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FOREWORD

While operating in rough sea conditions, the occupants of high-speed planing boats are often
exposed to extreme and repeated shock loads produced by hull/water impacts. The development
of technology for reducing injury and discomfort will be greatly enhanced with improved water-
entry and planing boat dynamics theory and simulation. A central component of many of these
theories and simulations is two-dimensional water-impact theory. This report summarizes the first
of a systematic series of drop tests performed at the Coastal Systems Station (CSS) to support
development and validation of two-dimensional water-impact theory for planing boat hulls.

The investigation was conducted under CSS Project Number 20113. Funding was provided by
the Office of Naval Research under program RP56S61.

The authors are indebted to Richard Gollwitzer, Richard Roesch, and Ron Reck, of the Coastal
Systems Station, for their valuable technical contributions to the drop tests.

Approved by:
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Barry Dillon, Head
Science, Technology, and Analysis Department
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INTRODUCTION

Occupants of planing boats, when operating at high speed in heavy seas, often impact waves
with sufficient force to produce discomfort, loss in performance, and occasional injury. Examples
of high speed planing boats operating in heavy seas include special operations craft of the U. S.
Navy, Army, and Marines; Coast Guard search and rescue craft; offshore racing boats; high-speed
offshore crew boats; and high-performance wave-runners and other personal watercraft.

Since the late 1980's the Coastal Systems Station (CSS), in support of the Office of Naval
Research (ONR), has developed high speed planing boat shock reduction technology.'¢ A lesson
learned early during the research was that cost-effective development of shock reduction
technology may be greatly enhanced with a nonlinear, multiple-mass, time-domain simulation of
the planing boat, capable of dealing with a wide range of hull geometries and shock isolation
concepts, and capable also of assessing human discomfort and injury.

A vital component of many evolving water-impact theories and most planing boat dynamic
simulations is two-dimensional (2-D) water-entry theory. The drop tests summarized in this report
provide a portion of the experimental data necessary to validate evolving 2-D water-entry theory.
Follow-on drop tests will also be used to evaluate shock reduction concepts. An example of a 2-D
water-impact code is the CSS simulation Water-Entry Dynamics and Injury Model (WEDIM).?
WEDIM predicts acceleration, velocity, displacement, and human injury and discomfort resulting
from a vertical water-impact of a multiple-mass, 2-D system with a prismatic hull.

The University of Michigan (UM) Naval Architecture and Marine Engineering Department
has investigated water-entry and planing boat dynamics for many years. Beginning in 1995, CSS
began a successful collaboration with UM to further planing boat shock reduction technology. In
1996, a portion of the CSS shock reduction research transitioned to the Gulf Coast Region
Maritime Technology Center (GCRMTC) at the University of New Orleans (UNO). Participants
in the ongoing GCRMTC shock reduction research include investigators at UM, UNO, and CSS,
who are among the beneficiaries of the drop tests summarized in this report.

Vertical water-entry tests of wedges and prismatic hull sections have a long history. Example
investigations include those of References 7, 8 and 9. CSS has conducted drop tests of various
geometries since 1995 in support of the ONR shock reduction program.*¢ The objective
of these early CSS drop tests was to investigate the water-entry characteristics of a specific rigid
hull geometry, corresponding to the U. S. Navy high speed assault craft.

The objective of the new drop test model and test series of FY 97 and beyond is to further
support ongoing water-impact theory development, planing boat dynamics development, and
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shock reduction concept evaluation, at GCRMTC/UNO, UM, CSS, and elsewhere. The intent of
the initial FY 97 drop tests was to form the baseline dataset corresponding to the new drop test
model.

The new model was designed to be light, rigid, and capable of modification for experimental
evaluation of a broad range of geometries and shock reduction concepts of interest. The model is a
high aspect-ratio, prismatic aluminum hull with a dezdrise of 20 deg, designed for maximum
rigidity and minimum weight. During the baseline tests described here, the model was dropped
from three different heights and with three different weights. The model was instrumented with
triaxial piezo-electric accelerometers for measurement of maximum accelerations, and triaxial
piezo-resistive accelerometers for measurement of the acceleration time history. Above-water
video photography provided general test documentation and qualitative confirmation of the
submergence characteristics.

Follow-on drop tests, for FY 98 and beyond, are planned in support of several planing boat
dynamics theory development and shock reduction research topics at GCRMTC, UNO, UM, and
CSS. Planned investigations include deadrise variations for straight hull sections, non-straight hull
sections, two-phase separated flow over hull strakes, nonsymmetric water-impacts, and evaluation
of lower-hull shock isolation concepts.

TEST DESCRIPTION

The CSS drop test facility, drop test model, instrumentation, and test procedure are
summarized in the following.

DROP TEST FACILITY

The tests were performed in the above-ground test pool in Building 319 at CSS. The test pool
is a fresh water tank measuring 40 ft (12.2 m) in length, 15 ft (4.6 m) in width, and 12 ft (3.6 m)
deep. An overhead crane and single-point quick-release hook were used to drop the test model to
the water surface. The water temperature throughout the tests was 72 °F.

DROP TEST MODEL

The baseline drop test model, shown in Figure 1, is an aluminum prismatic hull with a
deadrise of 20 deg (please note that all figures are found at the end of the report). A large model
was selected to allow incorporation and investigation of lower-hull shock reduction concepts. The
model has a length of 8 ft (2.44 m) and a beam of 2 ft (0.610 m). The chines were constructed
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with a radius of 0.07 in. (0.18 cm). The radius of the keel is greater than desired, at approximately
1.5 in. (3.8 cm). The model includes a support bracket with a set of holes arranged in a circular
pattern to allow future asymmetric drops of the model.

The empty test model was designed for minimum weight to allow investigation of a broad
range of weight variations. The model weight was varied by securing lead bars to the bulkheads
near the keel as shown in the figure. The model was also designed for maximum rigidity to reduce
the contaminating effects of structural resonance. The intent was to assure that structural
resonances occur in a bandwidth above that of water-impact phenomena and human biodynamics.
In fact, these two design requirements are in competition and, as will be discussed further,
complete elimination of high frequency structural dynamics within a lightweight aluminum model
is not possible.

The aluminum model in its light condition, with instrumentation but without the addition of
lead weight, weighs 269 1b (122 kg). The model in the middle-weight condition, with the addition
of approximately one-half of the lead bars, weighs 641 1b (291 kg). The model in its heavy
condition, with the addition of the remaining lead, weighs 1007 Ib (457 kg). At 1007 Ib, the drop
model possesses sufficient reserve buoyancy to remain afloat with approximately 3 in. (7.6 cm) of
freeboard.

ACCELERATION MEASUREMENT INSTRUMENT

The acceleration measurement device was an External Data Recorder (EDR), model
EDR-3-50, manufactured by Instrumented Sensor Technology, Inc. (IST). The EDR unit is a self-
contained triaxial accelerometer measurement device mounted within a rigid box measuring 4.4 by
4.2by 2.1in. (11.2 by 10.7 by 5.3 cm) and weighing 3.2 1b (1.45 kg). The unit contains piezo-
resistive accelerometers with a full-scale range of +/- 50 g, with 0.1 g resolution, an inherent
frequency response of 0 to 1050 Hz at -3 dB, and a resonant frequency of 1800 Hz. Firmware
within the EDR unit processes the raw analog data from each accelerometer with a 10-bit analog-
to-digital converter, and stores the result to RAM. The particular EDR-3-50 used for the drop
tests, S/N 441, was equipped with a 290 Hz anti-aliasing filter, and was recalibrated by IST in
early 1997. The firmware within the unit includes a zero-drift feature, forcing the recorded
acceleration to slowly drift towards zero until the unit triggers, at which time the unit records
acceleration relative to the value just prior to triggering. Following each trigger, the zero-drift
feature is disabled for the duration of each event. '

TEST PROCEDURE

The drop tests were conducted during the months of May and September 1997 in the CSS
Building 319 Test Pool. Video photography of the fall, initial impact, and post-impact phase of
each drop event was taken at 30 frames/sec. The video photography provided a history of the drop
test program, the opportunity to confirm that the keel entered the water surface horizontally for
each drop, and the opportunity to examine the general water impact and post-impact dynamics. In
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addition, given the known video frame rate, an approximate displacement time history of the drop
event may be reconstructed from the video for comparison to the displacement obtained by double
integration of the acceleration data, or for comparison to the predicted displacement time history.

The splash produced during the higher drop heights often interferes with the view from the
video camera. Thus a 5-ft (1.5 m) stave, constructed of lightweight PVC and marked in 3-in.
(7.62 cm) increments, was mounted vertically to the side of the model to facilitate follow-on
evaluation of the video record of the drop dynamics.

The EDR accelerometer unit was secured to the longitudinal strength member near the center
of gravity of the drop test model. The unit was programmed to sample at 1000 Hz, and was
programmed to store, in sequence, each impact event during which the acceleration exceeds the
specified trigger level of +/- 1.0 g. Given the 290 Hz built-in anti-aliasing filter and the
programmed 1000 Hz sampling rate, the EDR unit was capable of accurate acceleration
measurements from 0 to 290 Hz. The data recorded by the EDR is not filtered further prior to
internal recording. The digitized acceleration time histories were downloaded to a laptop
computer and saved to disk at the completion of each set of measurements. Further filtering was
performed by the investigators following the test.

The test model was fitted at a single point to the quick-release mechanism attached to the
overhead crane by a shackle. The model was lifted to the required height by the crane and dropped
onto the center of the water surface. The model was dropped from heights of 2, 4 and 6 ft (0.610,
1.22, and 1.83 m), measured from the keel to the water level. The weight variations were 269,
641, and 1007 1b (122, 291, and 457 kg). Each height and weight variation was repeated three
times to assure repeatability. The time interval between each drop was sufficient to assure a
motionless model, level keel, and smooth water surface.

MEASUREMENT RESULTS

The water-entry dynamics of interest includes the initial high-frequency impact phase and the
longer-duration post-impact phase. The initial phase is of greatest interest for investigation of
human injury, while both phases are important for investigating planing boat dynamics in waves.
For example, in a planing boat dynamics simulation, the post-impact dynamics form the initial
conditions for the launch of a boat off a wave and into the airborne condition.

Impact-Phase Results

The unfiltered EDR acceleration time histories are shown in Figures 2, 3 and 4 with the time
scale expanded to show the details of the impact phase. Figure 2 shows the impact-phase time
histories at 269 Ib for the three drop heights. Figure 3 shows the time histories at 641 1b for the
three heights. Figure 4 shows the time histories at 1007 1b for the three heights. The expected
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increase in measured acceleration magnitude with increasing drop height, and the expected
decrease in acceleration magnitude with increasing weight, are both apparent in the figures. The
figures also include the accelerations predicted by WEDIM, to be discussed later.

As seen in Figures 3 and 4, the data suggests the presence of high-frequency structural
dynamics within the model, particularly for for the middie- and heavy-weight conditions. Any
drop model structural dynamics that may be present are expected to be increasingly excited by the
greater energy associated with increased weight. The resonant frequency, at nominally 140 Hz, is
fortunately well above the 0 to 25 Hz bandwidth of human biodynamics. '

Figure 5 is the acceleration time history corresponding to the 4-ft drop of the medium weight
model, with each sample point shown. This impact event displays a particularly high degree of
structural dynamics. The figure illustrates that the 1000 Hz sampling rate discerns the 150 Hz
structural dynamics.

Acceleration/V elocitv/DiSnlacement Extended Time History Results

The full acceleration time histories measured by the EDR unit are shown in Figures 6, 7, and
8, corresponding to the three model weights. Shown also in the figures are the velocity and
displacement, obtained by numerical Integration of the acceleration data, The pre-release and free-
fall phases of the acceleration time histories of F igures 6, 7, and 8 were forced toO0gand-1g,
respectively. The measured deviation from zero during the pre-release phase in the raw
acceleration time history (seen in F igures 2, 3, and 4) is on the order of 0.06 g, produced by the
finite accelerometer noise floor. The small drift towards zero from -1 g during the free-fall phase

The loss in velocity during the impact phase, as shown in F igures 6, 7, and 8, is of
considerable interest. The reduction in velocity during the impact phase of the light model is seen

Figure 6, 7, and 8 illustrate an interesting feature of the post-impact phase. In each of the
time histories, a high frequency resonance is seen at about 350 msec following the impact. During

ation during the drops, and post-test viewing of the video, revealed that the ker
sound is produced by the Impact of the keel with the water, and the plunk is produced as the model
reaches its maximum depth. Typically, as the model sinks, the displaced water flows rapidly
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upwards and around the hull, violently impacting its flat upper surface just as the model is at
maximum depth, and producing the loud sound. The upper surface of the model may possess a
structural resonance with a frequency corresponding to that seen in the data typically 350 msec
after the initial impact. The physical phenomena that produced the audible ker-plunk during the
drop tests are believed to be somewhat analogous to those that produce the similar sound often
heard when a stone is dropped into the water. While this result is interesting, it is not very relevant
to the boat dynamics problem, because a boat generally does not fully submerge during impacts
with waves. The most useful and relevant portion of the time histories is that prior to the time of
maximum submergence.

The effect of filtering and of filter algorithm selection, for a representative EDR acceleration
time history, was investigated briefly by processing the unfiltered data with four different digital
low-pass filters, at corner frequencies of 25 and 100 Hz. The 25 Hz frequency was chosen
because, as stated earlier, the bandwidth of human biodynamics is generally accepted to be below
25 Hz. The 100 Hz corner frequency was chosen because this frequency is below the observed
model structural dynamics, at around 140 Hz, but preserves most of the high-frequency dynamics
associated with the initial water-impact phase.

Figures 9 and 10 summarize the filtering results. The unfiltered acceleration time history
measured by the EDR, for the 641-Ib, 4-ft drop event, is shown at the top of each figure. The next
four plots within each figure are the corresponding filtered time histories produced by the 2-pole
Butterworth, 5-pole Butterworth, 2-pole Chebyshev, and 5-pole Chebyshev digital filters. Small
differences between the filters are seen in both the magnitude and phase shift of the filtered time
history.

PREDICTIONS

The CSS code WEDIM simulates the vertical water-impact, submergence, and re-emergence
of a 2-D, prismatic, elastic hull segment. The code includes a post-processor for assessing the
possibility of human injury and discomfort. The injury assessment option is most appropriate for
WEDIM predictions involving drops of full-scale hulls or full-scale hull sections.

The WEDIM code includes a three degree-of-freedom simulation of the vertical dynamics of
three vertically arranged masses. The dampening component between the lower two masses is
represented linearly, while the stiffening component may be specified nonlinearly. The WEDIM
calculation involves simultaneous integration of three differential equations, each equation
describing the vertical motion of the three masses. The force produced on the lower prismatic hull
during the water-impact is predicted within WEDIM by the original added mass theory of von
Karman." The aspect ratio correction within WEDIM, to allow comparison of 2-D water-
impact predictions to 3-D drop test data, is estimated with a simple expression for added mass of
fully-submerged flat plates in heave, given by Paster and Abkowitz."
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For the present comparison between the acceleration predictions of WEDIM, and those
measured by the EDR unit, the three masses within WEDIM were combined into a single rigid
mass to represent the drop test model. The comparisons between the WEDIM acceleration
predictions and the EDR-measured accelerations are shown in Figures 2, 3, and 4. The
comparison shows excellent agreement between the theory and data. Relative to the data, the
theory generally shows a slightly greater pulse width with somewhat different shape characteristics
on the down slope of the impact pulse.

SUMMARY AND RECOMMENDATIONS

An initial series of instrumented drop tests of a drop test model was conducted to provide
water-impact data for validation of 2-D water-impact theory. The model was a high aspect ratio,
prismatic aluminum hull with a deadrise of 20 deg. The model was instrumented with a three-axis
piezo-resistive accelerometer set. The model was dropped over a range of weights and from
various heights. The CSS water-impact code WEDIM was applied to the drop test conditions as
an example comparison between theory and data. The comparison shows excellent agreement
between theory and data.

Follow-on drop tests are planned for investigating the water-impact characteristics of
variations in deadrise, non-straight hull sections, two-phase flow over strakes, asymmetric impact
conditions, and acceleration isolation concepts.
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1/4-inch Aluminum Construction, 20 deg Deadrise
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Figure 7. Measured (EDR, Unfiltered) Acceleration,
Velocity, and Displacement Time Histories, Medium Condition
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Figure 8. Measured (EDR, Unfiltered) Acceleration,
Velocity, and Displacement Time Histories, Heavy Condition
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Figure 9. Filtered Acceleration Time History, 25 Hz
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Figure 10. Filtered Acceleration Time History, 100 Hz

17

APPROVED FOR PUBLIC
RELEASE; DISTRIBUTION
IS UNLIMITED



CSS/TR-97/25

REFERENCES

1. Wyman, D., “Variable Deadrise (Shock Mitigation) Bottom for Planing Hull, Independent
Research/Independent Exploratory Development, Annual Report, CSS TR435-91, Coastal
Systems Station, Panama City, FL, 1991.

2. Gollwitzer, R., and Peterson, R., Shock Mitigation on Naval Special Warfare High Speed
Planing Boats Technology Assessment, CSS Technical Report TR-94/33, Coastal Systems
Station, Panama City, FL, 1994,

3. Gollwitzer, R., and Peterson, R., “Repeated Water-Entry Shock Mitigation for High Speed
Planing Boats,” Proceedings, 66th Shock and Vibration Symposium, Biloxi, MS, 1996.

4. Gollwitzer, R. and Peterson, R., “Drop Tests and Planing Boat Dynamics Modeling for
Investigation Repeated Water-Entry Shock Mitigation,” Proceedings, Small Craft Marine
Engineering, Resistance and Propulsion Symposium, Ann Arbor, M1, 1996.

5. Peterson, R., 1996, Characterization of Stiffening and Damping Materials for Planing Boat
Shock Mitigation, CSS Technical Report TR-96/20, Coastal Systems Station, Panama City,
FL, 1996.

6. Gollwitzer, R., Peterson, R., and Wyman, D., “Hinged-Step Technology for Planing Boat
Shock Reduction,” Proceedings, Performance Enhancement Maritime Applications
Conference, Newport, RI, 1996.

7. Bisplinghoff, R., and Doherty, C., Some Studies of the Impact of Vee Wedges on a Water
Surface, Journal of the Franklin Institute, Vol. 153, 1952.

8. Chuang, S.-L., Investigation of the Impact of Rigid and Elastic Bodies with Water, NSRDC
Report 3248, Naval Ship Research and Development Center, Washington, DC, Feb 1970.

9. Ochi, M., and Bonilla-Norat, J., Pressure-Velocity Relationship in Impact of a Ship Model
Dropped onto the Water Surface and In Slamming in Waves, NSRDC Report 3153, Naval
Ship Research and Development Center, Washington, D. C., Jun 1970.

10. Brinkley, J. W., “Acceleration Exposure Limits for Escape Systems and Advanced
Development,” Proceedings, 22nd Annual Symposium of Safe Association, 1985.

11. von Karman, T., The Impact on Seaplane Floats During Landing, NACA TN 321, 1929.

APPROVED FOR PuBLLC
RELEASE; DIST I
18 IS UNLIMITED RIBUTION



CSS/TR-97/25

REFERENCES (Continued)

12. Paster, D., and Abkowitz, M., Hydrodynamic Stability and Control Derivatives (Analytical
Methods of Estimation), U. S. Naval Underwater Ordnance Station, TM 120, February 1957.

19 APPROVED F(i: '
RELEASE; DISTHiu.. .
IS UNLIMITED



DOD ACTIVITIES (CONUS)

ATTN CODE 321TS (T SWEAN)
CODE 341 (CDR E MARCINIK)
CODE 333 (E ROOD)

CHIEF OF NAVAL RESEARCH

BALLSTON TOWER ONE

800 NORTH QUINCY STREET

ARLINGTON, VA 22217-5660

ATTN CODE 214 (G GOFORTH)
CODE 214 (K PRUSACZYK)

NAVAL HEALTH RESEARCH CENTER

PO BOX 85122

SAN DIEGO CA 92186-5122

ATTN CODE 65 (CAPT F BUTLER)
COMMANDING OFFICER

NAVAL HOSPITAL PENSACOLA
6000 W HIGHWAY 98

PENSACOLA FL 32512-0003

DEFENSE TECHNICAL INFORMATION

CENTER

8725 JOHN J KINGMAN RD
SUITE 0944

FT BELVOIR VA 22060-6218

CSS/TR-97/25

DISTRIBUTION

COPIES

2

ATTN GIFT AND EXCHANGE DIVISION 4

LIBRARY OF CONGRESS
WASHINGTON DC 20540

NON-DOD ACTIVITIES (CONUS)

DR WILLIAM VORUS, DIRECTOR
GULF COAST REGION MARITIME
TECHNOLOGY CENTER
COLLEGE OF ENGINEERING
UNIVERSITY OF NEW ORLEANS
NEW ORLEANS, LA 70148

DR ARMIN TROESCH

DEPT OF NAVAL ARCHITECTURE

AND MARINE ENGINEERING
UNIVERSITY OF MICHIGAN
2600 DRAPER RD

ANN ARBOR, M1 48109-2145

THE CNA CORPORATION
PO BOX 16268
ALEXANDRIA VA 22302-0268

INTERNAL

A76  (TECHNICAL LIBRARY)
CP232 (MSC)

R11  (PETERSON)

A3l  (WYMAN)

A3l  (GOLLWITZER)

A3l  (ROESCH)

R23  (WOOD)

M

ROVED FOR_PUBLIC
QEEEASE; DISTRIBUTI

COPIES

4

NN WVLA

IS UNLIMITED

oN




