied directly with the depth
of flow with other factors being held constant. For totally
submerged flow, the drag coefficient of the wires varied inversely

with the relative depth, apparently as a logrithmic function



of h/R", for h/R" < 0.8, and a power function for h/R" > 0.8.
In his experiments on alfalfa Fenzl found the following:
1. The resistance caused by the soil decreased rapidly
with depth of flow in proportion to the resistance of
the grass alone.
2. For the long-cut alfalfa resistance was found to vary
primarily with depth of flow and the shape of the plants.
3. A drag coefficient calculated for the clipped grass
was found to vary with the relative submergence of

the plants.

To limit the scope of the solution Fenzl considered only
subcritical flow and found that the resistance parameter, To/pVZ,
to be dependent on no less than fouf dimensionless ratios, namely:
the measure of the relative roughness of the soil, ks/y; the
relative submergence of the vegetation, h/y; measure of the
plant form; and Reynold's number Vbp/u. With reference to his
work Fenzl concluded that it is possible to develop prediction
equations for hydraulic resistance in terms of parameters which
are measures of the physical characteristics of the flow system.

Looking at velocity profiles Kouwen (7) indicated that
fiow field should be separated into two areas: the flow out-
side the vegetation cover and flow inside it. He further indi-
cated that a logarithmic profile was suitable to describe flow

outside vegetation. Mathematically this velocity profile, Ul(y),

. can be expressed as:

(€)



where:
k = Von Karman's turbulence coefficieht;
y'= intercept on y axis where U(y) = 0, L; and
y = distance from channel bed.

Rouse (8) indicated that y' is probably dependent on:

y' = f,{——— , 1) (7)
s 76

with v being the kinematic viscosity of fluid.
Since the shear velocity, U,, equals ¢T07p Kouwen expressed

U(y)/U, as the dimensionless function:

U(vy) h

= f , h/y (8)
U, 5 (EI/U*Z 1/4 n
where:
E = modulus of elasticity of material making up roughness
element, FL_Z; and
I = second moment of area of its corss section, L4.

Kouwen referred to the ratio yn/h as the relative roughness
and considered it to be a pertinent parameter in the evaluation
of the retardance coefficient. He further indicated that 'n’
is primarily a function of the relative roughness and that n
vs. VR is not satisfactory for artificial grasses.

From the two regions of flow Kouwen and Unny (7, 9) arrived
at the expression:

U{y) _
c, + c,

1n yn/h (9)

They also approximated the relative roughness term by A/Ab with
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A and Ab being the total flow area and the area blocked by the

vegetation respectively. The final equation took the form:

Ul{y) _
U, = Cl + 02 1n A/Ab (10)

They found that the constant Cl was dependent on the density
of the vegetation and considered the constant C2 to be a func-
tion of vegetation stiffness.

Phelps (10), working with a turf surface, locked at hydrau-
lic resistance in terms of Darcy's roughness coefficient f.
Izzard (11, 12) has concluded that f varied inversely with the
Reynold's number, Re. Izzard also found that for steep slopes
and Reynold's number, Re, between 200 and 2,000 the relationship

between f and Re could be represented in form:
f « Re = constant

Phelps using dimensionless analysis arrived at this

dimensionless equation:
£f = fs(yn/d; Re)

with 4 = nominal length dimension representing size of flow
passage, L.

Based on his belief that (f ¢ Re) is not a constant in
laminar flow range but a function of R, with its wvalue decreasing

as Re increases, he came up with the formula:

2
loy S
n 2 d (11)
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with S being the energy gradient.

Further examination by Gourlay (13) of velocity profile
indicated that for So < .05 there are three distinct layers
of flow:

1. A layer of virtually constant low velocity near the

bed.

2. A layer of rapidly increasing velocity within the
upper grass layer.

3. A laver of less rapidly increasing velocity above the
grass. He further indicated that the discontinuity
between layers two and three occurred at top of grass
and that all grass bending occurred in layer two. The
velocity in the bottom layer was found, in general,
to be proportional to shear velocity, U,. When the
S0 > .05, layers two and three merge together forming
a two layer appearance.

In regard to hydraulic resistance Gourlay indicated that
on steep slopes the slope is a parameter in defining the retar-
dance to flow. He believed that this was a gravitational ef-
fect due to the fact that grass will tend to bend downhill due
to its weight. Ree and Palmer in their plots of n versus VR
did not have slope as a parameter.

In a later paper Kouwen and Unny (14) verified the loga-
rithmic formula for velocity profile but they found large
variation in Von Karman's turbulence coefficient. They also

defined a local friction factor, fk’ as:

/87E,_ = U, /U, (12)
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U,_ = average velocity on top of grass, LT L, and

U, = local shear velocity, LTt
In evaluating the local friction factor, fk' Kouwan and Unny
found a constant value for flow with erect vegetation and
another for it being prone. The former has a value of friction
factor, for cases studied on artificial grasses, more than five
times greater than that with prone vegetation (1.4 to .25).
They also found that fk and Manning's n were primarily a func-
tion of relative roughtness, yn/h, for the flow with erect
vegetation while for prone cases fk appeared to be a function
of Reynold's number, Re.

Kouwen and Unny defined a dimensionless parameter

2.1/4

(mEI/pU, /h which relates the amount of bending to the

boundary shear. Their resulting relationship'takes the feollowing

form:

1/4
3.57 , mEI
— (_—_f) - .286 (13)

k
h
pU,

where:
h = height of roughness element, L;

deflected height of roughness element, L; and

-~
il

m = number of roughness elements per unit area of channel
bed.
For flow through tall vegetations, Li and Shen (15) studied
the effect of pattern arrangement on the drag coefficient, Cd.

They indicated that the best estimate for Cd of an individual
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cylinder is 1.2 provided that:

1. no aeration exists behind the cylinder;

2. there is no blockage effect; and

3. the flow is subcritical.

However, this local drag coefficient for a single cylinder
could be different in a multiple cylinder arrangement.

The recent work by Thompson and Roberson (16} advanced
the concept of the three zones of velocity distribution. The
zones defined are:

1. A viscous sublayer of height §' occurring adjacent to

channel bottom.

2. A zone below the top of the roughness elements of
height, k, and above the viscous sublayer which is
considered to be influenced by intensive turbulence
mixing.

3. A zone aboverthe top of the roughness elements which
is considered free of local wave effects.

The velocity distribution in the viscous sublayer, U(§'),

was approximated by:

UL8') _ Upy (14)

The local shear stress, TS', at §' was found to be:

=
o]
O

(15)

=
0

[}
O

where:

U8' = velocity at limit of viscous sublayer.
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Thompson and Roberson defined roughness element concentra-

tion on the boundary, A, as:
A= NAe/At (16)

where:
N = number of elements;
Ae= base area of one element, Lz; and

At= total boundary area, L2
They then obtained the average shear stress per unit area of

boﬁndary as:

TS" = TS' (1 - TX) (17)

where T is a dimensionless factor defined as ratic of sum of
areas occupied by element base and zone of separation to base
area occupied by elements. The value of T was determined by
Thompson and Roberson to have a range of 2.0 to 3.0.

They also calculated drag resistance’for discrete resis-

tance elements by the finite difference equation.

At AC
ro_ d (U(y))2 AR
0 22, U, D (18)

T

where Ap is the projected area of the resistance element,

Most recently, Chen (17) published laboratory study results
on flow resistance in broad shallow channels lined with Kentucky
Bluegrass and Hybrid Bermuda grass. Data anlayses were carried
out based on Darcy-Weisbach friction energy loss relationship

and concluded that the friction coefficient, f, increases,
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generally, with the bed slope and decreases with decreasing
Reynolds number.

The presented conclusion is a very significant one for
this work represents the first of such an extended effort to
evaluate systematically in laboratory the flow resistance of
real grass media in channels of various slopes. This conclusion
also clears any possible doubt on the fact that slope of the
channel 5ed is a factor affecting the resistance coefficient
to shallow flow through grass media and that such effect is
not a result of using artificial vegetation as Gourlay, Kouwen
and others might be suspected of.

Although much work has been done in an attempt of detemin-
ing the resistance factor of vegetation, the effort can be
catagorized into two different approaches. The first group of
works centered around using real vegetation as experimental
media to collect data for developing empirical results which
engineers could use under similar conditions. The leading
researchers in this area are Ree and Palmer and their work
has long been recognized and widely used in engineering design
of irrigation channels and vegetative covered waterways.

The second school of attempt, shared by investigators such
as Fenzl, Kouwen, Unny, Izzard, Phillips, Li, Shen, Thompson,
Roberson, and Chen aimed at developing a rational explanation
of the existance of ﬁegetation resistance to flow. They sought
" to confirm their theory by conducting experiments in laboratory
flumes using rigid cylinders or flexible strips (except Chen)

arranged in fixed patterns to simulate the vegetation under
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concern. Their published results have been extremely useful
in helping understand the basic mechanics of flow through
vegetations.

In this study, a new attempt is made to closely simulate
. grass media by using flexible blades with different degrees of
stiffness arranged in random patterns. This was done by embed-
ding these strips in molden paraffin. The experimental results
are used to calibrate the analytical equations derived based
on fundamental fluid mechanics principles.

Scope of the Present Study

As shown in the literature review some work has been done
on hydraulic resistance due to the presence of vegetation either
in field conditions or with simulated vegetation with defined
patterns. However, very -little work has been done in examining
the sediment filtering efficiency of the vegetation.

At the present time many users prefer to view resistance
in terms of the 'n' vs. 'VR' plots provided by Ree and Palmer.
For totally submerged flow of real grass media this approxima-
tion of 'n' is valid. When overland flow of shallow depth or
flow of shallow depth or flow through relatively stiff grass
media is present, Ree and Palmer's experimental results may
not be applicable in describing the resistance to flow, for
they did not intent to have their result being applied under
this condition. It was therefore the intent of this study to
relate the hydraulic resistance imposed by randomly arranged
short dense vegetation in terms of the drag produced by the

grass blades. The approach of using drag was attempted by
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Thompson and Roberson, and applied to tall locse vegetations
with fixed pattern by Li and Shen.

The flow equations developed in this study, based on consid-
erations of fundamental principles involved in open channel
hydraulics and fluid mechanics, are to be used in the evaluation
of the sediment trapping efficiency through vegetative filters,
as the second phase of a continuous research effort. In order
to be able to describe the process of sediment trapping in chan-
nels covered with real or artificial vegetation, better under-
standing of the hydraulic properties, such as profiles of flow
velocity within the vegetative cover as well as above it, 1is
very essential. For this reason, an attempt is made in this
research report to provide a thorough description of the behav-
ior of the flow in vegetated channels, in addition to the deter-

mination of the flow resistance factor of such a channel.
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II. ANALYTICAL ANALYSIS

The analysis of the hydraulic resistance will be divided
into two flow areas: the flow through the vegetative media
and the flow above it. The velocity distribution above the
vegetation will be assumed to follow a logarithmic profile
(7, 9) and the flow through the vegetation to satisfy continuity
equation and laminar flow equation near the boundary region. '
The hydraulic resistance will then be explained in terms of the
shear and drag forces imposed on the flow by the contacting
boundary and thé blades of the simulated grass.

Velocity Profiles of Non-submerged Flow

In examining the:flow resistance in the non-submerged

case three assumptions are made:

1. Velocity profile is uniform in the horizontal plane
through the gap between the simulated grass blades.

2. Viscous shear is the dominating force in the lower
region near the bed.

3. The effect of curvelinear motion as evidenced by
water weaving around individual blades is implicitly
included in the coefficient of drag and needs not be
considered separately.

Figure 1 gives the representation of the assumed velocity

profile for flow within the artificial vegetation. The laminar

flow equation is applied between the bottom and y = 6 where ¢
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is the boundary layer thickness. Since v(y) = 0 at y = 0 the

laminar flow equation is:
viy) = (y sin 0) (5 + A (0 <y <8 (19)

where:
Yy = specific weight of water, FL_3:
8 = angle of a flume from horizontal;
y = distance from bottom of flume, L;
n = dynamic viscosity of water, FTLﬂz; and
A = constant of ihtegration.

From § < y < DW the velocity is assumed to equal Vm' such that:
viy) = vm’ (6 <y < Dw) (20)
From assumed velobity profile, the'foilowing relationships heolds:

viy)| = Vm' , (21
y=§

Substitution of Eg. 21 into Egq. 19 and solving for A gives:

A = vm'y _ y Sin 6 &
S 2 (22)

By substituting Eq. 22 back into Eg. 19 and letting Sin 6 = -So,

for small 8, the laminar flow equation becomes:

s :
viy) = L2 oy -y + T 0 <y < 6) (23)

where So is the slope of the flume.
If the boundary layer thickness is known the velocity at

any point within the boundary layer thickness can be found. In
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a laminar Newtonian fluid flow, the viscous shear, T, is
proportional to the velocity gradient at the point of concern.
Application of Newton's Law of viscosity and the definition

of boundary layer thickness leads to the conclusion that shear
at the distance of boundary layer thickness from the wall van-
ishes., Mathematically this can be expressed as:

T = ug%%ll =0 (24)
y=§ oy y=4

Differentiation of Eq. 23 and solving Eg. 24 for boundary

layer thickness, §, vields:

§ = = V2uvm' /v S, {25)

with positive root being adopted based on physical significance.

The value for Vm' can be found by first integrating the
velocity equation with respect to y whic¢h gives the flowrate,
d.r, per unit width of flume:

s

D
fg vy} dy + faw Vm'dy

te]
|

1 v 3/2
vmib, - 3/ 2u Ve (26)

By substituting continuity relationship, qg = Vme, into

Equation 26 a general expression for Vm' becomes:

3VmD
w

vm' =

- J 27
3D, vY2uvm' /y 5, (27)

where:

. A . -1
Vm = mean velocity within vegetation, LT ~.
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Equation 27 can then be solved by using trial and error tech-
nique for vm'.

Velocity Profile for Submerged Flow

In representing the velocity profile above the artificial
grasses the following assumptions are made:
1. v(y) equation derived in previous section for flow
between blades still holds true.
2. Universal velocity equation is applicable for flow
above vegetation blades.
For turbulent flow the universal velocity equation is:

Y - D
- (28)

D
sr

U(y) = U, (1In

o

Where U, is the shear velocity; Dsr is the irregularity of the
vegetation blade length; k is the universal constant which is
taken as 0.4 for water flow; and D* is defined as the depth

" measured from the channel bed {y = 0) to the point in the
flow where the logrithmic velocity profile initiates. This
depth is expected to be slightly smaller than the average
height of the simuiated grass blades, Ds‘ Figure 2 gives a
representation of the flow profile for the submerged case.

To satisfy the boundary condition at the tip of the blades

the velocity should be equal to Vm', or:

1 Ds B Dx

T - —_—
Vm' = ¢ U, (In S5 (29)

ST
Solving Eq. 29 for D, yields:
k vm
- _a 1 + In(D__})1

D =D, -e U, sTr (30)
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By substituting the above equation into Eg. 28 the velocity

profile for water flow above the vegetation is obtained as:

1 Yy - DS + e0
Uly) = i U, {Ln ) ) (31)
sY
with
_ k vm'
o = v, + ln(Dsr) {(32)

When integrated over a range of y from DS to DW the result will
give the discharge through the part of the flow area above the
grass media. This can be mathematically expressed as:
a, = %% uly) dy (33)
t Ds

By substituting Egq. 31 into Eq. 33 and carrying out the integra-

tion for the discharge above the grass media it yields:

o c g
U, {(Dt +e’) Ln(D_ +e’) - ge - D - D ln(Dsr)}

fte]
ct
|
&

(34)

D, = depth of water above vegetative cover.

Hydraulic Resistance Analysis

A. Basic Equation. The hydraulic resistance due to

vegetative channels can be derived by using the momentum equa-
tion. Figure 3 gives a representation of different forces
acting on the flow element. The basic equation for submerged

flow is:

W S0 = (Fd + Fb + FWS) + (Fwt) {35)



=23~

Fig. 3 Schematics of forces acting on a flow
element
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where:
W = weight of water in control volume, F;
Fd = drag force due to grass, F;
Fb = force due to bed shear, F;
Fws= force due to wall shears within vegetation, F;
Wt force due to wall shears above vegetation, F;
W = weight of water in control volume (VW - Vs)y, F;
Vﬁ = volume of water in L, L3;
L = length of section under consideration, L; and
Vs = volume of blades in Vw' L3

The hydraulic resistance for nonsubmerged case can be de-
rived from Equation 35 as the term FWt vanishes.
B. Drag Force. The drag force resisting the flow due

to the blades can be expressed as:

Vm'2
Fg = N PA R, — (36)
where:
Nb = number of blades in VW:
As = cross sectional area blocked by vegetation, L2; and
Rd = drag coefficient for blades.

C. Bottom Shear Force. The resisting force due to the

shear along the bed is:

' - A | 37
(a o) (37)

where:

~
o
I

bed shear,

bed area, and

o’
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AP = projectional area of blades on bed.

The expression for the bottom shear, T, is derived from

. - aviy) .
Eq. 23 using Ty v=0 u ay or:s
1, =X SO § + ik _ 2Yuys _vm' /2
b~ 2 T THYS, (38)

The final expression for the resisting force due to bottom

shear then becomes:

= /————~—i7— v
Fb 2 UYSOVm 2 (Ab Ap) (39)

D. Wall Shear. The resisting force due to sidewall shear

within the begetative cover is given by:

FWS = ZTWSDtL (40)

where:
2

Tus = wall shear within vegetation, FL “.
For the sidewall shear within the vegetation the following
assumptions are made.

1. Laminar flow is present.

2. The vertical velocity distribution is uniform.

3. The shear due to bottom is negligible.

Figure 4 gives the forces acting on a volume element of fluid.

By summing forces and setting them equal to zero:

p8héy - (p + g% §2) Shéy - TysL + (1 + 3L 6h)syss +

vy888hdy sin 8 = 0 (41)
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Fig. 4 Schematics of forces acting on an
elemental volume of fluid near the
channel wall
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where:

hydrostatic pressure, FL*Z; and

i

h = distance from sidewall, L.

Integrating Eq. 41 and setting 1 = u dv/dh:
- 3 = dv
T =hlzy (p + vy)] + B = ugp (42)

Solving equation 42 for velocity distribution in horizontal

direction results in:

2

+ 4 7 - ah] [y (o + YY) (43)

[}
v (h) =Vmah 1

where:

a = distance from sidewall to first row of vegetation
blades next to the wall.

Since g% {p + Yy)= - YSO, the shear expression, T, becomes:

vm'u Yso
T = = - 552 (2h -a) (44)

At the wall h = 0 which, when substituted back into Eg. 44

gives the wall shear expression:

_ Vm'u a
wSs a2 T3 Y5 (45)

For flow above the grass media the resisting sidewall force

is:

Fat = 2Tyt B¢t (46)

where:

T, = sidewall shear above vegetation, PL.” 2
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For expressing the sidewall shear above the vegetation an

expression relating shear to Manning's n is used (19):

.45 ¥y n 2V 2
T, = LA - (47)
wt R 1/3
t
where:
n = Manning's n value for the wall,
Vt = mean velocity in the region above the blades, and
Rt = hydraulic radius in region above blades.

The velocity in the region above the vegetation, Vt’ equals
the flow rate above the blades per unit width of flume divided
by the water depth above the vegetation, Dt' By applying the

continuity equation the resulting expression for ds is:

Q - g_B .
= ____8sSop_ Q 'y - 1 3/2
q. W = [Vm DS 1/3 /2u/YSOVm ] (48)
c c
where:

w, = width of the channel; L,
%m)= cross sectional open flow width beneath the vegetation,

L; ang,
0 = total discharge in the channel, L3T_l.
E. Final Form of Drag Equation. By substituting the

force expressions back into the basic drag'equationrand consid-
ering a 1 foot length of flume (L = 1'), the final form of drag

equation for submerged flow is:

Vm'
L W = +
(Ab Ap) DSYSO + Dt cYSo NbfjAst 2

vm'u a
[ [ ]
2/uyS vm' /2 (Ab - A ) + 2] + 5 YSO] D+

.45 n 2 q, 2
21 i t 1 (49)

Rtl/3D

t
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For the case of non-submerged flow the last term does not
apply and the expression for the drag coefficient of the vege-

tation becomes:
(A.'" - A )Y Yys -1, (A "' -A) =21 D
R. = b P o] o} b P WS W (50)

2
L}
Nprst /2
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IITI. EXPERIMENTAL FACILITIES AND PROCEDURES

The experimental apparatus consisted of a 16—f00t7(4.88m)
long rectangular flume which was 0,481 feet (0.147m) wide by
1.5 feet (0.457m) deep. At one end was a reservoir 4 feet
{1.22m) high by 1 foot (0.304m) long with a 1 inch (25.4mm)
sluice gate opening connected to the reservoir and the main
flume. Water was suppliedﬁinto the reservoir from a constant
head pit through a 3 inch (76mm) pipe. Figure 5 is the schematic
drawing of the facility.

One wall of the flume was build of 1/2 inch (12.7mm) plexi-
glass for visual observation while the other wall was made of
1.2 inch (12.7mm) plywood. . Two pieces of planed 2 inch by
6 inch (51mm x 152mm) lumber was used for the bottom of the
flume. The bottom was lined with 1-1/2 inch (38.1lmm) thick
modeling clay upon which units of the artificial vegetation was
fixed. The flume rested on a 6 inch (152mm) I beam which was
supportea by a hinged platform at one end and a screw jack at
the other. The jack could be adjusted to give slopes from 0%
to 9.0%. Figure 6 is a general arrangement of the laboratory
setup.

Three types of artificial grasses wefe used. Polypropylene
coffee sticks with dimension of 5-1/4 inch (133mm) by 1/4 inch
{(6.4mm) by 1/16 inch (l1/6mm} were used as one type. The other

two types of artificial grasses were cut out of acetate films
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of 0.0008 feet (0.24mm) and 0.0003 feet (0.09mm) in thickness.
The individual blades were embedded in paraffin by first
heating the paraffin to a liquid state and pouring it into

a 5-3/4 inch (l146mm) by 4 inch {(102mm) rectangular mold. The
blades were placed in the hot paraffin by means of fixing two
wire mesh over the mold and randomly dropping in the blades.
The paraffin with the embedded artificial grasses was then
cooled and fixed upon the modeling clay with screws.

The independent variables in the experiments were slope,
discharge, grass density and grass stiffness. The dependent
variables were water depth. The experiment was divided into
A, B, C and D series. Series A was with the stiffést media
(polypropylene sticks) used with a density of 8.5 blades/inch2
(l3l.7 blades/dmz). Series B was with the stiffest media with

2 (240 blades/dmz). Series C and D were with

15.5 blades/inch
different stiffnesses and 8.5 straws/inch2 {(131.7 blades/dmz)
dehsity. For each series, the flow resistance measurements

were made first and consisted of taking water depth measurements
with an electronic point gauge for various slopes and flow rates.
In the series C and D experiments non-submerged flow was done
first then submerged £flow followed repeating non-submerged

conditions. The reason for repeating was to observe the effect

of bending of the artificial vegetation.
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IV. DISCUSSION OF RESULTS

In presenting the results of this study the data will first
be viewed iﬁ terms of n vs. VR plots as suggested by Ree and
Palmer. The ratio of the average velocity to shear velocity
vs. the natural log of the ratio of total flow area to the
area blocked by vegetation (Vv/U, vs. 1ln A/Ab) as proposed by
Unny and Kouwen are alsc presented for a possible comparison.
The data will then be analyzed in terms of the drag imposed on
the flow by the grass blades. The variation of drag coefficient,
Rd' with the Reynold's number will be presented. Before the
results are presented an explanation of the method of solution
for pertinent variahles will be given.

Solution to Varibus Parameters

A. Mean Velocity. In computing the mean velocity within

the vegetation, a correction had to be made due to the velocity
distribution in the gap between the blades and sidewall. The
velocity distribution in the horizontal direction is given by

Eg. 43 as:

vih'y = YR L 0 ahe - ne?) (51)

where:

a = distance between first row of blade and sidewall, L;

and,

h'= variable distance from sidewall, L.
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To find the unit flow rate, 9y in the gap between the sidewall

and the blades, a, the above equation is integrated with respect

to h':
2 YS 2 3 ,a
_ ra ' y _ Vmh' o ;ah'™ h'
A = Jo V(') dh! = =— 4+ o 55 31,
3
=Vma+YSoa
2 12y {52)
The flow within the grass, qs', is given by:
B | .
qg vm (N 1) (gp). (53)
where:
N' = average number of blades in a single row across the
flume, and
gp = average gap distance between two adjacent blades in

a row, L.

The total flow below the top of grass, Q_ , equals to g_' plus
'S s

2qa or:
YSOa3
— | .
Qs = Vm(N 1) ngW + (Vma + 37 )Dw
where:
Qs = total discharge within vegetation, LB'T“l
Selving EQ. 54 for Vm results in:
3
a
o &n V5o Py

vm =

{[(F' - 1) 9p * a] D}

(54)

(55)

B. Average GaE;Width. In arriving at an expression for

determining the average gap between blades (flow opening), g _,

P

for randomly arranged blades four different blade orientations



as shown in Figure 7 were considered. The average projected

width of a blade, L , is:
_ avg
Lavg = (WS + TS + L3 + L4)/4 {(57)
where:
Ws = blade width, L;
TS = blade thickness, L; and \
_ . . o
L3 L4 + (WS) sin 45°, L.
The number of blades per linear foot eguals {E—~——%—§—) and this
' avg P
expression for gap width is given by:
1
D = (o———— (58)
s5g Lavg+ qg
where:
Dsg = number of blaeds per unit area,
or solving for gap width, gp:
1
gp - \/D—sg— - Lan (59)

'n' vs, '"VR' Plots

Ree and Palmer, in working with grass channels, arrived
at a means of expressing hydraulic resistance. They proposed
that Manning's n, value be plotted against VR which gives a
smooth curve for submerged conditions. In Figures 8 through
11 the n vs. VR curves for authors' data is plotted for various
stiffnesses and densities of grass. In the n vs. VR plots only
the downsloping part of the curve which represent submerged
flow conditions, is readily apparent following a definitive

pattern. For the non-submerged flow case the dnly conclusion
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that can be drawn is that the Manning's n increases as depth
increases. This is just the opposite of what occurs for the
submerged flow case.

In examining the constructed plots one can notice the
dependency of the curve on the bed slope. The Manning's n
vs. VR plots by Ree and Palmer were originally believed to be
independent of slope. However, Gourlay and Chen in their
experiments with artificial and real grasses respectively noticed
the dependency of n vs. VR curves on slope. If comparison is
made of the extent of dependency of curves on slope, it is seen
“that for the stiffést'simulatéd vegetation used there is a
great difﬁerence. However, for the least stiff vegetation the
variation getween the curves is small. The least stiff grasses
used closely approximate the flexibility of-real grasses.
Therefore, this leads the author to believe that in real grass
experiments with large flows, such as those conducted by Ree
and Palmer, the n vs. VR dependency on slope is small and for
the most part negligible.

u/U, vs. 1n A/Ab

Kouwen and Unny in analyzing their data arrived at a

representation of the velocity profile as:

uly) _ Yn |
U, = Cl + C2 1n n (60)

Equation 60 is in the same form as Eg. 28 derived in the
section on Analytical Analysis of this report. Kouwen and Unny
approximated yn/h by the ratio of total flow area to area

blocked by vegetation and plotted U(y)U, vs. 1ln A/Ab.
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In analyzing the data taken in this study, V/U0, is plotted

against ln A/Ab where the shear velocity, U,, 1is calculated from:
Ux = YgR'S_ (60)

Figures 12 and 13 show these plots. For the stiffest vegetation
a straight line can be drawn through the points. This indicates
that the velocity in the flow area above the blades may be
represented by the logarithmic flow formula. However, in the
plots for the medium and least stiff simulated grass there is

a scatter of points. This occurrence agrees with Kouwen and

Unny who found that A/Ab approximates yn/h only for the case

when the vegetation is erect. However, the use of the logarithmic
flow formula is still believed to be a good approximation of

the velocity profile in the case of -prone vegetation. Table 1 is
part of the analytical results of the data based on this analysis.

Hydraulic Resistance

A. Non-submerged. For the condition where the water

depth is below the top of the vegetation, the drag resistance
to flow due to the presence of vegetation can be calculated
from the reduced form of equation 50:

vm'u a
! - - ! t —-— —
(Ab Ap)YSO 2/UYSOVm /2 (Ab AP) 2D (——— + —zyso)

R =
d 2
Nb ¢ AS vm'~ /2

(61)
All the parameters in the right-hand side of Eg. 61 are measur-
able or constant gquantities except for Vm'. By solving Eg. 55
for the mean velocity below the top of the vegetation, Vm, the

value for Vm' can be solved by use of Egq. 27.
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Fig. 13 Plots of U/U, vs Ln(A/Ap} for flexible

grass blades
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TABLE 1: Analytical Results of Data Using Kouwen and Unny Approach

SLOPE UF FLUME

cENSTITY uF STHMULATED GRASS
HE1GHT UF SIMULATED GRASS

Lallios
G0374
D.040G3
C.Ga37
U elaal
Cala g
00511
G.G536
Ua 0557
U-Gb T
Ga059%
UaUb it
0-069‘0
UeUT3
Ve (bB4ud
U.13%06
LelSES
UalTE4
Ge.1879
Le2G27
Ue2r2 &
0.2T44
0.3685
La3285
C.3450
O0.3738
0.4037
Va3 T4

Ow

Ue1860
Go. 2050
Ge 2l 70
0a2240
Ca210
0.2520
Ued& 10
02750
Ua2920
G.2020
0.3080
0.3220
GeAIBU
UVe3440
02780
Oe23840
04390
Goea540
O 4660
0.4710
Qe 4TH0
Qe 4960
0.5130
05230
0.5320
0.5370
Ceb450
0.5610
0.5730

YAV

3249
0.3615
Oe>086
0.3879
Ge3Bb3
0.3604
G.3799
U.368Y
00,3640
G.32657
0.3695
0.3660
L3657
O.a028
Ge40bo
Uetay12
U0.5743
G.6327
G.6782
0.7012
OUaTabz
U 8287
0.8852
0.92641
0.9983
1.041y
1.0929
1.1277
11821

0.0400FT/FY
122«.0000ELADFS PER 5Q. FOOY

Ve 3920FT

VR

vaLo6G1
V. 0736
Ga0794
0.0862
0.0870
00,0951
Uel9t4
Ve lQ07
U.1055
0.1096
0.1130
D.1170
Ueli2?
Ue13T74
00,1531
Ga 1677
O.2484
Ge.2824
Ge3]01
Ge3237
023475
U.40006
D.4413
O.4881
0.5132
045394
05727
0.6071
0.6480

0.2968
0.2844
0.2897
0.2810
2847
c.2100
0.217¢
0.3390
0.2576
0.3640
D.3649
0.3796
0.3923
0.3602
0.3780
0.3253¢6
0.2960
0.2742
0.2601
0.2532
02392
0.2209
N.,2111
0.1958
0.1910
0.1839
0.1767
0.1744
0.1684

S.VEL.

G879
0.5120
05267
G.5349
Ge.5355
05675
0.5775
0.5929
0.6110
Cs6213
0.6215
O.6416
0.6573
0.6628
0.6947
O.6998
OeThou
0.7582
O.7674
0.7711
O TT44
0.7890
0,.8014
0.8075
0.8137
0.8166
0.8215
O.B327
00,8403

V/U*

00659
0.7061
Gel&999
0.7252
UaT174
06704
G579
ODabz2l
0.5957
0.5885
G.5889
0.5705
0.5564
U077
0.5883
0.6304
UeT694
0.82346
0.8837
(9093
C.92636
1.0502
1.1046
1.1938
1.2269
1.2759
1.33032
1.3543
1.4069

LNIAZAB)

0.6582
C.65¢E2
Da.6582
0.6582
Geb582
0.6582
Ueb582
0.6582
O«65E2
GC.6582
0.6582
U.6582
Oab582
O.658:
06582
O.T714
0.8050
0.8311
U.B8418
0.8523
0.8935
O0.9272
0.9465
0.9636
Ge 9729
0.2877
1.0166
1.037%8



SLCPE OF FLUPME
DENSITY OF SIMULATED GRASS
HEIGHT OF SIMULATED GRASS

#Honowu

Q Dw VAVG

0.03¢€8 C.2340 C.311C
0.C399 0.2450 0.3232

SLCPE CF FLUNME
OENSITY OF SIMULATED GRASS
HE IGHT CF SIMULATED GRASS

W ng

0.0071 C.0860 C.2749
0.0116 C.151¢ 0.2576
0.Cl62 C.1€80 0.2887
C.C204 C.2240 C.3047
g.c2i8 €. 245C C.29¢t4
C.C241 C.2660 0.3037
0.0326 0.33690C C.3228
0.1135 0.4530 D.6345
0.1283 0.462C C.7357
C.1971 0.4880 C.9214
0. 2644 C.5CsC 1.1258

-

SLCPE CF FLUME =
DENSITY CF SIMULATED GRASS =
FEIGHT OF SIMULATED GRASS =

0.0071 0.C94C C.2517
0.0116 0.1560 0.2498
C.Cl58 C.19€Q 0.2673
0.0204 0.2340 0.2921

C.C210 C.25C0 €.2816
0.0241 0.2760 0.2931
C.C326 €.35%0 0.3051

0.0350FT/FY
1224.CO0CBLADES PER
0.3920FT7

VR N

C.0723 0.3379
C.C78& C.3353

0.04COFT/FT
2232.COCCELADES PER
C.2920FT

0.0235 0.2C99

0.0387 0.3262
C.C54C C.23¢6
0.C679 %.3584

C.CT727 0. 3885
0.0803 C.4C32
C.i088 C.4458
0.2825 C.2731
0.2327 0.2380
0.4382 C.1659
C.5499 0.1637

C.035QFT/FT
2232.0000ELACES PER
0. 2920F7

C.C235 C.2276

D.0388 0.3215
0.0527 0.3520
0.0679 C.3€0Q0

c.0700 0.3903
C.0804 0.4005
0.1089 0.4583

$SQ. FQAOT

S.VEL.

0.5119
0.5237

5C. FCOT

C.2320
04400
C.4508
0.5356
€.5602
C.5837
0.6587
0.7573
0.7631
C.7809
NDu.7932

S¢. FOOT

C.3247
C.4183
C.4712
€.5120
0.5293
0.5561
0.634l

V/Uu=

0.6077
C.6171

G.8280
0.5854%
C.5883
0.5689
0.5327
0.5203
04901
C.8378
0.3641
l.1799
1.4192

0.7751
0.5971
0.5674
C.5704
0.5320
0.5271
0.4812

LN{A/AB)

D.6582
N.6582

0.3578
0.3578
0.3578
0.2578
0.3578
0.3578
0.3578
0.5024%
0.5221
0.5769
0.6150

0.3578
0.3578
0.3578
0.3578
0.3578
D.3578
0.3578

-..Lp.—



SLOPE OF FLUNE
DENSITY CF SIMULATED GRASS
HE IGHT OF SIMULATED GRASS

Q DwW VAVG

C.C071 C.1C40 0.22117
0.0116 0.1i670 0.2336
0.0156 €.25C0 C.2087
0.0204 0.2550 0.2682
C.C241 C.2620 0.2774
0.1135 0.4620 0.6041
C.1383 0.4710 0.7021
C.15971 0.5C1¢C 0, 8686
0.2644 0.5260 1.0498

SLOPE OF FLUME
DENSITY OF SINMULATED GRASS
HEIGHT OF SIMULATED GRASS

c.CCT1 C.12G0 0.1974
0.0156 0.2500 0.2092
C.C204 0.2710 0.2528
0.0241 0.3230 €C.2510

SLCPE QF FLUME
DENSITY OF SIMULATED GRASS
HEIGHT OF SINULATEC GRASS

C-.0075 0.1560 0.1608
0.0154 0.2710 C.19C7
0.0200 C.3070 0.2188
C.1383 C.4960 C.6230
0.1971 0.5250 0.7855
0.2644 C.5560 U. 9381

C.C3COFT/FT
2232.00008LADES PER
0.3920FT

VR N

C.0238 C.2492
Q.C3¢88 C.3330
0.0520 0.4882
0.Cs680 Ce 3844
C.0805 0.4067
C.2738 C.2513
0.3226 0.2183
C.42C4 c.1827
0.5273 C. 1549

C.0250FT/FT
2232.00008LADES PER
C.3920FT

0.0236 0.2887
0.0521 0.4443
0.0681 0.3877
C.C806 0. 4289

C.0200FT/FT
2232.C0CCRLADES PER
0.3920FT

0.0250 0.2777
0.0514 C.4599
£.0668 0.4355
0.3004  0.2074
0.2961 0. 1665
0.4947 0.1462

SQ. FOQT

S.VEL .

0.3162
C.4007
C.4904
0.4949
0.5295
C.6615
Q.6662
0.6838
D.E566

SQ. FGOT

c.3102
0.4476
0.4656
C.5084

S¢. FCCT

0.3164
0.4168
04434
0.5572
0.5699
0.5828

VU

0.7200
0.5830
0.4254
0.5420
0.5239
€C.9133
1.0540
1.27C3
1.59790

0.63¢6
Q.4b674
0.54219
0.4937

0.5084
0.4577
0.4934
1.1181
l.3784
1.6097

LN{A/AB)

0.3578
0.3578
0.3578
0.3578
0.3578
0.5221
Ne54l4
0.6031
N.6519

0.3578
0.3578
N.3578
0.3578

0.3578
0.3578
0.3578
0.5931
0. 6499
0.7073



SLCPE CF FLUNME
DENSITY OF SIMULATED GRASS
HEIGHT OF SIMULATED GRASS

Q DW VAVG

€.CC75 0.1820 0.1381
0.0154 0.2920 0.1774

SLOPE CF FLUME
DENSITY OF SINULATED GRASS
ME IGHT OF SINMULATED GRASS

Wil o

C.C03¢8 0.2660 C.2778
0.0399 0.2970 0.2663

SLOPE OF FLUNME
OENSITY OF SIMULATED GRASS
HE IGHT OF STIMULATED GRASS

noilu

0.C279 0.1820 0.3057
C.0316 0.1930 C.3285
0.0391 0.2330 C.3370
0.0428 C. 2600 €.3306
0.0495 0.2840 C.35C9
0.0511 0.2120 C.3289
0.0578 0.3380 C.3440C
C.0615 0.3560 C.3480

0.0661 0.37¢6C 0.3543
0.0769 0.3920 C.3979
- Qe 1€55 0.4730 C.6129

0.1925 0.4850 0.6826
0.2104 €.4910 C.73C5
Q. 2299 C.5050 0.7613

0.0150FT/FT
2232.CO0Q008LADES PER
0.3920FT

VR N

0.0250 0.4222
€.C515 0.4499

0.C250FT/FY
1224.,0000BLADES PER
0.3920F7

0.0734 0.3482
C.C79% C.3866

C.03COFT/FTY
1224,COCCELADES PER
0.3920FT

0.0552 0.2691

0.0629  C.2603
0.0779  0.2876
0.C853  0.3155
c.C988  .0.3151
0.1018  0.3581
0.1153  0.3610
0.1228  C€.3654
C.1320  0.3762
0.1543  0.3440
0.2841  C.2515
0.3233  GC.2291
0.3493  0.2155
0.3738  G.2104

SQ. FCOT

SeVEL.

D.2960
0.3746

Q. FOOT

0.4611
C.43873

5¢. FCOT

C.4178
£.4301
C.4725
0.4992
0.5215
0.5468
€.5690
0.5839
0.6000
c.6121
0.6691
C.6764
0.6796
C.6887

V/Uu»

045667
Q.4737

0.6024
D.5527

C.7316
0.7637
0.7133
0.6623
C.6728
0.6014
0.6045
0.5959
0.5905
0.6501
0.9159
1.00393
1.0748
1.1055

LN(A/AB)

0.3578
0.3578

D.6582
0.6582

0.6582
0.56582
0.6582
0.6582
0.6582
0.6582
0.6582
0.6582
0.6582
N.6582
0.8460
0.8711
0.8834
0.9115

-.6 ﬁ.—.



C.2707
0.3177
C.3385
C.2¢C1
C.3805
C. 4008
0.4229
0.4449
0.C368
0.0399

SLCPE CF FLUME

0.5180
C.5360
0.5440
C.551¢C
0.5550
C.567C
0.5740
0.5810
0.2550
G.2710

0.8592
0.9539
0.9925
1.0346
1.0686
1.1011
1.1357
l.17£9
C.28¢S
0.2933

CENSITY CF SIMULATED GRASS =
FEIGRT OF SINULATED CRASS =

Y
C.0116
C.C2ce
0.0233
0.C254
0.C295
C.C391
C.C428
C.0449
C.C559
C.ce78
C.1863
0.2241
£.2532
€.270Q7
0.3106
c.32¢8]
0. 3457
€.3871
0.4075
C.4191
0.03¢é8
0.0399

Cw
0.1510
0.2260
C.24¢0
0.2710
0.2880
C.3G70
C.3260C
0.3470
C.365Q
0.3840
0.5070
0.5210
0.538C
0.5480
0.5610
C.5650
0.5780
0.5890
0.5560
0.6090
0.2860
0.3230

VAVG
C.15CS
C.1823
C.188C
0.185%57
C. 2048
0.2578
Ca 2665
0.2623
C.3363
0.3629
0.6127
C.7C47
0.7558
G. 7845
C.8675
Ca 8963
0.9374
1.0028
l.C3¢8
1.0323
Ca26C7
0.2498

0.4303 0.1889
C.4513 Cal1736
0.5176 0.1680
C. 5450 0.1622
C.5697 €.1584
0.5941 0.1549
C.£2C8 C.1506¢6
C.6472 N.1468
C.0727 0.3592
0.0790 0.3658
C.C2CCFT/FT
1224.000CELADES PER
0. 2392CFT
VR N
c.C22¢ C.3682
C.0410 D.4265
C.C4¢€0 C.4376
0.0501 0.4724
C.C587 C.4460
0.0786 C.3692
0.0862 C.3716
€.C903 €.3937
0.1214 0.3168
0.1376 C.3034
0.3022 0.2141
0.3548 C.1887
0.3915 " C.1793
C.4130 Cel1746
Q. 4644 0.1597
0,48%4 0.1558
0.5122 C.1498
0.5570 0.1416
C.5809 0.1378
C.5912 C.1404
0.C740 C.3482
0.0801 0.3942

SC.

0.6955
0.7054
0.7093
N.7133
Ce7177
Q.7220
0.7254
D.7289
Ceb347
C.5099

FOOTY

S.VEL.

C.2113
0.3807
0.3971
Ce4albds
0.4295
O.4564
C.4709
0.4821
C.4942
0.5636
0.5694
0.8775
0.5822
€C.5871
0.5932
0.5981
C.€007
0.6N73
0.4275
0.4545

1.2355
1.3523
1.3983
1.4505
1.4890
l1.5252

l.614T

0.58¢C0
C.5752

v/U=

C.4833
0.47489
0.4734
D.4456
V.4767
J.5819
0.5838
0. 5569
0.6975
0.7343
1.0872
1.2375
1.3087
le4776
1.5176
1.5804
L6767
1.7260
1.6997
0.6097
C.5497

0.9369
0.9711
0.59859
N«9987
1.0131
1.0273
1.0396
1.0517
0.6582
0.6582

LN{A/AB)

0.6582
0.6582
0.4582
0.6582
0.6582
N.6582
0.6582
N.6582
0.6582
0.6582
0.9154
0.9427
C.5748
0.9932
1.C166
1.0308
1.0430
1.0654
1.0772
1.0687
D.6582
0.6582

_OS_



SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
HEIGHY OF SIMULATYED GRASS

C.0075
0.0096
€.0121
0.0146
0.C1l79
€.02C0
0.0249
C.C304
0.0353
C.C387
0.0432
0.2345
C.2495
0.2823
0.2956
C.3102
C.3285
0.3426
€.3580
0.3751
C.3909
0.0368
0.0399

Dh

C.1250
0.1340
0.1650
C. 1850
0.2170
C.2410
€.2760
C.3140
0.3370
0.3510
0.3770
0.5550
C.5610
0.5740
C.5750
0.5890
0.5950
0.6040
0.6120
0.6190
0.6270
0.3130
0.3540

W HH

VAVG

0.1172
C.l418
0.1455
0.1538
0.1654
C. 1663
0.1824
C.1959
C.2134
0.2247
Ce2344
0.6662
C.65¢8
0.76C9
0.7862

.0.8035

0.8379
C.8544
0.8753
C.S015
0.9218
C.24C5
0.23C3

0.0150FT/FT

1224.000CELADES PER SQ.
0.3920F7

VR

0.0146
c.Cl8s
0.0239
0.€290
0.0357
0.0399
C.C501
C.C611
C.0714
0.0783
€C.0877
0.3556
0.3745
0.4164
0.4329
Ce 4493
0.4716
0.4873
0.5048
0.5244
0.5419
C.C747
C.C8C9

0.3874
C. 3353
0.2754
0.3885
0.39¢2
0.4226
C.4213
0.4275
.4111
0.4010
0.4030
0.1798
C.1728
0.1600
0.1555
0.1537
0.148]
C. 1465
0.1441
C.1407
0.1386
0+ 3469
C.3935

FoOoT

S.VEL.

0.2454
0.2539
c.2818
0.3015
0.3230
0.3404
C.3€41
0.3882
0.4020
0.4102
0.4250
0.5077
0.5098
0.5141
0.5157
0.5157
0.5214
0.5249
0.5278
0.5301
0.5329
G.3872
C.4119

V/u=

0.4778
C.558¢4
0.5162
C.5102
C.5120
0.4885
0.5011
0.5045
0.5308
0.5478
0.5515
1.3120
1.3669
l.4802
1.5246
l.5462
1.6070
1.6277
1.6584
1.7008
1.7297
0.6212
0.5590

LN{A/AB)

0.6582
0.6582
0.6582
0.6582
0.6582
0.6582
0.6582
D.6582
0.6582
0.6582
0.6582
1.0059
1.0166
1.0396
1.0482
1.0654
1.0755
1.0905
1.1037
1.1150
1.1279
0.6582
0.6582



SLCPE CF FLUNE

DENSITY OF SIMULATED GRASS
FEIGHT OF SIMULATED GRASS

0.0129
0.C177
C.C239
0.C295
0.0416
0.0447
C.CE41
0.0628
c.C707
0.0936
0.1393
0.1622
€.1533
€.2C79
0.23C8
C.264C

SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
HEIGHT OF SIMULATEC GRASS

0.0139
0.0177
C.0239
6.C295
0.0395
0.0447
0.0547
0.Cé628
C.0707

Ow

0.0570
0.C8%0
C.1350
0.1300
c.2110
0.2340
€C.2450
0.2660
C.27¢C
0.2860
0.3090
G.3140
€C.3180
C.32€0
€.3350
C.35CC

0.0630
0.1020
0.1460
C.1460
0.2110
0.2370
C.2550
0.2810
0.2790

VAYG

C.4274
C.3714
0.3279
0.4294
0.3684
0.3436

- 0.3875

0«3873
G.4107
0.5138
C.6792
C,7718
0.9031
C.93¢€1
C.9986

1l.C729

W oHoH

C.4212
0.3240
0.3047
C.3828
0.3524
0.3358
0.32619
0.3545
0. 4037

0.0400FT/FT

1224.00008LADES PER SC.
0.2110F7

VR N

0.0241 0.1023
0.0328 0.1587
0. C440 C.2375
0.0553 0.1765
C.0771 0.2845
0.0799 0.3270
0. €942 0.2987
C. 1022 C.3156
0.1124 043049
0.1451 Ce 2450
0.2059 0.1975
0.23¢8 C.1752
0.2789 C.1503
0.2558 0.1473
0.3233 0.1403
0.3614 0.1341
C.C350FT/FT

1224.C00CRLADES PER
0.2110FT
0.0263 0.1028
C.C328 0.1865
0.0442 0.2519
0.0554 C.2002
0.0738 0.2782
0.£790 0.3155
0.0915 €. 3073
0.0988 0.3346
C.1116 0.2922

SGQ.

FOOT

SeVEL.

C.2697
0.3373
C.4157
0.4072
0.5193
D.5471
0.5595
0.%829
0.5936
C.56032
0.6249
C.628¢
C.6307
C.6389)
0.64517
0.6587

FCorT

0.2651
0.3379
0.4Co%
0.4038
Ce4B57
0.5149
C.s5339
0.5605
0.5581

V/Uux

1.5850
1.1012
0.7888
1.0543
0.7093
C.6280
0.6927
Q6644
0.6920
0.8518
1.0868
1.2278
1.4320
1le4672
l.54£5
l.6288

1.5887
0.9589
0.7536
0.9479
0.7254
0.6522
0.6778
0.6325
0.7234

LN{A/748)

0.7084
0.7084
0.7084
'« 7084
0.7084
0.8119
0.8578
0.9401
0.9770
1.0125
1.08599
1.1060
l.1186
1.1435
1.1707
1.2145

0.7084
0.7084
0. 7084
0.7084
0.7084%
J.8246
0.8978
0.9949
0.9878



0.0936
0.1353
0.1622
C.1933
0.2079
C.23C8
0.2640

SLCPE COF FLUNME

DENSITY OF SIMULATED GRASS
FEIGHT OF SIMULATELC GRASS

0.0129
0.C177
0.0239
0.G295
0.0378
0.0447
0.0547
C.0628
C.0707
0.0936
C.1393
C.l€22
0.1933
C.2C79
0.2308
C.264C

0.2860
€.2180
0.3220
G.3260
0.3340
0.3420
C.366C

OwW

0.0720
0.1150
0.1640
0.1670
€.2110
0.2530
€.2710
C.3020
C.2840
0.3020
0.3280
C.3310
0.3370
€C.350¢C
0.3550
0.3830

0.5138
Ce 6506
0.7435
C.BT7CH5
0.9035
0.9692
1.0074

VAVG

0.3347
0.2882
C.2722
0.3351
C.34C3
0.2968
0.3272
0.3169
0.3925
0.4723
0.6216
0.7141
0.8295
C. 8448
0.9190C
0.9460

0.1449  0.2327
6.2028  C.1965
0.2337  C.1728
0.2752  0.1482
0.,2921  0.1449
0.3197  0.1369
C.3548  0.1376
0.0300FT/F T
1224.0000EL ACES PER
C.2110FT
VR N
0.0242  0.1336
0.0329 0.2103
C.C44é  (.2822
0.0555  0.2316
0.C712  0.2666
0.C753  C.3419
C.0880  0.3277
0.0950  0.3637
0.1103  0.2814
C.1407  0.2431
0.1997  0.1942
.2304  0.1696
0.2707  0.1471
0.2861  0.1480
0.3142  0.1369
0.3484  0.1398

0.5638
0.5928
0.5952
0.5969
0.6036
0.6097
0.6300

SQ. FOOT

S.VEL.

C.2645
0.3322
0.3968
C.4000
0.4496
C.4927
0.5096
0.5381
0.5211
0.5364
0.5571
0.5583
0.5615
0.5719
C.5747
0.5964

0.9112
1.0976
1.24593
1.4585
1.4968
1.5867
1.5990

V/U*

1.2656
0.8675
0.6859
C.8378
0.7569
0.6085
0.6421
0.5890
0.7532
0.8804
1.1157
1.2790
1.4773
1.4771
1.5992
1.5861

1.0125
l1.1186
1.1311
1.1435
1.1677
1.1914
1.2592

LN(AZAB)

0.7084
0.7084
0.7084
0.7084
0.7084
0.8899
¢.9587
1.0670
1.0055
1.0670
1.1496
l.1587
l1.1766
1.2145
t.2287
1.3046



- SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
REIGHT OF SIMULATED GRASS

0.0129
C.C177
0.0239
0.0295
0.0324
0.0447
0.C547
0.0628
c.C707
0.0936
C.1353
0.1622
0.1933
C.2079
0.2308
0.2€40Q0

SLOPE OF FLUME

DENSITY OF SIMULATED GRASS
HEIGHT OF SIMULATED GRASS

C.C129
C.0177
€.0229
0.C295
C.C44a7
0. 0547

OwW

0.0830
C.13090
C.1880
0.2030
0.2110
0.2660
C.2%70
c.3280
C. 2990
0.3180
0.3390
0.3420
0.3500
C.3630
0.3720
C.3910

G.1150
0.1560
€.2110
0.21%0
C.2400
C.2840
0.3230

VAVG

0.2742
0.25€2
0.2384
0.2755
C.2923
0.2757
0.2832
0.28C2
C.3623
0.437C
0.5925
C.6811
0.78%7
0.8024
0.8608
C.9197

[T

02482
0.2496

S.VEL,.

0.2667
0.3225
0.3879
0.4028
C.e4l06
0.4611
0.4872
0.5120
0.4889
C.5024
0.5166
C.5176

0.5219 .

¢.5312
C.5366
0.5490

SQ. FQOT

0.2714
0.3161
0.3677
0.3745
C.3920
0.4262

0.0250FT/FT
1224.0000ELADES PER SC. FOOT
0. 211CFT
VR N
0.0242 €. 1700
0.0331 0.2344
0.0446 0. 2222
0.0555 0.2933
0.C612 C. 2835
0.0728 0.3508
. 0.0835 0.3676
0.0912 C. 2970
0.1072 0.2879
0.1370 C.2482
0.1965 0.1900
C.22¢6 C.1657
0.2658 0.1452
C. 2812 C. 1456
0.3079 0.1376
043444 0.1327
0.0200FT/FT
1224.C000BLADES PER
0.2110F7
0.0242 0.2339
0.0332 0.28123
0.0429 0.3635
C.0452 0. 3663
0.0518 0.13727
€. €700 0. 3641
0.0800 0.3946

0.4545

V/ux

1.0281
0.7944
0.6145
0.6838
0.7119
€.5980
0.5812
C.5472
C.7424
C.8697
1.1468
1.3159
1.5055
1.5106
1.6040
1.6751

0.7801
0.6775
0.55%4
0.5546
€.5533
0.5824
0.5491

LN(A/AB)

Ce. 7084
0.7084
Q. 7084
0.7084
0.7084
049401
1.0503
1.1496
1.0570
1.1186
1.1826
1.1914
ls 2145
1.2510
1.2755
1.3253

0.7084
0.7084
0.7084
0.7456
0.8372
1.0055
1.1342



C.C628
c.0T07
C.C93¢
0.1393
C.1622
0.1933
C.2079
C.23C8
0.2640

SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
HEIGHT CF SINMULATEC GRASS

C.C094
€.Cl2¢9
0.0166
€.0229%
0.0301
0.0322
0.03¢€4
0.C491
C.C53¢0
0.0561
0.CE6S
C.0680
C.C782
0.0973
0.1133
0.1266
0.1455
C.17C5
0.1871
0.2257

0.3650
0.3230
C. 3440
€.3520
0.3570
0.3700
C.3850
€.3920
0.4120

CwW

0.0420
C.C68C
0.0700
0.1220
0.1380
0.1610
0.1670
0.2140
G.2240
0.2230
C.259¢
0.2310
0.2500
G.2390
0.2520
0.2550
0.2580
0.2650
0.2680
0.2740Q

Ce24(05
0.3226
0.3897
C.5614
C.6407
C.72¢6
0.T396
C.8010
0.8570

0o

VAVG

D.4161
0.3493
0.4460
0.3451
0.4261
0.3437
0.3647
0.3343
C.3382
C.3604
0.346%51
0.4152
C.4278
C.56€5
0.6133
0.6744
0.7630
C.8621
0.9321
l1.1112

0.0872 Oecb444
C.1031 C.3045
0.1322 0.2623
C.1929 C.1836
0.2221 0.1618
C.2594 0.1456
0.2745 0.1467
0.3012 C.1367
0.3372 C.1217
C.0400FT/FT
1224.COCOELACES PER
C.1378FT
VR N
0.0173 0.0858
C.C23¢6 0.1411
C.0309 C.1124
C.0418 0.2109
0.0583 €. 1851
0.C550 0.2547
C.C605 C.2459
0.0711 0.3166
C.C7%3 0.3227
C.C758 0.3018
C.0898 0.3443
0.09%50 0.2679
0.1059 0.2740
0.1334 C. 2001
0.1520 0.1912
C.1688 Ce1750
0.1924 0.15%5
0.2223 01397
0.2422 C.1298
0.2924 0.1098

SQ.

04832
0.4537
0.4674
0.4725
0.4795
0.4889
0.4921
0.5034

FCOT

SeVEL

0.2215
0.2949
0.2988
0.3950
C.41%0
0.4538
C.4621
0.5233
N0.5353
C.5340
Q0.5756

C.5430 .
0.5648

C.5508
0.5651
0.5677
C.5699
0.5763
0.5785
0.5822

O.4977
0.7111
0.8336
1.1935
123561
1.5154
1.5129
1.6277
l.7025

V/U¥*

1.7973
1.1845
1. 4939
0.8735
1.0155
0.7574
C.7894
C.6389
0.6318
C.€750
C. 7646
0.7574
1.0285
1.0853
1.1879
1.338¢
1.4360
l.6l11
1.9085

1.2565
le1342
1.1972
1.2202
1l.2343
1.2701
1.3098
1.3278
1.3776

LN{A/AB)

0.7173
0.7173
C.7173
0.7173
0.7188
0.8729
0.9095
1.1575
1.2032
1.1987
1.3484
l.2340
1.3130
1.2680
1.3210
1.3328
1.3445
1.3713
1.3825
1.4047



SLCPE CF FLUNME

DENSITY OF SIMULATED GRASS
FEIGHT OF SIMULATED GRASS

0.C0%4
0.Cl129
G.Cléo
0.0229
C.C26C
0.0301
0.0322
0.C3¢4
C.Cé491
€C.C530
0.0561
0.C669
C.0680
0.0782
0.0973
0.1133
0.1266
C.1455
C.17C5
0.1871
£.22%7

DwW

0.C470
0.C760
C.c78C
0.1300
C.1380
0.1510
C.1690
C.1770
0.2240
c.2380
C.2320
0.2730
0.2490
g.2840C
C.2490
0.2570
0.2610
0.2620
C.27CC
0.2720
C.2800

VAVG

Ce3725
0.3132
C.4C1l0
0.3259
C.3673
0.36C0
0.31¢7
C.3315%
0.3130
C.31C5
C.34C7
C.3254
0.3935
C.3607
C.53%3
0.5671
0.653%
0.7473
C.B84C8
0.913%9
t.C7S8

0.035CFT/FY

1224 .0000ELACES PER S5Q.
C.1376FT

VR

C.C174
0.C236
C.C31¢C
C.C4a21
0.0503
€.C539
0.0532
C.C583
0.0697
C.C734
0.0785
0.0882
0.0936
C.lD16
C.1314
0.1508
CelbT2
0.1911
€.2205
C.2405
C.2897

C.C967
0.1586
C.1258
€.2179
0.2010
C.2178
0.2671
C.2631
0.32¢2
C.3424
0.3579
C.2711
C.3313
C.2035
0.1860
Cel715
0.1499
C.1355
C.1249
0.1071

FOOT

S«VEL,

0.2292
0.2917
C.2951
0.3814
0.3927
C.4109
0.4350
Ce4a5G
C.5008
C.5162
C«5094
0.5528
C.5177
0.5635
C.5259
0.5335
0.5370
C.5368
0.5436
C.54466
0.5499

V/Uu*

1.6253
1.073¢
1.3590
CeB8544
0.9353
0.87s1
0.7281
0.7449
0.6250
0.6014
C.6588
0.5886
C.7602
C.6401
1.0180
1.1192
1.2170
1.3921
1.5467
l.6781
1.9638

LNTA/ZARB)

0.7T173
0.7173
N.7173
0.7173
0.7188
Q.8088
0.9214
0.9677
1.2032
1.2638
1.2383
1.4010
1.2722
1.4405
1.3090
1. 3406
1.3561
1.3599
1.3900
l.3973
l.4263



SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
HEIGHT OF SIMULATEC CRASS

C.0094
0.C129
0.C166
0.0229
c.C301
0.0322
0.03¢4
€.C491
C.C530
0.0561
0.Céés
¢.0680
C.C782
0.0973
0.1133
0.1266
0.1455
C.1705
0.1871
0.2267

Dw

0.0520
0.C830
0.0890
C.138¢C
0.1670
0.1880
0.1930
C.2420
0.2570
0.2430
C.29C0
0.2480
0.2950
0.2610
C.2670
0.2690
0.2710
g.2790
0.2810
C.289¢C

n oW

VAVG

0.3380
0. 2884
0.3520
0.3233
0.3022
0.2669
0.2863
C.2808
0.2754
0.3194
C.30C5
0.37¢€1
0.3432
0.5022
0.5672
C.6276
0.7143
C. 8051
C.87%4
1.03¢0

C.0300FT/FT

1224, 0000BLADES PER 5Q.
0.1378FT

VR

0.0174
C.C238
€.Q311
C.0443
C.C5¢C1
0.0499
C.L555
0.0675
C.CT714
c.C770
0.C866
GC.0924
C.1004
C.12%1
0.1l487
0.1653
0.1887
0.2178
0.2375%
C.2862

0.1055
0.1681
C. 1449
C.2115
C.2571
0.3153
C.2958
0.3545
C.3708
0.3122
0.3735
C. 2684
0.3304
0.2C72
0.1859
C.1685
0.1483
C.1337
C.1232
C.1054

FCOT

SeVEL.

0.2232
0.2822
Cs2919
0.3637
Ca4002
0.4249
C.4304
0.4820
0.4367
C.4827
0.5275
C.4871
0.5316
C.4984
C.5933
0.5044
0.5C51
0.5112
C.5120
0.5166

V/Ux

1.5142
1.0219
1.2057
0.A888
0.7551
0.6281
0.6723
€.5825%
0.5625
0.6617
0.5698
0.T7722
0.6457
1.0077
1.1271
1l.2441
1.4140
1.5748
1.7097
2.0055

LN{A/AB)

0.7173
0.7173
0.7173
N.7188
0.9095
1.0280
1.0542
1.2805
1.3406
1.2846
l.4614
1.30%0
1.4785
1.3561
1.3788
1.3862
1.3937
1.4227
1.4299
1.4580



SLCPE CF FLUPME

DENSITY OF SIMULATED GRASS
HEIGHT CF SIMULATEC GRASS

0.CC9%
0.0129
0.0166
c.C2C8
0.0229
0.0301
C.C322
Q.C364
0.Ca91
0.0530
0.C5¢€l
0.0669
C.Cec8C
0.0782
€.Cs73
0.1133
0.1266
C.145%5
0.1705
0.1871
0.2297

CwW

0.0600
C.0940
0.C990
C.1380
0.1590
C.1850
€.2010
0.2110
0.2€2¢C
0.2740
C.2%¢C
C.3120
0. 2600
¢.3190
0.2740
0.27¢C
0.2800
C.2880
€.2900
C.296C
0.3000

H #on

VAVG

0.2937
C.25%9
0.3180
C.2939
0.2493
0.2560
€.2409
0.2531
C.2519
Ce2564
C.2974
0.2735
C.3527
0.3105
C.47C6
C.5428
0.5951
C.6563

0.7653

0.8180
C.987C

0.0250FT/FY

1224.COGCRLADES PER 5G.
0.1378F7

VR

0.0175
0.C239
G.0312
C.0402
0.0394
0.0471
0.C482
0.0531
€. 0656
C.0698
0.0755
0.Nn848
0.03908
G.C%82
0.1269
0.1466
Nel1632
C.1850
0.2148
0.2335
0.2822

0.1220
C.1861
0.1572
0.2124
0.2755
0.2967
C.3334
C.3277
C.3803
0.3849
C.3169
G.2933
0.2695
C.3513
C.2084
C.1811
0.1665
0.1528
C.1316
0. 1245
C.1033

FCOT

S.VEL.

0.2185
0.2742
C.2811
0.3329
C.3567 .
0.3847
C.4C11
0.4109
C.4579
0.4€82
0.4522
Ce4994
0.4582
0.5C48
0.45660
0.4668
Q.4695
0.4753
0.4753
0.4794
C.4797

V/Uux*

1.34156
0.,9331
l.1314
0.8851
G. 6988
0.6655
C.6007
06160
0.5503
0.5477
0.6577
Q.5477
0.7749
D.6153
1.0099
1.1628
1.267¢
1.3871
l.61Cl1
1.7063
2.0575

LNCA/AB)

0.7173
0.7173
0.7173
0.7188
C. 8604
l.Cl19
1.0948
1.1434
1.3599
1l.4047
1.3367
l.5345
1.3522
1.5567
1. 4047
1.4119
l.4263
1.454%
l.4614
1.4819
1.4953



SLOPE CF FLUWNE

DENSITY OF SIMULATED GRASS
HEIGHT CF SIMULATED CRASS

0.0094
c.C129
C.0166
c.C1a7
¢.0229
C.03C1
G322
0.0384
C.C491
0.0530
0.C5&1
0.0666
g.Cé8C
Cc.C782
0.0973
0.1133
D.1268
C.1455
0.1705
0.1871
0.2287

CwW

0.0760
c.112C
0.13C0
0.1i380
0.1820
C.2080
C.2160C
0.2340
C. 2860
C.2980
0.2790
0.3370
0.2850
C.3430
0.2670
C. 2910
0.2970
¢.3080
0.3120
0.3160
0.3230

noHou

VAVG

0.2317
0.215%
0.2414
0.2645
C.1953
N.2142
C.2124
c.2182
C.2243
0.22%8
0.2651

"Ce2482

0.3122
0.2835
0.4428
C.5064
0.5511
C.6045
0.65¢€5
0.7522
£.8983

0.0200FT/FT

1224.C0000€8LACES PER SC.
C.1378FT

VR

C.CLl7%
0.0240
0.0312
0.0362
C.C361
0.0443
C.C462
C.C508
0.0638
C.C680
0.0734
£.G839
D.0881
C.C964
C.125¢C
D.1l443
041598
C.1812
C.2102
0.2289
C.2761

C.1621
0.2257
C.2224
0.2111
C.e3375
0.3432
C.3582
C.3643
0.4051
0.4064
0.3367
C.4082
0.289¢6
0.3612
0.2042
C.1737
C.1671
0.1557
C.1357
Callés
C.1066

FOOT

SeVEL

C.2205
0.2673
C.2884

0.2970

0.3415
043651
0.3745
G.3871
0.4279
C.4367
0.4222
0.4642
0.4263
0.468)2
0.6263
0.4285
G.4322
0.4394
C.4408
C.a427
0.4449

V/Ux

1.0505
0.8049
€C.8372
C.8906
0.5836
C.58¢£9
0.5670
£.5637
0.5242
0.5261
0.6279
Ce5344
Ce7324
0.6058
1.n386
1.1819
1.2750
1.3758
1.5802
1.6992
2.0189

LN{A/AB)

2.7173
N.7173
0.7173
0.7188
N.995%
1.1291
1.1806
1.2469
1.4475
1.4886
1. 4227
1.6116
1. 4440
1.6293
1.4510
1.4649
1,4853
1.5216
1.5345
1.5473
1.5692
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In arriving at a relationship which indicates how the drag
coefficient, Rd’ varies over various flow rates, plots of the
drag coefficient vs. the Reynold's number based on the mean
characteristic dimension of blade were prepared. The character-
istic length used to find the Reynolds' number is taken as
being equal to the average projectional width of blades, L '

avg

or:

L
Re. = —  2¥9 (62)

To assure that the laminar flow assumption was correct a
Reynold's number based on the gap width where water flows be-

tween the blades, gp, was used:

Re, = — P (63)

If the value obtained for Re_. for a given flow rate is found

f

to be less than 2000 the assumption of laminar flow is considered
valid. Table 2 shows the values of the pertinent parameters
under various non-submerged flow conditions. Since the values

of Ref are less than 2000 it is concluded that the laminar flow

assumption is justified.

g vS- Rey for various vegetation

stiffnesses and population densities used. This plot indicates

Figure 14 is the plot of R

that for a given Rel, Rd is dependent on slope and density but
R

independent of grass stiffness. By plotting VgL against Rel
o
as shown in Fig. 15, it is seen that only two curved are formed.
R

This demonstrates the fact that for a given Re is dependent

J——
1 _YSO

only on the vegetative density. Furthermore, if the number of



TABLE 2

: Values of the Pertinent Parameters Under Various
Non-submerged Conditions

LLOUPE ©F FLUNE

DENLITY LF SIMULATED GRASS
nEIGHT OF SIMULATED GRASS

0.0308
G.USTa
Cul4l3
Lab4as7
U. 0441
Ouloag
G599
LaGE31
0.0530
0.055

Oalbls
0.0395
Cabzs
G.069%
Ve iy ges
C.0844

SLEPE CF FLUPE
DENSTTY OF

0.03468
Q.C399

SLCPE CF FLUME

C.1850
Ca2UED
C.217G
CazZesl
00,2270
C.2520
Uu2810
Ca.27¥50
Ga2v 20
e 2020
0.ZCE0
0.3220
G.2280
Oe3440
Q.27L0
0.3840

SIMULATED GRASS
FEIGRT CF STMULATED GRASS

C.2340
0.2450

#hnn

vap

Ga32263
0.24620
0.27CC
C.2894%
C.3E78
OL3B8LY
038611

« TGO
C.3650
0.3667
0.3708
0.3676
Ga3356
Gesli38
Q4096
Qaitd 27

HOE N

G.3121
C.3243

DENSITY CF SIMULATED GRASS =
FEIGHT OF SINMULATED GRASS =

0.C071
0.Clle
0.0L62
C.C204
C.0218
0.0241
0.0326

0.C860
0.1510
0.12EC
0.2240
C.2450
0.2660
0.33%0

0.G40OFT/FT
1224 .GO0OELADES PER S$Q. FCOT
0.39Z0FT
BLT RD  N#*RD/GM*S
0.0024 1.1761° 277.4128
0.G025 0.9502 224.1366
£.G025  D.9144 215.67532
0.0026  0.8255 194.7086
0.0026 C.8324 19643419
6.0025 0.8592 202,6663
0.0025 0.85616 203.2387
60025 0.9148 215,7755
0.6025  0.9399 221.7C18
G.0025 0.5313  219.6691
05025 0.912C 215.1177
0.0025  0.9299 219.3326
©.0023 0.9315 219.7253
G.L026  0.76T8 18141031
G.0026 0.7462 176.0177
U.C027  0.6401 150.9548
0.C350FT/FT
1224.00CCELADES FER SC. FCOT
<292CFT
€.C625 1.1245 303.1343
0.0C25 1.0419 280.8662
C.04C0FT/FY
2232.COC0ELADES PER SC. FOOT
< 2920FT
0.CC22 C.8121 345.3208
0.0021 0.9328 401.2212
0.C022 C.7434 219.7363
0.0023 C.£681 2B7.3594
0.0C23 0.6972 299.8770
0.0023 0.6733 289.5901
0.0023 0.5965 256.5566

KE1L

443,108
492 .891
502.438
528.780
5264547
515.313
517524
502335
455,628
497,840
E03.094
498,252
497,813
5484294
556.141
600.422

423,771
440,277

3746.561
351.489
393.557
415.142
406446
413.983
439.336

REF

412.663
459,025
46T 916

L L9ZL 448

4904369
482 .700
481 .966
G4b6 7,820
H61 574G
463.634
468,527
464017
463,609
510.621
517.929
559.167

394,655
410.026

161.9990
151.204
1692.305
178.587
174,846
177.916
188.595

RE2

5568,801
6427 .20%
T356,832
8003,156
B0T6.105
B825,324
9124.613
$333.926
9778.605

10158.621

10459.605

10840344

11368.984

127444121

142044137

15578.516

6700.168
T7288.363

2168.123
3586.140
4999.359
6283.220
6728.324
T433.328
10063.172

RD/GH*S

0.471
0.381
0.3656
0.331
0.333
0.344
0. 245
G.347
0.377
0.373
0.365
0.373
«272

0,308

- (e299

0.256

0.515
0.477

0.325

0.374
0.298
D.268
0.279
0.270
0.239



TABLE 2: Continued

SLCPE CF FLUME
DENSITY GF SIMULATED GRASS

HEIGHT OF SIFULATYECL GRASS

(LT

n

C Cw VMF
0.C071 0.05940 0.28537
Q.0116 0.1560 0.2510
0.Cis8 0.1980 0.268%
C.C204 . C.2240 C.2931
0.C210 C.2560 0.232¢%
C.C24l C.27£C C.2%40
C.032¢6 C.3590 C.3058

SLCPE CF FLUFE
CENSITY CF SIVMULATED GRASS
HEIGET OF STMULATED CRASS

- 0.0071 C.1C40 0.2293
0.C116 C.1870 0.2344
0.0156 c.2500 0.20¢3
C.C204 €.2550 C.2691
Cua0241 0.2920 0.2782

SLCPE COF FLUME
CENSEITY €F SIMULATED GRASS
HEIGHY OF SIMULATED GRASS

IF N

C.COT71 C.12C0 0.1653
- 0.01556 C.25030 C.20%9
C.0204 C.271C €.253¢
C.0241 032320 0.2517

SLEPE CF FLUNME
DENSITY OF SIMULATED GRASS
HEIGHT CF SIMULATEC GRASS

I H i

0.0350FT/FTY
2232.CCCCGELADES PER SG. FCCT

0.3920FT

BLT ®D N*RD/GM*S
G.C022 0.8486 417.1602
c.cCz2 C. B6TT 426.5547
0.0023 0.7586 272.5238
L.C024 0.6361 312.£548
C.CL23 CoLB4T 33t.Z854
C.CCz4 0.6322 310.76T71
0.C024 C.5E40 287.C581
Ca.C3COFT/FT

2232.C000CELALCES PER 5Q. FOOT
C.2G2CFT

c.cc23 £.8899 £510.3296
cJ0on23 0.8501 487.5107
g.ccz22 1.0701 £13.7051
0.0025 0.6463 370.6580
C.0C25 0.6047 346.8210
C.C250FT/FT

2232.00008LADES PER 5Q. FOOT
C.3920FT

g.CQ75 C.1560 0.161%
C.C1i564 C.2710 €.1613
0.0200 0.3070 0.2194%

0.0023 C.9878 679.7966
0.CC24 C.82357 &09.5637
0.C026 C.6052 417.15565
C.L02¢ C.él54 423.5300
0.C2O0FT/FT
2232.C0Q08LADES PER SG. FCOT
C.3920FT
¢.0023 1.1943 1G27.2875
0.0025 0.8520 732.5734
c.LC27 C.€475 557.0244

REL

345.425
340.793
365414
397.505
283.557
299.141
415,223

311.407
318.603
284.1327
3£5.371
377T.742

269.908
284.97]
344,293
341.729

219.4¢€4
259.804
297.892

REF

148,166
146.603
1564765
171.172
165.000
171.784
178.626

133.962
137.058
122.231
157.176
162.498

116.110
122.589
l48.109
147.006

94,410
111.7463
128.148

RE2

!
2187.563
3592.141
4875,277
6291.1%1
64T9.,000
T&43.449
10072.223

218E.266
3595.051
4799.613
6295.238
T452.74%

2188.448
46813.695
E304.277
7458.004

2313.269
4757.227
6179.250

RD/GM¥S

0.289
0.397
0.347
0.291
0.314
0.289
0.267

0.475
0.454
0.572
D.345
0.323

0.633
0.568
Q.389
0394

0.957
Q.683
0.519

_Zg_



TABLE 2: Continued
SLCPE CF FLUVE = 0.C15CFT/FT _
DENSITY OF SIMULATED GRASS = 2232.CO00ELACES PER SC. FOOT
FEIGHT CF SIMULATED GRASS = . 292C0FT
Q Ciw VMP BLT RD  N*RD/GM%S

. 0.0075 0.1820 C.1388 0.C025 1.2152 1253.8623

- Ce0154 0.2920 0.1780 0.6023 0.7375 £45,8623
SLCPE [F FLUNE = 0.0250FT/FT
DENSITY OF SIMULATED GRASS = 1224.000CFfLADES PER SQ. FCOT
HE IGHT OF SIVULATED GRASS = 0.3920FT

0.C368 0.2650 0.2787 0.GC27 1.00£8 379.9539

0.€399 €.2970 C.2701 0.C027 1.0717  404.4707
SLCPE CF FLUNE = G.03COFT/FT :
DENSITY 0OF SIMULATED GRASS = 1224.0GCOELACES PER S&. FOOT

FEIGHET OF SINULATED GRASS C.2G20FY
0.0279 ¢.182C 0.3072 0.0C2& C.6549 3212.8:806
0.031% C.19350 0.3301 0.0327 0.8616 270.9758
0.£3%1 0.2320 Ca.33¢84 ¢.CC28 C.8196 257.7703
0.C428 0.2&C0 3.3317 0.0027 0.8529 268.2329
G.C495 C.2840 0.3521 c.0cz2s8 C.7572 22B.1372
C.0511 C.3120 G.2298 ¢c.cc2r 0.8629 271.281¢
£.C578 C.33€E0 C.3449 g.0028 0.788% 248.1100
0.C815 0.35&0 C.3489 c.Cco28 C.7711 242.5134
0.0&61 G.2760C 0.35%82 0.0028 0.7439 233.9509
0.C759 C.3620 C.39&3 C.CC3C 0.5885 185.4069
SLCPE CF FLUNME = C.C2COFT/FT
DENSITY OF SIMULATED GRASS = 1224.C000ELADES FER SC. FOOT
FEIGHT OF SIMULATEC GRASS = 0. 3920FT
0.0116 0.1510 0.1512 C.C0023 2.7378 1291.5537
C.C2C8 0.22¢60 €.1830 0.0025 1.8700 882.1914
C.0C233 G.2460 0.1885 C.002% 1. 7654 E25.S767
C.C254 0.2710 0.1863 0.0025 1.8039 851.0034
0.C295 c.2883 0.2054 0.Q0C26 1.4837 ¢€99.9255
GeC31 0.2070 0.258¢& 0.0029 0.5352 441.1885
0.C428 C.3250 0.2673. C.0030 0.8755 413.0085
0.0449 0.2470 C.2620 ¢.CQ3¢C C.5041 426.5173
0.C599 G.365C €.3373 0.C034 0.5492 259.0862
0.0678 0.3B40 0.3540 C.0035 0.4715 222.4156

RE1

188,440
241.723

378.440
366,790

4£1T.062
448,164
459.429
4504382
473.061
447.836
4684309
473.739
482.321
541 .679

205.34090
2483.477
2564109
252.899
278.840
351.127%
362.943
3E8T7.123
458.050
494.254

REF

81.064
103.985

RE2

2317.304
4769.129

352,438 6801.699
341.585 7360.5%4
338.406 512B8.730
417.371 5844.3C1
427.853 7232.758
419.437 7912.117
445,214 9173.602
417.065 9440.867

436.132 106%5.172
441.189 11395.340
449.181 12253.566
504.461 14347.180

151.194 2C94.0612
231.405 3794.314
238.512 4256.9%9
235.522 4620.781
259,681 54526.074
327.0C1 7233.504
338.006 7994.563
332,613 8373.789
426,578 1129€.512
460.295 12823.906

RO/ GM*S

1.258
0.788

0.645
0.687

D.531
0.460
D 0438
0.456
Dea04
O.461
Q0.421
0.412
0397
0.315

2194
1.498
1.410
1.445
1.189
OlT"'q
0.7G2
D.724
0.440
0.378



TABLE 2:

SLCPE CF FLUNE

DEMSITY OF SIMULATED GRASS
hEIGHT COF SINMULATELD GRASS

¢

C.CQ7E
0.C09¢6
C.C0121
C.C146
0.0179
¢.C2C0
0.0249
C. 204
0.0333
5.C387
0.0432

SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
FE1GHT OF SIFULATEL CRASS

0.0129
C.C1¥7
0.G239
d.C265
C.C&15

SLLPE OF FLUME

CENSITY GOF SIMULATED GRASS
HEIGHT OF STNULATEC GRASS

g.C1l29
CaCLTT
0.C239
0.C2¢%
C.0395

Continued

DW

0.1250C
0.1340
C.1650
0.18390
0.2170
€.2410
0.2760
C.3140
0.3370
0.35190

« 2770

0.0570
€. 8GO0
0.1350
C.1300
0.2110

€.G630
0.1020
0.1460
0.1460
0.2110

Mok H

VMFE

0.117¢
C.1426
D.1482
0.15%6&
G106l
CeléES
0.1831
C.196%
C.2141
0.2254
0.23%51

W oW

G.4343
£.3751
0.3293
0.4223
0.3658

wono

04277
C.22e7
C.2064
C.3852
0.3538

C.OLS0FT/FY
1224.C0CCELADES PER
0.3920FT7

BLT RD
0.C023 3.3740
C.CC25 2.3045
0.0026 Z.13%53
C.CC2¢6 la96%7
G.COo27 1.7217
c.ccz27 1,56348
0.CC29 1.2997
C.C030 1.2151
C.CC31 1.0224
0.0022 G.9229
C.C033 0.8433
C.04L0FT/FT

1224£.COCCEBLADES PER
0.211CFT

0.6027 C.7602
0.0025 1.0214
C.0C24 1.2217
D.0027 0.768%
¢.tez2s 1.0509
Ce0350FT/FT
1224.COCCELADES PER
0.2110FT
0.0029 C. 2859
C.0C25 1.1777
0.0024 1.3393
Q. 0027 0.8471
C.C026 1.0046

3Q. FCCT

N¥RD/ZGN*S

2122.2512
1449.54£27
128C.5c28
1235.8123
17043707
1059.7%54
geao,. 2831
T€4.2896
£432.7268
SBd.5Q15
£33.5876

SC. FCOT

119.3061
24C.9334
211.7456
181.2375%
24T7.8851

5Q. FCaT

184.8858
317.4661
2€1.0366
228.35%33
27C.8120

RE1L

160,104

193.854
168,457
209.888
225,507
226625
258,576
265.785

. 26C.682

30&6.019
319.216

560.323
484,299
425.839
558.221
47T7T.555

552.344
421.860
395,611
497441
456.874

REF

149,104

1804348,

184.821
195467
213.0612
211.024
231.497
248 .455
279.710
284.993
297.283

5768.081
495,202
438.943
575.3%8
492,250

569.3241
4344341
407,784
512.748
470.933

REZ2

1282.232
1753.351
2212.523
2680.325
33064415
3690.311
4635.613
S56£C.180
6£18.910
T7257.613
8131.379

2271.186
3062.357
40844431
51E5.863
7159.090

2472.3C7
3057.177
4103.672
5159.957
6849.059

RD/GM*S

3.605
2.462
2.345
2.099
1.818
1.800
1,495
1.298
1.093
0.986
0.906

0.305
0,409
0520
0.308
0.421

0.314
0.539
0613
0.388
0.460

_99_



TABLE 2:

SLECPE CF FLUNME

DENSITY QF SIMULATED GRASS
FEIGHY CF SINMULATED GRASS

0.0129
D.C177
0.C239
0.0295
C.0378

SLLPE CF FLUNE

DENSITY OF SIMULATED GRASS
FEIGHT CF SINULATED GRASS

0.0129
C.0177
C.0239
C.(295
0.0324

Continued

OwW

c.o73¢0
0.115C
{.1640
0.1670
C.2110

0.0BS0
C.1300
C.1280
C.2020
0.2110

i 0 H

vmp

0.3350
0.2903
0.2735
0.3389
C.3418

#onou

Ca2772
0.2579
C.2364
0.2767
G.2935

SLOPE OF FLUNME
DENSITY OF SIMULATED GRASS
HEIGHT CF SIPULATED GRASS

o

c.C0l29 0.1150 Ce2l34
0.0177 0.1560 C.21%24
0.C229 0.2110 0.2051

SLOPE CF FLUNME .
DENSITY OF SIMULATELC GRASS
HEIGHT QF SINMULATED GRASS

wodl o

0.0C54
0.0129
0.C166
0.c229

C.042C
0.C5680
C.CT00
0.1220

t.4251
0.3534
0.4521
03474

0.C3CCFT/FT
1224,0000ELACES PER
C.2110FT
8LY RD
C.C028 £.5363
0.0026 1.2779
0. CC25 1.4402
0.C028 C.5488
0.0028 0.$223
0.C250FT/FT
1224.CC00ELADES FER
0.211CFT
0.0C27 1.1685
0.0026 1.3496
0.C025 1.5588
0.0027 1.1736
0.€028 1.0419
C.02COFT/FT
1224.COCCELADES PER
0.2110F7
0.C027 15772
0.0027 1.5485
0.0026 1.7050
C.C4COFT/FY
1224.COCCEBLADES PER
0.1378FT
0.0027 0.8110
0.0024 1.1756
0.0028 0.7188
C.C024 1.2190

SQ. FOOT

TNERD/GMZS

254,.48624
40145033
452.5438
258,3831
290.0728

5¢. Feot

441.0093
509.3533
591.2188
442.5958
393.2061

SQ. FOQT

T44.0208
73C.4851
806.2334

SQ. FOOT

191.2%566
277.3005
169.5469
287.5383

RE1

437.709
374,386
353.212
425.083
441,373

357.9240
333.057
385.176
3574249
379.054

275.523
278.137

264.841"

564,021
452.296
5T78.644
444,652

REF

451,178
356.422
364.030
448,471
454.955

368.934
343.305
318.489
368,241
3990.719

28%.001
286,696
272.990

5704661
474 o444
6056.97%
466.426

RE2

2270.181
3063.016
4115.578
5162.266
6616.672

22632227
30764193
412G.664
5152.5C0

5682.453

2251.165
0e82.726
3570.265

1637.915

2204.739
2903.591

3888.716

RD/GN*S

0.500
0.683
G.769
0.507
0.493

0.749
0. 865
1.004
0.752
O.t68

1l.264
1.241
1.369

0.325
0.471
0.288
0.488
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TABLE 2: Continued

SLCPE OF FLUME
DENSITY CF SINULATED GRASS
FEIGHT OF SIMULATED GRASS

C.035CFT/FT
1224.CO00ELADES FER
Cul1378FT

Q CH vMe
0.C094% g.c470 C.3757
C.Cl29 C.0750 0.316%
0.0166 C.0T8e0 0.40%5
€.C229 0.1300 0.3280

SLCPE CF FLUFVE
CENSITY GF SIMULATEC GRASS
HEIGHT OF SIMULATED GRASS

g hon

0.C084 €.C520 £.3442
0.0129 0.0E30 0.2915
0.C166 G.0350 0.3558

SLOPE GF FLUVME
DEANSITY OF SIMULATED GRASS
HEIGHT 0OF SINULATED GRASS

C.C0s4 C.Ce0C c.2983
0.0129 C.C940 0.25E%
0.0166 C.093%0 0.3211

SLCPE OF FLUPKE
DENSITY CF SIMULATED GRASS
HEIGKT COF SIMULATED GRASS

[T

0.0694 0.0760 0.2346
0.C129 0.1120 C.2172
0.0168 0.1300 0.26432

BLT RO
C.Co27 C. 8899
0.0025 1,2829
c.cc28 C.78C1
0.0025 1. 1962
C.C3CCFT/FY

1224 .CGCCELADES PER
C.1378FT7

0.0028 0.9261
C.C026 1.297%
0.CCc28 C.8705
0.0250FY/FT

1224.COCCELADES PER
C.1378FT

C.0C28 1.0298
C.CR2¢6 1.37¢9
0.0029 C.8898
C.02COFT/FT

1224.CCCCELADES PER
0.1378FT

0.0028 1.3345
C.CC27 1.5568
C.0C29 1.2425

5C¢. FCOT.

N*RD/GHM*S

235.83875
345.8313
21C.300E
322.4¢€61

SQ. FCOT

292.2053
4CEB.1578
273.7632

5Q. FCOT

388.6631
51S.6462
335.7998

5Q. FCOT

629.5491

734,3328
£86.1428

RE1

488.001
4C5.119
515.484
419.725

440.570
373,061
455.323

381.778
330.667
410.990

2C0.259
278,009
311.227

REF

E09.200
424,857
544.922
440.279

462.144
391.361
477.619

400.473
346.859
43l.115

314,662
291.623
326,467

RE2

1637.425
22G7.101
2504 .641
3G61l1.424

1642.2638
2219.825
2604.929

142,087
2228.150
2%16.705

1635.819
2232.048
2900.324

RD/GHFS

0.407
0.587
G.357
0.548

0.496&
0.693
Q.465

0.460
0.883
0.5T0

1.069

1.247
0.99¢

_99_
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Fig. 14 Rp vs Ry curves for different simulated

grass
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Fig. 15 Plot of RD/S0 vs blade Reynolds numer

R ; for various simulated grass
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R
blades in one foot length of flume, Nb’ is multiplied by ?él
o

and plotted against Re, as in Fig. 16, only one curve results

to represent the total drag resistance in the secticn.

B. Submerged Flow. For the submerged flow case, Eq. 49

is the applicable drag equation. The major assumption in the
N C
submerged flow analysis is that the curve of the ;%‘i Vs, Rel
o}
plot for non-submerged flow (Fig. 16) remains valid in the

submerged condition. In order to obtain a mathematical expres-

N, R
b d vs. Re

YSO 1

technique was used. The following equation formed

sion of the curve represents of linear regression

ln(Nde/YSO) = 1n K + x ln(Rel) (64)
can be used to describe the straight line. When the linear
regression method was employed to determine the.constants K
and x, the following ecpression is obtained as:

N. R
bd - 2.05 (10)7 (Re,) 1-848 (65)
YSs 1
o
Solving equation 65 for Rd gives:
vm' L
YS_[2.05 (10)' [——2v9y~1.848
o) v
R. = (66)
d Nb

By substituting the drag coefficient equation into the drag
equation, Eg. 49, Vm' can then be solved for by trial and error

procedure.

An expression in the form of Eq. 47 is used to calculate

a Manning's n value for that portion of flow above the vegetation,
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nt:
.45y n 2 v 2
T = t ¢ (67)
wt R 1/3
t
where:
1., = shear due to sidewall above the blades, FL™2.

wt

The shear due to the top of blades, T is calculated from the

ts’

shear velocity term, U,, in Eg. 34 as being:

Uy = V7,70 (68)

]

The force due to Tts' is not included in the drag equation
because for erect vegetation this resistance is internal and is
therefore included as part of the drag resistance. Table 3
gives the pertinent parameter values for the two densities of
the stiff vegetation.

In the medium and least stiff simulafed vegetation experi-
ments, it was noted that the blades bent down to form a wavy
bed. For this condition it is believed that two separate and
distinct flow areas are formed. Thus the shear term, Tig” is

no longer an internal shear and must be included in the drag

equation. The form of the drag equation for flexible media

becomes:
W So = (Fd + Fws + Fb) + (Fwt + Fts) (69)
where:
Fts = Force due to shear at top of blades = Tes WC

The exact value of the shear term due to wavy flexible bed is



TAB

SLOPE OF FLUNE
UENSITY OF SIMULATED GRASS

RERGHT OF SIMULATED GRASS

C.l3506
C.l588
0.1784
0.1879
GazlZT
CuZ428
Q2744
L2065
D.,32E5%
0.34E0
D372
IEATICY |
CGats374

SLLPE CF FLUME

DENSITY OF SIHULATEb GRASS

LE 3:

D

0.4390
O 540
Casktd0
C.4710
04760
QueaSel
C.5130
0.5230
04,5320
0.5370

5450
Ue5610
Ce5730

Values of the Pertinent Parameters Under Submerged Flow Conditions

K

vMP

05530
0.5650
0.5720
G.5760
Ce5790
05910
Go8030
Qa0
GablaG
G.6ic0
Ga&210
Gab3210
GubIED

[T

RO

C.t579
C.4579
C.a579
0.4579
C.4579
04579
Ca&T9
C.abvy9
Ge4s79
C.at?9
0.4879
0.4579
0.4579

O« U4GOFT/FT
1204.C0005LACES PER S5Q. FOOT
C.3920FT
BLY VMT
G.0031 0.6578
G+0021 0.8438
Ga0031 0.9507
0.0G21 1.0C44
G.0621 1.2266
C,COz2 1.2636
G.E0322 1.3286
0.0032 1.4802
Uu0032 1.5195
Q0.0232 1.5993
GuGOz22 1.6781
00,0623 1.6852
G.0GZ3 1.7522
C.O04COFT/FT

2232.0C00ELACES PER SQ.

FEIGHT OF SIMULATED GRASS 0.3$20FT
001135 0.4530 0. 5420 C.CC3n 0.8159
C.1383 C.4620 0.5470 0.0020 1. 0561
0.1971 C.4830 $.563C .03} 1.3633
0.2644 0.5090 0.5740 6.0021 1.6833
SLCPE CF FLUME ) = C.O2CCFTAFT
DENSITY OF SIMULATED GRASS = 2232.CCO00ELADES PER
HEIGHT OF SIMULATED GRASS = C.2920FT
0.1135 0.4620° 0.5430 0.CC35 C.7013
0. 1383 0.4710 0.552 0.C535 0.9272
0.1971 0.5010 €.5720 C.C036 1.1913
0e2644 0.5260 0.5870 0.0036 1.4584

FOOT

0.2511
0.2511
0.2511
0.2511

$C. FCOT

c.1883
0.1383
C.1883
C.1883

NT

C.02G5
0.0223
0.C220
0.0z19
0.0221
G.C211
0.0206
0.6203
G.G200
0.0201
0.0197
Gelil23
C.G190

¢.0223
0.0229
C.0220
¢.0210

c.C0201
0.0217
C.C209
C.C203

U

G.0650
0.0910
01010
0.1050
G.12C0
G.l290
0.1320
0.1450
01470
0.1550
0.1600
G.137C
0.1610

0.0880
0.1170
0.1450
0.1710

0.0680
0.0970
0.1200
0. 1430

REF

701.80
Tra,b44
T24456
TZR .35
T32.15%
T47.32
T62.50
T68.82
T76.40
T78.93
785426
T97.90
Blé.75

316.58
319.50
328.85
335.27

320.09
323.01
334,11
342.87

RET

2836.20
4T99.6%
6454 &0
T279.95
86TT.72
12086.24
14748.14%
177E9,¢84
19817.27
21275.61
23554 37
26128.2%
29097425

4566.1%
6782,03
12007.41
180¢68.68

4503.91
6719.79
11912.98
17931.25



TABLE 3: Continued

S1CPE CF FLULNME
Qek3ITY OF SIMULATED GRASS
HEIGHT LCF SINULATED CRASS

it

Q Cw VMP
0.1383 0.4960 0.5700
0.1971 C.5250 C.5880
0.264% C.5560 0.6070

SLEPE CF FLUME =
CENSITY QF SIMULATED GRASS =
FEIGKT OF SIMULATEC CRASS =

0.1655 C.4730 0.578¢C
€.1525 0.4850 C.5850
C.2104 C. 4910 C.58%0
C.225% 0.5Cc50 0.5380
£.2707 C.5180C 0. 6050
C.2177 G.5300 D.6150
€.3285 C.E544C C.62CC
C.2601 C.5510 G.56240
C.38C5 C.5550 C.6230
C.40C8 C.5670 0.6330
C.4223 C.5740 06370
0.4449 ¢.5310 0.541C
G.0368 0.2550 0.2679
C.C399% €.271C G.2543

SLCPE CF FLUME
DERZITY OF SIMULATED GRASS
REIGHT COF STWULATEC GRASS

0.1863 0.5070 0.6000
0.2241 0.521¢ C.6080
0.2532 £.53380 Ce&2C0
C.27C7 0.5480 06280
c.3108 £.5610 0.&326
C.3281 £.5690 0.63560
02457 C.57¢C 0.6400
0.3871 0.58%90 Ce6470
G.4C75 C.5560 C.E510
0.4191 0.6030 G« 6500
0.C368 0.2860 C.2616
0.C399 c.3230 C.25C5

0.02Z00FT/FT
2232.05CC2LADES PER 5G.

0.3920FT

BLY VMT
0.0644% C.£855
C.0Ca5 C.9626
0.0045 1.1778
C.C2COFT/FT

1224.C000ELADES PER
0.2%2CFT

0.003¢ C.69E4
£.C036 1.Q041
0.0037 1.0376
C.CO37 1.2435
6.0037 l.4013
0.0037 l.45281
¢.G038 1.5232
g.CO38 1.5685
0.20z8 l.8CE9
c.0C38 1.6840C
¢.0c3e 1.7130
0.0025 1.328¢6
0.C026 l.4802
0.0200FT/FY
1224.CTCCELACES PER
Ce3920FT
0.0C45 Ce6374
0.0045 0.8499
0.C046 C.9248
0.8048 C.S80C8
£.C04¢ 1.1333
0.0046 1.1769
C.C047 1.2456
0.0047 1.34€7
0.0047 143967
C.CC47 l.2£89
0.0030 1.6640C
0.Cc29 1.71350

sC.

S¢.

FCar

RO

0.1255
0.1255
C.1255

FOOY

C.3434
0.3434
Ca3434
Ca3434
C.3436
Ce3434
C.3434
Co3434
0.3434
02434
0.3434
0.3424
1.1328
1.0843

FCOT

£.2289
0.2289
C.e2285
G.2239
0.2289
C.2289
0.2289
0.2289
0.2289
£.2289
0.9141
C.9%64

NT

c.0181
0.0134
C.01l98

C.C193
0.020¢
c.GCz08
0.C254
0.0203
G. 0200
C.0198
0.C16¢
0.6193
0.C192
C.C190
0.0188
0.02C¢
0.0203

0.Cl49
2.0188
C.0182
0.01883
¢.0l88
c.0187
0.3136
£.0185
0.0184%
g.0181
0.C190
c.ClB8

U*

0. 0600
0.0300
01080

5.03650
0.£830
0.1210
0.1520
0.1220
N.1350
0.13380
01440
0.1460
0.1420
G.1530
0.1560
0.1320
0.1450

0.0460
C.0770
0.2850
Q.08350
0.1030
0.13560
0.1120
0.1200
0.1240
0.1190
0. 1530
0.1550

REF

332.94
343.45
354,55

730.88
739.73
Ta4 o T9
1546417
765.02
TTT.67
T83.99
789.05
735.37
800.43
885.49
210.55
364.08
372.09

158,70
168.82
183.99
7%0.31
799.17
B804.22
809.28
8l6.13
823.19
83%4.57
330.75
316.81

RET

6540.95
I1745.13
17720.56

5189.61

7548432

9119.58
1075714
14374.70
18512.69
20333.73
22248.33
24031.23
25831.41
2TT8%4.14
29736.89
14748.14
17789.84%

6724.51
10057.94
12521.32
14037.29
17576.71
19111.91
21026.59
24339.14
26139, 37
21052.34
27784,14
29736.89



TABLE 3: Continued

SLCPE OF FLUVE
CENSITY CF SIMULATED GRASS
REIGhT OF SIMULATED GRASS

0.CLECET/FT
1224.CCC0EL2ACES PER 5Q. FOOT
C.252CFT

{1 ]

Q Cu _uMp BLT VMT RO NT Ux* REF RET

0.2345 0.5550 G. 6300 C.CC53 0.7114 0.1717 0.0160 0.3550 796.64 10638.95

0.2495 0.5610 0.6320 C.0053 547725 0.1717 °  C.Gl6S 0.0630 759,17 11977.79
0.2823 Ce574C C.54C0 C.0C%4 0. 8896 0.1717 0.0177 0.0760 809.28 14853,60
0.295% C.5750 0.6430 0.6C54 £.$339 C.1717 9.0177 C.3809  'Bl3+08 16022.64
C.3102 €.5690 C.5500 0.0N54 0.9537 0.1717 0.0L76  '0.23810 §21.53 17237.21
0.3285 0.5950 0.6520 0.0054 1.0138 Cel717 0.G178 0.0370 824.46 18881,23
0.3426 £.6C40 0.6570 0.0054 1.6330 5.1717 0.0176 0.08e89 82C.78 20092.12
€.3580 Co6120 0.6620 C.CC55 l.oell 0-1717 C.C176 0.0900 837,10 21417.45
0.3751 C.6190 0.6660 0.0055 1.1002 C.1717 2.CLT5 8.6G930 B42.16 22912.57
€.3309 C.6270 0.6710 C.C055 1.1250 C.1717 0.0175 0.0650 848.48 24276.05
0.0368 0.3130 Cu2414 ¢.C033 1.7150 C.8045 €.0188 3.1560 305.19 29736.89
0.0359 C.3540 £.2309 0.0032 1.3266 0.8790 0.0206 0.1320 252401 14748414

SLCPE CF FLUNE = 0.0400FT/FT

DENSITY OF SIMULATED GRASS = 1224.C000BLADES PER S$C. FQOT

FEIGRT OF SIMULATED GRASS = Ce2l10FT
0.044T 0.2340 0.2468 £.0025 C.2349 C.5733 €.C841 =0.0554 492.25 495,73
C.C547 0.245C 0.3698 0.0025 C.4524 0.5733 0.1294 =0.3045 492.25 1411.25
0.0628 0. 2660 L2698 0.0025 C.4271 C.5733 0.7313 ~1,5083 492,25  2155.11
c.c707 £.2760 0.3698 0.0025 0.4829 0.9733 1.5401 3,59i7 452,25 2879.90
€.093¢ £.25860 C.3558 €.0C25 0.7235 0.5733 0.4207 144698 492.25  4977.98
Ce1393 6.3690 0.3598 0.0025 1.0204 C.6733 - 0.1784 3.8790 492,25  9174.12
Col622 €.3142 C.2568 0.£025 1.1929 £.9733 0.1611 0.5231 492,25 11272.19
0.1933 0.3180 0.3658 £.0025 1.4357 €.5733 €. 1500 1. 0429 492.25 14133,21
C.2079 0.3260 C.3558 0.0025 1.4661 0.9733 0.1327 0.5393 492.25 15468.33
C.2308 0.3350 0.3658 0.0025 1.5441 £.5733 0.1184 0.8828 492.25 17566.41

C.2640 C.3500 0.3698 0.0025 l.61¢68 0.5733 0.1018 Qa 7946 492425 20618.16



TABLE

LCPE CF FLUNME

EEASITY CF SIMULATED GRASS
HEIGHT OF SIMULATEC GRASS

C.C447
0.0547
0.C£28
C.C7C7
0.0936
0.13563
0.1622
C.1933
C.2079
0.2308
0.2640

SLCPE CF FLUME

DENSITY OF SINULATED GRASS
FEIGET OF SIMULATED GRASS

0.0447
C.0547
C.Ce28
0.0707
C.0926
0.1393
Ca.1622
C.1533
C.2073
C.23Cs
0.2640

3: Continued

CwW

0.2370
0.2550
$.2810
0.2790
02860
0.3180
0.322C
0.32&0
G.2340
0.3420
C.3640

0.2530
0.2710
€.3C20
0.2840
€. 3020
C.3280
0.2319
.3370
0.3500
€+3550

.2830

VME

0.3538
C.3528
0.3538
C.3538
0.3538
0.3338
C.3538
£.3%33
t.3538
0.3528
G.3538

Huo

03416
C.3413
{.3418
C.2418
C.32418
G.3418
0.2418
C.3418
0.3418
0.3418
C.3418

RD

0.9242
C.92452
C.5242
0.9242
0.5242
0.5242
0.5242
C.9242
C.G242
Ce5242
0.9242

SC. FOOT

CeBh444
C.8444
C.8hbb
0.8464
CsB444
C.844%
0.8444
0.E4b4
T
C.B444

O0.G350FT/FT
1224, C00CGEBLADES PER SQ. FQQOT
C.2110FT
BLT VMY
0.0026 0.2738
C.CD28 C.32888
0.0026 C.3401
C.CC2¢6 C.4869
C.0024 0.74&3
0.0026 0.9506
0.C026 1.1224
C.C026 1.3545
C.0026 1l.2847
0.0026 1.4747
0.C028 1.4610
C.O2CCFT/FT
1224.CO00EBLEAQES PER
0.211CFT
C.0C28 £.2003
C.co28 0.3085
C.C028 £.2912
€.0G28 Ca4712
c.o028 0.6293
C.ccz8 C.3804
0.Cc028 1.0499
c.Gc28 1s24€3
0.0C28 1.234%
C.C028 1.3506
0.0028 1.3241

Q.8444

NT

0.0560
Ce2452
C.6477
0.8375
G.4207
$.1500
C.1407
0.1327
0.1193
0.1098
c.0898

0.2163
2.1548
d.2123
C.4877
0.2123
D.1291
0.1242
0.1157
6.1018
0.0975
C.0807

U

=0.1270
1.1262
1.9630
1.5163
0.6885%
0.7623
0.8678
0.8009
0.7817
0.6333

-0.2092
-4, 6657
0.2985
1.1097
C.6450
0.5489
0.6292
0.6967
0.6C68
0.6362
0.5158

REF

47C¢a63
470,93
470.953
470.93
470.93
470,93
470,93
470463
470.93
47C.53
470.93

454,95
454.95
454 .95
454 .95
454,95
454.95
454.G5
454 .95
454,55
454,95
454 .55

RET

653.10
15&8.62
2312.48
3037.27
5135%.35
9331.49

11429,.55
14290. 57
15625.71
17723.79
20775.53

TT1.79
1687.32
2433.17
3155.97
5254,04
9450.18

11548.25
14409.26
15744.40
17842.47
20894,22



TABLE 3:

SLCPE CF FLUNE

DENSITY OF SIMULATED GRASS
FEIGHFT OF SINMULATED GRASS

G.0447
C.0547
0.C628
C.C7Q7
0.0936
0.1393
O.1822
0.1933
C.2079
0.2308
0.264¢C

Ow

0.2560
0.2570
0.328¢C
C.2990
0.2180
0.32390
G.3420
G.3500
C.3630
0.3720
¢.3910

SLCPE OF FLUNE

DENSITY OF SIMULATED GRASS
FEIGHET OF SIMULATED GRASS

C.C239
0.029%5
CaCrg?
0.0547
£.0628
0.0707
0.0936
0.1393
Ga.l1622
0.1%33
0.2079
0.2308
C.2640

¢.2190
C.2400
0.2840
0.3230
0.3650
0.3220
G.3440
0.2820
0.3570
C.37C0
0.2550
0.32920
0.4120

Continued

VMP

0.2935
€.2935
0.2935
0.2635
C. 2935
C.2935
C.2925
0.2935
Ce2935
C.2935
0.2935

LI 1]

c.2081
C.2051
G.2051
G.20E1
€.2051
0.2051
0.2051
C.2051
0.2051
€,2051
0.2051
C.2051
0.2051

5Q.

C.C250FT/FT
1224.COCO0ELADES PER S(.
0.211CFT
BLT VMT
¢.co28 0. 2462
. 0028 0.2735
c.C0298 €. 2703
C.CC28 0.4492
C.Cc028 C.5831
0.0028 0.8448
0.0028 1.00G00
C.C028 l.16€8
C.G02a 1.1628
c.CCc28 1.23%8
C.3028 1.2937
C.C2CCFT/FT
1224,CCO0ELADES PER
C.2110FY
C.C02& 0.2657
0.0026 0.26¢49
0.8026 03139
0.002¢ £.2937
0.0026 0.26463
C.0028 0.4358¢&
0.0026 0.53%6
0.0C26 C.3334
0.0026 Ca9615
0.CC26 1.C750
C.Cc2¢6 l.C656
0.0026 1.1546
t.0026 1.2052

FCaT

RO

C.9322
0.9322
C.9322
0.6322
C.9322
C.9322
C.9322
0.9322
C.9322
C.5322
0.9322

Foor

1.4467
l.4487
l.44567
1.4467
1.4467
l.4467
1.4457
1.4467
le4487
1.4467
1.4467
l.4467
l.4467

NT

0.7313
0.2482
¢.1291
0.2322
0.1330
C.1133
0.1098
C.1018
0.0%17
0.C862
0.0772

0.0406
C.11C0
0.4877
£.1385
0.0904%
0.1385
0.1076
C.10GD
0.0%60
0.0874
0.0798
0.0768
0.0700

U*

-0.8694
0.3278
0.1685
0.35037
0.4224
D.45629
0.5301
0.5735
0.5149
0.5162
Dl.48256

-050521
=0.,1417
07392
0.1965
Q.1162
0.2921
0.2804
0.4025
04457
De4551
0.4120
0.4285
0.4076

REF

390.72
350.72
350.72
350.72
390.72
390.72
390.72
390.72
390.72
390.72
390.72

272.99
272.99
272.99
272.99
272.99
272.99
272.99
212.99
272.99
272.93
272.99
272.99
272.99

RET

1242.20
2157.72
2901.58
3626.37
5724.45
9920.5¢9
12018.6¢
14879.68
16214.81
18312.89
21364,64

185.01
709.99
2102.35
3017.87
3761.73
44886.52
6584.59
10780.74
12878,.81
15739.82
17074.98
19173.03
22224.7%

.—gL_



TABLE 3:

SLCPE CF FLUNME

CENSITY

CF SIMULATED GRASS
FEIGRT OF SIMULATED GRASS

CwW
0.0301 0.1380
g.0322 C.1610
0.03e4 0.1670C
G.C451 0.2140
0.0530 0.2240
t.C561 0.2230
0.0868% 0.2550
0.0860 0.2310
€.ovez2 C.2530
0.0973 C.2390
C.1133 0.2523
0.1264 0.2550
0.145% 0.2580
C.1705 0.2850
C.1871 C.2580
C.2297 C.2740C

SLOPE OF FLUME =
OF SIMULATEDR GRASS =

Continued

oo

C.3280
0.2280
C.3280
0.2280
0.3280
C.3220
C.328C
Ce3ZEB0
0.3280
C.3280
C.32EC
©.3260
C.2280
0.3280
C.3280
C.3280

DENSITY

HEIGHT OF SIMULAYED GRASS
C.C260 C.1380
0.0301 C.151C
g.0322 0.1690
0.03¢4 D.1770
C.C491 0.224C
C.C53C0 0.2380
0.0361 C.232C
0.C€69 0.273¢C
0.0&E3 0.2400
t.C782 C.2840
0.0973 Ce2490
G.1133 0.2570
Oel286 0.2610
C4+1455 0.2620
C.1705 C.27C0
0.1a871 0.2720
0.22%7 C.2300

C.2280

v

5Q.

0.0400FT/FT
1224.COCCEZLADES PER SC.
G.1378FT
BLT VMT
0.0024  29.6177
0.0024 0.3449
0. 0024 G.4164
0.0024 0.3260
C.CC24 £.3240
£.0024 0.3745
£.0024 0.3525
0.0024 0.4695
0.0024 0.4808
0.0024 €.7221
0.2024 0.7801
C.C024 0.8736
0.0024 1.0092
C.CC24 1.1468
C.0C24 1.2511
C.C024% 1.5489
C.03SCFT/FT
1224.COCCRLADES PER
0.1378F7
0.0025 15,6677
C.CC2s C.5524
0.6025 0.3003
£.CC25 C.2451
0.0025 0.3041
0.0C25 £.301D
€.0025 0.3533
0.0625 0.3261
¢.C025 0.4416
0.0025 0.3784
C.C025 Cs 6654
0.0025 0.7586
€.GCC25 0.8422
0.0025 0.9877
0.CC25 1.1167
€.C025 1.2240
0.0025 1.4548

FCOT

RD

1.1105
1.,1105
1.110%&
1.11058
1.1105
1.11G5
1.1105
1.1105
1.1108
1.1105
1.1105
1.1105
1.1105
1.1105
1.1105
l.1105

FOOT

1.8810
1.C810
1.0810
1.0281¢
1.08190
1.0810
l.C819)
1.08190
l1.081¢C
1.¢810
1.€810
1.0519
1.0810
1.0810
1.0810
1.0810
1.0810

NT

0.0155
0.3041
Ce1649
0.0567
C.0523
0.C527
0.0%430
C.C498
0.0448
0.0475
C.C44%
0.0438
0.0432
0.0420
C.0415
0.0%086

0.0185
0.2841
0.1457
C.1039
C.0523
0.C477
C.C495
Q.0407
Ca0s72
0.03%2
0.0450
0.0434
0.0427
0.0425
0.0412
C.04¢9
0.0357

U*

0.5068
0.3316
0.0892
0.0343
0.0952
0.0732
N.112%
0.1040
0.1655
J.1672
0.1847
0. 2105
0.2330
C.250C8
0.29535

-1.3985
C.2113
0.1732
0.0767
0.0694
. 0844
0.0641
0.1006
C.0716
0.1456
0. 1590
0.1735
0.2026
0.2219
0.2415
0.2790

REF

456043
466443
466 .43
466443
466 .43
466443
&456.43
466.43
466443
46643
4886.43
466443
466.43
G566 .43
466443
486443

440,28
440428
440.28
44C.28
44G.28
440.28
440.28
“440.28
463.28
440.28
440.28
440,28
440.28
440.28
440.28
440.28
440.28

RET

543.37

734,11
1115.57
2279.05
2641 .45
2927.55
3919.35%
4014.73
4959.33
6704 .07
B172.73
9393.43
11129.10
13417.91
14943.79
18853.84

287T. 44

663,91

859.565
1241.11
2404.59
2765.99
3053.09
4044.90
4140.27
5074.87
6829.61
8298.26
9518.96
11254.64
13543.43
15069.32
18979,36

-.-LL..



TABLE 3

SLCPE CF FLUNME

CENSITY OF SIVULATED GRASS
FEIGHRT OF SIMULATED GRASS

C.C229
C.030L
0.C222
CeC3&4
CaC4S1
0.C530
Ce.CH61
C.C659
C.0883
C.C782
G.0973
0.1132
0.12¢86
Cel&55
C.1703
c.1l871
Ce2267

SLCFE CF FLUME

CEASITY CF SIMULATELD GRASS
REIGHT OF SIMULATED GRASS

g.c2c8
0.022¢9
t.CzZCl
G.0222
Ga 0364
0.C491
£.0530
C.C3Sel
C.CeL9
Q.C&80
C.2782
£.0573
0.1133
0.1265
0.14E5
C.170C5
C.1871
C.2297

: Continued

DW

C.1380
G.18670
C.1EED
J. 1920
0.2420
£.2570
0.24350
G.2900
G.2480
C.2G50
0.2610
C. 26710
0.2690
£,2710
0.27%0
G.2810
C.2E90

€.1380
C.1590
g.188¢C

0.2010

C.2110
C.2620
0.2740
C.2880
0.3120
C.25C0
0.2190
C.2740
Ce 2760
C.2&C0
0.2880
C.2900
G.296C
€.3000

vMp

C.3558
0.3558
0.3558
0.3558
+2558
G.3558
0.2358
s 3558
£.3563
C.3588
C.35E8
£.3558
0.35z28
£.2558
C.35¢E8
0.3553
£. 3556

C.3211
C.2211
c.2211
0.2211
¢.3211
0.3211
0.3211
C.3211
0.3211
Ce221l
C.3211
€C.3211
C.Z2211
C.3211
03211
0.3211
C.3211
C.3211

RD

C.7972
0.7672
G.7972
C.7672
C.7972
C.7972
C.7972
C.7972
G.7972
C.7372
Cc.7972
0.7572
C.7572

7972
0.7972

C.C3CAFT/FT
1224.0C00ELACES PER SQ. FOOT

0.1378F7

BLT VMT
€.0C28 -5, 4285
C.0G28 0.1846
c.Go28 0.1438
C.0028 C.21C07
c.Goz2e 0.2333
C.CCZa Ce2271
0.0028 £.25€63
C.CC28 C.2772
L0328 {.3923
G.C0Z8 02358
C.CGZ2 C.5888
C.0028 0.58%54
C.0028 C. 7763
C.C0%8 0.3367
C.CG28 1.C225%
C.Q028 1.1328

c.CC28 1.35%57

CeC2E0FT/FT

1224.0D00EBLACES PER
Cal37EFT
0.cozs -7.7088
C.CC2% L.0254
C.0029 G.1655
C.C029 C.1585
0.0029 0.1920
C.CC2% C.2152
0.cnze 0.2253
C.C0O29 Q+2880
c.0C29 0.25&1
C.C02% 0.3736
C.0Cz29 C.2CE2
0.0029 C.55C4%
€.CC2s C.E6583
0.c029 C.T233
€. 0C25 C.820C2
0.0029 0.9734
C.0C29 1.0416
0.C029 1,2787

0.7872
C.7972

5Q. FCOT

0.8028
t.8028
Ge.8228
C.8028
0.8028
c.2228
0.8028
C.8G28
¢.5C28
c.ec28
C.E028
0.8028
C.5C28
c.8c28
G.8028
g.aczg
t.8028
C.8GC28

NT

0.0185
C.1649
0.C793
C.0727
0.0457
C.0434
0.0464%
6.0385
0.C453
C.0379
C.0427
0.0416
0.3413
C.0410
C.C359
G.0396
0.0386

0.Cl85
Qe4546
C.0B43
C.C650
c.C523
0.0425
C.04386
0.0438
0.C2&2
0.0428
C.C358
C.0406
0.C4C2
g.C387
0.0387
0.C385
0.0378
0.0374

U=

0.8416
N.1470
Q.0570
0.3740
0.0526
D.0497
0. 0665
0.05158
3.0857
G.0622
N.1213
0.1378
Je15%9
0.1785
D.1984
C. 2167
0.2526

0.5881
0.0557
3.05674
0.08491
D.054%0
0.8441
C.C44]
Ne D602
C. 0443
G773
0.5530
0.13078
0.1280
Q. 1407
0.15353
0.1308
0.1901
0.2307

REF

47762
477862
477.62
4TT.62
477.62
47T7.62
477.62
477462
477.62
477,62
&7T.62
L4T7.62
47Te82
47TT.62
47762
47762
477.62

431.12
431.12
431.12
431.12
431.12
431,12
431.12
431.12
431lel2
421.12
431.12
431.12
431412
431.12
431l.12
431,12
431.12
43l.12

RET

494459

£8%,33
1066.79
2220.27
2892467
2878.17
2870.58
25665.95
4550455
£655.29
8123.94
G344 .64
11058G.22
13255.13
14855, 00
18805.04

~141.43
49-31
T16.838
307.61
1289.08
2452.56
2814.95
3101.0%
4092.87
4188.23
5122.83
6377.57
8346.23
G566.93
11302.561
13591.41
15117.28
19027.33

_BL_



TABLE 3:

SLCPE CF FLUNME

CENSITY CF SIMULATED GRASS
REIGHT CF SINMULATED GRASS

C.Cc187
G.0229
g.C301
0.0322
C.CzZ84
C.C491
0.0530
0.C5¢1
0.C559
0.C580
G.0722
C.CS573
0.1133
0.12656
CalsB5
G.17C5
0.1871
0.2267

Continued

CW

€.1280
0.1520
0.2080
0.2160
02340
0.28¢80C
0.2920
Ca2758
C.3370
C.2850
C.3%30
C.2670
Ce2310
C.2970
C.3080
0G.3120
C.3160
0.3230C

([ )

VMP

.

SOO0OO0O0OO0
-
LRl B AN R LS VAV

N 3y

Pl S DR AR S O L

[USREPUR YU #5 BEPRE U3 3 PN 9%
PR R NPT N R

o

0,242
0.242
Ga243
0.2632
C.2432
0.2432
0.24322
G.2422
Cu2432
0.2432

C.02C0FY/FTY

1224.CO00CELADES PER SC.

0.1378FT

BLY

C.CC29
C.CC29
C.2C29
c.CC25
C.00629
£.Cr29
G.0029
0.0029
C.CC29
C.C029
£.CC29
C.CC29
C.CC25
C.0029
C.CC29
C.GG2%
C.CC29

VMT

8.369%90
Co 1347
0.1384
C. 1885
D.2023
C.2169
02253
Co.2777
C.2211
0.3469
C.2585
0.5237
Ca6262
D.£899
C.T557
0.8815
0.6551
1.1491

FCaT

RO

1.0735
1.8738
1.0736
1.8735
1.0730
1.0735
1.073¢
1.0736
1.C736
l.C732a
1.073%
1.0735
1.07326
1.G0735
1.0736
1.C736
1.0736
1.C736

NT

-

c.0185
0.0903
C.0500
0.0543
C.2489
DN3E9
C.0376
0.0399
C.0342
C.0391
C.03238
¢.0383
C.0384
C.0377
0.0366
C.Q382
0.0358

- 0.0353

%

2.8006
C.0587
D.0546
0.04%4
5.2473
0.0428
C.Ca09
0.0535
0.0415
006355
0.0487
0.1010
0.11565
0.1254
Q.1334
D.1541
0.1653
0.195¢6

REF

22€.47
326447
326.47
328.47
328.47
326.47
326.47
326.47
326.47
326,47
326.47
326,41
32647
326447
326.47
326447
326.47
326.47

RET

164,55
546.01
1213.53
1404,32
17685.79
2949.26
3311.66
3587.,76
4589.57
4684.94
5619.54
7374%.29
8842.94
13053.64
11799.32
14083.12
15£14.00
19524.04



-80-

difficult to determine and is considered beyond the scope of
the present study. However, some computed results based on
uncontested assumptions that logarithmic velocity holds true
for flow above the mean height of the bent-down vegetation and
velocity between the blades is not affected by the presence of
flow above the vegetative part, are also presented in Table 4

only for the completeness of the presentation.



TABLE 4:

SLOPE OF FLUXE
UelSITY OF SIX

HEIGHT UF SIMULATED GRASS

1358
568

[ I ]
-
Lol
+

-]
R4

N R b b
W
-t

L N B I ]

[aE <N all«al «NeNal

[ae]

+

[T

ta o= PO (o

SLCPE CF FLUME

DENSITY OF SIMULATED CGRASS
HEIGHT OF SIMULATED GRASS

Velocity at Top of Vegetation

ULATED

Ow

Qe 4390
0..45%40
Ga4660
Ca4710
Qs 760
GeksS 60
05120
03220
Gau2 20
G.5270
0e5450
Ue5610
J0e0730

€.1135 G.4530
0.1383 Ce 4620
0.1971 0+4880
C.2644 C.50C50

SLCPE OF FLUME

GRASS

0o

Vitp

Ga5550
0.5&50
05730
Ca5750
0.5875%0
C.3%16
0L.6035
0.6050
Uublal
Gutiod
U.0210
Q621
0.62L0

0.5420
C.547C
D.5630
C.5740

CENSITY QOF SIMULATEC GRASS =
REICHT OF SINMULATEC GRASS =

C.1125
0.1383
0.1571
0.264%

0.46210
0.4710
0.5010
C.5260

£.5480
0.3530
0.5720
0.5870

UaG&OOFET/FT
1224.G00UBLADFS PER
0.3920FT
as eT
0.1046 00309
0.10865 0.0523
G.1080 0.0704
C.13086 0.07%94
C.10%2 5.09456
G.1114 0.¥214
Vell37 « 1608
0a.il4s D.1929
Ue1157 0.2127
Oal1l161 6.2219
G.1171 02567
0.1189 02848
0.1203 0.3172
C.0&400FT/FT

2232.COCCELADES PER
0.3920FT

0.(5637 C.0498
C.C643 c.0739
0.0662 0.13C9
C.0675 C.1969
0.C3COFT/FT
2232.CCCCELADES PER
0.2320FT
0.0844 0.0461
0.C&50Q C.0732
0.C672 0.1259
C.Cs50 Q. 1385

SQ. FOOT

DX

0.3622
0.280:3

«ZBZ5
0.3834

-2E52
D.2EST
0.3559
G0.ZEeE
G.AE5H
C.u372
O0.3867
G.2371
C.3872

§C. FCCT

C.3805
C.3854
0.387%
D.3882

5Q. FOOT

0.3674
€.3824
0.3854
0.3849

VMAX

C.7CBE
0.95830
1.1223
1.19G7
1.25¢5
1.5228
1.a055
1.75E8
1.826%
1.9489
2.0322
2.0326
2+.111C

0.9469
1.2740
1.6759
2.0580

0.7759
1.0923
1.4311
1.7715

Determination of Flow Velocity Profile and Shear

TTS

G.G0E2
0.0e0
0.0198
0.0218
0.0279
Q0.0322
0.0337
0.0407
C.0418
C.04865
Cel496
Oel4TT

0.0502

3.0150
0.0265
0.0407
0.0566

0.0929¢0
D.0182
0.0279
0.039%

RET

2636.20
4799.69
6654440
7279.95
8677472

12055.24

154742, 14

17739.84

19517.27

21275.61

23554437

26128.24

29097.25

4566.19
6782.03
12007.41
18068.68

4503.91
&£719.79
11612.98
17931.25

REZ

22352.72
235332.00
24497,03
24BE9,51
25284 .74
26893,18
Z2B379,69
29172.80
2996767
ACEET L85
31049,G6
32476.20

33538.86

22525.29
23184.74
25205.84
26804.19

23227.13
23895.66
26290.98
283256.75



TABLE 4: Continued

SLCPE CF FLUKE
CENSITY OF SIMULATED GRASS
HEIGHT CF SIFMULLATED GRASS

Monou

Q Dw VHE
G.1382 0.4960 C.57C0
80.1571 Ce5250 CoSEEQ
0.2644 0.5560 C.6070

SLOPE OF FLUME
DENSITY OF SIMULATED GRASS
FEIGHT OF SIMULATED GRASS

H o4

C.O2CO0FT/FT
223Z2.CO0C0CLADES PER SQ.
0.3G20FT7
15 ar
0.C670 0.0713
C.CeS1 C.1280
0.0713 0.1932

C.C3CCFT/FY
1224.00008LADES PER 5Q.

0.1655 Ce4730 0.5TEG
0.1925 Ce5850 0.585¢C
t.21C4 C.4351¢C Ce5850
02299 C.5050 CeBYEC
C.27C7 C.3180 C.c050
C.3177 C.52&0C DetlBl
0.3385 i e5440 0.52C0
0.3601 C.5510 C.2240
C.3805 0.5590 0.6250
C.40C8 C.5870 C.6220
G.4229 C.5740 C.6270
Q.46449 C.5810 C.6410
0.0368 0.2550 C.2879

C.2710 0.2943

0.0359

SLCPE CF FLUNE
DENSITY OF SIMULATED GRASS
FEIGKT CF SINMULATED GRASS

hwn

0.382CFT

0.1C39 C.C566
0.1102 0.0E23
c.1110 C.C994
0.1127 Call73
0.1140 0.1557
Call3e C.2C18
C.1lé68 0.2214
C.il7¢& C. 2425
0.1185 0.2619
G.1193 0.23a16
C.1200 C.2828
C.1208 0.3241
0.1127 0.1¢&408
C.114% G.193%9
C.C2CAFT/FT

1224.000CELACES PER SQ.
C.3G920FT

C.18&3 c.£07¢ C.600C
0.2221 0.5210 C.5280
Ge23532 0.5383 0.62C0-
c.2707 0.5480 0.6250
C.32106 C.5610 C.c22C
0.3281 0.5690 C.£360
C. 3457 £.5750 C.64(0
C.3871 C.53992 C. 6470
C.4C75 0.5580 0. 6210
0.4191 C.6C50 C.66C0
C.C36&8 C.28e0 0.2616
0.C399 0.223C C.250C5

0.1130 G.0732
Q.1145 £.1095%
C.1187 C.1365
0.1177 0.1320
G.115C d.1916
C.11%7 €.2053
0.12C5 G.22G2
0.1218 C.2383
0.1226 0.2849
0.1243 C.2549
G.12C0 0.3028
C.1208 C.3241

FCOT

CX

0.3482
€.378%
c.3827

FOOT

0.3576
d.23730
0.32219
0.32313
0.3349
C.2E5%
0.3851
G.3865
C.2865
0.32856
C.3868
0.3559
£.3859
C.3868

FCOT

g.2112

« 2689
03739
C.3757
C.3806
C.3812
C.3324%
C.38325
0.384D
€.3830
0.328568
0.2B69

VMAX

C.7524
1.1264%
1.3973

0.7748
1.0325
1.1899
1.2327
1.4980
1.493¢C
1.7334
l.844%44
1.8872
1.5426
2. 0089
2.0625
1.6055
l.7888

0.6566
0.9711
1.0882
1.1501
1.3439
i.2927
1.48C1
1.6036
l.6668
l.6185
2.0090
2.0625

TTS

0.C070
G.Gi57Y
0.022¢&

0.0082
0.0150
0.0198
0.C201
0.0288
0.0353
0.0369
0.0402
N0.0413
0.0430
CaC453
C.0471
0,0337
0.0407

C.0041
0.0115
0.0145
0.C153
3.0205
0.0218
0.0243
D.0279
0.0298
0.0274
0.0453
0.0471

RET

6540.98
11745.13
1772G.56

5189.¢1
7548.32
9119.58
10757.14
14374.7¢C
135512.89
Z0323.73
22248433
24£031.23
25831.41
2TT84,14
29726,89
14748.14
17789, 84

6T724%a51
10C57. %%
12521.32
14037.29
17578.71
19111.91
210246.5%
Z4339.14
26139,.37
27052.34
27784%.14
29726.89

RE2

25937.59
28321.07
30962.53

25081.98
26G29.7G
26531.98
2TTCS5 57T
2875134
20242.17
30943.09
31543.45
32257.85%
32927.57
33544,73
34167.03
6735.77
T315.,91

27508.23
29061.25
30621.80
31421.98
32527.67
33200.32
33820.15
349561.70
35595,92
36875.20
6863. 02
T424.16

_ZB_



TABLE

SLCPE CF FLUME

DENSITY CF SIMULATED GRASS
HEIGHT OF SIWULATED GRASS

0.2245
0.2495
0.2823
0a2956
C.31C2
0.3285
0.3426
t.3580
0.3751
C.29C9
C.0268
g.C3%9

SLCOPE CF FLUME

CENSITY COF SIMULATED GRASS
HEIGHT CF SIMULATEDR GRASS

0.0447
0.0547
G.Cs28
c.o7Cc7
G.C235
C.1353
0.1622
g.1923
Q.2079
C.23Ca
0.2¢40

4: Continued

OW

C.5%5
0.5¢10
£.5740
0.5750
C.58593
«595¢
C.6040
Ceb6120
Ge6198
C.6270
0.3130C
C.3540C

Q. 2340
Ca2450
0.2840
0.27460
0.28560
C.3CS0C

C.3140

€.3180
C.2260
C.3350
€.3500

TR L]

VMP

C.63C0
0.86220
C.64C0
C.6430
0.6500C
Ceo5EG
Ce6370
C.5620
0.6660
C.2414
C.23C9

C.3658
J.36%8
C.2&658
0.356%8
C.269%5
C.3658
G.35%8
0.36493
0.36498
0.3668

C.Q1SQFY/FTY
1224 .C0008LADES PER
0.3920F7

1] aT

t.1185 t.11560
C.1189 C.130¢
0.1204 0.1619
C.1210 C.1746
0.1223 0.187%
C.1227 0.20E8
Ga.1236 C.2150
C.1246 C.2335
0.12853 0.2457
C.12562 0.2448
C.1288 0.3241
C.1137 C.1608
C.O0&COFT/FT

1224.C0002LADES PER
C.2110FT

0.0393 0.0054
C.0393 0.0154
C.C333 0.0235
C.0393 C.0314
C.0393 0.0543

«2263 C.1050
0.6293 Cal1229
0.0393 0.1541
0.C393 C.1l686
0.06393 0.1915
0.0393 0.2247

5Q. FOOT

Cx

0.2363
C.3378
0.3835
_Ce3676
Oa3e77
C.3724
Ca2726
C.3734
0.3748
0.3755
0.3859
0.3859

5¢. FOOT

©.2110
C.2L10
c.2110
G.2115
0.2119
0.2110
C.2110
0.2110
0.21190
0.2110
.2110

VMAaX

D.756067
C.8549
1.0202
1.0743
1.0975
1.i1801
1.2022
1.236%
1.2330
1.3176
2.05625
1.6085

-0.0036
-0.3039
=3.343%
Ga4621
4432380
3.2178
3.5121
404469
3.8145
33,7511
3.6034

TTS

Q.0059
G.0077
0.0112
0.0124
0.0127
0.0147
0.015

5.0157
0.0167
0.0175
0.C471
0.0337

0.C1l7¢6
0.1736
444352
24.5793
4.1824
1.4950
1.5579
2.105%59
l.7086
1. 5090
1.2227

RET

10638.95
11577.79
14853.60
16022.64%
17237.21
18eal.z23
20092.12
21417.45
22312.57
24276.,05

29736.89,

14748, 14

495,73
1411.25
21535.11
2879.50
4577.98
91T4.12

11272.19
14133.21
152468433
17566441
20618.156

REZ

32077.95
32527.67
33702.72
34155.65
35123.82
35590.79
36406.20
37169,13
3r821.42
38297.85

£930.58

7439.56

7939.46
B312.69
9C25.20
9364.50
9753.79
104384.16
10653.82
10789.53
11060.95%
11366.33
11875.27



TABLE 4:

SLCPE CF FLUME

DENSITY OF SIMULATED GRASS
FEIGHT OF SIMULATED GRASS

0.0447
C.C547
0.C628
C.0707
0.09325
0.1393
Q.1622
0.1933
£.2079
0.2303
0.2640

DWW

C.2370
0.2550
C.221C
C.27%0
C.286C
0.3180
0.3220
G320
0.3240
0.3420
0.35560

SLOPE CF FLUME =
CENSITY OF SIMULATED GRASS =
HEIGHT OF SINULATED GRASS =

C.0647
C.0547
C.0828
0.C707
0.0936
¢.1353
0.1622
C.1933
0. 2079
0.2308
C. 2640

0.2530
C.2710
0.302C
C.28470
C.3020
0.3280
G.3210
0.3270
C.35C0
0.3550
C.3830

Continued

o

VMp

0.353¢8
0.3538
G.35%8
C.3538
C.3538
0.3538
C.3538
C.3538
0.3538

0.3418
C.3418
0.3418
C.3418
C.3418
0.3318
C.3418
0.3418
0.3418
0.3418
C.3418

0.038CFTIFT
1224.C000CELADES PER SQ. FOOT
0.2110FT
Qs QT Ox
CaC376 0.CC71 0.2110
0.0376 0.0171 C.2110
0.0276 C.0252 G0a.2110
0.037& 0.C331 G.2110
G. 0376 0.03%50 D.2110
C.C376 CalC17 g.2:10
C.C376 C.1246 0.21190
C. 0376 C«1558 C.2110
0.0376 01703 0.2110
£.8376 C.15932 0.2110
0.0C376 0.2265 £.2110
C.0300FT/FT
1224.C0CCELADES PER S@. FCOT

C.2110FT

0.0363 0.8084 0.2110
0.C353 0.Cla4 G.2110
C.03563 CeC265 C.2110
0.0363 0a.0C344 0.2110
0.03¢3 .C573 0.2110
C.0343 0.1030 0.2110
Ca.£363 C.1259 0.2110
0.0363 0.1571 c.211¢
C.C363 Cal71l6 0.2110
0.03&3 0.1945 0.2110
0.0363 0.2277 £.2110

VMAX

-0.0436
-0.7665
3.1756
2.4093
4.5371
2.6720
3.0281
3.5240
3.3870
3.4291
3.0442

-3.3228
=11.3678
1.0374
3.2455
2.2419
2.2527
2.6219
2.9882
2.7516
29410
2.6135

TTS

0.0312
C.4l134
2+4561
7.5071
44520
0.918l
1.1253
1.4583
l.2421
1.18323
0. 7766

0.0848
42.2260
0.1725
2.38456
0.8057
0.766%
Q. %359
0.7133
0.7836
0.5151

RET

653,10
1568, 62
2312.48
2037.27
5135,35
S$331 .49

11429.55
14290.57
15623,71

17723.79 .

20775.53

771.79
1687.32
2431l.17
3155.57
5254 .04
G45C. 18

11548.25
14409.26
18744 .4%0
17842.47
20894,22

RE2

T693.02
8277.30
9121.26
905634
9283.56
10322.28
10452412
10581.96
10841.64
11101.32
11880.386

7932.74
84938.20
9470431
8905%. 85
9470.31
10285.64%
10379.71
10567.866
1C5975.53
11132.32
12010.36



TABLE 4:

SLOPE &F FLUME

PENSITY CF

< DwW
0.0447 C.2660
0.0547 0.2970
0.C628 0.3280
c.c707 ©.2990
C.0338 0.3150
C.l353 C.3390
0.1622 C.3620
C.1933 C.35C0
0.2079 0.3630
C.23C8 C.3720
0.2640 0.32910

SLCPE CF FLUME

CENSITY

CF SIMULATELD GRASS
FEIGHT OF SIMULATED CRASS

d.C239 0.2190
C.C295 (.2400
0.0447 C.2840
C.0547 0.3230
C.C&28 0.3850
0.C7487 C.3230
C.C934 0. 3440
C.1293 0.3520
C.1622 G.357C
0.1933 C.3700
G.20793 0.3350
C.2308 0.3920
0.2640 0.4120

SIMULATED GRASS
HEIGHT CF SIMULATED GRASS

Continued

HH W

VMF

$.2935
0.2935
0.2935
C.2935
0.2935
0.2935
0.2935
0.2935
C.2935
C.2935
$.2935

0.2081
J.2051
0.2051
0.2051
C.2051
C.2051
C.23052
0.20¢81
G.2051
C.2051
0.2051
C.20%1
0.2051

0.0250FT/FT
1224.C00CBLADES PER SQ. FCOT
0.2110FT
Qs Qr DX
0.0312  0.0135 0.2119
0.C312 C.C235 C.2119
0.0312  0.0316  0.2119
0.0312 €.C395 0.2110
0.0312  0.0624  0.21L10
C.C312 0.1081  0.2119
0.€312  0.1319  0.2110
0.0312  0.1622 0.2110
0.0312 C.1767 0.2110
0.0312  0.1996 0.2110
0.C312 C.2329  C.2110
0.C2CCFT/FT
1224,0000ELADES PER SC. FQOT

Ce2110FT

0.0218  0.0¢21 C.2110
0.0218  0.0077  0.2110
0.C218  €.0229  0.2110
0.C218  0.0329 0.2110
0,€218  .C.0410 0.2110
C.0218  (0.0429 0.2119
6.0218  ©0.0718  0.2110
0.c218 . 1175 C.2110
0.0218  0.14C4  0.2110
g.c218 €. 1716 .2110
0.0218  0.18¢1 0.2110
C.0218  0.2CS0  0.2110
0.0218  0.2423  0.2110

VMAX

-1.9273
1.0929
0.6317
1.7083
1.6391
1.9998
2.3253
2.6005
2.4501
2.5302
2.5002

0.13255
~0.0874
2.1620
0.7249
0.5568
l.1643
1.2407
1.8397
2.0756
2.2169
2.0997
2.2258
242243

TTS

1.4636
0.2080
0.0550
0.4912
0.34%55
0.4133
05441
D.6368
0.5134
0.5159
0.4510

0.0052
0.0389
1.0582
0.0748
0.02¢62
L.15632
0.1523
0.3138
0.384¢
0.4011
0.3287
0.3555
0.3217

RET

1242.20
2157.72
2901.58
3626.37
5724.45
8920.59
12018.65
14879,.,48
16214.81
18312.8%
213864 .64

195.01
T09.59
2102.35
3617.87
3761.73
44B6.52
6584.59
10730.74
12878.381
15739.82
17074.95%
19173.03
22224.79

REZ

T163. 66
T998.53
8833.39
8052.38
8564.07
912%.63
9210.42
9425.87
9775.98
1001 8.35
10530.05

4120.80
4515494
5343.86
&077.70
687,99
CTT.TOQ
4£4T2.84
6623.38
6717.46
6962.07
T244,32
7376.04
TI52.36

_'S8_



TABLE 4:

TLCPE OF FLUME

DENSITY CF STMULATED GRASS
FEIGHY OF SIVULATED GRASS

0.0301
0.0322
0.C2¢4
0a.C491
£.C530
0.0581
0.0565
C.0680
0.078&2
C.0973
0.1133
G.12856
0.1455
0.1708
0.1271
C.2297

DuW

c.13¢g¢
C.lell
0.1670
Ce2li40
C.224%
0.22320
C.2850
0.2318
C.25C0C
Ce2290
0.2520
0.25580
C.2580
0.2550
G« 26E0
C.2740

SLCPE CF FLUME

CENSITY CF SIMULATED GRASS
FEIGHT CF SIFMULATED GRASS

C.C2ED
c.0301
c.C322
0.C3&4
C.0491
¢.C230
C.C5:1
C.C&6¢
Q.C&as
£.C752
C.09T3
C.1123
0.12¢¢
C.1455
C.1705
C.1871
C.2257

€.1280
C.1510

C.1690 .

Q.1778
C.z22¢40
L.23¢80
0.2320
¢.2730C
C.2400
0.28450
0.2490
C.2570
6.2610
0.262¢
C.2780C
0.2720
£.2800

Continued

[ I |3

vMP

C.3474
C.3474
C.3474
Cal3474
C.25274
C.3474
C.2574
C. 3‘{\‘?"‘?
0.3474%
C.3474

Ce3474 7

C.3474
C.3474
C.3474
£.3474
Ce3474

L.3228C
C.3280
0.3280
C.328&C
0.3230C
C.328C
0.3280
C.328C
G.2220
C.3280
C.2280
C.328C
0.32€¢C
0.3280
C.228C
C.3280
£.3280

Co04CCET/FT
1224.C0CQELADES PER
0.1378FT

GS ey
C.0242 0.0059
0.0242 C.0C80
0.0242 0.0122
CoC242 S.C248
0.0242 £.0282
CaC242 0.0319
0.0242 0.0427
CaC242 0,0433
0.0242 0.C539
C.0242 C.0731
CeG242 €. (891
0.0242 G.1024
C.C242 £.1213
0.0242 0.1463
G.0242 8.1629
0.C242 C.2055
0.C350FT/FT

1224.CCCCELADES PER
0.1373FY

c.0229 0.0G31
G.222% C.0C73
C.022¢9 D.C294
C.C229° €.C135
0.0229 0.0262
0.£22G g.0z202
C.L226 C.C2323
0.C229 0.04%41
0.G229 C.4E1L
0.0229 0.0553
C.0229 C.J7a4
0.G229 0.0%90C5
C.C2259 C.1038
C.C229 0.1227
Q.0229 0.1476
G.C0223 C.1843
0.0229 0.2069

SQ. FQOT

CX

C.1378
C.1378
0.1378
C.13273
L1378
c.l378
0.1273
0.1378
C.1378
2.1378
C.1378
0.1378
C.1278
S.1378
0.1378
0.1378

S$Q. FOOT

¢.1273
C.1378
C.1378
0.1378
0.1372
C.1378
C.13278
0.1378
0.1278
C.13273
g.1378
0.1378
0.1373
0.1373
N.1373
0.1378
0.1378

VMAX

23.0086
1.6113
1.2454

«545G1
C.5448
0.6126
C.5355
0.7519
C.7409
1.1358
1.1381
1.3383
1.5356
1.7323
1.8774
22477

12.171%
~1.3420
0.8285
0.7782
C.4559
GettTés
Ce 5644
0.4864%
0.6932
C.5574
1.0334
l.15¢3
1.2758
1l.4942
1.6715
1.8276
2.1524

TTS

13.5330
0,4269
Q.2129
0.C0154
0.0138
0.017%
0.010%
04,0247
0.0210
0.C520
0.0541
0.0601
D.0858
0.1051
0.1216
C.1691

3.7671
1.1118
D.0864
N.0581
0.0114
0.0093
0.0138
0.C080
0.019¢6
0. 0069
0.0410
CaC450
0.0583
0.0798
0.0%54
0.1129
0.1508

RET

543,37
T34.11
1115.57
2279.05
2651445
2527 .55
3519.35
4014.73
4649 ,33
57C4.G7
8172.732
G293.43
11129.10
13417.61
146463,79
18853 .84

2B7.44

668431

35G.65
1241.11
2404.59
278£.59
3053.09
4044 .50
4140.27
5074.87
5829.61
82%2.25
9518.9%
11254 .64
13543.43
15069.32
18979.36

REZ

4398.71
5131.83
5323.03
&6821.19%
7129.93
T108.06
8255.5E8
7363.05
T968.,48
7618.05
8Q32.43
B128.05
8223.67
B446.80
8542.42
B732.867

4132.13
4543.27
5084.3%
5325.55
6739.58
T16G.91
6930.39
8213.68
7221.C9
8544,95
T491.88
7732.58
TE5Z2.93
7883.02
§l23.72
8l832.90
8424.60



TABLE 4:

SLGPE CF FLUNE

DEKSITY COF STIMULATED GRASS
HEIGHT OF SINMULATED GRASS

0.0229
0.0301
g.0322
0.03e4%
0,0451
0.0520
0.C551
CeC€65
0.0680
0.0782
0.09732
0.11323
C.1l2&6
G.1455
0.1705
0.1871
C.2257

SLCPE CF FLUNE

DENSITY CF SIMULATED GRASS
HEIGHT OF SIMULATED GRASS

0.c208
£.0229
¢.0301
C.C322
C.C3¢&4
C.0451
f.G8z0
G.0z261
Ge €669
C.CERD
0.07T32
C.C973
0.1133
Q.125¢&
0.1455
0.17C8
C.1871
C.22¢7

Continued

OwW

C.1380
C.1&70
C.1280

-« 1930
C.2420
C.2570
0.2430
0.2500
0.2420
Ce2550
0.2:19
C.2670
Ce2&GC
0.2710
€.2730
C.2810
C.2850

C.1330
G.1550
C.1820
C.zo010
C.2110
0.2620
Ce274C
0.25&0
0.3120
02600
0.3150
0.2740
G.2760
€.28C0
G.2280
C.25C0
C.2660
€-3000

it W

vMPe

C.3558
0.3558
C.3556
0.3558
0.3558
0.35¢58
0.355¢8
0.3%¢58
C.3558
C.32558
C.3558
C.Z558
Cv35E8
G.;U:l:

-

C.3528
C.35538
C.3538

£.3211
0.2211
0.3211

£23211
G.3211
0.3211
€.3211
C.3211
C.3211
0.3211
0.3211
C.3211
0.3211
C.2211
0.3211
C.3211
0.3211
0.3211

CoC3CCFT/FT
1224 .CO00BLADES PER SQ.

0.1378FT

Qs CT
0.6248 ~0.001¢%
.0248 CallCE4
C.03248 0.0075
C.C248 C.Cll6
0.0248 0.0243
C.C248 C.G283
C.0248 0.0314
C.C248 Q.04522
0.0248 00422
G.0248 0.0534
C.0248 t.07:25
Q.0G243 0.0886
CaC248 C.1019
0.0248 0.120C8
C.C243 G.1457
0.0248 D.1624
0.0248 C.2050
C.025QFT/FY

1224,CC00ELADES PER
0.1278FY

£.0223 -C.001%5
0.0223 0.0005
g.0222 C.3278
0.0223 8.00%9
C.C0223 C.Cl41
0.0223 Q.0247
0.0223 | C.C3207
CaC223 C.C0328
C.0223 0.0446
0.0223 0.0358
C.GC223 C.£750
0.0223 0.0310
C.0221 G.1043
C.C223 0.12322
C.C223" 0.1481
0.6223 C.1648
0.0223 C.20T74

SC.

FCOT

Cx

0.1378
c.1378
0.1378
0.1373
0.1378
0.1373
C.1373
0.1378
0.,1378
0.1378
Q.1378
G.1378
C.1378
0.1278
0.1378
0.1378
0.1378

Fcar

C.1278
0.1378
0.1378
G.1378
0.1378
C.1373
0.1378
C.1378
C.1278
0.1378
0.1378
0.1378
G.1378
£.1378
C.1378
0.1373
C.1378
0.1378

VMAX

=T+3246
0.5521
C.2913
0.3955
0.3648
£.351232
C.4655
0.4059
0.46066
0.4953
C.8920
1.Cc299
1.18635
1.3526
l.5285
1.6756
1.9871

~-5.6885
0.1645
Ce3340
0.2794
0.3270
0.3256
C.3356
Cuo42584
C.2680
0.5658
0.4405
C.31%9
C.S78&3
1.0350
1.2035
le4284
1.5167
1.8554

TTS

1.3714
0.0418
0.0C&3
C.0l06
0.0054
0.0048
0.Gnaz7
0.2051
0.Gl4%2
0.0073
0.0285
C.0358
0.04%65
C.0524
C.0764
0.0919
g.1235%

C.9158
0.G250
9.0088
0.0047
0.,0057
0.C038
0.0038
0.0070
0.06129
0.0116
0. 0354
0.0225
0.C317
0.0383
0.C455
0.0633
0.0700
0.1031

RET

~172.98

494 .59

6B5.23
1066.79
2230.27
2592.67
2878,717
3870.58
3955,55
4900.55
£655,29
8123.54
9344 .64
11C50.32
13365.13
14895.00
18805.04

~141.43
49.31
7le.88
207.61
1289.08
2452 .56
2814.95
3101.G5
40%2.87
4188.23
5i22.82
6£877.57
8346.23
G566.93
113C2.61
135%91.41
15117.28
15027.33

RE2

4504.27

5450,82
6136,25
6299 .45
7898. 80
8388.39
7931.43
9465.50
8054.63
9628.70
8518.95
8714.78
87£0.04
8845.34
G106.46
$171.74
9432.86

406571
46B%4,.40
5450.41
5921.79
6216.41
T718.95
8072. 50
T542.18
9192.04
7660.03
9358.27
8072.50
3131.42
8245,27
8484.95
8543.88
8720.45
8838.50

—1g-



TABLE

SLCPE CF F

DENSITY OF SIMULATED GRASS
SINULATED GRASS

FEIGHT CF

0.0187
0.0229
¢.0301
0.0322
C.03€64
0.0491
0.0220
0.0561
Ce L6653
0.C&8D
g.C782
0.0573
0.1132
0.12¢6¢
Ga.l45%
C.17¢CsS
0.1871
C.22%7

4: Continued

LUME

Dw

C.12230
C.1l820
C.2080
0.2120
Cv2240
0.28&0
C.2540
C.279C
0.,3370
C.2820
00 3-’!-30
G.2870C
0.25810
C.2970
¢.3080
C.2120
C«3160
€.3230

U uu

VMP

Ca.Z2432
0.2432
C.2422
0.2422
0. 2432
C.2422
0.2422
D.2422
C.2432
0u.2432
D.2432
G 2432
0.2432
C.2432
0.2432
C.2432
0.2432
0.2432

C.C2C0FT/FT

1224,00C0EL2CES FER SQC.

0.127BFT

as

C.0L&S
0.016%
C.ClE9
C.C0166
CaClés
0.C1l59
C.0159
0.01¢&9
0.01l49
C.C159
0.45149
C.Cl&s
0.01E9
C.Cl69
C.G0Lle9
C.0l6%
C.CléS
C.0169

QT

c.qc1l8
0.00&0
C.0132
G.Cl23
C.C1%5
0.0321
0.03261
cl "392
0.0500
C.C511
0.0513
C.CE04
0.09€64
C.1C57
C.128¢&
0.1536
€.17C2
0.2128

FcoTv

DX

C.1372
C.1378
0.1378
0.1378
0.1378
0.1378
C.1378
€.1378
0.1378
C.1378
c.1378
0.12738
0.1378
0.1378
C.1378
0.1378
0.1378
0.1278

VMAX

£.9576
G.2815
C.3250
C.3121
0.3217
0.3189
0.3275
Ce&lls
0.3548
C.5106
0.4202
0.7213
£.9205
1.0625
1.0893
1.2687
1.35683
1.6381

178

1.2410
0.Q087
0.0058
0.0047
0.0044
2.0032
0.0632
0.04a55
0.0N33
0.0083
0.0046
0.0198
C.C243
0.0304
0.0345
G.0460
0.0529
0.,0741

RET

164.55

546,.C1
1213.58
14C4.32
1785.79
2%49.26
3311.66
3597.76
458G,57
4684 .94
5619.54%
7374 .29
8842.94

10063.64 -

117939.32
14CE8.12
15614.00
16524.04

REZ

3578.80
4060.45
4640452
4885.93
5220.58
6280.71
6643.43
6224 .54
7512.53
6358.40
TE52.3%
6403,02
6492.26
626,12
6871.54
6960.78
7050.02
T206,.18
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V. CONCLUSIONS

The prediction of the hydraulic resistance to flow due to
various vegetation is a‘complek probleﬁ. Through this study
some progfess has been made toward a better understanding of
hydrauiic properties of flow through dense vegetative covers.

A close review of the experimenhtal data plotted in terms
of n vs. VR as proposed by Ree and Palmer revealed that these
relationships vary with the bed slope in the region of low VR
values. The dependency of these curves on the bed slope, how-
ever, is more pronounced as stiffness of the vegetation blade
increases and for real grasses this dependency is believed to
be not very apparent.

By examining the data through the V/VS vs. ln A/A, plots
as suggested by Kouwen and Unny, the same conclusion was reached
that the universal velocity equation is applicable for flow
above stiff vegetation. However for flexible vegetative media
the universal velocity equation may be applicable only when
the vegetation blades do not oscillate with moving water.

In advancing the concept of using drag force as a means
of explaining the hydraulic resistance it was found that the
coefficient of drag, Ra, of the vegetation blade varies contin-

nously with the blade Reynolds number to form smooth curve for
N, R

YS
o)
the Reynolds number a single smooth curve representing various

each vegetation density and slope. When was plotted against
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blade stiffnesses, population densities and channel slopes
was obtained.

In analyzing flow retardance for submerged conditions based
on momentum egquation it was found that different approaches
are needed for describing various force components for different
blade stiffnesses. For flexible vegetative cover a wavy bed
is formed by the bending of blades which separates the flow
regime into two distinct regions thus a shear force due to top
of blades is present. This force in the case of erect stiff

vegetation is included as part of the drag resistance.
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NOTATIONS

total flow area, L2;

flow area blocked by vegetation, L2;

bed area, L2;

base area of one element, L2;

projectional area of blades on bed, L2;

cross sectioned area blocked by vegetation, L2;
total boundary area, Lz;

distance from sidewall to blade, L;

constant of integration;

cross sectional open flow beneath vegetation, L2;
diameter of wires, L;

constant dependent on density of vegetation;
constant dependent on vegetation stiffness;
average height of simulated grass blades, L;
number of blades per unit area;

measure of blade unevennwaa, L;

depth of water above top of grass-s;

flow depth, L;

depth from channel bed to point where logrithmic
profile begins, L;

modulus of elasticity, F/Lz;

force due to bottom shear, F:

drag force due to grass, F;
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FtS = force due to shear at top of blades;

Fws = force due to wall shear within vegetation, F;

Fwt = force due to wall shear above vegetation, F;

f = Darcy's roughness coefficient;

fk = local friction factor;

gp = average gap distance between two adjacent blades in
a row, L;

h = height of elements, L;

h' = distance from sidewalk, L;

I = second moment of area, L4;

J = measure of flexible rigidity;

k = universal constant for turbulent flow;

kS = measure of soil roughness, L;

L = length of section under consideration;

Lavg = average projected width of a blade, L;

L3,L4= WS sin 45°, L;

N = number of elements;

N' = average number of blades in a single row across flume;

Nb = number of blades in ¥w;

n = Manning's roughness term, Ll/s;

ng = Manning's in value for the portion of flow above
vegetation, Ll/G;

n, = Manning's in value for the wall, L1/16;

p = hydrostatic pressure, F/L2:

Q = total discharge, L3/T;

QS = total discharge below vegetation, L3/T;

qa = flow rate in gap between wall and first blade line,

L3/T:



R!

RH
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flow rate below the vegetation per unit width of flume,
L3/T;

flow rate per unit width within grass, L3/T;
discharge over the top of the blades per unit width
of the flume, L3/T;

hydraulic radius of flume corrected for narrowness
of flume, L:

hydraulic radius of bed and wores, L:

hydraulic radius, L;

drag coefficient for blades;

Reynolds' number;

spacing hydraulic radius, L;

hydraulic radius in region about grass, L;

slope of energy line;

slope of flume;

spare between siﬁulated vegetation, L;
dimensionless factor defined as ratio of sum of areas
occupied by element base and zone of separation to
base area occupied by elements.

blade thickness, L;

average velocity at top of grass, L/T;

velocity at depth y, L/T;

shear velocity, L/T;

velocity in viscous sublayer, L/T;

velocity at limit of wviscous sublayer, L/T;

volume of blades in ¥w, L3;

volume of water in L, L3



Vm

vm'

V(h')

V{y)
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mean flow velocity in channel, L/T;
mean velocity within vegetation, L/T;

assumed velocity from & to Dy’ L/T;

mean velocity in the regions above the vegetation,

L/T;

velocity distribution in horizontal, L/T;

velocity at depth y for non-submerged case, L/T;

weight of water in control volume
channel width, L;
blade width, L;
normal depthof water, L;
distance from bed, L;
intercept on y axis where U(y) = 0, L;
parameter of profile shape of plant unit;
boundary layer thickness, L;
viscous sublayer height, L;
specific weight of water, F/L3;
k Vp'

parameter = v, + Ln(D_.);:

angle of flume from horizontal;
density of fluid, F - T2/L4;
viscous shear;
bed shear;
total shear resistance to flow, F/LZ;
vegetative roughness shear, F/Lz;
501l roonghness shear, F/Lz;

2

local shear stress, F/L7;

average shear stress per unit area of boundary,

T/L™;



ts

ws

wt
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shear due to tips of blades, F/Lz;
wall shear within vegetation, F/Lz;
wall shear above vegetation, F/L2;

dynamic viscosity, F T/Lz;

_kinetic viscosity of fluid, L2/T.
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APPENDIX II

COMPUTER PROGRAM
USED IN THE ANALYSIS



OGO,

Oy

LS
iU

YOUR New FORTRAN STATIMC

INTEGER CASE

”:‘\FAL LA VC,I\‘jr\d ,\l 1]\:T1i1U NU!I\IGTR

DIMEMSICH FOQULOIFOHIAT) ,FVAYGL GO ) FUMI 4G, F
)9_

NTSy WITH NUMLFRS KF-CURDERED,

(FRET(4C),FREZ (4C) 4 FCDGSG(40)

Co
“NDUCTED G FLOW THRCUG

READI By 1G30)SC90SGyHEG,CASE
IF(SD el EcCeG) COTCASO

CEFINT CONSTANTS

=0
J =
RHI=1 5264
MU= 0060211 2
NU= 00001 0%
CHM= &7 &
Fl=e
NZ2=eCl4
u! k..— c“" a1

CC=0 G0
ACCYZDoOGCCl
TTS=060
ACY =0 001
RK=20500000¢
LWl =060
IF(CASF cCQ1ICGRTC20
IF(CASE B0 2)CETR20
WRIT (&510CG)

VEGZ TATICN CCOVEREDR FLUME

FORMAT ('3 DATA IS FDOR LEAST STIFF SIMULRATED GRASS WITH

TS=0002
US=c1 278
DSR=0G65
GCT40

ARE AS FOLLDWS

VRIU4LC)Y, FSVIAD)Y, FYRT (40

NO{LC) yFVRPTIAG) s FCUL A0y FSNCGSLAQY 4 FREL(4L0) 4 FREF (40),FUSTARI 40)
s FRTUAU Yy FOTLAC )y FVMT (S0 3 FARTLLO Y 4 FRETR (4D ) ,FNSTR{40),FSYSTRI4C),

(rV“(TRl40),FVhT\(4“},rUX(4L),rRLT(AG),FVHAX(LO),5TTS(QG),FQS{40),

GETHERED DURING THE EXPEREMENTS

L |
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LISTING OF RENUMBEKED PRDGRAM

WRITE (6,1C18)
CRMAT(*] CeT2A IS FOR
TS=eC OB

[..\—-odll

DER=,02266

GCT04 0

WRITE (&,102C)

FGrRMaT{Y] DAT2 IS FOR

TES=c0037

Liy=e3 92

ODSR=000095

COMPUTE WIDTH HLCCKED BY

&40

COMPUTES AVGe MUNARER OF 3

REA

g0

MECTUM STIFF SIMULATED GRASS WITH :v)

STIFFEST SIMULATED GRASS WITH ')

BLADES WITH AVGe

LAVEG= ( (oSt TSH 261 ) /e /1 26

Cap=t (LY ALEC YR B) /20
STRUE (0dl 1/ (LAVG=GAP ) )
A=GAP /2 ¢

WES STRW =L AV (G

C OIN DATZ

READUS,1GE0)0,00
IF{0cLELDOIGOTO2 40

GPE=G/wC

CuMPUTE L.EA,ﬁip BLRCKED
FOR NON=SUBMERGED FLOW GO

&C

HCP =S TRW=EAP

IF (DWaGTDSY GO TS &0
GOT (1 &0

AE=DS%W 3

DT=Dw=0%

VavE=0/ ({ {eaB i=whb IS
RT=0c ExW

LC=WC

LAP=A{) (230750 8GATS)

o Y=L AVG

LADES SNy IN ONE

BY VEGETATICON
T0 90

+(CT* 481 ))

FROJECTED WIDTH= ,0148/STRA

FOOT LENMGTH OF THE FLUME

PAGE

-001-
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LISTING OF RENUMBERZD PROGRAM PLGE

V= WE LS

VS= 1 SUBCTADS CaDL%TS

KMTS(DT/RTH5{ 10 /30 1k o4 5% (N1ANT <M 22N2 )
TV=2¢6 54 (DT*ALCCADT/DSRY=DT)

IF (‘Cﬂ_uu ]cllc#&?c(ﬁlcaTuu ) VNP=VMP]
IF ‘(Cﬁc:vJTfa}oA\Dc(uNcblQDS) GO 70 232¢C
TEV=RHO*WI/ TV /TY

PAJ=DS*uM”“C*LAVa¥QHE/20

SLE={ Ze#MU/ (GMFSC Y)Y >

BWA=ROP /WC

COCMPUTE CONSTANTS IN MOME NTUM EQ UAT;CN

XO={{ WC AP)*DQ+ET%JC—“*DS)*ﬁN4QJ RNTH(Q/WC/DTI+%Z (=TRVH(Q/WC)I* %2,
Xl=2c?Lb“VU/ “RNTHZ2 o # AWRHQADE/WC/DT/OT TR 2% (2 WR A5 S+DT } /WC
X2=ANTHEWRFDS/DT VA% o+ ((BRWRRDS J¥R 24D THADT+2 #DT*BUR * *DE)=TBV
XO=RNTH(SWAaRLC/IT/ 2242 o+ (BLCHBWR /2 )Y ¥ & 24T RBY

&= phD*RK*(gAVu/\U}**{-lLBﬁE,

KBz (W0~ AP Y% (2 o MURGME SR ) Fd 5

IF {(CELELEGT o1} XE=2 ¢ # X5

KE=rHTHRLCHEWR% (52 /WC/TT/DT/ 3 6+2 % TRYRALCHRWR D /2 /0C

XT=RXINT 2L WR M HWRZD SH 26 /DT/DT /3 o= TRVABLCHRWR = (BHRXNS+DT ) %2/ 3
VARIANLE EFC'EA:PNT METHS TS FIND wup
STATEMENTS 2Ci,+01 AND 501 ARE FQR (N2CD/GM/SO)=CONTVALUE OF 108
VMP =z, }
OViP=:01 -
T0 IFIVERPGEDS229)Y GOTORE .
CRESEX Q=R LAV =X 2R UMP P = XFIH{VMPHEZ J= X4k (VMPHK 152 =XEx (YMP %% 5 )X
(OH(NIPEFL (B ) XTHR(VUPERD (&)
COTOS0
BG SPFL=XG=Xinvye XZ*VMP*VMP—XB*(\HP**B)—IOB*PAD*VMP**Z—XE*(VMP**nE)*X
O VAPl (5 a7 (VP2 (8) '
SO IF{ AR SURES) LI ACCIGUTR220
IFIRES LT &2 C) GOTCLCO
VMP = MP VM P
COTET0
10U VP&=VM”—QV’P
Lieymo o (\JC-‘
11C vME=VMELDDYMP

TR(WAP LGS 05 229) GOTOL20

~10T-
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LISTING OF RENUMEERED PROGRAM

RFS:XG“Xl*VMP‘XZ*VMP*VMP'XB*(VMP**B)-X4*(VMP**o152)'X5*(VMP**.S)“x
{odlVMPR%T (8 ) XT( VMP X2 (5 )
GOTCLEC
120 &EszxO—Xl*VMP-XZ*VMD*VMP—Xg*(VMP**3)—108*PAU*VMP**Z-X5*(VMP**&S)-X
(03 (VAPR%RL (3 )wXTH(VYMP®%Z o8 )
130 IFLARSIRES) L ToACCIGOTR220
IFIRESLTCl)Y GOTCLI40
GLTGY1G
140 vMBEsSUMPOOVME
LoLYRP=0 0001
150 vMP=YMP L DO VMP
IF{VMPGEolaZ229) GOTO &0

(CF{WMPRR] o8 J=XTR(YMPRSD L)
GGTC: 7¢

160 RELS=XO0-XIKVNMP =X ExVMP*VP=X3%{ VMPEX3 ) =108 #PADEVNP %D =X 5% (YMP %% & )=X
(o VMpPa%] o5 )= X7 #(VIPH&2 (8)

17C IF{ARSIRFS) LT _ZCYGOTOZ30

SAFETY velLVve
TF(RES LT 06l ) WRITE(Ey1040)0,DW
IF{REScLT0L0) CLTOSO
GG TC 154

COMPUTE MEAN VELCCITY, VM, FGR NON-SUSBMERGED CASE

160 AR=DURWE
DCOUNS=(L({IDEE 94 ) %5 5 1% 4B )=1 o J%GAP ) +4 Y4DUW
VM= (0= ({ A% %3 ) %42 4SO 20N/ (L XxMUY ) I/DCONS)
TMD W= VMDY
VM P= i
VP =M+ DYMPE
CONS= {2 *MUZE 204/ 50) %% B/ 3 ¢
190 DVNP= (5%DVIAE
VM2 DW= D~ ( VMPH% S ) RTOHNS Y Ry MP
IFCAESIVMPIW-VNDA) e GTLACCYIGRTR 206
GC T 2zZ0
200 IFIVMPOWGT <VMIWIGOTC210
GOTOZ 20
210 YMPzyMR-DVYME
GOTCl s
220 VMP=VMP 4D VAR

PLGE

A

~Z0T-
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LISTING OF RENUMREERED PROGRAM

CTOLS0
CETERMINE SAEAR VelLGCITY Ux AND ZERD DISPLACEMENT DISTANCE DX

230 BLTI=(VMPRZ ¥ U/ L7 o4 /50) %% o5

ST (2L T/ 20 )=l {E264%SOR(BLTH%2 () )/ {12 o%MURVMP) })

I (DWelEelS)Y GOTO 220

RE:=WMPXL AVE/NY

L= {OMESOFRRKF (REL®% (=) 848Y 1) /SH

IF (VMP ¢CECoE229) CO=20R¥GM®S0 /SN

V¥R 1z VAP

AS=VHPHDS—( {VMPER] (S 2 { (2e%MU/62o4/50) %% B) )1 /3,

IF (CASELGT el ) aS=uS=((VMPH%] B )¥( (2,%MU/E2 o4 /S0D V%% ,5) ) /3,
VI /WCY - SR BOrP/AWE

VM= O/ WO DT +BOPAGS)

VMT = T/DT

RET=VMTHDT /MY

IF {CASELCT LYY GC TC 290

VET AR =0 0G5

OVSR=0, 0L

VETAR=YST AR+ VSR

EEP=VME/Z e S/VETARFALTG(DSRY

GTINT=VETER 22 S5 ([DT+EXP(EEPI)®ALCGINTH+EXP{EEP) ) =DT—-FEPXEXP (EEP }=D
{(THLLNG{DSRY)
IF{VETAERGT c2 ) GOTO &0

[pN]
I
o

SAFETY VELVE
iF (ABS{OTINT=0T e LToACY) GOTO3GO
IF{LTIMNTLGEYTOQTY GO TO ZEQ
" GOTGZ240
250 VSTAI=VETAR-DVSR
IVERI=00CL
260 VETAR=VSTAR +DVv5SRY
FEP=2VMPA/Z B /VETARFALDG(DERY)
WTINT=VEITARSZ a2 % ({DT+EXP(EEPY IR ALOGIDTH+EXP(EEP)Y ) =DT =EEPXEXP (FEP )=D
(T*aLCGLDSR))
IF(VSTARGT ¢Ze) GOTD 50

SAFETY VALVE
TE (ABS(RTINY-CTYLTwACYY GOTO300
TFIQTINToGTRQT) GO TG 270
GE TS 26C

PAGE
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LISTING CF RENUMBERE]D PROGRAM PAGE &

VET AR =V ET AR =D VS RL

DVSR2=C «0CC1

VSTAR =V STAR+DVER?Z

EEP=VMP /2 o5 /VETARFALGGI DSR)
GTINT=VSTAR*255*((DT+EXP(EEP))*ALOG(DT+EXP(EEP))*DT—EFP*EXP(EEP)-D

(T*aLCGIDSRY)

SAFETY VaLVE

290
300

314

IFE OTINTeOToOT) WRITE (64,1060)C,DW

IF (QTINTGTLCT)Y GO TU 50

IFIVSTARGT 2 0) GOTO ED

IF (ABSHCTINT-QT) LT ACY) GOTO3CO

o T ZEC
VSTAQ=(Q—ECP*(VMP#DS-Z*SQRT(Z*MUIGM/SO}*(VMP)**(3;/29)/3})/WC/TV
USTAR=VESTAR

TYSSUSTAR®% 2% R0

IF {CASEeGT ol ) UMAX=Z Z#VSTARBALOGIDT/DSR)
CX=D%

IF {CASEeGTel) GO TOQ 310

CX=DE~EXP{EEP Y}

IF (DXelTcbe) WRITE (A41GT7C)0,OW

IF (D0XebTe0eC) GG TG 50

VMAX=2 5% VETARERLOC{ (W =-0X ) /OSR)

RI={URT*A{ T /3 ) I*¥TTS) /{0l SHGMAVMTHYMT ) Yk B
GSCH=QS*R0P

GTCH=QT*WC

=y01-

CGMPUTEﬁ THE VALUES OF SHEAR RESISTANCE FOR THE WALL AND POTTOM

320

TES(MURVMPAED 4 %80 ) % 5
T (MURYMB/ L) +{ L%E52 o &%50/ %0 )
VAV G=VM

COMPUTF VALULS FOR KCUWAN aND REE-PALMER PLOTS

RE{ {OWX 48l J=ZedDWR{{VAVEHcCL2/ (L c4BOX{SO¥% 5} ) )%%{3,/2:))) /0481
NC= (1 4B /VAVEG)R(RESR{ 26 /3¢ ) IX(SOEX5)

SV=A{ 22 2R ¥FS0) %k 55 )

VRT=VAVG/SY

AR=DW* 481

ART=4LCGL AR /AL)
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LISTING OF RENUMEERED PADGRAM

VR=VAVG*R

USE HYDRAULTIC RAGIUS BETWEFRN BLADES X NUMBER (OF RLADE PER

OF CHANNEL, SPFW, 25 PARAMETER

SPRW={DSGRI 44 o) w80 &
RSTR=DW*EAP/{ GAP+2* DI ) SPFW

IF (DWeGTeDS) FSTR=ZDWAHAGAP/{GLP+2%DS)¥SPFW
METR=14BEXF (RETRI 2% {2 o/ 3a) XS0XE 05/ VAVG
SVSTR=({ 32 o2 =R STRESO )5k 0 o5
VRTSTR=VAVE/SVS TR

VRETR=VAVGEHRS T

IFIOW oGCT DS )IGIT 0320

CCMPUTE CD FOR HOR=SUBMERGED CASE

Vidz e L 8L %RDY

V° {1a5C207&DSGaNNATS)
=YW=V

iP=lob$’CT*LSG 15

0X¥=060

PECE 77

UNIT WIDTH

-G0T~

CO={VH*E2aa*SO)—TBH( LRI=AP Y= (2HTWHDWI ) /({SNF SETEHLAVERDWRY MEYM Y

VM= 1=VvMp

COMPUTES REYNULDS NUMRER USING FIRET THE BLADE WIDTH AND THEN THE WAT

£5 THFE CHARACTERISYIC LENGTH

30 RELSVMPHLAVG/MU
REE—V“P*uﬁIhU
REF=VMP %*G AP /NU
GilPUTe S A VALUE FOR  CD/{GAMMAXSLOPE)

COns0=lD/{GMxS0)
SENCGS=( ENRCO) /(L CMWES0)
I={+}

FQ{I)=GPF

FOALT ) =0

FART(I)Y=ARY

Fys(I)=vM
FVAVG (T )=VAVE

FVRII Y=y



LISTING OF RENUMBERED

FSV(T)Y=Sv
FYRT{IY=VRY
ENC (I )}=NRC
FVHP( 1)} =sVvMP
FCO(I}=LCh
FSRNCAS(I)=SNCCS
FCOGEO(I)=CLGen
FREI(TI)=RF1

EVRTS {1)=VIT$TR
FEBLT(I)=6LT

TE{ O o LF DSYGITOSE
FTISCIN=TTYS

FOx {I)=0Cx
FVRAX I Y=V R X
FRET(IN=RET
FUSTAREIY=ULT £k

FNT{I)=NT

FOTITy=0Y

FCS{T I=QS*E0P/AHC

FVMT(I)=VMT

GHTOE0

K=l

1=C

DSGF=DSG%14L .
"WRITE {(4.108C) SO

WRITE (&,10°0) DIGF

WRITS {&,31780) 0¢

WRITE(&4,1100)

HRIT:(bylllc)FU(I)gFﬂWlI)gFVAVC(I),FVR(I),FNC(I),FSV(]),FVRT(I),FA

Izl +1

(RT(1}

IF {1eGEeK) S0 70 360
GCT0Z 54

I1=0

WRITE (6, 108G)Y &0
WRITE (&y1L00) DSGF
c

WRITZ (&,13170) O

PROGRAM

PLGE

8

=90T=



LISTING NF RENUMEERED PRGGRAM PAGF

WRITE: (&41100)

270 1=14}
ARITE (&3 ILIGIFQUIY SFOW Ty FVAVGLI), FVRSTR{IDYJFNSTR(TI) 4FSVSTRI{TI),
( FVRTS(IY4FrRT{ 1)

IF{TIGEKIGUTLR G
GG TO A7C
380 I=
WRITE (6,108C) 80
WRITE (&410G0) CSGF
WRITE (£,117CG) DS
WRITE(E41120)
S0 IFIFOWITY oGT oRNSIGOTC4 00
WRITE (& LIZGIFO (T ), F“N(I),FVNP{T),FBLT{I),FCOtI),FSNCGC(I) FREI(I)
(y Fth‘(I) Fhiez (T )y FCOGSOLTY)

I+l
IF{IGGTﬁK)GUTolo
GCTC340

400 JJI=]

WRITZ {(&41080) O
WRITE (&,1060G)Y DSG
WRITE (641170 08
WRITE (Lol 140)
410 Nthr{uy-IZ’)Fﬁ(;) FOWCT) oFUMP LT FBLT(IYyFYMT(T) ,FCD(T)4ENTII)
{ FUSTARII)sFREF(I)LZFRETI(I)
.j':.‘]-inl
IFIIeLE «KICET R4 10
WRITE {6y 1G€G) 30
wWRITE {&41090) DIGF
- WRLTE (6y117(G) DS
’\’\QLTL{’),]I“‘O}
I=32-1
+1
Floyil00IFU I s FOWIT) s FVIMP L) 3FQSII)ZFOT(I) 4FDX(TIY,FUMAX(TI),
{ FUITSHI) W FRETLL)LFREZ{T)
IF (Il sLTeK)Y GOTO 420
GCIGLo
103G FORMATI3F1G4,18)
164G FORMAT (/% FOR U=V, Fhobhy "D 3 Flody 'VMP CANNCT BE FOUNNDTY /)
1650 FOAMATIZFIO o)
1060 FORMAT (/% PR Q=% Foody"OW="3Fheby "TURBULENT SLOW PROSILE IS NODT
{FSTASLISHELD Y/
1070 FPORMAT (/Y =0OR Gy Feoly 'DUW=Y yFlobhy 'DX HAS A NEGATIVE VALUE'/)

420

PN T
AU
et i

-
M

-L01-



YGUR

1060 F#REMAT( 02
1I0G0 FOIMAT(Y
{ocy?)

1100 FORMATL//Y

{ SeVEL ¢

1110 FOXMATISXN,
1120 FCRMAT(//

(#RD/GMxE

1IR30 FORMATIEX 30 Fl (ic@e&F1063)
1140 FOKMAT(O/2Y

{ R

INLEG FORMATIAY ybFLl0eay2F102)
1160 FORMAT{ /70

( oOX
1170 FORMAT(?
420 CONTINUE

STCP

ENG

FORTRAN CARDS HAVE BEEN FUNCHED

OQ5/726/%7

LISTING CF RENUMREKED PRUGRAM

SLOFE 'OF FLUME

LINLITY OF SIMULATED GRASS

Q

/L LN{AZABY O/ /)
FEL1Goh)
L OW
KLl AREF
4 DW
NT U
0 Dyl
V4 X TS

TIME=

DW

REF

RET
HzIGHT OF SIMULATED GRASS

0959418

AS PRINTED

=V Fl0cky '"FT/FTY)

PAGE 10

=V, F10e4,y "SLAOES PER SQe F

ViaVG VR
VMP BLT
RD/GM*:S1//)

VMp BLT
RFETY//)

VNP 0s
RE2Y//)

=%, FlOo"!-’ TFET )

ABOVEs AND ARE

N

RD N

VMT

QT

PART OF YQUR OCUTPUT

-80T-

-~ CeRES 28
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