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ABSTRACT 
 

An experiment was performed to examine and 
characterize physical phenomena which occur during the 
process of large amplitude ship roll motions. These 
phenomena result in distinctly different behavior compared 
to the small amplitude roll motion regime. Because these 
processes are highly nonlinear, it is important to consider 
them when modeling ship motions in heavy seas. An 
understanding of the relevant physics for large amplitude 
ship roll motions and the characterization of the 
phenomena from this investigation are intended to provide 
additional understanding of the processes which should be 
modeled, to enable more accurate predictions of ship roll 
motion. The results from this experiment provide useful 
insight in the physical phenomena which occur during large 
amplitude roll motion and will help with the formulation of 
a new model for large amplitude ship roll motion, including 
ship roll damping and forces on the bilge keel. 
 
NOTATION 
 
DTMB David Taylor Model Basin 
NSWCCD Naval Surface Warfare Center, Carderock 

Division 
PIV  Particle Image Velocimetry 
3DoF Three degree-of-freedom 
Fn  Froude Number 
  Roll Amplitude (deg), + for clockwise motion 
  Roll Frequency (rad/s) 
GM  Metacentric Height (m) 
KG  Vertical Center of Gravity (m) 
k 44  Roll Radius of Gyration (m) 
LWL  Waterline Length (m) 
B  Beam (m) 
T  Draft (m) 
bBK  Bilge Keel Span (m) 
Δ  Displacement mass (kg, freshwater) 
FBK  Unit normal force on the bilge keel (N/m), + in 

the opposite direction of motion  
 
 

INTRODUCTION 
 

Existing theoretical models for roll motion consider 
the physical processes of roll motion damping through the 
use of various means of energy dissipation. These include 
friction, lift, wave-making, and vortex generation from the 
hull, as well as the influence of deeply submerged bilge 
keels, including vortex generation (Ikeda, et al., 1978; 
Himeno, 1981). For actual ship roll motion at slower 
speeds, bilge keels account for the largest component of 
this energy dissipation, and are effective for small and 
moderate roll motion. For large amplitude ship roll motion, 
the bilge keels become less effective, due to their reduced 
added mass as they interact with the free surface and 
possible emergence. Because existing theoretical models 
were developed for small to moderate roll motions, the 
amount of energy dissipation for large amplitude roll 
motion is over estimated, resulting in under prediction of 
the roll motion.   

Although ship roll damping is influenced by the hull 
shape, the primary mechanism of roll damping is the bilge 
keels. Since the late-1800s, ships have used bilge keels to 
mitigate roll motions due to waves. The use of bilge keels 
to minimize ship roll motion was first suggested by Froude 
(1865). One of the primary motivations for the original use 
of bilge keels was to minimize resonant roll motion in 
beam seas (Davidson, 1945). 

Conventional bilge keels were intended to be used to 
mitigate and dampen small to moderate roll motions. As 
ships, both naval and commercial, have increasingly 
expanded their operations into more severe environments, 
conventional bilge keels become less effective. 
Additionally, theoretical models to determine ship roll 
damping assume relatively small bilge keel sizes and small 
to moderate motions, where the bilge keels are deeply 
submerged (Bassler & Reed, 2009). Without considerations 
for the physical phenomena for large amplitude roll 
motion, where the bilge keels interact with the free-surface, 
and emergence may occur, damping may be over-
predicted, resulting in a subsequent under-prediction of roll 
motion (Bassler, et al., 2010).  
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BACKGROUND 
 
Previous Experiments 

In order to obtain ship-specific damping information, 
roll decay or forced roll oscillation experiments should be 
performed. Experiments have been performed for naval 
vessels at the United States Experimental Model Basin 
(McEntee, 1920; 1931); for cylindrical ship sections 
(Vugts, 1968; Gersten, 1969; Yeung, et al., 2000; Miller, et 
al., 2002); for a cargo ship, Series 60 hull forms with 
varied CB, and a tanker (Ikeda, et al. 1978; Himeno, 1981); 
for modern naval hull forms (Bishop, et al., 2005; Hayden, 
et al., 2006; Bassler, et al., 2007); and for ships with 
instrumented appendages, including bilge keels and rudders 
(Irvine, et al., 2006; Atsavapranee, et al., 2007; Grant, et 
al., 2007; Etebari, et al.,  2008). 
 
Motivation and Objectives 
 Previous experiments have not examined in detail, 
systematically, or with instrumented appendages, the 
distinct physical phenomena which occur for large 
amplitude roll motions. The objective of this experiment 
was to make observations and quantitatively characterize 
changes in the system conditions and behavior for a ship 
hull section experiencing large amplitude roll motion. The 
observations and data from this experiment may be used to 
develop a better understanding of the physical differences 
between small or moderate motions and large amplitude 
motions, and include some considerations of these 
phenomena in the development of a ship roll damping 
model to predict ship behavior in heavy weather.  

 
EXPERIMENTAL SET-UP 
 
 Aspects of the experimental set-up, including the 
model, instrumentation and uncertainty, and the three 
degree-of-freedom motion mechanism are discussed. 
 
DTMB Model #5699 

A two-dimensional model (DTMB Model #5699) was 
designed and constructed for the experiment to represent 
the midship section of the ONR Topside Series hull forms, 
which were designed in the Seakeeping Division at 
NSWCCD (Bishop, et al., 2005). These hull forms 
represent a modern naval combatant ship design, featuring 
a common below waterline geometry, with varied topside 
shapes, including flared, tumblehome, and wall-sided 
configurations. The 2D model is an extruded geosym of the 
midship section of DTMB Model #5613, a 32nd-scale 
model used for previous experiments (Bishop, et al., 2005; 
Bassler, et al., 2007), and was chosen to enable future 
comparisons for the consideration of 3D effects. 

The 2D model features both flared (5699) and 
tumblehome (5699-1) configurations (Figure 1). The use of 
a sectional model enabled isolated characterization of 
significant events during the large amplitude roll motion, 
without additional consideration of the effects of forward 
speed and 3D hull, and to provide validation data for 

sectional-based ship motion prediction methods.  
Principal particulars for the model are given in Table 

1. The loading condition was chosen corresponding to 
GM= 0.75m, full-scale. This is a condition where the 
limiting GM criteria (Sarchin & Goldberg, 1962) was 
satisfied for the flared topside (limiting GM=0.19 m full-
scale), but not for the tumblehome topside configuration 
(limiting GM=2.01 m full-scale). 

 

 
Figure 1: Midship section of the ONR Topside Series, 

tumblehome configuration (left) and flared configuration 
(right) with 1.25m bilge keels 

 
The model was constructed of wood and fiberglass 

and included a removable plexiglass deck cover to maintain 
the watertight integrity of the model at large roll angles, 
when the deck was partially submerged. Removable 
aluminum endplates, 10.16 cm larger than the outline of the 
model, were used to maintain the 2D nature of the 
experiment. Removable bilge keels, made of Renwood and 
with aluminum instrumented sections, were also 
constructed, corresponding to the full-scale 1.25m span 
from the ONR Topside Series (Figure 2). 

 

 
Figure 2: DTMB Model #5699-1in the NSWCCD 140 ft 
basin (top) and the section with instrumented bilge keels, 

with the strain gages seen protruding through the hull 
(bottom) 



Table 1: DTMB Model #5699 Principal Particulars 
 

Effective scale ratio, λ  32 
Length, LWL   2.743 m 
Calm-waterplane area, AWP  1.588 m2 
Beam, B   0.5875 m 
Draft, T   0.172 m 
KG    0.172 m 
GM    0.132 m 
k44 /B (with bilge keel)  0.361 (0.366) 
Bilge keel span, bBK   0.039 m 
Displacement (freshwater), Δ  232.24 kg 
 

Instrumentation and Uncertainty 
Forces and moments were measured on both the hull 

and bilge keels. Six degree-of-freedom forces and moments 
on the hull were obtained using a Kistler dynamometer, 
comprised of four piezoelectric force sensors. The 
dynamometer was placed at midships of the model, at the 
center-of-gravity, at the waterline. The sampling data rate 
was 10 Hz and the uncertainty of the force dynamometer is 
about 1% of the measurement. 

Single degree-of-freedom strain gage sensors were 
embedded into the bilge keels and used to obtain normal 
force and moment measurements for the instrumented 
section of the bilge keels (Figure 2). The sampling data rate 
was 50 Hz and the uncertainty of the strain gages is about 
1% of the measurement. The instrumented portion of the 
bilge keel was 0.41m long, in the middle of the model. 

Motions, including roll and roll rate, were obtained 
using a Goodrich vertical gyroscope and a BEI solid-state 
GyroChip II rate gyroscope, respectively. The miniature 
dual axis electro-mechanical spinning mass vertical gyro 
measurements have an accuracy of 0.25 degrees. The rate 
gyro uses a vibrating quartz tuning fork sensing element in 
conjunction with a piezoelectric material to produce a 
voltage proportional to a rate of rotation. The measurement 
resolution is 0.004 deg/s. The displacement and rate gyros 
were placed at the waterline of model, on the port and 
starboard side of the longitudinal axis of rotation, 
respectively. 

Free surface elevation measurements of the radiated 
waves generated from the oscillating hull form were 
measured using an array of three non-contact ultrasonic 
sensors (Senix Corporation model ULTRA-SR-BP). The 
ultrasonic sensor transmits an ultrasonic wave and 
measures the time of reflection from the target to measure 
the distance. The data was collected at 25 Hz. The 
ultrasonic probes were located at perpendicular distances of 
0.61 m, 0.76 m, 0.91 m from model centerline (Figure 4). 

Particle Image Velocimetry (PIV) was used to obtain 
velocity field measurements around the hull. PIV is an 
optical, non-intrusive, flow-field measurement that 
provides in-plane velocity measurements of a planar cross-
section of a flow. The PIV data acquisition system was 
built by Boulder Imaging, Inc. VisionNow software 
captured and stored the images at the full camera rate onto 
a real time disk array. A MegaPlus ES 4.0/E camera was 

used to capture the PIV images. The camera has a spatial 
resolution of 2048 pixels x 2048 pixels and was operated in 
dual exposure mode at a frame rate of 10 fps. Two custom 
built Cynosure flashlamp-pumped dye lasers operating at 
585 and 595 nm were used to create a laser sheet, 
nominally 8 mm thick, to illuminate the flow-field. The 
laser beam was coupled into 600 micron optical fibers, 30 
m in length.  When operating at full power, a 700 mJ/pulse 
is recorded at the output end of each fiber. 

 
3DoF Mechanism 

A three degree-of-freedom (3DoF) motion 
mechanism was designed and constructed at NSWCCD to 
enable forced oscillation of the model for large roll angles 
up to 50 degrees. The mechanism can actuate the model in 
sway, heave, and roll/pitch, either separately or in 
combination, to achieve large amplitude motions (Grant, et 
al., 2010). Figure 3 shows the model attached to the 3DoF 
mechanism in its configuration for the experiment. 

 

 
 

Figure 3: DTMB Model #5699-1 attached to the 3DoF 
motion mechanism (top) and undergoing large amplitude 

forced roll oscillation (bottom). 
 
Experimental Set-Up 

The experiment was conducted in the 140 ft basin at 
NSWCCD. The basin is 42.67 m in length and 3.05 m 
wide. The model was configured in the middle of the basin 



and oriented transversely across the basin to enable 2D 
measurements (Figure 4).  

The model was rolled about the centerline, at the 
center of gravity, which in this ballast configuration 
matched the calm water draft. Laser probes were 
submerged and oriented to form a plane near amidships. A 
60.96 x 60.96 cm PIV measurement plane, oriented east-
west and vertical, was located 2.17 m north of the south 
wall of the basin and aligned with the ultrasonic wave 
sensors, allowing a vertical two dimensional cut of the hull 
(Figure 5).  

 
Figure 4: Illustration of the experimental set-up in the 

NSWCCD 140 ft basin. 
 

 
Figure 5: PIV set-up in the NSWCCD 140 ft basin, 

with camera (right) and calibration target with laser probes 
(left) shown. 

 
The bottom of the measurement plane was 0.854 m 

above the basin floor. The water level during testing was 
held constant at 1.37 m. This allowed for approximately 
7.62 cm of the measurement plane to be above the free 
surface to capture the effects of the bilge keel as it transited 
the free surface at the larger roll angles. In addition, the 
model centerline was offset from the centerline of the 
measurement plane by 15.24 cm to maximize the flow-field 
that could be captured in the 60.96 x 60.96 cm field-of-

view. 
Two waterproofed submerged laser probes were used 

to illuminate the measurement plane. The lasers were 
located outside the basin and the laser beams were 
channeled into fiber optic cables that were connected to the 
submerged laser probes. Each laser probe is comprised of a 
20.32 cm long cylindrical housing which contains a series 
of optical lens designed to spread the beam into a light 
sheet. A probe was placed on each side of the model and 
mounted to a structure made of 80/20 aluminum extrusions 
that was weighted to the basin floor. Each laser probe was 
positioned 127 cm from the measurement plane and at a 45 
degree look up angle to ensure the entire measurement 
plane was illuminated. 

The PIV measurement plane was seeded with small 
silver coated particles, nominally neutrally buoyant and 50 
μm in diameter, using a custom designed seeding 
mechanism. The mechanism consisted of two 1.5 m long, 
50.8 mm diameter PVC pipes closed at one end and 
assembled to create an “L” shape, with the other end 
connected by a hose to a pump in a particle mixing tank. A 
series of perforations were drilled vertically in the lower 
(horizontal) pipe. The flow-field was seeded as necessary, 
typically every 4-5 runs. When done seeding the flow-field, 
the seeding mechanism was removed from the basin. 
 
Test Conditions 
 A series of sinusoidal forced oscillation experiments 
were conducted with combinations of roll amplitudes and 
frequencies (Table 2). The frequency conditions are given 
at model scale. The 2.17 and 3.81 rad/s correspond to the 
same experimental conditions tested with the 32nd-scale 
ONR Tumblehome (DTMB Model #5613-1), with the 
same bilge keel size (Bassler, et al., 2007). For this 
particular hull geometry, bilge keel emergence occurred 
just before 30 degree roll, and deck submergence occurred 
just before 40 degrees for the flared topside configuration. 
Deck submergence for the tumblehome topside 
configuration occurred at 50 degrees, which was outside of 
the test conditions for this experiment. 
 

Table 2: Test Conditions 
 
Fn    0.0 
Roll amplitude,  (deg)  5, 15, 25, 30, 35, 40, 45 
Roll frequency,  (rad/s)  2.17, 2.5, 2.85, 3.81 
Bilge keel configuration  with and without 
  
RESULTS 
 
 Results for the experiment are presented. 
Characterization of the physical phenomena that were 
observed is discussed, as well as considerations for high-
frequency noise in the measurements and the repeatability 
of the steady-state conditions. Sample plots from the 
measurements are also presented.  
 
 



Characterization of the Physical Phenomena 
From the experiment, several distinct phenomena, 

occurring at large roll motion, were observed (Figure 6). 
These include distinct physical processes related to the 
bilge keel interaction with the free surface, vortex shedding 
and deck submergence. 

The interaction of the bilge keel with the free surface 
can be separated into three distinct phases: emergence, re-
entry, and fully submerged. For large roll angles, the bilge 
keel emerges from the free-surface. During this process, 
corresponding “water shipping” on the topside of the bilge 
keel occurs. The time duration that the water remains on 
the topside of the bilge keel depends on both the roll 
amplitude (i.e. how far the bilge keel comes out of the 
water) and the roll frequency (i.e. how long the bilge keel 
is out of the water). Just after the peak of the roll cycle is 
reached, the water runs off of the bilge keel, reducing the 
load on the topside. However, this process is very short in 
duration before the bilge keel interacts with the free-surface 
again and experiences impulse loading, or “slap,” during 
bilge keel re-entry.  

The bilge keel re-entry with the free-surface results in 
asymmetric loading on the bilge keel. The impulse load 
caused by re-entry is short in duration and proportional to 
the roll amplitude and frequency. The re-entry process is 
also accompanied by air entrainment on the underside of 
the bilge keel. After the bilge keel is re-submerged, air 
bubbles are trapped. These quickly disperse as the pressure 

from the water increases, when the bilge keel travels to the 
opposite roll amplitude in the roll cycle, where the bilge 
keel is deeply submerged. This whole process of air 
entrainment lasts just several tenths of a second, but is 
observed with the PIV camera and the bilge keel force 
measurement. However, with the filtered data, as shown in 
Figure 12, this short duration (high-frequency) phenomena 
is not observed, but is confirmed with the correlation of the 
camera observations and the unfiltered data. 

Once the bilge keel is submerged, vortex shedding 
from the tip begins to occur. This vortex grows in 
magnitude until the point of maximum velocity during the 
roll cycle and then becomes detached from the bilge keel 
tip. After the bilge keel reaches the maximum roll 
amplitude during the cycle, while fully submerged, the 
vortex generation occurs again as the bilge keel transits 
back towards the free-surface. However, for large 
amplitude roll motion, at the peak in the roll cycle when 
fully-submerged, the bilge keel interacts with the 
previously shed vortex. At the same time, a new vortex is 
forming before the point of maximum velocity. This results 
in increased loading on the bilge keel for a short duration. 
The duration of this interaction depends on both the roll 
amplitude and roll frequency. For large amplitude roll, after 
the point of maximum velocity, the vortex shed from the 
bilge keel travels to the free-surface and is compressed into 
a jet moving away from the hull. 

 

 
Figure 6: Filtered roll motion measurements and bilge keel force measurements for the DTMB Model #5699-1, at various 

roll amplitudes, =15 (purple), 25 (black), 30 (red), 35 (green) and 40 (blue) deg, ω= 2.5 rad/s, with distinct physical 
phenomena identified at various stages in the roll cycle.  
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For the flared topside configuration, deck 
submergence was observed. Despite the sharp corner 
formed from the deck edge, no significant vortex shedding 
was observed. This may be due to the duration of deck 
submergence, since the roll amplitude was not large 
enough for the deck edge to experience significant 
submergence. The maximum roll amplitude tested, due to 
the design of the mechanism, was 45 degrees, so deck edge 
submergence for the tumblehome topside configuration, 
which occurs near 50 degrees, was not observed. 

Wave-making from both the hull and bilge keel was 
also observed. For the small to moderate amplitude roll 
conditions (5 and 15 degrees), the bilge keel was 
submerged enough to have to appreciable effect on the 
free-surface. However for the larger amplitude roll 
conditions (25, 30, 35, 40, and 45 degrees), waves were 
produced from the interaction of the bilge keel and the free-
surface. As expected, the two topside shapes had very 
different results in terms of wave-making effects. The 
flared topside pushed water away from the hull through the 
roll cycle, generating more regular waves. However, the 
tumblehome topside “caught” water and also had a 
pronounced effect of the chine transition at the waterline 
between the hull and the topside, which was not present for 
the flared topside configuration. The waves generated by 
the tumblehome topside were much more irregular in 
shape, due to this effect from the geometry. 
 For large amplitude roll motion, the center of pressure 
on the bilge keel was also observed to vary. For small to 
moderate roll motion, the variation formed an “X” pattern, 
as the center of pressure changed during the roll cycle 
(Figure 7). For large amplitude roll motion, the “X” type 
structure of the variation of the center of pressure was 
degraded and the asymmetry due to the emergence of the 
bile keel is observed (Figure 8). As the bilge keel emerges, 
the center of pressure makes a sharp jump towards the root 
of the bilge keel, but is distorted by the continued presence 
of water on the topside of the bilge keel, as discussed 
previously. Once the excess water is shed, the center of 
pressure disappears. This is due to the absence of force on 
the bilge keel. Then after re-entry, and the renewal of force 
on the bilge keel, the center of pressure continues along the 
bottom portion of the “X” pattern as it become fully 
submerged. 
 
 Mechanical Noise 

With the experimental set-up, some additional noise 
was observed in the recorded measurements. After further 
frequency analysis, the noise was determined to occur at a 
high-frequency (Figure 9), most likely resulting from 
mechanical noise from the 3DoF mechanism and/or the 
gearbox used to actuate roll motion. A digital filter was 
applied and the reconstructed signal was used for further 
analysis of the measurements. Sample reconstructed signals 
for the roll moment and bilge keel force are shown (Figures 
10 and 11). 
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Figure 7: Variation in the center of pressure on the 

starboard bilge keel for Fn=0.0, =15 deg, =2.85 rad/s, as 
measured for DTMB Model #5699-1.  
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Figure 8: Variation in the center of pressure on the 

starboard bilge keel for Fn=0.0, =40 deg, =2.85 rad/s, as 
measured for DTMB Model #5699-1. 
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Figure 9: Decomposition using an FFT of the roll moment 
signal measurement for the DTMB Model #5699-1, =15 

deg, ω= 2.5 rad/s 



 
Figure 10: Roll moment measurement, unfiltered (red) and 
reconstructed after digital filtering at 10 rad/s (black), for 

the DTMB Model #5699-1, =15 deg, ω= 2.5 rad/s 

 
Figure 11: Unit bilge keel force measurement, unfiltered 
(red) and reconstructed after digital filtering at 10 rad/s 

(black), for the DTMB Model #5699-1, =15 deg,  
ω= 2.5 rad/s. 

 
Repeatability 
 The repeatability of the experimental results was 
examined using phase plots of the steady-state forced roll 
oscillation conditions. The experiment had a high level of 
repeatability for the steady-state forced oscillation 
experiments. A sample phase plot for a roll amplitude 
condition where the bilge keel is still deeply submerged is 
shown for twelve forced roll oscillation cycles (Figure 12). 
Additional phase plots are shown in the Appendix for the 
25 deg and 35 deg roll amplitude conditions as well.  
 

 
Figure 12: Phase plot of roll rate vs. roll measurements, 

filtered, for the DTMB Model #5699-1, =15 deg, ω= 2.5 
rad/s. 

 
Additional Sample Plots 

Some additional sample plots of synchronized 
measurement time-histories (Figures 13 and 14) and a 
series of PIV plots for moderate and large amplitude roll 
conditions (Appendix: Figures 15-18), including the bilge 
keel force vector from the measurements, are shown. Phase 

plots for 15, 25, and 35 degree roll amplitude conditions 
are shown for the roll velocity vs. roll (Appendix: Figures 
19a-c), roll moment vs. roll (Appendix: Figures 20a-c), and 
unit normal bilge keel force vs. roll (Appendix: Figures 
21a-c).  
In the phase plot of the unit normal bilge keel force vs. roll, 
a nearly symmetric circular shape is observed for the 
smaller amplitude conditions (5 and 15 deg). The slight 
asymmetry of the bilge keel force is due to the vortex 
generation from the bilge keel.  However, as the bilge keel 
is closer to the free surface (e.g. 25 deg), the phase plot 
becomes compressed, as the influence of the force on the 
bilge keel near the free-surface becomes more prominent. 
For the larger amplitude conditions (35, 40, and 45 deg), in 
addition to the influence of the free surface, the effects of 
water “shipping” during bilge keel emergence and impact 
loading during bilge keel re-entry can be seen in the force 
measurement (at negative roll angles). 
 
CONCLUSIONS 
 
 An experiment was performed to characterize various 
physical phenomena for large amplitude ship roll motion. 
The experimental results enabled additional insight into 
and better understanding of the processes which occur 
during large amplitude motion, so that they may be 
considered in ship motion prediction models for roll 
motion in heavy weather. Because of the two-dimensional 
nature of the experiment, the results of this investigation 
can be used in sectional-based theoretical formulations to 
predict ship roll motion behavior.  
 The observation and identification of the discrete 
processes that result for several physical phenomena, 
including bilge keel interaction with the free-surface 
(emergence and re-entry), vortex shedding, and wave-
making, and their effect on the forces and moments the hull 
and appendages (e.g. bilge keels) experience can be used to 
better model the behavior of a ship in heavy weather. 
Particularly, the observations and data can be used for the 
further development of a ship roll damping model with 
considerations for large amplitude motions (Bassler, et al., 
2010). 
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Figure 13: Unfiltered measurements for =15 deg, ω= 2.5 rad/s for DTMB Model #5699-1, after peak of the roll cycle. 
Camera (top left), PIV with bilge keel force vector (top right), roll, roll rate and roll acceleration (middle left), total roll 

moment and bilge keel portion of the roll moment (middle right), bilge keel force (bottom left), and wave elevation (bottom 
right) measurements are shown for the instant in time noted by the vertical line. 
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Figure 14: Unfiltered measurements for =35 deg, ω= 2.5 rad/s for DTMB Model #5699-1 after bilge keel re-entry. Camera 
(top left), PIV with bilge keel force vector (top right), roll, roll rate and roll acceleration (middle left), total roll moment and 

bilge keel portion of the roll moment (middle right), bilge keel force (bottom left), and wave elevation (bottom right) 
measurements are shown for the instant in time noted by the vertical line. 
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APPENDIX: ADDITIONAL EXPERIMENTAL MEASUREMENTS 
 

 
Figure 15: Measurements for =15 deg, ω= 2.5 rad/s for DTMB Model #5699-1, near peak of the roll cycle when the bilge 
keel is fully submerged. Camera with air entrainment (left), and PIV with bilge keel force vector (right) measurements are 

shown. 
 
 

 
Figure 16: Measurements for =35 deg, ω= 2.5 rad/s for DTMB Model #5699-1 after bilge keel re-entry, near peak of the 
roll cycle when the bilge keel is fully submerged. Camera with air entrainment (left), and PIV with bilge keel force vector 

(right) measurements are shown. 
 
 



 
Figure 17: PIV measurements for =25 deg, ω= 2.5 rad/s for DTMB Model #5699-1, with bilge keel force measurements 
shown (red vector). Single roll cycle shown (left to right, top to bottom), beginning after bilge keel re-entry (top left), near 
peak of the roll cycle when the bilge keel is fully submerged (middle right), and then transitioning to bilge keel emergence 

(bottom right). 



 
 

Figure 18: PIV measurements for =40 deg, ω= 2.5 rad/s for DTMB Model #5699-1, with bilge keel force measurements 
shown (red vector). Single roll cycle shown (left to right, top to bottom), beginning after bilge keel re-entry (top left), near 
peak of the roll cycle when the bilge keel is fully submerged (middle left), and then transitioning to bilge keel emergence 

(bottom right). 
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Figure 19a: Phase plot of roll rate vs. roll measurements, filtered, for DTMB Model #5699-1, =15 deg, ω= 2.5 rad/s. 
 

 
Figure 19b: Phase plot of roll rate vs. roll measurements, filtered, for DTMB Model #5699-1, =25 deg, ω= 2.5 rad/s. 

 

 
Figure 19c: Phase plot of roll rate vs. roll measurements, filtered, for DTMB Model #5699-1, =35 deg, ω= 2.5 rad/s. 
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Figure 20a: Phase plot of roll moment vs. roll measurements, filtered, for DTMB Model #5699-1, =15 deg,  

ω= 2.5 rad/s. 
 

 
Figure 20b: Phase plot of roll moment vs. roll measurements, filtered, for DTMB Model #5699-1, =25 deg,  

ω= 2.5 rad/s. 
 

 
Figure 20c: Phase plot of roll moment vs. roll measurements, filtered, for DTMB Model #5699-1, =35 deg,  

ω= 2.5 rad/s. 
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Figure 21a: Phase plot of unit bilge keel force vs. roll measurements, filtered, for DTMB Model #5699-1, =15 deg,  

ω= 2.5 rad/s. 
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Figure 21b: Phase plot of unit bilge keel force vs. roll measurements, filtered, for DTMB Model #5699-1, =25 deg,  
ω= 2.5 rad/s. 
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Figure 21c: Phase plot of unit bilge keel force vs. roll measurements, filtered, for DTMB Model #5699-1, =35 deg,  
ω= 2.5 rad/s. 
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