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INTRODUCTION

The domestic waste of the City of Geneva (Switzerland) is transported on the
Rhone River from the city to the waste incineration station—located outside
of the city— with ship convoys. They consist of a 12.1 m long and 5.5 m wide
pusher tug, and a 43.0 m long and 8.6 m wide barge (Figure 1) that is operated
by the Industrial Services of Geneva (SIG). Waves generated by these con-
voys affect the river banks and the riparian fauna. To reduce the impact of the
convoy passages on the banks and fauna, the SIG assigned the Laboratory of
Hydraulic Constructions (LCH) of Ecole Polytechnique Fédéral de Lausanne
(EPFL) to analyze the situation and to propose modifications on the convoy to
minimize the wave impact.

FIGURE 1. Pusher tug and barge on Rhone River, travelling upstream with
approximately V,= 4.2 m/s.

The impact on the banks can be limited by reducing the wave energy and thus
its height (Bishop 2003, Glamore 2008), which also affects bank erosion (as
reported by Nanson et al. 1994) as well as fauna (as mentioned by Coops et al.
1996, and Bishop and Chapman 2004). Furthermore, travelling vessels also affect
sediment re-suspension near the embankments (De Roo et al. 2012).
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ABSTRACT

m Inland navigable waterways are significant

in cargo transport and leisure activities. In
parallel, these channels and rivers often suffer
from the ship traffic, as the generated waves
may damage waterway banks, along with
their riparian fauna. As a consequence, speed
limits have commonly been introduced. In
some cases, adaptations on the vessel might
be more appropriate as an alternative. This
paper describes a flap that is mounted at the
stern of a barge and is operated by a pusher
tug. The barge is used to transport around
170 tons of waste per course from the City of
Geneva (Switzerland) to an incineration plant.
The optimum shape of the flap was derived
from numerical and physical modeling, and its
effect tested in situ. The latter indicated that,
on site, the wave energy at 20 m distance to
the convoy was reduced by half with the use
of the flap.
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The wave system generated by a ship has a spec-
trum of waves: the shortest wave is infinitesimal
and the longest depends on the speed of the ship.
Three approaches exist to reduce the wave height
generated by a vessel: (1) an adaptation of the
hull shape, (2) a reduction of the convoy veloc-
ity, and (3) an increase of the vessel length. The
approaches (2) and (3) are characterized by the
Froude number (e.g,, Froude 1877) defined as

i (1)
where V,= convoy velocity relative to surround-
ing water, g = acceleration due to gravity, and
L = vessel length. The wave type and height
generated by a vessel is linked to F. For F<0.15,
the wave drag is relatively small (Presles and
Paulet 2005, Blevins 1984, Newman 1977).

As F increases, the resulting wave length

also increases, finally reaching L for F= 0.4,
considered limit velocity for displacement type
vessels. For higher velocities (resulting in larger
values of F), the wave drag becomes dominant,
increasing faster than the viscous drag.

For the presented case, a reduced convoy veloc-
ity is not appropriate for logistical reasons and a
hull adaption is too complex. The increase of L
is, however, is feasible by “linking” the pusher tug
and the barge hydrodynamically by adding a stern
flap to the barge. Table 1 gives F in function of L
and for two characteristic V, (Table 2), indicating
that a hydrodynamic connection of the pusher tug
and the barge (resulting in a convoy) reduces F,
particularly to values close to F=0.15.

Based on both the numerical and physical
model testing, a flap mounted at the barge stern
resulted as the most efficient method of reducing
the wave energy (linked to the dominant wave
occurring at the barge stern). The latter concept
is frequently applied for ship stability, powering
improvements, and wave height reduction for
powerboats (e.g., Cusanelli and Hundley 1999),
but hardly to hydrodynamically “connect”
two vessels. The flap is operated by hydraulic

Pusher tug Barge Convoy

V., [m/s] L=12.1m L=43.0m L=55.1m
3.25 0.30 0.16 0.14
4.31 0.40 0.21 0.19

TABLE 1. Values of Froude number for different
vessel length L and velocity V,.

cylinders and lowered during journey, but is
lifted up in port to facilitate maneuvers.

SIG owns one pusher tug and four barges, one
of which was equipped with the recommended
flap. To verify the efficiency of the flap, SIG
appointed LCH with in situ measurements of
the wave trains generated by two types of barges:
(1) with flap, and (2) without flap. From this
point, the effect of the flap will be described, as

the design is a secondary issue.

Design of the flap
MODELING
Physical model tests and numerical simulations
were conducted to find an efficient flap shape
(LCH 2009). The tests and simulations did not
include the effective Rhone River situation, but
were set up to allow for a relative comparison
of the tested flaps in terms of their effect on
the generated waves. It should be noted that
eventual scale effects occurring in the physical
model as well as simplifications in the numerical
modeling (e.g., overestimated wave diffusion,
Muk-Pavic et al. 2006) are of minor relevance, as
a comparative study was conducted.

The physical model tests were conducted
at 1:30 scale, based on the Froude similitude
(Figure 2a). The hull of the pusher tug and the
barge were both modeled using polystyrene
foam. The ship models were loaded to adjust the
gravity center as well as inertia, and were painted
to smooth their surface. The pusher tug was
connected to the barge by two rods that allowed
movement along the vertical axis as well as pitch
rotation. The tests were conducted in a 2 m wide
and 47 m long channel, regulating the flow depth
(typically 0.185 m in the model, equivalent to
5.55 m in prototype) with a shutter gate at the
channel end. The channel discharge was supplied
by in-house pumps and was measured using
a Magnetic Inductive Discharge Meter. The
convoy was fixed on a motor-driven trolley with
velocity control and measurement, which pulled
the convoy along the channel. The model Reyn-
olds numbers were at minimum 7.7-10° with
the barge length as reference, and 2.2-10° for
the pusher. The static water levels, as well as the
wave profiles, were measured using Ultrasonic
Distance Sensors (UDS, Baumer UNAM 30)
installed transversally across the channel at 0.23,
0.40, and 0.80 m distance to the stream-wise axis
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(a)

FIGURE 2. (a) Physical and (b) numerical model showing convoy passage.

of the convoy. The channel bottom cross-section
was rectangular. The water depth was constant,
whereas variable “river” discharges and vessel
velocities were tested.

The numerical simulation was set up with
Flow-3D (Figure 2b), solving the continuity
and momentum equations with a finite-volume
approximation. The flow region was subdivided
into a mesh of fixed rectangular cells with a spac-
ing 0f0.29 m in a stream-wise direction, 0.21
m transversally and 0.13 m vertically near the
convoy. At the center of the cells, local averages of
all dependent variables are associated, except for
velocities being located at the cell faces (staggered
grid arrangement). The channel boundaries, as
well as the pusher and the barge, were embedded
by defining the fractional face areas and fractional
volumes of the cells that are open to flow (FAVOR
method). The two-equation k-e model is used
for turbulence closure. The single incompress-
ible fluid with a free surface model was used with
no-slip condition on any solid surface boundary
(i.e., the river bottom, pusher tug, and barge). The
3-D geometry of the pusher tug and barge were
inserted as two stereo-lithography (STL) files,
approximating the surfaces by triangles.

The numerical simulations included the
following configurations: (i) four small identi-
cal bulbs at the barge, one at each corner, (ii)
the herein described “long” (4.50 m in course
direction) barge stern flap, (iii) short pusher
stern flaps (0.50 and 1.00 m in course direction),
and (iv) a stern flap at the pusher as well as at
the barge (between 1.00 and 4.50 m in course
direction). These configurations were compared
with the original situation, i.e. without any instal-
lation. The simulated wave heights (for V, = 6.7
m/s to overestimate the effect, derived at D =
5.11 m) indicated that the bulbs and the pusher
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flap were less effective, whereas the barge flap
significantly reduced the wave heights generated
at the barge stern and the pusher bow. Then, the
physical experiments were conducted to verify
the numerical simulations, and to further specify
the effect of the different configurations, varying
the flap length, angle relative to the horizontal,
and thickness. Each configuration was tested
under various V.. The retained optimum con-
figuration is described hereafter, considering the
effect on the wave heights beside constructional
and operational aspects (LCH 2009).

OPTIMUM SHAPE

The aforementioned experiments indicated that
a barge stern flap (4.50 m long, in stream-wise
direction) and 8.60 m wide (transversally, iden-
tical to the width of the flat barge hull portion)
is optimal, being horizontally aligned with the
barge bottom (figures 3 and 4). In order to lift
the flap for maneuvers, its maximum length is
restricted by the pusher fittings.

S-E—

FIGURE 3. Optimum flap location, shape, and
angle.

Barge stern

= T
FIGURE 4. Photo of the flap at the barge stern in
elevated position to allow for maneuvering.
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Modified barge, with flap Original barge, without flap

Test D Vv, # Test D Vv, v,
Scenario no. [m] [m/s] [m/s] no. [m] [m/s] [m/s]
Against stream, , . ; : 228 )
slow (AS) 4.3 19 3.17 5 -9 . 3.25
With stream, 10 0.7 4.22 3.25 6 3.9 4.22 3.25
slow (WS)
Against stream, 3 4.4 3.25 4.22 7 2.4 3.33 4.31
fast (AF)
With stream, 4 4.6 5.31 4.33 8 2.3 5.22 4.25
fast (WF)

TABLE 2. Tested scenarios (D = distance between barge hull and UDS 1, V, = absolute convoy velocity relative
to ground, and V, = convoy velocity relative to surrounding water).

In Situ Validation

TEST SETUP

A straight reach of the Rhone River with a
stream-wise regular cross-section of some

90 m width was chosen for the in situ tests
(LCH 2011). The Rhone River discharge was
390 m*/s, measured by the gauging station
“Chancy”. The flow velocity was measured at the
water surface in the river center using Acoustic
Doppler Velocimetry (OTT Nautilus C2000) as
0.98 m/s, and the maximum flow depth at the
Talweg was derived as 7.0 m from the bathyme-
try and water surface data. The absolute velocity
of the convoy was measured using on-board
GPS, as well as implicitly by Laser Distance
Sensor (LDS).

To record the wave trains generated by the
convoy, a 20 m long beam was suspended below
the bridge “Passerelle du Lignon” (Figure S). The
latter was equipped with four vertical UDS (Bau-
mer UNAM S14) to record the water surface

(wave profiles), and a horizontal LDS (Micro-
Epsilon ILR) to derive the distance between the
UDS and the convoy. The effective distance D
between the UDS and the barge hull slightly var-
ied at every passage, as the convoy was difficult
to navigate precisely. Therefore, the latter varied
in the order of D = 2 to 4 m for the closest UDS
no. 1. The other UDS were fixed at distances of
(2) D+2m, (3) D+7 mand (4) D+20 m toward
the bank. The UDS no. 4 was thus closest to the
riverbank, with a remaining distance of approxi-
mately 20 m to the bank.

The test program is given in Table 2, with V, =
absolute convoy velocity relative to ground.
Four basic scenarios were considered, each with
and without the flap to allow for comparison.
The other parameters (i.e., D, V,, V,, and weight
of the convoy) were kept as constant as possible
within the scenario, to exclude their influence
on the waves.

FIGURE 5. In situ test setup showing the suspended measurement beam below the bridge and convoy after
passage, travelling upstream.

98 ® March 2015 ® No. 127-1

NAVAL ENGINEERS JOURNAL



Wave-reducing Stern Flap on Ship Convoys to Protect Riverbanks

7lmen) !

—Test3 UDS 1
""" Test7, UDS1

tls]

#t [mm] —Test3, UDS 2

=====Test 7, UDS 2

¥ ts]
) 0 10 20 30 40

o fmem] ——Test3, UDS3

B e Test7,UDS 3

T
=

——Test3, UDS 4
=--=-Test 7, UDS 4 s

@ 0 0 20 30 40

FIGURE 6. Wave profiles characterized by vertical
surface displacement # for scenario AF (against
stream fast, Table 2), i.e, Tests 3 with flap (—) and
Test 7 without flap (---), measured at UDS () 1 (near
convoy), (b) 2, (c) 3,and (d) 4 (near riverbank).
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FIGURE 7. Wave profiles characterized by vertical
surface displacement # for scenario WF (with stream
fast, Table 2), i.e, Tests 4 with flap (—) and Test

8 without flap (---), measured at UDS (a) 1 (near
convoy), (b) 2, (¢) 3, and (d) 4 (near riverbank).

EFFECT ON WAVE TRAIN
Figures 6 and 7 show the wave trains as a func-
tion of time for the scenarios AF and WF (Table
2: against and with the stream, fast passage),
comparing the passages with and without flap.
Here, 1 = vertical water surface displacement
relative to still water elevation (at =0 m).
Figures 6(a) and 7(a) show the waves at UDS 1,
i.e. close to the convoy; Figures 6(b) and 7(b)
at UDS 2; figures 6(c) and 7(c) at UDS 3; and
figures 6(d) and 7(d) show the waves at UDS 4,
i.e, close to the riverbank.

The waves near the convoy (UDS 1, figures
6a and 7a) mainly depend on its geometry. The
first wave package corresponds to the bow wave
of the barge, which remains similar in terms of
frequency and amplitude for all passages (during
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1 s<t<6 s in Figure 6a, lower left in Figure 1).
Then, during the passage of the barge, reduced
wave heights are observed as shown in Figure 6a
for roughly 6 s<t<12 s. The second wave package,
including the dominant amplitudes to reduce,

is generated at the barge stern and at the pusher
bow (during 12 s<t<22 s in Figure 6a, lower right
in Figure 1). For the original barge, the stern of
the barge generates a wave sent to and amplified
by the pusher bow by interference. With the flap,
the stern wave of the barge is delayed, so that

the resulting wave is flattened. After the passage
(t>22 s in Figure 6a), the pusher stern and wake
wave follow, with some interferences generating
considerable wave amplitudes. With increas-

ing distance from the convoy (UDS 4, Figures

6d and 7d), the link between convoy elements

March 2015 ® No.127-1 ® 99



Wave-reducing Stern Flap on Ship Convoys to Protect Riverbanks

and the resulting waves becomes less obvious,
whereas the damping effect of the flap remains.

EFFICIENCY REGARDING WAVE ENERGY

The principal aim of this investigation was to
reduce the total wave energy impact on riverbanks,
beside a reduction of the maximum amplitudes.
The latter is difficult to quantify but generally
achieved, as can be seen in Figures 6 and 7.

As the wave profiles indicate, the typical wave
length lis around 12 m, the maximum water
depth Waround 7 m, and the maximum wave
height H around 0.4 m. Then, H/W=0.06, (H/1)
(I/W)3=0.168, and W/1=0.58. Besides, the depth-
related Froude number is always smaller than 0.6
at the position of all UDS, so that finite-depth
effects are of minor importance for wave-making.
The herein observed waves are thus a priori linear
deep water waves (Le Méhauté 1976, Newman
1977), so the linear small amplitude wave theory
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applies. The total wave energy E per unit width
according to Dean and Dalrymple (2004) is then

E::%pgyfz @)

with p= water density. The wave energy is thus
proportional to the square of the wave height.
Ippen (1966) proposes for complex wave trains
the integration of 7> over time ¢, so that

E= f{[n*di) (3)
Herein, all wave parameters except the vertical
surface displacement 7 are thus considered as
constant between two related scenarios. Note that
I, particularly, is a function of V,, which was almost
identical between the two related scenarios.

The relative remaining wave energy P is com-
pared between two associated scenarios based
on Eq. (3), with P=E, /E,. The subscript m refers
the modified barge (including tests no. 1, 10, 3,
and 4), and the subscript o to the original barge
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FIGURE 8. Relative remaining wave energy P (ratio with/without flap) versus upper integration time limit t;
at different UDS (1 near convoy, 4 near riverbank) for the scenarios (a) AS, (b) WS, (c) AF, and (d) WF.
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(including tests no. S, 6, 7,and 8). The integra-
tion time was between t = 0, i.e., when the first
ship-generated wave was recorded, and t = t; as
upper limit. The latter was chosen to reproduce
eight times the convoy length for slow passages,
and 12 times for fast passages. The background
wave noise was removed prior to the integration,
based on a reference noise measurement. As
seen in Figure 8, the t; values affect P. Neverthe-
less, the overall trend of the P-curves is generally
stable and a priori constant, so that an average of
the P-values shown in Figure 8 (with 20 s<t;<110
s) is used for the further summary (Figure 9).

Figure 9 shows the relative remaining wave
energy P at different UDS for the scenarios
defined in Table 2. For scenario WF, for example,
P=E4/E8=0.67 at UDS 4, indicating that the pas-
sage with the flap generates waves with only 67%
of the energy of the original barge. Vice versa, the
wave energy closest to the riverbank was reduced
by some 33% due to the flap. Note that P>100% at
UDS 1 for scenario WS and for £,<80 s, as D=0.7 m
for the passage of the modified barge, and D=3.9
m for the original barge. The modified barge was
thus much closer to UDS 1, so that a compara-
bly higher wave was recorded. On average, the
remaining energy of the modified convoy is 77%
as compared to the non-modified at UDS 1, 69%
at UDS 2, 71% at UDS 3, and 46% at UDS 4. Thus,
the sensor closet to the riverbank (UDS 4) indi-
cates a wave energy of the modified convoy, which
is around half that of the non-modified convoy.

Conclusions

Numerical simulations and physical model
tests were conducted to verify the effectiveness
of a flap mounted on a barge stern to hydro-
dynamically “connect” the latter to the pusher
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tug. According to theory, this should result

in a reduction of the generated wave height,
thereby also decreasing the remaining wave
energy being dissipated onto the riverbanks.
Modifications on the convoy were requested to
limit wave damage to riverbanks without the
need to place a limitation on operational speed.
Preliminary-conducted numerical simulations
and physical model tests showed that bulbs,
short flaps, and an arrangement of several

flaps were less effective than a single large flap
mounted at the barge stern. The effective in situ
performance of the latter was thereafter tested
with a comparison of a convoy with an original
barge and a convoy with a modified barge. The
measurements of the wave trains indicated that
the barge with a flap generated reduced integral
wave energy for all tested scenarios. At 20 m
distance from the convoy axis, it even reduced
the wave energy on average by some 50%.
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