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Influence of macro-rough banks on steady flow in a channel
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ABSTRACT: High-head storage hydropower plants operate their turbines during periods of high energy
demand. The starting and stopping of turbines results in rapid fluctuations of discharge and water levels
in rivers called hydropeaking, which are unfavorable from an ecological point of view. Morphological
measures might help to reduce the fluctuations by increasing the natural retention capacity of rivers. With
this practical background, the experimental investigations presented in this paper focused on the determi-
nation of the flow resistance under steady flow conditions caused by large scale roughness elements at the
channel banks, namely rectangular cavities (depressions). The experiments conducted in 41 different
geometrical configurations showed various two dimensional flow characteristics in the cavities. The
overall head-loss of the flow is governed by the existence of different phenomena such as vertical mixing
layers, wake-zones, recirculation gyres, coherent structures and skin friction. The analysis of the experi-
ments for steady flow conditions showed that the flow resistance is significantly increased in the macro-
rough configurations due to the disturbance of the bank geometry. Three different approaches have been
considered relating the additional flow resistance due to macro-roughness to the forms of the banks. By
separating the observed flow conditions into a square grooved, a reattachment and a normal recirculating
flow type, the developed macro-rough flow resistance formulas are in good agreement with the laboratory
experiments. Furthermore, water body oscillations have been observed in axi-symmetric macro-rough
configurations. They lead to water-surface oscillations and transverse velocity components.
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1 INTRODUCTION (Favre 1935) as well as the river morphology
(passive retention, Stranner 1996).

High-head storage hydropower plants operate With this practical background, experimental

their turbines during periods of high energy de- investigations have been conducted in a large

mand. The starting and stopping of turbines result number of different geometrical configurations,
in rapid and frequent fluctuations of discharge and namely rectangular cavities at the river banks. The
water levels in rivers, called hydropeaking, which steady flow experiments consisted in a prelimi-
are unfavorable from an ecological point of view. nary step for unsteady flow experiments (Meile
Literature reviews on the effects of hydropeak- 2007, Meile et al. 2008). They focused on the de-
ing (e.g. Baumann and Klaus 2003, Cushman termination of the flow resistance and flow condi-
1985) report the stranding of macro-invertebrates tions caused by large scale roughness elements
due to rapid ramping or an increase of catastroph- (rectangular cavities) at the channel banks.
ic drift (e.g. Céréghino et al. 2002) during sudden
increases in discharge, water levels and flow ve-
locities. Morphological measures might help to 2 THEORETICAL CONSIDERATIONS
reduce the fluctuations further downstream by in-
creasing the natural retention capacity since the
propagation and attenuation of the (surge) waves
are influenced by the channel slope and roughness Flows might be classified regarding the effect of
the viscosity relative to the inertia in laminar, tur-

2.1 Macro-rough flows
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bulent and transitional flows. The turbulent flows
can again be divided into three types: smooth tur-
bulent flows, fully rough turbulent flows and tran-
sitional turbulent flows.

When the relative roughness becomes high, which
means that the size of roughness elements ap-
proaches the order of magnitude of the flow depth
h or the hydraulic radius R;, the flow is called
macro-rough. The roughness elements can cover
the entire channel section or only a part of the sec-
tion as the bottom or the bank. The roughness
generating elements may are boulders or pebbles,
artificial elements as cubes, spheres, cones or de-
pressions, different types of vegetation, bed forms
in mountain streams and torrents, bed forms in
mid- and lowland streams or abrupt changes of
channel sections respectively profile.

Table 1. Flow types and head-loss governing phenomena.

Flow type Head-loss due to

Laminar flow . .
(Re = 4UR,/ v< 2300) Viscous friction
= h

Transitional flow

(2300 < Re < 4500) Viscous and turbulent friction

Turbulent friction in the shear layer;
no influence of &

Smooth
turbulent flow

Transitional Turbulent friction in the shear layer

Turbulent .
flow turbulent flow (influence of Re and &)
Fully rough Turbulent friction in the shear layer;
turbulent flow no influence of Re
Well inundated  Principally turbulent friction in the
flow shear layer
Macro- Marginally Turbulent friction in the shear layer
rough . Lo
flow inundated flow & wake dissipation

Partially
inundated flow

Principally jet dissipation and wake
dissipation

Macro-rough flows have only marginally been
studied before 1970. The first systematic investi-
gations on macro-roughness in open channel flow
have been done by Bathurst (1978) and on rough-
ness elements in pipe flow by Morris (1955). A
further separation of the macro-rough flow can be
undertaken using the definitions of Lawrence
(1997) into well inundated flow regimes, margin-
ally inundated flow regimes and partially inun-
dated flow regimes (Table 1). Weichert (2006) re-
viewed flow resistance formulas in mountain
streams including macro-rough flows. He divided
flow resistance formulas into logarithmic laws
with modified constants, modified logarithmic
laws, power laws, and laws for macro-and meso-
scale features (e.g. Ferro 2003, Wang Zhao-Yin et
al., 2009).

An important and general finding of the vari-
ous studies on macro rough flow resistance is the
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fact that high roughness density does not auto-
matically mean high flow resistance. Particular ar-
rangements can lead to maximum flow resistance.
This has been confirmed by recent studies on
boulders and pebbles (Canovaro and Solari 2006,
Pagliara and Chiavaccini 2006) even for numeri-
cal simulations of artificially roughened beds
(Leonardi et. al 2003).

2.2 Composite and compound channel sections

The flow resistance and thus water levels of rivers
are influenced by the roughness of the bed and the
roughness of the banks. For low relative flow
depths the roughness of the banks is of secondary
importance. This is generally the case for wide
rivers at low and moderate discharge.

With increasing relative flow depths, the influ-
ence of bank roughness becomes more significant.
Different equations issuing from various re-
searches for composite channel resistance exist.
They are based on numerous assumptions summa-
rized in Yen (2002). Most of them require an as-
sumption on how the composite/compound chan-
nel section is divided. Few others are free of this
assumption (Einstein 1934). The concept of the
approach of Einstein (1934) is based on the as-
sumption that the total cross sectional mean veloc-
ity U is equal to each sub-area mean velocity U..
The composite Manning coefficient 7. of the sec-
tion calculates than as:

2,

bl

where P = wetted perimeter, n; = the Manning co-
effient of the sub-area and P; = wetted perimeter
of the sub-area.

The uniform cross sectional velocity hypothe-
sis (single channel method SCM) assumption is
quite reasonable for a channel section of compos-
ite roughness. However, it becomes more doubtful
for a compound channel having a main channel
and floodplain(s) where the flow velocities are
obviously different from the main channel flow
velocity. In this case, the section is divided into
subsections and the discharge is computed in each
individually (divided channel method DCM). Fur-
thermore, the turbulent exchange (momentum flux
due to the velocity gradient)and the geometrical
transfer (discharge flux due to geometrical
changes of the floodplain) should be taken into
account (e.g. Bousmar and Zech 1999).

(1)

2.3 Skin friction and form drag

In addition to the effect of bed and bank, the total
resistance in a channel is depending on both, grain



roughness and form roughness, for example gen-
erated by the bed forms of alluvial channels.

For the flow in rough conduits, Morris (1955)
applied a concept based on skin friction, caused
by the roughness of the material, and form drag. A
first friction factor for smooth-turbulences corres-
ponding to walls without macro-scale roughness
and a second friction factor caused by roughness
elements are considered. The importance of the
second friction factor depends on size, form and
spacing of the roughness elements

The skin friction is generally described by the
concept of bed shear stress (logarithmic formulas)
whereas the form resistance is expressed by the
balance between hydrodynamic and resistance
forces. For the practical description of flow resis-
tance it is often suitable to attribute the spill resis-
tance (wake interference) and free surface distor-
tion also to the form drag (Weichert 2006). The
total friction coefficient is:

f;otal = fgrain + fform (2)

where f,.,; corresponds to the overall friction co-
efficient, fgin to the skin friction coefficient of the
rough channel bed and f},., to the friction due to
bed forms.

This equation is based on the total shear stress
7 = pgR,Sy and the decomposition of the slope
into two components (Meyer-Peter and Miiller
1948). It is important to distinguish the composite
resistance concept describing the contribution of
different phenomenon of a reach (skin friction,
form drag) from the composite resistance for a
section having different wall characteristics (same
phenomenon, different roughness).

In the present experimental study, comparing
the friction of a prismatic channel to a channel in-
cluding macro-roughness at the channel side walls
(large scale depression roughness leading to form
resistance), the concept above will be used as fol-
lows:

fm :fprism +fMR (3)

where f,, corresponds to the overall friction. f,ism
includes all effects contributing to the friction of
the prismatic channel but without the macro-
roughness elements. fyz accounts for the addi-
tional friction due to the macro-rough channel
side walls.

3 STEADY FLOW EXPERIMENTS

3.1 Test flume

The hydraulic model tests have been performed in
a flume with a useful length of 38.33 m and a
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mean bed slope of 1.14 %o (Fig. 1, Fig. 2). The
channel is divided from upstream to downstream
into an inlet reach (length 7.41 m), a reach with
large scale depression roughness at the banks
(26.92 m) and an outlet reach (4.0 m). The chan-
nel bottom is made of painted steel. The sidewalls
of the inlet reach are constructed by wooden
boards. The sidewalls of the reach including the
large scale depressions, namely rectangular cavi-
ties, and the outlet reach are formed by smooth
limestone bricks. The channel bed is fix and no
sediment transport is taken into account.

A particularly shaped cross section was placed
at the downstream end of the outlet reach. Its
geometry was optimized in order to reproduce
uniform flow conditions along the prismatic chan-
nel without macro-roughness. Flow conditions
were subcritical during the tests due to the small
slope and the section at the outlet for the range of
desired discharges. The geometry of the section
has been optimized using an approach proposed
by Carlier (1988).

- »

Figure 1. Test flume of the Laboratory of Hydraulic Con-
structions LCH at EPFL.
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Figure 2: Situation of the test flume. Variable parameters of
the macro-rough configurations are L,, L. and 4B.

3.2 Test geometries

The channel base width is B = 0.485 + 0.002 m
and remained constant during all the tests. The
macro-roughness elements considered in this re-
search are large scale depression roughness (Mor-
ris 1955) at both channel banks. Three geometric-



al parameters namely the length of the cavity L,
the distance between two cavities L. and the later-
al extent of the cavities AB, are systematically va-
ried (Fig. 2). Table 2 summarizes the range of the
investigated geometrical parameters L, L. and
AB. The aspect and expansion ratios of the cavity
are defined as AR =AB/ L, and ER = (B + 2AB) /
B respectively. The combination of three different
values for L, and L. and four different values of
AB results in the 36 different, axi-symmetric geo-
metrical configurations covering 8 aspect and 4
expansion ratios. Additionally, 3 of the 36 axi-
symmetric configurations have been tested in an
asymmetric arrangement and a randomly generat-
ed configuration has also been analyzed.

Table 2. Summary of test range of geometrical parameters

Cavity length L, 0.5m,1.0m, 2.0 m

Distance between cavities L. 0.5m,1.0m,2.0 m

Lateral extent of the cavity AB 0.1 m, 0.2 m, 0.3 m, 0.4 m

0.05, 0.10, 0.15, 0.20, 0.30,

Aspect ratios 4B / L, 0.40. 0.60. 0.80

Expansion ratios (B+24B) /B 1.41,1.82,2.24,2.65

The equivalent sand roughness of the limestone
bricks without macro-roughness has been deter-
mined by means of backwater curve computations
in prismatic reference configuration. Friction
coefficients have been calculated using the loga-
rithmic law with the constants of Rouse (1965).
The equivalent sand roughness of the wall and the
bottom are £;,~0.021 mm and £,=0.001 mm re-
spectively. The channel bed made of smooth
painted steel is fix without sediment transport.

3.3 Measurements and recordings

The discharge during the tests was controlled by
an electromagnetic flow meter. The water levels
have been recorded with ultrasonic elevation
probes located along the channel axis (Fig. 1,
Fig. 2). The accuracy of the measurements is at
least +0.002m. Characteristic values of
Fr =U-g"h) I (Froude number) and Re = U-R,-v"
! (Reynolds number) relative to the base width B
ranged between 037 <Fr<0.64 and
6’800 < Re < 110’000 for typical flow depths be-
tween 0.03 m < 4 < 0.34 m and mean flow veloci-
ties between 0.24 ms' <U<0.80 ms". U is the
mean flow velocity in the cross-section and Ry, is
the hydraulic radius, both calculated relative to
the small channel section at base width B.
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4 RESULTS

The observations of the flow pattern as well as the
water level and the velocity measurements in a
channel with macro-roughness elements at the
banks show that the flow has steady characteris-
tics from a time-averaged point of view. Never-
theless, the flow characteristics are highly unstea-
dy if instantaneous patterns are considered. They
result from the superposition of several complex
phenomena such as recirculation gyres, coherent
structures, vertical mixing layers, wake-zones and
transverse oscillations of the flow (Fig.3).

Vertical mixing layer

Wake zone
downstream of the
contractions

Recirculation gyres
inside the cavity

5 | Coherent structures
downstream of the
cavity leading edge

Transverse
oscillations

Figure 3: Schematic representation of the different pheno-
mena observed in the channel with macro-rough banks.

Transverse oscillations have been found to be par-
ticular significant around Strouhal numbers
St = fLy/U of 042, 0.84 and 1.26 (Meile et al.
2010 (submitted)), where f is the Eigenfrequency
of the first mode of sloshing of the waterbody
contained in the widened channel part (width
W = B+2AB) transverse to the main flow.

Principally three different flow types in the de-
pressions can be distinguished: the reattachment
flow type, the normal recirculating flow type and
the square grooved flow type (Fig. 4). For some
exceptions, namely low velocity flows, flow re-
mains recirculating also in cavities with ratios
h/B < 0.1 (Meile 2007, Weitbrecht 2004).

E====E E.—5 EECEE

AB/L,<0,1 0,15<AB/L,<0,6 AB/L,, 0.8

ey '|'

0 0,1 0,15 0,6 0,8
Figure 4: Observed basic flow types in the large-scale de-
pressions.

AB/L,

Not all of the mentioned phenomena of Fig. 3 ex-
ist with the same relative importance in all geome-
trical configurations. However, all active pheno-
mena contribute to the total head-loss along the
macro-rough channel. In the following chapters
(§ 4.1 and § 4.2), the flow resistance of the inves-
tigated configurations, including all effects of the
above mentioned phenomena, will be identified
and macro-rough flow resistance laws are devel-
oped.



4.1 Analysis of the flow resistance

Systematic comparison of the different macro-
rough configurations requires the identification of
roughness parameters. They have been derived
from backwater curve computations starting from
downstream and using the standard step method.
In a first step, the bottom and wall roughness of
the prismatic configuration were determined for
10 different discharges by minimizing the last
square errors between measured and calculated
flow depths (“inverse roughness modelling”, Sie-
ben 2003. When macro-roughness elements are
considered, the flow is still uniform in the pris-
matic outlet reach of the channel, but a backwater
curve starts at the downstream end of the macro-
rough reach.
The backwater curve computation is based on a
one dimensional prismatic approach, even if the
channel banks include large-scale roughness. The
friction slope S is calculated by the Darcy-
Weisbach formula:

—2
S = fy—— (4)

8gR,
where R; = hydraulic radius; f= friction coeffi-
cient. The horizontal bar indicates that averaged
values between sections i and i + / are taken into
account. The subscript m refers to the composite
section.

The channel section has been considered hav-
ing composite roughness. Using the assumption of
the approach of Einstein (1934) for a section of
composite roughness, one can write:

ho

R R R U?
fO fw fm 8gS

where Rjy = hydraulic radius referred to the bot-
tom; R, = hydraulic radius referred to the wall;
Rym = hydraulic radius referred to the section at
base width B.

The composite friction coefficient of the sec-
tion f,, is calculated according to Eq. (6). The for-
mula is derived from the Darcy-Weisbach formula
using Einstein’s approach for composite channel
sections.

Bf,+2hf,
B+2h

hw

hm

()

fim

" (6)
where f)=bottom friction coefficient; f,, = wall
friction coefficient including the effect of macro-
roughness of the widenings.

The bottom and wall friction coefficients are
determined iteratively with logarithmic laws:
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1 K
——=-K, log| —2—+ & (7a)
\/70 1 K, Ry, 4Re, \/f_o
k K
b =-K, log =+ : (7b)
V fw KZ Rhw 4Rew V fw

where Re) = Reynolds number related to the bot-
tom; Re,, = Reynolds number related to the wall;
kso=equivalent  bottom sand  roughness;
ks = equivalent wall sand roughness including
the effect of macro-roughness of widenings.
K, =2.03, K,=10.95 and K5 =1.70 are the con-
stants utilized by Rouse (1965). Backwater curve
computations for the prismatic channel showed
good agreement with the hydraulic behaviour of
the laboratory flume by using these constants.

The hydraulic radius Ry, Rjv, and the Rey-
nolds numbers Rey and Re,, are calculated as:

R m R m
R, = fhm fo  (8a) R,, = fhm /., (8b)
UR UR
Re, =—"  (9a) Re, =——"™ (9b)
1%

The f,-values of the composite section can be
found by this approach for all configurations and
discharges. The values are almost independent on
the hypothesis made by the introduction of Eq. (5)
to (9) and nearly constant along the channel for a
given discharge and a given macro-rough configu-
ration. Furthermore, the wall friction coefficients
fw including the effect of macro-roughness could
be extracted.

The dataset of f,, values is used to develop ma-
cro-rough flow resistance formulas according the
principal of decomposition of the total flow resis-
tance according Eq. (3) into a prismatic and a ma-
cro-rough part exemplarily shown in Fig. 5.

£ || ——21 ——212 ——213 —214
e 221 %222 ©--223 - 224
—a—241 242 —=—243 ———244 k¢/R;
FrZLEZL L L] prismatic reference channel 1
without macro-roughness
0.10

0.5
0.1

0.05
0.01

6%
0.01 i .];Irism fm Q

1000 10000

Re [] 100000

Figure 5: Friction coefficient of the composite channel sec-
tion f,, (including MR) illustrated for configurations 211 to
244 as a function of the Reynolds number Re,,.



4.2 Computation of the macro-rough flow

In this chapter two different approaches are used
in order to propose macro-rough flow resistance
formulas for macro-roughness at channel banks.
The first approach is based on the dimensionless
analysis (power-law optimization). The second
approach results in a semi-empirical formula
which is physically based on a drag coefficient
model. A third approach uses Evolutionary Poly-
nomial Regression (Giustolisi and Savic 2006). It
is described in Meile (2007).

A)Power-law optimization

Analogous to the dimensional analysis of the pipe
flow problem it can be written:

Ap

Al

The variables Ry, U, p, 1, ks are well known from
dimensional analysis of the pipe flow whereas the
variables B, 4B, L;, L. are specific to the macro-
rough configurations. £is a constant. ApU/Al is
the pressure drop par unit length.

The final result of the dimensional analysis is
similar to a friction coefficient when dividing
formula Eq. (10) by &(U°p/R;) and choosing
E=1/8.

=&R, B*AB L' LU p* p" k! (10)

from Morris’ approach (Morris 1955) have been
added, namely the relative roughness spacing
(Ly + L) / Ry, and a parameter including all cavi-
ty characteristics (L, + L.) / AB.

For the square grooved, reattachment and nor-
mal recirculating flow types (Fig.4), and after
pre-selection of the parameters using the Pearson
product-moment correlation, flow resistance for-
mula of the following type can be determined:

Casm = | fi =& 4° B C..
MR

where 4, B, C ... are dimensionless parameters
and o, B 7 ... the exponents of the power law.
&is a constant. Cuzimmr 18 the dimensionless,
macro-rough Chezy coefficient. The resulting
formulas are for the square grooved (subscript sg)

flow type:
J}é

8
Cadim MR,sg = = 5 .
f MR,sg

For the reattachement flow type (subscript re):

0.43 0.9
CadimMRre = 8 :(Lb +LE) (16)
’ fMR,re AB

For the normal recirculating flow type (subscript

(14)

(g+g (15)

R hm

B
Rhm

h 2 B AB L, L, k,
o= I SEAR, = f| DR Re 5 | (1) ne):
AlU R, R, R, R, R, "
8 L,+L, \
Thus, the total friction-loss depends on the Rey- C oiim MRone = f =( d ‘j .
nolds number and the relative roughness (skin Stk e AB

friction) as well as the dimensionless characteris-
tics of the macro-rough configurations.

Since friction coefficients can be summed up, it
is possible to split the coefficient £, into a friction
coefficient due to the macro-roughness elements
and a friction coefficient due to the skin friction.
Parameters related to the macro-rough configura-
tions appear only in the fjz-coefficient. The rela-
tive roughness ky/R;, of the prismatic channel
without macro-roughness appears in the f -
coefficient which corresponds to the friction coef-
ficient observed in the prismatic channel. It ac-
counts for the bottom and wall roughness but not
for the macro-roughness.

B AB L, L,
=f| —;—;—;—:Re,, 12
Sur 4gthRth ] (12)
kS
fprism.:f Rem’ (13)
R,

In addition to the dimensionless parameters found
by means of Eq. (10), some parameters issued
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log(Re,, J* (Ri] ()

hm

The resistance formula for the square grooved
flow type depends only on the constant {=35 and
the relative roughness spacing (Lp + L)/ Rum.
This dimensionless parameter has also been iden-
tified as the main parameter influencing the flow
resistance by Morris (1955) for the skimming flow
case.

For the reattachment flow type, the constant
becomes ¢=1. The first dimensionless term de-
scribes the cavity characteristics and has an expo-
nent of 0.43. The second term takes into account
the cross section geometry (exponent of 0.9).

The empirical resistance formula for the nor-
mal recirculating flow type, is similar to the reat-
tachment flow type. Nevertheless, the turbulence
characteristics log(Re,,) of the flow are taken into
account with an exponent of 0.24. Due to the high
scattering, this formula has limited applicability.
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Figure 6: Friction coefficients from empirical formulas
based on the Power-law optimization. R*: correlation coeffi-
cient. CoD: coefficient of determination (also Nash coeffi-
cient). - - - -: 95% confidence bound.

B)Semi-empirical drag coefficient model

The basic idea for the physically based drag force
model is inspired by the partially inundated flow
concept of Lawrence (1997) and the work of Mor-
ris (1955) on roughened pipes. The definitions
used for the mathematical model are shown in Fig.
7.
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Figure 7: Parameters of the drag force model.

The drag force formula can be written as:

U2
F. =CdA,p7=ApA (18)
where F, is the drag force, C; the drag coefficient,
A, the area on which the drag acts, U the mean ve-
locity in the main channel at base width B, Ap the
pressure drop and A the flow surface in the main
channel. When replacing the pressure drop
Ap = yh. and h, = SppyrAx = Spur(Ly + L) one ob-
tains:
U2
C,4 —ngf’MR(Lb+Lc)A (19)

”

In this formula, the macro-rough friction slope is
replaced by Seyr = fur U/(82 Rpm). (19) becomes:

1
Cody = Jim = Ly + L) 4 (20)

hm

where 4 =Bh and A, =2A4Bh. Finally, the
macro-rough friction coefficient becomes:

S8R, AB
=C,—tm— 21
S "B(L, + L) 21)
AB" =min (AB; L, / x) (22)

AB” is the minimum value of the geometric
cavity depth and an effective cavity depth consid-
ering a certain expansion of the flow (/ /x) inside
of the cavity (Fig. 7).

For the reattachment flow type, AB~ becomes
equal to 4B and the experimentally determined
drag coefficient C; = 0.475. For the normal recir-
culating flow type, the same C,; coefficient of
0.475 can be used. The value of x was not found
constant but depends on the Reynolds number and
the aspect ratio of the cavity. x can be expressed
by the following, fully empirical formula:

Re,
x= [—hm +x

where Rey,, = 150°000 and xp = 4.5. The above
presented mathematical approach has been ap-
plied to reattachment and normal recirculating
flow types. For the square grooved flow type at

(23)



relatively high Reynolds numbers the macro-
rough friction coefficients are calculated accord-
ing to the skimming flow approach from Morris
(1955). The formula is based on the energy re-
quired to maintain the rotation of the gyre in the
groove of a pipe. It has been adapted for the pre-
sent experimental study dealing with macro-
roughness elements at the side walls as:

Frn =( j [ ]ﬁ ,(CW&VW

where a=0.525 p=0.75 V,/U=2/3 and
¢y = 0.85. Fig. 8 to 10 compares calculated and
observed macro-rough Chezy coefficients.

20 :
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Figure 8: Friction coefficients obtained for
grooved flow type (Eq. (24)).
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Figure 10: Friction coefficients obtained for the normal re-
circulating flow type (Eq. (21), (22) and (23)).
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The formulas for the reattachment and normal re-
circulating flow type developed in this section are
based on the isolated roughness flow type accord-
ing Morris (1955). The wall velocity ratio has
been chosen V,,/U =1 in order to simplify the
formulas and due to a lack of detailed information.
This choice has an influence on the drag coeffi-
cient of the sharp edged cavity C,; which would be
2.25 or 4 times higher when assuming a ratio of
V,/U=2/3 or 172 (C4y =1.07+1.90). These
C,’ values fit to the drag coefficients proposed by
Morris (1972) for rectangular depressions.

The reattachment flow type is similar to the
isolated roughness flow type according Morris,
for which, very good agreement has been found.
The experiments indicated with (o) correspond to
low discharge experiments with an aspect ratio of
AB/L,=0.1. As mentioned, the flow may not
completely reattach to the side wall but recircu-
lates. Most of these cases are better solved by the
normal recirculating flow type formula. For the
normal recirculating flow type the agreement is
still quite good. The expansion of the flow inside
the cavity has to be taken into account by an em-
pirical formula based on the Reynolds number of
the flow and the cavity geometry. Additional in-
vestigations in a short flume including only a few
widenings and at different scales would be inter-
esting to justify or reject this proposition. The
adapted, but physically based model for square
grooved flows can predict the observed friction
coefficients ~ with  good  agreement  for
Re,, > 60°000. For lower Reynolds numbers, no
satisfying mathematical description could be
found since only limited data is available. The dif-
ficulty to quantify correctly depression-type
roughness has already been mentioned by Jiménez
(2004).

5 CONCLUSIONS

The experiments conducted in 41 different geome-
trical configurations showed various two dimen-
sional flow characteristics in the cavities. The
overall head-loss of the flow is governed by the
existence of different phenomena such as vertical
mixing layers, wake-zones, recirculation gyres,
coherent structures and skin friction. The macro-
rough flow resistance has been described by two
different approaches.

From the author’s point of view, the descrip-
tion of the macro-roughness flow resistance by a
form drag based model seems to be the best. The
necessary subdivision in square grooved, reat-
tachment and normal recirculating flow types is
physically based and further investigations on a
smaller model would make possible the determi-



nation of the drag coefficients of macro-roughness
elements other than rectangular cavities.

Further research on C,; coefficients for other
roughness geometries and on the flow expansion
in normal recirculating flow type could help to
consolidate the presented developments and to
expand the application range.
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