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Final Report

Integrated High-Fidelity CFD/FE FSI Code Development
and Benchmark Full-Scale Validation EFD for Slamming
Analysis

Award number N00014-13-1-0616 (June 15, 2013 — June 30, 2016)

Joachim L. Grenestedt

Department of Mechanical Engineering & Mechanics
Lehigh University

19 Memorial Drive West

Bethlehem, PA 18015, USA

Phone: +1-610-758 4129

email: jog5@Lehigh.edu

September 30, 2016

Abstract

The ONR / Lehigh slamming load test facility, a.k.a. Numerette, was upgraded with more piezo-
resistive film pressure sensors, single-point pressure sensors, accelerometers, an additional
inertia navigation system, and LVDT's. New tests were performed in the Atlantic Ocean and
further insight into slamming was gained. Three items were studied in more detail - vertical
"rigid body" accelerations, the effect of bottom stiffness on slamming response, and wavelet
analysis of slamming data. Data have been continuously provided to the University of lowa
where numerical analyses of the Numerette have been performed.
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Technical Section

Three 1ssues were studied in more detail: vertical accelerations, how bottom stiffness affects
slamming, and wavelet analysis. These are described in three separate sections below.

Vertical Accelerations

Slamming loads are typically of high intensity but very short duration. A ship undergoing
slamming thus experiences high (vertical) accelerations but only for a short duration. The peak
acceleration is difficult to capture with less than a high speed data acquisition system and
appropriate mounting of the accelerometers. The measured accelerations will depend strongly on
what structure the accelerometers are attached to; accelerometers mounted directly on bottom
panels of the Numerette regularly see accelerations on the order of 1000 m/s* (100 G), whereas
an accelerometer mounted on a compliant deck of a boat will see significantly lower
accelerations. The Numerette has a stiff stainless steel "skeleton", Fig. 2, which is well suited to
mount accelerometers to and measure "rigid body" accelerations. Two of these "rigid body"
accelerometers are shown in Figs. 3 and 4.

The response from one of the "rigid body" accelerometers during a slamming event is shown in
Fig. 5. In this graph are shown the raw data from the accelerometer, as well as plots of the data
filtered with a 500 Hz and a 100 Hz low pass filter, respectively. The transverse bulkhead where
this accelerometer was mounted is very stiff so the measured accelerations are not affected much
by local vibrations. The three top graphs indicate that the "true" vertical acceleration was on the
order of 15-20 G. The acceleration was also estimated with a finite difference of the vertical
velocity from the INS, which also lead to a vertical acceleration in this range.

An estimate of the accuracy of the measurements as well as of the stiffness of the hull can be
obtained by using measurements (accelerometer and gyro data) from one location of the boat to
predict behavior at a different location. In Fig. 6 is shown vertical velocity at bulkhead #5
obtained in two different ways: by time integrating the output from an accelerometer mounted on
bulkhead #5, as well as by using accelerometer and gyro data from sensors on bulkhead #2 and
extrapolating (assuming a rigid hull) to bulkhead #5. The two estimates match exceptionally
well.

The data shown are fairly typical from operating the Numerette in speeds up to 28 m/s and in sea
states up to 4 (significant wave height 1.25-2.5 m). It appears reasonable to conclude that vertical
"rigid body" accelerations of the Numerette often are in the 15-20 G range. This is considerably
higher than the vertical accelerations to which high speed boats according to ABS and DNV
need to be designed at present.

Since 2010 when the Numerette was sea launched it has experienced one extreme slam when 50
G accelerometers were saturated. Strains measured at the top and bottom flange of one of the
bottom longerons are shown in Fig. 7. "Regular" slams occurred around 99.2 s, 99.8 s, and 101 s.
Then at 102.1 s was the extreme slam. Note that the strain of the top flange (red in the graph)
does not return to zero after the slam. The reason is that the flange was plastically deformed. The
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strein recovery, on the order of ¢3/E=0.2%, is indicated in th2 fizure. The hull was designzd to
2= G so it should be no surprise that the structure underwent permanent deformation during this
53— G slam.

Fig. 2. The stainless steel skeleton shown during manufacturing of the Numerette. The bulkhead
towards the right in taz photo is #5, followed by #4 to #_ to tke left. Bulkhead #1 is the t-ansor.
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# - ! T ‘Hil A A
Fig. 3. Some of the instrumentation in the bottom of the Numerette. One "rigid body"
accele-ometer is mcunted at (A) in the traasverse bulkheac #5.
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Fig. 4. "wo INS mcdules a triaxial plezoelecm accelerometer and a single-axis MEMS

accele-cmeter, mounted on the transverse sulkhzad #2 just in front of the engine.
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Fig. 5. Response frora one of the "rigid body" accelerometers. The top graph shows the raw data,
ths seccnd is the samz data but filtered with a 500 Hz low pass filter, the third is also the same
deta as the first sut fi tered at 100 Hz. The fourth graph is the acceleration as estimated with a
finite difference of the vertical velocity from the INS, and the last is the vertical velocity from

thz INS
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Fig. 6. Vertical velocity at bulkhead #5 obtained from an accelerometer located on the bulkhead,
as well as from extrapolating data measured at bulkhead #2.
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Fig. 7. Strain measured during an extreme slamming event.
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Effect of Bottom Stiffness on Slamming Response

The bottom of the Numerette was made of ten composite sandwich panels, most of them with
different properties. In particular, starboard and port panels had different layups and thus
different stiffnesses and/or mass. This was done in order to be able to study the effect that bottom
stiffness has during slamming.

The Numerette was outfitted with a large number of sensors, including externally mounted
piezo-resistive film pressure sensors, through-hole bottom pressure sensors, strain gages,
LVDT's, accelerometers, etc. Some of the sensors are shown in Fig. 3. Strain gages were
mounted on the inside of the outer composite skin during the manufacturing of the bottoms
panels, whereas strain gages on the inner skin were adhesively bonded onto the panels after
installation in the boat. Strain gages were watertight sealed under the silver tapes in Fig. 3. The
strain gage locations are shown in Fig. 8. Some of the LVDT's are shown in Fig. 3 and some of
the externally mounted film pressure sensors are shown in Fig. 9.

The bottom stiffnesses were characterized by static and dynamic means. Static loads were
applied at 21 locations on each segment of a bottom panel (for example between transverse
bulkheads, keel and longeron) and deflections were measured using six LVDT's, Figs. 3 and 10.
The ratio between port and starboard pointwise stiffnesses is shown for bay 4 (between
bulkheads #4 and #5) in Fig. 11. The port bottom panel was approximately 1.6 times stiffer than
the starboard panel.

Modal analyses were also performed on bottom panels. The panels in bay 4 were hit at 75
locations with an instrumented impact hammer and the response was measured using
accelerometers, Fig. 12. Frequency Response Functions (FRF) were synthesized and showed
good agreement with measured data, Fig. 13.

The Numerette was then operated in the Atlantic Ocean. A typical strain history is shown in Fig.
14. Fast Fourier Transforms (FFT) of strain data obtained from strain gages mounted on
starboard and port panels are shown in Fig. 15. The ratio between amplitudes at a given
frequency varies from approximately 1.4 at lower frequencies to approximately 1.2 at higher
frequencies. Probability distributions are shown in Fig. 16.

A simple relation between bottom stiffness and response during slamming should not be
expected. A much simplified analytical study of slamming has been performed by Lv and
Grenestedt [1,2]. The load was modeled as a stepwise moving pressure and the bottom panel was
modeled as a 1D beam. In spite of these simplifications, the response follows a complicated
relation with respect to stiffness, Fig. 17.
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Stern Bow

Transverse

1 Bay1 Bay 2 Bay 3 Bay 4 Bay 5
Longitudinal

Fig. 8. Strain gage locations. Left: strain gages on composites sandwich bottom panels. Right:
strain gages on stainless steel skeleton. Arrows indicate directions of strain gages.

Fig. 9. Externally mounted film pressuren_éo&
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Fig. 10. Locations where load was applied to measure bottom stiffness.
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Fig. 11. Ratic of pointwise stiffness (load/dzflection) for port and startoard panels between
bulkheads #4 and #5.
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<» Slamming event rise time
\ typically 10-25 ms

= .1

Fig. 14. Strains during typical slamming events. Slams in this case occurred approximately once
per second. The rise time of strain was typically 10-25 ms.
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Fig. 15. Fast Fourier Transforms of strain data obtained during operation in the Atlantic Ocean;
port and starboard panels.
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Displacement Probability Distribution
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Fig. 17. The deflection (left) and bending moment (right) in a beam subjected to a moving load

(Lv and Grenestedt [1-2]).
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Wavelet Analysis

This section outlines some results which indicate the usefulness of wavelet analysis for
slamming. Fig. 18 shows output from an accelerometer mounted on a bottom panel in bay 4. A
slam occurred at 0.6 s; the question is happened just after 0.5 s. An FFT of the signal, Fig. 19,
does not appear to reveal any significant information. However, a wavelet plot, Fig. 20, shows
some interesting features. Just after 0.5 s there is significant frequency content around 400 Hz,
which is close to the dry eigenfrequency of the panel, Fig. 13. It appears reasonable to believe
that just after 0.5 s the panel is still dry and that it vibrates at its dry natural eigenfrequency. This
agrees with Fig. 21, which apart from the accelerometer signal shows strains at three different
locations along the length of the boat. There is a strain peak at 0.36 s in bay 2, then another just
after 0.5 s in bay 3, and finally a third one just after 0.6 s in bay 4. What happened is that the
boat was airborne and reentered the water near the transom first. The pressure spike from
slamming thus traveled from the rear of the boat towards the bow. The acceleration seen just
after 0.5 s in bay 4 is believed to be a result of the water slamming onto the bottom panels in bay

3. This slam shook the hull and lead to the (dry) vibrations of the bottom panels in bay 4 just
after 0.5 s.

[— Bay 4 Mid—Panel Acceleration |

i

|

3}"“!'" ot iy wﬁ
oL, M‘J_:,",‘-p,m.u' Al ‘.vﬁ.l\,J-'..:'_ff""""um"*‘" ."' .It‘\*%t' Vi ”w

Acceleration (m/s %)
L¥]
(=]

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 18. Typical acceleration from an accelerometer in bay 4. The slam occurred at 0.6 s.
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Fig. 19. FFT of the signal in Fig. 18.
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Fig. 20. Wavelet plot of the signal in Fig. 18.
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Fig. 21. Acceleration (top) and three strains (bottom).

Summary and Conclusions

The Numerette was successfully operated at multiple occasions in the Atlantic Ocean. Analyses
of experimentally measured accelerometer data indicate that this boat experiences rigid body
accelerations far beyond what is presently prescribed in codes for design (ABS, DNV). Analyses
of experimental data from a starboard and a port bottom panel with different stiffness indicate
that the response does not directly scale with the stiffness ratio. Finally, wavelet analyses were
used to study the response from some accelerometers and it was concluded that wavelets may be
very useful in the study of slamming.
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