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ABSTRACT 

Requirements for ship operations, both naval and commercial, may result in increased exposure to heavy 
weather and the occurrence of large amplitude motions. In order to enable evaluation of hull form 
designs, or to develop detailed ship specific operator guidance for these critical conditions, potential flow 
sectional, or strip-theory based, approaches remain the most practical method for fast ship motions 
simulations. However, some essential physical effects regarding the bilge keels may not be captured by 
the potential flow sectional formulations. To examine the relative importance of these effects, a series of 
unsteady RANS (URANS) computations were performed for the ONR Tumblehome model experiencing 
large amplitude roll motion at both zero and forward speed conditions, in calm water and in waves. 
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INTRODUCTION 

Since their introduction in the mid-19th century, 
bilge keels remain an important hull form feature 
to increase damping and reduce the severity of roll 
motions experienced by a ship in waves (e.g. 
Froude, 1865; Bryan, 1900; Martin, 1958; Kato, 
1965). This passive means of mitigating roll mo-
tion has become common for ships. Despite their 
importance, bilge keel models, particularly in fast 
numerical simulations using potential flow meth-
ods (cf. Beck & Reed, 2001), are often simplified. 
Because of this, they are not necessarily accurate 
in heavy weather sea conditions, where the bilge 
keels are important for reducing the likelihood of 
large roll motions. 

Potential flow methods for ship motions 
assessment depend on accurate modeling of roll 
damping to determine ship roll motion. However, 
the traditional semi-empirical roll damping models 
(Ikeda, et al., 1978; Himeno, 1981) do not 
explicitly account for the physical phenomena 
which occur during large amplitude ship motions, 

including the reduced effectiveness of the bilge 
keels (Bassler & Reed, 2009; Reed, 2009; Bassler, 
et al., 2010a, 2010b, 2011).  Unless the bilge-keel 
model adequately captures the primary physical 
forces, ship motions may not be predicted accu-
rately enough for design assessments or for the 
development of ship-specific operator guidance. 

In order to obtain more accurate predictions of 
ship roll motion, high-fidelity codes may also be 
used. Improvements have been made in roll damp-
ing predictions using viscous flow codes (Yeung, 
et al., 1998, 2000; Roddier, et al., 2000; Seah, 
2007; Seah & Yeung, 2008) and URANS codes 
(Korpus & Falzarano, 1997; Miller, et al., 2002, 
2008; Wilson, et al., 2006). However, currently, 
their computational requirements prevent their ex-
pansive use for early-stage design assessments, or 
assessments for a large number of conditions. 

The roll motion of a ship is influenced by both 
its shape and appendages. Viscous related 
phenomena, such as flow separation from the 
bilge, skeg and bilge keels with the subsequent 
vortex formation, account for a large portion of 
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roll damping. Bilge keels also generate a lift force 
with forward motion of the ship, which further 
tends to dampen the roll motion. For new ship 
designs, the effectiveness of the bilge keels for 
damping roll motion needs to be determined for a 
large range of roll angles and ship speeds. 

Several important considerations are often 
neglected in the numerical tools that are needed 
for early-stage design evaluation, or to compute 
large numbers of realizations to develop ship-
specific operator guidance. These include reduced 
effectiveness of bilge keels during large amplitude 
roll motion, the effectiveness of bilge keels while 
maneuvering in waves, and considerations for 
energy dissipation through shed vorticity from the 
bilge keels during these conditions. 

Recent advances consider the effects of large 
amplitude motions for numerical ship motion 
performance assessments (e.g. Belknap & Reed, 
2010; Belknap, et al., 2010). These advances have 
focused on the development and expansion of 
models for potential flow simulation tools with 
sectional formulations. However, additional 
effects of bilge keels due to vortex shedding, flow 
convection downstream, waves, and bilge keel 
emergence and submergence during large roll 
motion may be important, but not necessarily 
accounted for in the sectional formulations. 

A series of unsteady Reynolds Averaged 
Navier Stokes (URANS) computations were 
performed for both 2-D and 3-D conditions of 
large amplitude ship roll motion, with and without 
forward speed, and in calm water and in waves. 
Comparisons were made to available experimental 
data for the 2-D calm water conditions at zero-
speed. These results were then compared to the 3-
D conditions to develop improved understanding 
of additional physical effects, including forward 
speed and waves, which should be considered for 
future developments of strip-theory approaches for 
ship motions prediction. 

The purpose of this study was to examine 
high-fidelity numerical bilge keel force results and 
assess the relative importance of the additional 
physical effects which may need to be considered 
in future developments of sectional force 
component models for bilge keels. Some potential 
issues for modeling these effects in bilge keel 
force models are also discussed. 

BILGE KEEL FORCE MODELS 

Existing bilge keel force models are typically 
based on a Morison-equation type formulation, or 
more advanced bilge keel models which consider 
unsteady vortex shedding. Both types of models 
are briefly discussed. However, there is still a need 
to improve these models, with consideration for 
large amplitude roll motions. Currently, bilge-keel 
force models using either the zero-speed 
(Morison-equation based) or forward speed 
formulations do not consider the physical 
phenomena which occur during large amplitude 
roll motions. 

Morison-Equation Based Models 

The Morison equation (Morison, et al., 1950, 
1953) is a robust engineering formulation for 
drag/inertia dominated problems of a body in an 
oscillatory fluid. However, it has limited applica-
tion due to its semi-empirical form and its basis of 
using harmonically oscillating planar motion. The 
semi-empiricism requires precision in selecting 
values for the inertia and drag coefficients. For 
applications in non-harmonically oscillating fluids, 
such as ship motions in irregular waves, 
application of this method may be limited. Mori-
son’s equation appears to be most appropriate for 
conditions where the Keulegan-Carpenter number 
is less than 8, or greater than 25 (Sarpkaya & 
Isaacson, 1981). Keulegan & Carpenter (1958) 
were the first to attempt to improve on the Mori-
son equation, by specifying a remainder value, 
while still neglecting diffraction effects. Addi-
tional modifications have included consideration 
of higher-order harmonics (Sarpkaya, 1981). 

A Morison-equation-type formulation was 
used to study oscillating flow around 2-D and 3-D 
bilge keels, as represented by flat plates (Sarpkaya 
& O’Keefe, 1996). However, wall effects that may 
be significant are not accounted for in typical flat 
plate formulations. Additional studies were carried 
out to examine the hydrodynamic forces on flat 
plates in forced oscillation (Klaka, et al., 2007). 

The unit normal force on the bilge keel can be 
modeled, using a Morison-type equation, as the 
sum of viscous drag and added mass due to roll 
motion. Initial models for the bilge keel force only 
considered the drag induced force on the bilge keel 
for zero speed (Lloyd, 1998; Themelis, 2008). 
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However, even for zero speed conditions, the bilge 
keel force still retains some component due to 
added mass effects, particularly for thick span 
bilge keels. 

A similar bilge keel force model formulation 
to describe the force on the bilge keel during roll 
decays was detailed in Irvine, et al. (2006). This 
formulation was expanded with a suggested 
possible forward speed correction in 
Atsavapranee, et al. (2007) and with 
considerations for multiple degree-of-freedom 
(roll and heave) motions and the effects of wave 
orbital velocities in Grant, et al. (2007). 

Potential flow ship motions codes typically 
use some variation of Ikeda’s bilge keel 
component (Ikeda, et al., 1978), which considers 
the bilge keel force as a combination of the normal 
force component and the hull interaction 
component and neglects wave-making due to the 
bilge keel, which may be significant for large 
amplitude roll motion (Bassler & Reed, 2009). 

Unsteady Lifting Surface Models 

Additional models for potential flow codes have 
been developed using unsteady lifting surface the-
ory, based on a vortex-lattice method. Liut (1999) 
and Liut & Lin (2006) used a vortex-lattice 
method to model arbitrary lifting shapes, such as 
rudders and fins. This is the approach applied in 
the Large Amplitude Motions Program (LAMP), 
and considers the lift force on the bilge keels (Lin 
& Yue, 1990; Lin, et al., 2006). Additionally, if 
the lifting surface stalls, then an eddy-making 
force is computed. This is equivalent to the force 
on a flat plate, with the flow normal to the surface 
of the plate. The typical angle of stall considered 
for the bilge keels is 12 deg. 

Greeley & Petersen (2010) developed a bilge 
keel force model using an unsteady lifting surface 
(ULS) approach and showed favorable compari-
sons to the experimental and RANS results given 
in Miller, et al. (2002) for a 3-D circular cylinder 
with instrumented bilge keels. In order to expand 
the application of this model to low speed condi-
tions, the ULS model was coupled with a 
Morison-equation based approach for very low 
speeds and the bilge keel force is obtained by 
switching between the two models, depending on 
the speed conditions. This formulation is currently 

utilized in the potential flow ship motions code 
TEMPEST (Belknap & Reed, 2010). 

Large Amplitude Roll Models 

For large amplitude ship roll motion, the bilge 
keels may become less effective, due to their 
interaction with the free surface and, for more 
severe motions, due to possible emergence. To 
further investigate the physical phenomena which 
occur during large amplitude roll motion, and to 
improve the modeling of these conditions in strip-
theory based approaches, a series of experiments 
were performed (Bassler, et al., 2010b) for a 2-D 
midship section model (DTMB Model 5699) 
derived from the ONR Topside Series hull forms 
(Bishop, et al., 2005). These experiments used 
instrumented bilge keels to measure the force on 
the bilge keels through the forced roll oscillations, 
including conditions where large amplitude roll 
resulted in bilge keel emergence. 

From the experiments, abrupt changes in the 
geometry of the body relative to the free surface 
were observed, which must be considered to 
accurately determine the properties of the 
dynamical system modeling ship roll motion 
(Bassler, et al., 2010a). Because existing 
theoretical models were developed for small to 
moderate roll motions, the amount of energy 
dissipation for large amplitude roll motion may be 
over-estimated, resulting in under-predicted roll 
motion (Bassler & Reed, 2009; Reed, 2009). 

In order to consider these physical phenomena 
in models for ship roll damping, and increase their 
applicability and robustness, a piecewise formula-
tion for total ship roll damping was proposed 
(Bassler, et al., 2010a, 2011). However, the piece-
wise model represented a simplified approach to 
the consideration of large amplitude effects for 
ship roll motion. For more accurate modelling, 
especially for more advanced potential flow 
numerical tools with discrete force models (e.g. 
Belknap & Reed, 2010), an explicit model for the 
bilge keel force, with the consideration of large 
amplitude roll motion effects may be used. 

URANS SIMULATIONS 

To examine the relative importance of the physical 
effects identified earlier, a series of Unsteady 
Reynolds Averaged Navier Stokes (URANS) 
computations were performed. 
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Solver 

Calculations were performed using the URANS 
solver CFDShip-Iowa, Version 4. CFDShip-Iowa 
is a general-purpose research RANS computa-
tional fluid dynamics code developed at the 
University of Iowa. 

Basic solver numerical modeling details in-
clude 2nd-order upwind convective terms and 2nd-
order central differenced viscous terms.  For time 
discretization a 2nd-order backward difference 
scheme is used.  CFDShip-Iowa uses predic-
tor/corrector algorithms to couple the velocity and 
pressure and to enforce continuity. Turbulence 
modelling uses the blended k-k- model of 
Menter (1994). The solver uses Message Passing 
Interface (MPI)-based domain decomposition for 
parallel processing. Details of the solution algo-
rithm and numerical methods can be found in 
numerous references, including Carrica, et al. 
(2006, 2007a, 2007b). Details on previous 
applications of the code to problems of roll motion 
and bilge keel forces can be found in Miller, et al. 
(2002, 2008). 

Dynamic Overset Grids 

CFDShip-Iowa uses dynamic overset grids to al-
low for the relative motion between blocks of 
meshes.  Overset grids are used in a wide variety 
of applications, including calculations of a static 
hull embedded in a background grid and dynami-
cally moving, fully-appended ships. Additionally, 
overset grids remove the necessity of point-to-
point matching in structured grid systems. This 
capability alleviates some of the difficulties in-
volved in creating structured grids for complex 
configurations, such as hulls appended with shafts 
and struts. The grid assembling tool SUGGAR 
(Structured Unstructured Generalized Grid 
Assembler), Version 2.73 (Noack 2005) was used. 

SUGGAR may be run as a preprocessor for 
static calculations, or concurrently with CFDShip-
Iowa, using calls to subroutines. The software, 
USURP, Version 2.39, (Boger & Dreyer, 2006), 
was used to properly compute area and forces on 
overlapping surface regions.  

For the calculations presented in this paper 
fixed yaw angles (10 deg) and single degree-of-
freedom (1-DoF) roll motion were prescribed, and 
a constant forward speed was imposed using uni-

form inflow into the computational domain.  The 
axis of rotation was along the ship’s center plane, 
through the vertical center of gravity.  The body 
sway, heave, pitch, and yaw modes of motion 
were fixed for the 1-DoF roll calculations.  At 
each time-step, the solver obtained the motion and 
sent the information to SUGGAR to create new 
grid assembling information. CFDShip-Iowa’s 
implicit motion solver was utilized, resulting in 
updated grid motion at every inner-iteration of the 
time-step solution. Typically 3 to 5 inner iterations 
were performed at each time step. At each time 
step, CFDShip-Iowa uses the new value of roll 
displacement to re-orient the ship. SUGGAR was 
then run to update the grid assembly for the new 
orientation. 

Overlapping boundary fitted grids were cre-
ated for the port and starboard sides of the hull and 
the port and starboard bilge keel grids.  A cross-
section of the grid assembly shows the relative 
grid point densities of the hull, refinement, and 
background grids (Fig. 1), and also illustrates the 
use of dynamic overset grids. The moving hull 
grid assembly was embedded in a stationary 
intermediate refinement grid, which was embed-
ded in a larger stationary background grid, repre-
senting a towing tank. The intermediate refine-
ment grid is used to blend the grid sizes of the 
very fine boundary layer grid with the coarser 
background grid. As the hull grid rotates relative 
to the fixed background grids, new grid connec-
tivity information is calculated by SUGGAR. 

Computational Domain 

The computational region is shown in Fig. 2.  The 
surface discretization of the hull appended with 
bilge keels is shown in Fig. 3.  No-slip boundary 
conditions were applied to the hull and append-
ages, far-field boundary conditions were applied to 
the side and bottom walls.  A constant inlet 
velocity, U/Uref  = US, V/Uref = 0 and W/Uref = 0, 
represents the constant forward speed (Fig. 4).  
The velocities are extrapolated at the exit. 

Details of the computational grid size are 
given in Table 1.  The total number of grid points 
used for the URANS simulations was about 4.8 
million.  The skeg was integrated into the hull 
grid.  The domain was decomposed into 45 
smaller blocks for parallel processing.  One addi-
tional processor was used for SUGGAR. 
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Fig.1.  SUGGAR grid assembly for DTMB Model 5613-1 
at two roll positions, with relative grid densities between 
refinement and background grids. 

 

 
Fig.2. Computational region: moving hull, grid, stationary 
refinement, and background grids. 

 

 
Fig.3. Hull and bilge keels surface discretizations, shown 
for DTMB Model 5613-1. 

 
Fig.4. CFDShip-Iowa boundary conditions. 

Obtaining Segmented Forces on the Bilge Keel 

CFDShip-Iowa sums the force/moment 
contributions from all of the wetted wall surface 
elements at each time step.  In order to obtain 
segmented forces on the bilge keel, a post-
processing routine was developed to create 
longitudinal segments distributions, Δx, over the 
hull and appendages.  By decomposing the total 
force on all the wetted surface elements at each 
time step into these longitudinal segments, a 
force/Δx is obtained at each specified x location 
segment (Fig. 5). 

Table 1. DTMB Model 5613-1 grid sizes and 
decomposition. 

Block # pts. # proc. # pts/proc. 

Hull Stb 667,116 6 111,186 

Hull Prt 667,116 6 111,186 

BK Stb 363,750 3 121,250 

BK Prt 363,750 3 121,250 

Refinement 1,519,035 15 101,269 

Background 1,241,240 12 103,436 

Total 4,822,007 45 Avg = 107,155 

 

The development of this post-processing routine3 
enabled changes to be made to the constraints, 
which do not necessarily conform to the surface 

                                                 
3 This routine was developed by Miller at NSWCCD in 
2010. 
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meshes, or the regions of interest on the hull form, 
after the simulations have been performed without 
having to re-run them.  Local regions, such as 
pressures on the bow dome or forces on the 
appendages (bilge keels, rudders, shafts, struts) 
may then be determined. 

 
Fig. 5: Post-processing example of longitudinal segments 
for the hull, with the bow section shown, up to the 
instantaneous waterline 

Hull Form and Simulated Conditions 

Simulations were performed for both a 2-D and 3-
D hull form.  The ONR Topside Series, 
tumblehome topside configuration hull (Bishop, et 
al., 2005) was used (Table 2).  A 32nd scale 
model, DTMB Model 5613-1, had been used for 
previous experiments (Bassler, et al., 2007) and 
simulations (Miller, et al., 2008) of forced roll 
motions.  A 2-D midship section model of this hull 
form (Fig. 6), DTMB Model 5699-1, was also 
constructed at the same scale ratio to carry out 
sectional experiments of large amplitude roll 
motion (Bassler, et al., 2010b) and enable 
comparisons to the 3-D model at the same scale 
ratio.  For simulations of DTMB Model 5613-1, 
20 segments were specified (Fig. 7) to interrogate 
the bilge keel force during the prescribed roll 
motions. 

Simulations were performed for forced 1-DoF 
roll motions, moderate to large amplitude, in calm 
water at zero speed and with forward speed.  
Additionally, simulations were performed in beam 
sea regular waves, with wavelength equal to ship 
length and a steepness of 1/100, for zero speed, 
and for steady drift in calm water at forward speed 
(Table 3). 

 
Fig. 6. Midship section of the ONR Topside Series, 
Tumblehome configuration hull form with bilge keels 
(DTMB Model 5699-1) 

 
Fig. 7 DTMB Model 5613-1 with bilge keel divided into 20 
segments for sectional force analysis 

Table 2. Barehull hydrostatic parameters for DTMB 
Model 5613-1 (Bassler, et al., 2007) 

Displacement 260.14 kg 

Draft 0.172 m 

Lpp 4.8125 m 

Beam 0.5875 m 

KG 0.172 m 

Roll Gyradius/Beam 0.361 

Scale Ratio 32 

EFFECTS TO CONSIDER FOR A SHIP 
MANEUVERING IN WAVES 

Several physical effects were examined which are 
relevant to modeling a ship maneuvering in waves. 
These included 3D, forward speed, waves, 
maneuvering, and large amplitude roll effects. 
Each of these effects were examined individually, 
to assess their relative significant to the forces 
observed on the bilge keel. 

 

Xi Xi+1 

Level Set 
Function: 
=0  

Port Side of 
the Hull 
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Table 3.  Simulated conditions for DTMB Model 5613-1 

Froude 
Number 

Roll 
Frequency 
(rad/s) 

Motion 
Amplitude 
(deg) 

Sea 
Conditions 

0.0, 0.30 2.85 
1-DoF Roll: 
15, 25, 30, 
35 

Calm Water 

0.0 2.85 
1-DoF Roll: 
25, 35 

Beam Waves 
(λ/L = 1.57, 
H/ = 1/100) 

0.3 0 
1-DoF 
Yaw:  10 

Calm Water 

3D Effects 

URANS simulations were performed for the 3D 
ONR Tumblehome hull undergoing 1DoF forced 
roll oscillations at both zero and forward speed 
conditions, in calm water. 

URANS simulations were performed for the 
2-D midship section undergoing 1-DoF forced roll 
oscillations.  Comparisons are shown between the 
2-D URANS and 2-D experiment, as well as the 
midship section of the bilge keel force URANS 
results for the 3-D hull form at zero speed in calm 
water (Fig. 8).  Comparisons were made to the 
experimental results of Bassler, et al. (2010b).  
The distinct physical processes occurring during 
roll motion, as observed from the experimental 
measurements, were given in (Bassler, et al., 
2010b). 

As shown, the bilge keel force results from the 
simulations and the experiments agreed well for 
roll amplitudes of 15 and 25 deg.  However, for 
larger roll angles (30 and 35 deg), where the bilge 
keel interacts with and emerges from the free 
surface, some discrepancies are observed between 
the simulations and the experiments.  The 
comparisons were made between filtered 
experimental results and unfiltered numerical re-
sults.  Due to mechanical noise in the experimental 
results, filtered results for the measured bilge keel 
force are presented (Bassler, et al. 2010b).  For the 
large roll amplitudes, the general shape and peak 
values agree well for the 2-D midship section.  
However, the URANS simulations have more 
noise for the large amplitude cases, likely due to 
the finite difference method used for the 
simulations, where emergence and re-entry of the 
bilge keel results in nonlinearities in the 
instantaneous wetted portion of the bilge keel, 

including water run-off, entrained air collapse, and 
impulse loading from their emerging and 
immerging from the free-surface. 

For roll amplitudes up to 30 deg, at zero 
speed, the differences between the 2-D and 3-D 
midship section cuts of the bilge keel force are 
small.  For the 35 deg case, distinct differences 
occur between the 2-D and 3-D results for the 
portion of the roll cycle where the bilge keel is 
emerging and then re-entering the free surface.  
This is likely due to 3-D effects along the bilge 
keel due to the flow along chord, while the 2-D 
case does not have any longitudinal variation 
along the bilge keel during large amplitude roll 
motions. 

Forward Speed Effects 

URANS results are also presented to examine the 
influence of forward speed (Fn = 0.3 vice Fn = 
0.0) on the midship section bilge keel force (Fig. 
9).  As observed, even for smaller amplitude roll 
motion, the differences in the unit bilge keel force 
are greater due to forward speed effects than due 
to 3-D effects.  Overall, the greatest difference due 
to forward speed occurs during the peak of the roll 
cycle just after the bilge keel is fully submerged.  
For the portion of the roll cycle where the bilge 
keel is near the free surface, the zero and forward 
speed results agree quite well.  This is likely due 
to the shedding of vorticity from the bilge keel at 
the fully submerged position in the roll cycle, and 
the reduction in force on the bilge keel due to the 
vortex when it is convected downstream in the 
forward speed condition.  For the 25 and 30 deg 
roll cases, the difference in the bilge keel force at 
the peak of the roll cycle for zero and forward 
speed becomes larger.  This is due to the 
interaction of the bilge keel with the free surface, 
and again the bilge keel force is less for the 
forward speed condition than for the zero speed 
condition, due to the downstream convection of 
vorticity.  For the 35 deg roll case, the portion of 
the roll cycle corresponding to the emergence of 
the bilge keel agrees well between the  zero  speed  
and forward speed conditions.  For this case, the 
impulse loading on the bilge keel during re-entry 
is significant during at both speeds.  However, the 
influence of “water shipping” (or lingering) on the 
topside of the bilge keel is reduced for the forward 
speed case, compared to the zero speed case. 
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Fig.8.  Bilge keel force comparisons between 2-D (solid 
blue) and 3-D midship section cut (solid black) URANS 
simulations for DTMB Model 5613-1 and 2-D model 
experiments (solid red) at Fn = 0.0, ω = 2.85 rad/s, for  = 
15, 25, 30 and 35 deg roll 

 
Fig. 9.  Bilge keel force comparisons between 3-D URANS 
simulations for zero speed (solid black) and forward speed 
(solid green) for the midship section of DTMB Model 
5613-1 at ω = 2.85 rad/s, for  = 15, 25, 30 and 35 deg roll 

 

15 Deg. Roll 

25 Deg. Roll

30 Deg. Roll
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25 Deg. Roll 
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Results are also presented for both axial vorticity 
and bilge keel force at various longitudinal 
locations along the hull, for both speeds.  As 
shown in Fig. 10, during roll motion the vortices 
shed from the bilge keels and bow dome remain 
clustered near their shed position for zero speed. 

As expected, at forward speed, the vortices are 
convected downstream.  Near the midship section, 
the magnitude of the vorticity is reduced with 
forward speed, compared to zero speed, but also 
the presence of the bow-dome vortices are 
observed (Fig. 11). 

Vorticity and bilge keel forces were examined 
at four specific locations, to determine the 
longitudinal variation for each.  These locations 
included the leading edge (LE) of the bilge keel, 
and forward (x/L = 0.4), midship (x/L = 0.5) and 
aft (x/L = 0.6) positions on the bilge keel (Fig. 12). 

For 25 deg roll at zero speed (Fig. 13), all of the 
positions experience similar forces, and the force 
variation over a roll cycle is fairly small.  
However, for forward speed, the leading edge 
force differs significantly from that at the other 
three positions, especially for the portion of the 
roll cycle where the bilge keel is near to the free 
surface.  The maximum force appears just before 
the maximum upward angular velocity (t/T = 0.5).  
For the maximum downward angular velocity, for 
large angles, free-surface re-entry effects occur 
due to the re-wetting of the leading edge of the 
bilge keel with the combination of the bow wave 
generated by the ship at forward speed. 

This significant variation for the leading edge 
bilge keel section is because of the pressure 
differentials which exist at the leading edge at 
forward speed, corresponding to greater lift 
generated at the leading edge section.  This is even 
further exacerbated for a low aspect ratio airfoil 
(such as a bilge keel).  The variation between the 
forward, midship, and aft sections is also more 
significant than for the zero speed condition.  The 
effect of re-entry after emergence of the bilge keel 
is more pronounced for the forward speed 
condition. 

As seen from the bilge keel forces for 35 deg 
roll (Fig. 14) at zero speed, the forward, midship, 
and aft bilge keel sections do not have significant 
variations.  Again, even for the zero speed 
condition, the leading edge section of the bilge 
keel has a more significant impact load on re-entry 

then for the other sections.  This may be due to the 
pressure differential on the bilge keel at an even 
higher angle of attack of the leading edge, as it 
follows the streamline along the hull.  For the 
forward speed condition, significant variation is 
observed for the bilge keel force between the 
leading edge section and the other three sections.  
Similar to the 25 deg roll case, the bilge keel force 
on the leading edge section is larger for the portion 
of the roll cycle where the bilge keel is near to, 
and emerging from, the free surface.  For the 
forward speed condition, the forward section, 
instead of the leading edge, of the bilge keel 
experienced the most significant impact loading on 
re-entry.  This is due to the bow wave generated 
along the hull at forward speed, which reduced the 
disturbance of the bilge keel force on the leading 
edge section, even for the occurrence of large 
amplitude roll. 

Wave Effects 

URANS simulations were also performed for the 
3-D ONR Tumblehome hull undergoing 1-DoF 
forced roll oscillations, at zero speed,  in beam 
seas regular waves, with H/λ = 1/100 and 
λ/L = 1.0.  The ship was fixed in sinkage and trim 
to enable more direct comparisons with the calm 
water forced roll oscillation conditions.  The 
waves impacted the hull from the port side and the 
variation in the force on the midship section of the 
bilge keel, was examined, as a function of wave 
phase 

Four comparisons, based on the wave phase 
relative to the peak of the roll cycle, are shown for 
both the 25 and 35 deg forced roll oscillation 
conditions.  These included when the wave crest 
(max), wave trough (min), front slope of the wave 
(front) and back slope of the wave (back), 
coincided with the port side bilge keel at the peak 
(maximum) of the forced roll cycle, Figs. 15--18, 
respectively. As shown in the plots, the 
synchronization between the wave and roll 
frequencies occurred at t/T = 0.75, when the port 
side bilge keel is closest to the free surface (the 
maximum of the roll cycle). 

For the maximum condition, where the peak 
of the roll cycle corresponds to the wave crest, the 
force on the bilge keel varies least, since it remains 
submerged the longest.  In this case, due to re-
entry effects, the 35 deg (larger) roll amplitude 
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results in greater force, than the 25 deg (smaller) 
roll amplitude, where the bilge keel remains 
submerged.  

For the minimum condition, where the peak of 
the roll cycle corresponds to the trough of the 
wave, significant force on the bilge keel is 
observed due to impact loading on re-entry.  In 
this condition, the peak force is largest, due to the 
higher relative velocity between the bilge keel and 
the free-surface---the bilge keel has greater 
velocity at re-entry.  However, the peak force for 
the 35 deg case is slightly less because of the 
phase lag (and thus reduced time in the roll cycle) 
before re-entry. 

For the condition with the peak of the roll 
cycle corresponding to the front slope of the wave 
(midway between crest and trough), the 25 deg 
case has a reduced peak force because the bilge 
keel does not experience emergence.  However, 
the 35 deg case shows impact loading due to 
emergence of the bilge keel.  This is reduced 
compared to the back slope of the wave, due to the 
direction of the orbital velocities within the wave 
relative to the motion of the bilge keel. 

For the condition with the peak of the roll 
cycle corresponding to the back slope of the wave 
(midway between trough and crest), both the 25 
deg and 35 deg cases show large peak forces on 
the bilge keel, due to the relative velocity on the 
bilge keel at re-entry. 

 

Maneuvering Effects 

The effects of coupled motions in waves, 
including large roll motions, while also 
maneuvering, are important.  Previous work has 
shown that the vortex shedding and cross-flow 
drag effects on the bilge keels during steady 
turning, even at only small heel angles, is already 
significant (Dai, et al., 2009). 

To examine the significance of cross-flow 
drag forces on the bilge keel, a series of URANS 
simulations were performed for the case of 10 
deg steady drift in calm water at forward speed.  
As seen from the pressure contours observed on 
the hull for windward (+10 deg) and leeward (-10 
deg) drift conditions (Fig. 19), the bow dome 
experiences the largest pressure gradient, while the 
bilge keels also experience large pressure 
gradients at the leading edge of the windward side 

bilge keel (going into the flow).  Meanwhile, the 
leeward side bilge keel is effectively sheltered by 
the hull.  This is manifested in the longitudinal 
force distribution along the port side bilge keel for 
windward and leeward side conditions (Fig. 20).  
When the bilge keel is in the windward condition, 
a large force results on the leading edge, but is 
relatively constant along the remainder of the bilge 
keel, before tapering off at the trailing edge.  
When the bilge keel is on the leeward side, the 
sheltering by the hull results in almost no cross-
flow drag force on the bilge keel. 

 

Large Amplitude Roll Motion Effects 

For large amplitude roll conditions, the bilge keel 
may emerge from the water, resulting in lingering 
forces due to water-shipping effects and severe 
impact loading-type behavior due to re-entry 
during the roll motion.  These abrupt changes may 
create difficulty for time-domain simulation of 
these types of motions in potential flow codes.  
Additional consideration must be given to how 
vorticity calculations will be re-started, how the 
bilge keel will be de/re-wetted upon emergence 
and re-entry, how hysteresis effects due to “water 
shipping” will be considered. 

In previous studies of possible models for the 
transition behavior of the bilge keel during 
emergence and re-entry by the authors, analytical 
formulations using methods such as a step-
function, Gompertz function, or generalized 
logistic function (Richard’s curve) were 
considered.  However, the semi-empirical nature 
of specifying coefficients for these models led 
them to be less than ideal for practical 
implementation in a robust potential flow 
simulation tool. Potential Flow Simulations 

From the decomposition of the physical 
effects for consideration in modeling the bilge keel 
forces during ship maneuvering in waves, several 
aspects were examined.  These included 3-D, 
forward speed, wave, maneuvering (cross-flow 
drag due to steady drift), and large-amplitude roll 
motion effects.  From the URANS simulations, the 
relative importance (greatest to least) of these 
physical effects was assessed and is summarized 
as follows: forward speed, large amplitude roll, 
wave effects, maneuvering, 3-D effects/longitudal 
variation along the bilge keel. 
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Fig. 10.  Axial vorticity for DTMB Model 5613-1 at various longitudinal locations, for zero speed (left) and forward 
speed (right) conditions,  = 25 deg, ω = 2.85 rad/s 

 

 
Fig. 11 Axial vorticity along the bilge keels of DTMB Model 5613-1, for zero speed (left) and forward speed (right) 
conditions,  = 25 deg, ω = 2.85 rad/s 

 
Forward speed convects vorticity 

downstream, but zero (or low) speed allows the 
vorticity to linger near the bilge keels, which may 
be difficult for potential flow simulations to 
capture, due to interaction effects.  Other forward 
speed issues such as the influence of vortex 
shedding from the sonar dome on the bilge keels 
must also be considered.  Bilge keel vortices will 
convect downstream, possibly into the shafts, 
skeg, and finally propulsion and rudder sections fo 
the hull, depending on the present ship orientation 
(roll, drift angle, rates, etc).  An example of this 
for the bare hull with bilge keels, at Fn = 0.3, is 
given in Fig. 10.  Accurate prediction of the 
vortices created by the bilge keels and the 

prediction of their interactions with other sections 
of the ship geometry are important 

Relative Importance and Implications for 
Potential Flow Simulations 

Large amplitude roll motion may result in the 
biggest reduction in bilge keel performance while 
the ship is maneuvering in waves.  Jumps in 
forces caused by bilge keel interaction with the 
free surface may also cause computational 
difficulties due to discontinuities across time-steps 
in potential flow simulations. 

Wave effects were examined and wave phase was 
shown to have a significant effect on the bilge 

Fn = 0.0 Fn = 0.30 

Fn = 0.0 Fn = 0.30 
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keel force, particularly when coupled with large 
amplitude roll motion, where the bilge keel may 
interact with the free surface during emergence 
and re-entry.  Because of the variation in relative 
velocity between the bilge keel and the free 
surface, the peak loading on the bilge keel varies 
significantly with the phase of the motion relative 
to that of the wave. 

 
Fig.12  Locations of bilge keel force sectional analysis: 
leading edge (LE), forward section (at x/L = 0.4), midship 
section (at x/L = 0.5), and aft section (x/L = 0.6)  

 
Fig.13.  Unit bilge keel force for DTMB Model 5613-1, at 
leading edge (black), forward (red), midship (green), and 
aft (blue) locations, for zero speed (top) and forward 
speed (bottom) conditions,  = 25 deg, ω = 2.85 rad/s 

 

 

 
Fig. 14.  Unit bilge keel force for DTMB Model 5613-1, at 
leading edge (black), forward (red), midship (green), and 
aft (blue) locations, for zero speed (top) and forward 
speed (bottom) conditions,  = 35 deg, ω = 2.85 rad/s 

 

 

 
Fig. 15.  Force on the midship section of the port side 
bilge keel for 25 (solid) and 35 (dotted) deg roll.  Wave 
phase with crest corresponding to peak of the roll cycle 
(at t/T = 3/4). 

Fn = 0.0

Fn = 0.30

Fn = 0.0
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Fig.16. Force on the midship section of the port side bilge 
keel for 25 (solid) and 35 (dotted) deg roll.  Wave phase 
with trough corresponding to peak of the roll cycle (at t/T 
= 3/4). 

 

Fig. 17.  Force on the midship section of the port side 
bilge keel for 25 (solid) and 35 (dotted) deg roll.  Wave 
phase with front slope corresponding to peak of the roll 
cycle (at t/T = 3/4). 

 
Fig.18.  Force on the midship section of the port side bilge 
keel for 25 (solid) and 35 (dotted) deg roll.  Wave phase 
with back slope corresponding to peak of the roll cycle (at 
t/T = 3/4). 

 
Fig. 19.  Pressure contours on the submerged portion of 
ONRTH, for drift from the windward side (+10 deg), 
looking aft from the bow. 

 
Fig. 20.  Longitudinal distribution of force along the port 
side bilge keel for drift from the windward and leeward 
sides (10 deg) 

Relative Importance and Implications for 
Potential Flow Simulations 

Large amplitude roll motion may result in the 
biggest reduction in bilge keel performance while 
the ship is maneuvering in waves.  Jumps in 
forces caused by bilge keel interaction with the 
free surface may also cause computational 
difficulties due to discontinuities across time-steps 
in potential flow simulations. 

Wave effects were examined and wave phase 
was shown to have a significant effect on the bilge 
keel force, particularly when coupled with large 
amplitude roll motion, where the bilge keel may 
interact with the free surface during emergence 
and re-entry.  Because of the variation in relative 
velocity between the bilge keel and the free 
surface, the peak loading on the bilge keel varies 
significantly with the phase of the motion relative 
to that of the wave. 

Maneuvering imparts a significant force on the 
leading edge of the windward side bilge keel, and 

Fn = 0.3 

Fn = 0.0

Fn = 0.0

Fn = 0.0
Fn = 0.3
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is important for consideration due to the impact of 
the inflow conditions on the bilge keel for 
computation of the vortex shedding in ULS 
methods for the bilge keel force. 

From the cases examined, the 3-D effects on 
the bilge keel, aside from the leading edge, did not 
appear to be significant.  Sectional formulations 
can be used for the bilge keel force, but care must 
be taken to account for forward speed, large 
amplitude roll, and maneuvering effects as they 
impact the forces on the leading edge of the bilge 
keel. 

Morison-equation based approaches do not 
consider these 3-D effects, aside from the 
possibility of altering the coefficients at each 
time-step based on some pre-determined 
specification related to forward speed, location 
along the bilge keel, angle of attack to the local 
flow, etc .  A blended approach (coupling Morison 
equation to a ULS method for forward speed), as 
proposed by Greeley & Petersen (2010), may help 
to address this issue.  However, a blended ap-
proach will likely still have difficulties with re-
wetting the sectional bilge keel geometries for 
large amplitude roll motions and re-starting the 
vorticity calculation after bilge keel re-entry has 
occurred.  Particularly at low speed, where the 
trade-off between the ULS model and the Mori-
son-equation based model occurs, and where 
vorticity is not being convected downstream as 
quickly.  Under these conditions, the determina-
tion of the bilge keel force in a potential flow 
simulation will be difficult. 

CONCLUSIONS 

The purpose of this study was to assess effects 
which may need to be considered in future 
developments of force-component models for 
bilge keels.  The comparisons performed for this 
study enabled the examination of effects due to 
vortex shedding, flow convection downstream, 
waves, maneuvering and bilge keel emergence 
and immergence during large roll motion.  This 
investigation led to improved understanding of the 
effects which should be considered for sectional, 
or strip-theory based, approaches for ship motion 
predictions. 

For the single hull form, bilge keel configuration, 
wave condition, and drift condition that were 

examined, for two speeds, the following observa-
tions were made: 

 2-D results from URANS and experiments 
generally agreed, even for large amplitude roll 
motion, although differences were likely due to 
the limitations of finite difference methods 
used in the URANS simulations 

 3-D effects were more significant for zero 
speed conditions, but were also apparent for the 
forward speed condition, where vorticity is 
convected downstream 

 The effects of vorticity on the bilge keel force 
were reduced with forward speed; however, at 
forward speed an additional component from 
the bow dome was present and may have some 
influence on the bilge keel force for lower fre-
quency oscillations 

 At zero speed, there is not much longitudinal 
variation in the bilge keel force, except for the 
re-entry of the leading edge section for large 
amplitude roll 

 At forward speed, lift and free surface effects 
(near to and emerging from) are greatest for the 
leading edge section 

 At forward speed, the bow wave influences the 
location and magnitude of the impact loading 
on the bilge keel 

 The presence of waves influences the force on 
the bilge keel, and depends on the phase of the 
wave relative to the roll cycle; while the bilge 
keel is deeply submerged, the influence of the 
waves is least. 

 For large amplitude roll conditions in waves, 
when the bilge keel emerges from the free sur-
face, the magnitude of the impact loading on 
the bilge keel during re-entry is reduced. 

 The effect of different wave phases on the bilge 
keel force, such as bilge keel re-entry in a wave 
trough, which may lead to an increase in the 
bilge keel force compared to calm water and 
compared to other wave phases. 

 In calm water, the effect of steady drift on the 
bilge keel forces was examined.  The more 
complex conditions of unsteady turns in waves, 
while experiencing large amplitude coupled 
motions should be considered for future study. 

Interactions of the vortices shed from the bilge 
keels may be significant, particularly for stability 
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failure conditions.  For these conditions, steep 
waves may result in large amplitude roll motions, 
while the ship is typically moving at slower 
speeds, or is in a dead ship condition, and the 
vortices will have a lingering presence.  At zero or 
slow speeds, the influence of the vorticity may be 
more difficult to consider in sectional or strip-
theory based approaches for ship motion 
predictions.  Additionally, for more advanced 
bilge keel designs, including tip geometry 
variations, consideration must be given to the 
effects of bilge keel geometry on damping. 

Future development of bilge-keel force-
component models for potential flow ship motion 
simulations should consider forward speed effects. 

Additional comparisons between the URANS 
results obtained in this study and the 
computationally efficient bilge keel force model 
proposed by Greeley & Petersen (2010) are 
planned. 

The development of more physically robust 
bilge keel force models may enable more 
unconventional bilge keel designs to be evaluated.  
This will allow future numerical tools to evaluate 
ship designs with variations in bilge keel geome-
tries to improve roll damping performance in sea 
conditions, including heavy weather. 
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