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Abstract. The flow around the DTMB5415 surface combatant hull with and without
bilge keels is studied numerically by the use of a Large Eddy Simulation (LES) method.
The main purpose for bilge keels is to reduce roll motions when operating in ocean waves.
The flow resistance should at the same time be affected as little as possible. The compu-
tations presented here are for straight course in calm water conditions and show only a
small change in the wake of the hull and there by a minimal effect on the resistance. The
computations are made as a preparatory step before investigating other conditions, such
as yaw angle.

1 INTRODUCTION

Generally, there is a strong interest in developing improved and optimized ships. The
design objectives can be very different depending on the purpose of the ship. It can be
the need for increased load capacity achieved by a more lightweight constructions that
at the same time is stronger, the need for lower fuel consumption from economical and
environmental points of view, and the need for hydrodynamically more efficient hulls and
propulsion systems. For naval ships the main motivation is to reduce signatures and thus
to reduce the vulnerability of the ship. Detailed knowledge about the hydrodynamic flow
around the hull is therefore essential to achieve many of the desired improvements.

The flow past a surface ship hull is complicated due to the flow features induced by
the shape of the hull, including developing boundary layers, vortex structures from ap-
pendages, such as bilge keels, sonar domes, struts and shafts, high Reynolds (Re) number
turbulence and the free water surface. In the past, potential flow methods,1 proved use-
ful in predicting the gross features of the flow including the pressure distributions and
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wave-pattern, but more recently these methods have started to be replaced by Reynolds
Averaged Navier-Stokes (RANS) models,2,3 which have the ability to predict the mean
pressure, velocity and free-surface distributions around the hull together with estimates
of the turbulence. RANS can give acceptable predictions of drag and mean velocities but
towards the stern, where the flow becomes extremely complicated, RANS is not always
able to predict the mean flow, and certainly not the unsteady coherent flow structures.
More advanced Computational Fluid Dynamics (CFD) models such as Detached Eddy
Simulation (DES),4,5 and LES,5,6 have the ability to predict the unsteady coherent vor-
tex structure dynamics. Only a few DES and LES type computations of surface ship
hydrodynamics have so far been presented in the open literature,4–9 but these results
indicate that the DES/LES approaches have the capability to capture essential features
that RANS cannot capture.

The study described here is a continuation of previous work,6,7 which here is extended
by a computation with bilge keels. We aim at investigating the predictive capabilities of
LES,10–13 for surface ship hydrodynamics by computing and comparing the unsteady flow
past the DTMB5415 surface combatant hull with and without bilge keels.

2 MATHEMETICAL FORMULATION OF FREE SURFACE LES

The flow physics involved in surface ship hydrodynamics consists primarily of high Re-
number boundary layer dominated incompressible flow around the hull, the generation
and evolution of the surface wave pattern, and the wake stretching far astern of the ship.
The governing equations are the incompressible Navier Stokes Equations,14 modeling the
flow of air and water, and an additional equation for the evolution of the interface between
these two immiscible fluids. Different approaches can be used for tracking the air-water
interface,15 and here we use the Volume of Fluids (VoF) approach,15,16 in which a volume
fraction, α, taking the value 0 in air, 1 in water and 0 < α < 1 in regions where the two
fluids co-exists, is employed to represent the air-water interface. The governing equations
are thus,











∂t(ρv) + ∇ · (ρv ⊗ v) = −∇p + ∇ · S + ρf

∇ · v = 0

∂t(α) + ∇ · (αv) = 0

(1)

where v is the velocity, ρ the density, p the pressure, S = 2µD the viscous stress tensor,
µ = αµ1 + (1−α)µ2 the viscosity, D = 1/2(∇v +∇vT ) the rate-of-strain tensor, ∇v the
velocity gradient, and f the specific body force consisting of the gravitational acceleration
and surface tension. In the above expressions indices 1 and 2 refers to the water and the
air phase, respectively, whereas for free-surface ship hydrodynamics the surface tension is
neglected.

The motivation behind LES was to establish a simulation framework that properly re-
solves the coherent structure dynamics, modeling the residual flow in a manner consistent
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with the cascade process,17 and thus being more accurate than RANS and less expensive
than DNS. For LES to work as intended the coherent structure dynamics must be resolved
on the grid together with the large-scale part of the energy cascade, necessitating care-
fully designed grids with good resolution in regions of coherent structure activity. The
equations governing the large-scale flow features are then obtained by applying a spatial
filter, having a width of ∆, to (1) in order to eliminate the small-scale flow features. After
spatial filtering and rearranging of terms, the governing equations for the large (resolved)
eddy scales becomes,











∂t(ρv) + ∇ · (ρv ⊗ v) = −∇p + ∇ · (S −B) + ρf

∇ · v = 0

∂t(α) + ∇ · (αv) = −∇ · b
(2)

where overbars denote spatially filtered variables, B = ρ(v ⊗ v − v ⊗ v) the subgrid
stress tensor and b = α v − α v the subgrid flux vector which both must be modeled in
order to close (2). The demands on the sub-grid models are expected to be less severe
compared to RANS since a substantial fraction of the coherent structure dynamics is
resolved. However, as the hull is approached, the flow structures change character, and
the flow becomes dominated by longitudinal vortices with a characteristic length and
spacing, which form Ω-shaped vortex structures that interacts with the bulk flow. The
scales dominating the near wall flow varies with the Re-number, and are much smaller
than those of the detached or free flow, requiring either grid refinement as the wall is
approached, or the use of a LES wall model.

The subgrid stress tensor B and subgrid flux vector b are here both modeled by struc-
tural models,10 designed to retain as much as possible of the physics embedded in these
terms, but at the expense of some numerical stability that may lead to ripples in e.g. the
computed free surface wave field. We here use a One Equation Eddy Viscosity Model
(OEEVM) that is composed of a subgrid viscosity term, −2ρνkD, representing the sub-
grid dissipation. The model then consists of B ≈ −2ρνkD and b ≈ −νk∇α, in which the
subgrid viscosity, νk, is estimated as νk = ck∆k1/2, in which the subgrid kinetic energy,
k, is assumed to evolve according to the following (modeled) transport equation,18

∂t(k) + ∇ · (kv) = 2νk

�

�D
�

�

2
+ ∇ · (νk∇k) − cǫk

2/3/∆ (3)

where ǫ = cǫk
2/3/∆ is the subgrid dissipation.10 The model coefficients ck = 0.07 and

cǫ = 1.03 are obtained from an expected inertial sub-range behavior. To alleviate the
extreme resolution requirements close to the hull the subgrid model is adjusted as the
hull is approached. More precisely, adjacent to the hull the total viscosity, ν + νk, is
replaced by τw/(∂vv/∂y)|w, in which τw has been computed from an assumed log-law
behavior of the velocity.
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3 NUMERICAL METHODS

The governing equations (2) and (3) are here discretized using an unstructured collo-
cated Finite Volume (FV) method based on the OpenFoam C++ library.19 The depen-
dent variables are represented by control volume averages fp = 1

δVp

�

Ωp
f(x, t)dV, formally

defining the spatial filtering in (2), and by using Reynolds transport theorem together
with a multi-step time integration procedure the LES equations (2) can be discretized,
resulting in,
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where αi and βi are parameters of the multi-step time-integration scheme whereas F C,ρ

f =

(vdA)f , F C,v

f = (vdA)fvf , F D,v

f = (ν∇v)fdA, F C,α

f = (vdA)fαf , F B,v

f = (B)fdA

and F b,α

f = (b)fdA are the fluxes across the cell face with index f . To close the FV-
discretization the fluxes need to be reconstructed from the variables at neighboring cells.
Linear interpolation is used for the convective terms in the momentum equation and lin-
ear approximations are used to evaluate the inner derivatives in the viscous and subgrid
fluxes. For the momentum equation this results in second order accurate schemes, respec-
tively, whereas a specific treatment is used to handle the reconstruction of the fluxes in
the α-equation, since the interface is required to be as sharp as possible. The pressure
velocity system is here decoupled by combining (41) and (42) into a Poisson equation for
p that is solved together with (42) and (43) using a PISO (Pressure Implicit with Splitting
of Operators) algorithm with a modified Rhie and Chow interpolation for cell-centered
data.20 The equations are solved sequentially with iteration over the coupling terms to
obtain rapid convergence. The convective fluxes of the α-equation (43) are reconstructed
using a novel flux reconstruction formulation,

FC,α

f ≈
�

F C,ρ

f αR1
f +

�

�

�
F C,ρ

f

�

�

�
/ |dAf |n(1 − αR2

f )αR2
f

�

,

in which n is the unit normal vector to α, and the superscripts R1 and R2 denotes two
different flux reconstruction algorithms. For the simulations presented here the two flux
reconstruction schemes R1 and R2 are chosen to be the conventional bounded linear
scheme and the van-Leer scheme, respectively.

4 THE HULL MODEL

The model hull under consideration is the surface combatant DTMB541521–24 (also
denoted INSEAN2340 model). The flow around two configurations have been simulated,
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(a) (b)

Figure 1: DTMB5415 surface combatant model. Without bilge keels (a) and with bilge keels (b).

with and without bilge keels, as shown in Figure 1. A unique aspect of this hull is that it
has been used in a collaborative effort between David Taylor Model Basin, Iowa Institute
of Hydraulic Research, and the Italian Ship Model Basin in order to obtain a complete
data set at various conditions and to provide information on facility biases as there were
repeated runs between the facilities.24 Here, the hull, with a length of L=5.72 m, is sunk
and trimmed by amounts given from the experiment and was run straight ahead at a speed
of 4.2 knots (2.165 m/s) giving a Re-number of 12 · 106, based on L, and a Fr-number of
0.289.

The computational domain has an overall length of 3.4L and an overall width of 4.2L,
including the external sponge region of width L, with the hull positioned at y=0, with
the forward perpendicular at x/L=0.5 downstream of the inlet plane. The height of the
computational domain is 0.7L, with the nominal free water surface being located 0.5L
above the lower computational boundary. Representative physical values for densities
and viscosities are selected for water and air.

Both computations are performed using the same subgrid model, the OEEVM with
wall model and VoF. Two multi-block structured grids have been generated, with 6.6 ·
106 and 8.6 · 106 hexahedral control volumes respectively. The finer grid has the same
topological structure as the coarser but have a general longitudinal refinement along the
bilge keels and refinement around the bilge keels to better resolve their geometry. A grid
refinement test in order to analyze the sensitivity of the LES predictions to the grid size
has been performed and show that the grid resolution is sufficient to capture the main flow
structures accurately.7 The velocity and undisturbed free surface location are prescribed
on the inflow plane, and at the outflow Neumann conditions are used for all quantities
except the pressure, which is set to a constant value. On the hull, no-slip conditions are
used, as facilitated by the use of subgrid wall models. A uniform velocity, a constant
pressure and the domain divided into air and water through the α-field serves as initial
conditions.

5 RESULTS

The flow around the underwater part of the hull is dominated by the vortices generated
by the sonar dome, the developing boundary layer and the interaction between the vortices
and the boundary layer. Figure 2 presents the flow beneath the hull in terms of vortical
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(a)

(b)

Figure 2: Instantaneous flow structures beneath the hull illustrated by an iso-surface of the second
invariant of the velocity gradient, colored by the local axial velocity. (a) Without bilge keels and (b) with
bilge keels.

structures, represented by iso-surfaces of the second invariant of the velocity gradient.
The flow at the bow has a large downward component on each side of the bow, growing in
size and strength as it is advected downstream whilst interacting with the hull boundary
layer. At the edge of the sonar dome this results in a counter-rotating bow dome vortex
pair detaching from the trailing tip of the sonar dome, and becomes enhanced by the
inward and downward flow over the forward bilge after which it continues downstream
beneath the hull close to the keel at some distance from the hull. Furthermore, the flow
over the upper part of the sonar dome and lower part of the bow roll-up and form a
strong vortex on each side of the keel, the so-called bilge vortex, that is partially located
within the hull boundary layer and further away from the keel. While the sonar dome
vortex pair is relatively stable, the bilge vortex system is unsteady as it interacts with the
evolving hull boundary layer, resulting in new vortical structures, whilst being advected
downstream. Towards the transom stern, the hull boundary layer thickens, and the bilge
vortex system partly detaches from the hull boundary layer and becoming rounder and
weaker, as well as giving birth to multiple vortices. The sonar dome vortex pair is less
affected by the pressure difference caused by the transom stern and is therefore also less
deflected vertically. The bow of the hull is modified well above the waterline to avoid
severe skewness in some cells in the computational grid and thereby increase the quality
in it. This modification only affect the airflow and not the waves and the motion of the
water. The bilge keels are not perfectly aligned with the flow for straight course at this
Fr-number. Therefore, there are small vortical structures generated by the bilge keels.
This also results in a small change in the crossflow underneath the hull as well, not strong
enough however to give any visible alteration of the location of the vortices from the sonar
dome, but it appears to be sufficient to affect the stability of these vortices, see Figure 2b.

The normalized time averaged axial velocity around the bilge keel is shown at four
cross-sections, x/L=0.4, x/L=0.5, x/L=0.6 and x/L=0.7 respectively, in Figure 3. Figure
3c, at x/L=0.6, shows that there is some crossflow outwards over the bilge keel generating
a small vortex at the tip of the keel. This vortex and the boundary layer from the bilge
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(a) (b)

(c) (d)

Figure 3: Contours of the normalized time averaged axial velocity around the bilge keel. (a) at x/L=0.4,
(b) at x/L=0.5, (c) at x/L=0.6 and (d) at x/L=0.7.

keel leave an imprint on the boundary layer of the hull, see Figure 3d, at the end of the
keel at x/L=0.7.

Figure 4 shows the time averaged axial velocity underneath the hull in seven cross-
planes, x/L=0.2, x/L=0.4, x/L=0.6, x/L=0.8, x/L=0.9346 x/L=1.0 and x/L=1.1 respec-
tively, for the experimental data,21 and the computations with and without bilge keels.
There are two experimental figures at the first station, x/L=0.2, Figure 4.1a, where a
small patch at the sonar dome vortex has been measured with higher resolution, show-
ing that the experimental data for the other cross-sections can miss some details that
are resolved in the computations. There are no visible differences between the compu-
tations at the first station, Figures 4.1b and 4.1c, which is expected since this station
is well upstream of the bilge keels. There as a noticeable acceleration of the axial flow
just outside of the keels, more on the inside than on the outside of them, at the second
station, x/L=0.4, Figures 4.2b and 4.2c. This effect is stronger at the third station, at
x/L=0.6, Figures 4.3b and 4.3c, where the boundary layer also is slightly thicker under
the hull inside of the bilge keels, which is a result of the fact that the bilge keels are not
perfectly aligned with the flow for this combination of Fr- and Re-numbers. This results
in a somewhat more “compressed” flow between the bilge keels than in the case without
bilge keels. The flow field will have somewhat different form for different velocities which
makes the alignment of the bilge keels perfectly good only for the velocity that they are
optimized for. The most noticeable feature at stations 4-7 is a small extra “hump” on
the outside of the wake from the sonar dome vortices, Figure 4. The main purpose of the
bilge keels is to reduce roll motions without a noticeable effect on the resistance of the
hull. It is therefore natural that the effect on the wake is very small for a steady velocity
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at a straight course. On the other hand, for a yaw angel or roll motion, there will be a
strong crossflow over the bilge keels resulting in separation and generation of vortices, a
process that will draw energy from the crossflow and thereby damping the roll motion or
increase the resistance for a yaw motion.

The computed flow without bilge keels is generally in very good agreement with the
experimental data at all cross-sections, thus capturing the development of the boundary
layer and the vortices from the sonar dome and the hull.

The normalized turbulent kinetic energy is shown in Figure 5, experimental data is
shown in Figure 5a, the total turbulent kinetic energy from the computations is shown
i Figure 5b and 5c and the unresolved part of the turbulent kinetic energy computed
by the subgrid model is shown in Figure 5d and 5e. The experimental data for the
turbulent kinetic energy are taken from measurements on a smaller model,22 thus the
Re-number in the experiment is 5 · 106 here while it is 12 · 106 in the computations and
in the velocity data presented above. The majority of the subgrid energy is found close
to the hull and in the vortex structures close to the hull close to the centerline. The
subgrid energy is somewhat more concentrated than the experimental data but at the
same levels in this structure. The outer part of the vortical structures under the hull only
have a very small amount of subgrid energy but the flow structures here are sufficiently
resolved to get the correct amount of turbulent kinetic energy in the resolved part of
the flow field, see Figures 5b and 5c. The resolved turbulent kinetic energy have high
values in the vortical structure close to the hull. The energy here is mainly found in
axial velocity fluctuations resulting in a maximum local turbulent energy approximately
three times higher than in the experiments. The are some possible explanations for
this difference between the experiments and the computations, relating to the difference
in Re-number, to measurement accuracy and to numerical and modeling issues. The
difference in Re-number is relatively small and should only give small differences in the
velocity field, including its the fluctuations. The experiments are conducted using Particle
Image Velocimetry (PIV)22 which is a method that gives a very good overview of the flow
field and the dimensions of vortex and turbulent structures but it is not as accurate as
Laser Doppler Velocimetry (LDV) concerning the velocity components. The turbulent
velocity fluctuations are about 5% of the free-stream velocity in the experiments and
about 10% in the computations, which both can be considered as reasonable levels for the
turbulent flow around a ship hull. These small values, relative to the free-stream velocity,
make it challenging tasks both to measure the turbulent kinetic energy accurately and
to compute it. Numerical issues, such as stabilty problems, can give exaggerated levels
of fluctuations, but a careful investigation of the computed flow field does not give any
indications of stability problems. Furthermore, a too high level of turbulent fluctuations
should increase the turbulent difusion of the vortices reducing their strength and the
turbulence here does not appear to have a negative effect on the computation of the
vortex strength and the flow field. Bhushan et al only obtain 25% of the experimental
levels of turbulent fluctuations in their DES computation,9 which results in stronger and
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(1a) (1b) (1c)

(2a) (2b) (2c)

(3a) (3b) (3c)

(4a) (4b) (4c)

(5a) (5b) (5c)

(6a) (6b) (6c)

(7a) (7b) (7c)

Figure 4: Contours of the normalized time averaged axial velocity. Column (a) experimental data, (b)
without bilge keels and (c) with bilge keels. Row (1) at x/L=0.2, (2) at x/L=0.4, (3) at x/L=0.6, (4) at
x/L=0.8, (5) at x/L=0.9346, (6) at x/L=1.0 and (7) at x/L=1.1.
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(a)

(b) (c)

(d) (e)

Figure 5: Contours of the normalized time averaged turbulent kinetic energy, at x/L = 0.9346. Experi-
mental data (a), LES without bilge keels (b), LES with bilge keels (c), the unresolved turbulent kinetic
energy in LES without bilge keels (d), and the unresolved turbulent kinetik energy in LES with bilge
keels (e).

more concentrated vortices than in the experiments.
The wakes from the bilge keels redistribute the turbulent energy in the outer part of the

wake which can be seen by comparing Figures 5b and 5c. There are also small differences
in the shape of the unresolved subgrid turbulent wake between the two configurations, as
can be seen in Figures 5d and 5e.

6 CONCLUDING REMARKS

Computations of the flow around the DTMB5415 surface combatant, with and without
bilge keels, have been conducted and compared to each other and to experimental data
without bilge keels. The computational results without bilge keels are in close agreement
with the experimental data for the velocity components at all cross-sections. However, the
turbulent kinetic energy is exaggerated in the computations, locally around the vortices
from the sonar dome close to the hull at the propeller plane cross-section. The velocity
components appear to be unaffected by this local overprediction.

The computations were carried out for calm sea condition for a steady course straight
ahead as a preparatory step for further computations in other operating conditions. Only
small modifications in the flow, generated by the bilge keels, are expected if the bilge
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keels are aligned with the local flow. The computations confirm that the bilge keels are
almost perfectly aligned with the flow and that the differences between the flow field
with and without bilge keels are small, but detectable. This shows that the grid and the
computational model are sufficiently accurate for us to proceed to the more advanced
computations with a yaw angle and bilge keels.
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