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NOTATION 

A = channel cross-sectional area, reference area of body in flow 
AI' A2 = cross-sectional areas at sections 1 and 2 respectively 
Ab = area of channel bed 
At = frontal area of object 
Afi = frontal area of i-th object 
Ao = constant 
a = roughness density, parameter 
ao = constant 
ag = gross area 
au. = net area 
B = roughness function 
BH = board height 
b = parameter 
C = coefficient of discharge, Chezy coefficient, constant 
C t , Cz = constants 
Cc = contraction coefficient 
Cn = drag coefficient 
Cd = plant drag coefficient 
Cr = friction drag coefficient 
C1 = retardance curve index 
C1 = drag coefficient of line (tether) 
Cy == loss coefficient 
c = parameter 
c}, c2 = parameters 
cf = local friction coefficient 
D, D}, D2 = diameters 
Dl == form drag on line (tether) . 
d = zero plane displacement, depth, average opening size, diameter of tether 
dI, d2 = flow depth, average opening width or clear space 
E = modulus of elasticity 
e = void ratio 
F = total ground area, resultant force per unit bed area, force 
F = ground area between roughness elements 
Fn = drag force 
FI = friction drag on line (tether) 
~ = pressure force 
Fr = Froude number 
Ft = total resistance force 
:EFx = sum of forces in x-direction 
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f = boundary mixing coefficient, frequency, drag force per unit bed area 
f = Darcy friction factor, other friction factors 
fk = Darcy friction factor at top of roughness, Darcy friction factor due to plants only 
G = submerged weight, canopy extinction coefficient 
g = acceleration due to gravity, angle distribution function 
H = total head 
h = water depth, height of body in flow 
h' = distance from water surface to centroid of channel cross-sectional area 
hI' h2 = water depths at sections 1 and 2 respectively 
hL = head loss 
hs = representative stem length 
I = moment of inertia of cross-sectional area 
j "" groove width 
K = canopy extinction coefficient 
K = coefficient of permeability 
K' = parameter 
Ki• ~+ I .. reaction forces from adjacent elements 
Kv KL' = head loss coefficients 
Km = constant used in Manning's formula 
Kp = pressure drop coefficient 
Ks = coefficient of permeability 
k = height of cylinder or object in flow, roughness height 
ks = sand grain roughness height 
ko = undeflected roughness height 
L = length 
Lj = downward cumulative area index 
LAI = leaf area index 
e = mixing length 
ek = mixing length at top of roughness 
ei = intrinsic mixing length 
eo = mixing length at top of roughness 
Ix. ly = dimensions of roughness element in streamwise and transverse directions, 

respectively 
Ai = length of tether element 
M .. stem count, specific surface. bending moment 
MEl = stiffness 
m = mesh, ratio of bed shear stress to surface shear sttess,number of plants, 

parameter 
mt, mz = meshes 
ms = correction to Manning's n for meandering 
n .. Manning's roughness coefficient, porosity, parameter 
110 = base value of Manning's n 
nl • n2• n3' n4 .. adjustments to base value of Manning's n 
nave = Manning's coefficient for vegetal and soil resistance 
nb = Manning's roughness coefficient of bed only 
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ng = apparent Manning's n for the bed 
nk = Manning's roughness coefficient at top of roughness 
P == wetted perimeter 
PAl = plant area index 
p = pressure 
Il p = presssure drop 
PM = shelter factor 
Q == volumetric flow rate of water 
q = discharge per unit width, specific discharge in porous medium 
R = hydraulic radius, pipe radius 
R' = hydraulic radius attributable to soil grain roughness 
R" =:: hydraulic radius attributable to form roughness 
Rh = hydraulic radius 
Re "" Reynolds number 
ReD = body Reynolds number 
Rex = Reynolds number based on distance along plate 
r = radial distance 
~ = direction normal to canopy element 
~b = channel slope 
Se =:: slope of energy grade line 
Se ' = slope of energy grade line attributable to soil grain roughness 
Se " = slope of energy grade line attributable to form roughness 
Se,plants = slope of energy grade line attributable to plant resistance 
Se,totaI = slope of energy grade line attributable to plant and bed resistance 
SI = specific gravity of line (tether) 
St = Strouhal number 
s = spacing 
T = wind speed variability index 
U = dimensionless velocity 
U OQ = free stream velocity 
Uh = velocity at water surface 
Uk = velocity at top of roughness 
Umax = maximum velocity 
u = local velocity 
u' = fluctuation from time averaged velocity in streamwise direction 
U = time averaged velocity in streamwise direction 
u* = shear velocity 
U*k = shear velocity at top of roughness 
u*crit = critical shear velocity at which roughness becomes prone 
Ul' U2 = depth averaged velocity in horizontally adjacent stream sections 
Uw = wake velocity, velocity at water surface due to wind 
V =:: average velocity, reference velocity 
V I' V 2 = velocities at sections 1 and 2 respectively 
V k = velocity at top of plants 
V k = average velocity within the plant layer 
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Vo ~ percent open water 
V w = velocity at the water surface 
V w ~ average velocity within the water layer above plants 
v ~ average velocity of fluid in pores of porous medium 
v' ~ fluctuation from time averaged velocity in vertical direction 
W:::: weight 
Wr:::: sum of drag forces 
X ~ resistance parameter 
x = streamwise coordinate direction 
"t ~ total deflected position 
Ax :::: length of channel reach 
y :::: outward normal coordinate direction, clear spacing between bodies 
Yo = effective roughness length 
Z ;=: dimensionless velocity 
Z :::: vertical coordinate direction, elevation 
Zo :::: effective roughness length 
zl :::: effective roughness length at free surface, height of lower limit of canopy 
zb = height of boundary 
Zg :::: roughness length of ground material, height of ground 
Zmax :::: height of maximum velocity, height of maximum leaf area density 
Zw = upper limit of roughness sublayer 
a, :::: porosity, parameter 
P :::: Boussinesq coefficient, parameter 
y = unit weight of water 
6 :::: boundary layer thickness, angle, deflection due to applied force, parameter 
€ = eddy viscosity 
, :::: dimensionless height 'm :::: dimensionless height of stress reversal 
a, aj :::: angle 
'K :::: von Karman constant 
'K 1, K2 :::: constants 
A. :::: frontal area per unit bed area 
~ = viscosity 
~j :::: area density function 
~max = maximum area density 
v :::: kinematic viscosity 
v t :::: kinematic eddy viscosity 
p :::: density of water 
't':::: shear stress 
't' b :::: boundary shear stress 
't' bed:::: bed shear stress due to bed resistance only 
't' bD ' 't' plants:::: boundary shear stress due to total. vegetal drag force 
't' g = shear stress on ground between elements 
't' k = shear stress at top of vegetation 
't'lam = laminar shear stress 
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't's ,'t' w = wind shear stress 
't't ' 't'tota1= total shear stress 
't'turb ::: turbulent shear stress 
<1>, <l>j = angle 
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1. INTRODUCTION 
The effect of vegetation is often an important consideration in hydraulic engineering. 
The design flowrate for hydraulic structures reflects the amount of overland flow and 
storage, both of which are affected by vegetal resistance. In open channels, the energy 
loss from the flow through and above vegetation affects the water surface profile, 
which could result in flooding. The velocity distribution, pressure distribution, and 
boundary shear stress distribution are .also affected by the hydraulic resistance of the 
vegetation. Knowledge of these flow parameters is typically needed for the design of 
hydraulic structures. 

The density, extent, and type of vegetation present affect the capacity of water supply 
and flood diversion canals. Canals designed with earth linings can be susceptible to 
weed infestation, which can increase flow depth and lead to overbank flow or 
increased seepage, or which can create flow concentrations leading to increased 
erosion. The Research Institute for Weed Control and Channel Maintenance in Cairo, 
Egypt estimated that 10% of the earth-lined canal length in Egypt is infested with 
emergent weeds, and 50% is infested with submerged weeds (Balay, Gates and 
Khattab, 1992). Grass lining is frequently used in irrigation canals, spillways, terraces, 
and roadside ditches. The condition and type of the grass directly influence channel 
capacity and stability. As with earth-lined channels, weed maintenance plays a 
significant role in channel performance (Temple, Robinson, Ahring, and Davis, 1987). 

In some cases, the hydraulic engineer can take advantage of the material strength and 
flow retarding properties of vegetation, alone or combined with other materials, to 
provide an aesthetic and effective form of erosion protection for stteambanks and 
shorelines (Coppin and Richards, 1990). Reedbanks can be installed to reduce wave 
energy, and willow plantings are a feature of several bank stabilization treatments. 
Above the water surface, properly selected plants can protect the banks from wind, 
raindrop impact, surface runoff, and animal or human traffic. Abt, Clary and Thornton 
(1993) found that grasses can help retain deposited sediments in addition to protecting 
existing soil. It is important for the engineer to mow what effects these and other 
plantings will have on the flow, so that the lifecycle costs and benefits of the 
vegetative protection can be compared to other options. 

Environmental considerations are frequently an important part of hydraulic engineering 
projects. Flow conditions, water quality, and aquatic ecology are all interrelated. 
Each plant or animal species thrives under certain conditions of velocity, 
sedimentation, available nutrients, and many other factors. (Thrall and Banys, 1993; 
Coppin and Richards, 1990). Wetlands play many important roles, such as ftltering 
water, recharging groundwater, and reducing peak storm runoff. A major factor in the 
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functioning of a wetland is the water flow that transports nutrients, sediments, and 
wastes throughout (Odum, 1978), and which is directly affected by vegetal resistance 
(Burke, 1982). 

Knowledge of the effects of flow through vegetation is important in fields other than 
hydraulic engineering. The fields of land and resource management and landscape 
design are obvious examples, because of the interconnections between hydrodynamic 
conditions and ecological conditions. There have, been many studies of wind 
movement and mass transport through crops.and·forests, because of interest in plant 
growth, disease and insect control (Cionco, 1985) and the spread of smoke or other 
substances for military purposes (Dumbauld and Cionco, 1985). Analyses of wind 
flows·through vegetation.are also used to design shelterbelts and windbreaks (Bache 
and MacAskill, 1984). and to determine soil erosion potential (Hagen and Lyles, 
1988). 

The purpose of this thesis is to investigate the hydraulic resistance of vegetation in 
open channel flows, so that better information is available for the design and 
maintenance of water resources. projects. There are many aspects to consider. Chapter 
2 discusses the variability of vegetation and the interaction between the. vegetation and 
the water flow. Methods of describing and'measuring vegetation are presented·in . 
Appendix A. Chapter 3 summarizes several resistance'relations that'have been 
developed for open channel flows and overland flows through vegetation. Chapter 3 
also summarizes general concepts and resistance relationships which apply to flow 
around objects or through openings. The effect of vegetation on velocity proftles is 
discussed in Chapter 4, which includes .much information from micrometeorological 
studies of wind flow through .crops and forests. Ten velocity profiles were obtained 
from a stream with submerged plants, to study the general characteristics of velocity 
proftles in vegetated streams. These velocity proftles are presented and discussed in 
Appendix B. Methods which account for the. stiffness of the plants and their 
deflection in the flow are described in Chapter 5. Conclusions and recommendations 
are made in Chapter 6. 
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2. INTERACTION BETWEEN FLOW AND VEGETATION 

2.1 Vegetation Growth Patterns 
The flow resistance of vegetation depends on the type and abundance of the plants 
within the flow. Aquatic plants can be classified according to their position relative to 
the water surface (Haslam, 1978), as follows: 

1. Leaves and stems submerged, as in Figure 2-1a. These plants are usually rooted 
in the soil, but they are flexible in the current. Some submerged plants are 
illustrated in Figure 2-2. 

2. Leaves floating flat on the surface, as in Figure 2-1 b. Most of these are rooted. 
Illustrations of some floating plants are shown in Figure 2-3. 

3. Upper part of plant is above the water surface, and lower parts are submerged, 
as in Figure 2-1c (emergent plants). These are relatively stiff plants. Examples 
of emergent plants are shown in Figure 2-4. 

4. Bank plants above the normal water surface elevation, but occasionally flooded; . 
Figure 2-1d shows a typical stream populated by several types of plants. 

In river cross-sections, four vegetation zones have been identified, in which different 
types of plants occur based on their preferences for water levels and flood duration 
(Coppin and Richards, 1990). The zones are illustrated in Figure 2-5. The part of the 
channel below the mean low water level is the aquatic plant zone. Within this zone, 
submerged, emergent, and floating plants can all occur. Plant species will vary across 
the aquatic plant zone according to channel bank slope, water depth, channel bed 
material, and other site conditions (Haslam, 1978). Above the aquatic plant zone, 
there is a marginal zone of slow, shallow flow in which reeds can survive. A damp 
or seasonal flooding zone exists above the marginal zone. This zone can support 
shrubs and trees such as willow and alder. Most grasses cannot grow below this zone, 
since they cannot tolerate lengthy periods of submergence. Finally, above the damp 
zone is the dry zone, which is infrequently flooded (Coppin and Richards, 1990). 

In addition to this lateral variation, plant species and communities vary along a reach 
of channel or floodplain, the result of changes in topography, soil nutrients, 
sedimentation or erosion, water level, and other site conditions. Some species prefer 
to grow immediately downstream of other species, where they are sheltered from the 
current. In other cases, taller plants provide varying degrees of shade, which some 
species tolerate better than others (Haslam, 1978). Macrophyte species usually grow 
in groups, forming pattems that depend on the hydrodynamic conditions. Where 
there is only a little flow, the groups are circular at first, and eventually form into a 
mosaic pattem. In streams, the plants grow in longer patches, parallel to the flow. 
Tidal zones have a zigzag pattem (den Hartog, 1978). As an example of the variety 
of floodplain vegetation that can contribute to flow resistance, Figure 2-6 shows a map 
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(a) Leaves and Sterns Submerged 
(c) Emergent 

(b) Leaves Floating 

Phtagmites communis 

~aallla"la sagittifolia 
Sparganium emersum 
Lemna. minor 
Etiteromorp'ha sp, 

lutflll. 

Potamogeton 
perfoliatus 

(d) Variety of Plat$ iIJ. a Stream 

FIGURE 2 .. 1. mustrations of Aquatic Plants (HasJam,1978) 
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Potamogeton pecinatus 
(Sago pondweed) 

Potamogeton crispus 
(Curlyleaf pondweed) 

--'--, .---\ 

Elodea canadensis 
(Waterweed) 

-~ 
~'/-

.~ I~~ 
~/. '\~-

....... 

Najas guadalupensis 
(Southern naiad) 

Ranunculus aquatilis 
(Water buttercup) 

FIGURE 2-2. Some Submerged Plants (Westerdahl and Getsinger, 1988) 
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Eichhornia crassipes 
(Waterhyacinth) 

Nuphar lutea 
(Yellow waterlily) 

Nymphoides hydro phyla 

FIGURE 2-3. Some Plants with Floating Leaves (Cook, 1990) 
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FIGURE 2-5. Vegetation Zones on a Riverbank, Correlated with Water Level 
and Flood Duration (Coppin and Richards, (1990) 
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1. Tamarisk and Seepwillow 
2. Tamarisk and 8ermudagrass 
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7. Desert scrub 
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FIGURE 2-6. Riparian Vegetation along Salt River, Arizona (Walter, Teskey, 
and Hinckley, 1980) 
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of riparian vegetation along a stretch of the Salt River in Arizona (Walters, Tesky, and 
Hinckley, 1980). To detennine the flow resistance in a channel reach, the types and 
distributions of plants will have to be identified. 

2.2 General Characteristics of Flow Through Vegetation 
As the flow depth increases, the interaction between the vegetation and the flow 
changes. Figure 2-7 illustrates four stages of gravity-driven flow which occur as the 
water depth increases relative to both the height of the soil grains in· the channel bed 
and the vegetation height. During low flow when water depth is less than the height 
of the vegetation, as in Figure 2-7(a) and (b), if the vegetation density is unifonn then 
the velocity profile is approximately unifonn except for a boundary layer near the 
ground. The average velocity depends on the amount of flow area blocked, and stays 
about the same regardless of flow depth, while the vegetation is still emergent. Within 
this range of depths, the flow resistance increases with increasing depth (Temple et al., 
1987). In Figure 2-7(a), the vegetation is emergent and erect, and the depth is very 
shallow, as it could be with irrigation or overland flow. Such flows can be laminar, 
turbulent, or mixed, and are affected by small disturbances or objects such as 
raindrops, detritus, and surface roughness resulting from tilling (Engman, 1986). 
However, when the depth of water becomes higher relative to the disturbances, as in 
Figure 2-7(b), they no longer significantly affect the flow. Fenzl and Davis (1964) 
found that in an alfalfa stand, soil grain roughness contributed 50% of the total flow 
resistance when the water was 3cm deep, but only 7% of the total resistance when the 
water was 6 cm deep. 

In Figures 2-7(c) and 2-7(d), the vegetation is submerged. Within the vegetation, the 
velocity profile near the ground is similar to that in emergent vegetation. However, 
the local velocity begins to increase with height up to approximately the top of the 
vegetation (Tsujimoto et at, 1991a). Above the vegetation, there is a second boundary 
layer velocity profile, which is usually described as logarithmic. Figure 2-7(c) 
illustrates intennediate flow, where the water surface is higher than the vegetation, 
which is aligned with the flow and waving. As water depth increases, the thickness of 
the vegetation layer decreases, causing the resistance to decrease and the average 
velocity to increase. Eventually the high flow condition shown in Figure 2-7(d) is 
reached, when the vegetation cannot be flattened further and the flow through the 
vegetation layer is small compared to the total flow. The resistance then becomes 
constant with increasing depth (Temple et at, 1987). 

Wind can be the predominant driving force in flow through marshes or other large 
bodies of water. The velocity profiles of wind-driven flows are also affected by 
vegetation. Figure 2-8 shows typical velocity profiles through and above vegetation 
(Burke, 1982). The emergent case is shown in Figure 2-8(a). At the free surface, 
there is a relatively high velocity related to the wind velocity through the vegetation 
above. Below. the free surface, there is a boundary layer type. of profile as the local 
velocity rapidly decreases with depth. There is then a lower, more unifonn velocity 
within the vegetation, with another rapid decrease in velocity near the bed. As with 
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the gravity~driven flows, the effect of the soil grain resistance becomes less significant 
as the water depth increases. A special case of emergent vegetation is floating 
vegetation, shown in Figure 2-8(b). !fthere is a slight wind, much of the surface 
shear stress is transferred to the ground via tensile stress in the plant stems, so that the 
velocity becomes negligible within a short distance from the water surface. Figure 2~ 
8(c) shows the case of submerged vegetation, which is similar to the emergent case 
except that the upper part of the flow is not as greatly affected by the vegetation, and 
therefore there is an additional boundary layer type proftle at the top of the submerged 
vegetation. 
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3. RESISTANCE RELATIONS 

3.1 Resistance Forces and Energy Loss 
The flow of water in a channel is resisted by shear stresses due to the channel bed, 't' b' 
and by the form drag exerted by objects protruding into the flow. Shear stress on the 
water surface due to the wind, 't' W' can act as a driving force or as a resistance force. 
A relationship between the energy loss and the drag forces can be found by applying 
the momentum equation. The forces acting on the body of water are shown in Figure 
3-1, where x is the streamwise direction. Assuming steady flow, the sum of the forces 
in the x direction is equal to the net flux of momentum in the x direction. The body of 
water has weight W, acting vertically downward. The. component in the x direction is 
W sin 6. Let Ft represent the total resistance due to shear and form drag. The 
upstream pressure force Fp acting on the centroid of the cross-section is 

Fp = yAh' [3.1] 

where y is the unit weight of water, A is cross-sectional area, and h' is the distance 
from the surface to the centroid of the cross-section. The change in pressure force 
dFp Idx is due to the change in cross-sectional area and the change in pressure from 
the change in depth. Neglecting the change in area, 

dF dh 
dxP ax = yA dx ax . [3.2] 

The momentum equation in the x-direction is 

L Fx = ~PQV) ax 

Fp - (Fp + ~ ax) +Wsin6 - Ft = ~(PQV) ax [3.3] 

where p is the density of water, Q is the volumetric flow rate, and V is the average 
velocity. If the channel slope e is small so that it can be approximated by tane or 
sine, then 

sine = - dz [3.4] 
dx 

Substituting for (dFp Idx)ax and noting that pQ is constant for steady 
incompressible flow, 

dh dz .dY -yAdx ax - yA dx ax - Ft = pQ ax dx 

= PAV dV ax dx 
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Ad(y2 12) A 
= P uX dx 

A dfz + h + y 2/2g1 A - F 
-y dx uX - t 

where g is the acceleration due to gravity. With total head 

H = z + h + y2/2g 

and slope of the energy grade line 

S :::: _ dH 
e dx 

one obtains 

dB -yA- 8.x = F dx t 

[3.5] 

[3.6] 

[3.7] 

[3.8] 

[3.9] 

If Ft is only due to the boundary shear stress acting on the wetted perimeter P, an 
expression relating shear stress and energy slope can be developed: 

yASe 8.x = 't'b P 8.x 

which leads to 

Se ='t'b I yR 

where 

R =0 AlP 

is the hydraulic radius. 

If Ft is only due to form drag, e.g. from plants in the channel, 

Po =0 V2 Co py2Ar 

[3.10] 

[3.11] 

[3.12] 

[3.13] 

where Co is a drag coefficient and Af is the· projected frontal area of the obstructions, 
then substituting Equation 3.13 into Equation 3.9 results in 

yASe 8.x = V2 Co py2Ar [3.14] 

so that 

S = Co Af y2 
e 8.x A 2g . [3.15] 

An alternate expression can be derived by converting the drag force to an equivalent 
shear 'stress acting on the channel boundary (bed), 
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where Ab is the area of the bed and 

Ab "" PAx. 

Substituting Equation 3.17 into Equation 3.11 results in 

C A V2 S =--D -f-
e R Ab 2g . 

[3.16] 

[3.17] 

[3.18J 

Comparing Equations 3.11, 3.14, and 3.18 to the Darcy-Weisbach equation (Equation 
3.19) for open channel flow, 

_ L "Y?:. 
Se - (4R) 2g [3.19] 

where f is the Darcy friction factor, the following relations between j, 't' b , and CD can 
be obtained: 

f= ~ pV 
f"" 4C R Af_= 4C Af 

D AxA D Ab ' 

[3.20] 

[3.21] , 

It follows that when there is a combination of boundary shear stress and form drag, 
the resulting energy slope reflects the sum of the energy losses from both types of 
resistance. For example, to determine the resistance due to bed forms, Taylor and 
Brooks (1962) divided the energy slope into 

S = S'+S" e e e [3.22] 

where Se' is the energy slope associated with the soil grain roughness and Se" is the 
energy slope associated with the form drag. The following shear stress partition is 
then obtained: 

't' = yRSe = yRSe' + yRSe". [3.23] 

Temple (1980) applied this method to flow in vegetated channels, dividing the total 
energy slope into parts corresponding to soil grain roughness, vegetal roughness, and 
channel foon drag. Alternatively, Einstein and Barbarossa (1952) assumed that 
different depths could be attributed to the soil grain roughness and form drag. For a 
wide channel this becomes 

R = R' + R" [3.24] 

where R' is the hydraulic radius associated with the soil grain roughness and R" is the 
hydraulic radius associated with the foon drag. Then the total shear stress is 

[3.25] 
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3.2 Empirical Resistance Relations 
The simplest way to quantify flow resistance in a channel is to treat form drag and 
shear stress as a total resistance acting along the wetted perimeter of the channel, and 
empirically relate the resistance to average velocity, depth, energy slope, or other 
variables. There are several types of such equations. 

3.2.1 Manning's Equation 
The Manning formula is frequently used to relate average channel velocity to 
resistance (Chow, 1959): 

V =..Km R% S 112 n e [3.26] 

where n is Manning's roughness coefficient and K.n is a coefficient (1.486 if English 
units are used or 1.00 if metric units are used). Chow (1959) summarizes three 
empirical approaches that can be used to determine n for a vegetated channel. The 
first is to refer to a tabulation of typical ranges of n, which includes values for streams 
with various amounts of weeds and values for several types of vegetated flood plains. 
The second method, applicable to channels of small hydraulic radius, is to calculate n 
as the combined effect of several contributing factors 

[3.27] 

where 110 is the base value for a straight, uniform and smooth channel, nl is 
additional roughness due to surface irregularities, n2 is additional roughness due to 
changes in the chani1.el cross-section, n3 is additional roughness due to obstructions, n4 
is additional roughness. due to vegetation and flow. conditions, and m5 corrects for 
channel meandering. Appropriate values for the above variables are provided by 
Chow (1959). The value of n4 is selected based on the vegetation's general type, 
density, and degree of submergence. The third approach is to compare the channel of 
interest to photographs of channels for which the roughness coefficient is known. 
Chow (1959) gives some such photographs, and others can be found in Barnes (1967). 

The American Society of Civil Engineers Task Force on Friction Factors (1963) 
recommended that for open channel flow, resistance should be determined using the 
friction factor f unless the flow is fully rough. The roughness coefficient can then be 
calculated using the following relation: 

n = Km r l/6 if /8g) 1/2 . [3.28] 

When the flow is fully rough, f and therefore n are independent of Reynolds number, 
in which case an applicable value of n can be selected from the available literature. 

As discussed in Chapter 2,· the hydraulic resistance of a channel variesgready with the 
flow conditions relative to the vegetation height, density, etc., so that a constant value 
of n is not appropriate. Ree and Palmer (1949) studied vegetative channel linings in 
channels at slopes ranging from 1 % to 24%. They found that for submerged 
vegetation of a given type and condition, n is a function of the product VR, with the 
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velocity V reflecting the effects of slope and the hydraulic radius R reflecting the 
effects of channel geometry. Based on that study, vegetation types were grouped into 
five "retardance" classes to facilitate the estimation of n (Palmer, Ree, and Law, 
1966). Tables 3-1 and 3-2 outline the types of vegetation in each retardance class. 
Various grasses and other vegetal groundcover were tested. Stephens et al. (1963) 
found that these categories can also be applied to southern naiad, a submerged aquatic 
weed. 

Figure 3-2 shows the n vs VR relation for each retardance class. The retardance 
generally increases with increased density or growth (see for example the 
classifications of Bermudagrass in Table 3-1) and generally decreases with increasing 
VR. 

Temple (1980) reanalyzed the data of Ree and Palmer (1949) and empirically defmed 
the roughness coefficient n for channels with vegetative linings as 

n = exp{ q (0.0133 [In (VR)]2 - 0.0954 In (VR) + 0.297) - 4.16} [3.29] 

where q is the retardance curve index, which reflects the drag on the entire length of 
the stems, assuming they are submerged and aligned with the flow. This equation is. 
applicable for the intermediate flow range defined as 

0.0025 q2.5 s: VR s: 36. [3.30] 

For low flow, n is calculated using VR = 0.OO25Cl'5 and for high flow n is 
calculated using VR = 36. CI is determined from the relationship 

CI = 2.5 hg 1/2 Ml/6 [3.31] 

where ~is the representative stem length (ft) and M is the average stem density 
(stems/ft). A range of C1 can be used to account for annual and seasonal changes of 
the cover. 

Flows through row crops and some grasses on small slopes were studied by Ree and 
Crow (1973) for use in terrace design or determining the hydraulic resistance of flood 
plains. Results were plotted as functions of VR for submerged vegetation, and as 
functions of hydraulic radius for unsubmerged vegetation for which the n-VR relation 
does not apply, but no standard relationships were developed as had been done for 
higher slopes. Kao and Barfield (1978) modeled overland flow through vegetation 
using flexible strips of differing stiffness and density. The resulting n-VR curves 
shown in Figure 3-3 are similar to those of Ree and Palmer (1949) for higher values 
of VR, but for lower VR, there is a different relationship that is dependent on slope. 

A cluster of vegetation can have negligible flow velocity within, while concentrating 
the flow around it (Haslam, 1978; Dawson and Robinson, 1984). Accordingly, some 
methods of detennining flow resistance do not count the portion of the channel cross
section containing vegetation as part of the flow area. A blockage factor, the ratio of 
the effective cross-sectional area of the channel to the actual cross-sectional area, has 
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TABLE 3-1. Classification of Vegetal Covers as to Degree of Retardance 
(Palmer, Roo, and Law, 1966) 

Retardanoe 

S 

c 

D 

E 

Note: Covers clusU'ied have been tested in exper:'cental channels. 
Covers vere green a.nd generally uniform. 

Co\<.r 

Weeping lovegrass ••••••••••••••••..••• 
Yellolt bluestem Isobael!lUl!l ••••••••••••• 

Kudzu ............................... .. 
Semudagrass ........................ .. 
liative grass mixture (little bluestem, 
blue grama, and other long and short 
midwest grasses) .................... .. 
Weeping lovegrass .•.................•. 
Lespedeza. serices. ......•..••........•. 
Altalta .............................. . 
Weeping lovegrass .................... . 
Kudzu ................................ . 
Blue gI'&llla ........................... . 

Crabgrass ........• ..•.••••.....•..•..•. 
Bermildagrass ......................... . 
CailDDon lespedeza-. ..................... . 
Grass-legume III1xture-"sUlllllH!r(orchard 
grass, redtop, Italian X')'egrass, and 
common lespedezo) ..................... . 
Centipedegrass ....................... . 
Kentucky bluegrass ................... . 

Bermudagra ••••••••••••••••••••••••••••• 
CODlllOn lespeden ...................... . 
Butralogra8 s •.•.••••..•.••.•.•.••••••.• 
Grass-legume mixture--fall, spring(Or
cha.rdgra.ss, redtop, Italian ryegrass, 
and common lespede'a) ................ .. 
Lespedeza ser1cea. ....................................... .. 

Bermudagrass .......................... . 
Bermudagrass ......................... .. 

Condition 

Excellent stand, tall, (average 76.2 centimeter.) 
Do tall, (average 9l.~ centimeters) 

'/er! dense grollth, uncut 
Gocd stand, tall, (avenge 30.5 centimeters) 

Good stand, unmowed 
Good stand, tall, (average 61.0 centimeters) 
Good stand, not ",oody, taU (average 48., cent.l 
Good stand, uncut, (average 27.9 centimeters) 
Good stand, ItO"'ed, (average 33.0 centimeters) 
Dense growth, 'uncut 
Good stand, uncut, (average 33.0 centimeters) 

Fair stand, uncut (25.4 to l21.9 centimeters) 
Good stand, mowed (average 15.2 centimeters) 
Good, stand" uncut (average 27.9 centimeters) 

Good stand, uncut (l5.2 to 20., centimeters) 
VeX')' dense cover (average 15.2 centimeters) 
Good .t&ad,hesded (l5.2 to 30.5 centimeters) 

Good stand, cut to 6.lt-centimeter height 
Excellellt stand, uncut ( .. verage ll.lf centimeters) 
GOOd stand, UIlcut (7.6 to 15.2 centimeters) 

Good stand, uncut (10.2 to 12.7 centimeters) 
Atter cutting to 5.1-centimeter height. VeX')' good 
stand betore cutting. 

Good stand, cut to ,.8 centimeters 
Burned stubble. 

TABLE 3-2. Guide to Selection of Vegetal Retardance (Palmer, Ree, and Law, 
1966) 

Stand 

Good ...... 

Fair ....... 

Average length 
of 

vegetation 

Longer than 76.2 cm. 
27.9 to 6l.0 em. 
15.2 to 25.il- em. 
5 .1 to l5.2 em. 
Les8 than 5.1 cm. 

Longer than 76.:2 cm. 
.27.9 to 6l.0 em. 
l5.2 to 25.il- cm. 
5.l to 15.2 cm. 
Less than ,.1 cm. 
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Degree of 
retardance 

A 
B 
C 
D 
E 

B 
C 
D 
D 
E 
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been used by some (Pido and Dawson, 1990). Pido (1986) defined a percentage of 
open water Vo, which he related to n based on experiments in a channel infested with 
Nymphoides peltata (which has floating leaves): 

Vo = 3.43/n ~ 0.16 for lIn ~ 29 [3.32] 

where 

Vo = cross-sectional area free of vegetation x 100% . 
total cross-sectional area 

[3.33] 

For grass-lined channels, Kouwen (1970) proposed that the resistance is a function of 
the ratio of the total cross-sectional area to the blocked area. In weed-infested 
chrume1s, changes to n have been observed to occur with seasonal changes in stream 
discharge and the quantity of weeds present. Pitlo (1978) measured the seasonal 
variation of n for various species of weeds. The results are shown in Figure 3-4a, 4b, 
and 4c for several flowrates. The range of Reynolds numbers for the flows in Figures 
3-4b and 4c was approximately 15000 to 120000. The dashed line in the figures 
corresponds to a value of n computed from a modified Manning's equation in which 
the exponent on the slope is changed to 1 to account for the observed spread in the 
discharge vs. n relationship in May, June, and July. Figure 3-4d shows the percentage 
of ditch volume occupied by the weeds, for the chrumel in Figure 3-4b. It can be seen 
that the changes in resistance are closely linked to the changes in weed volume. 

Pitlo and Dawson (1990) refer to biomass as the "current best gage of vegetative 
resistance". Biomass refers to the mass of plant material remaining after oven or air 
drying, per unit area or volume (see Appendix A). Biomass changes with seasonal 
changes in discharge, corresponding to the stages of flow described in Section 2.2 in 
which resistance tends to increase until the plants are submerged. When the stems 
bend and the plants become submerged, dead and weak parts of the plants are tom off 
by the flow. Once the plants are prone, further increases in velocity can damage 
leaves or stems, and eventually dislodge entire plants. Resistance decreases as the 
plants become prone and lose part of their bulk (Pitlo and Dawson, 1990). Figure 3-5 
shows the seasonal variation of the flow resistance of water crowfoot (Ranunculus 
calcareus) in a river in the UK, as the biomass increased from a winter low of 0.2 
kg/m2 to a high of 2.5 kg/m2 in the summer, decreased to 0.7 kg/m2, and increased 
again until autumn floods and die-back. The fairly constant values of n for a range of 
discharges reflect the periods between major changes in flow rate, which would result 
in a different relationship (Dawson and Robinson, 1984~ Pitlo and Dawson, 1990). 
Figure 3-6 is a plot of n vs. biomass for a different UK stream, which Dawson (1978) 
studied over a four year period. In this case, there were high discharges in the spring 
as biomass increased, and lower discharges in the fall. The lower discharges and silt 
which had accumulated around the plants were thought to cause the higher resistance 
during the decrease in biomass, compared to the resistance during the spring increase 
in biomass. 

Bakry, Gates, and Khattab (1992) also studied the seasonal variability of vegetation 

23 



0.3 

n 

0.2 

0.1 

0.1 

100 

80 

110 

40 

20 

(a) me. I CD ( 1977) 

DI.;b .. ,. '113,') 

• 0.02 
.. 0.04 

" 0.06 
* 0.08 
'Ir 0.10 

0.12 
0.14 

--- 0.06 / 

I 

.. ...-1 
-----t---- * 

.. .. 
* 
'Ir . 
" 

0.02 
0.04 
0.06 
0.08. 
0.10 
0.12 
0.14 
0.06 ..... -

-..... V 
*0 

20/3 

/ 
/ 

/ 
I 

.. / 

J 
o 

.. 

, 
/ 

/ 

20/5 

. (d) .lIe. III AI (1977) 
'Percentage ot wat.rbody 
occupied by pl.n~. 

---
-- y 

* * 
o 

20/6 20/1 20/8 

" 

D AT E 
20/9 20110 

* 
'Ir 

o 

20111 

FIGURE 3-4. Seasonal Variation of Manning's n (Pitlo, 1978) 

24 



N 
VI 

--, 

0.100-1 '\ 
~ 

i '050i \\~ '~ 
''':::~:~:---

I 0.0000 ~ ,b i 
15 

Discharge (rn3 s-') 

Solid thick line = summer, plant biomass rising to 2.5 kg/m2 

fresh weight; Thin line = winter, plant biomass of 0.2-0.4 
kg/m2 ; Thick dashed line = spring, plant biomass rising to 
1.5-2.0 kg/m2 before remova reduced it to 0.7 kg/m2 and 
regrowth started 

FIGURE 3-5. Seasonal Variation of Flow Resistance 
With Discharge, for Periods Between Major Discharge 
Changes in a Vegetated River (Pitlo and Dawson, 1990) 

----1 

04 

0 

'n' 1/· • • 
/' • 0·2 -

0·1 

0 
0 100 200 300 400 

Bfornass g cry wtlm2 

5000 < Re < 90000, approximately 

FIGURE 3-6. Relationship between the 
Biomass of.llanunculJu Colcareus and 
Manning's n (Dawson, 1978) 



density and the associated roughness coefficient. In channels with emergent bank 
vegetation (typically grasses), they found that n depended on the hydraulic radius. In 
channels with submerged vegetation (typically pondweed), regression relationships 
were found for n as a function of VR and for n as a function of density. Bakry, 
Gates, and Khattab (1992) proposed stochastic modelling to account for the variability 
of the roughness coefficient. 

3.2.2 Discharge - Depth Relations 
Discharge-depth relationships have been developed as an alternative to Manning's 
equation, which is difficult to apply when the presence of vegetation complicates the 
definition of hydraulic radius, or when conditions are such that Manning's n varies 
with depth or slope and the n-VR curves do not apply. In overland flow calculations, 
discharge-depth relations of the form 

q .. chm [3.34] 
are often used, where q is discharge per unit width of flow, h is flow depth, c is a 
parameter related to resistance and slope, and m is a parameter related to the degree to 
which the flow is tmbulent (Turner and Chanmeesri, 1984). For a wide channel with 
fully tmbulent flow, a relation can be derived from Manning's equation, (Linsley, 
Kohler, and Paulhus, 1982) 

[3.351 

For laminar flow, the relation is derived from the expression for average velocity that 
results from the parabolic velocity profile (Appendix C) 

V = pgSb h2 , 3J.L [3.36] 

where J.L is the absolute viscosity of the fluid. Then the unit discharge is 

q = pgSb h3 , 3J.L 

[3.37] 

Other discharge-depth relations can be derived, resulting in an exponent of 1.71 for 
tmbulent-smooth flow (Turner et al., 1978), or an exponent of 1.0 corresponding to 
laminar flow through very dense vegetation (Turner and Chanmeesri, 1984). 

Another form of the resistance relation splits out the effect of slope 

q:: a Seb he . [3.38] 

where a~ b and c are empirical parameters. Maheshwari and McMahon (1992) 
assumed b = % and found values of a and c for wheat fields and pastn:re. They also 
expressed c as a function of a. Turner and Chanmeesri (1984) provided values of a 
and c for various planting patterns and ages of wheat, and. recommended b "" 0.35. 
Smith, Hancock, and Ruffini (1990) analyzed the data from several studies to 
determine the p~ametersa, b, and c for various crops as shown in Table 3-3. For the 
cases listed, the ReynoldS number based on flow depth was greater than 4000. 
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However, in some cases the value of c was found to be greater than the presumed 
upper limit of 3, Smith et al. (1990) noted that the value of c seemed to be related to 
the flexibility of the vegetation, with c less than 1.5 for rigid emergent plants and 
higher values of c for flexible submerged vegetation. 

Discharge-depth equations have been applied to flow through vegetation other than 
overland flow. For wide canals infested with submerged weeds, Abdelsalam et al. 
(1992) used the relationship 

q ;: (l/n ) h2.62 S 1/2 ave b' [3.39] 

A relation for nave' which includes the effects of soil grain roughness and vegetal 
roughness, was determined for a specific range of flow conditions. Kadlec (1990) 
applied Equation 3.38 to overland flow in wetlands. He proposed that c = 0.5 for 
laminar flow based on stem Reynolds number, and c = 1.0 for turbulent flow. The 
exponent b is a function of the topography of the wetland bed and the vertical 
distribution of the frontal area of the vegetation. 

3.2.3 Other Resistance Relationships 
Fukuoka and Fujita (1993) excluded the area blocked by vegetation from the channel 
cross-sectional area, but defmed a boundary mixing coefficient f to account for 
apparent shear stresses at the vertical interfaces between the vegetated areas and the 
open water, and at the vertical interfaces between the slower water above the 
vegetation and the faster water adjacent. Different values of f were determined for 
vegetation/water interfaces and water/water interfaces, and related to shear stress 

'C = pf(u! - U2)2 [3.40] 

where u1 and u2 are depth averaged velocities in the adjacent channel sections. 

Phelps (1970) modelled flow through grass using decorative artificial turf. The results 
are shown in Figure 3-7, which is a plot of the Darcy friction factor as a function of 
Reynolds number based on the hydraulic diameter 4R and the ratio hid, where h is the 
average flow depth and d is a length representing the size of the flow passages within 
the turf. Phelps (1970) used the average width of the artificial grass blades as an 
estimate of the size of the flow passages. 

Fenzl and Davis (1964) developed regression equations for the Chezy coefficient C of 
Bermudagrass as a function of hydraulic radius, channel velocity, characteristic width 
of grass blade, and average stem length. Kowabari, Rice, and Garton (1972) 
developed regression equations based on model studies of flow through artificial 
roughness. For different sizes and arrangements of the roughness elements, linear, 
quadratic, and exponential equations were obtained to relate Manning's n to hydraulic 
radius, flow depth, channel width, channel slope, velocity, stem diameter, stem density, 
and stem spacing. 
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TABLE 3-3. Fitted Parameters a, b, and c in Discharge-depth 'Equation for 
Various Crops and Grasses, with Regression Coefficient r2 (from Smith, Hancock, 
and Ruffini, 1990) 

Veletation a ..h... .JL ..c. 
Fully, Submtrged: 

Plastic grass· (low slope) 79 0.59 2:79 0.96 
Kikuyu grass (long) 20300 1.66 4.85 0.84 
African star grass (long) 4550 1.24 3.90 0.91 
Bluegrass 2060 1.37 3.29 0.91 
Rhodes grass 245 1.23 2.81 0.92 
Kikuyu gras's (short) 400 0.69 2.95 0.87 
African star grass (short) 247 0.63 2.81 0.96 

Unsubmerged: 
Wheat (shallow flow) 1.33 0.47 1.25 0.99 
Wheat (deep, across row) 109 1.00 . 2.44 0.83 
Sorghum (deep, along row) 9.13 0.55 1.09 0.91 

.. 
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3.3 Flow Through and Around Roughness Elements 
3.3.1 Fluid Dynamic Drag Force on a Single Element 
1) Drag Force on a Single Element in Space. The general equation for the drag force 
on an object in a flow is 

FD = % CD P V2 A . [3.41] 

where CD is an empirical drag coefficient associated with the reference velocity V and 
the reference area A, which are selected so as to be appropriate for the flow conditions 
of interest. For example, if the drag resistance is mostly due to skin friction, A will 
probably be a surface area, but if the drag resistance is mostly due to form drag, A 
will probably be a frontal area (Hoerner, 1965). 

At low Reynolds numbers, the drag coefficient is a function of Reynolds number. The 
drag coefficient often becomes independent of Reynolds number at higher Reynolds 
numbers, especially for blunt bodies. The drag coefficient also depends on the Mach 
number when compressibility is significant and the Froude number when gravity 
effects are significant (Schlichting, 1968). The drag coefficient is also related to the 
Strouhal number, since the momentum loss of the flow is related to the vortices 
fonned in the wake of an object (Hoerner, 1965). 

Hoerner (1965) provides drag coefficients based on frontal area for several types of 
individual objects, shown in Figure 3-8. The drag coefficients apply to Reynolds 
numbers ReD between 104 and 106 , as defmed by 

ReD = VD/v. [3.42] 

where v is the kinematic viscosity and D is the diameter or height of the object. 
Figure 3-8a gives drag coefficients for several three-dimensional objects, while Figure 
3-8b gives drag coefficients for two-dimensional objects. Comparison of Figures 3-8a 
and 8b provides insight into the effects of the aspect ratio, D/k. where k is length. 
The drag coefficients for the three-dimensional cube, the three-dimensional cube on 
edge, and the flat plate normal to flow are approximately half of their respective two
dimensional drag coefficients. This is because ventilation occurs at the ends of the 
three-dimensional objects (Hoerner, 1965). Figure 3-9 is a plot of drag coefficients for 
rectangular plates and cylinders versus aspect ratio. The body behaves as a three
dimensional object until its aspect ratio is reduced to about 0.1 (Hoerner, 1965). 

Vegetation frequently is modelled as cylindrical roughness. There are two special 
cases of cylinder orientation which have application to vegetation. For cylinders at an 
angle of attack a, the form drag is normal to the cylinder axis and is only related to 
the nonnal component of the velocity if the boundruy layer is laminar (Hoerner, 1965). 
The normal force due to fonn drag, FN, is then 

FN = % CDP(Vsina)2 Af [3.43] 

where Af is the product of cylinder length and diameter. The normal force is resolved 
into drag and lift forces, so that the actual drag force is FN sina. Skin friction must 
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then be added to get the total drag force. As an indication of the magnitude of the 
approach angle for submerged vegetation, Dawson and Robinson (1984) have 
observed, for example, the lower part of Ranunculus growing at an average angle of 
40-70° . 

The second situation is that of a cylinder protruding through the water surface. When 
the Froude number based on cylinder diameter (Frp) is near 0.5, wave drag is 
significant. Above FrD = 0.5, the wave breaks up and spray drag becomes significant. 
Hoerner (1965) provides empirical relations for both situations. For a cylinder of 
submerged length L, drag due to ventilation becomes significant when the Froude 
number based on L is greater than 1.8. Drag coefficients accounting for ventilation 
can also be found in Hoerner (1965.) 

2) Drag Force on a Single Element Attached to a Wall. Near the wall, the formation 
of a boundary layer reduces the dynamic pressure on the object (Hoerner, 1965). As 
the object's size increases so that it extends farther beyond the boundary layer, this 
effect becomes less significant and the drag coefficient based on the effective velocity 
approaches that for the body in the free stream. Figure 3-10 illustrates this effect for a 
plate attached to a wall. As the height of the plate, h, relative to the boundary layer 
thickness 0 increases, the drag coefficient approaches 1.16, which is very close to the' 
value for a three-dimensional plate attached to a wall given in Figure 3-8 (Hoerner, 
1965). 

3.3.2 Flows Through and Around Distributed Roughness Elements 
1) Roughness Elements Distributed in Space. When roughness elements are located 
near each other, they interfere with each other so that the drag force of the pair of 
objects is greater than the sum of the individual drag forces. Hoerner (1965) compiled 
experimental results for pairs of plates, cylinders, and struts. Figure 3-11 shows the 
results of placing one object behind the other, in terms of CD based on frontal areas. 
In the case of two disks normal to the flow, Figure 3-11a, the forward disk has the 
same drag coefficient as in free flow conditions; however, for relatively small spacing, 
the rear disk has a much lower drag coefficient due to shielding by the forward disk. 
In the case of two cylinders, Figure 3-11 b, the forward cylinder again has a drag 
coefficient corresponding to free flow conditions, and the rear cylinder has a lower 
drag coefficient. In this case, the wake of the leading cylinder causes the boundary 
layer of the mar cylinder to be turbulent so that it has a lower drag coefficient. The 
situation is reversed for the case of two struts, Figure 3-11c, in which the leading strut 
has a lower drag coefficient. The pressure at the downstream end of the leading strut 
is higher than for a single strut, due to the presence of the trailing strut (Hoerner, 
1965). 

The effects of placing two objects adjacent to each other are illustrated in Figure 3-12. 
Figure 3-12a shows how both the Strouhal number and the drag coefficient vary as the 
ratio y/D is increased, where y is the clear space between the two cylinders. The 
Strouhal number, defmed as 
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St=fD/Y [3.44] 

where f is the frequency of vortex formation on one side of the vortex street, has a 
value of 0.21 for a single cylinder (Hoomer, 1965). As the spacing between the 
cylinders, yID, approaches zero, the Strouhal number approaches 0.1. . However, if the 
Strouhal number is detennined using the effective height, 2D, St = 0.2 again (Hoerner, 
1965). Figure 3-12b shows the drag coefficient as a function of spacing between two 
adjacent struts. As ylD is decreased, the pair of struts begins to act like a nozzle. 
Eventually flow separation occurs. 'This results in a higher drag coefficient for the 
strut when it is near another strut than when it is alone. 

To detennine the resistance of flow through an array of elements, such as plants, the 
interference effects must be taken into account. For flow through a bank of heat 
exchanger tubes, Zhukauskas related Darcy's friction factor to a body Reynolds 
number based on the maximum fluid velocity through the tube bank (Incropera and De 
Witt, 1990). The relationships for aligned tube banks and staggered tube banks are 
shown in Figure 3-13. Formulas for calculating the maximum velocity can be found 
in Incropera and De Witt (1990). 

2) Roughness Elements Attached to a Wall. When there are several objects of the 
same shape and spacing attached to a wall, it is convenient to define a roughness 
density, a, such that 

a == 
projected frontal area of obstructions 

unit volume of fluid 
[3.45] 

As an example, for a group of cylinders aligned in rows of equal spacing, s, and 
extending throughout the flow depth, as illustrated in Figure 3-14a, this reduces to 

a = D/s2 . [3.46] 

If the flow depth extends above the cylinders (Figure 3-14b), then 

a = Dk/s2h 

where k is the cylinder length. 

In terms of the resistance relations derived in Section 3.1, for a wide channel, 

a = ...A.f- = Af_ 
hAb Ax A 

[3.47] 

[3.48] 

where h is the flow depth. Equations 3.15 and 3.21 can then be rewritten as 

y2 
~=~a~ ~~ 

and 
f = 4Coah . [3.50] 

If the roughness density and drag coefficient vary with height, the drag force given by 
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Equation 3.13 can be written so as to give the drag force on the obstructions up to 
height z, per unit bed area, 

~ = 1: = % f~ p CD(z) a(z) u(z)2 dz [3.51] 
b 

where u(z) is the local velocity. 

Another commonly used parameter is the roughness concentration A., which is the 
frontal area per unit wall area. It is frequently used to describe two-dimensional 
roughness, such as ribs normal to the flow direction, in which case (see Figure 3-15) 

A = kl s [3.52] 

where k is the height of the roughness element (Raupach et al., 1991). For three
dimensional roughness, 

A == a k. [3.53] 

In a flnite difference model of flow through vegetation, Thompson and Roberson 
(1976) used an array of cylinders to represent vegetation. They accounted for the 
interference of adjacent cylinders using the following relations for the local velocity in. 
the wakes (uw) behind cylinders, relative to the local approach velocity u. The local 
wake velocity was then used to calculate the drag force. 

For staggered spacing: 
Uw lu = 1.06(s/D)o.o4 
Uw lu = 0.93(s/D)o.015 

For parallel spacing: 
Uw lu = 0.48(s/D)o.14 
Uw lu = 0.70(s/D)o.o8 

for 4 s (sID) s 10 
for 10 s (sID) s 100 

for 4 s (sID) s 20 
for 20 s (sID) s 100. 

[3.54a] 
[3.54b] 

[3.54c] 
[3.54d] 

Arrays of distributed roughness elements on walls are often used to model flow 
through (and above) vegetation. The measured resistance parameters then account for 
the effects of adjacent elements and the wall to which they are attached. Kao and 
Barfield (1978) used flexible plastic strips to simulate shallow flow through grass. 
Figure 3-16a is a plot of their resistance parameter M CD I Y Sb versus a vegetation 
blade Reynolds number based on the characteristic length Lc' which is the average 
projected width of a blade, assuming random orientation with the flow. Figure 3-16b 
is a plot of the same resistance versus the Reynolds number based on flow depth. In 
both figures, for a given slope and Reynolds number, decreasing the vegetation stem 
count (Le. density) M results in an increased drag coefficient. 

Marshall (1971) used arrays of cylinders attached to a wind tunnel wall to model wind 
flow through rangeland plants. The total shear stress was partitioned between the wall 
shear stress and the shear stress attributable to the cylinders. It was found that as 
lateral cover (roughness concentration A) was decreased to zero, the drag coefficient 
for an element, based on frontal area and free-stream velocity U 00 ,increased and 
approached the value for an unobstructed element. These results are shown in 
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FIGURE 3-15. Roughness Concentration of Ribs Normal to Flow (Schematic) 
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Figure 3-17. As lateral cover is increased (increasing density), CD decreases and 
becomes a function of A. rather than D/k. Also as lateral cover is increased, the shear 
stress on the floor becomes negligible and the total shear stress is from the cylinders 
only. Marshall (1971) partitioned the shear stress as follows: 

'tF == Wr + 'tg F [3.55] 
where 't is the total shear stress, 't is the shear stress on the ground between 
elements, F is total ground area, Fflis the total uncovered ground area, and Wr is the 
sum of the drag forces on all the elements. Equation 3.55 can be written as 

W 't F' 1 - -=4'- = ~- [3.56] 
'tF 'tF 

from which it can be seen that when 't g becomes zero, the left hand side of the 
equation must equal zero. Figure 3-18 shows the variation of a shear stress partition 
parameter based on Equation 3.56 and the associated lateral cover for different D/k 
values. It was found that for a given D/k, the lateral cover associated with 't g = 0 in 
Figure 3-18 has a value similar to the minimum at which the unobstructed drag 
coefficient is applicable in Figure 3-17. 

3.4 Flows Through Screens and Grids 

3.4.1 Flows Throuw, Screens 
The geometry of some forms of vegetation, e.g. bushes, resembles screens, which have 
also been extensively studied in fluid mechanics. The head loss associated with flows 
through screens is usually expressed as a function of a velocity head and an empirical 
head loss coefficient KL • The general expression is 

V2 
hL = KL 2g [3.57] 

where V is a reference velocity, typically an approach velocity or velocity through the 
screen. As with drag coefficients, it is important to use the appropriate reference 
velocity for a head loss coefficient. 

Kirschmer's formula for barsctC1ens at an angle 6 to the horizontal uses Equation 3.57 
with approach velocity V· and 

KL = psin6 ( ~ )4/3 [3.58] 

where s is bar width, d is the clear space between the bars, and p is a dimensionless 
coefficient dependent on rack geometry, ranging from 0.76 for an airfoil cross section 
to 2.42 for a rectangular bar with length equal to 5s (Novak et al., 1990). 

For the design of power plant intakes, the U.S. Department of mterior (1960) has 
suggested using Equation 3.57 and 

[3.59] 
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where V is the velocity through the rack, Rn is the net area through the rack bars and 
ag is the gross area of the racks and supports 

Stefan and Fu (1978) measured headloss through six types of profile-wire screens 
under consideration for a power plant intake. The screens were tested in various 
positions in the flume, relative to the direction of the approach velocity. either at an 
angle e with respect to the horizontal, or at an angle <I> with the flume sidewall (Le. 
the screen is normal to the flow direction for e = 90° and <I> = 90°). The head loss 
coefficient, defmed using Equation 3.57 with Vas the average approach velocity, was 
plotted as a function of the Reynolds number based on the size of the screen opening 

Re'" Y(dl~h11/2 [3.60] 
v 

where dl is the clear spacing between rods . and dz is the clear spacing between wires. 
Generally KL increased as the deflection angle e or <I> decreased, for a constant Re. 
KL also increased as the fraction of open area of the screen decreased. 

For sudden enlargements. head losses have also been expressed as 

h -K l(Yl~~ 
L - L 2g [3.61] 

(Vennard and Street, 1982). Equation 3.59 can be used to calculate the head loss (ft) 
through a clean vertical bar screen such as those used for wastewater treatment plants 
(Velon and Persaud, 1993), where KL' ... 1017. VI is velocity through the screen (fps) 
and Vz is the approach velocity in the channel (fps). 

3.4.2 Flows Throu~h Grids 
Grids are frequently used in wind tunnels to create more uniform turbulence. The 
Engineering Sciences Data Unit (1972) (ESDU) has developed charts to assist in 
determining the pressure drop through round-wire grids normal to the flow. The 
pressure drop is expressed as 

L\p'" V2 pVz Kp [3.62] 

where L\ p is the pressure drop, Kp is the pressure drop coefficient, and V is mean 
flow velocity upstream of the grid. For incompressible flow with a Reynolds number 
greater than 2000, based on wire diameter, Kp decreases as the grid porosity a 
increases. The definition of a is 

a = (1 - mD)2 , [3.63] 

where m is the mesh (number of wires per unit length) and d is the wire diameter. If 
the grid has wires of different diameters or spacing in either direction, 

a = (1 - m1D1)(1 - m2D2) [3.64] 

where ml and m2 are the meshes in both directions, and Dl and D2 are the two 
diameters. The length used in the Reynolds number is then 
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[3.65] 

The ESDU (1972) also provides charts to correct for Re < 2000 and for compressible 
flows. 

3.5 Flow Through Orifices 
When vegetation is dense, it might be more appropriate to consider the water as 
moving through openings rather than around objects. This analogy was used by 
Klaasen and van Urk (1985) to study headloss through hedges, which they modelled as 
orifices. 

An expression can be found for the flow through a submerged orifice using the energy 
equation between section 1 upstream and section 2 downstream, as illustrated in Figure 
3-19. Assuming at first no losses, 

or 

h + VI:' = h + V 2:' 
1 2g 2 2g 

V 2 vl = 2g (hI - h2 + 2~- ). 

From the continuity equation, 

V22 = V 12 (AI/A2)2 . 

Solving Equations 3.67 and 3.68 for V l' one obtains 

A2 
Vl2 = A 22-A 2 2g(h1 - h2)· 

1 - 2 

Therefore the discharge is 

Q = Al V I = A2(1 - Az/Alrl/2 [2g(hl - h2)]1/2 . 

[3.66] 

[3.67] 

[3.68] 

[3.69] 

[3.70] 

However, Equation 3.70 still neglects losses. Head loss can be included using an 
empirical coefficient Cy , which results in the expression 

Q = Cy A2(1 - Az/A I )-1/2 [2g(h1 - h2)]1/2 • [3.71] 

Since 

A2 = Cc A [3.72] 

where A is the area of the orifice and Cc is a contraction coefficient, 

Q = Cc Cy A(l - Cc A/A I )-1/2 [2g(hl - h2)]1/2 

= C A [2g(hl - h2)]1/2 [3.73] 

where C is the discharge coefficient. Vennard and Street (1982) list C = 0.61 for a 
sharp edged orifice. Equation 3.73 can be used to find the headloss if the flowrate is 
known. 

46 



r .~~ 

J ; 
I ) 

( 
i 

r i 

( 
I J 

r 
\ -: 

, " 

J 
I i .. ~ 

f' 
U 

1 
A 

T 
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The Engineering Sciences Data Unit (1985) has provided procedures to detennine the 
pressure loss through a plate with multiple orifices within a duct, for incompressible 
flow and Reynolds numbers greater than 10000, where the Reynolds number is defmed 

ReD = VD/a v [3.74] 

where V is the upstream velocity, D is the diameter of the orifice(s), and the porosity 
a is 

total area of orifices 
a = area of duct . 

The pressure loss coefficient is 

Kp = K'~/a2 . 

[3.75] 

[3.76] 

Both K' and p are parameters obtained from curves in ESDU (1985). K'increases 
with decreasing porosity, and ~ is a f1mction of the ratio of plate thickness to orifice 
diameter. 

3.6 Flow Through a Porous Matrix 
3.6.1 Properties of Porous Media 
Extremely dense vegetation may be visualized as a system of interconnected openings 
similar to a porous medium. A porous medium consists of multiphase matter: a solid 
matrix distributed throughout the porous medium, and a liquid or gas occupying the 
space that is not part of the solid matrix (the pores or voids). The pores are 
interconnected, and the openings are relatively narrow. (Bear, 1972). 

The porosity n is defmed as the ratio of the volume of void space to the bulk volume 
of the porous medium. An areal porosity can be defmed by passing a plane through a 
point, and using the ratio of the area of pores to the total area. If the porous medium 
is not isotropic, the areal porosity will depend on the orientation of the plane. The 
porosity based on volume at a point is the average· of all possible areal porosities at 
that point. Therefore in an isotropic porous medium, the volume porosity equals the 
areal porosity. A linear porosity can be similarly defined. (Bear, 1972). 

Other useful properties of a porous medium are the void ratio, e, which is the ratio of 
the volume of voids to the volume of solids, and the specific surface, M, which is the 
total interstitial surface area of the pores per unit volume of the porous medium. 
Porous media usually have relatively high specific surfaces (Bear, 1972). The specific 
surface has units of (lengthr1 similar to the roughness density, a; however, it is 
defined based on surface area rather than frontal area. 

3.6.2 Resistance RelatiollS..forFlows. Through a -Porous Matrix 
Darcy's Law is a resistance relation that is frequently used for one-dimensional flow 
through a porous matrix, with no inertial effects: 

q = K Se ' [3.77] 

48 



; ~, 
I 'i 

, ' 

~ I 

,--' 

I ' 
\ ' 

( 

( , 
\ j 

! 

( ; 
~ , 
\ , 

r-
\ 

f; 
i ""~ 
( 

I j 

where q is the specific discharge (discharge divided by the cross-sectional area of the 
porous medium -- a velocity) ,and K is the coefficient of permeability, also called 
the hydraulic conductivity (Bear, 1972). The average velocity of the fluid within the 
pores is 

v=q/n. 

The energy slope is related to the Darcy friction factor via the Darcy-Weisbach 
equation 

[3.78] 

L V2 
Se'" (4R) 2g [3.19] 

Alternatively, the Panning friction factor fWas defined as (Bear, 1972) 

Se '" L~ R 2g 
[3.79] 

Figure 3-20 shows the relationship between the Panning friction factor f and Reynolds 
number, which is defmed as 

Re""qd/v [3.80] 

where d is the characteristic length of the matrix material, typically the diameter of a 
reference soil grain size. Darcys Law is only applicable for Reynolds numbers less 
than 1 or 10. Por Reynolds numbers between 10 and 100, laminar flow still exists but 
because the inertial forces are no longer insignificant compared to the viscous forces, 
Darcys resistance relationship no longer applies. Above Re '" 100, the flow through 
the porous matrix becomes turbulent (Bear, 1972). Bear (1972) discusses several 
empirical equations of varying complexity that have been proposed for turbulent flow 
in a porous medium. 

Using Darcy's Law, it is possible to relate K to a drag coefficient by equating the 
velocity terms in Equations 3.49 and 3.77, resulting in 

K "" (2g / Cn a Se )1/2 • [3.81] 

Tsujimoto et a1. (1991) defmed a different permeability coefficient Ks for use with 
model vegetation, by using Equation 3.49 to relate velocity and energy slope and 
rearranging: 

[3.82] 

where V is the characteristic velocity of the flow through an array of roughness 
elements. Equations 3.81 and 3.82 include inertial effects and represent a non-linear 
resistance law different from Darcy's (Equation 3.77), since the velocity is proportional 
to the square root of the energy slope. 

The concept of a hydraulic radius has been applied to porous media by describing it as 
the ratio of the volume of conduit filled with fluid to the wetted surface. This 
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FIGURE 3-20. Classification of Flow Through Porous Media (Bear, 1972) 
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deftnition results in the expression (Bear, 1972) 

R = n 1M. [3.83] 
Equation 3,83 can be applied to flow through vegetation. ill cross section, as shown 
in Figure 3-21, the flow through vegetation looks like flow through a porous medium, 
with the relative proportion of solid and pore spaces reversed. Referring to the force 
balance shown in Figure -1, neglecting bed shear stress so that Ft is the force 
resulting from the shear stress on the plants 1', and assuming normal and uniform 
flow, the resistance of the plants must balance the streamwise component of the 
weight of water: 

1'Aplants = pg (n ALlx) sin e [3.84] 

where n is still defmed as the ratio of volume of pores (water) to the total volume, 
and Anlants is the total surface area of the plants within the volume of water, which 
could be determined from field measurements (Appendix A). Solving Equation 3.84 
for l' one obtains 

l' = y (n 1M) Sb [3.85] 

which is essentially Equation 3.11 with a hydraulic radius which accounts for 
resistance forces acting on objects in the flow rather than along the perimeter of the 
bed. 

3.7 Fluid Dynamic Drag of Vegetation 
3.7.1 Aerodynamic Drag of Vegetation 
There has been much study of the flow resistance of crops and forests in wind, which 
can be applied to the study of the flow resistance of aquatic plants or inundated flood 
plain vegetation. 

Typically, friction drag on plants is signiftcant, since the Reynolds number based on 
the characteristic length of a plant part is low. Pine needles in air have a Reynolds 
number of 30 to 200, and wheat leaves have a Reynolds number of 500 to 2000 
(Raupach et al., 1991). Bean leaves have a ratio of form drag to friction drag that is 
3:1 (Raupach and TIlOm, 1981). For a single canopy element in a uniform wind u 

CD '-' *n , where typically 0 < n < % [3.86] 

(Raupach and Thorn, 1981). Values of n = % have been found for beans, rice and 
maize, although there is much scatter in the data (Brutsaert, 1991). 

The interference effects observed with laboratory roughness are also observed in 
vegetative canopies: smaller drag coefficients are measured on elements of canopies in 
situ than on a single element in an "equivalent uniform wind", which is a uniform 
flow having a velocity equal to the average value measured between the plants 
(Raupach and Thorn, 1981). A shelter factor, PM' is the ratio of the drag force 
measured in the equivalent uniform wind to the drag force measured in place. The 
shelter factor includes the effects of interference and non-uniform wind speed 
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distribution. Shelter factors of 3-4 have been measured in bean crops and pine forests. 
Shelter factors of 1-3 have been measured in cylindrical rod arrays in wind tunnels, 
with the variation related to element dimensions and spacing (Raupach and Thom, 
1981) as to be expected. 

Raupach and Thorn (1981) derive a drag proftle for a known velocity profile within 
the vegetation, using the equation 

1" ;:: 112 fa p CD(u) a(z) u(z)2 dz [3.51] 

where z is the distance from the ground surface upwards. Equation 3.49 neglects bed 
shear stresses, and considers CD to be the effective drag coefficient already adjusted 
for a shelter factor. Then from Equation 3.86 and the definition of shelter factor, 

CD = cl I un . [3.87] 

where cl is an unknown constant. 

In vegetative canopies, the roughness density a(z) is more difficult to determine than 
in arrays of laboratory roughness because of variations in the plants with height. 
However, a(z) is related to the Leaf Area Index (LA!), which is the cumulative area of 
leaves (one side) in a canopy per unit ground area. Sometimes Plant Area Index 
(PAl), which includes stem area, is used instead. Methods of determining LAI and 
PAl are summarized in Appendix A. If the variation of a(z) is known, and leaves can 
be assumed to be randomly oriented, as shown in Appendix A 

112 to a(z) dz ;:: V2 LAI ;::}.. [3.88] 

where z is the distance from the ground surface upwards and k is the canopy height 
(Raupach et al.,1991). However, it should be noted that if friction drag is of interest 
rather than form drag, then a(z) refers to the surface area of both sides of the leaves, 
regardless of orientation, and the relationship becomes 

V2 to a(z) dz = LAI [3.89] 

which is the relationship used by Brutsaert (1991). Substituting Equation 3.87 into 
Equation 3.86 and integrating, one obtains 

-r(z) - 'teO) = c2 f~ a(z) u(z)2-n dz [3.90] 

where c2 is another constant. Dividing by the shear stress at the top of the canopy, at 
height z=k, allows the constant to be eliminated, and the shear stress at ground level 
can usually be neglected compared to the shear stress at the top of the canopy. The 
resulting drag profile is 

... 1 .. \ f ~ a(z) u(z)2-n dz 
.!lZ.L = K [391] 
-r(k) f oa(z) u(z)2-n dz . 

Because the constant related to the shelter factor was eliminated in the calculations, it 
must be assumed that the shelter factor is constant throughout the vegetation, meaning 
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it does not depend on plant density, which is not totally correct. If a value 't'{k) is 
known from some. other method and a value 't"(k) is calculated from Equation 3.91, 
then the shelter factor is 

PM = 't"(k) / 't'(k). [3.92] 

This method was used by Raupach and Thorn (1981). 

Morgan and Finney (1986) studied the drag coefficients of a variety of crops in single 
rows. Several consecutive 10 second recordings of velocity were made at various 
heights during each observation period. Using the velocity approaching the crops 0.05 
m above ground as the reference velocity and the projected frontal area of the leaves, 
the resulting drag coefficients ranged over five orders of magnitude, from 0.00009 to 
3.41. It was found that drag coefficients usually decreased with increasing velocity 
(Figure 3-22) and could be fitted to the relationship 

CD = cl / un where 0.5 < n< 2.5 . [3.87] 

Crops with lower biomass density plotted closer to the upper right part of the graph 
(for example, lines B and C.) However, under certain conditions the drag coefficient 
increased with increasing velocity. Using the lOs recordings of velocity at 1m above 
the ground, a wind speed variability indexT was. defmed for. each observation period 
as the ratio of the standard deviation of the velocity measurements to the average 
velocity. The drag coefficients increased with increasing wind speed if T was below a 
critical value, which depended on the type of crop. The regression equation and plant 
data for each line in Figure 3-22 is listed in Table 3-4. 

3.7.2 Hydrodynamic Drag of Vegetation 
To determine a roughness coefficient for heavily vegetated channels, Petryk and 
Bosmajian (1975) used Equation 3.13 to calculate a vegetal drag force, and Equations 
3.11 and 3.26 to express bed shear stress as a function of Manning's roughness 
coefficient for the bed, nb- The vegetal drag force and bed shear stress were then 
substituted into Equation 3.9 to obtain 

Se 
V2 = [3.93] 

where Afi is the frontal area of plant i. Substituting Manning's equation (Equation 
3.26) for V gives an expression for an overall roughness coefficient 

n = nb [1 + (CD LAn) / (2g ALlx)(Km IDb)2 R4/3]1/2 [3.94] 

For cases where the vegetative resistance is much greater than the bed resistance, 
Equation 3.93 reduces to 

Y = (2gALlx I CoLAfi)l/2 Se 1/2 [3.95] 

which is the equation for flow through an array of elements (Equation 3.18) .. 
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TABLE 3-4. Relationships Between Drag Coefficients (Cd) and Wind Velocity (u) 
at Height 0.05 m (Morgan and Finney, 1986). 

Gr~p Crop Conditions II b n r 

A Winter wheat BM<0.65 T>0.20 L>5 0.0056 -1.92 36 -0.815 
Onlons BM<0.65 hO.20 
Potatoes BM<0.65 
Spring barley . BM<0.65 
Carrots BM<O.65 T>0.30 

Al Onions BM<0.65 T>0.20 0.0030 -2.46 10 -0.991 

B Peas BM<0.65 T>0.30 0.2366 -0.99 6 -0.946 

C Sug·ar b·eet BM<0.65 T>0.30 0.3290 -0.90 6 -0.904 

0 Planted straw BM>22.0 0.00059 -1.91 67 -0.976 
Winter wheat BM>O.65 T>0.18 
Peas BM>O.65 T>O.30 
Potatoes BM>4.00 T>0.30 
Spring bl!rley BM>O,65 
Oilseed rape BM>O.65 

E Sugar beet BM>O.65 T<O.20 0.0028 -1.69 11 -0.917 

r Broad beans BM>O.65 T>O.30 L<25 0.0485 -1.28 13 -0.979 
Broad beans BM>O.65 L>25 

G Potstoes BM>O.65<4.00 T>O.30 0.0810 -0.87 11 -0.532 

H Onions T4).23 L~5 0.4020 0.87 10 0.885 

Onions T<0.20 l>5<l0 0.0810 0.32 59 0.237 
Winter wheat T <0.20 l>5<l0 
Carrots T<0.30 l>5<l0 
Planted straw T<0.20 I3M<ZZ 
Sugar beet T<0.30 L,ZO 

11 Onions T<O.ZO L>5<l0 0.0560 0.75 9 0.893 

12 Sugsr beet T<O.30 LdO 0.1070 1.0Z 23 0.443 

J Potatoes T<0.30 0.0117 0.72 13 0.637 
Broad beans T <0.30 

K Peas T <0.:50 bl0 <20 0.0043 2.59 9 0.924 

L Planted straw T<O.20 BM>22 0.0083 1.83 15 0.801 
Notea: BM = biomass density (kg OM m-3) , T = wind speed variability 

index (see text), L = leaf width (mm), a and b are the regre-
ssion coefficient & eXfonent in the relation.hit c~ au., 
n = nunber of obaervat ona in saaple, r = carre at casff. 
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If the value of nb is known, Equation 3.94 can be solved for the tenn CoLAfi /Allx. 
Petryk and Bosmajian (1975) used data from the literature which relate n to water 
depth in six row crops and vegetated channels and estimated nb' to obtain graphs of 
CoLAfi /AAx as a function of flow depth. Arcement and Schneider (1987) applied 
Equation 3.94 to ten heavily wooded flood plains for which values of n had been 
determined empirically both by inspection and by performing water surface profile 
calculations. Trees were counted and their diameters measured in a sample area at 
each site, so that .E Afi I AAx was mown. The value of nb was calculated using a 
modification of Equation 3.27 with values from the literature, retaining the variable n4 
to account for the effects of vegetation such as grasses and shrubs which were not 
measured. Since an overalln was known, the drag coefficient of the floodplain 
vegetation could be calculated from Equation 3.94. The results are shown in Figure 3-
23, as a function of hydraulic radius. 

Although Equation 3-93 was developed assuming fairly rigid vegetation, Van Ieperen 
and Berfst (1986) applied it to three kinds of aquatic plants: white waterlily (Nymphea 
alba), broad pondweed (Potamogeton natans), and reeds (Phragmites australis). To· 
adapt the equation to average plant measurements obtained from sampling, the tenn 
with the drag coefficient was rewritten as 

[3.96] 

where m is the number of plants, 11g is the average length of a plant, D is the average 
diameter of a plant, and Cd is a plant drag coefficient which accounts for all the other 
effects not included in the geometric simplifications, e.g. shape of plant. In Figure 3-
24a, the variation of 'i:.AflIllx with season is shown. Figure 3-24b shows the seasonal 
variation of Cd' There is also a decrease in Cd with Reo. 

Kadlec (1990) calculated a resistance parameter 

X = CDa [3.97] 

from various other studies. His plot of X versus flow depth is shown in Figure 3-25. 
X decreases exponentially with depth. The "ten times channel" refers to velocities 
which are 1 0 times lower than those that would occur in the same channel without 
obstructions, as a landmark value to indicate the significance of the vegetal resistance. 
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4. VELOCITY PROFILES THROUGH AND ABOVE VEGETATION 

4.1 Examples of Measured Velocity Profiles 
The velocity profiles shown in Chapter 2, Figures 2-7 and 2-8, are schematic 
representations of the significant features observed in actual velocity distributions in 
vegetated channels as reported in the literature and found in the field measurements 
described in Appendix B. 

Figures 2-7a and 2-7b are schematic velocity profiles that occur typically within 
emergent vegetation. Figure 4-1 shows actual velocity measurements taken by Burke 
(1982) in marsh grass (Spartina alterniflora) along with a computed velocity profile 
based on constant roughness density a(z). Very near the bed, the influence of the bed 
friction is apparent. The velocity becomes uniform away from the bed. 

When the vegetation is submerged, typical velocity profiles resemble those in Figure 
2-7c and 7d. Figure 4-2 gives an example of actual measurements taken by Burke 
(1982) in and above submerged marsh grass. Throughout the lower part of the 
vegetation, the velocity is uniform; however, in the upper part of the vegetation the 
velocity starts to increase, and above the grass there is a much higher velocity and a 
higher velocity gradient than there is in the grass. The features of this velocity proflle 
are also seen in measurements by other investigators. Figure 4-3, for example, shows 
velocity measurements taken by Ree (1949) in a grass-lined channel. There are lower, 
fairly uniform velocities within the grass. The velocity begins to increase near the top 
of the grass, and greatly increases above the grass. 

The velocity profiles also strongly resemble those obtained in air flow over vegetation. 
Thom (1971) measured wind velocities within a bean crop. The mean velocity 
profiles, grouped by wind speed, are shown in Figure 4-4. It is noteworthy that the 
velocity increases near the top of the vegetation despite an increase in vegetation 
density a(z). Figure 4-5 shows velocity profiles measured at five different time 
periods within a com crop (Wright and Brown, 1967). Although the shape of the 
velocity profiles within the canopy are not as uniform as those in Figures 4-2 and 4-3, 
there are again lower velocities within the canopy and much higher velocities above. 
When the velocity above the vegetation is relatively high, as in the profiles for group 
E and F in Figure 4-4 and in most of the profiles in Figure 4-5, the velocity profile 
within the vegetation deviates farther from uniform velocity. This effect was also seen 
in some velocity profiles of water flowing through pondweed, discussed in Appendix 
B. 

Velocity profiles measured in water flowing through channels of various slope Sand 
lined with kikuyu grass (Pennisetum dandestinum) have been plotted on semi-

61 



·20 --------

.16 

.12 

.08 

.04 

top of grass 

z(m) 

000 

000 

---computed 
o observed 

.• 02 .04 
velocity (m/sec) 

.10 

.0510 

z(m) 

I I 

-1 4.0 8.0 a(m ) 

FIGURE 4-1. Measured Velocity Profile in Emergent Marsh Grass (Burke, 1982) 

62 



1 ~ 

I ' 
I ' 

1 ' 
! i 

Ii 

r 1 
I 

\ 

I 
1 

'I I 

, \ 
I " 

,.24 z (m) 

.20 

,top of grass 

o '0 0 

'.'16 

, .12' .20 z :(m)'" 

.15 

,tID 

.05 

.08: 000., computed 2 4 6 8 
0 observed -1 

a(m ) 

.'04 

velocity (m/sec) 

FIGURE 4-2. Measured Velocity prorlle in Submerged Marsh Grass (Burke, 
1982) 

63 



74 

i I ... " .. SUllfaC( +--"1 

0.[----- _L ____ ~l __ ~ .. " , 
_ .. ---.--- --. -- I_L --

VELOCITY OIST~leuTION 

C~""lftL fel • . (. p', '. '1.0W ~ I 
$T.IIOH '.40 G(NUII LIN( r o. 

I 
-.-_._--! ---'I' .-.. _-. 

~ 

I I w 
w 

• 
~ o. --; -1'---
., , / D 

I , ~ lOP 0' GRot.55 

~ ---1-----0 0' 7 
---_. · /l----

: · < I · I 0 0.2 

r STILL"'ATl" OUtDOOR 
HYDItAULIC .... SORA TOlty 

·'LJ 
SOIL COljSfAV.&'ION 5(A..,.(.[ 

USOI:P",OF AGIt'CUl TURE 

"ILO~I1Y - ru, -eo S£GOHD 
I • , • • • T 

FIGURE 4-3. Measured Velocity ProfUe in Grass Lined Channel (Ree, 1949) 

64 



~ 
U. 

:-1 

300L 
r-aJ 

% 

200 

;m 

liB 

IOC~ /-----~ 

o I r -T-

O u{z] 50 em 5-' 100 

r----~ ,-_._- --~, 

'------- j 

u[z] -f 

'''''-' 200 em 5 

'j j' 

o .. f//~III;/,II/////ff///!tJ/,@m I~ II 

a{z] 
L 

-1 em 

- -1 

"3OC 

z 

em 

20C 

I~Zi 

Ca) Mean wind profiles for beans, 7 July 1966; in parentheses are the numbers of hours' data used 
to obtain each profile; (b) Vertical distributions of bean crop elements: aL(z). plan area of leaves; aSTCz). apB(z) 
and apoCz), projected area of stalks, petioles and pods on planes parallel to their respective major axes-all 

per unit volume at the level z. 

FIGURE 4-4. Measured Velocity Prordes in Win~ Flow Througb Beans (Thom, 197~) 

~-.., 



z 
(em) 

600 

500 

400 

100 

9112162 
CORN 

1800 0602 0700 1506 1200 

r I /1;' / 
I I / / 

I ' / I ,'/" do" 

~/_---
y /4SlinQS dalo 

'/ leaf area If density-

0 0 100 200 300 
u (em/sec) 

Fi,·e representative wind:.pecd profiles for 
to-min periods, with the beginning time of the 
period as indicated, for a CUrl crop 250 em in 
height. Windspeeds above the crop were obtained 
with cup anemometers and within the crop with 
Hastings anemometers. A diagramm,l(ic represen
tation of the distrihution of the kaf area of thc nop is shown in the lowcr right ,orner of the 
iigure. 

FIGURE 4-5. Measured Velocity ProfIles in Wind Flow Through a Com Crop 
(Wright and Brown, 1967) 

66 



(-, 
\ . 

( ! 

( , 
! .. 
\ -' 

I 
\ I 

logarithmic paper as shown in Figure 4-6. Stem lengths are 42.4 em (16.7 in) in 
Figure 4-6a and 10.7 cm (4.2 in)· in Figure 4.6b. Within the grass, fairly uniform 
velocities occur, regardless of flow rate. The velocity begins to increase near the top 
of the grass (Gourlay, 1970). 

4.2 Review of Velocity ProfIles in Boundary Layers 
4.2.1 Purpose 
The velocity profiles of Figures 4-1 through 4-6 contain regions near the bed and near 
the top of the vegetation where the velocity changes rapidly within a short distance. 
Since this rapid change in velocity also occurs in a boundary layer, it seems 
reasonable to call upon boundary layer theories to analyze velocity profIles in and 
above vegetation. Some boundary layer velocity profiles useful in this analysis are 
reviewed in Appendix C. There are, however, additional elements in flow through 
vegetation which are not found in conventional boundary layers. For example, if 
vegetation is considered a form of roughness, it is easily recognized that the relative 
roughness used in boundary layer theory has a much smaller scale than the relative 
roughness due to vegetation, precluding measurement and analysis of flow within the 
roughness (Raupach, Antonia, and Rajagopalan, 1991). Also, vegetation is a flexible 
form of roughness, so absolute roughness height is a function of the flowrate rather 
than independent of it (Brutsaert, 1991; Gourlay, 1970). Because the vegetation is 
usually of non-uniform density, and protrudes into the flow, a one-dimensional 
boundary layer analysis is only a crude approximation of reality. In an open channel, 
secondary currents also cause a departure from one-dimensional flow. There is also an 
assumption of isotropic turbulence used in boundary layer theory, but the vegetation 
causes the turbulence to "align" (Kouwen, 1970). The vegetation affects the size of 
the eddies and therefore the rate of energy dissipation (Raupach and Thorn, 1981). 

4.2.2 Summary of Some Useful Turbulent Boundary Layer Relationships. Several 
types of boundary layer flows are reviewed in Appendix C. While turbulent open 
channel flows are of primary interest in this thesis, the results of investigations of 
atmospheric boundary layers with vegetal roughness, analogous to flow over a flat 
plate, are also of interest. This chapter will provide a literature review of several 
investigations of velocity profIles in flows through and above plant canopies. For the 
most part, the discussion centers around the use of mixing length theories to determine 
Reynolds stress distributions, although k-epsilon models and other higher order closure 
models have also been used (see for example Raupach et aI., 1991). The following is 
a summary of the equations from the review of turbulent boundary layer analysis in 
Appendix C which will be useful later in this chapter. 

Mixing length theories assume 

't' = - pu I V I ;:: p i2 ( ~)2 [4.1] 

where 't' is the Reynolds stress, z is above the ground or bed, and u is the time
average streamwise velocity. The mixing length, ~, is assumed proportional to the 
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distance from the wall: 
~ 1= KZ (flat plates) 
~ = Kz(1 ~ zth)1/2 (open channels) 

where K is a constant, usually 0.4. 

Equation 4.1 can be written in terms of a kinematic eddy viscosity, v t 

du 
'\: = pVt (dz ) 

where 

The semi-logarithmic velocity distribution is the equation 

.JL = ...L In(~) 
u* K Zo 

[4.2] 
[4.3] 

[4.4] 

[4.5] 

[4.6] 

where Zo is a reference height related to viscous and roughneSs effects, and u* is 
defmed by the equation 

1'b = pu*2. 

Other forms of Equation 4.6 are 

lL 1 
u* == ~ In z + C1 

and 

.JL 

where C1 and C; are constants and k is the absolute roughness height. 

4.3 Analysis of Wake-affected Flows Through Canopies 

[4.7] 

[4.8] 

[4.9] 

By comparing the velocity distribution within canopies, Figures 4-1 to 4-5, to the 
theoretical velocity distributions developed for flows over roughened surfaces 
discussed in Appendix C, it becomes apparent that the additional drag resistance of the 
vegetation retards the velocity within the canopy, altering the velocity profile as shown 
in Figure 4-7. 

If the resistance force of the vegetation is known, an expression for the shear stress 
distribution can be developed. Assuming a wide rectangular open channel with nonnal 
flow as illustrated in Figure 4-8, the total shear stress 1't must resist the streamwise 
component of the weight of the water and is therefore assumed to have a linear 
distribution with depth 

"C t (z) == pghSb (1 - zfh). [4.10] 
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The total shear stress is composed of the shear stress due to vegetal drag forces, the 
turbulent shear stress, and the laminar shear stress, which can be neglected except near 
the bed. The turbulent shear force per unit width of channel 1:'(z) Ax can then be 
determined by subtracting the· vegetal drag force from the total resistance force 
1:'t(z) Ax (Kosorin, 1983). 

The drag force of the vegetation below height z is known from Equation 3.51, and 
therefore the drag force due to the vegetation above z is 

FO = [1:'bO - %p t Co a(z)u(z)2 dz ] Ax 
o 

[4.11] 

where 1:' bO is the bed shear stress attributable to the total vegetal drag force. The 
force balance equation is then 

pghSb (1 - z{h)Ax = 1:' Ax + [1:bO:: % pfo Coa(z)u(z)2 dz ]Ax. [4.12] 

Dividing by Ax and differentiating with respect to z, one obtains an expression for the 
turbulent shear stress distribution 

: = - pgS + %p CD a(z}u(z)2 . [4.13] 

With no gravity effects, Equation 4.13 reduces to 

d1: 2 
dz = %p CD a(z) u(z) . [4.14] 

From the turbulent shear stress distribution, a velocity distribution can be derived 
using mixing length or other theories. Substituting Equation 4.14 into Equation 4.5 
and differentiating with respect to z, one obtains 

~: + vt ~ = %p CD a(z) u(z)2 . [4.15] 

To solve this equation, assumptions for CD' a(z), and v t must be made, and two 
boundary conditions for u(z) must be specified (Raupach and Thorn, 1981). 

Velocity profIles of wind flow through vegetative canopies have received much study 
in the field of boundary layer meteorology. One of the more frequently used velocity 
profiles in wind effect studies is the exponential velocity distribution, which results 
from using the mixing length hypothesis with a const~t ~, and assuming that CD and 
a(z) are constant with height (Raupach and Thom, 1981): 

u(z) I u(k) = exp[al (zfk - 1)] [4.16] 
where ex 1 is an attenuation coefficient, that has been found to range from 0.4 to 4, 
increasing as plant density and flexibility increase (Brutsaert, 1991). The attenuation 
coefficient can be determined from the equation (Raupach and Thom, 1981) 
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[4.17] 

This profile usually describes the wind proflle well in the upper part of the canopy, 
but it does not satisfy the no-slip boundary condition (Raupach and Thorn, 1981). 
Two other equations have been developed, assuming CD and a(z) are constant 
(Brutsaert, 1991), but with different assumptions for the eddy viscosity. Assuming 
eddy viscosity is proportional to velocity, 

[4.18] 

where u 2 is an empirical coefficient. By assuming a constant v t and assuming that 
CD does not change with height, Thorn (1971) derived the relationship 

u(z) = [1 + (1- z/k)r2 
u(k) u3 [4.19] 

where a3 is another constant. Raupach and Thorn (1981) indicate that both a2 and u3 
can be written as functions of other parameters in Equation 4.15, but they are 
effectively empirical constants. Equation 4.18 satisfies the no-slip boundary condition 
at z;::O. Figure 4-9 shows the proflles given by Equations 4.16, 4.18, and 4.19 and a 
measured wind speed proflle within a uniform canopy of cylinders. While the eddy 
viscosity profiles for the three equations vary greatly, they result in similar velocity 
proftles (Raupach and Thorn, 1981). 

Thorn (1971) noted that an exponential expression for v t ' frequently developed from 
field measurements, and written as 

[4.20] 

where u4 is a parameter related to a 1 (Brutsaert, 1991), might occur as a consequence 
of assuming that CD is constant when in fact CD varies with height. Thorn (1971) 
found that if CD was assumed to vary, then vt(z) = constant = 1.25vt(k) for k/3 <, z < 
k in a canopy of cylinders. This results in mixing lengths that are relatively long, for 
example ~(k/2) = k/3, which Thorn (1971) explained as possibly due to additional 
mixing in the wakes behind the cylinders. 

Seginer (1974) also used mixing length theory to develop velocity profJles for flow 
within canopies. He assumed that the drag coefficient, roughness density, and 
mixing length were not functions of velocity, so that they could be determined 
separately. The following assumptions were used to determine the mixing lengths: 

~(z) < ~i [4.21a] 

.d! I dz I s: 1C [4.21b] 

~(z=O) = KZ 

where ~ is defmed as an intrinsic mixing length that would occur far from any 
boundaries, within a homogeneous system of the same structure as that under 
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consideration (~ .... 00 in the free atmosphere), and Zg is the roughness length of the 
ground material. Using this model, Seginer (1974) developed the family of curves 
shown in Figure 4-10 for a model canopy of vertical rods of varying density. ill 
Figure 4-10, uk is the velocity at the height z=k. A transition occurs from exponential 
velocity proftles to logarithmic velocity proftles as the density of the canopy is 
decreased. Wooding et a!. (1973) found that a semi-logarithmic velocity profile fits 
the data taken within an array of cubes of roughness concentration A = 1/64, which is 
further support for a logarithmic proftle at lower canopy densities. Recalling from 
Chapter 3 the relationship 

f= 4 CD ah [3.49] 

with roughness density a defmed as in Equation 3.47 for submerged elements, it can 
be seen that a decrease in the value of (CDak) can also be thought of as a decrease in 
friction factor. 

The preceding velocity profiles were developed to describe flow in the atmospheric 
boundary layer. Analytical proftles have also been developed for open channel flow 
through vegetation. Thompson and Roberson (1976) and Manz and Westhoff (1988) 
used Equation 4.13 and Equation 4.1 with the conventional mixing length assumption 

Q = lCZ. [4.2] 

for flow through cylinders on a smooth or rough bed. The lower boundary condition 
for the proftle matches the velocity at the top of the viscous sublayer for a smooth 
surface, or at the top of the bed roughness elements for a rough surface. Figure 4-11 
shows the resulting shear stress and velocity distributions. 

Tsujimoto, Kitamura, and Okada (1991a) developed a mixing length model based on 
observations of flow through rigid cylinders. The height z=o was set at the top of the 
cylinders. Within the canopy, it was found that both velocity and shear stress data 
could be fitted to exponential equations. It was noted, however, that Equation 4.13 
cannot be satisfied if both the shear stress distribution.and velocity distribution are 
exponential. Therefore the exponential distribution of the Reynolds stress was 
assumed 

't(z) = 'tk exp(az) -k < z < 0 [4.22] 

where a is an empirical parameter and 't k is the known Reynolds stress at the top of 
the canopy 

'tk = g(h-k)Se . 

The mixing length distribution developed by Tsujimoto et a1. (1991a) is 

e(z) = A( U*k_) exp[(a/2 - ~)z] 
I-' Uk - Us 

-k < z < 0 

[4.23] 

[4.24] 

where Uk is the velocity at the top of the canopy, u*k is the shear velocity at the top 
of the canopy 
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[4.25] 

Us is the characteristic unifonn velocity that occurs when the water surface is below 
the top of the cylinders (see Equation 3.15), 

Us == (2gSe I CD a)1/2 [4.26] 

and ~ is an empirical parameter. The mixing length increases with depth below the 
top of the roughness elements. The resulting velocity profile is 

u(z) = Us [l + a(h - k)exp(az)]1/2 -k < z < 0 [4.27] 

from which 

uk = Us [1 + a(h - k)]1/2 [4.28] 

4.4 Analysis of Flows Above Canopies 
The roughness sublayer of vegetative canopies has been found to extend from the 
ground to a height of 2k to 5k. Within this region, Raupach et al. (1991) indicate 
that the velocity is nearly constant, implying less shear and larger eddy diffusivities 
than in the inertial layer above. Raupach et aI. (1991) suggest that 

V t = 'K u* (zw - d) [4.29] 

where Zw is the upper limit of the roughness sublayer. 

In the inertial layer above canopies, various forms of the semi-logarithmic velocity 
distribution have been used. The fonn commonly used in boundary layer 
meteorology is 

u(z) = lIn Cz..:...ill 
u* 'K Zo 

[4.30] 

where d is the zero-plane displacement (Raupach and Thorn, 1981), which is used to 
shift the logarithmic velocity profile upwards so that it fits measured profiles. 
Originally d was considered to be just an empirical parameter, but Thorn (1971) found 
that d corresponds to the height at which the resultant drag force acts on the flow. 
Referring to Figure 4-12, the height d can be found by taking moments around the 
axis z = 0, and therefore 

_ --'L k 
d - 2F f 0 z fez) dz [4.31] 

where fez) is the drag force per unit bed area, and F is the resultant force per unit bed 
area. With no vegetation, the only force is the bed shear stress acting at the surface so 
that d=O and Equation 4.30 reduces to its classic fonn (Equation 4.6). 

Typical values of Zo for different types of surfaces can be found in Table 4-1. Work 
has also been done to relate d and Zo to the roughness height. For field crops and 
grasses, Raupach et al. (1991) indicate that useful rules-of-thumb are 
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TABLE 4-1. Examples of Roughness Parameten for Various Surfaces (Brutsaert, 
1991) 

Surface description 

Mud°ftats. ice 
Smooth tarmac (airport runway) 
Lar8e water surfaces ('averaae' 

conditions) 
Grass (lawn up to I cm hi8h) 
Grass (airport) 
Grass (prairie in Nebraska) 
Grass (artificial, 7.5 em hi8h) 
Grass (thick up to 10 cm hi8h) 
Grass (thin up to SO em) 
Wheat stubble plain (18 cm, Kansas) 
Grass (with a few scattered bushes and 

clumps of trees; re8ional value for 
Salisbury Plain. England) 

I-2m hi8h Vqetation (cape canaveral, 
Florida) 

Trees (lO-lSm hi8h) (cape canaveral. 
Florida) 

Savannah scrub (25% trees =0 8m; 65% 
dry 8rass ~ 1m: burnt grass and 
sand 10%) 

Larp city (Tokyo. Japan) 

80 

z.(em) 

0.001 
0.002 

0.01-0.06 
0.1 
0.45 
0.65 
1.0 
2.3 
5 
2.44 

" 
20 

40-70 

40 
165 
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d/k '" 0.64 and 
zo/k = 0.13 

while for forests, 
d/k '" 0.8 and 
zo/k = 0.06. 

[4.32] 
[4.33] 

[4.34] 
[4.35] 

The semi-logarithmic velocity distribution for rough surfaces (Equation 4.6) was 
derived empirically using sand grain roughness uniformly spread over the surface, and 
zo was assumed to be proportional to the roughness height k. If the roughness 
elements are at a larger scale than sand-grains, zo becomes a function of the 
dimensions of the roughness elements and their spacing. Chow (1959) illustrated this 
concept for two-dimensional roughness elements, using the diagram in Figure 4-13. 
When the elements are sufficiently separated so that there is no wake interference, as 
in Figure 4-13a, the apparent roughness Zo reflects the form drag of the individual 
elements characterized by their height k, and the friction drag on the surface between 
elements, characterized by the spacing s. As s decreases, the wakes of the elements 
interfere, creating much turbulence (Figure 4-13b). The important parameters are s 
and the flow depth h, which affects the vertical extent of the turbulence. As shown 
in Figure 4-13c, if s is small enough, the wake of one element skims over the top of 
the next element, and stable eddies exist between the elements. This is termed quasi
smooth flow, since the wakes and eddies in effect form a wall at the top of the 
roughness elements. In this case, spacing is again an important parameter, as well as 
k and or j, the groove width. 

Flow above three-dimensional canopies requires the assumption that Zo is a function of 
the width 1y nonnal to the flow, the length Ix in the direction of the flow, the height, 
and the spacing of the roughness elements (Raupach, et al., 1991). Seginer (1974) 
plotted the dimensionless roughness height as a function of (Cnak) for several studies, 
as shown in Figure 4-14. At lower densities Zo /k increases with increasing roughness 
density, until a maximum is reached, and then Zo /k decreases with increasing 
roughness density. Seginer (1974) presented the following relationships, assuming an 
exponential velocity profile within the canopy (and a homogeneous canopy) and a 
logarithmic velocity proflle above the canopy: 

d = 1 - .Jk- [4.36] 
k Kk 

~ J,; 4K3 
= k- exp{ -( - )1f3} [4.37] k Kk ~kCDa 

(~k /k) Cnak = ~kCna ~ constant [4.38] 

where ~k is the mixing length at z=k assuming a logarithmic velocity profile above the 
canopy. From Equation 4.37 it can be seen that if ~k /k is assumed constant, Zo /k 
increases as (CDak) increases, as occurs at the lower densities in Figure 4-14. 
However, if (ekCna) is assumed constant, Zo /k increases as (Cnak) decreases. 
Therefore as roughness density decreases, the mixing length (equal to the mixing 
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(01 

(b) 

(e) 

FIGURE 4-13. Sketches Showing Concept of Three Basic Types of Rough 
Surface Flow: (a) Isolated Roughness Flow; (b) Wake-interference Flow; (c) 
Quasi-smooth Flow (Chow, 1959) 
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The estimated drag coefficient is shown in parentheses. 
wind tunnel studies. 

All but 6 and 12 are based on 

1,2: 3-dimensional, baffles 
3: 2-dimensional, slats 
4: 2-dimensional, rods 
5: 3-dimensional, spheres_ 
6: 3-dimensional, baskets 
7: 3-dimensional, hemispheres 

8: 3-dimensional, pegs 
9: 2-dimensional, rods 
10: 3-dimensional, strips ,-
11: 3-dimensional, rods 
12: estimated, natural vegetation 

FIGURE 4-14. Relative Roughness Length Zo /k as a function of CD ak (Seginer, 
1974) 
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length at the top of the canopy) increases until it becomes constant at the value 
corresponding to that due to the ground (Seginer, 1974). Brutsaert (1991) explained 
the decrease in roughness height at higher (CDak) as the result of approaching a quasi
smooth flow state. 

Figure 4-15a from Raupach et a1. (1991) shows a relationship similar to that in Figure 
4-14, the result of a second order closure model for a field crop with the assumption 
of a triangular distribution of leaf area with height (see Appendix A) having a peak in 
area at the dimensionless height Zmaxlk. The term (CDPAI) is used rather than (CDak), 
since the latter term assumes that roughness density is constant with height. Figure 4-
15b shows the relationship between zero-plane displacement and canopy resistance. 
Both Zo and d depend on zmax' 

According to Raupach et al. (1991), not much infonnation is available regarding the 
effects of the transverse and streamwise dimensions l and Ix of the roughness 
elements. Wooding (1973) used Marshall's (1971) data for cylinders to fit the power 
law 

Zo - (k/lx )0.38 ... [4.39] 
for roughness concentration A below that at which quasi-smooth flow could occur. 
Wooding (1973) proposed the following fonn of the semilogarithmic law: 

[4.40] 

where <I> = (k/lx )0.38 and C is a constant. Figure 4-16 is Wooding's (1973) semi
logarithmic plot of the data from several studies done with roughness elements of 
many shapes,in which U is the velocity at the top of the boundary layer (z = i). The 
straight line fit to the largest grouping of data noted at the top of Figure 4-16 results 
in K = 0.35 and C = -2.05. Generally, K ranged from 0.24 to 0.62, as indicated in 
Table 4-2. 

The logarithmic velocity profile is also used in the study of open channel flows, but it 
is typically used in the form 

!! . = !!k + 1 In (~) 
u* u* K k 

[4.41] 

where Uk is the velocity at the top of the vegetation (roughness), which functions as a 
lower boundary condition for the profile. Once a velocity profile within the canopy 
has been determined, Uk is known. This method of matching velocities at the top of 
the canopy has been used by Thompson and Roberson (1976) and Manz and Westhoff 
(1988), with the result for a canopy of flexible rods shown in Figure 4-11. Kouwen 
(1987) found Equation 4.41 to describe the flow above flexible strips, with values of K 

ranging from 0.15 to 0.40. Gourlay (1970) also obtained semi-logarithmic profiles 
above kikuyu grass (shown in Figure 4-6), but he recommended that the velocity 
profiles be matched at the height at which the semi-logarithmic profile intersects the 
relatively uniform velocity profile within the grass, slightly below the top of the grass. 
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SEGMENTS .:. 

CONES 
SHORT STRIPS .J 

CUBES 0 

k=0.21cm 
k=0.41cm VERTICAL WIRES u 

{ a k/s=O.7 
BUSHEL BASKETS e 1.4 

Fit to above data grouped __ _ 

, CUBES ----

25 

15 

{~ •• I, k/S=~} 
CYLINDERS ~ 

Y, 
y, 

HEMISPHERES a 
LONG STRIPS L 

~ 

SQUARE 

BARS 

10 

• n k=3.86cm 
n 129 
n 0.32 

• 

a ~ L 

a 

Ii< '0 22 "', ~ Q..f" I 

-=1 • 

FIGURE 4-16. Measurements of Total Shear Stress Plotted as U/u. for the 
Rouglmess ComaguratioDs of Table 4-2 (Wooding et ai., 1973) 
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TABLE 4-2. Summary of Experimental Roughness Element Parameters (Wooding 
et aI., 1973) 

Roughness element Roughness kls Inverse of Fitted straight line Von Karman 
description height kID concentration (total drag) constant 

k(cm) III (range) UIII·=A In(J/klrf»+C 1C=lIA 
-----... ---_ .. 
A C 

Spheres 0.41,0.21 I =k/s 6-95 2.40 0.79 0.42 
Spherical segments 0.26 0.325 do 19"';77 2.89 -1.69 0.35 
Truncated cones 0.375 0.47 do 13-53 3.32 -5.17 0.30 
Transverse short 0.10 ]0 0.375 16-67 3.06 -3.06 0.33 
strips 
Cubes 0.475 =kls 64-256 3.41 -6.37 0.29 
Above elements grouped : 2.87 -2.05 0.35 

Cubes 0.475 1 =kls 8-512 2.20 1.38 0.45 
Cylinders 2.54 0.2 to 2 do 18-1250 4.08 -5.25 0.25 
Hemispheres 2.54 0.5 do 25-480 4.14 -4.90 0.24 
Transverse ]ong 0.3 10 0 6-18 
strips 
Transverse square 0.317,0.635 0 40-160 2.27 -3.56 0.44 
bars 0.13 0 1.98 

3.86,1.29, 0 3.95 1.61 7.30 0.62 
0.32 
0.32 I 0 4 2.93 2.15 0.34 

Vertical wires 7 23.3 ~. kls 27.5 
Bushel baskets 30, 60 0.7, 1.4 do 3-384, 16 2.36 0.99 0,42 

/ .... ---~"'"', --', .... -----



EI-Hakim and Salama (1992) used an equation similar in form to Equation 4.41 for 
flow above branched plastic strips. Their results indicated K = 0.353. 

In matching the velocity and shear stress distributions at the top of the canopy, some 
investigators have attempted to relate the mixing lengths associated with both velocity 
proftles. Some of these methods were discussed in Section 4.3, in which the mixing 
length within the canopy was matched to that of the logarithmic velocity proftle above 
the canopy. Christensen (1985) assumed a dense canopy in which the velocity is 
negligible and the mixing length is constant and equal to 

[4.42] 

Near the top of the canopy, at the height z = t, the velocity becomes measureable. At 
that height, the mixing length increases due to the waving of the vegetation, with the 
increase assumed proportional to the height of the vegetation. Above the canopy, the 
mixing length is assumed to increase linearly with height, as with classic mixing 
length theory, so that as z increases, the logarithmic profile is approached. These 
assumptions result in the mixing ltmgth distribution 

Q(z) = Qo + Pk + K(Z - t) 

where 

J... P = 74 
_1_ 
ku4v 

[4.43] 

[4.44] 

The mixing length profile is shown in Figure 4-17a, in which all lengths have been 
made dimensionless with v /u*. A measured velocity profile and the velocity profile 
computed from the mixing length profile is shown in Figure 4-17b. 

Temple (1986) developed an approximation for velocity profiles in grassed charmels, 
for the purpose of calculating velocity distribution coefficients. Temple (1986) 
assumed 

Q(Z) == Pk + K(z-k) [4.45] 

where P was determined empirically. 

Tsujimoto, Kitamura. and Okada (1991a) used Equation 4.24 to fmd the mixing length 
at the top of the canopy, Qo. The mixing length distribution used for open charmels, 
Equation 4.3, was then modified to match the mixing length at the top of the 
vegetation, resulting in 

Q(z) = (KZ + Qo )(1 - Z /h )1/2 [4.46] 

where Z is measured upwards from the top of the canopy. The resulting velocity 
profile above the canopy is 

[4.47] 
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where 
, = z/k [4.48] 
o = eo ltd< [4.49] 

and u*k is the friction velocity at the top of the vegetation as defmed in Equation 4.26. 

4.5 Power Laws for Canopy Velocity Prordes 
Based on a wind-tunnel study of flow through plastic strips, Plate and Quraishi (1965) 
proposed a power law of the following fonn to describe the velocity prof:tle above a 
canopy: 

for 
z - k 0 -k 
-0- <0.15-0- [4.50] 

where k is the deflected height of the vegetation, U OQ is the free~stream veiocity, and 3 
is the boundary layer thickness. For the plastic strips, n = 3. Hsi and Nath (1970) 
also found that Equation 4.50 with n=3 fit their data for flow above a model canopy of 
plastic trees, although a semi-logarithmic profile better fit the data for for flow above 
plastic brush. . 

EI-Hakim and Salama (1992) studied water flow through plastic strips that were 
branched at the top. Within the vegetation, a power law 

u lu(k) = 0.948 (z/ k) lIn· [4.51] 
where n = 1.77, and k is the deflected height of the roughness, fit the measured 
velocity profiles. Above the vegetation, 

u z-k 
- = 1.13 (-- )1/n 
ul h - k 

where ul is the maximum velocity, h is the flow depth, and n = 3.2. 

4.6 Summary of Velocity Profiles 

[4.52] 

The many equations for velocity profiles and shear stress distributions from Sections 
4.3 through 4.5 can be put into perspective by showing them together schematically. 

It was noted earlier in this chapter that some features of velocity profiles affected by 
canopies are similar to boundary layer prof:tles. In the field of micrometeorology, the 
flow of wind through vegetation is considered similar to flow over a flat plate. Figure 
4-18 shows the shear stress distribution, mixing length distribution, and velocity 
profile for flow over a flat surface (no vegetation.) The assumption of a constant 
shear stress and a linear mixing length distribution lead to the semi40garithmic 
velocity profile. On the other hand, open channel flow (with no vegetation) is 
characterized by a linear shear stress distribution due to· gravity effects, as shown in 
Figure 4-19. A semi-logarithmic velocity profile also applies in open channel flow, 
and can be derived from a suitable mixing length. assumption. 

The analytical distributions of shear stress, mixing length and velocity developed to 
describe wind flows through vegetation are summarized in Figure 4-20. Generally, the 
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semi-logarithmic velocity profile (Equation 4.30) is used to describe the flow above 
the canopy and to detennine the upper boundary condition for the flow within the 
canopy. The shear stress, mixing length, and velocity distributions above the canopy 
are indicated by the curves labelled (a) in Figure 4-20. Within the canopy, the shear 
stress distribution can range from the constant shear stress distribution for thinner 
vegetation to an exponential type of distribution for more dense vegetation (curves b 
and e in Figure 4-20, respectively). In thin vegetation, the use of a linear mixing 
length distribution again leads to a logarithmic profile, while in dense vegetation, the 
assumption of constant mixing length leads to an exponential type of profile. The 
transition between the two extremes is given by studying Seginer's (1974) model, and 
is illustrated in Figures 4-21 to 4-23. Figure 4-21 shows five velocity profiles selected 
for the illustration. For this family of curves, it is possible to calculate the mixing 
length distributions using Equations 4.21a, 4.21b, and 4.21c. The mixing length 
distributions shown in Figure 4-22 change from a linear distribution for low canopy 
density (Cnak) to a constant value at higher densities. Using these mixing lengths and 
slopes taken from the velocity profiles, it was possible to back-calculate the shear 
stress distributions using Equation 4.1. As shown in Figure 4-23, the shear stress 
distributions at lower densities are closer to being constant with height, while the shear 
stress distributions for higher densities approach an exponential distribution. 

Figure 4-24 summarizes the shear stress, mixing length, and velocity distributions 
developed to describe flow in vegetated open channels. The dashed curves represent 
the case of little or no vegetation, as an extreme case. Generally, the flow within the 
canopy determines the lower boundary condition for a semi-logarithmic velocity 
profile above the canopy. The linear shear stress distribution above the canopy differs 
from the constant shear stress distribution found in wind velocity profiles. Within the 
vegetation, the shear stress distribution can range from an exponential profile in dense 
vegetation (curve (c» to the linear profile for thin vegetation (curve (b». Curve (d) 
represents a special case in which the vegetation is so dense that the vegetal drag 
controls the flow and there is no shear stress on the channel bottom, similar to the 
flows though roughness elements discussed in Chapter 3. Curve (e) is another special 
case, in which the change in the resistance of the vegetation with height exactly offsets 
the change in gravity force with height, resulting in constant shear stress, which 
implies a type of semi-logarithmic velocity distribution with u* = u*k' The assumed 
mixing length distributions of curves (a) and (c) appear to give larger mixing lengths 
near the flow boundaries than physically reasonable. 

Observed velocity profiles from Minnehaha Creek (Appendix B) are similar to some 
of those illustrated in Figure 4-24. Of the seven velocity profiles from within 
submerged vegetation, the velocity profile shown in Figure B-29 comes the closest to 
having an exponentialsbape (Figure 4-24c). The velocity profiles in Figures B-7 and 
B-8 havenearly constant velocity within the vegetation (Figure 4-24d) and, except 
near the water surface, have a semi-logarithmic velocity distribution above the 
vegetation (Figure 4-24a)~ 
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Channel Flow with Vegetation 
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Figure 4-25 shows the effects of the height, k, of the vegetated layer relative to the 
total flow depth. In Figure 4-25a, the vegetation is full depth and the velocity profile 
is exponential. In Figure 4-25b, the vegetation is within the lower two-thirds of the 
water depth, and there is a transition from an exponential velocity profile within the 
vegetation to a semi-logarithmic velocity profile above the vegetation. In Figure 
4-250. the vegetation is in a thin layer near the ground, and the velocity proflle is 
predominantly logarithmic. It appears that Christensen's (1985) assumption of 
negligible velocity within the vegetation and Temple's (1986) assumption of low 
constant velocity within the vegetation become increasingly better as the height of the 
vegetation decreases. 
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S. STIFFNESS EFFECTS 

As described in Chapter 2, three classes of flow in vegetated channels have been 
observed: the plants are erect, the plants are aligned and waving in the flow, or the 
plants are prone. These different types of flows are reflected in the n-VR curves in 
Chapter 3, with resistance decreasing as the quantity VR increases and the vegetation 
is further deflected. This chapter reviews methods by which velocity prof11es and the 
flow resistance are affected by the deflection and movement of the vegetation. 

S.l General Effects of Deflection 
To determine the effects of plant (roughness) flexibility, Kouwen (1970) and Kouwen 
and Unny (1973) used dimensional analysis to reason that 

Y- .Y~ k k.. -- ~ J 
u* - u* ~ )1/4 Ito h ) 

pu* 
[5.1] 

should exist. In Equation 5.1, V is the average velocity, Ito is the undeflected length 
of the plastic strip, k is the deflected length of the plastic strip, h is the normal depth 
of flow, M is the number of elements per unit area (considered to be dimensionless in 
Equation 5.1), E is the modulus of elasticity of the roughness element, and I is the 
moment of inertia of the cross-sectional area of the element. The term MEl is referred 
to as the stiffness. Kouwen (1970) observed that the flexible plastic strips also exhibit 
the erect, waving, and prone states seen in vegetated channels, and that a logarithmic 
velocity prof11e 

[4.68] 

applies to the flow through the plastic strips. The value of "" was not significantly 
different for erect or prone plastic strips, but it did vary depending on the degree of 
stiffness of the strips (Kouwen, 1970). 

Figure 5-1 is a series of n-VR curves using data obtained from experiments with 
plastic strips, the B-series of experiments having the stiffest plastic strips and the C
series having the least stiff plastic strips, which were prone for most of the flows 
(Kouwen and Li, 1980). For the B-series, the data points forming horizontal bands 
were obtained for the same relative roughness k/h , which determines the resistance 
rather than the product VR. As the flexibility increases, the curves collapse and 
resistance becomes a function of VR rather than relative roughness, agreeing with the 
results of Ree and Palmer (1949). Kouwen and Unny's (1973) plot of friction factor f 
versus the Reynolds number Vh/v is shown in Figure 5-2. The data for the erect or 
waving plastic strips at higher Reynolds numbers show that f is a function of relative 
roughness. A relationship for the prone plastic strips was not determined, but Kouwen 
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and Unny (1973) drew a curve through the data points for which a smooth surface was 
formed by the strips. 

Based on his work with plastic strips, Kouwen (1992) proposed the followittg 
resistance relationship for vegetated channels, derived by integrating the logarithmic 
velocity proflle: 

(1/f )1/2 = a + b 10glO (h/k) [5.2J 

'where a and b depend on whether the vegetation is erect, waving, or prone liS 

determined by the boundary shear stress. Kouwen (1992) dermed the criticaJ shear 
stress u*crit as the total shear stress required to move the vegetation into a prone state. 
The critical shear stress is the minimum of the values computed from 

u*crit = 0.028 + 6.33 (MEI)2 

u*crit = 0.23 (MEI)0.106 . 

[S.3a] 

[5.3b] 

Based on the ratio of u* I u*crit ' values ofa and b can be selected from Table S-1 
(Kouwen, 1992). The deflected height can be calculated using the equation 

k = 0.14 ~ ,tMEI ~ghSblO;2) 1.59 . [5.4] 

For plastic strips, the value of the stiffness MEl is known. For vegetation, there is not 
much information available in the literature regarding the modulus of elasticity, 
although Powell (1978) found'thatthe turgidity (stiffness) of aquatic plants varied on a 
daily cycle tied to photosynthesis. Using the n-VR data from several studies of 
vegetated channels, Kouwen and Li (1980) calculated the values of the stiffness MEl 
for several types of grasses and other vegetative channel linings. Temple (1987) noted 
that these calculated values implied that EI is a function of the stem length ko' with EI 
increasing by five orders of magnitude as ~ is increased from approximately zero to 1 
meter. Kouwen (1992) indicated that MEl depends on ko because the ratio k I~ is a 
measure of vertical compression rather than deformation in the flow direction. 
Consequently, longer grass functions as additional stiffness, since the additional mass 
resistsco;m.pression. Kouwen (1992) developed the following equations for 
determining the stiffness of grasses: 

MEl = 319 ko3.3 (green grass) 

MEl = 24.5 ~ 2.26 (dormant grass). 

[5.5a] 

[5.5b] 

Kouwen (1988) also described a board-drop test to determine the MEl of vegetation, 
which is discussed in Appendix A. 

Gourlay (1970) discussed effects of channel slope Sb on friction factor, in addition to 
relative roughness effects. Figure 5-3a is Gourlay's (1970) plot of V/u* versus VR for 
kikuyu grass, illustrating that the resistance is a function of channel slope and 
independent of relative roughness for the short grass. Figure 5-3b is Gourlay's (1970) 
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TABLE 5-1. Values of a and b for use in Equation 5.2 (Kouwen, 1992). 

Condition 
1 - Erect 
2 ~ Prone 
3 ~ Prone 
4 ~ Prone 

Criteria 
(U*!U*crit) s; 1 

1.0 < (u*!u*crit) s; 1.5 
1.5 < (u*!u*crit) s; 2.5 
2.5 < (u*!u*crit) 

lOS 

Parameter 
_a_ l 
0.15 1.85 
0.20 2.70 
0.28 3.08 
0.29 3.50 
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plot of some of Kouwen's (1969) data from flows through plastic strips, showing that 
at lower values of VR, the resistance is determined by relative roughness, but at higher 
values of VR, there is more effect due to bed slope. Gourlay (1970) suggested that 
the ratio k I ko is a function of stream power VRSb• 

5:2 Analytical Velocity ProrIies Which Consider Deflection of Vegetation 
Some analytical velocity proftle models have been developed which account for 
deflection of vegetation due to the forces on a submerged element. The variety of 
natural aquatic and floodplain vegetation implies that there is a large range in the 
flexibility of plants that affect open channel flows. At one extreme are large tree 
trunks on floodplains, which do not deflect at all and are therefore primarily acted 
upon by form drag. Some aquatic plants are probably at the other extreme, being 
relatively limp and positioned in the flow so that friction drag is most significant. 
Between these extremes are macrophytes, grasses, cattails, agricultural crops, willow 
bushes, and many other types of plants. The analytical models described below are 
very simplified, assuming artificial roughness elements of uniform cross-section and 
neglecting either the bending moments or some of the forces acting on the elements. 
The models also do not consider the waving motion of flexible plants that is induced 
by the flow. 

Four analytical models for determining velocity proftles will be described. The fust 
model has been used to determine the velocity profile from the deflected location of a 
long and thin string (tether) in a fluid flow, an extreme example of a body with zero 
stiffness. Stefan and Schiebe (1968) produced a velocity probe consisting of a 
buoyant sphere attached to a support by a tether, which could not transmit bending 
moments. The deflected location of the sphere depended on all the forces acting on 
the sphere and tether, so that if the deflected location was known, the velocity could 
be determined. Figure 5-4a shows all of the forces acting on an element of tether, and 
Figure 5-4b shows the force polygon for the element, which must add to zero for, 
equilibrium. The forces acting on the element are the submerged weight G, the form 
drag D[, the friction drag Fl , and the reactions from adjacent line elements Kj and 
~+ l' The submerged weight is 

G = (%nd2) Il.l p(sz - 1) g [5.6] 

where d is the diameter of the line, Il.l is the length of the line element, and Sz is the 
specific gravity of the line. The form drag is 

Dz = % Cz p d Il.l [u(z) sin ~]2 [5.7] 

and the friction drag is 

Fz = Y2 Cr p d Il.t [u(z) cos ~]2 [5.8] 

where Cz is the drag coefficient, Cf is the friction drag coefficient, u(z) is the local 
velocity. The angle the line element makes with the horizontal, ~, was taken as the 
average of the angles (Xi and (Xi+l defmed in Figure 5-4a. (Stefan and Schiebe, 1968). 
The following iterative procedure was used to determine a velocity proftle: 
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(a) Forces Acting on Line Element 

(b) Polygon of Forces Acting on Line Element 

FIGURE 5-4. Forces Acting on Tether (Stefan and Schiebe, 1968) 
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1. Assume a velocity distribution (Stefan and Schiebe (1968) assumed a unifonn 
velocity). 

2. Calculate the drag force and buoyant force on the sphere. This determines the 
resultant force and its direction at the top of the uppermost segment, i = 1. 
Calculate the gravity forces and drag forces using the assumed velocity. and 
solve the force balance for the resultant force and direction at the lower end of 
the segment. 

3. Step forward the calculations until the end of the tether is reached. 
4. Calculate the total deflection from the relationships 

n 
s = Vn ~ cos Bi 

\t 
Zr = Vn ~ sin Bi 

1 

where s is the horizontal deflection of the sphere and Zr is the vertical 
deflection of the sphere, and n is the number of segments. 

[5.9] 

[5.10] 

5. The calculated deflection is compared to the actual deflection and a correction 
to the assumed velocity is determined. Iterations continue until the velocity 
correction is within a desired tolerance. 

The second analytical model was developed by Tsujimoto et al. (1991a,b), who 
studied flow through both ri~id cylinders and flexible plastic strips. The deflection of 
the plastic strips was modeled as a rigid rotation, so that in the deflected position, the 
plastic strip makes an angle 6 with the horizontal, as illustrated in Figure 5-5. The 
force balance equation in the x-direction within the roughness elements then becomes 

~: = - pgS + %p CD a(z) u(z)2 sin 6 . [5.11] 

and the unifonn or characteristic velocity near the base of the roughness elements 
becomes (Tsujimoto et aI., 1991b) 

llg = (2gS I CD a sin6)1/2. [5.12] 

Tsujimoto et al. (1991b) also determined that the ratio k lku = sin 6 decreases as hS.,tk 
increases. As with the flow through rigid cylinders mentioned in Chapter 4, the 
measured velocity profile data could be fit to an exponential equation, which is for the 
flexible strips 

[5.13] 

In the case of flexible roughness, both P and Uk are functions of (h - k)Sb I k rather 
than remaining constant as they did for rigid cylinders. Tsujimoto et aI. (1991b) 
indicated that this means there is more discharge through the roughness elements if 
they are flexible. Above the roughness elements, the following equations are used to 
determine the velocity proflle: 
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Q(z) = (lCZ + ~)(1 - z fh )1/2 

~ ;::: U*k I P ( Uk-Us) 

and 
nill 
u*k 

where 

Uk 1 1"+0 ;::: -- + -In[~ ] 
u*k K 0 

[5.14] 

[5.15] 

[4.47] 

[4.48] 

[4.49] 

and z is measured upwards from the top of the deflected roughness (Tsujimoto et aI., 
1991b). 

Murota, Fukuhara, and Sato (1984) developed an analytical model in which the 
deflection of the element is assumed to be similar to that of a cantilever beam with a 
variable load along its length. Figure 5-6 shows a force F acting at height z = c on a 
cantilever beam. The bending moment M at any point is 

M = F(c-z) for O~ z ~ c 

M = 0 for c < z. 

In the case of a submerged roughness element subjected to drag· forces, the total 
moment at any point zi is then 

[5.16a] 

[5. 16b] 

[5.17] 

The bending moment at a point is related to the deflection 0 at that point by the 
equation (Murota et al., 1984; Hsieh, 1988) 

M d20 [ do J 3/2 
EI:;:: dz2 I 1 + (dz ? . _ [5.18] 

The deflection can be obtained by numerically integrating Equation 4.18 using the 
boundary conditions 

do 
dz ;:::: 0 ;::: 0 at z = 0., [5.19] 

and the overall deflected height k is related to the length of the roughness element ko 
by the equation 

k" = to ~ + ( ~ )2 r dz [5.20] 

(Murota et al., 1984). In the analytical model, the velocity proflle is calculated using 
a mixing length assumption. Mixing lengths were determined experimentally in flows 
through plastic wires (scale models of reeds). Two types of swaying motion were 
observed, which resulted in two different mixing length distributions: 
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Slow swaying motion: 

Q /h = flo (z/h)m Os: z/h s: zdh [5.21a] 

Q /h = ao + Ko (zfh - zI/h) zI I h s: z I h s: 1 [5.21b] 

Rapid swaying motion: 

Q /h = let (z/h) 0S:z/hs:1 [5.22] 

where h is the flow depth and the ranges of the parameters are as follows (Murota et 
al., 1984): 

flo = 0.03 ~ 0.05 
leo = 0.18 ~ 0.25 
zI/h = 0.7 kfh ~ 0.8 kfh 
m = 0.3 - 0.4 
leI = 0.18 - 0.25 . 

[5.23a] 
[5.23b] 
[5.23c] 
[5.23d] 
[5.23e] 

Above the roughness elements, the following set of differential equations is solved 
numerically: 

~ = -pgS. [5.24] 

1: = - pu I V I = p il (~~ )2 . [4.1] 

Within the roughness elements, Murota et al. (1984) assumed that the viscous stresses 
would not be negligible, and therefore 

du 2 
1: "" - pu I V I + IJ. (dz ) . [5.25] 

Substituting the mixing length hypothesis of Equation 4.1 into the Reynolds stress 
term in Equation 5.25 results in the differential equation 

: = % [ (-v/il) + (lm (v/Q)2 + (41:/p»)t/2] [5.26] 

Equation 5.26 is then solved with the equation of motion, Equation 4.13. Murota and 
Fukuhara (1984) used a variable vegetation density a(z) to account for vertical waving 
motion near the tops of the elements, and it appears that they also used a constant 
drag coefficient. Their iterative solution procedure is as follows: 

1. Assume a deflected height, and a velocity of the flow at the water surface. 
2. Compute the velocity profIle using Equations 5.24 and 4.1 between the free 

surface and the top of the undeflected roughness elements, and then using 
Equations 4.13 and 5.26 over the remaining depth. The boundary conditions 
are the assumed surface velocity and zero shear stress at the free surface, and 
zero velocity and the boundary shear stress at the bed. 

3. Revise the assumed surface velocity until the velocity at the bed is acceptably 
near zero. 

4. Calculate the deflection of the roughness elements and the total length using 
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Equations 5.18, 5.19, and 5.20. 
5. Revise the estimate of ~ repeating Steps 2 and 3, until the computed total 

length is acceptably close to the actual length. 
Figure 5-7a shows Murota et a1.'s (1984) measured and calculated velocity profiles, 
Reynolds stress distributions, and deflected position of the roughness element for the 
slow swaying condition, and Figure 5-7b shows the same items for the rapid swaying 
condition. 

Thompson and Roberson (1976) also developed an analytical model in which elements 
deflect like a cantilever beam. They used hemispherical roughness elements to model 
soil grain roughness, and flexible cylinders to model vegetal roughness. The general 
solution scheme is similar to that of Murota et al. (1984), but the analysis is a little 
more detailed. Some of the features of Thompson and Roberson's (1976) study are as 
follows: 
a) A friction drag coefficient is used to determine bed shear on the area that is 

between vegetal elements but excluding the bed area that is beneath the wakes of 
the elements. 

b) Thompson and Roberson (1976) present expressions for the velocity at the top of 
the viscous sublayer and at the top of the soil roughness layer. Calculation of the 
velocity profile begins at the top of the viscous sublayer or roughness sublayer, as 
appropriate. 

c) The mixing length within the vegetal roughness is assumed to be 

@ = KZ. [4.2] 

Drag forces are calculated using the wake velocity from Equations 3.54a-d. The 
velocity component normal to the roughness element is used. The drag coefficient 
is expressed as a function of Reynolds number. 

d) The logarithmic law (Equation 4.68) is used above the roughness elements 
(z > k, where k is the undeflected height of the roughness elements). 

e) The method of virfual work (Hsieh, 1988) is used to calculate the deflection at 
each point due to· the drag forces acting on the element. The use of this method 
eliminates the need to solve iteratively for the deflection at a point . The 
deflection at any point Z due to a drag force Fi acting at point zi is 

F· z2 xi(z) = 6m (3Zj - z) 0 .s; Z S zi [5.27a] 

F.z2 
xi(z) = 6m (z - 3zi) 

and the total deflection is 

~ (z) = L Xi (z). 

[5.27b] 

[5.28] 
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The slope of the rouglmess element at point z is 

A~i~ _ = E~ (2~ - z) 0 ~ z ~ zi [5.29a] 

AxtW. = Ei';' 
Az 2EI 

[5.29b] 

where Az is the incremental length and Axt is the change in deflection between 
adjacent points. The slope at a point due to all the forces (Manz and Westhoff, 
1988) is . 

l:UtOO = ~ 
Az Az' [5.30] 

The total deflected length is obtained by summing the product of the incremental 
length and the cosine of the slope angle for each segment. 

The iterative solution method is as described by Thompson and Roberson (1976) and 
Matl2! and Westhoff (1988): 

1. Assume the fraction of the boundary shear stress attributable to viscous shear 
on the bed. 

2. Calculate the velocity at the top of the viscous sublayer or roughness sublayer. 
3. Calculate the velocity distribution. 
4. Calculate the fraction of the boundary shear stress attributable to the drag force 

on the roughness elements, using the computed velocity profile to determine 
the drag forces. The fraction of boundary shear stress attributable to viscous 
shear can then be calculated. The computed fraction is compared to the 
fraction assumed in Step 1. If the difference is not within tolerance a new 
fraction is assum~d and, Steps 2-3 are repeated. 

5. Calculate deflections and compare them to the assumed deflection status 
(initially upright). If not within tolerance, update the deflected height and 
repeat Steps 1-4. 

Manz and Westhoff (1988) used this analytical model in conjunction with an open 
channel flow model which computes water surface profiles and seepage losses. The 
velocity proftle obtained from Thompson and Roberson's model is used to calculate 
Manning's n. Manz and Westhoff (1988) added a frictional drag force on the prone 
end of the vegetation, and added a check for continuity. The Starting'velocity 
calculated in Step 2 was adjusted if the computed discharge was not within tolerance. 
Manz and Westhoff (1988) analyzed the effects of varying the density, length, and 
stiffness of the vegetation in a rectangular channel. Figure 5-8 shows the results they 
obtained when density was increased. The additional material increases the total 
bending resistance, so that the deflection is decreased and Manning's n is increased. 
This results in a higher water surface elevation. Figure 5-9 shows the effects of 
increasing vegetal length. As length is increased, there is a certain length that 
produces maximum resistance .. AS·.'the length is further increased. the element 
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becomes prone and the deflected height decreases, creating a smoother boundary for 
the flow (Manz and Westhoff, 1988). Figure 5~10 shows the results of increasing 
modulus of elasticity. Manz and Westhoff (1988) found that there are three zones in 
which Manning's n increases linearly. Manning's n is more sensitive to changes in 
modulus of elasticity at lower values of modulus of elasticity. Manz and Westhoff 
(1988) found that Manning's n becomes independent of modulus of elasticity for E > 
2.5 GPa, since the increase in E results in less deflection, and the deflected height of 
the element approaches its maximum, undeflected height. 

5.3 Summary 
In summary, the stiffness of vegetation affects flow resistance in several ways. The 
total amount of vertical deflection determines the height of the boundary between the 
vegetated zone and the zone above in which a semi-logarithmic velocity distribution is 
usually assumed. In addition, the stiffness determines the general state of deflection, 
which affects the hydraulic resistance. For a given flow, a stiffer type of plant will 
remain upright and cause more resistance, while a less stiff type of plant will become 
prone and present a smoother boundary. 

The drag force distribution and velocity distribution are interlinked within the 
vegetated zone. The stiffness of the vegetation determines the amount of deflection 
that occurs. The orientation of the vegetation affects the magnitude of the drag force 
due to form drag, and also the extent to which friction drag is important. The 
deflection also affects the density of the vegetal elements and therefore the extent of 
interference. This did not seem to be addressed in the analytical models, but the 
effects of compression were noted in the results of the empirical studies discussed in 
Section 5.1. 

The stiffnesses of plants used for vegetative channe1linings have been determined, and 
a board drop test has been developed and used for grasses. However, there is no 
information in the literature regarding the stiffness or modulus of elasticity of 
macrophytes and flood plain vegetation, which limits the use of stiffness to detennine 
flow resistance in open channels .. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Introduction 
The Manning equation has been widely used to design vegetated channels. In many 
cases it has not proved adequate, prompting the development of other empirical 
resistance relationships such as those discussed in Chapter 3. One reason the Manning 
equation does not work well for vegetated channels is that it assumes that the 
resistance force is due to bed shear acting along the wetted perimeter of the channel. 
In vegetated channels, the resistance is due to form drag and friction drag exerted by 
plant elements protruding into the flow, making the concept of hydraulic radius 
difficult to apply. Another reason the Manning equation does not work well for 
vegetated open channel flow is that the Manning roughness coefficient for vegetation 
varies with flow conditions because the vegetation deforms in the flow. For 
vegetation commonly used as channel1ining, an empirical relationship between 
Manning's n and the flow parameter VR has been determined. However, for these 
vegetal lining at lower channel slopes, or for other forms of vegetation, such a 
relationship is not available. A more desirable approach to designing vegetated 
channels would be to determine the flow resistance of the vegetation using the 
principles of fluid mechanics. 

6.2 Summary of Parameters 
As a first step towards developing a resistance relationship, it is useful to summarize 
the parameters which describe open channel flow or which describe vegetion. The 
parameters which describe open channel flow are listed in Table 6-1. Channel 
geometry parameters include the channel width and other relevent dimensions that 
depend on the shape of the channel, the bed slope, and a description of bed roughness 
(i.e soil grain size, bedforms, etc.). Cross-sectional area of flow, wetted perimeter, 
and hydraulic radius are geometric parameters that vary with flow depth. 

The fluid properties of interest are density and viscosity, both of which are functions 
of temperature. The more basic open channel flow parameters are flow rate, velocity, 
depth, and pressure. From these parameters, other parameters can be calculated, for 
instance: energy slope, Reynolds stress, shear velocity, and stream power. The main 
dimensionless parameters are Reynolds number and Froude number. 

Several parameters which have been used to describe vegetation roughness, or 
roughness elements in general, are listed in Table 6-2. Individual objects within the 
flow are typically described by their dimensions, while groups of objects also require 
parameters to describe spacing or density of the objects. A set of dimensions or 
aspect ratios can be used to describe the size of the objects and the spaces between 
them. Parameters such as roughness density, roughness concentration, leaf area index, 

121 



TABLE 6-1. Parameters Which Describe Open Channel Flows 

Channel Geometry: 
Cross-sectional shape: 

Width 
Other dimensions~ such as sideslope 

Depth 
Cross-sectional area of flow 
Wetted perimeter 
Hydraulic radius 

Bed roughness: 
Soil grain diameter 
Bedfonns 

Fluid Properties: 
De~ity 
Kinematic viscosity 

Flow Parameters: 
Flow rate 
Velocity (V ~ u~ u' and Vi) 
Pressure 
Depth 

Energy slope 
Reynolds stress 
Shear velocity 
Stream power 

Reynolds Number 
Froude Number 

122 

139 



r 

( ; 

\ I, 
\ ~ , 

, -, 
J : 

\1 

, , 
II ' 

I ' 

, \ 

i i 

141 

TABLE 6-2. Parameters Which Describe Vegetation or Roughness Elements 

Obstructions: 
Individual: 

Stem length 
Stem diameter 
Characteristic area 
Aspect Ratio 

Groups: 
Biomass 

(Section 3.2.1) 
(Section 3.2.2) 
(Section 3.3) 
(Section 3.3.2) 

Blockage Factor, or other measure 
of proportion of area blocked or open 

Stem count (stems per unit area) 
Curve index 
Roughness density 
Roughness concentration 
LAI/PAI 
The set of dimensions and spacings 
Stiffness (MEl) 
Roughness height 

Openings: 
Ratio of flow depth to opening width 
Stem spacing 
Porosity 
Void ratio 
Specific surface 
Hydraulic radius 
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(Section 3.2.1) 
(Section 3.2.1, 3.2.2) 

(Sections 3.2.1, 3.2.2, 3.3.2 j 5.1) 
(Section 3.2.1) 
(Section 3.3.2) 
(Section 3.3.2) 
(Section 3.7) 
(Section 4.4) 
(Section 5.1) 
(Section 4.4) 

(Section 3.2.2) 
(Section 3.2.2) 
(Section 3.4.1, 3.4.2, 3.5, 3.6) 
(Section 3.6) 
(Section 3.6) 
(Section 3.6) 



and blockage factors are used to quantify the amount of flow obstruction, or the area 
upon which drag forces are exerted. Biomass, stiffness, and curve index are also 
indications of the relative~ount of material present. Also listed in Table 6-2 are 
parameters that have been used to describe flows through openings. Porosity seems to 
have wide application. 

Dimensionless parameters which have been found to be related to resistance are listed 
in Table 6-3 .. The ftrst group of parameters in Table 6-3 pertains to relative 
roughness. The second group of parameters consists of variations of the product of a 
drag coefficient and a roughness concentration. It should be recalled from Equation 
3.21 that the first three of these parameters are equivalent to 1/4. The third group of 
dimensionless parameters is a collection of Reynolds numbers that are based on the 
geometry of obstructions or openings. 

6.3 Resistance R~lationships for Vegetated Open Channel Flows 
6.3.1 Friction Factor 
The Moody diagram give~ the relationship between the Darcy friction factor, the 
Reynolds number, and the relative roughness for pipe flow. Kouwen (1970) and 
Kouwen and Dnny (1973) plotted friction factor (based on flow depth) versus flow 
depth Reynolds number for flow through flexible plastic strips. For erect or waving 
plastic strips, the friction factor, is a function of the relative roughness k/h rather than 
of Reynolds number (Figure 5-2). 

Kouwen's (1970) data was plotted according to one of the other relative roughness 
parameters of Table 6-3, (h - k)Sb /k, but that parameter offered no improvement. Data 
ftom two other flume studies of flexible roughness elements were then plotted with 
Kouwen/s (1970) data. Figure 6-1 is a plot of Kouwerrs (1970) data from three sets of 
experiments done with strips having different degrees of stiffness. Also shown is the 
data of Tsujimoto et ale (1991b) for plastic strips, and the data of Murotaet al. (1984) 
for plastic wires. The characteristics of the roughness elements are listed in Table 6-4. 
The friction factor vS. Reynolds number and relative roughness relationship which 
applies to Kouwen/s (1970) datll- does not apply as well to the other data, which plot 
lower for their ranges of relative roughness. 

This might be explained by considering the relationship 

1= 4Cd a k [6.1] 

obtained by combining Equations 3.47 and 3.50. Assuming uniform distribution of 
the plants, the roughness density within the volume defmed by a unit plan area and the 
roughness height is defmed as 

a = At I ko Ab . [6.2] 

where Ab is the bed area. It can be shown that this density stays constant as the 
element bends, provided the frontal area is considered to be the projected frontal area 
and the volume is defmed by the deflected roughness height. Equation 6.1 implies 
that both the rougness height k and the density a (Le. three-dimensional roughness 
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TABLE 6-3 Dimensionless Parameters Applicable to Flow Through 
Vegetated Channels 

Relative Roughness: 

h/k 
(h-i) Sb 

kIko 
X 
(EI/"Cb) 

(Section 4.4, 5.1) 

(Section 4.4, 5.2) 

(Section 5.2) 

(Section 5.1) 

Form Drag I Friction Factor: 

Co..Af 
A 

Co ak 

CD (PAl) 

CD a Qk 

Reynolds Numbers: 

(Section 3.7.2) 

(Section 4.3) 

(Section 4.4) 

(Section 4.3) 

(Note: V is approach velocity, D is a diameter) 

V (ab)% 

v 

VD 
(Xv 

(Screens, Section 3.4.1) 

(Grids, Section 3.4.2) 

(Orifice Plate, Section 3.5) 

(porous Media, Section 3.6.2) 

(Solid Bodies, Section 3.3) 

(Boundary Layer Roughness, Section 4.4.2) 

(Flat Plate, Appendix C) 
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effects) affect the channel flow resistance. The contributions of both terms can be 
better seen by replotting the data of Figure 6-1 as a function of body Reynolds number 
ReD' as~!t.own in Figure 6-2. When the data is plotted in this manner, the effect of 
the drag coefficient's dependence on Reynolds number can be seen, since the data is 
separated according to roughness element geometry. Also an envelope curve can be 
drawn through the leftmost points of Kouwen's (1970) data when it is plotted this way. 

Equation 6.1 was used to calculate the friction factors f for the flexible roughness 
elements described in Table 6-4. For Kouwen's (1970) data, the drag coefficient of 
three-dimensional rigid strips at ReD = loS, near the upper limit of the data, is 
approximately 1.5 (Hoerner, 1965). A drag coefficient CD'" 2 was used. For the data 
of Tsujimoto et aI. (1991b), it was difficult to determine a drag coefficient, but it 
appears that a minimum value is 2. A drag coefficient of 2 was also used for the data 
of Murota et aI. (1984) since for cylinders in that range of Reynolds numbers, the drag 
coefficient ranges from approximately 1.5 to 2 (Hoerner, 1965). The calculated! 
values agreed very roughly with the experimental results of Tsujimoto et aI. (1991b) 
and Murota et al. (1984), but not with those of Kouwen (1970). ill a large number of 
Kouwen's (1970) experiments, the plastic strips did not deflect or deflected very 
slightly, and for all these cases the calculated value of f was 20. 

Equation 6.1 was modified to convert the friction factor for the entire flow to a 
friction factor A, based on average velocity within the strips, V k' 

- 2 A = 4Cd a k (Vk/ V) [6.3] 

Murota et al. (1984) and Tsujimoto et al. (1991b) measured velocity profiles within 
the plastic strips, from which Vk can be calculated numerically. The results, still 
assuming CD = 2, are shown in Figure 6-3. The results for the data of Tsujimoto et 
al. (1991b) agree much better. Equation 6.3 underestimates the friction factor for the 
two experiments of Murota et al. (1984). This might be explained by considering the 
roughness concentration of the plastic wires in those experiments, A. = 0.01. Marshall 
(1971) found that at roughness concentrations A. < 0.03, bed shear stress is significant. 
Therefore, Figure 3-18 was used to estimate that the drag due to the plastic elements 
is approximately 72 % of the total boundary shear stress. This results in a friction 
factor for the strip resistance A = 0.32· for both cases, which improves the prediction 
of Equation 6.3, but does not bring about agreement of the values. Therefore neither 
the relative roughness nor Equation 6.3 are adequate to predict the friction factor. 

6.3.2 Momentum Equation 
Rather than using a relationship for the friction factor, the momentum equation can be 
used to develop a resistance relationship. The flow can be divided into two layers, 
one layer within the vegetation and the other layer above the vegetation, as shown in 
Figure 6-4. The flow within the vegetation is greatly affected by the drag of the 
plants, resulting in relatively low velocities with velocity profiles tending towards 
exponential types of distributions. Above the vegetation, the velocity profIle is 
logarithmic, with the plants retarding the flow by functioning as wall roughness. As 
discussed in Chapter 4, the shear stress, velocity, and flow resistance are related by the 
governing equations 

126 



I 

I, I 

TABLE 6-4. Characteristics of Flexible Roughness Elements 
,.-. 
I 
I 

I 
~ D M a 

Reference iml (m) Cm-2) Cm-l) 

Kouwen (1970): Strips 0.10 0.005 5000 25 

Tsujimoto et al. (1991b): Strips 0.05 0.0015 2500 3.75 
I ' 

Murota et aI. (1984): Wires 0.068 0.00024 800 0.192 

1 i 
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d't" 
dz c -pgS + %p Co (z) a(z) u(z)2 0 ~ z ~ k 

~ c -pgS. 

[6.4] 

[6.5] 

With appropriate boundary conditions, these equations can be solved to yield velocity 
profiles, drag profIles, and the deflected position of the plants by assuming a mixing 
length theory or another method to estimate the shear stress, using an iterative fInite 
difference solution scheme similar to those· described in Chapter 5. The needed 
parameters include an estimate of the drag coeffIcient, its variaUon with height, 
velocity, or spacing (interference effects), an estimate of the roughness density a(z), 
and an estimate of the stiffness of the plants if the height of vegetation is to be 
calculated. 

To take a more simplified approach, the momentum equation can be applied to the 
entire flow cross section as in Figure 3-1, balancing the driving force with the bed 
resistance and vegetal resistance. Referring to Figure 6-4, there are four velocities 
which· can serve as reference velocities: the velocity at the water surface, V w; the 
average velocity of the water above the vegetation, V w ; the velocity at the top of the 
vegetation, V k ; and the average velocity within the vegetation, V k. The average 
velocities are defmed as 

- 1 h 
Vw = h-k Ik u(z) dz [6.6] 

and 
- 1 k 
Vk =""k 10 u(z) dz [6.7] 

The two average velocities are related by the continuity equation. For a wide channel, 
the continuity equation can be written in terms of the unit flow rate 

[6.8] 

If the vegetation is emergent, so that k = h, Equation 6.6 no longer applies and the 
second term of Equation 6.8 becomes zero. For the other extreme case, in which there 
is no vegetation so that k = 0, Equation 6.6 reduces to Vw = V, the average channel 
velocity, and Equation 6.8 reduces to the form common for open channel flow with 
bed resistance only. 

Using Vk as the reference velocity, the resistance force due to the vegetation Fo 
can be expressed as 

-2 Fn == %p CD Ar P V k [6.9] 

where P is the Boussinesq coefficient which accounts for the non-uniform velocity 
proftle within the vegetation. The drag coefficient in Equation 6.9 is then a drag 
coefficient for the entire vegetated layer. It will probably be a function of V k or a 
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Reynolds number. The momentum equation is then 

%p CD Af P V k2 + 't"g F' ;::: yhbAxSb [6.10] 

where b is the channel width, F' is the bed area between plants, and 't g is the bed 
shear stress due to the bed material. Expressing Equation 6.10 as forces per unit bed 
area, b Ax, 

%p CD AP Vk2 + 't"gF'/bAx = yhSb • [6.11] 

In a typical channel design problem, the channel geometry and design discharge would 
be known. It would also be possible to determine geometrical characteristics of the 
vegetation, such as frontal area (or surface area) per unit bed area, A, and undeflected 
height, ko ' The unknown variables in Equations 6.8 and 6.11 are h, k, CD , Vw ,Vk' 
p, and the tenn ('t 1; F 'I bAx). , To find the water depth for a given flow rate, an 
iterative solution WIll be necessary. The following solution scheme can be used: 

1) Assume a value of h. 

2) Estimate k. Kouwen (1992) has provided empirical expressions relating k to 
stiffness for certain types of vegetation. It is possible that k is a function of 
streampower, as suggested by Gourlay (1970). Figure 6-5 is a plot of k/ko versus 
stream power, calculated from the data for flow through the flexible roughness 
elements discussed in Section 6.2.1. It is readily apparent that there is a 
relationship between these two parameters, although the relationship seems 
different for the individual data sets. This suggests that other parameters not 
explicitly accounted for in Figure 6-5 are at work. These parameters might include 
the relative vegetation height kJh, the shape and density of the vegetation, and a 
stiffness parameter. The data of Kouwen (1970) are for three different stiffnesses 
and plot on three different lines. The data of Tsujimoto et al. (1991b) plot among 
the data for the C strips of Kouwen (1970), and the data of Murota et aI. (1984) 
plot in the same vicinity but at a different slope. 

Deflection might also be proportional to the square of the average velocity. 
Relative deflection versus the square of the Reynolds number (VD/v) is plotted in 
Figure 6-6. As with Figure 6-5, the effects of other parameters such as stiffness 
complicate the picture. 

3) Assume velocity distributions above the vegetation and within the vegetation. A 
semi-logarithmic velocity distribution 

l! = Yt + 1 In (z-k) [6.12] 
u*k u*k K k 

in which 

[6.13] 
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can be assumed to apply above the vegetation. Using Eq. 6.12 for the velocity in 
Equation 6.6, one obtains the average velocity in the layer of water above the 
vegetation 

. - ll*k -.lL. h 
Vw=Vk + K [h-k 1n(k)-I] [6.14] 

Within the vegetation an exponential velocity distribution can be assumed. Using 
the simple equation of Chapter 3,' 

u I Vk = exp [m (z/k -1)] . [6.15] 

where m is a parameter. Integration of Equation 6.15 leads to the average velocity 
within the vegetation 

Vk = (Vkl m) [1 - exp(-m)]. 

The Boussinesq coefficient can also be obtained 

1 + exp(-m) 
p = V2 m [ 1 - exp( -m)] 

[6.16] 

[6.17] 

4) Substitution of Equations 6.14 and 6.16 into the continuity equation (Equation 6.8) 
allows one. to determine V k and, consequently, the average velocities and p. At 
this. point, a drag coefficient for the vegetation can be selected. 

5) Assume the relative magnitude of the bed shear stress term (1:' g F I b.~x) of 
Equation 6.11. Marshall (1971) determined the shear stress partition between form 
drag and the bed shear between roughness elements, as a function of roughness 
concentration, A (Figure 3-18). For A > 0.03, the shear stress due to the ground is 
negligible. For A < 0.3, Figure 3-18 can be used to estimate the relative 
contibution of the roughness element drag to the total shear stress (yhSJj). 

6) Solve Equation 6.11 for h. 

7) Check the calculated value of h against the value assumed in Step 1, and repeat 
Steps 1-7 if necessary. A spreadsheet can be prepared to speed the calculations. 

Three example problems were solved to determine whether the scheme described 
above results in a meaningful solution. The examples are discussed in Appendix D. 
It is possible to solve the proposed system of equations. However, a different solution 
method might allow easier convergence upon a solution. 

6.4 Research Needs 
If hydraulic resistance is to be expressed in terms of drag forces, work needs to be 
undertaken to determine drag coefficients and plant areas. Some drag coefficients for 
vegetation in wind flows have been determined, but they are not expressed in terms of 
Reynolds number and the reference velocities may not be appropriate for vegetation in 
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open channel flows. Some drag coefficients for plants in open channels were also 
found in the literature. Many were back-calculated from Manning's n, however. It 
must also be determined whether a drag coefficient based on plant frontal area or a 
drag coefficient based on plant surface area is more appropriate for each type of plant. 
For some types of plants, the relative contribution of skin friction drag and form drag 
will probably change as the plants deflect. 

Some investigators in fields other than hydraulic engineering have applied various 
techniques to determine biomass, leaf area index, or frontal areas of aquatic plants. It 
is possible that botanists or ecologists are knowledgeable of average dimensions of 
various plant species already, and the information just needs to be compiled. 
Otherwise more study of plants common to channels and floodplains is needed. 

There seems to be some debate as to the importance of vegetal stiffness to flow 
resistance. The effects of stiffness have only been tested with artificial roughness. If 
the concept of stiffness is to be used to predict deflection, the modulus of elasticity 
must be determined for various types of plants. 

There is a need to measure velocity profiles in vegetated channels. Much of the data 
reported in the literature lists only average velocities for the entire channel section. 
hnproved knowledge of velocity profiles in vegetation would allow better prediction of 
velocity profiles and velocities at the top of the vegetation. In addition, the Coriolis 
and Boussinesq coefficients could be better estimated. In vegetated channels, these 
coefficients cannot be assumed to be unity as is commonly done for semi-logarithmic 
velocity profiles (Temple, 1986). 

More work should be done to develop resistance relationships for vegetated channels 
which account for the two different layers of flow. Both the friction factor 
relationship and application of the momentum equation provide good starting points 
for future investigation. Eventually nonrectangular channel cross-sections and the 
variation of vegetation and its hydraulic resistance within a channel cross-section must 
be~~~ , 
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APPENDIX A. CHARACTERIZATION OF VEGETATION 

A.I Parametric Description of Vegetation and Canopies 
When the flow obstructions are natural plants rather than artificial roughness elements 
in a channel, the geometry which defines the roughness becomes complex. In this 
section, some parameters and techniques used to characterize the geometry and 
hydraulic roughness of plants will be reviewed. 

Several schemes of measuring the amount of vegetation in plot of given volume or 
area have been used. Verbal description are given often, but are ambiguous and 
subject to misinterpretation. For example, the Soil Conservation Service retardance 
classes listed in Table 3-1 are related to stem length and qualitative terms such as 
IIgood standll or livery good growth./I Pitlo and Dawson (1990) discuss the use of 
similar expressions regarding the quantity of weeds in a channel, and indicate that 
such descriptions usually pertain to the amount of vegetation in plan view. Tables of 
n-values found in the literature also rely on verbal expressions such as "weedylltmd 
"very weedy" found in Chow (1959). 

Bonham (1989) describes four quantitative, prim.aly measures of vegetation: 
frequency, cover, density, and biomass. Frequency refers to the percentage of a 
species, or the chance of fmding a certain species, within a sample unit of a specified 
size. Cover refers to the percentage of ground area covered by vegetation. Sometimes 
relative cover is used to describe the cover of each species relative to the total cover. 
Density refers to the number of plants per unit area. Biomass refers to the mass of a 
species within a unit area or unit volume. It is usually expressed as a dry weight per 
unit area or volume. 

Campbell and Norman (1989) define plant canopy structure as "the spatial arrangement 
of the above-ground organs of plants in a plant community." Because of the effort 
required to measure the location, orientation and geometry of every surface in the 
canopy, statistical methods are used to describe canopies. Campbell and Norman 
(1989) suggest measurements be taken at four levels: individual plant organs, entire 
plant, individual stand (Le. group of similar plants). and entire plant community. 

At the individual organ and plant levels, typical length, width, area, dry mass and 
similar characteristics are measured. Many plants are symmetric and have outlines 
similar to geometric shapes, whose parameters can be used to describe each plant. 
Ellipsoids or truncated ellipsoids are often used. At one or more locations, data on the 
individual plant organs should be obtained. Items of interest in determining drag 
forces might include stem diameter, number of leaves per plant, number of stems per 
plant, and spatial distribution within the plant outline. The sampling method 
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described by Campbell and Norman (1989) uses an initial sample of 150-300 plants to 
obtain the average plant characteristics, from which 15-30 plants are selected for 
obtaining the average characteristics of the individual organs, such as size, shape, and 
orientation. If spatial locations of the organs within the plant outline cannot be 
determined, enough data should be obtained to determine the parameters needed to 
apply statistical models, typically the uniform, quadratic, or truncated normal 
distributions. 

At the single plant stand and plant community levels, plant dispersion and plant 
density are of interest. Four types of plant dispersions are regular, semi-regular, 
random, and clumped (Campbell and Norman, 1989). Regular dispersion refers to 
plants located at the vertices of a regular parallelogram, such as in an orchard. Semi
regular dispersion applies to many agriCUltural crops, which are in regularly spaced 
rows but randomly spaced within each row. If plants are in rows, to obtain plant 
density as number of plants per unit area, the row spacing or plant spacing should be 
measured. If dispersion is random, there is a probability that there is or is not a plant 
at a given location. In that case, density is determined as a count of the number of 
plants in a given area. If dispersion is clumped, the probability of rmding a plant at 
any location depends on whether there are other plants nearby. For clumped 
dispersion, the size and distribution of the clumps should be described~ and it may be 
possible to assume random distribution of plants within the clumps. 

If plants grow enough to overlap, the canopy is referred to as closed. Closed canopies 
allow for simplified analysis with one-dimensional models, which assume uniform 
distribution of plant organs in space instead of within the plant outline. Often a 
canopy is modelled· as a series of horizontal one-dimensional layers using two 
parameters (Campbell and Norman, 1989): 

1. average area density (area per unit volume) of component j, tJ.jCz) 
2. angle distribution function of component j, g(z, 1]> 

where j refers e.g. to stems, leaves or other parts, z is the height within the canopy, rj 
is the direction normal to the canopy element such that 

rj = rJ (<\>j , ej ) [A.I] 

where <\>j is the azimuthal angle and ej is·the·inclination angle, as shown in 
Figure· A-I. The angle distribution function is the probability that a normal· to the 
canopy element falls within the solid angle ded<\>, and it is normalized so that the 
integral of g(z, rj) over a hemisphere is one. 

The downward cumulative area index of a component is dermed as 

L·(z) = f fJ..(z) dz· J z J [A.2] 

where k is the heightofthe top of the canopy. The Leaf Area Index (LAI) is dermed 
as the total area of leaves per unit area of soil, which can be found by setting the 
lower limit of integration in Equation A.2 to 'zero (Campbell and Norman, 1989). 
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Typical values of LAI are between one and twelve, with more erect species such as 
grasses having the higher values. However, LA! > 20 has been found for dense stands 
of some species having rigid, upright leaves (Russell, Jarvis, and Monteith, 1989). 

Simplifying assumptions for the area density IJ.j(z) can be found in the literature. 
Figure A-2 shows a case where a triangular function was used to model leaf area 
density of maize. The data points indicate the measured leaf area density in a maize 
canopy, which the triangular distribution closely approximates. The formula of the 
distribution is 

lJ.(z) ... IJ.max (z - zl)/(Zmax -zl) 

lJ.(z) = IJ.max (k - z)/(k- Zmax ) 

[A.3a] 

[A.3b] 

where Zmax is the height of the maximum leaf area density, Zt is the lower boundary 
of the canopy, and 

IJ.m ... 2(LAI)/( k - Zt ). [A.4] 

Integration of this expression allows the development of a plot of cumulative 
downward leaf index, also shown in Figure A-2. If this simple distribution is used, 
only k, Zmax, zI' and LAI need to be measured in the field (Campbell and Norman, 
1989). The normal distribution and the beta distribution have also been used to 
approximate the vertical distribution of leaves (Russel, Jarvis, and Monteith, 1989). 

Simple models for angle disttibution junctions have been developed, such as 
horizontal, vertical, conical, and spherical. Integrating the angle distribution function 
as described by Campbell and Norman (1989) yields the canopy extinction coefficient 
G. This provides the average projected area onto a plane nonnal to the direction of 
projection. The direction of the projection is described by the azimuthal angle <I> and 
the inclination angle 6 , shown in Figure A-I. Therefore if the roughness density 
parameter a(z), discussed in Section 3.3, is required, it can be obtained from 

a(z) = IJ.j (z) G(z, r) 

where j could refer to leaf density or stem density. Similarly the roughness 
concentration A., which is the· total frontal area per unit area, can be obtained by 
integrating Equation A.S. For constant G, 

A. = (LA!) G. 

[A.5] 

[A.6] 

Another extinction coefficient K gives the projected area onto a horizontal plane, so 
that 

K = G / cos6 [A.7] 

where 6 is the zenith angle of the projection. Table A-I lists values of K and G for 
various angle distribution functions. Note that G = Y2 for a spherical distribution, 
which is often assumed (Russell, Jarvis, and Monteith, 1989), although streamlining of 
plants would make this assumption inappropriate. 
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FIGURE A-2. Triangular Distribution of Canopy Area Density and the Resulting 
Leaf Area Index Distribution. Data Points are for a Maize Canopy. (Campbell 
and Norman, 1989) 
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TABLE A-I. Extinction Coefficients for Various Angle Distribution Functions. 
(Campbell and Norman, 1989) 

The beam zenith angle is 0, and the element inclination angle is 6j . The parameter, x, 
for the ellipsoidal distribution is the ratio of vertical to horizontal projections fo 
canopy elements or O(O)/G(1t/2) 

Horizontal inclination 
G=cos8 

Vertical inclination 
G=2sinqh1: 

Conical inclination,. 9+0j~Jr/2. 
G '" cos a cos OJ. 

Conical inclination~8+9j>Jr/2 
G = cos 9 cos 91' [1 +2(tan P -P)/It) 

cos (3 = I/(tan a tan OJ) 

Spherical (uniform) distribution 
G=t 

HeliotropiC (leaves perpendicular to solar beam) 
G=I 

Ellipsoidal distribution 
G = (x2 cos2 a + sin2 O)lfl/(A x) 

K=I 

K=2 tan a/It 

K= cos OJ 

K = cos OJ [1 +2(tan (3- (3)/It) 

K = 11(2 cos a) 

K= lIcos 9 

A = Al (eqn (12» for x > 1. A = A2 (eqn (13» for x<l. A=2 for r-l 
A is closely approximated by A = [x + 1.774 (x + 1.182)-O·733Vx 
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A.2 Methods of Measurement 
A.2.1 General Considerations 
The plant parameters for which measurements are obtained are considered random 
variables. Consequently the selection of the number of samples, the size and shape of 
the sample areas, and the type of equipment used to measure a certain parameter must 
consider the type of plant, the characteristics of the parameter, and the parameter's 
variability (Bonham, 1989). There is more to determining an average stem count than 
arbitrarily delineating an area and counting the number of plants within. A thorough 
discussion of sampling and measuring methods for terrestial vegetation can be found 
in Bonham (1989). Many of the concepts are applicable to aquatic vegetation as well. 

The following sections describe some general methods that have been used to 
determine quantities of interest for the determination of the flow resistance of 
vegetation. 

A.2.4 Plant Area or Area Index 
Area density and angle distribution are generally determined by clipping or harvesting 
samples of the leaves or plants. A stratified-clip method establishes a sample volume, 
which is divided into layers according to height, leaf inclination angle classes, and leaf 
azimuth angle classes. After measuring the angles with a protractor and compass, the 
leaves are clipped and labelled according to location within the sample volume, for 
later measurement (Campbell and Norman, 1989). Campbell and Norman (1989) 
suggest the stratified-clip method for grasses or small legumes. For lower plant 
densities and larger plants, Campbell and Norman (1989) suggest the dispersed
individual-plant method, which consists of selecting 10-30 representative plants from 
the canopy and measuring the elements of interest. Leaves are then cut from these 
plants and grouped according to height, range of azimuth and inclination angles, and 
possibly distance from the center axis of the plant. 

Leaf area can be determined in several ways. A reasonable approximation of leaf area 
can be found by using two-thirds of the area of the rectangle formed by the length and 
width of the leaf (Kuchler, 1988). Leaf area meters have been used (Hagen and Lyles, 
1988; Walker and Blackshaw, 1985). Plant Area Index (PAl), similar to LAI but 
including stem area, was used by Hagen and Lyles (1988) in their investigation of the 
wind erosion control provided by rangeland shrubs. They estimated PAl by measuring 
height, maximum diameter, and minimum diameter of sampled plants, knowing the 
plant population density. Petticrew and Kalff (1992) used a dye-adhesion method to 
determine surface area of submersed macrophytes. Representative types of plants were 
used to develop relationships between wet plant weight and milliliters of adhered dye 
for each type of plant. This information was then used to develop an equation relating 
plant surface area to the quantity of adhered dye. Petticrew and Kalff (1992) 
ultimately used the measured surface areas to develop an equation from which LAI 
could be determined just from the biomass of the macrophytes. Westlake (1969) 
suggested making contact prints and obtaining the area with a planimeter, or weighing 
cutouts of tracings. This can be applied to either leaf area or projected stem area. 
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Leaf area index can also be determined indirectly. Campbell and Norman(1989) 
describe two methods: the method of inclined point quadrats, and gap fraction 
analysis. The method of inclined point quadrats involves inserting a thin probe into a 
known volume of the canopy, at several different angles. Assuming a random 
distribution of canopy elements, the probability of the probe intersecting a certain 
number of canopy elements can be found from a Poisson distribution. Then the mean 
number of element intersections with the probe, n, is given by the equation 

n(z,r) '" s J.L(z) 0(0) [A.8] 

where s is the distance the probe travels through the canopy in direction r, J.L is the 
area density of the canopy elements, and 0 is the extinction coefficient (Campbell and 
Norman (1989). Multiplying both sides of Equation A.8 by (2 sinO de) and 
integrating over a hemisphere (assuming azimuthal symmetry) eliminates 0 and allows 
the determination of J.L(z). 0 can then be found graphically from Equation A.8 
(Campbell and Norman, 1989). A metal probe is typically used, but probes are being 
developed which allow automatic data recording (Campbell and Norman, 1989). The 
method of inclined point quadrats.is labor-intensive (Campbell and Norman, 1989) and 
probably not practical for use with aquatic plants (Westlake, 1969). The second 
method of determining area density and extinction coefficient,gap fraction analysis, 
involves the segments of light seen on the ground below a canopy. In some cases, the 
gap fraction can be determined visually by recording the total length of sunlight 
segments along a tapemeasure. In other cases, light probes and sensors are used. A 
method.using fisheyephotographs of the canopy has also been developed. Campbell 
and Norman (1989) discuss several methods of obtaining area density and extinction 
coefficients from the data, depending on what assumptions can be made regarding the 
distribution of the .canopy parameters. Oap analysis can be applied to canopies with 
elements that are not randomly dispersed in space, such as row crops or other plants 
for which canopy closure does not occur, if the appropriate analysis models are used 
(Campbell and Norman, 1989). 

A.2.S Fraction of Area (or Volume) Blocked. Vegetation Density. and Porosity 
Perhaps the most obvious method to determine the frontal area of plants, or the 
portion of the cross-sectional area blocked by plants, is to determine it graphically. 
Petryk and Bosmajian (1975) laid out a cross-section showing typical vegetation of a 
floodplain,allowing the frontal area of the vegetation to be determined as a function . 
of height. Morgan and Finney (1986) took pictures of row crops against a 20mm by 
20mm mesh screen, so. the areas could be determined by counting squares. 

Thomas, et .al. (1990) discussed the measurement ofbiovolume using acoustic range 
information (echo~soundings). Echogratns were obtained along cross-sections of a lake 
with several species of submerged macrophytes. From the echograms, the areas of the 
open water and of the·total area were obtained· for each cross-section using a digitizing 
pen and·board. The area of the vegetation could then be determined by subtraction. 
Thomas, et al. (1990) then determined the average height of the plants by dividing the 
area of the plants by the length of the path along which the measurements were made. 
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An average height and variance for the entire lake were then detennined statistically. 
The biovolume was calculated by multiplying surface area of the lake by the average 
height of plants. Bakry, Gates, and Khattab (1992) have also used sonagrams to 
detennine vegetation density in canals. 

A.2.6 Biomass 
Biomass is usually determined by clipping or harvesting (Bonham, 1989). Westlake 
(1969) notes that in a river, a net can be used to catch aquatic plants downstream, but 
in a lake the plants must be held unless it is known that all cut plants float to the 
surface. Usually, terrestrial plants are weighed fresh in the field,and a few samples 
are taken to determine dry weights (Bonham, 1989). Aquatic plants should be spin~ 
dried so that fresh weights are more consistent (Westlake, 1969). The ratio of dry to 
fresh weight for each species is then used to convert all the fresh weight data to dry 
weight data. 

Another method of determining biomass is' to develop a correlation between biomass 
and other plant parameters, such as leaf length, stem length, crown diameter, and 
cover (Bonham, 1989). Several such relations can be found for agricultural crops in 
the literature. Petticrew and Kalff (1992) were able to relate biomass to leaf area index 
for some submerged macrophytes. Hagen and Lyles (1988) estimated biomass from',. 
plant area index for yucca and sagebrush. 

Some non-destructive methods to measure herbaceaous biomass are available, although 
they do require some measurement by clipping to calibrate the results. Bonham 
(1989) described the use of capacitance meters to measure biomass directly, and the 
use of spectral analysis which allows for convenient measurements by air over large 
areas. Bonham (1989) also described plate meters, in which a spring-loaded plate is 
dropped on the vegetation and the distance at which it comes to rest above ground is 
measured. The biomass is assumed to be related linearly to the height of the plate. 
The linear relationship depends on the meter being used. 

The biomass of aquatic weeds can be determined by comparing the degree of light 
attenuation within the weeds to that in open water (Owens, Learner, and Maris, 1967). 
Photocells are used to measure light intensity at the surface and on the bed (or at 
intermediate locations), and this information is empirically related to plant biomass. 
Figure A-3 shows the vertical distribution of the fresh weight of some aquatic plants 
which Owens et al. (1967) determined using this method. Owens et al. (1967) could 
not apply the method to certain mat-forming species, since only 1 % of the surface 
light penetrated to a depth of 5 cm. 

A.2.7 Stiffness (MEl) 
Kouwen (1988) described a board drop test to determine the stiffness of vegetal 
channel linings. The board drop test is illustrated in Figure A-4. A board of mass 
4.85 kg and dimensions 1.829 m by 0.305 m (6 ft by 1 ft) is positioned vertically on 
the ground and allowed to fall over. The board slides along the grass in the direction 
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FIGURE A-3. Vertical DJstribution of Some Aquatic Plants. (Owens etaL~ 1967) 
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of its rotation, deflecting the grass. Kouwen (1988) determined the following 
expression for stiffness: 

MEl = 3122 (BH)2.82 [A.9] 

where MEl is the stiffness (N-m2) and BH is the distance from the ground to the edge 
of the board (m). 
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APPENDIX B. FIELD MEASUREMENTS OF VELOCITY PROFILES IN 
MINNEHAHA CREEK 

B.t Objective, Site and Equipment 
B.1.1 Objectives 
There were two objectives for taking velocity proftle measurements in a stream with 
aquatic vegetation: 

• to observe the characteristics of aquatic vegetation and the behavior of the 
vegetation in the flow 

• to obtain examples of vertical velocity proftles of the flow affected by the 
vegetation. 

B.1.2 Time and Location of Velocity Proftle Measurements 
A portion of Minnehaha Creek within Big Willow Park, Minnetonka, Minnesota was 
chosen because it contained both vegetated and non-vegetated areas, and it was easily 
accessible. Measurements were taken at three locations September 24,25, and 
October 10, 1994. Four velocity proftles were measured at Site 1, upstream of an arch 
foot bridge; three proftles were measured at Site 2, upstream from the railroad bridge; 
and three proftles were measured at Site 3, upstream of the Highway 73 bridge. 

B.1.3 Equipment 
Velocity was measured with a Marsh-McBirney electromagnetic velocity meter, model 
511, which can measure two velocity components. The scale of the meter could be set 
to read a maximum velocity of 2,5, or 10 fils. Since the 2 fils setting was used, the 
scale indications were at 0.1 ft/s intervals. The maximum ftlter time of 5 s was used. 
The 3.8 cm diameter velocity probe was attached to a rod marked at 2.5 cm intervals 
so that the depth of the probe below the water surface could be determined. The other 
field equipment consisted of a yardstick, tape measure, string, and a camera. 

B.2 Procedure 
B.2.1 Vegetation Measurements 
The plants in the creek appeared to be growing in rows aligned with the current. 
Some measurements were taken of the width of the plant rows and the distance 
between the plant rows. At Site 1, an attempt was made to determine the density of 
the aquatic plants by a stem count. To do this, an area had to be delineated on the 
water surface, so that whether a plant was rooted inside or outside of the area could be 
determined. Therefore a 0.91 m x 0.91 m floating frame was fabricated and held in 
place with willow branches. A plant count was then obtained by holding the plants to 
one side of the area as they were counted, but it was still a little difficult to keep track 
of which plants had been counted since they moved in the current. 
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The distance from the stream bed to the top of the vegetation was measured where 
each velocity proftle was taken. At Site 1 and Site 3, the horizontal distance and the 
rise of a plant were measured to determine the angle between the stem and the channel 
bed. Some plants of each type encountered were pulled out for identification, 
photographing, and measurement of leaf and stem sizes. 

B.2.2 Velocity Profile Measurements 
To measure velocity profiles, one person held the rod with the attached velocity probe 
at various depths below the water surface, while another person read the meter on 
shore. Water depth at each location was measured with the yardstick. Judging where 
the channel bottom was in the soft mud, or holding the rod steady in the wind and 
current, was at times difficult. Vegetation that flapped onto the velocity probe had to 
be cleared. 

At Site 1, which was near a bend in the creek, the velocity probe was oriented so that 
the streamwise and transverse velocity components were measured. However, due to 
the current, the vegetation was aligned at an angle with the general streamwise flow 
direction. This is illustrated in. Figure B·la. The velocity probe was similarly 
oriented at Site 3. At Site 2, the velocity probe was' oriented with the alignment of the 
vegetation near the surface, rather than with the general streamwise flow direction, as 
shown in FigureS-lb. 

At Site 1, four velocity profiles were measured along the same cross-section of the 
creek using a string line as a guide. At Site 2 and Site 3, three velocity profiles were 
measured at locations near each other, but chosen so that different types of vegetation 
were involved and stable footing could be obtained. 

B.3 Observations and Measurements 
B.3.1 General Observations Regarding the Vegetation 
Aquatic plants were present in the channel where water depth was less than about 1 m. 
In these areas, the streambed consisted of muck The deeper sections of the channel 
were free of plants, with mostly a sand bed. 

An effort was made to identify the four types of submerged macrophytes encountered, 
by consulting photographs and diagrams contained in Otto et al. (1980) and 
Westerdahl and Getsinger (1988), At all three measurement sites, one species of 
pondweed (Potamogeton) was predominant. This species has long thin stems and 
broad leaves which align with the flow, as cap. be seen in Figure B-2. If the stems 
reach the. surface, the upper leaves· float on the surface. Each. plant had two stems 
which emerged from the mud very. close together and which acted together in the 
current. The· plants appeared to be growing in rows aligned with the current, with 
individual plants slowly waving side to side without unison, as can be seen comparing 
the two photos in Figure B-3. taken at the same location seconds apart. At some of 
the more turbulent locations, plants also waved up and down in a somewhat circular 
motion. The state of the plants could be generally described as submerged and bent in 
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(a) Orientation of Velocity Probe at Sites 1 and 3, Aligned with Channel 
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(b) Orientation of Velocity Probe at Site 2, Aligned with Vegetation 

FIGURE B-1. Orientation of Two-component (x and y) Velocity Probe 
Measurements (plan View) 
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FIGURE B-2. Pondweed Aligned with Flow 
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FIGURE B-3. Pondweed Aligned and Waving 
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FIGURE B-4. Typical Pondweed Plant (Plant 1) 
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FIGURE B-S. Plant Found Among Pondweed (Plant 2) 
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the flow, as typified in Figure 2~7c. 

At some of the measurement locations, other plants were also present. Near the shore 
were cattail stands. No velocity measurements were taken within the cattail stands 
because the water was too shallow. Floodplain vegetation consisted of grasses, brush, 
and willow trees, all of which were above the water level when measurements were 
taken. 

B.3.2 Measurements at Site 1 
The vegetated parts of the channel contained pondweed, as shown in Figure B-2 and 
B~4. Table B~ 1 summarizes the measurements taken of this vegetation, which will be 
referred to as Plant 1. Dead pieces of an unidentified plant, which is shown in Figure 
B-S and which will be referred to as Plant 2, were caught in the strands of Plant 1. 
The piece of Plant 2 that was measured was 27.9 cm long and 2.5 cm wide across the 
little clusters of leaves. 

Velocity profiles were measured at four locations across the channel section, as shown 
in Figure B~6. The velocity profiles, shown in Figures B-7 through B~10, were 
plotted using the resultant of the two velocity components. Also included in Figures 
B-7 through B~ 10 are plots of the angle between the resultant velocity vector and the 
x~direction (streamwise). Note that the indicated height of the vegetation is that of the 
top of the vegetation above the point where the velocity proftle was taken, rather than 
an average height in the vicinity. Proftle 4 was obtained where the water was free of 
vegetation. 

B.3.3 Measurements at Site 2 
At Site 2, Plant 1 was again present, but the stand appeared thinner with longer plants. 
Stem counts could not be obtained because the water was deep and the vegetation was 
submerged. The plants formed rows aligned with the current approximately 10 cm 
wide, and there was approximately a 15.2 cm clear space between the rows. There 
were patches of another species, probably of Potamogeton, with long narrow leaves 
growing underneath Plant 1, possibly submerged enough to approach the condition 
shown in Figure 2-7 d. Figure B-ll shows a typical clump of this plant, which will be 
referred to as Plant 3. Figure B-12 shows a typical individual plant. It was apparent 
that a simple measurement of the density of Plant 3 would not suffice, so no 
measurements were taken. Table B-2 summarizes the measurements taken of a 
representative plant of each type from Site 2. 

Figure B-13 shows the locations where the three velocity proftles at Site 2 were 
measured. For these measurements, the probe was oriented so that the x-axis was 
aligned with the rows of Plant 1 near the surface. Figures B-14 through B~16 show 
the profiles of the resultant velocity and the angle between the resultant velocity vector 
and the x-axis. The first velocity profile, shown in Figure B-14 was measured at a 
location where both types of plants were present. The second velocity profile, shown 
in Figure B-lS, was measured where only Plant 1 was growing. The third velocity 
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TABLE B-1. Summary of Plant Measurements Taken at Site 1 

Plant 1 
Density 61 plants per m2 

Width of row, at water surface 

Angle between stem and bed 
~ plant reaching surfaee 
- shorter plant 

Main stems (round cross-section) 
- Number per plant 
- Average diameter 

Leaf stems (flattened cross-section) 
- Average number per plant 
-. Average dimensions 

Average leaf dimensions 

Average plant length, to tip of leaves 

lOem 

2 
0.29 em 

7 
0.11 em x 0.21 em 

8.6 em x 2.3 em 

69.1 em 

TABLE B-2. Summary of Plant Measurements Taken at Site 2 

Main stems 
- Number per plant 
- Average diameter 

Leaf stems 
- Average number per plant 
- Average length 
- Average dimensions 

A verage·leaf dimensions 

Plant 1 

2 (round) 
0.24 em 

4 (flat) 
7.2 em 
0.11 em x 0.12 em 

7.6 em x 1.6 em 

Average plant length, to tip of leaves 149.9 em 

A-20 

·Plant 3 

1 

4 
32.0 em 

77.5 em 
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profile, shown in Figure B-16, was measured where there was no vegetation. 

B.3.4 Measurements at Site 3 
At the third site, Plant 1 was again present. The total length of a typical plant was 
71.1 cm. About 60% of the plant length was submerged, growing at an angle of 42°, 
and the remaining 40% of the plant length floated near the surface. There were about 
11.5 plants per meter in both the streamwise and transverse directions, which results in 
a density of 132 plants per square meter, twice that measured at Site 1. Plant 4, 
possibly a species of Ranunculus with feathery leaves as shown in Figure B-17, was 
growing intertwined with Plant 1 at the location of the third velocity profile 
measurement. Plant 4 was not noticed at the other 2 measurement locations, but may 
have been present. In addition to vegetation at Site 3, near the streambed there were 
dead bush limbs sticking up from the mud. 

Three velocity profiles were measured in vegetated parts of the channel, with the 
velocity probe aligned so that the x-axis was in the streamwise direction. The general 
locations of the measurements are shown in Figure B-18. The profiles of the resultant 
velocity and the tangent angle are shown in Figures B-19 through B-21. 

B.4 General Features of the Velocity Profdes 
The velocity profiles obtained in the vegetated areas differ from profiles in 
unvegetated channels. Typical features of the velocity profiles measured in vegetated 
beds are 

• lower velocity near the bed, 
• zones of fairly uniform velocity within the vegetation, suggesting that the flow 

resistance exerted by the plants might be high and constant with depth, 
• shear layers near the top of the vegetation layers, 
• usually higher velocities in the water above the vegetation, 
• a boundary effect at the water surface, which can be due to the resistance of 

floating vegetation or the wind. 

Measurement errors attributable to scale precision were ±0.03 mls for the velocity 
measurement and ±0.025 m for the measured height. These errors are indicated on 
each velocity profile by bars centered on one of the data points. The error in the 
measured height was sometimes actually much greater than 0.025 m, e.g. there was 
additional error due to uncertainty in locating the soft channel bottom, and ensuring 
the profile measurements occurred on a vertical line with constant probe orientation in 
the x and y directions was at times difficult. On a smooth, solid channel bed, the 
lowest measured point would be 0.11 m above the bed for each velocity profile. For 
the ten velocity profiles measured, the height of the lowest data point actually ranged 
from 0.01 m to 0.15 m because the support rod sank into the soft organic bed material. 
As a result, in drawing the curves through the velocity profile data points, a somewhat 
arbitrary estimate was made regarding the height at which zero velocity occurred. 

In some velocity profiles, the velocity fluctuations show a hysteresis effect. This is 
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most noticeable in the profiles shown in Figures B-7, B-8, and B-21. The dual 
profiles suggest that the 5 second interval over which the equipment averaged the 
velocity measurements was not long enough to capture the entire waving cycle of the 
plants. 

Some of the variations in velocity could be due to the changes in vegetation density 
with height, an effect of the natural distribution of plant parts. However, the waving 
of the plants could change the distance between plants, as well as the proximity of the 
plants to the velocity probe. 

Some of the velocity profiles contain intervals of higher local velocities, as if there are 
openings in the vegetation (see for example Figures B-7, B-9, and B-20). The 
vegetation grows from the ground at an angle, apparently aligned with the current. 
However, the displaced position of the upper parts of a plant depends on the forces 
acting on the plant over its entire length, as with the tethered sphere described in 
Chap~er 5. Consequently the resultant velocity at any height above the ground is not 
necessarily aligned with the rows of plants, and the plants in effect cross the path of 
the flow. This can be illustrated by imagining rows of rigid, inclined rods and by 
assuming that the direction of the resultant velocity does not change with height. If 
the rods are inclined so as to be aligned with the flow, as in Figure B-22, a velocity 
profile within a row of plants would have a fairly uniform shape due to wake effects 
(Figure B-22, Profile 1) while a velocity profile between rows would probably increase 
smoothly with height, depending on the degree of interference provided by adjacent 
rows (Figure B-22, Profile 2). However, if the rods are inclined so as not to be 
aligned with the flow, the rods form obstructions to the flow at various heights. The 
extreme case of flow at 90° to the direction of the rods' inclination is shown in Figure 
B-23. The velocity profile captures sections with faster velocities and sections with 
slower velocities, akin to the wakes and jets that occur from flow through screens. In 
a real vegetated stream, the vegetation is flexible and the direction of the resultant 
velocity varies with depth as illustrated by the plots accompanying the velocity 
profiles from Minnehaha Creek. Therefore more variability is expected in the velocity 
profiles in flows through natural vegetation. 

D.S Dimensionless Velocity Prof'Iles 
B.5.1 General 
The velocity profiles were nondimensionalized to make any similar features more 
apparent. The characteristic lengths and velocities for each velocity profile ate 
provided in Table B-3. The height of vegetation (k), the water depth (h), maximum 
velocity (Umax) and height of maximum velocity (Zutax) were obtained from the data. 
The velocity at height k (Uk)' the velocity at height h (Uh) and the height of the 
ground (Zg) where velocity is zero were estimated from the curves drawn through the 
data. Since Zg is rather arbitrary, it was not used to correct any of the heights. 
Dimensionless velocity profiles were developed both for the entire flow depth and for 
the portion of the flow above the vegetation, as presented in the following sections. 
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TABLE B-3. Characteristic Lengths and Velocities Used in Dimensionless ProiIles 

Ground TOQ of Vegetation Water Surface Maximum Velocity 
Velocity Height Height Velocity Height Velocity Height Velocity 
Profile Zg (m) k (m) ~ h (m) !Ib (mIs) ~ax:lml Ymax (mfs) 
SIPl 0.03 0.33 0.19 0.91 0.24 0.62 0.27 
S1P2 0 0.43 0.14 0.72 0.17 0.65 0.20 
S1P3 0.01 0.53 0.10 0.66 0.10 N/A N/A 
S1P4 0.04 N/A N/A 1.05 0.30 N/A N/A 

S2PIKI 0 0.79 0.18 1.02 0.18 N/A N/A 
S2PlK2 0 0.33 0.12 1.02 0.18 N/A N/A 
S2P2 0.03 0.76 0.20 0.98 0.20 0.93 0.21 
S2P3 0.05 N/A N/A 1.17 0.14 N/A N/A 

S3Pl 0.03 0.48 0.20 0.95 0.37 N/A N/A 
S3P2 0.05 0.46 0.06 0.46 0.06 0.26 0.08 
S3P3 -0.01 0.46 0.19 0.61 0.20 N/A N/A 

N 
~ 
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B.5.2 Dimensionless Velocity Profiles of Unye~etated Areas 
The two velocity profiles from unvegetated locations were made dimensionless using h 
as the characteristic length and Vb as the characteristic velocity. The two velocity 
profiles from nonvegetated areas are shown in Cartesian coordinates in Figure B-24, 
the semi-logarithmic plots in Figure B-25. It can be seen that approximately parallel 
lines can be drawn to fit the data for both plots. The distance between these lines is 
sensitive to the values of the velocity Vh, which were estimated from the curves drawn 
through the data in Figures B-I0 and B-16. 

B.5.3 Dimensionless Velocity Profiles Within Layers of Ye~etation 
The eight velocity profiles from vegetated areas can be categorized into three groups. 
The first group consists of the Site 1 velocity profIles taken in vegetated areas. These 
are shown in Figure B-26, where 

Z =z/k 
is the dimensionless height above the channel bed and 

V = u(z)/Vk 

{B.1] 

[B.2] 

is the dimensionless velocity. Although the velocity is quite varied within the 
vegetation, the overall impression is that on average the velocity is fairly uniform. 
Figure B-27 shows a semi-logarithmic plot of these velocity profiles, which does not 
provide any additional insight. 

The second group of velocity profiles consists of most of the Site 2 and Site 3 velocity 
profiles from vegetated areas. Where there were two layers of plants (Figure B-14), 
two dimensionless velocity profiles were obtained by using two different values of k. 
This group of velocity profiles, shown in Figure B-28, is characterized by the velocity 
increasing throughout the height of the vegetation. Figure B-29 shows semi
logarithmic plots of these velocity profiles. 

One location at Site 3 was unique in that the vegetation reached the water surface 
(Figure B-20), where it formed a mat. The dimensionless velocity proftle for this 
location differed from most of the others. Velocity decreases towards the top of the 
vegetation, because the vegetation mat on the water surface exerts a shear stress on the 
flow. The plant measured in situ at Site 3 had 40% of its length floating on the 
surface, causing resistance. Since the velocity decreased near z = k, the dimensionless 
velocity was defined as 

V = u(z) / Umax 

and the dimensionless depth as 

Z = z I Zmax' 

[B.3] 

[B.4] 

The dimensionless velocity profile for this location is shown in Figure B-30, and the 
semi-logarithmic velocity profile is shown in Figure B-31. 
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B.S.4 Dimensionless Velocity Profiles Above Vegetation 
When the vegetation covers only the lower portion of the channel, the "clear-water" 
flow can be considered as a flow over a rough, vegetated boundary. In that case, the 
velocity proflles were made dimensionless by defining 

z = (z - k) / k 

and 

U ::: u(z) / Uk' 

[B.S] 

[B.6] 

If only the portion of the velocity proflles above the vegetation is considered, a 
different grouping of velocity profiles results. The first group, shown in Figure B-32, 
consists of four velocity profiles of wriform velocity approximately equal to Uk' As 
can be seen in the original velocity proflles of Figures B-9, B-14, B-lS, and B-21, 
this group of velocity proflles includes the locations at which there is a relatively thin 
layer of water above the layer of vegetation. 

The second group, shown in Figure B-33, consists of three profiles in which velocity 
increases with height above the vegetation, reaching approximately u = 1.5Uk at a 
distance of 2k above the vegetation. The velocity profiles included in this group 
consist of those from locations where there is a relatively deep layer of water above 
the layer of vegetation (see Figures B-7, B-8, and B-14), and at greater heights above 
the vegetation there is less retarding effect. 

The third group, shown in Figure B-34, consists of only one velocity profile, in which 
the velocity increases much faster with height above the vegetation than for those 
velocity proflles in Figure B-33. The velocity increases throughout the depth of open 
water, reaching approximately u ::: 2Uk • The water above the vegetation is also 
relatively deep at this location (see Figure B-19). 

Three of the velocity proflles above vegetation were found to be similar to the 
dimensionless velocity profile for full-depth vegetation with a surface mat (Figure B-
28). These three proflles were made dimensionless such that 

z-k 
Z = h _ k [B.7] 

and 
u - u_ 

U = fi:- [B 8] 
Umax - Uk . 

The three velocity profiles above the vegetation. have decreasing velocity near the 
surface which reflects either se,condary currents, wind shear or resistance from floating 
vegetation in the vicinity. All four dimensionless velocity proflles are plotted together 
in Figure B-35. 
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B.6 Determination of Resistance Parameters Using Velocity ProfIle Data 
B.6.1 Bed Resistance Parameters 
From each velocity profile, a shear velocity, u*, a Darcy friction factor,/, and a 
Manning's roughness coefficient, n, were calculated. The Darcy friction factor can be 
determined from the equation 

f= 8 (~)2. [C.ll] 

once V and u* are mown. With/mown, Manning's n can be obtained from 

n = R 1/6 if /8g) 1/2 

The hydraulic radius, R, is estimated using the depth 

R=h-zb 

[3.28] 

[B.9] 

where zb is the height of the boundary, defined as zb :;: z~ if the boundary is the 
ground or zb = k if the boundary is the top of the vegetation. The depth-averaged 
velocity V was calculated from a modification of Equation C.16, 

1 h 
V ;:: (h ) f u(z) dz -zb Zb ' 

[B.lO] 

The integral was evaluated numerically using the sum of trapezoidal areas defined by 
the data points. 

If it is assumed that the universal logarithmic velocity law is applicable, shear velocity 
can be determined from 

1 =-lnz+C. 
1C 

[4.8] 

If height and velocity are mown at two points, C can be eliminated and the shear 
velocity can be obtained from the equation 

where 

Az = Z - Zg 

Az = z - k 

for Zg < Z < k 

for k < Z 

[B.ll] 

[B. 12a] 

[B. 12b] 

and the subscripts 1 and 2 refer to the two points chosen on the line to determine its 
slope. Assuming K f';I DAD and converting to common logarithms, 

0.174 (u:z--=..j!lL
(log10 A~ - 10glO Az1) • 

[B.13] 

First the channel bed resistance was determined for each velocity profile. For the two 
unvegetated locations, a straight line was drawn to fit the entire semi-logarithmic 
velocity profile. For the vegetated locations, a straight line was drawn to fit just the 
lower portion of the semi-logarithmic velocity profiles, for the velocity profiles that 



seemed to have enough data points near the ground. Figures .B-36 through B-45 are 
the semi-logarithmic plots of each velocity profile. TableB-4 lists shear velocity, 
average velocity, Darcy friction factor, and Manning'sn for each velocity profile, 
organized according to the type of dimensionless velocity proftles. 

Chow (1959) quotes values n = 0.025 to 0.033 for minor streams that are clean and 
straight, and also for drag-line excavated or dredged channels. Therefore, n "" 0.030 
seems to be reasonable for a channel bed for comparison purposes. Both of the 
calculated n values for the Unvegetated channel sections agree very well with this 
value from the literatme. Three of the fom calculated Manning's n values for the 
vegetated channel sections also agree well. However the calculated Manning's n for 
the section with the surface mat was much higher than the others. This is because the 
slope of the semi-logarithmic velocity profile is greater than that typical for open 
channel flow, to compensate for the slower velocity near the surface where the 
vegetation is prOviding a shear stress opposed to the flow direction, as discussed in 
Appendix C. 

To determine the effects of the vegetation on the bed resistance, straight lines were 
drawn on each semi-logarithmic velocity profile to fit all the data points in the 
vegetated zone, from which an apparent shear velocity at the bed was calculated. 
Table B-5 lists the apparent shear velocity; J, and n calculated using the entire velocity 
profile within the vegetation to reflect the influence of the form drag exerted by the 
plants. Chow (1959) quotes for minor streams that are "winding with some weeds and 
stones" n ... 0.035 to 0.050, and for "unmaintained excavated channels with dense 
weeds as high as the flow depth" n = 0.050 to 0.120. Some dithe calculated 
"apparent" Manning's n values are very low, especially for those velocity profiles 
where there is more resistance due to drag on the plants (i.e. the velocity proftles 
contain portions that are closer to vertical). Since Manning's n is related to the 
amount of energy loss from bed shear stress, it cannot account for the drag resistance 
of the vegetation when calculated from velocity proftle data. The low values are even 
lower than the typical value for a channel bed without weeds, which indicates that it is 
less appropriate to apply the assumption of a logarithmic profile to the entire vegetated 
portion of the velocity proftle, as compared to the portion of the velocity profile near 
the bed. The assumption of a logarithmic velocity profile has been found to be 
appropriate in studies of wind erosion within crops by Morgan and Finney (1987) for 
the portion of the velocity profile near the ground. 

On the other hand, the calculated "apparent" n·of 0.063 seems to be within the range 
for channels with vegetation. However; looking at the velocity profile inFigme B.:.19~ 
there is a lot of water above the vegetation, with velocities about twice those within 
the vegetation, and with a resulting region of relatively high velocity shear at the top 
of the vegetation. fu this case, the steepness of the semi-logarithmic velocity profile 
in the vegetation layer is not a result of the bed retarding the flow, but is a resUlt of 
the water above pulling the water within the vegetation. 
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TABLE~4. Bed Resistance Parameters for Flow Through Vegetation, I ' 
i Calculated from Near-bed Velocity ProfIle Data .' , , ' 

(' Average Shear Bed Friction Calculated 
\ ! Velocity Velocity Shear Factor Manning's 

V (mI~) 11. (mls) .I.b fNlm2) t. n 
Unvcgctated Channel: 

SlP4 0.26 0.025 0.62 0.074 0.031 

( 
S2P3 0.11 0.011 0.12 0.080 0.033 

I ' 
I Vegetated Channel with 
( ') a) Surface Mat: 

\; S3P2 0.055 0.015 0.22 0.060 0.075 

r- b) Nearly Uniform 

I .i Velocity Profile: 
SlP1 0.21 0.023 0.53 0.096 0.034 

\ i , , 

c) Gradually Increasing 
Velocity Profile: 

)- S2P2 0.14 0.015 0.22 0.092 0.034 
\ : S3P3 0.14 0.016 0.25 0.10 0.034 

(. 

1 ; 

(' TABLE B-5. Resistance Parameters for Flow Through Vegetation, Calculated , 
from Whole Vegetated Velocity ProfIle \ / 

(. 
Average Shear Bed Friction " Apparent" 

j Velocity Velocity Shear Factor Manning's 
V (mI~) ll. (mI~) .I.b (Nlm2) t. n 

i Nearly Uniform 
~l~it~ Profil~: 

SlP1 0.21 0.0012 0.0014 0.00026 0.002 
S1P2 0.13 0.0034 0.012 0.0055 0.008 
SlP3 0.10 0.0064 0.041 0.033 0.019 

:\ Gradually Increasing 
l. 

Vel~it~ Profile; 
S2PI 0.14 0.0029 0.0084 0.0034 0.007 
S2P2 0.14 0.0092 0.084 0.035 0.021 
S3P1 0.21 0.042 1.76 0.32 0.063 
S3P3 0.14 0.017 0.29 0.12 0.036 
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If an actual (total) value of n for a channel with plants and a value of n for the bed 
resistance are known, the proportion of head loss attributable to the bed shear and to 
the drag resistance of the plants can be found. Combining Equations 3.28 and C.II, 

R1/6 lL:. 
n= gm V 

Also 

't'b=pu*2 

and from Equation 3.23 

't'total = 't' bed + 't' plants . 

Dividing both sides of Equation B.15 by 't'total' one obtains 

.!.plants = 1 - .I.bed . 
't'total 't'total 

Substituting Equation B.14 into Equation B.16, 

.I.plru~ I _ ( llg) 2 
't'total n 

[B.14] 

[4.7] 

[B.15] 

[B.16] 

[B. 17] 

where ng is the Manning's n for the bed, calculated in Table B-5, alld n is the total 
Manning's n for the channel and vegetation. Since from Equation 3.11 shear stress is 
proportional to the energy slope, the proportion of the total head loss due to the 
vegetal resistance is 

Se,plants = 1 _ ( fig) 2 . 
Se,total n 

[B. 18] 

Table B-6 lists that percentage of the total shear stress which is due to vegetation, 
using ftrst n = 0.050 and then n = 0.080 for total resistance. 

B.6.2 Resistance Parameters for Flow Over Vegetation 
A third set of calculations for u*, J, and n were made to determine their values at the 
top of the vegetation layers, u*k ,Ik ' and nk' using a straight line to approximate the 
semi-logarithmic velocity profiles near z = k. The results are listed in Table B-7. If 
the flow above submerged vegetation is considered to be somewhat similar to flow 
over long submerged grass, a value of n for comparison to the calculated values can 
be obtained from the SCS retardance curves (Figure 3-2). For the long grasses in 
retardance classes A and B, the minimum. n ranges from 0.04 to 0.06, whet:e the grass 
is completely submerged. This is greater than'the calculated values, possibly because 
the grass forms a denser, continuous mat in contrast to the weeds which have open 
spaces between the rows. 

B.7 Summary 
The primary purpose of obtaining fteld measurements was to observe actual velocity 
profiles within a vegetated creek, rather than within artiftcial roughness elements. As 
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TABLE B-6. Proportion of Flow Resistance Attributable to Vegetation 

Velocity 
Profile 
SIPl 
S1P2 
S1P3 
S2Pl 
S2P2 
S3Pl 
S3P3 

n 
Q.(fu 
0.008 
0.019 
0.007 
0.021 
0.063 
0.036 

Se,plants I Se, total 

n = 0.050 
100% 
97% 
86% 
98% 
82% 
0% 

48% 

n = 0.080 
100% 
99% 
94% ' 
99% 
93% 
38% 
80% 

' TABLE B-7. Resistance Parameters for Flow Over Vegetation, 
Velocity ProfIle Data 

Average Shear Friction 
Velocity Velocity Velocity Factor Manning's 
Profile V (rn/s) lli:.k...frr1iID -Lk- __ nk_ 
SIPI 0.25 0.030 0.12 0.036 
SIP2 0.18 0.014 0.048 0.020 
S2PI 0.16 0.0094 0.028 0.018 
S2P2 0.20 0.018 0.065 0.022 
S3Pl 0.31 0.016 0.021 0.014 
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Comments 
Top of Plant I 
Top of Plant 1 
Top of Plant 3 
Top of Plant 1 
Top of Plant 1 



discussed in Chapter 4, many features of the measured velocity profiles resemble the 
features seen in velocity profiles reported in the literature, e.g. lower velocities within 
the canopy and a shear layer near the top of the canopy. It was possible to observe 
velocity profiles for situations not typically found in the literature. At the second 
measurement site in Minnehaha Creek, there were two layers of submerged vegetation, 
one of which was patchy (Figure B-14). At the third measurement site in Minnehaha 
Creek, much pondweed was floating on the water surface, which resulted in a velocity 
profile with slower velocities near the top of the water column (Figure B-20). 

In obtaining and analyzing the field measurements, the differences between actual 
vegetation and laboratory roughness became very apparent. Many of the laboratory 
studies involve rigid roughness elements, and even the flexible strips and wires used in 
some flume studies cannot compare to the long -stranded pondweed observed in 
Minnehaha Creek. It seems that friction drag would be much more significant for 
pond weed than for plastic strips or wires. The pondweed waved in slow horizontal or 
circular motions, rather than the vertical waving motion described in the literature. 

The locations of the field measurements within Minnehaha Creek were chosen solely 
with regards to comparing velocitY.profiles from vegetated and unvegetated parts of 
the channel. It is therefore difficult to use the data for analysis. If velocity profiles 
were obtained more systematically across channel cross-sections and a measurement of 
water surface slope was also obtained, resistance parameters could be calculated 
without resorting to assumptions. 
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APPENDIX C. REVIEW OF SOME BOUNDARY LAYER FLOWS 

C.l Laminar Boundary Layers 
It is useful to start with laminar boundary layers because velocity proflles have been 
analytically derived for common types of laminar flows. 

C.l.l Flow in Pipes. 
For the case of a fully established boundary layer, assuming one-dimensional, steady 
flow, an expression for the shear stress distribution in a pipe of radius R can be 
derived by balancing the forces on a control volume of water as illustrated in Figure 
C-Ia. Since there is no change in the velocity proflle in the x-direction, 

IFx=O or 

n? p - n? (p + ~ llx) + pg sin6(n? llx) - (2nrllx)-r = 0 [C.I] 

where r is the distance out from the center of the pipe. Substituting Equation 3.4 into 
Equation C.l and simplifying gives the linear shear stress distribution shown in Figure 
C-Ia, 

- r d 
-reT) = "2 dx (p + pgz) . [C.2] 

For a Newtonian fluid in laminar flow, the shear stress at a distance y from the wall is 

-r(y) = J.l du 
dy 

From Figure C-Ia, it can be seen that 

y = R- r. 

Therefore 

du 
-r(r) = - J.l dr . 

[C.3] 

[C.4] 

[C.5] 

Substituting Equation C.5 into Equation C.2 and integrating gives the velocity proflle 

r2 d 
uCr) = - -(p + pgz) + C [C.6] 

4J.l dx 

where C is the constant of integration. Using the no-slip boundary condition 

uCR) = 0 

one obtains 

_R2 d 
C = - - (p + pgz ) 

4J.l dx 
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The equation for the velocity proflle becomes 

(rZ - R2) d 
u(y) = 4J.t dx(P + pgz) 

~ (R2 - rZ) 
4J.t 

with average velocity 

1 R 
V = nR2 f ou(r) 2nr dr 

= ~R2 
8J.t 

[C.9] 

[C. 10] 

Knowing the average velocity allows determination of the Darcy-Weisbach friction 
factor, since 

V = (.8. )1/2 . 
u* f 

where u* is the shear velocity defined as (Chow, 1959) 

u* ;:: C~)1/2 . 

C.l.2 Flow in Open Channels. 

[C. 11] 

[C. 12] 

Laminar flow in open channels, applicable to overland flow, can be similarly analyzed. 
For normal and uniform flow, the shear stress increases linearly with depth (see Figure 
C-lb) to balance the streamwise component of the weight of the water. Then the 
velocity proflle can be obtained from the equation 

pg(h-y)Sb = J.t ~ . 

Separating variables and integrating, with the boundary condition 

u(O) = 0 

one obtains 

u(y) = ~(2yh - y2) 
2J.t 

For a wide channel, the depth-averaged velocity is 

1 h 
V = h fo u(y) dy 

Using the velocity distribution of Equation C.1S one obtains 

V= ~h2 
3J.t 
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C.l.3 Flow over a Flat Plate (Zero Pressure GradienO. 
In laminar flow over a (smooth) flat plate, the thickness of the boundary layer, a, is a 
function of the distance, x, from the leading edge of the plate and is given by the 
equation (Vennard and Street, 1982) 

Q. = (21 )%. [C.18] 
x Rex 

The Reynolds number Rex is defined as 

Re =!La.x 
x v [C.19] 

where Uco is the velocity outside the boundary layer. 

The Blasius velocity profile and the corresponding laminar shear stress distribution for 
flow over a flat plate are shown in Figure C-2. Figure C-2 also shows a parabolic 
profile which approximates the Blasius proflle, and the linear laminar shear stress 
distribution which results. 

The local boundary shear stress 1'b is also a function of Reynolds number. A local 
friction coefficient is defined as (Vennard and Street, 1982) 

The friction coefficient is related to Reynolds number by the equation 

0.664 
cf = (Rex)V2' 

C.1.4 Wind Driven Flow. 

[C.20] 

[C.21] 

The velocity distribution resulting from wind acting on the water surface, with no 
return flow and neglecting wave effects, can be considered the same as that resulting 
from a flat plate moving parallel to the bed. If the layer of water is thin, there is a 
constant shear stress distribution 1'(y) = 1'w (Couette flow), assuming no streamwise 
pressure gradient or slope, as shown in Figure C-3a. Integrating the equation 

1'(y) = l' = ~ IDl 
W dy [C. 3] 

with respect to y results in the linear velocity distribution 

l' u(y) =-w- Y + C 
~ 

[C.22] 

which has two unknowns, the constant of integration C and the shear stress l' W' Using 
the two boundary conditions 

u(O) = 0 and 

u(h) = Uw 
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where Uw is the velocity at the water surface due to the wind, the shear stress is 
found to be 

't"w = J.tllw I h 

and the laminar velocity distribution is found to be 

u(y) = llw Y I h . 

Defining the average velocity as in Equation C.16, 

V=uw /2. 

[C.25] 

[C.26] 

[C.27] 

As the water depth increases, eventually the effect of the bed becomes insignificant 
and a boundary layer develops, as shown in Figure C-3b. The shear stress decreases 
to zero over the boundary layer thickness 5. Since the plate is moving relative to the 
fluid (which is at rest), the velocity profile is the reverse of the Blasius velocity profile 
for flow over a flat plate. 

Co2 Turbulent Boundary Layers 
Velocity profiles in turbulent flows cannot be detennined analytically, since there are 
too many unknown variables. Certain assumptions must be made to quantify the 
turbulent stresses. Although gravity-driven and wind-driven flows are of particular 
interest in the study of vegetal resistance, the results depend on the classic results 
obtained to describe turbulent boundary layer flow in pipes. 

C.2.1 Flow in Pipes. 
For turbulent flow in pipes, the linear shear stress distribution of Figure C-la still 
applies, but instead of Newton's shear law (Equation C.3), the shear stress now 
consists of laminar and turbulent components 

't" = 't"lam + 't"turb 

where 

't"1am = J.tdu 
dy 

and 

't"turb = -pu'v' 

[C.28] 

[C.29] 

[C.30] 

where u is the time-averaged streamwise velocity component, and - p u I v' is the 
Reynolds stress, which must be detennined empirically, e.g. by mixing length or other 
theories (Schlichting, 1968). Figure C-4 shows experimental data illustrating the 
turbulent and laminar shear stress contributions in turbulent pipe flow. Near the wall, 
the shear stress due to turbulence is negligible. However, over most of the cross
section, the laminar shear stress is negligible. 

The logarithmic velocity profile for turbulent flow can be derived from mixing length 
theory. Mixing length theories assume 
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(1) I u' I IX I v' I [C.31] 

where u' and Vi are the fluctuations from the time-averaged streamwise and normal 
velocity components, respectively, and 

(2) u' IX ~ sill. 
dy 

Assumptions (1) and (2) lead to 

1: = - P u I V I = P ~2 ( d U )2 
dy 

[C. 32] 

[C.29] 

with the mixing length ~ absorbing the constants of proportionality. Comparing 
Equation C.33 to Equation C.3 for laminar flow, an eddy diffusivity can be dermed so 
that 

du 
1:= € (dy ) [C.34] 

or 

[C.35] 

where v t is the kinematic eddy diffusivity 

d-
v =~..J!. [C.36] 

t dy 

(3) The mixing length is assumed proportional to the distance from the wall 

~ = Ky . [C.37] 

(4) With 1: = constant = 1: b 

1: b = P ~ (:- )2 , [C.38] 

which results in a linear velocity profile in the portion of the boundary layer near the 
wall. Defining a shear velocity as in Equation C.12 and using the mixing length from 
Equation C.37 gives 

du 
lh = Ky ( dy ) 

which when integrated becomes 

u = lIn y + C. 
u* K 

[C.39] 

[CAD] 

In a fully developed, turbulent boundary layer, it has been found experimentally that 
the logarithmic velocity distribution applies across most of the boundary layer 
(Schlichting, 1968). The equation can be written as 
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[C.41] 

where Yo is a reference length related to viscous and roughness effects at the wall and 
K is the von Karman constant, which is usually 0.4 (Schlichting, 1968). From this it 
can be seen that in Equation C.40, . 

1 
C = - -In Yo. 

K 
[C.42] 

For smooth walls, C has been found from experiments to be between 5.0 and 5.5 
(Raupach et al., 1991). With C = 5.5, 

Yo = m v/u* [C.43] 

where m = 0.111 (Schlichting, 1968). A rough wall with elements protruding into the 
flow has a roughness length k which is more significant than the viscous sublayer 
thickness, approximately 5v/u*. It is assumed that 

Yo = mk [C.44] 
where m is a constant that depends on the degree of roughness (Schlichting, 1968). 
Equation C.41 can then be rewritten as 

II = lin (...Y) + B [C.45] 
u* K k 

where B is the roughness function. Nikuradse studied pipes roughened with sand 
grains for which, according to Schlichting (1968), 

B = 5.5 + 2.5 In (k u*/v) for k u4v < 5 (hydraulically smooth) [C.46a] 

B = 8.5 for 70 < k u*/v (fully rough)··. .. . [C.46b] 

B = B(k u*/v) for 5 < k u*/v < 70 (transition). [C.46c] 

From Equations C.44 and C.45 with B = 8.5 for fully rough flow, it can be determined 
that m = constant = 1/30 for sandgrain roughness. 

Once B is known, the Darcy. friction factor canbedetennined as discussed by 
Schlichting (1968). Other types of roughnesses can be converted to an equivalent sand 
grain roughness by taking velocity profile measurements and determining B for the 
roughness under consideration. Then the equivalent sand roughness kg can· be found 
from the equation (Schlichting, 1968) 

5.75 log (kg / k) = 8.5 - B. [C.47] 

The logarithmic velocity distribution can be approximated by a power law. For a 
smooth wall, Schlichting (1968) indicates that 

[C.48] 
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where c is a constant and n is a parameter. A value of n = 7 applies up to Re = 
1 x 105, where Re is calculated using average velocity and pipe diameter. The value 
of n increases with increasing Re. 

C.2.2 Flow in Open Channels. 
For a channel, y is the distance from the bed, and k is a measure of bed roughness. 
The logarithmic velocity profile can be derived for open channel flow using a mixing 
length assumption that accounts for the linear shear stress distribution (Henderson, 
1966) 

't" = 't"b(1 - y/h) = p~ (~~ )2 

where 

Q = Ky(1 - y/h)1/2 . 

[C.49] 

[C.50] 

This mixing length assumption also provides for the mixing length to return to zero at 
the free surface. It can be seen that substituting Equation C.50 into Equation C.49 and 
simplifying will again lead to the logarithmic law of Equation C.40. Chow (1959) 
notes that although the constants in the logarithmic law were derived from pipe flow 
data, it is assumed that the equation can be applied with the same constants to other 
turbulent flows. 

An expression for the average velocity in uniform open channel flow can be derived 
by defining the average velocity as 

Q 1 h 
V = A = A fo u(y) dA . 

Using the logarithmic velocity distribution of Equation C.40 and simplifying 
assumptions regarding channel geometry, Chow (1959) has shown that 

[C.51] 

V ;:: Ao + 5.75' log (mRh I Yo) [C.52] 

where Ao is a constant based on channel geometry, roughness regime, and other 
effects, and Rh is the hydraulic radius. For smooth flow, Ao '" 3.25. For rough flow, 
Ao varies from 3.23 to 16.92, but a mean value of 6.25 can be used (Chow, 1959). 

C.2.3 Flow Over a Flat Plate (Zero Pressure Gradient). 
Since there is no analytical solution for the velocity profile over a flat plate, it has 
been assumed that the velocity proflles are the same as determined experimentally for 
turbulent pipe flow, using U 00 in place of the centerline velocity and 0 in place of R 
(Schlichting, 1968). For moderate Reynolds numbers, a 1/7 power law can be 
assumed for the velocity distribution, 

[C.53] 
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which leads to the the boundary layer thickness (Schlichting, 1968) 

Q - 0.037 [C.54] 
x - Re 1/5 • 

x 

Using the 1/7 power law and empirical results, Schlichting (1968) obtained the 
expression for local friction coefficient 

0.0296 
=Re 1/2 • 

x 
[C.55] 

For large Reynolds number a logarithmic velocity profile is assumed, having slightly 
different empirical coefficients than in pipe flow (Schlichting, 1968): 

11 (nl*) ::: 5.85 In + 5.56 . 
u* v . 

[C.56] 

Schlichting (1968) discusses several relationships to obtain friction coefficients for 
smooth and rough plates. 

C.2.4 Wind Driven Flow. 
Using mixing length theory, Reid (1957) developed expressions for velocity profiles in 
open channels with significant shear stress at the surface due to wind effects. Figure 
C-5 shows schematically how the logarithmic velocity distribution in an open channel 
is modified by superimposing a shear stress at the surface (while maintaining the same 
discharge). If the wind is in the direction of the flow (Figure C-5a), the velocity near 
the surface is higher than in typical open channel flow, so for the same flow.rate; the 
velocity gradient near the bed is lower. If the wind is against the direction of flow 
(Figure C-5b), the velocity near the surface is less than that which would occur 
without wind stress,. so the velocity gradient near the bed is higher than that which 
would occur without wind stress. 

Reid (1957) used the following mixing length assumption: 

[C. 57] 

where D is the water depth, Zo is the roughness length of the channel bed, and zl is 
the roughness length associated with surface waves caused by the wind. The reSUlting 
dimensionless velocity profiles.are shown in Figure C-6 in which 1:'s is the wind
induced shear stress, V is the average water velocity (dimensionless), m is the ratio of 
bed shear stress to surface shear stress, and 'm is the dimensionless height at which a 
stress reversal occurs. 
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APPENDIX D. EXAMPLE CALCULATIONS 

D.I Example Problems and Results 
Three example problems were solved to determine whether the scheme described 
above results in a meaningful solution. Velocity profile data from experiment number 
OHP-5 of Tsujimoto et al. (1991b) were used to determine the parameters 1C and m 
needed to describe the assumed logarithmic and exponential velocity profiles. The 
velocity profile data is shown in Figure D-1. The data were replotted on semi
logarithmic paper and straight lines were fit visually, which resulted in the values 
1C = 0.27 and m = 0.59. 

Example 1. The purpose of Example 1 was to determine whether a set of numbers 
could be found to satisfy Equations 6.8-6.17. In Example lA the depth, vegetation 
height, roughness concentration, bed slope, and velocity at the tops of the vegetation 
are known. From this information, average velocities can be calculated. Discharge 
can be calculated from the continuity equation, and the drag coefficient of the plastic 
strips can be found using the momentum equation. Table D-I lists the calculated 
results and the experimental results. 

The computed values of V k and p agree well with the values obtained from the 
experimental data, which is to be expected since they were used to fit the velocity 
distributions. The calculated value of V w appears reasonable in relation to the velocity 
profile in Figure D-I. The calculated unit discharge is higher than the experimental 
discharge, which was obtained using the average channel velocity. The velocity 
profile data were probably obtained from the center of the flume, while the average 
velocity for the entire channel cross-section, V, is probably lower due to sidewall 
effects. 

Examples IB, Ie, and ID, determined unit discharges and drag coefficients for the 
same data assuming different channel slopes. The results are listed in Table D-2. The 
drag coefficient is directly proportional to channel slope, as expected. 

Example 2. The purpose of Example 2 was to try a design problem, i.e. to find flow 
depth given a design discharge and channel slope. This requires an iterative solution 
in which values of h are assumed until the resulti.ng value of h agrees with· the 
assumed value of h. Data from test OHP-5 were again used, with the average 
discharge q = 0.026 m2/s. It was first assumed that the drag coefficient CD = 2 
(Example 2A). This was not consistent with the experimental flow depth 
h = 0.0879 m. In Example 2B it was found that CD = 1.3. Forcing the combination 
of q = 0.026 m2/s and k = 0.029 m results in different velocities which are lower than 
the centerline velocities. 
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TABLE D-I. Results of Example IA: Comparison of Calculated Values and 
Experimental Values 

Variable Calculated EX]2erimental 
Vk (m/s) 0.26 0.25 
~ 1.03 1.07 
Vwem/s) 0.44 
q (m2/s) 0.033 0.026 
CD 0.69 

266 

TABLE D-2. Results of Examples IB, IC, ID: Effects of Slope on Discharge and 
Drag Coefficient 

Exam]2le SloW Discharge. g (m2ls) Drag Coefficient 
lA 0.003 0.033 0.069 
1B 0.002 0.032 0.46 
1C 0.009 0.038 2.08 
1D 0.0001 0.029 0.02 

TABLE 0.3. Results of Example 2C: Effects of Changing the Parameters 
K and m. 

De.mh. h (ml JL 
m = 0.59, K = 0.27 0.088 1.03 
m = 0.59t K = 0.2 0.085 1.03 
m = 0.59, K = 0.4 0.092 1.03 

m = 0.3, K = 0.27 0.091 1.00 
m = 1.2, K = 0.27 0.083 1.12 
m = 3, K = 0.27 0.073 1.70 
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In Examples 2A and 2B, the flow depths were known from the experimental data. In 
Example 2C, it was desired to determine what the depth would be if q = 0.026 m2/s 
and CD = 2. It was possible to obtain a solution: h = 0.095 m. It was found in this 
example and the remaining examples that it is somewhat difficult to make the solution 
converge, but it is possible. The solution is sensitive to very small changes in the 
assumed depth. In some of the examples, a second· solution was found in which the 
depths converged, but negative velocities also resulted in those cases. 

Using the results of Example 2C as the basis of comparison, a sensitivity analysis was 
done to study the effects of changes to the parameters K and m. The results are listed 
in Table 0-3. The depth is fairly insensitive to the shapes of the velocity profiles, 
which is probably because the continuity equation determines the velocity at k and 
therefore the magnitudes of the average velocities. 

Example 3. Example 3 is a design problem in which the drag coefficient and 
deflected roughness height are functions of the flow parameters. Since stream power 
would be constant for a given design discharge and slope, the relationship between 
body Reynolds number and relative deflection from Figure 6-6 was used instead. The 
straight line visually fit between the points for the d~ta of TsuJimoto et al. (1991b) has 
the equation 

5.164 
(VD/v)o.36 [D.1] 

A relationship between drag coefficient and V k was found using data from Examples 1 
and 2 (Table 0-4). Raupach and Thom (1981) suggested 

[D.2] 

Using the first two pairs of data in T~ble D-4 to fmd the parameters of Equation 0.1, 
cl = 0.0352 and n = 2.19. With these parameters Equation D.2 predicts CD = 1.4 for 
Vk = 0.187. However the use of Equation D.2 resulted in excessively large drag 
coefficients which prevented convergence of the solution. Therefore the first two pairs 
of data in Table D-4 were used to develop the linear relationship 

CD = -13.23Vk + 4.09 [D.3] 

which is adequate for example purposes. Using Equation D.3 and 0.1, the same 
solution for the data of Example 2C could be obtained (Example 3A). 

Example 3B is a design problem which can be compared to a different experiment, run 
OHP-3 of Tsujimoto et al. (1991b). The frrst trial assumes k = ~, and a depth is 
determined by iteration. Using the new depth, an average velocity V is calculated for 
the Reynolds number, and k/ko is predicted. This value of k is then used in the next 
trial and a new flow depth is found. The roughness concentration is also calculated as 
a function of roughness height. Only three trials were necessary to get the assumed k 
to agree with the calculated k. The results of the calculations agree fairly well with 
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the experimental (centerline) results, listed in Table D-5. 
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T ABLE D~4. Drag Coefficients and Average Velocities 

Example 
lA 
2C 
2B 

Velocity, Vk...u.uw. 
0.257 
0.158 
0.187 

Drag Coefficient 
0.69 
2 
1.3 

269 

TABLE D-S. Results of Example 3D: Calculated and Experimental Results 

Variable Calculated Experimental 
h (m) 0.1237 0.1114 
k (m) 0.038 0.039 
Vk (m/s) 0.096 0.13 
Vk (m/s) 0.073 0.0873 

P 1.03 1.07 
Vw (m/s) 0.172 
q /h (m/s) 0.1415 0.1572 
CD 3.13 
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Dol Calculations 

EXAMPLE 1: Find q knowing velocity profile, depth, and height of vegetation 
1A. Sb= 0.003 

Data: From Tsulimoto et al. (1991bl . OHP-5 (Centerline Datal 
[Note: Vk-bar;: 0.25 m/s by graphical integration] 

Depth, h 
Veg. ht., k 

0.0879 m 
0.029 m 

Veg concent. Lamda. 0.11 sq. m/sq.m 

Velocity @ z;::k., Vk 
Kappa 
m 

Slope Sb 

Calculations: 

Eq.6.16 
Eq.6.17 
Eq.6.13 
Eq.6.14 

0.34 m/s 
0.27 
0.59 

0.003 

Vk-bar= 
Beta ;:: 
u"'-k= 
Vw-bar= 

Eq. 6.8 (Continuity) q = 
Eq. 6.11 (Momentum) Cd;:: 

0.257 m/s 
1.029 
0.042 m/s 
0.441 m/s 

0.033 sq.m/s 
0.69 
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EXAMPLE 1: Find q knowing velocity profile, depth, and height of vegetation 
1 B. Sb = 0.002 

Data: From Tsujimoto et al. (1991b) , OHP-5 (Centerline Data) 
[Note: Vk-bar = 0.25 m/s by graphical integration] 

Depth, h 
Veg. ht., k 

0.0879 m 
0.029 m 

Veg concent. Lamda. 0.11 sq. m/sq.m 

Velocity @z=k., Vk 
Kappa 
m 

Slope Sb 

Calculations: 

Eq.6.16 
Eq.6.17 
Eq.6.13 
Eq.6.14 

0.34 m/s 
0.27 
0.59 

0.002 

Vk-bar= 
Beta = 
u*-k= 
Vw-bar= 

Eq. 6.8 (Continuity) q = 
Eq. 6.11 (Momentum) Cd = 

0.257 m/s 
1.029 
0.034 m/s 
0.422 m/s 

0.032 sq.m/s 
0.46 
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EXAMPLE 1: Find q knowing velocity profile, depth, and height of vegetation 
1 C. Sb = 0.009 

Data: From Tsuiimoto et al. (1991b) . OHP-5 (Centerline Data) 
[Note: Vk-bar;:: 0.25 m/s by graphical Integ rat jon] 

Depth, h 
Veg. ht., k 

0.0879 m 
0.029 m 

Veg concent. Lamda. 0.11 sq. mtsq.m 

Velocity @ ~k., Vk 
Kappa 
m 

Slope Sb 

Calculations: 

Eq.6.16 
Eq.6.17 
Eq.6.13 
r::q.6.14 

0.34 m/s 
0.27 
0.59 

0.009 

Vk-bar= 
Beta = 
u*-k ;:: 
Vw-bar;:: 

Eq. 6.8 (Continuity) q = 
Eq. 6.11 (Momentum) Cd = 

0.257 m/s 
1.029 
0.072 m/s 
0.515 m/s 

0.038 sq.m/s 
2.08 
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eXAMPLE 2: Find h knowing q (assume Kappa, m, k, and Cd) 
2A. Cd = 2.0, h = 0.0879m 

Data: From Tsujimoto et al. (1991bl. OHP-5 (Average channel data) 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Veg con cent. Lamda. 
Drag coefficient, Cd 
Veg. ht., k 

Calculations: 

ASSUME Depth, h 

hi k= 3.031034 

0.026 sq.m/s 
0.003 
0.27 
0.59 

0.11 sq. m/sq.m 
2 

0.029 m 

0.0879 m h>k 

h-k = 0.0589 m 

Eq.6.13 u*-k= 0.042 m/s 
Eq. 6.8 (Continuity) Vk= 0.248 m/s 
Eq.6.16 Vk-bar= 0.187 m/s 
Eq.6.17 Beta = 1.029 
Eq.6.14 Vw-bar= 0.349 m/s 

Eq. 6.;; (Momentum) h= 0.13512 m 
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EXAMPLE 2: Find h knowing q (assume Kappa, m, k, and Cd) 
2B. Cd ~ 1.3, h ~ O.0879m 

Data: From Tsuiimoto et al. (1991bl. OHP-5 (Average channel datal 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Veg concent. Lamda. 
Drag coefficient, Cd 
Veg. ht., k 

Calculations: 

ASSUME Depth, h 

hi k= 3,031034 

0.026 sq.m/s 
0.003 
0.27 
0.59 

0.11 sq. m/sq.m 
1.3 

0.029 m 

0.0879 m h>k 

h-k = 0.0589 m 

Eq.6.13 u*-k= 0.042 m/s 
Eq. 6.8 (Continuity) Vk= 0.248 m/s 
Eq.6,16 Vk-bar= 0.187 m/s 
Eq.6.17 Beta = 1.029 
Eq.6.14 Vw-bar= 0.349 m/s 

Eq. 6.11 (Momentum) h= 0.08783 m 
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EXAMPLE 2: Find h knowing q (assume Kappa, m, k, and Cd) 
2C. Cd=2 

Data: From Tsuiimoto et al. (1991b). OHP-5 (Average channel data) 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Veg concent. Lamda. 
Drag coeffiCient, Cd 
Veg. ht., k 

Calculations: 

ASSUME Depth, h 

h I k= 3.275862 

0.026 sq.m/s 
0.003 
0.27 
0.59 

0.11 sq. m/sq. m 
2 

0.029 m 

0.095 m h>k 

h-k = 0.066 m 

Eq.6.13 u*-k = 0.044 m/s 
Eq. 6.8 (Continuity) Vk= 0.209 m/s 
Eq.6.16 Vk-bar- 0.158 m/s 
Eq.6.17 Beta = 1.029 
Eq.6.14 Vw-bar= 0.325 m/s 

Eq. 6.;; (Momentum) h= 0.09585 m 
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EXAMPLE 3; Find h knowing q (assume Kappa and m but Calculate k and Cd) 
3A. Retry Example 2C 

Data: From Tsujimoto et al. (1991bl. OHP-5 (Average channel datal 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Calcu latjons: 

ASSUME Depth, h 
ASSUME Veg. ht., k 

Veg con cent. Lamda. 
h I k= 3.275862 

0.026 sq.m/s 
0.003 

0.27 
0.59 

0.095 m h>k 
0.029 m k<Ko 

0.10875 sq. m/sq.m 

h-k = 0.066' m 

Eq. 6.13 
Eq. 6.8 (Continuity) 
Eq.6.16 
Eq.6.17 

u*-k= 
Vk= 
Vk-bar-
Seta = 
Vw-bar= Eq. 6.14 

Eq.D.3 Cd = Cd(Vk-bar) 

Eq. 6.11 (Momentum) h= 

k-new = k(VD/nu) 

0.044 m/s 
0.209 m/s 
0.158 m/s 
1.029 
0.325 m/s 
2.00 

0.09482 m 

0.029655 
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EXAMPLE 3: Find h knowing q (assume Kappa and m but Calculate k and Cd) 
3B. Variable Cd and k -TRIAL #1: k=Ko=O.05m 

Data: From Tsulimoto et al. (1991b) , OHP-3 (Average channel data) 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Calculations: 

ASSUME Depth, h 
ASSUME Veg, ht., k 
Veg concent. Lamda. 
h/k= 2,82 

0.0175 sq.mls 
0,001 

0.27 
0,59 

0,141 m h>k 
0,05 m k<Ko 

0.1875 sq, m/sq,m 

h-k = 0,091 m 

Eq,6,13 
Eq. 6,8 (Continuity) 
Eq,6,16 
Eq,6,17 

u*-k= 
Vk= 
Vk-bar= 
Beta = 
Vw-bar= Eq.6.14 

Eq, D,3 Cd = Cd(Vk-bar) 

Eq. 6.11 (Momentum) h= 

k-new = k(VD/nu) 

0,030 m/s 
0,088 m/s 
0,067 m/s 
1.029 
0,156 m/s 

3,21 

0,14081 m 

0,039422 
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EXAMPLE 3: Find h knowing q (assume Kappa and m but Calculate k and Cd) 
3B. Variable Cd and k -TRIAL #2 k=O.039m 

Data: From Tsuiimoto et al. (1991b) , OHP-3 (Average channel data) 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Calculations: 

ASSUME Depth, h 
ASSUME Veg, ht., k 

Veg concent. Lamda. 
hI k= 3.211026 

0,0175 sq,m/s 
0,001 

0,27 
0,59 

0,12523 m h>k 
0.039 m k<Ko 

0,14625 sq. m/sq.m 

h-k = 0,08623 m 

Eq,6,13 
Eq. 6.8 (Continuity) 
Eq,6,16 
Eq,6,17 

u*-k= 
Vk= 
Vk-bar= 
Beta = 
Vw-bar= Eq.' 6.14 

Eq, D,3 Cd = Cd(Vk-bar) 

Eq. 6.11 (Momentum) h= 

k-new = k(VD/nu) 

0.029 m/s 
0,096 m/s 
0,072 m/s 
1.029 
0.170 m/s 

3.14 

0.12520 m 

0,037774 
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EXAMPLE 3: Find h knowing q (assume Kappa and m but Calculate k and Cd) 
3B. Variable Cd and k -TRIAL #3 k=O.038m 

Data: From Tsuiimoto et al. (1991b) I OHP-3 (Average channel data) 

Unit discharge, q 
Slope Sb 
Kappa 
m 

Calculations: 

ASSUME Depth, h 
ASSUME Veg. ht., k 

Veg concent. Lamda. 
h I k= 3.255263 

0.0175 sq.m/s 
0.001 

0.27 
0.59 

0.1237 m h>k 
0.038 m k<Ko 

0.1425 sq. m/sq.m 

h-k = 0.0857 m 

Eq.6.13 
Eq. 6.8 (Continuity) 
Eq.6.16 
Eq.6.17 

u*-k = 
Vk= 
Vk-bar= 
Beta = 
Vw-bar= Eq.6.14 

Eq.D.3 Cd = Cd(Vk-bar) 

Eq. 6.11 (Momentum) h= 

k-new = k(VD/nu) 

0.029m/s 
O.096m/s 
0.073 m/s 
1.029 
0.172 m/s 

3.13 

0.12381 m 

0.037607 
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