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ABSTRACT

The paper presents a study of slamming loads piedion

submarine pressure hull through combination resbh#ésveen
numerical analysis and a hydro-elastic submarindahi@st. This
prediction of dynamic loads is very useful since tbads may
occur when a submarine in an emergency situatisnidaail or
arise quickly to surface rough sea. The numericallstion was
conducted by applying the linear 2 - D strip thetoyobtain
response of the submarine motion and relative itgldo sea
surface. Based on this numerical results slammazgld were
predicted by conducting a fall - test on a subneahgdro-elastic
model in the water tank. The amplitude of slammiogd

obtained from this test compared with the resutismfthe method
of Statovy & Chuang for predicting impact pressuiidse results
of test measurements from the tank test show a ggogement
with the impact pressure method.

KEY WORDS. Submarine, Hydro-Elastic Model, Slamming
Loads

NOMENCLATURE

Hy Response Function of a Signal u

Ujw,) Amplitude of Frequency, of Signal u

((w) Amplitude of Frequencw, of Wave Elevatiord
Su(we) Spectral Density of Signal u

Si(we) Spectral Density of Wave Elevatign

B Width of mid-ship

b Half the Width of the Station 0.25L of Bow

Ls Length of the Ship

Lm Length of the Model

m, The variance of the motion is given by the areaeund

the motion energy spectrum

A Geometrical Scale Factor

El Bending Stiffness

w Wave Frequencies

T Time

P, Impact Pressure

Vi Normal Velocity Relative of the Hull Ship to the

Surface Wave

1.0INTRODUCTION

Pressure hull which are the main load bearing &iras of naval
submarines, commercial and research submersibles] a
autonomous underwater vehicles (AUVs) whose prinlaad-
bearing responsibility is to withstand hydrostatwessure
associated with diving. However, when the submariaeds to
rise to sea surface and sailing in it the stat@tomay change to
dynamic one. These loads can exist due to thetstalgesponse
of the submarine when hit by waves. The wave impacthe
submarine hull can produce secondary or local loalieh is
called slamming. This phenomenon occurs most ofierthe
rough sea where the high waves sometimes makes the
submarine's bow or stern emerge from the wateasarénd fall
back into the waves with a large impact force oe Kull and
waves on the water surface. Slamming is a transiesponse
resulting from the bow or stern of the ship hullilelit is nodding

or slamming down. This action generally induces av |
frequency, especially in the first mode naturabfrency of the
hull. The effects of slamming loads on materialgia¢ damage

Published by International Society of Ocean, Medtwrand Aerospace Scientists and Engineers



Jour nal of Subsea and Offshore
-Science and Engineering-, Vol.8

December 30, 2016

are quite large. In addition, slamming is alwayscaepanied by
whipping where the submarine shudder can interfeita the
performance of electronic or mechanical equipment a
submarine during operationThese events also can cause high
load and it is extremely dangerous. The frequericyhipping"

is closely related to the natural frequency ofdtracture of these
submarines. In extreme conditions the submaringctire can
suffer severe damage such as cracks or broke wdopgrts,
which had a fatal effect for submarine personnetrvperforming
operations. Figure 1 presented the numerical simulation of
slamming occurrence on the submarine.

Condition 4. The Submarine hullis fall back to the
sea surface due to its own weight causing
slamming

Condition 1. The submarine sailed on a sea wave

Condition 2. The submarine experiences pitch and
heave motions due to the sea wave exditations.
Since the submarine freeboard is small the motions
seem to occur at under sea surface.

Condition 5. The submarine hull enters the sea
water. It moves with pitch and heave motions
again

Condition 6. The submarine prepares to repeat

Condition 3. Then nearly half of the submarine hull N
the movement process from condition 1 to 5

emerge from the sea surface due to pitch and heave
motion response

Figure 1: Slamming occurrence on the submarine

To begin this study there was very little inforroatiavailable
about a submarine since it belongs to military domidowever,
the studied submarine based on type U — 209 basigm where
can be found on the internet site en.wikipedia.f2§ and
www.heiszwolf.com [1]. The slamming load predictiorethods
to a surface ship were applied on this study. Meesearchers
have conducted studies in developing the methogdredicting
the slamming loads. A comprehensive compilation tbé
prediction method of slamming analysis technique procedure
has been reported by Ship Structure Committee (885). This
report contains of an assessment of the state efaith of
hydrodynamic impact on the displacement of shigshinl which
these phenomena are still not yet completely umnoleds
Therefore, more design guidance would be extremséful with
the means or methods as to how these phenomenéd sheu
avoided from an operational perspective, and/or hieir
dangerous load effects should properly be repeltezbsorbed in
the structural design. Since the impact loads arfhshing occurs
in ~ 1ms, an experimental study of slam stressphaged to be
very useful, specifically the model test of con&ship conducted
by J Ramos et al [5] in which a hydro-elastic modek used.
One of the conclusions states that the linear stepry used for

the determination of the ship motions agrees ierg gatisfactory
way with the experimental results for all of thewsdrequencies
and for the different wave heights. It is also doded that non-
linearity is related to the structural vibrationedio the slamming
loads and the superposition principle appears ta beasonable
assumption. Timmo kukannen [10] presented a metbod/ave

load predictions for marine structures. His methatko

considered the non-linearity of the wave loads tredeffect on
high frequency loads such as slamming. A recergstigation of
slamming was conducted by Ahmed A. Swiden [9], whtre

loads work on the catamaran by applying the finitdume

computational fluid dynamics (CFD) method. This host was

used to predict the magnitude and peak values ahrsing

pressure. It was found that the computed presdaresom the

initial impact where slam occurs resulted in ungeedicting

slamming pressures. Another methodology for predict
slamming loads are presented Mygroho WH and AS Mujahid
[6]. In their methods slamming loads numericallicaated using
combination of 2 — D strip theory for motion pretha and

diffraction theory for pressure distribution caktibn. The

maximum slamming loads then calculated by using ABS.

In this paper a combination of numerical approxioratand
model test results for predicting slamming loadssobmarine
hull are presented. The numerical approach isirtwlate the
submarine motions in the sea surface that prodoeerdlative
vertical velocity and motion. These relative quiesi are then
used as a fall — height of the model test to obthia slam
pressure of the submarine.

20 SUBMARINE
SIMULATION

MOTION NUMERICAL

Numerical simulation results as shown in Figureird, the

introductory part were obtained by using a softwsaieed strip
theory to calculate the relative vertical velodyd motion of the
submarine. The results were the sea-keeping pesfuzenof the
submarine which was presented in the value of RR&sponse
Amplitude operators). RAO or Response function &alsi the
ratio between the spectral density of motion opeigy and wave
relative to each encounter wave frequencies [4¢ RAO for the
displacement can be calculated according to théowig

equation :

) S
RAQ (@)= 7 (0) " sulaw)

where :

1)

RAQja = response amplitude operators of a siggal u

U, (we ) = amplitude of frequenaye of signal u

(, (we ) = amplitude of frequenaye of wave
elevatiod

Suu(we ) = spectral density of signal u

S (we) = spectral density of wave elevation

For velocity — RAO the following equation can beds
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w, S @, @)
S (we)

where :

RAQ]a = response amplitude operators of a sigdal

u, (a)e) = amplitude of frequency, of signal U,

From the calculation above statistically RAO ofatgle velocity
and motion from the surface of the sea surfaceauh elesired
location of the submarine will be obtained. Theioedly when
the submarine experiences slamming it must havectwalitions
[4] firstly the bow emerged from the sea surfadatiee vertical
motion must be greater than draft in the bow. Sélyonthe
relative velocity at the bow on the sea surfacehat time of
impact must be greater than threshold velocity).( This
threshold velocity is calculated based on expertmewith
various forms of the ship which can be written@bivs:

. _ 00198
u=—"= g
b Ve (©))

Where B is the overall width of the mid-ship; bhalf the
width of the station 0.25L from the bow, with thestion of
0.03B above the keel; and L is the length of thip.dtines plan
of the submarines that used on this study is typ€QB and has a
principal dimension of LPP = 61.26 m, BOA = 6,2mOA =
11.65 m and T = 5.5 m. The lines plan is preseirtegigure 2.
The numerical simulations performed in order toaobtthe
response amplitude operator (RAO) relative vertioation and
velocity of the submarine at a certain positioshiswn in Figure
3. For convenience in analyzing, the submarinévisied into ten
(10) stations. The prediction location is deterrditgy assuming
that this place is prone to dynamic loads which waffect the
performance of submarine. The locations are a guéghgth of
LPP from the bow where the torpedo storage ardauiis, and
around mid-ship section where the control room @eriscope are
operatedhen at a quarter length of LPP from the stehere the
main engine of a submarine is located

A0,

BODY PLAN

Figure2: Body Plan of submarine type U-209

Figure 3: The location of slamming load prediction

In this simulation the submarine operated in s@fat sea
water with environmental conditions according toNEWAP
formula with Hs = 5 m Tp = 13.772 seconds or setesb [9]
The spectral density wave is shown at Figure 4. R&fative
vertical motion and velocity calculation result® gresented in
Figures 5 and 6. These RAO results show a peakhathwhe
maximum response of relative vertical motion or oedly
occurred. From these figures RAO value for thetiradavertical
motion and velocity is the highest in the areahef bow and the
lowest in the ST 01. The reason for this is thatwlave is in head
sea direction. Also, it can be understood thatstieen area may
experience high relative vertical motion and leadstamming
although it may not as high as the bow area. Thaifgtant
relative vertical motion and velocity as resultstioé statistical
analysis are tabulated in Table 1 From this tablean be seen
that the submarine may experience slamming.
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4
ST7_04:
6 Rel. vert. 8.258 2 2.874 m/s 5.747 m/s
'5 Spectral Density Wave Hs = 5m, Tp = 15,782 sec velocity m/s
» 5
T ST1_04:
o
< 4 Rel.vt?rt. 11.663 m/s 3.415 m/s 6.83 m/s
o velocity
£ 3
1 ST8_04:
Z 2 — SWAVE... Rel.vert. | 21.641 s 4.652 m/s 9.304 m/s
E velocity
s 1
s ST7_04:
bt
€ 0 Rel.vert. | 4.889 m’ 2211 m 4.422 m
a motion
"1 0 0.5 1
oenelEnk ST1_04:
Frekuensi Enkounter Rel.vert. | 7.86 m* | 2.803 m 5.607 m
Figure 4. Spectral density of wave Hs =5m, Tp =13, 782 s motion
STERN_00:
Comparison of RAO of Relative Displacement Rel.vert. | 27.994 m?/s? 5.291 m/s 10.582 m/s
12 velocity
7,
i, " -—RAO_Bow_10 ST8_04:
5 ! \ — RAO_ST_08 Rel. vert. 15.416 m’ 3.926 m 7.853 m
Es ! '.l —RAO_ST_07 motion
1
o A ——=RAQ_ST_01 STERN_00:
£ i ~+-RAQ_Stern 00 Rel.vert. | 21667 | m’ | 4.655 m 9.31 m
2 o motion
<4
b BowO: Rel.
%2 vert. 5475 | o /¢ 7.399 m/s 14.799 m/s
3 velocity
o BowoO: Rel.
B 0:2 04 06 08 ) vert. 42352 | m* | 6508 m 13.016 m
Frequency Encounter (Hz ) i
Figure5: Comparison of RAO of Relative Displacement
Comparison of RAO for relative Velocity 3.0FALLING - TEST OF A SUBMARINE MODEL
70 A
§e0  iio RAO_Bow_10 A slamming load is non-linear and transient in whid
5_ s -+ RAO_ST_08 contributes greatly to a fatigue of structure. Tbtain this
° ——RAO_ST 07 phenomenon it is necessary to test using submhyidm-elastic
2 i sTiof models where the elastic properties of materiaicttires of the
2 - - submarine also modeled. Ideally for slamming loads
: = RAQ_Stern 00 measurement is conducted when the submarine is \vatar
g 20 wave, but because the wave generation facilitieh®ftank does
g, not work well so the hydrodynamic loads are sinedaby
performing a “fall test”. This test was conductedftee — fall the
0 submarine model into the tank in a particular dieva Then the
0 °~F4 HO"’ 08 1 impact loads that occur on the submarine hull mogete
requency (Hz) measured.

Figure 6: Comparison of RAO of Relative Velocity

Table 1: The significant relative vertical motion and vetgc

The
me Units RN.IS Units sugmfl‘cant Units
motion motion
amplitude

As seen in Figure 7, a hydro - elastic model s¢ald0 was
manufactured. This submarine model has a steebhekbone
located in the keel which has flexural stiffnegsikir to the full
scale submarine (see Table 2). The arrays of acceter were
placed on top of the steel back bone (see Figurto 8)etect
changes in acceleration due to changes of loadagételerometer
positions were at a quarter length of LOA from bwev (ST 16),
mid-ship (ST 10) and at a quarter of LOA from thers ship (ST
04) where presumably the slamming and highest lozsoccur.
The tydrodynamic load impact due to slamming in thisigtwas
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obtained by measuring the acceleration that ocoorghe model
submarine when it hits the surface of the watee @bceleration
data were collected with sampling rate of 1000Hzhéve the
transient response of the load [7].

Figure7: Installment of back-bone

steel bar on the keel as submarine
pressure hull elastic model

Figure8:
Accelerometer
placement on
Submarine Model

Table2: Properties of Submarine hydro- elastic model

Physical property Units
EA/L (stiffness of backbone steel) 108.9 MN/m
LOA (length over all) 204m
Breadth 0.206 m
Draught 0.190 m
Displacement 55.45 kg

The test procedure is shown in Figure 9 to Fig@re-lgure 9
shows the preparation of "fall test" where the satine model
suspended by a cable in a particular elevationnTthies hydro-
elastic submarine model was released from a cablegua
"release mechanism" that shown in Figure 10. TheRjgure 11
shows the submarine model hit the water surfaoe, finally
the submarine model was back into her surface gragition
which is shown in Figure 12.

Variations of the water surface elevation basedhenresults
of numerical calculation theory strip in form ofertical motion
and velocity relative to the sea surface when glanming
experienced by the submarine. The vertical motiata dvas
scaled down to obtain the fall - height on the wa#mk. The
relative velocities were needed to convert to dlemadata using
the fall free gravitational law before they weralsd down to the
water tank condition. The fall height data of subima model is
shown in Table 3.

The response of fall loads of the hydro-elastic nsaitine
model measured by accelerometers that installetherselected
position of the model.

Table 3: Fall Height Data of Submarine Model
The Using Free fall
significant Units gravity law Model
motion Change to Scale (cm)

amplitude Height (m)

ST7_04:

Rel. vert. 5.747 m/s 1.683 5.611

velocity

ST1_04:
Rel. vert.
velocity

6.83

m/s

2.377

7.925

ST8_04:
Rel. vert.
velocity

9.304

m/s

4.412

14.705

ST7_04:
Rel. vert.
motion

4.422

4.422

14.740

ST1_04:
Rel. vert.
motion

5.607

5.607

18.690

STERN_00
: Rel. vert.
velocity

10.582

m/s

5.707

19.023

ST8_04:
Rel. vert.
motion

7.853

7.853

26.177

STERN_00
:Rel. vert.
motion

9.31

9.31

31.033

vert.
velocity

BowO: Rel.

14.799

m/s

11.161

37.205

vert.
motion

BowO: Rel.

13.016

13.06

43.387

Figure 10: The submarine model was released from cable @sing

“release mechanism”.
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Table4: Fall test - Measurement Result of impact pressure
H Full Fall Test (Mpa)
Scale (m) P
ST4 2.378 3.523
ST10 1.683 2.524
ST16 4.412 6.451
ST4 4.422 6.465
ST10 5.607 8.170
ST16 7.853 11.402

The impact pressure of fall - test results fromstktudy are
compared with Stavovy and Chuang [3], where theathmds
provide a procedure to compute slamming impact spires of
high performance vehicles (HPV). They provided ampieical
formula based on two- and three-dimensional datee Method
determines the impact pressure in an infinitesianah of the hull
bottom. In that area the dead rise, buttock trich laeel angles are
determined from ship lines, body plan, ship motiamsl wave

profile.

The empirical formula for impact pressure is shoas
follows:
P =KV @)

Figure 12: Submarine hydro- elastic model was her surface Where,

draft

P; = Impact Pressure (Psi)

V,, = normal velocity relative of the hull ship to teerface wave
40RESULT ANALYSISAND DISCUSSION (ft/s)

This section discusses the analysis of the tesitses\n example Values for k shown in Figure 14 as a dotted line.
of measurement results from the fall test acceletemis shown
in Figure 13. The highest amplitude on this figis@ssumed to 2
be the peak of the accelerometer signal when thenatine hit
the water surface at the water tank. The resultiatd processing "
for all heights in the third position (ST 4; ST 18T 16) are
shown in Table 4. These results indicate that tfygact pressure .
is getting higher due to the increasing relativigtiefrom the
water surface. °
k

o

CONE (TEST AESULTSI j
MAX 2
o= kpv, 4

«
WEDGE (TEST RESULTS) ke kyloot” §

WAGNER (WEOGE THEORY)

ozf
o — e —— ‘}H\,A‘,A"A,‘VA#w,AA THREE-DIMENSIONAL ANALYSIS

Effective mpact Angle, §

. Figure 14: Values for k of Stavovy and Chuang method (SSC-
- S — | | 385.1995)
Figure 13: Examples of measurement result of fall - test The normal relative velocity as input data for Ohgia-

Stavovy method is obtained from Table 3. HoweMeg, relative
vertical motion from the numerical simulation hase converted
to the height data by applying the free — fall lafagravity. The
results of this method show in Table 5.
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Table5: Impact pressure of Chuang - Stavovy method.
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Items | Vn Relative (m/s)| k( 3-D factor Impact
based on body| Pressure
plan) (MPa)
ST4 6.83 0.8 2.777
ST10 5.747 0.7 1.716
ST16 9.304 0.83 5.333
ST4 9.314 0.83 5.345
ST10 10.489 0.7 5.716
ST16 12.413 0.8 9.149

Cq;nparison of Impact Pressure of Fall Test with Statovy - Chuang
Method

ST-162 &

W ST-162
sT-102

ST-4.28&16.17

W sT-102

ST-4.2&16.1

Impact Pressure (Mpa)
@

@ Fall Test (Mpa)
W Statovy - Chuang (Mpa)
~~~~~~~~~~~ Linear (Fall Test (Mpa))

Linear (Statovy - Chuang (Mpa))

o 1 2 3 4 s s 1 8 s

Relative Height from Water Surface ( m)
Figure 15: Comparison of Amplitude slamming test result falls
vs methods Statovy - Chuang on the body of submarin

The comparison results of slamming amplitude betwied
test and statovy — chuang method is shown in Fid&reFrom
this picture shows the pattern produced by thesemthods are
similar, but tend to fall - test has a higher inmpsalue. The
difference value impact pressure generated by ttvesenethods
ranges from 30%. This is probably because the vafuly in
Statovy and Chuang are more likely to applicationthe form of
the surface hull and numerical methodikis actually supported
also by the Figure 15 where the valyeokthe wedge test tend to
be larger than other numerical approximation.

5.0 CONCLUSION

This study has been successfully presented a metbod
predicting slamming pressure on a submarine- hadldesign
purposes. The comparison to a well-known Stavowy @huang
method has been made to validate this method df stnd found
that the results agree well each other. Finallys thethod of
calculation can be used as an alternative slamnivag

determination for approximation the strength, lifet and size of
the submarine structural components.

. J. Ramos, A.
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