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SUMMARY

To support maintenance works of the Bubendey embankment in the Port of Hamburg, DHI set up a computational fluid
dynamic (CFD) model to calculate flow velocities on embankments. The model has been calibrated and validated
successfully with the help of in-situ measurements, performed by DHI in September 2014. The numerical model is
comprised of the exact embankment geometry as well as a parameterized ship propeller. The results have been compared
to the results of standard design guidelines [1]. The model leads to lower flow velocities on the embankment compared
to available standard methods. It proved its potential in supporting embankment design by leading to less conservative

and, thus, more economic design parameters.
1 INTRODUCTION

Ship-induced waves and propeller jets are important
loads to be considered for embankment design in ports.
Existing design guidelines such as [1] provide empirical
formulae which result in high safety values. Flow
velocities in a propeller jet for example can be estimated
based on simplifying assumptions leading to
standardized cases. According to [1], there are four
standard cases, which distinguish whether there is a
rudder present to split the propeller jet or not and how the
dispersion area of the jet is constrained. Here, only
vertical quay walls are considered laterally or
downstream of the propeller jet.

The estimates are used to determine material
characteristics such as rock sizes for safe embankment
design. To date, such estimates are on the very
conservative side [2]. Increasing ship sizes and thus
increasing sizes of bank protection raise the demand of
reviewing embankment design methods with the aim to
still guarantee safe embankment design but also
providing a more economical solution for harbor
planners.

Propellers and their interaction with rudders cause
complex flow fields in the stern region of a ship. Water is
drawn in, accelerated and discharged downstream,
propelling the vessel forward. The discharge of water
contains high kinetic energy, a turbulent flow and is
referred to as propeller jet. The phenomenon comprises
velocity components in axial, tangential and radial
direction. They can be assessed making use of empirical

approaches, physical experiments and numerical
modelling.
1.1 EMPIRICAL APPROACHES

Propeller jets have been systematically investigated
during the last decades, e.g. in [3] and [4]. [5] describes
the flow velocities in the jet with the help of generated
thrust, torque and advance velocity of the vessel. The
thrust coefficient in particular is dependent on the
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propeller type [6], which can be parameterized with the
help of the pitch ratio Hs/D,. [7] ascertained K for a
range between 0.6 and 1.4 and found that the difference
of the thrust coefficient is in the order of 100 % for free
propellers and even higher for conducted propellers. The
velocity distribution in the propeller jet has been
described through the axial momentum theory by [3].
The maximum velocity can be calculated according to
[8].

The influence of the rudder has been investigated for
example in [8], showing that the propeller jet is split into
two streams; one is directed upwards to the water surface
and the other is directed downwards to the seabed. The
maximum jet velocity at the bottom has been described
in [9] in dependence of the pitch ratio and a coefficient,
which is dependent on whether a rudder is present or not
and if the propeller is ducted. Velocity decay with
increasing distance and the vertical velocity distribution
has been described in [11, 12].

1.2 NUMERICAL MODELLING

In detailed 3-dimensional (3D) numerical modelling
(CFD), the following three approaches are often applied
to model propeller-induced jets:

+ Sliding Mesh Model: The -computational
domain is separated into two domains, a rotor
mesh that follows the propeller and a stator
mesh that covers the remaining model domain.
The sliding grid approach is a transient method
where the rotor mesh actually rotates with
respect to the stator mesh. The interaction
between the rotor and stator are thus fully
resolved. This requires a sliding grid interface
between the rotor and stator domains to transmit
the flow variables across the coupled patches.
The sliding mesh approach provides full details
of unsteady flow features of propellers.

*  Multiple Reference Frame Approach (MRF).
Steady-state formulation where the rotor domain



and stator domain are fixed with respect to each
other and different reference frames are used in
the rotating and stationary parts (momentum
equation is modified with Coriolis and
centrifugal forces in the rotating reference
frame). It allows taking into account the effect
of the rotation of the propeller, although no
transient rotor-stator interaction is included.

e  Momentum Source Model (MSM):
Constructed with the purpose of describing the
effect of the propeller adequately through a
computationally  efficient = model. The
momentum equations include a body-force term
which can be used to model the effects of a
propeller without resolving the detailed blade
flow [13].

The methods have been extensively compared in [14].
The results reveal that propeller characteristics such as
the diameter have minor influence on bed velocities
compared to parameters such as ship velocity, under keel
clearance or rudder angle. Detailed numerical
investigations of rudder-propeller interaction showed that
as long as the radial variation in axial and tangential
momentum generated by the propeller is included, the
influence of the unsteady propeller flow can be removed
and steady calculations can be performed to evaluate the
influence of the propeller on the rudder [15]. Therefore,
MSM has been used in this study.

1.3 OUTLINE OF THE STUDY

In this study, the comparison of 3D numerical model
results with field measurements is presented for three
cases. The measurements are described in section 2. The
numerical model setup is given in section 3. This is
followed by a result presentation and discussion, setting
it into relation with empirical approaches.

2 FIELD MEASUREMENTS

The measurements took place at the Bubendey
embankment in Hamburg during one week in September
2014. A sketch of the embankment is given in figure 1.

3 flow meters (u,, u,) MThw NN+2.12 m

water level

prope”er MTnw NN-1.54 m

horizontal distance embankment

from shoreline at NN+0 m

Figure 1. Cross-section of embankment (modified
from [16]).

The slope of the embankment was determined to be ~ 1:3
through measurements and surveying. The tug boat
“Schleppko” was placed at the embankment in an angle
of ~ 90° to the embankment and a pontoon was deployed
next to it in order to support the position of the vessel. It
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features a 500 kW engine. The propeller diameter is 1.72
m. The pitch ratio is 0.661. Figure 2 provides an
impression of the scene.

Figure 2. Aerial view of measurements at IBubendey
embankment with tug boat “Schleppko”
and pontoon.

A slight diversion of the propeller jet towards the left is
noted, before the jet enters the shore. It originates from
river flow and tide-induced currents. In order to exclude
these ambient currents from the measured data, each test
was enclosed by two periods of “zero” measurements
which took place before and after each test and in which
the propeller was not rotating. Thus, the two “zero”
measurements only contained the ambient currents. To
estimate the magnitude of ambient currents during the
period of each propeller test, measurement results have
been linearly interpolated over the time between both
enclosing “zero” measurements so that the influence of
the ambient currents on the propeller test data could be
reduced to a large extent.

The measurement conditions considered in this study,
including the averaged ambient currents measured at the
velocity sensors, are summarized in table 1.

Each propeller test was conducted for a period of three to
five minutes.

Scenario 1 has been used to calibrate the numerical
model. The scenarios 2 and 3 serve for model validation.
6 velocity sensors have been placed at the propeller axis
as well as aside. Three sensors measured the velocity
component towards the embankment and three sensors
measured the components parallel to the embankment.



The coordinates of the velocity sensors are given in
table 2.

Table 1. Measurement conditions.

Scenario 1 2 3
Calibration Validation Validation

date 16/9/2014 17/9/2014 19/9/2014

start time 10:56 11:36 0.42

water level [-mNN] 1.42 1.38 1.45

propeller axis level

[-mNN] -0.38 -0.34 -0.32

atmospheric

pressure [-hPa] 1019 1019 1012

engine capacity [-%] 50 25 70

rounds/minute [--] 250 192 275

distance from

shoreline [-m] 16.55 16.95 16.53

ambient current

speed [m/s] 0.16 0.10 0.07

Table 2. Velocity sensor coordinates.

Velocity sensor X [-m] y [-m] z [-mNN]

VS1 1.47 1.80 -0.289

VS2 1.29 -2.19 -0.247

VS3 1.39 -0.06 -0.270

The origin of the coordinate system has been set at the
intersection of the shoreline and the propeller axis, when
the water level is at NN+Om. The datum NN also
provides the vertical reference of the coordinate system
(see figure 1).

Figure 3 presents the measured velocities in x direction
in sensor VS3, located close to the propeller axis.

u(x) [mm/s]

10:58
2014-09-16

Figure 3. Measured velocity components perpendicu-
lar to embankment.

Data reveal high turbulent oscillations, which are in the
order of the mean value. This pronounces the importance
of considering these fluctuations in further analysis.

While pressures have been measured with 16 pressure
sensors distributed along the embankment, the obtained
values reveal high sensitivity of the water level
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fluctuations. The hydrostatic pressures exceeded the
dynamic pressures by a factor in the order of 107,

3  NUMERICAL SETUP

3.1 OPENFOAM

All CFD simulations are carried out using OpenFOAM ®
[17]. CFD simulations have been performed applying the
solver simpleFoam. It is based on a steady state Reynolds
Average Navier-Stokes (RANS) solver. In a RANS
solver, basic equations are averaged and closed by a
turbulent closure model that models the effect from
turbulence on the mean flow. The result of this approach
is that in the momentum equation averaged scales appear
as the Reynolds stress tensor. The eddy viscosity
hypothesis relates the turbulent stresses to the velocity
gradients of the mean flow. The modelling is then
reduced to the specification of the eddy or turbulent
viscosity (exchange coefficient for momentum) in terms
of the local turbulence in the flow.

Preliminary tests showed the importance of the
turbulence model in propeller induced flow models. It
influences the velocities close to the embankment up to
the first order. In this project the k-¢ model has been
applied. The turbulence quantities k and € at slope and
rudder have been approximated using the corresponding
wall functions, whereas zero gradient conditions have
been applied at the free flow patches right, left, offshore
and top. The turbulence intensity has been estimated to
be 10 %, which is in the typical range of high turbulent
cases with rotating machinery. The asymmetric body
force with axial and tangential components (MSM) was
implemented in the numerical solver. The advance
coefficient is defined by

_ Yo
nDp

J (1
where U, is the speed of advance, n is the number of
propeller revolutions and D, is the propeller diameter.
The thrust coefficient is expressed by

8K
T = # 2
with
T
Kr = preres A3)

in which p is the water density and T is the thrust. The
torque coefficient is expressed by

__Q
KQ - pnzDIS,

4)

with the torque Q. For further details it is referred to [18].



3.2 NUMERICAL DOMAIN AND MESH

The numerical domain and mesh are shown in figure 4.

a) Overview of numerical domain .

Figure 4. Exemplary computational mesh scene.

The domain extends over 30 m of the embankment
length and 43.45 m from the propeller disk into the river.
It domain included the exact embankment shape as well
as the exact rudder geometry of the tug boat. The ship
hull was neglected in the model.

A parametric mesh was created wusing the
snappyHexMesh utility, which forms part of the
OpenFOAM ® package. The snappyHexMesh utility
generates 3D meshes containing hexahedra (hex) and
split-hexahedra (split-hex) automatically from
triangulated surface geometries in stereo lithography
(STL) format. The mesh has been refined around the
rudder and the momentum source field. It approximately
conforms to the surface by iteratively refining the
intermediate mesh and morphing the resulting split-hex
mesh to the surface. The mesh was shrank back from
specified surfaces (here from the embankment and the
rudder) and additional cells have been inserted resulting
in well specified layers. Mesh conversion has been tested
by assessing the maximum flow velocity in relation to
the cell height at the embankment slope. The deviation
between the chosen and the next finer mesh is less than 1
%.The final mesh consisted of approximately 3.0 million
cells: The cell height at the embankment slope was 0.01
m.
3.3 BOUNDARY CONDITIONS

The top patch of the numerical domain has been set at the
position of the water level. It is noted that the free
surface has not been modelled. Thus, the propeller
induced water level variations and the rise of water
surface close to the shore have been neglected for the
sake of simplification and faster model convergence.
Thus, slip conditions have been imposed. At the offshore
boundary, the so called pressurelnletOutletVelocity
condition together with the totalPressure condition for
pressure have been applied so that water can leave and
enter the domain. At the lateral boundaries front and
back, the velocity condition inletOutlet has been paired
with the fixed pressure value condition. At the bottom,
velocities have been set equal to zero and pressures
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follow the zero gradient condition. In order to account
for the sizes of the rocks lying on the embankment slope,
the so called nutURoughWallFunction has been applied,
allowing incorporating the roughness height of 0.03 m.
34 SIMULATION MATRICES

As part of the calibration process, sensitivity tests have

been performed, varying the MSM parameters by 10 %
each. An overview is given in table 3.

Table 3. Simulation matrix for calibration. The
modified values are marked as bold.

scenario sl.0 sl.1 sl.2 s1.3 sl.4

Ky 0.837 0.837 0.837 0.837 0.921

Ky 0.029 0.032 0.029 0.029 0.029

U, 5902 5902 5902 6.493 5902

] 0.824 0.842 0.906 0.842 0.842

The scenarios represent flow fields induced by the tug
boat running with 50% of its engine capacity. Scenario
s1.0 comprises of original calculated values making use
of equations (1) to (4), whereas scenarios 1.1 to 1.4
include the parameter variations. The validation cases are
summarized in table 4.

Table 4. Simulation matrix for validation.
scenario s2 s3

Kr 0.837 0.837
Ky 0.029 0.029
U, 5.902 5.902
] 0.824 0.842

In scenario 2, the tug boat runs with 25 % of its engine
capacity. In scenario 3, it runs with 70 %.

4 RESULTS

Velocity and pressure data have been analyzed. As total
pressure measurements showed high sensitivity to the
water level fluctuations during the tests and the CFD
model was setup without tracking of the free surface,
pressure data has been discarded from the comparisons.
The numerical model calculates averaged values and
does not provide information on velocity fluctuations
occurring during propeller propulsion. Therefore, the
numerically achieved velocities have been compared
with averaged measured velocity data. However, as
measurements reveal dynamic variations lying in the
order of the averaged velocities, they cannot be
neglected. In order to maintain the relation between
averaged values and fluctuations, the measured
fluctuations have been transferred to the numerical
results using the relations for the velocities u

Ujjmin _ Uijavg _ Uijmax

)

Umai,j,min Umai,j,avg Um1i,jmax



i ={1.0,1.1,1.2,1.3,1.4,2,3} indicates the scenario
number, j ={x,y} the direction of the velocity
component, min stands for minimum values, max for
maximum values and m1 marks measured values during
the measurement with 50 % engine capacity. It should be
noted that this relation has been adopted for the
validation simulations with 25 and 70 % engine capacity,
too. x is the direction normal to the embankment (see
also figure 1) and y is the parallel direction.

4.1 CALIBRATION

The measured and simulated velocities normal and
parallel to the embankment due to a propeller jet caused
by the tug boat running with 50 % of its engine capacity
are presented in figure 5.
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Figure S. Measured and simulated averaged

velocities (calibration with 50 % engine
capacity). For ml, the black line spans
between the minimum and the maximum
measured values, which has been
transferred to the simulations s1.0 to s1.4
(see equation (5)).

All numerically achieved velocities exceed the averaged
measured velocities towards the embankment (see
figures 5.a), ¢) and e)). The velocity component parallel
to the embankment is underestimated (see figures 5.b)
and d)), except near the propeller axis (see figure 5.f)).
As expected, the velocities are highest near the propeller
axis and normal to the embankment. There, the parallel
velocity component is comparably small. Scenario s1.3
(increase of Uj,) leads to the most conservative results.
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Compared to the high fluctuations, the simulated
velocities are well within the range of measured
velocities. Taking into account these fluctuations and
then comparing the maximum velocities normal to the
embankment near the propeller axis, the originally
derived MSM parameters (scenario sl.0) lead to a
deviation of 18 %. The agreement is still good and the
numerical model provides results lying on the
conservative side. The original parameters of calibration
scenario s1.0 have therefore been applied to the
validation simulations.

4.2 VALIDATIONS

The calibrated MSM parameter set has been applied to
the simulations aiming to reproduce the situations with
25 % and 50 % engine capacities.

4.2 (a) 25 % engine capacity

The measured and simulated velocities normal and
parallel to the embankment due to a propeller jet caused
by the tug boat running with 25 % of its engine capacity
are presented in figure 6.
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Figure 6. Measured and simulated velocities

(validation with 25 % engine capacity). For
m2, the black lines span between the
minimum and the maximum values. For s2,
the black line represents the fluctuation
range transferred from the measurement
ml (see equation (5)).

For the velocity component normal to the embankment,
the deviation in the outer sensors take values of 1 and 26
% (see figure 6.a) and c), respectively). At the middle
sensor, the deviation in maximum velocities is 12 % (see
figure 6.e)), whereas the numerically derived value
exceeds the measured values. The deviations of the



components parallel to the embankment are slightly
higher, especially at the positions of the outer sensors
(see figure 6.b) and d)). It can be assumed that the main
reason for this deviation lies in the real position of the
propeller axis during the measurement. Although the tug
boat has been moored at embankment and pontoon,
motions could not totally be suppressed. As a
consequence, the propeller jet did not hit the
embankment at the position of sensor VS3. Nevertheless,
the numerical model still provides conservative values.

4.2 (b) 70 % engine capacity

The measured and simulated velocities normal and
parallel to the embankment due to a propeller jet caused
by the tug boat running with 70 % of its engine capacity
are presented in figure 7.
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Figure 7. Measured and simulated velocities

(validation with 70 % engine capacity). For
m2, the black lines span between the
minimum and the maximum values. For s2,
the black line represents the fluctuation
range transferred from the measurement
ml (see equation (5)).

As in the previous comparison (m2 vs. s2), the deviations
for velocity components parallel to the embankment are
higher than for the components normal to the
embankment. This deviation is predominantly governed
by the real position of the propeller axis during the
measurements.  The  normal components  are
underestimated by 17 and overestimated by 81 % (see
figure 7.a) and c)), which confirms the observation of the
propeller axis. Near the propeller axis, the maximum
normal velocities are overestimated by 31 %.

Acceptable agreements for the validation cases have been
noted. The numerical model derives conservative values
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for maximum velocities near the propeller axis in all
scenarios.

43  COMPARISON WITH GBB STANDARD
METHOD

The method considers the propeller parameters diameter
D, the factor of applicable propeller rotation rate, the
thrust coefficient Ky, design propeller rotation rate and
the induced initial velocity U,. Furthermore, the design
pitch ratio Hs/D, has to be specified. For the here used
tug boat, Hg/D, = 0.661. A differentiation is made
between unducted and ducted propellers. Maximum
velocities on the embankments are determined based on
four standard situations, which are

e Standard situation 1 (no splitting of the jet):
Propeller without a middle rudder located
behind it; the jet is restricted by the depth of the
water but there are no lateral limits to the
dispersion of the jet,

* Standard situation 2 (jet splitting): Unducted
propeller with a middle rudder located behind it;
jet splitting is limited by the depth of the water
but no laterally,

* Standard situation 3 (jet splitting): Unducted
propeller with a middle rudder located behind it;
additional lateral limitation of jet dispersion (by
quay wall),

+ Standard situation 4 (no jet splitting): Ducted
propeller (also with a middle rudder) or
unducted propeller without a middle rudder
located behind it; dispersion of the jet is limited
vertically in the direction of propagation (e.g by
a quay wall).

The here investigated situation compares to standard
situation 2. The situation is depicted in figure 8.

(2) Drive
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|
| |
| = rxu%12°_L
| 7 — 7 ™Jet directed towards the surface (axis)
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T omes - the bed (axis)
| (oG 12 T —
NNNNNNN?{N (NA(\ AXNNNNNNNNNNN

22

Figure 8. Standard jet dispersion situation 2
(modified from [1]). The green dotted line
indicates the idealized slope of the
Bubendey quay.
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Detailed information on the procedure of determining
maximum velocities on the embankment can be taken
from [1].

The comparison between CFD and GBB results for all
investigated scenarios are given in figure 9.



The velocities have been extracted from the CFD results
in a distance of 0.03 m, which is in the range of the
equivalent sand grain roughness height [19]. The mean
diameter of the rocks on the embankment is 0.1 m. In all
cases, the velocities derived with the CFD model fall
below the GBB values. The maximum velocities are
given in figure 10 and table 4.
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Figure 9. Velocities on the embankment (left: CFD
results, right: GBB method) for engine
capacities of 25, 50 and 70%. The black
dots mark the position of the velocity
sensors. The red dot marks the position of
the propeller.
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Maximum velocities on
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Figure 10. Maximum velocities on embankment after
CFD and GBB methods.

Table 4. Maximum velocities on embankment after
CFD and GBB methods.

Engine capacity CFD GBB

25 % 1.25 m/s 3.14 m/s

50 % 1.63 m/s 4.23 m/s

70 % 1.66 m/s 4.55 m/s

Maximum velocities on the embankment derived by CFD
take values between 36 and 40 % smaller than the GBB
values. It should be noted that standard situation 2 in [1]
considers a horizontal bottom. A slope as found in this
application case would deflect the propeller jet upwards.
This is not accounted for by the GBB method. When
applying the GBB method to a slope as done in this
study, the (real) slope is located within the (idealized)
undeflected propeller jet, which results in higher
velocities. The deviation between CFD and GBB results
originates from the high generalization in [1].

5 SUMMARY AND CONCLUSIONS

In this study, a CFD model has been calibrated with the
help of in-situ measurements on Bubendey embankment
in Hamburg, Germany in September 2014. The model
has been validated with the help of two independent data
sets originating from the same measurement campaign.
The modelled results are in good agreement with the
measurements. It is equally important to point out that
the model leads to conservative values.

The results have been compared to the standardized GBB
method [1]. For the here tested configurations, CFD
results are well below 50 % of the GBB values. The main
reason for this deviation originates from the high degree
of generalization in the GBB method. For example, the
method does not account for the embankment slope.
Another reason may have its origin in the measurements
used to derive the empirical relations in GBB and to
calibrate/validate the CFD model. On one hand, the field
measurements comprise of uncertainties, e.g. due to
propeller axis orientation during the measurements. From
these measurements, mean velocity and its turbulent
variation have been obtained. On the other hand, it could
not be clarified by the authors if the maximum or the
mean value in a propeller jet formed the basis for the
GBB standard.



The CFD approach applied in this work has proven to be
efficient and economical alternative for embankment
design, because it is able to account for local conditions
such as embankment slopes.
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