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Unsteady flow in a channel with large scale bank roughness
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ABSTRACT: Systematic investigations on positive and negative surge waves from upstream have been
conducted in a 40 m long channel with a mean bed slope of 1.14%o and non-prismatic bank geometries.
The channel banks included macro-roughness elements, namely various cavities. In total, 41 different
geometrical configurations have been investigated. The surge wave experiments confirmed the applicabil-
ity of the elementary surge wave theory including secondary waves and wave breaking in the prismatic
reference configuration. In geometries with channel bank macro-roughness, the absolute surge wave ce-
lerity V,, and the celerity surge wave celerity ¢ are reduced. Among other reasons, the observed reduction
of the absolute surge wave celerity is due to the increased flow resistance and lays between 5% and 30%
for both, positive and negative waves from upstream. Due to the dispersive character, the positive and
negative surges from upstream are characterized by a sudden change (front), followed by a progressive
change (body) of the water level. Under the influence of bottom slope and friction, the height of the front
of a surge wave is reduced exponentially along the channel. This reduction can be described by a simple
mathematical model. Its calibration on the surge wave experiments pointed out the extra diffusion due to

the macro-scale roughness.
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1 INTRODUCTION

Many anthropogenic actions and natural events,
namely sluice gate operations, flushing of reser-
voirs, debris jam and break up, ice jam and break
up, sudden stopping and starting of turbines of
runoff river and storage hydropower plants, flash-
floods etc. can lead to rapidly varied unsteady flow
in open channels. High-head storage hydropower
plants for example mainly operate their turbines
during periods of high energy demand. Even if un-
der the influence of bottom slope and friction,
surges often do not appear, the sudden starting and
stopping of turbines, called hydropeaking, might
cause rapidly varied unsteady flow in smooth
channels with small slopes. Morphological meas-
ures such as lateral cavities at the banks can in-
crease the flow resistance and the natural retention
capacity of rivers. Thus, depending entities such as
the propagation speed or the height of the surge
wave front are modified in complex geometries
with large scale or macro-roughness.
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Experiments with highly unsteady flow in the
field of open channel hydraulics mainly cover
three domains: First, experiments of dam break
waves due to a sudden failure of a dam (e.g.
Schoklitsch 1917; Dressler 1954; Lauber and
Hager 1998a, 1998b; Leal et al. 2006, Boillat et al.
2008), secondly experiments dealing with positive
and negative surge waves from upstream or down-
stream due to sluice gate or fast turbine operations
including a baseflow (e. g. Favre 1935) and finally
experiments focusing on secondary waves. These
waves are also called “Favre waves” and occur be-
hind the wave front (Favre 1935, Faure and Nahas
1961; Benet and Cunge 1971; Zairov and Listro-
voy 1983; Treske 1994; Soares and Zech 2002).

First systematic investigations on the propaga-
tion speed of small positive and negative surge
waves from upstream and downstream in a channel
have been presented by Bazin (1865). The impor-
tant theoretical and experimental work of Favre
(1935) resulted in equations for the determination
of the absolute wave celerity and the height of the
surge wave front due to a sudden change in dis-



charge. Further experiments with surge waves in-
cluding a downstream base flow have been done
by Unsal (1983), Zairov and Listrovoy (1983).
This paper presents the results of systematic surge
wave experiments with positive and negative
surges from upstream in geometries characterized
by large scale or macro-roughness at the channel
banks. The experiments include a steady flow
downstream of the surge wave front and have been
conducted under controlled laboratory conditions.
The main goal of the study is to highlight the in-
fluence of large scale depression roughness, in-
creasing the flow resistance and natural retention
capacity, on surge wave propagation and deforma-
tion.

2 THEORETICAL BACKGROUND

The unsteady, non-uniform and rapidly varied flow
is characterized by a free surface having sudden
change and high curvature. As a consequence, as-
sumption of hydrostatic pressure might not be
valid on a limited channel reach. A sudden change
of the discharge or water-level can cause a rapidly
varied flow called surge wave. Namely four differ-
ent types of surge waves are defined (Favre 1935,
Chow 1959, Henderson 1966, Graf and Altinakar
1996): the positive surge wave moving down-
stream, the positive surge wave moving upstream,
the negative (surge) wave moving downstream and
the negative (surge) wave moving upstream.

In a horizontal, rectangular channel of width B
without friction, having a baseflow O, = U;"B-hy,
an increase of the discharge at the upstream chan-
nel border always leads to a positive surge with a
steep front. The water-surface discontinuity, called
a positive surge from upstream, travels down-
stream with an absolute celerity V), of the surge

wave front:
h_2 1 + h_2
2h, h,

The negative surge from upstream, the positive
surge from downstream and the negative surge
from downstream are defined analogously (e.g.
Henderson 1966). If the disturbance compared to
the baseflow depth is small, (1) becomes:

V,=U, +gh

V,=U, +gh, (1)

2)

Neither the height of the surge wave front 4’
nor the propagation speed are modified along the
frictionless, horizontal and rectangular channel
(Figure 1, above). In natural channels or rivers,
where the channel slope and friction have to be
considered, the propagation of a surge depends on
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dynamic processes caused by the inclination of the
water-surface. Favre (1935) proposes an explicit
calculation method for surge waves which are su-
perimposed to a uniform or gradually varied steady
or unsteady baseflow in prismatic configurations
including friction and slope. The proposed method
is based on a small ratio of 4 /h; and also applies to
channels having different cross-sections.
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Figure 1: Positive surge from upstream in the horizontal,
prismatic and frictionless channel (above) and in the channel
including bottom and friction slope (below). U= mean flow
velocity, 4 =flow depth, &’ = surge height, Q = discharge,
t =time. The indices / and 2 refer to the pre- and post-surge
conditions.

When friction and bottom slope are taken into
account (Figure 1, below), the height of the surge
wave front exponentially decreases along the
channel and the wave body deforms (Favre 1935;
Zairov and Listrovoy 1983). Furthermore, a posi-
tive surge having a steep front does not necessarily
develop by the increase of the discharge at the up-
stream end of the channel under the influence of
friction and bottom slope. Based on, first the appli-
cability of the Chezy formula for describing the
flow resistance, secondly the assumption of a wide
channel of constant bottom slope and third the as-
sumption of a relatively small disturbance, Hen-
derson (1966) developed a criteria relative to the
surge formation of a positive wave:

dh gh,S,(2—Fr, )1+ Fr,)
dt 3U,

3)

where & is the flow depth, ¢ the time, Ay the
normal flow depth, Sy the constant bottom slope,
Fry the Froude number and U, the mean flow ve-
locity corresponding to the normal flow depth. The
right side term of this equation is negative if
Fry>2. This means that for every positive distur-
bance dh/dt, the condition for the formation of a
surge is satisfied. For Fry<2, the rate of change of
the flow depth must exceed a minimum value in
order to be higher than the right side term. Due to
the three assumptions, the applicability of (3) is
however rather limited and in many practical
cases, the question concerning the surge formation
is solved more efficiently by numerical methods



based on the de Saint-Venant equations. Further-
more, the numerical schemes solving the depth av-
eraged de Saint-Venant equations have been found
working well for many practical applications
(Hicks et al. 1991).

3 EXPERIMENTS

3.1 Flume and geometrical configurations

The test flume has a useful length of 38.33 m and a
mean slope of 1.14 %o (Figure 2). It is divided from
upstream to downstream into an inlet reach (length
7.41 m), a reach with large scale depressions at the
banks (26.92 m) and an outlet reach (4.0 m). The
sidewalls of the reach with rectangular cavities and
the outlet reach are formed by smooth limestone
bricks.

Inlet reach Reach with macro-scale roughness Outlet reach

= e =

ing the logarithmic law with the constants of
Rouse (1965). The equivalent sand roughness of
the wall and the bottom are k,=0.021 mm and
ksv=0.001 mm respectively. The channel bed made
of smooth painted steel is fix without sediment
transport. The discharge is introduced at the up-
stream border of the channel through a 0.5 m wide
and 0.9 m long, horizontal opening of the inlet ba-
sin. At the downstream border of the channel, the
flow depth is controlled by a particularly shaped
cross section (Carlier 1972). It corresponds almost
to the normal flow depth of the prismatic channel
without macro-roughness.

Table 1. Summary of test range of geometrical parameters
0.5m,1.0m,2.0m
0.5m,1.0m,2.0m

Lateral extent of the cavity 4B 0.1 m, 0.2 m, 0.3 m, 0.4 m

0.05, 0.10, 0.15, 0.20, 0.30,
0.40, 0.60, 0.80

1.41,1.82,2.24,2.65

Cavity length L,

Distance between cavities L,

Aspect ratios AB /L,

Expansion ratios (B+24B) / B

Figure 2: Situation of the test flume. Variable parameters of
the macro-rough configurations are L;, L. and AB.

The channel base width is B = 0.485 + 0.002 m
and remained constant during all the tests. The ma-
cro-roughness elements considered in this research
are large scale depression roughness (Morris 1955)
at both channel banks. Three geometrical parame-
ters namely the length of the cavity L, the distance
between two cavities L. and the lateral extent of
the cavities AB, are systematically varied (Figure
2). Table 1 summarizes the range of the investi-
gated geometrical parameters L;, L. and AB as well
as derived ratios.

The aspect and expansion ratios of the cavity
are defined as AR = AB/ Ly 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 geome-
trical configurations covering 8 aspect and 4 ex-
pansion ratios. Additionally, three of the 36 axi-
symmetric configurations have been tested in an
asymmetric arrangement and a randomly generated
configuration has also been analyzed.

The equivalent sand roughness of the limestone
bricks without macro-roughness has been deter-
mined by means of backwater curve computations
in the rectangular, prismatic reference configura-
tion. Friction coefficients have been calculated us-
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3.2 Steady flow tests

The aim of the first test phase on steady flow was
to determine the flow resistance of the macro-
rough configurations (Meile 2007; Meile et al.
2008a, Meile et al. 2008b) by means of backwater-
curve computations and by minimizing the last
square errors (Sieben 2003). Flow conditions have
been investigated for up to 12 different steady dis-
charges between 0.0037<(0<0.1255m’s" for
each geometrical configuration. The discharge dur-
ing the tests was controlled by an electromagnetic
flow meter. Characteristic values of Froude Fr =
U-(g'h)” and Reynolds Re = U-R v"' number rela-
tive to the base width B ranged between 0.37 < Fr
< 0.64 and 6’800 < Re < 110’000 for typical flow
depths between 0.03 m < & < 0.34 m and mean
flow velocities between 0.24 < U < 0.80 ms™'. The
water levels have been recorded with ultrasonic
sensors located along the channel axis.

3.3 Unsteady flow tests

The aim of the phase of the unsteady flow tests
was to evaluate the influence of the macro-
roughness on the propagation, attenuation and de-
formation of positive and negative surge waves
from upstream. The investigated surge waves have
been superimposed to a steady baseflow.

A selected amount of discharge can be added
rapidly to the well established baseflow to generate
the surge waves. To do this, an upper basin with an
individual water supply system has been placed on
the flume over the inlet basin of the channel. The
upper and the inlet basin were connected by four



pipes of different diameters. The sudden opening
or closure of one or several pipe(s) causes the posi-
tive or negative surges from upstream. Every geo-
metrical configuration has been investigated under
5 to 30 scenarios of rapidly varied unsteady flow
(Table 2).Positive surges include additional flows
that present 9 % to 900 % of the baseflow. Nega-
tive surges include sudden flow reduction which
amounts for 9 % to 90 % of the baseflow. Scena-
rios 3, 8, 13, 18, and 23 (Table 2) have been sys-
tematically tested for every configuration. All oth-
er scenarios have been investigated for geometrical
configurations with AB=0.2 m and AB=0.4 m only.
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Figure 3: Typical Chezy coefficients C,, of the macro-rough
configurations relative to the wall (relative flow depth
h/B = 0.6 to 0.7) for 37 tested configurations.

Table 2. Unsteady flow tests: scenarios 1 to 30. The total dis-
charge O, at the channel inlet after complete opening and
stabilization of the flow is given in the brackets in [I/s].

Operated flaps Baseflow before positive surge [litres/s]
[-] ~6 ~11 =19 ~35 ~49 =63
Pipe 1 1(12.5) | 6 (17.3) [11(25.9) |16 (41.4) |21 (55.4) |26 (69.3)
Pipe 2 2(17.2) | 7(21.9) [12(30.5) |17 (46.0) |22 (59.9) |27 (73.8)
Pipe 1 &2 3(23.6) | 8(28.4) |13 (36.9) |18 (52.3) |23 (66.2)|28 (80.1)
Pipe 1 &3 4(36.5) | 9(41.1) |14 (49.7) | 19 (65.0) |24 (78.8) |29 (92.6)
Pipe 1,2 &4 | 5(59.6) [10(64.2) |15 (72.5)|20 (87.7) 5 (101.3)B0 (115.0)

The propagation of the surge waves along the
flume has been recorded by the ultrasonic level

sensors regularly spaced along the channel. In the
prismatic configuration, velocity measurements
have been performed additionally using an Ultra-
sonic Velocity Profiler (Meile et al. 2008c).

4 RESULTS

4.1 Highly unsteady flow in prismatic and macro-
rough configurations

According to the wave classification criteria of
Ponce et al. (1978) and Chung and Kang (2006),
all the positive waves from upstream of scenarios
3, 8, 13, 18 and 23 (Table 2) are classified in the
domain of gravity waves after the formation in the
inlet reach. The investigated negative waves are
mainly gravity waves at the origin, but they rapidly
transform into dynamic waves due to their disper-
sive character along the channel.

Figure 4: Positive surge wave from upstream: L, = 1.0 m;
L.=0.5m, AB=0.1 m. Qpyse = 6.38 1/s; Qs = 24.93 I/s. (A)
Deformation and (C) reflection of surge wave.

However, the propagation of the positive and nega-
tive surge waves along the macro-rough reach re-
vealed some major differences between the pris-
matic reference configuration and the various
macro-rough configurations. The absolute surge
wave celerity is reduced in the macro-rough confi-
gurations (§ 4.2) and the attenuation rate of the
height of the surge wave front is increased (§ 4.3).
In the prismatic channel the elementary surge wave
theory relative to the propagation speed and the at-
tenuation of the height of the surge wave front is
confirmed. In the macro-rough configurations the
surge wave front deforms and becomes three di-
mensional, especially in the cavities of the wi-
dened channel reaches (Figure 4).

The detection of the exact position of the wave
front is more difficult in the macro-rough configu-
rations due to a weak and heterogeneous water-
surface. In the prismatic reference configuration,
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the water surface is quite homogeneous before and
after the surge front which makes easier the detec-
tion of the surge front.

At the wave front, different conditions have
been observed for both, prismatic and macro-rough
configurations: 1) breaking surge wave front 2)
breaking of the first undulation of the surge wave
followed by secondary waves, also called “Favre
waves” 3) non breaking surge wave front followed
by secondary waves 4) non breaking surge wave
front without detectable secondary undulations.

0.14

0.12

Flow depth [m]

Flow depth [m]

0 5‘0 160 1;0 260 2;0 3(
Time [s]
Figure 5: Example of a positive surge followed by a negative
surge. Above: in the prismatic channel. Below: in the macro-
rough channel, L,=1m, L.=1m, AB=02m. Qpye = 11 s,
Ororar = 28 1/s in both experiments.

The investigations in the prismatic configura-
tion confirmed the formation of Favre waves after
and before the surge front for ratios of the flow
depth higher than 4,/ h; > 1.1. The height of Favre
waves increases until the ratio reaches h, / h; =
1.42 for which the first undulation is breaking. For
higher values, the relative height of secondary
waves decreases rapidly and they disappear com-
pletely for a value of A, / h; = 1.6. For this and
higher values, the surge wave front is characterized
by highly breaking flow conditions and a signifi-
cant, local air entrainment. The relative spacing e /
h’ of the wave crests decreases as a function of the
relative surge wave height (Figure 6). For the
prismatic reference configuration, the observed
spacing between the first and second crest is stabi-
lized at ultrasonic sensor 13 since no major differ-
ence can be observed compared to ultrasonic sen-
sor 21 further downstream. At ultrasonic sensor 5,
the distance between the first two wave crests is
not established yet especially for relative surge
wave heights 4’/ h; < 0.25. The relative spacing of
well established secondary waves observed in the
laboratory flume of the present study is given by:
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Considering also the data of Favre (1935) equation
(4) becomes:
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Figure 6: Relative spacing e / h’ of the wave crests. Ultra-
sonic sensor 5, 13 and 21 are located at the channel sections
x5 =0.42 m, x;3 = 12.42 m and x,; = 24.42 m (Figure 2).

In the macro-rough configurations, the condi-
tions at the surge wave front are modified when the
wave travels downstream. For example, surge
waves having a breaking front in the prismatic
configuration might become surge waves with a
non breaking front followed by secondary waves in
some macro-rough configurations. Surge waves
with a non breaking front followed by secondary
waves might transform into a non breaking surge
without secondary waves etc.

Further insight into the characteristics of the
flow around a breaking surge wave front is ob-
tained from the unsteady velocity profiles meas-
ured in the prismatic configuration. For this type of
surge waves, a "two-layer" velocity profile has
been detected during the short period correspond-
ing to the passage of the front. A faster part mov-
ing on a lower, slower part is observed during a
very short period which equals a short distance in
the surge wave body (Meile et al. 2008c). Hence,
for the investigated, breaking conditions of the
surge wave front, significantly non hydrostatic
pressure distributions (due to an accelerated ve-
locity profile) are limited to a very small wave
part. This physically explains the disappearance of
the secondary waves (Soares and Zech 2002) in
case of breaking conditions.



4.2 Surge wave front speed

The absolute wave celerities along the macro-
rough reach have been found practically constant,
but reduced when compared to the prismatic refer-
ence. The reduction of V,," = U + ¢" lays between
5% (configurations 141, 241 and 441) and 25%
(configurations 114, 214 and 414) compared to the
prismatic reference where U is a representative
mean flow velocity of the baseflow and ¢’ the
wave celerity of a positive surge. The decrease of
V,~ ranges approximately around 15% compared
to the prismatic reference (25% for 114 to 5% for
441). The reduction is exemplarily shown for 5 of
the 41 investigated macro-rough configurations as
a function of the observed upstream surge Froude
number Fr, (Figure 7).
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Figure 7: Relative reduction of the absolute surge wave ce-
lerity of the positive and negative surge waves from up-
stream. The experiments have all L, =1 m, L. = 1 m, whereas
AB varies between 0.1 m (221) and 0.4 m (224).
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Further analysis has been done on the relative
celerities ¢ and ¢, by correcting V,,"and V,, with
a representative mean flow velocity U;" corres-
ponding to the conditions before the positive surge
respectively U;” before the negative surge.
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U, (7)
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Qtota/
xi .
— :Z Bejf.h[

X
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U,

total

x; = length for which #4; (flow depth measured at
sensor i) is representative. Xy, is the sum of all x;.
By 1s equal to the base width of the channel (for
the prismatic configuration and for the parts be-
tween cavities) or computed taking into account an
expansion of the flow into the macro scale depres-
sion roughness elements as:

B, =B+ AB)[’CLﬁJ +(B+ ZAB)[LI’_L—XABJ 9)

where x describes the expansion of the flow
(Meile 2007):

0.18
Re, L,
X=| —m x| —= 10
[Re OJ(ABJ (5

m

with Rey;,, = 150’000 and xy = 4.5, found from
the experiments under steady flow conditions.

The comparisons between the observed celeri-
ties (¢ = V,, — U) and the calculated, ones (from the
measured flow depths before and after the surge
front, Eq. (1)) are shown in Figure 8 and 9. For
some geometrical configurations, the observed
macro-rough positive and negative celerities are
close to the calculated ones. However, for most
scenarios and configurations, the observed celeri-
ties are significantly reduced, namely between 5%
and 20% for the positive and between 0% and 20%
for the negative surge waves from upstream.
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Figure 8: Positive surge wave celerities after subtraction of a
representative mean flow velocity U,” (Eq. 7, 9 and 10).
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Figure 9: Negative surge wave celerities after subtraction of
a representative mean flow velocity U; (Eq. 8, 9 and 10).
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function of the friction coefficient. The friction coefficient
relates to O, and is obtained from the steady flow tests.

The difference between the theoretical celerities in
the horizontal channel cuyr smeoreicat @and the ob-
served celerities cCur observed fOr the positive surge
waves correlates with the identified friction coeffi-
cient f,, = fyrism T fur under steady flow conditions.

Figure 10 supports the assumption that the de-
crease of the celerities in the macro-rough configu-
rations depends at least partially on the flow resis-
tance similar to the observed decrease of the front
celerity of a dam break wave under the influence
of friction (Dressler 1954, Whitham 1955, a and
Hager 1998a 1998b, Leal et al. 2006).

4.3 Attenuation of the surge wave front height

The analysis of the surge wave front height con-
firms the dispersive character of surge waves. The
extra dispersion in the macro-rough configurations
varies and is the result of the macro-rough flow re-
sistance and other phenomena such as the partial
reflections of the surge wave in the cavities of the
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macro-roughness elements and the passive reten-
tion in the cavities.

Along the prismatic channel, the ratio between
the surge wave height upstream and downstream of
the experimental channel 4 " /h’ " indicates a de-
crease of the surge wave front height of 5% (for
low ratios Qpi/Op) to 25% (for high Q./Op). In
the macro-rough configurations, the decrease is
significantly higher (up to 70%). The height of the
negative surge front (h' 4/ h’",) decreases along
the prismatic channel of 5% to 25%. The decrease
of " ranges between 10% and 75% along the
channel with macro-roughness at the banks.

The attenuation of the surge wave front height can
be described with the following equation which is
adapted from Lai et al. (2000):

1 (x)
h'(x,)

where 4’(x) = wave front height at a distance x
of the channel, /’(x;) = initial wave front height at
the reference location xy. The dimensionless dis-
tance X takes into account the channel slope Sy (a
priori constant) and the depth of the baseflow #4; (a
priori uniform and steady):

(~(a+b)-X)

(11)

X=X,

(,/5,)

The attenuation parameters of the wave front
height in the prismatic channel are a"=0.39 for
the positive surge wave and a” = 0.99 for the nega-
tive surge wave. The additional attenuation of the
surge wave front height due to macro-roughness
and storage of water inside the cavities can be de-
scribed with the parameter b.

The values of b have been determined for all
experiments with different macro-rough configura-
tions by fitting the theoretical curve of Eq. (11) to
the observed values 4 ’(x)/h’(xy). With this data set
and by using the technique of the Evolutionary Po-
lynomial Regression method (Giustolisi and Savic
2006), the parameters b* and b™ are:

(12)

b =265 Lot Lo g | 0Bl
AB B(L, +L,)
(R*=0.77) (13)
b =147.| 22BL, -h{Lb L +1j+37.7-fMR
B(L,+L,) AB
(R*=0.71) (14)

The attenuation parameter depends on geomet-
rical parameters of the macro-rough configurations
as well as on the macro-rough friction coefficient



fur corresponding to the situation before the pass-
ing of the surges from upstream

The uniform baseflow depth conditions are veri-
fied in the present experimental study only for the
prismatic reference, which limits the range of ap-
plication for quantitative results to comparable
situations, namely bottom slopes close to 0.001
and backwater-curves of the type M2. However,
comparative results might be extended to other
cases.

5 CONCLUSIONS

Systematic experiments of positive and negative
surge waves have been conducted in prismatic and
macro-rough channels. For the prismatic reference
configuration the elementary surge wave theory
and the developments of Favre (1935) are con-
firmed. Due to the curvature of the wave front
(positive surge), leading to extra pressure terms,
secondary waves can be observed for wave height
ratios between 1.1 <h, / h; <1.6. The spacing of
wave crests can be estimated by using equation (5).
For higher ratios, secondary waves disappear.

The absolute wave celerities along the macro-
rough reach have been found practically constant,
but reduced when compared to the prismatic refer-
ence. The reduction of V,," lays between 5% and
25% compared to the prismatic reference. The de-
crease of V,, ranges approximately around 15%
compared to the prismatic reference. Among other
reasons (backwater-curve effects, the partial ex-
pansion of the flow in the widened channel reaches
and the reduction of the surge wave height), the
reduction of the absolute surge wave celerities in
the macro-rough configurations is due to the in-
creased flow resistance.

The dispersive character of surge waves is ex-
perimentally observed. The front height decreases
in particular in the macro-rough configurations.
The attenuation of the surge wave front height can
be described with the empirical formula (11) in-
cluding a dimensionless distance X (12) and the at-
tenuation parameters @ and b ((13) for b and for
(14) b), which refer to the prismatic and macro
rough attenuation respectively.
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