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Reducing uncertainty in flow resistance estimation in natural channels requires elucidation
of contributing influences. Surface shear and form drag are the major contributors in

channels containing large roughness elements under emergent flow conditions. The two
effects can be accounted for in the Darcy-Weisbach and Manning equations by adding their
associated, separate friction factors or taking the square root of the sum of the squares of

the corresponding Manning coefficients. The friction factor for form drag can be estimated
from the drag coefficient and areal density of the roughness elements and the flow depth.
Predictions of the combined effect are tested against results of laboratory experiments with
different arrangements of emergent cylinders on smooth and rough beds, using experimentally

determined drag coefficients for the cylinders. The variation of the overall resistance coefficient

with flow condition depends on the dominant influence, decreasing with flow depth when
surface shear dominates, and increasing with depth when form drag dominates.

INTRODUCTION

The flow resistance of a river is an expres-
sion of the effects that its physical features
have on flow depth and velocity character-
istics. Various sources of resistance related
to different physical features have been
recognised (e.g. Rouse 1965; Yen 2002),

the most influential being surface shear
associated with grain roughness and form
drag arising from flow separation around
large roughness elements or irregularities.
The resistance effects of the underlying
sources can be described at different levels
of resolution, depending on the purpose

of the application, the information avail-
able, and the way in which finer resolution
processes are modelled (James & Jordanova
2010). At any particular level, the effects of
lower-level processes that are not described
explicitly are accounted for through a
resistance coefficient.

Many engineering and environmental
river problems are appropriately addressed
at the river reach level, using 1D or 2D
models that require descriptions of resist-
ance to relate cross-section or cell average
velocities to flow depths. Commonly
used resistance equations are those of
Darcy-Weisbach (Equation 8), Chézy, and
Manning (Equation 13). The Manning
equation is the most widely used, with
its resistance coefficient (n) providing a
lumped parameter to account for all con-
tributing influences, including both shear

and form types. For natural rivers with
multiple contributions to overall resistance,
the estimation of # is usually based on
direct site-specific calibration, experience
of similar situations, or synthesis from
finer resolution descriptions of the differ-
ent contributing effects.

Estimation of # by experience is aided
by previous calibrations with physical
channel characteristics, as documented in
tables (e.g. Chow 1959), or presented with
photographs for matching (e.g. Hicks &
Mason 1991). Although common practice,
the use of tabulated values and photographs
is unreliable because the value of # can vary
significantly with flow magnitude, and it
is difficult to select a representative value
within the range reported, or to predict the
direction and rate of trend with flow depth
or discharge. The comprehensive informa-
tion provided by Hicks and Mason (1991)
illustrates this uncertainty more convinc-
ingly than it provides confidence in selecting
representative values. For more than a third
of the documented reaches, the 7 values
vary with flow depth by more than a factor
of 2, approaching an order of magnitude in
some cases. While » commonly decreases
with flow depth, it increases distinctly in
some cases and even reverses in trend for
some. Association of the range and the
direction and rate of trend with the physical
characteristics of the river is not obvious,
making estimation of a representative value
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for unmeasured sites very uncertain. Such
uncertainty prompted Ferguson (2010) to
question the usefulness of the Manning
equation, but it does provide a convenient
way for lumping the effects of multiple
resistance contributions, whether calibrated
directly or synthesised from explicit expres-
sions of underlying effects. Reducing the
uncertainty in the overall # value requires
explanation of its variability, which is
unlikely to be gained by observation at the
level of resolution of its application; some
elucidation of the processes at a higher level
of resolution is necessary.

Various synthesis approaches for
estimating # have been proposed. These
include (a) the use of composite roughness
equations for combining different local
resistance coefficients across a channel sec-
tion (such as the equations of Horton (1933)
and Pavlovski (1931)), (b) the SCS method
initially proposed by Cowan (1956) for aug-
menting a basic surface 7 value to account
for effects of surface irregularity, channel
shape variations, obstructions, vegetation
and meandering, and (c) application of a
lateral distribution model such as included
in the Conveyance Estimation System (CES)
software described by Knight et al (2010).
The composite roughness equations and
lateral distribution model really apply only
to transverse variations of surface shear
and flow depth across a section, although
certain formulations have been shown to
apply equally well to areal variations (James
& Jordanova 2010). The SCS method applies
over a channel reach and does allow for con-
sideration of form drag effects, but is flawed
in its linear addition of contributions and in
considering multiple effects to be independ-
ent (James & Jordanova 2010).

Synthesis by explicit combination of
surface shear and form resistance effects
has been used in various applications. For
alluvial resistance estimation, Einstein and
Barbarossa (1952) and many others since
have considered total resistance to be the
sum of surface grain and bedform contribu-
tions. The concept has also been applied to
other types of large-scale roughness in natu-
ral streams (e.g. David et al 2011; Shields &
Gippel 1995) and especially for emergent
vegetation (e.g. James et al 2004; James et
al 2008; Petryk & Bosmajian 1975; Stone
& Shen 2002). Applications to emergent
vegetation have generally been with stem
densities so high that the overall resistance
is almost exclusively form drag, although
Schoneboom et al (2010) have demonstrated
the contribution of bed shear, and James et

al (2004) quantified the error in the resist-
ance coefficient associated with neglect of
the bed shear contribution.

In this work, synthesis of a combination
resistance coefficient (in terms of either
the Darcy-Weisbach f or the Manning n)
is considered for a simple case of distinct
contributions from bed shear and form
drag, such as would occur in a stream com-
prising a gravel or cobble bed and dispersed
boulders. The results have immediate
relevance for low-flow hydraulic analysis
in environmental flow determinations and
in river rehabilitation design involving
the placement of boulders to create suit-
able habitat conditions. The resistance of
emergent boulders in a stream is similar
in nature to that of emergent vegetation
stems, just at a larger scale, and the formu-
lation presented in the following section is
essentially similar to that presented by the
authors cited above. A similar approach
has been followed by Guillén-Ludena et al
(2020) to account for the effect of buildings
on floodplains. It is shown further that the
variation of drag coefficient with element
Reynolds number for large elements is
significantly different from that for slender
stems, and that the relative contributions
of shear and form resistance have a marked
influence on the trend of the overall resist-

ance coefficient with flow depth.

FORMULATION

The combination of surface shear and form
resistance for a stream with large emergent
roughness elements follows formulations for
emergent vegetation stems, as presented by
Petryk & Bosmajian (1975) and subsequent
researchers. The development is presented
here to include minor modifications and
clarify concepts. The relationship is derived
by considering the downslope weight com-
ponent of a volume of water in uniform flow
to be balanced by the sum of the forces aris-
ing from bed shear and form drag, i.e.

F=F+F/ 1

where F is the downslope weight com-
ponent of the water, F/is the bed shear
force and F” is the form drag. The weight
component is

F=pgVolS 2)
in which p is the water density, g is gravi-

tational acceleration, S is the channel slope
and Vol is the volume of water.
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The bed shear force is given by

F/ = ToAbf (3)

in which Ayris the surface area on which
the shear stress acts. (Note that Abf is less
than the area of the bed not occupied by
form roughness elements A, because the
shear stress is not effective within the sepa-
ration zones downstream of each element.)
The shear stress 7, can be expressed in
terms of the surface friction factor f” as

in which Vis the average velocity.
The form drag can be quantified
through the drag equation

1
P/ = S o4y pV2 5)

in which Cp, is the drag coefficient and 4,
is the projected area of the form roughness
elements in the flow direction.

Inserting the force expressions in the force
balance equation and rearranging terms gives
an equation for the velocity in terms of f/, Cp,
and the channel characteristics, i.e.

r Apr
4 Vol Vol

Further manipulation of Equation 6 leads to

Ve / Vol )

f/+4C

Ay

which can be expressed as
8¢
= /?g VR'S (®)

i.e. the conventional form of the Darcy-
Weisbach equation, with

fof/+f ©)

where fis the total friction factor and 7 is
the effective friction factor associated with
form resistance, given by

A
f/ =4C, 2 (10)

and R is a volumetric hydraulic radius

given by



Vol
R=— (11)

Expressing the bed shear in terms of the
Manning resistance coefficient for the sur-
face (n/) rather than the friction factor, i.e.

/2
T, = i i% V2 (12)

similarly leads to the conventional Manning

equation
1 1,

V=_ R%S" (13)
n

with

n=\n?+n"? (14)

where 1 is the resistance coefficient
accounting for the form resistance compo-
nent, given by

R* A
n/ = 4Cp—L (15)
8¢ Ay

The combined resistance of bed shear and
form roughness presented by Equations

8 to 11 or 13 to 15 accounts for the two
contributions at a mutually consistent level
of resolution: bed shear is represented by a
friction factor which may be related to the
Nikuradse roughness (k) of the bed materi-
al, and form drag is represented by a similar
coefficient related to Cp, which depends on
the form element size, shape and spacing.

EXPERIMENTAL PROCEDURE
Experiments to test Equations 8 to 11 were
carried out in a 12.0 m long, 2.0 m wide
tilting flume. The form roughness elements
were 0.110 m diameter circular cylinders
placed in staggered arrangements with
equal longitudinal and transverse spacing.
Two sets of experiments were conducted,
one with the full width of the flume (Nkosi
2007) and the other with the width reduced
to 1.0 m, to enable a wider range of flow
conditions and element densities to be test-
ed. For each set, experiments were carried
out with different cylinder density arrange-
ments on both the original smooth vinyl
flume bed and on a rough bed made with a
single layer of crushed gravel with a nomi-
nal diameter of 19 mm. Stage-discharge
measurements were taken for each of the
test conditions listed in Table 1, which also

indicates the areal density of bed coverage

4

Table 1 Experimental conditions

Element
m e type e SIope _ denSity (0/0)
Al 20 0

Smooth 0.00075 0

A2 2.0 Smooth 0.00050 0.55 046
A3 20 Smooth 0.00050 1.05 0.87
A4 20 Smooth 0.00050 1.59 1.54
A5 20 Smooth 0.00050 3.19 3.00
B1 20 Rough 0.00050 0 0

B2 20 Rough 0.00050 0.55 046
B3 2.0 Rough 0.00050 1.05 0.87
B4 20 Rough 0.00050 1.59 1.54
B5 20 Rough 0.00050 3.19 3.00
al 1.0 Smooth 0.00058 0 0

C2 1.0 Smooth 0.00058 275 261
C3 1.0 Smooth 0.00058 6.08 578
Cc4 1.0 Smooth 0.00058 8.50 8.08
c5 1.0 Smooth 0.00058 14.3 13.6
D1 1.0 Rough 0.00058 0 0

D2 1.0 Rough 0.00058 292 2.77
D3 1.0 Rough 0.00058 5.83 5.54
D4 1.0 Rough 0.00058 8.25 7.84
D5 1.0 Rough 0.00058 14.3 13.6

by the elements associated with each N
value. The tests with no cylinders in place
(N = 0) were carried out to establish bed
friction factor relationships for the two bed
types. Figure 1 shows the flume setup for
Test B5.

Figure 1 Experimental setup for Test B5
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Each setup was tested with five
discharges (over the ranges indicated in
Figure 4) with the cylinders emerging
through the water surface in all cases. The
discharge was measured by a turbine meter
in the supply line and controlled by a valve
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Figure 3 Drag coefficients for emergent cylinders

in the supply line near the flume entrance.
Uniform flow was ensured by adjusting a
horizontal weir at the downstream end of
the flume. The height of the water surface
was measured at 1.10 m intervals along the
centre line of the flume using piezometers,
and the weir level was adjusted until the
water surface slope matched the bed slope.
The average of the flow depths at all the

measurement locations was used as the
uniform flow depth.

Calculation of the form friction factor by
Equation 10 requires knowledge of Cj,. Values
of Cp, for emergent cylinders have previously
been determined (e.g. Kothyari et a/ 2009;
Tanino & Nepf 2008), but only for slender
vegetation stems and lower values of element
Reynolds number (Re,) than obtained in this
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investigation (Re; = Vd/v, with v being the
kinematic viscosity of water and d the cylin-
der diameter). As the drag force on cylinders
is known to depend strongly on size (Turcotte
et al 2015), a series of tests were carried out to
obtain estimates of C, for the cylinders used
in these experiments under emergent condi-
tions. Drag forces were measured using the
apparatus shown schematically in Figure 2,
comprising two lever arms connected at right
angles with a pivot at their vertex. A cylinder
was attached to the vertical arm, with its base
just clear of the flume bed, and a pointer on
the horizontal arm was placed in contact with
the pan of an electronic balance. Drag on the
cylinder produced a measurable force on the
balance which could be related to the drag
force by moment equilibrium. Measurements
were taken with a wide range of discharges
and weir settings for single cylinders in isola-
tion and in groups.

RESULTS

Drag coefficients

Values of Cp, were calculated from the
measured forces by Equation 5, with V'
taken as the cross-section average velocity
calculated from the measured discharge
and flow depth. In the moment equilibrium
calculations, it was assumed that the drag
force was applied at mid-depth (repeating
the calculations with the force assumed to
be exerted at the bottom of the cylinder
and at the water surface showed a maxi-
mum difference in calculated Cp, within
about +7%). The value of C, was found to
vary strongly with Re, over the lower range
tested (Figure 3). The relationships derived
for single, isolated cylinders are

Cp = 722Re ;%
Cp=132

for Re; < 18 000 (16)
for Re; > 18 000

with R2 = 0.90 for the lower Re; equa-

tion. These results are consistent with
those obtained independently for similar
cylinders by Mahdi and Bismilla (2014),
and Jackson (2016). Also shown in Figure 3
is the “standard” curve for infinitely long
cylinders, as presented in many textbooks
(e.g. Albertson et al (1960), as well as the
upper and lower limits of the data obtained
by Tanino and Nepf (2008), and Kothyari

et al (2009) for ranges of slender cylinder
densities. No clear effect of cylinder density
was apparent in the results for the large
cylinders, and Equations 16 were used for
the following resistance predictions.
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Figure 4 Measured (markers) and predicted (lines) stage-discharge relationships

Surface friction factors
Tests Al, B1, C1 and D1 were carried out to
enable formulation of surface friction fac-
tor relationships for the two flume widths
and two surface types.

For the smooth beds (Tests A1 and
C1) the flow conditions were around the
threshold between hydraulically smooth
and transitional turbulent flow. The shear
Reynolds number (Re" = u*ks/v, with the
shear velocity u* = (gRS)%-%) was between
3.7 and 5.2 for Tests Al and between 7.3
and 8.1 for Tests C1. Friction factor relation-
ships were therefore obtained by calibrating
the laws presented by the ASCE Task Force
on Friction Factors in Open Channels
(ASCE 1963) for both conditions, i.e.

1 7
— = c]og ﬂ 17)
Vi b
for hydraulically smooth flow, and

! 1 s (18)
— =—clog | + ——

\]F/ & aR Re\]F/

for transitional flow. In these equations
Re = 4VR/v and the Task Force recommend
default coefficient values of a = 12, b = 2.51
and ¢ = 2.0. Using Equation 17 the value of
¢ was fixed at 2.0 and b was recalibrated

6

to give values of b = 6.17 for the 2.0 m
wide flume and b = 9.55 for the 1.0 m
wide flume. Using Equation 18 the default
values for 4, b and c were retained, and
values of k, found as 0.22 mm for the 2.0 m
wide flume and 0.46 mm for the 1.0 m
wide flume.

The flow conditions for the rough
bed (Tests B1 and D1) were well within
the hydraulically rough range and the
resistance was characterised by a k; value
in the hydraulically rough flow equa-
tion presented by the ASCE Task Force
on Friction Factors in Open Channels
(ASCE 1963), i.e.

%/ =clog %y (19)

with a = 12 and ¢ = 2.0. The friction factor
for the rough bed f; was calculated by the
sidewall correction procedure proposed
by Vanoni and Brooks (1957) and k; then
calculated from Equation 19. The value of
k, depends on the height within the bed
from where the flow depth is measured.
Estimates of the distance below the tops of
bed grains to the theoretical bed, defining
the origin of the vertical velocity profile,
range from 0.15 to 0.35 times the bed
particle size (as reviewed by James (1990)).

Volume 63 Number4 December 2021

The best fit factor value for the 1.0 m wide
flume was found to be 0.16, and for consist-
ency this was used for the 2.0 m flume as
well. The resulting values of k, were found
to be 0.040 m for the 1.0 m flume and
0.049 m for the 2.0 m flume.

Friction factors may also be expressed
as equivalent Manning coefficients accord-

ing to
RANf
= 20
n e (20)

Stage-discharge predictions
Equations 8 to 11 were tested by predicting
the stage-discharge relationships for the
experimental conditions. For a channel
with rectangular cross-section and circu-
lar-cylindrical emergent form roughness

elements

Vol = A, D (21)

Ay =1- L (22)

4

A,=NDd (23)
2D

Abf:1+——aN@ (24)
w 4
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Figure 5 Comparison of measured and
predicted discharges for all tests

in which A is the area of the bed not occu-
pied by form roughness elements, D is the
flow depth, N is the number of elements per
unit area, d is the element diameter, Wis
the channel width and a is a factor applied
to the element plan area to incorporate the
areas of separation over which bed shear is
ineffective. Thompson and Roberson (1976)
suggest values of a in the range 2.0 to 3.0.
Note that if a is assumed to be 1.0 (for a
negligible separation zone) and the channel
is wide (2D << W), then Abfz Ayand R =~ D.
Values of Cj, were calculated by
Equations 16, and the surface friction
factors by Equations 17 to 19 with the
calibrated coefficients (for the smooth
channels the results using Equations 17
and 18 were indistinguishable). For the
rough channels f/ was determined by
calculating f;, from Equation 19 and then
applying an inverse Vanoni and Brooks
(1957) sidewall correction procedure to

obtain a composite f/ including the rough

bed and smooth side walls. Discharge

was calculated by multiplying the velocity
by the cross-sectional area adjusted to
account for the volume occupied by the
cylinders. Predictions were found to be
insensitive to the value of a, and a value of
2.5 (in the middle of the range suggested by
Thompson and Roberson (1976)) was used
throughout. The measured and predicted
results are presented in Figure 4. The
average absolute prediction errors for each
experimental series were 9.9% for Series A,
3.9% for Series B, 10.2% for Series C and
9.5% for Series D. Predicted and measured
discharges for all tests with cylinders in
place are compared in Figure 5. This shows
generally good agreement, except for the
smooth channel cases with the lowest ele-
ment densities.

DISCUSSION
The relative contributions of surface shear
and form drag to overall resistance depend
on the areal density of elements, the flow
depth and the roughness of the surface
between the elements. Under conditions
where bed shear dominates, i.e. where £/
(or n”) is small in comparison with f/ (or
n’), the average velocity increases with flow
depth and the resistance coefficient (either
for n) decreases. Where form drag domi-
nates, the velocity is approximately constant
with flow depth (expanding Equation 7 with
f/ =0 shows V to be independent of D), and
the effective resistance coefficient therefore
increases with flow depth to compensate
R in the resistance equation. As shown in
Figure 6, the presence of form resistance in
a channel considerably increases the rate of
rise of flow depth with discharge.
Variations of the overall resistance
coefficient with flow depth are shown in

Figures 6(a) and 6(b) for the 1.0 m and 2.0
m wide flumes with rough beds. (Manning’s
n, as the more common representation

for overall resistance, is plotted here; the
relationship is similar in terms of f) Shown
with the data are curves of n as predicted
using Equation 14 with #* from Equation 15
and #/ from Equations 19 and 20, and the
inverted Vanoni and Brooks (1957) sidewall
correction procedure. The average absolute
deviation predicted from experimental

n values was 0.0064 for test series D and
0.0013 for test series B. The form resistance
component was dominant in the 1.0 m wide
rough-bed flume and the resistance coef-
ficient consequently increased with depth
(Figure 6(a)). (Form resistance also domi-
nated in all the smooth bed experiments,
resulting in similar trends.) For the 2.0 m
wide rough-bed flume, the overall resistance
coefficient represents a varying balance of
the bed shear and form drag contributions
(Figure 6(b)). For the relatively sparse ele-
ment arrangements in the 2.0 m wide flume
with the rough bed (Tests B2 and B3) the
bed surface contribution is considerable, and
the overall resistance coefficient reduces
with flow depth. As the element density
increases the form roughness contribution
increases, eventually producing a consist-
ent increase of resistance coefficient with
depth (Test B5). For an intermediate density
(Test B4) the resistance coefficient shows

a distinct dip in the mid-range of depths,
with bed shear dominating at low depths
and form drag dominating at high depths.
Figure 7 shows the variations of the pre-
dicted #” and #”/ values with flow depth for
Test B4, and their combination compared
with the measured values. Similar variations
and trends of resistance coefficient may be
expected in other situations in natural chan-

nels where form roughness is significant,
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Figure 6 Measured (markers) and calculated (lines) variations of Manning resistance coefficient with flow depth for tests in the 1.0 m wide (a) and

2.0 m wide (b) rough bed flumes
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such as associated with woody debris, bank
irregularities or large bank vegetation, as
well as buildings on floodplains.

These results show that uncertainty
in estimating resistance coefficients, and
especially their variation with discharge,
can be reduced by considering surface
shear and form resistance characteristics
separately, rather than estimating overall
resistance directly. Practical estima-
tion of an overall resistance coefficient
therefore requires both contributions to
be evaluated.

The friction factor of the bed surface
between form roughness elements (f/) can
be related to its grain size characteristics in
terms of a k, value. The various approaches
available are well reviewed by Ferguson
(2007), and include the forms of Equations
17 to 19. For these, various relationships
have been proposed for k, in terms of per-
centile bed particle sizes (e.g. Millar 1999),
and a value of 3.5dg, has become widely
accepted (James 2010) (dg, is the size of
bed particle for which 84% of particles
are smaller).

For description at a consistent level of
resolution, the friction factor of the form
roughness elements f// should be estimated
through Equation 10. For field calibration it
would be easier to evaluate f/ (= 4C DAP/A bf)
directly rather than attempting to quantify
Cp» A, and A separately. For preliminary
estimates without calibration, it is noted
that the term A /A, is linearly related to
the relative flow depth D/d, with the coef-
ficient depending on the areal density of the
emergent elements. Assuming a value for
a = 2.5 and a circular cylindrical shape for
the elements, this term can be approximated
for densities less than about 20% by

A D
L O.014C1-1g (25)

in which C is the per cent areal density.
The value of C}, varies with Re;
(Figure 3) and does so differently for circu-
lar cylinders with different diameters. This
variation has yet to be described reliably for
all sizes, but its approach to a constant value
for Re, greater than about 18 000 can be
reasonably accepted. This limit represents
rather low flow velocities, for example about
0.18 m/s for a cylinder diameter of 0.10 m
and 0.018 m/s for a diameter of 1.0 m. Cp,
also depends on the element shape. Jackson
(2016) measured Cp, for 0.11 m diameter
circular and 0.10 m width square cylinders
placed square and diagonally to the flow

8
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Figure 7 Variation of resistance coefficients with depth for Test B4

direction. For Re; > ~10 000 he measured
Cp, values of about 1.3, 2.0 and 3.0 for the
circular, square and diagonal cylinders
respectively, which gives an indication of
the influence of element angularity. For
Re, < ~10 000 he found similar variation
with Re, as shown by the data in Figure 3.
Guillén-Ludena et al (2020) measured C,
values for 54 mm square cylinders for Re,
in the range 3 500 — 24 000 and areal densi-
ties between 0.2% and 20%. They propose a
single average value of 1.32 as representative
for all these conditions. Cp, has also been
found to vary with element density, espe-
cially with slender elements at low Re; (e.g.
Kothyari et al 2009; Tanino & Nepf 2008).
The effect was insignificant for the present
experimental conditions, but requires
further investigation for large elements and
high Re,;.

For areal densities below about 20% a
reasonable estimate of f/ can therefore
be obtained from Equation 10 with A, /A,
given by Equation 25 and, for Re; > ~18 000,
a value of Cp, varying from about 1.3 for
smooth rocks up to about 3 for very angular
rocks. For Re; < ~18 000 the value should
be increased according to the variation
indicated by Equation 16.

Both f/ and f/ can be converted to
Manning 7 values using the equivalence
relationship, Equation 20.

CONCLUSIONS

The variation of resistance coefficient with
flow magnitude in channels with rough

Volume 63 Number4 December 2021

beds and large form roughness elements can
be explained by elucidating their respective
contributions. The overall resistance coef-
ficient can be obtained by combining inde-
pendently determined bed shear and form
resistance contributions. The overall Darcy-
Weisbach friction factor fis the sum of the
component friction factors (Equation 9); the
overall Manning resistance coefficient # is
the square root of the sum of the squares of
the component values (Equation 14).

The friction factor f/ or resistance
coefficient n/ for bed shear depends on the
roughness size k, of the bed material. The
friction factor /7 or resistance coefficient
n'! for form roughness depends on the ele-
ment drag coefficient Cj,, the areal density
of the elements and the flow depth, accord-
ing to Equations 10 and 15 respectively.

The variation of Cp, with Re for large
emergent objects is significantly different
from that for slender cylinders (as repre-
senting vegetation stems, for example).
Under very low-flow conditions the drag
coefficient can be expected to vary consid-
erably with Re,. For the areal densities of
emergent elements investigated (less than
about 15%) Cp, was found to be unaffected
by the density; the effect for greater densi-
ties requires further investigation.

The variation of overall resistance coef-
ficient with flow depth depends on the rela-
tive dominance of the two contributions. If
bed shear dominates (e.g. with a very rough
bed and/or sparse form element distribu-
tion) fand #n decrease with flow depth; if
form drag dominates (e.g. with high form
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element density and/or relatively smooth
bed) fand # increase with flow depth. For
intermediate form element densities, the
trend of resistance coefficient can reverse

as flow depth increases.
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NOTATION
A, = Bed area unoccupied by elements
Ay = Bed area subjected to surface shear
A, = Projected area of elements
a = Constant in friction factor
relationship
b = Constant in friction factor
relationship
C = Per cent areal density of emergent
elements
Cp, = Drag coefficient
¢ = Constant in friction factor
relationship
D = Flow depth
d = Cylinder diameter
F = Downslope weight component of
water
F/ = Surface shear resisting force
F’ = Form drag
f = Friction factor
f/ = Friction factor associated with bed
shear
f” = Friction factor associated with form
drag
f; = Friction factor for bed
g = Gravitational acceleration
k., = Nikuradse grain roughness
n = Manning resistance coefficient
n/ = Manning resistance coefficient asso-
ciated with bed shear
n” = Manning resistance coefficient asso-
ciated with form drag
N = Number of elements per unit area of
bed
R = Hydraulic radius
Re = Flow Reynolds number
Re,; = Element Reynolds number
Re’ = Shear Reynolds number
S = Channel slope
u* = Shear velocity
V' = Average velocity
Vol = Volume of water above bed
W = Channel width
a = Factor to account for area of separa-
tion zone

v = Kinematic viscosity of water
p = Water density
1, = Boundary shear stress
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