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ABSTRACT

The objective of this study is a comparison of test and simulation reghéssimulation is
conducted using the LS-DYNA code, and the actual explosion test is conductedsatvair. To
study the impact of an underwater explosion on a structure, a*¥L & m ship (catamaran)-like
structure is constructed using aluminum. Velocity, acceleration, and blast psssswes are used to

measure the dynamic response of the structure caused by the shock wave and bubble pulse pressure.

To investigate the dynamic response of the ship-like structure and underwater explosion
phenomena, a numerical study is conducted by employing the ALE (arbitrary Lagrangiaaruleri
method. A finite element model is created by using TrueGrid for the fluid modeVR&dfor the
structure. The model analysis is performed with the FSI (fluid structuredtiten) technique by
using LS-DYNA.

In this study, small-scale underwater explosion experiments are carried outfofdethe
experiment procedures of this study can be applied to scaled-down ship shock tests.thten

feasibility of using the scaled-down method is investigated by a simulation technique.

KEY WORDS: UNDEX (Underwater Explosion), UNDEX shock teBSl, ALE, Shock Wave,

Bubble Effect, Scaling law, Bubble pulse pressure.
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Chapter 1 Introduction

1.1 Background and object

Ocean structures such as ships, ocean plants and submarine as well as ba#tieeasfsp=ould
damage by the shock. There are many kinds of impact like as collision and underwattomxqito
In this study, underwater explosion phenomena are considered. Especially, In WorldthWéallS.
Navy experienced the highly destructive effects of near proximity underwater iergl¢sNDEX)
from mines and torpedoes. Many combatants with the latest in combat techfonltyy time were
rendered helpless due to inadequate shock proofing of the ship systems. Since this timee extensi
work has gone into the research and study of the effects of UNDEX. A majoingbal design of
modern combatant ships has been to eliminate or at least reduce damage caused layeunderw

explosion.

In this study, the procedure of the underwater explosion shock test and simafatipresented.
Next, the feasibility of the scaled down model is showed by the simulation by using the LS-DYNA.

Keith G. Webster(2007) suggested Investigation of close proximity undersyqiiesion effects
on a ship-like structure using the multi-material arbitrary lagrangiderian (ALE) finite element
method [1]. Jin Qiankun(2010) examined a finite element analysis of ship sectionsesllject
underwater exposion by using the abaqus [2]. J.H.Kim(2003) researched a study \atb8gityvi
improvement method for naval ship design; damage assesment method by ALE techntbae. |
study, suggested the ways to modeling the air, water and explosive [3]. Kendia({9e&)
suggested the precise measurements of underwater explosion phenomena by pressurengensor usi
fluoropolymer [4]. Sang-Gab Lee(2007) studied the intgrated structural dynamic respahggs
considering the UNDEX shock wave and gas bubble pulse [5]. Lioyd Hammond(1997) exaneined t
applicability of scaling laws to underwater shock tests [6].

Underwater explosion research is conducted actively in the world. However, in Koeea,

-1 -



research is only conducted by computer simulation. Underwater explosion shock testhgr ihars
important affair to survive the ships and crews. Underwater explosion tests haveobdecated in
some of the developed countries for enhancement of the ship's and mounted equipment's survivability.

However, the results and test data are maintained as military classified materials.

As a result of this study, the row data which cannot obtain by using congbumgation is
obtained in the real underwater explosion test. Next, the tested row datdeauitized to improve

the simulation techniques.

Through this study, increase the understanding of underwater explosion shock. évloreov
applications for enhancing the ship's and mountgdipment’s survivability are available by

improved simulation technique.



Chapter 2 Theoretical Background

2.1 Underwater explosion Phenomena

[Stable]

[Unstable]
® b
explosion Tempered
Solid Bomb and

pressurized
Gas

Figure 2.1 Explosion process

An explosion can occur in environmaattair and water. In this thesis, the phenomena caused by
an explosion in the water are studied. The phenomenon of the explosion is a chemical reaction in a
substance and it changes the original material to a gas with a extremely highepagsstemperature.
Because of the dynamical properties of the water, the study of an underwateioaxgdmsbe
considered a part of a field of physics known as hydrodynamics. As the first steggussing the
phenomena according to hydro dynamical relations, it is necessary to piesdrdsic laws of
mechanics into a mathematical form. The first assumption is that fluid is al.assumption
implies that viscous stresses and effects of heat transfer can be neglectedth&lesecond
assumption is that there are no discontinuities in pressure, fluid velocity andalnénergy. The
followings are the basic approach to the mathematical forms of the explosion.

A. Conservation of mass

z—‘t’ +pDiv(V) =0 (2.1)

B. Conservation of Momentum

pg = Grad(P) (2.2)



a. a., 6 d
WhereGrad—&1+a—y]+ak

C. conservation of Energy

4k _ Pdp

—_— = 2.3
dt p dt (2:3)

where P=fluid pressure, E=internal energy of the fluid per unit nResass density of the fluid

D. Pressure-Density Relations

P _OE
dP _ pz ap (2 4)
dp O '
P oP

Because water is compressible, the conclusions that can be drawn are that pressur® applied t
localized region in the liquid is transmitted as a wave disturbance Witheavelocity to other points
in the liquid and that this wave disturbance results in local motiomeoivater and cause a variation
in its pressure. If an explosive such as HBX-1, TNT or RDX is detonatedhtir,vseveral typical
phenomena can be observed. Typical phenomena are the shock wave, gas bubble, cavitation etc, and

are elucidated in the following sections. Figure 2.2. shows the underwater explosion phenomena.

3. Rarefaction wave(Tensile wave)

1. Shock wave
2. Gas bubble

5 .Bottom Reflection wave

N _Z

Sea bottom

Figure 2.2 Underwater explosion phenomena
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2.1.1 Shock wave propagation

During an underwater explosion, the charge instantly converts explosive emerdgyt gas of
approximately 3000 °C and induces a shock pressure of up to 730000 psi [7]. This sheck wav
propagates spherically into the water medium. Shock waves are instantaneous and tiwgirislofat
the order10™> ~ 1072 s due to a rapid breakdown of an exited unstable explosive mixture into
stable solids and gases with an associated release of high heat and energy. Sl ey is a
function of the charge weight and stand-off distance. The pressure time history at Hog lves an

instantaneous pressure increase followed by a decay approximated by an expmetital given

by
t—tq1
P(t) = Pnaxe ¢ ,(t =1t;) (2.1)
1\ 41
Prax = K1 <%> (psi) (2.2)
1\ A2
0= K2W§ <WT§> (msec) 2.3)

where W is the explosive weight, R is the standoff distance,kand,, A; and A, are the

shock parameters of the explosion.

Table 2.1 Shock wave parameters

Parameters HBX-1 TNT PETN NUKE
K1 22347.6 22505 24589 4.38
Pmax
Al 1144 1.18 1.194 1.18
K2 0.056 0.058 0.052 2.274
Decay Constan|
A2 -0.247 -0.185 -0.257 -0.22
K3 1.786 1.798 1.674 11760
Impulse
A3 0.856 0.98 0.903 0.91
K4 3086.5 3034.9 3135.2 3.313
Energy
A4 2.039 2.155 2.094 2.04




The velocity of the water particle can be expressed with the folloggogtion, where P(t) is the
shock pressure time history, is the water density, and c is the acoustic velocity.
_ k@, 1t
u(t) = Py - J, P(®)dt (2.4)
The first term indicates the plane wave velocity, and second term is the afteAdlmording to
the equation, the after flow is negligible if R is large. Equations (2.5) and H@l&) indicate

impulse per unit area and energy per unit volume. These equations are also a funifjen) @nd

R(m). The coefficientX3, K,, A; and A, are empirical parameters.

1 1\ 43
I = [[p®)dt = KsW5 (%) (1 -3%) (2.5)
E = [jpudt = K,Ws()h = 2 (b-% (2.6)

The total energy at the specified standoff distance R can be expressed as

1

Ey = ATR’E = 4mK,W(“)h 2 @7

1
The value ofA, is very close to 2, so the effect ()‘f;]{—s) in Equation (2.7) is negligible. The

total energyEg in Equation (2.7) can be roughly approximated as
ES = WC1 , Cl = 4T[K4 2.8)

Where C; is the shock energy generated per unit mass of the explosive. Figure 2.3 shows the

pressure profile of a shock wave
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Figure 2. 3 Pressure profile of a shock wave

2.1.2 Gas bubble behavior and bubble pulse loading

Gas bubble behavior is not dealt with in this study on surface shield effectavitarblast
waves, gas bubbles are just one factor in understanding underwater explosionendewouf gas
bubble theory is presented as helpful background information in understanding entire UNDEX
phenomenon.

Gas hubbles generated by the explosion are almost spherical during their staitjal of
expansion and contraction. The maximum bubble radius and the time taken to reach the fest bubb
radius minimum can be calculated. Both vary with the size of thesix¥pl charge and the depth at

which the explosion occurs. These parameters can be calculated from

T = K;s W s (sec) (2.9)
(D+33)6
1
A\WE]
Rpax = Kg T (fo) (2.10)
(D+33)3

The constant valueX; and K, are decided by type of charges and presented in Table 2.2.



Table 2.2 Gas bubble parameters

Charge type
Bubble parameter HBX-1 TNT PENTOLITE NUKE
K5 (Bubble perid) 4.761 4.268 4.339 515
K¢ (Bubble radius) 14.14 12.67 12.88 1500

Where Ry,ax IS the maximum bubble radius in feet and T is the time to reach maximum radius

in seconds. The peak pressure of a bubble, which is achieved during its first minismum, i

approximately 10~ 15% of the shock-wave peak pressure and can be reduced by large migrations of

bubbles towards the water surface. However, the pressure pulse that bubbles gandrezilt in
localized loading effects on a ship's hull. Also, large bubbles often lose their gymandt can
collapse in upon themselves thus forming a toroid-shaped bubble and a column of mapviaily
water. The combination of the water jet and collective bubble pulse can pedansive damage to

ship hulls. Figure 2.4 shows the shock-wave and pressure pulses emitted from a bubble over time.

As a gas bubble expands during its oscillation, it displaces water, as the boioéects to a
minimum, the water rushes in to surround the volume vacated by the contracting. bulblguld
seem that the bubble would be most buoyant at its maximum size, but in fact the dppiogée
When the bubble is large, inertial forces brought on by the surrounding water dominate, cancelling out
the buoyancy effect to a large extent. When the bubble is at its minimum, ted foeces are also at

a minimum and thus the buoyancy of the bubble causes it to rise at its maximum rate [8].
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Figure 2.4 Bubble migration behavior versus bubble expansion.[8]

Depending on the initial depth of the explosion the bubble may migrate close to the water surface
during its oscillation stage. If the bubble gets close enough to the surface, then #utedbtc
plumes of water that occur just after a shockwave cavitates the swsfaiag lome) can be seen.
Each of the plumes matches an outward expansion of the bubble that causes batdispiaced
radially outward. If the first bubble expansion does not break through the wateresuhien the first
plume appears broad and low. The bubble then goes through another oscillation phaserdating mig
closer to the surface. If the bubble is going to breach the water surface it ig dadaly the second
or third oscillation maximums, after which the energy has dissipated quite drdipaiaen the
bubble does finally breach the surface, the water plume is usually thinner, highélackened due

to the venting of carbon rich explosion gases.



2.1.3 Cavitation

Cavitation is a phenomenon which occurs when there is a region of negativéteapsessure
present in the water. Since this negative pressure causes the tensile forceatethand therefore,
the water cannot sustain this force, cavitation or separation is fobuddg an UNDEX event, there
are two types of cavitations present in the water “bulk cavitation” and “local cavitation”. Bulk
cavitation can be considered a large region of low pressure at the fieeesuhile local cavitation is
a small region of low pressure usually occurring at the fluid-struchiezface. When cavitation
occurs in water, it has a large effect on the overall response of the ship aurtiyDEX event.
Therefore, this phenomenon must be considered a significant factor, and thus is incltaed in

simulation process for a more accurate prediction [9].

2.1.3.1 Bulk cavitation

The shock wave propagates in a spherical enlarging circle from the charge detonationgi
UNDEX event. As seen in Figure 3, the incident shock wave, which is compressive, fadtadise
free surface and results in a tensile reflected (rarefaction) wave. Since ¢neswatable to sustain a
significant amount of tension, due to the reflected wave, the fluid pressuedused and bulk
cavitation occurs when the absolute pressure drops to zero or below in theAwatenatter of fact,
water can support a small quantity of tension (approximately a negative presSute 4fpsi), but
zero psi is normally used for design and calculation purposes [10]. In the guidane#@adioca the
water and the surrounding pressures rise to the vapor pressure of water, which B 3lpsu As
shown in Figure 2.5, the reflected wave arrives at the image charge after the isloiddnivave. The
incident wave pressure has decayed, and then, the arrival of the rarefactocawsss a sharp drop
or so-alled “cut-off” in the pressure. Notice that, as mentioned previously, cavitation occurs at cut-Off
when the absolute pressure in the water drops below the cavitation pressuresabamit ia negative
pressure of 3 to 4 psi [10]. Although it is not shown in the figures below, anbogflection wave
may be present due to the reflection of the shock wave from the sea gowmell. Nevertheless,

because the bottom reflection wave mostly depends on the properties of the sea grousd and i

- 10 -



closeness to the ship, for an UNDEX event, this type of pressure wave is less important [7].
The underwater explosion geometry and shock wave pressure profile are shown in Figures 2.

and 2.6.
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Figure 2. 5 Underwater Explosion Geometry
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Figure 2.6 Shock Wave Pressure Profile with Cut-off Time [7]

The bulk cavitation region is described by an upper and a lower boundary. Theseibslaréa

a function of the size, type and depth of the charge that is detonated in arXUNB# [Ref. 9]. By
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varying the weights and the depths of TNT charge, this dependency can be shown in Figures 2.7.
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Figure 2.7 The bulk Cavitation Region Produced by an Underwater Explosion [8]

Upper cavitation boundary is defined as the locus of points at which the absoluteepfatsto
the cavitation pressure upon arrival of the reflected wave [10]. As long asstblatalpressure does
not go higher than the vapor pressure of water, the bulk cavitation areamadlin cavitated. Since
vapor and cavitation pressures are small enough, they can be taken as zero. To be ahieirte deter
the upper cavitation boundary, the total pressure must be considered. The upperrchaitetiary,
which is defined as the region in which the total pressure is equal to zero inuistealdy using

Equation (2.11) along with Equations (2.12) and (2.13) [8].

l (I‘ —r ) l
F(x,y) = K; <E> e” o + Py + yv— K4 <%> =0 (2.11)

r;, = (D—y)? and r,/(D+y)? + x2 (2.12), (2.13)

X,y = the horizontal range and the vertical depth of the point
r; = standoff distance from the charge to the point

r, = standoff distance from the image charge to the point



C = acoustic velocity in the water
D = charge depth

6 = decay constant (Equation 2.3)
P, = atmospheric pressure

y = weight density of water

W = charge weight

K;, A; =shock wave parameters (depends on charge type, Table 2.1)

If the breaking pressure is defined as the rarefaction or reflected pressurediizds the
absolute pressure at the position to the cavitation pressure, the lowati@awibundary is computed
by making the decay rates of the absolute pressure and breaking pressure equal. Dinefeqasi
calculation is demonstrated in Equation (2.14) which makes use of the same variabEguaions

(2.11), (2.12), (2.13) [8].

G(x,y) = —f—é{l + [rz_ZD(Dr_Zy)] [A2r2 — A, — 1]}

rq rq
G T R S S

where P, the incident pressure at cut-off time, is provided by the following expression,

(rz-ri)

P = l:)maxe_[ c6 (2.15)

Figure 2.8 shows a cross-section view which represents the bulk cavitation reggoatgd by a
5000 Ib TNT charge exploded 164 ft. below the free surface. It must be noted thalktbavitation
region in Figure 2.8 is actually three-dimensional, and normally symmetric aboumaginary
vertical axis passing through the charge. The water particles bel@nshtdctk wave front have
velocities depending on their position 18 relative to the charge location and the free suhadsret

of cavitation. For instance, water particles near the free surface will havearifyrivertical velocity
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at cavitation. As the reflected wave passes, the particles will be acted upon by gravity and atmospheric

pressure.

L4 FREE SURFACE

BULK CAVITATION REGION

CHARGE =

Figure 2.8 Bulk Cavitation Region in an Underwater Explosion Event

This region will remain in the cavitated state until its absolute pressure rises above [&jro ps

2.1.3.2 Local cavitation

The shock pressure pulses which are created by an underwater explosion impingisigippn a
agitate the structure which causes dynamic responses. As long as the prelssgeémpinge the
flexible surface of the structure, a fluid-structure interaction take®.pl&ten this fluid-structure
interactionoccurs, the total pressure throughout the ship’s hull turns out to be negative. Since the
water can not sustain tension, the water pressure decreases the vapor pmedstinen local
cavitation occurs. For the simplest fluid-structure interaction situation aylerTlat plate theory will
be used to be able to illustrate how the local cavitation occurs. Figure 28 ahtaylor flat plate

subjected to a plane wave.
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Figure 2.9 Taylor plate subjected to a plane wave [11]

An infinite and air backed plate of mass is subjected to the incident placlewave of pressure
P, (t). When the incident plane shock wave interacts with the plate, the reflectienofvavessure
P,(t) will be reflected off the plate. If the velocity of the plate is defined 8s, ufie equation of

motion of the plate utilizing Newton’s 2nd law can be written as

d‘;(tt) = P(t) + P () (2.16)

where m is the mass of the plate per unit area.

The fluid particle velocities behind the incident and reflected shock waves aredda$in, (t)

and u, (t), respectively. The interface between the surface of the plate and the fluid ised@es

u(t) = ug () — uy(b) (217

For a one-dimensional wave, the incident and reflected shock wave pressures can be shown as
follows:

P (t) = pCuy(t) (2.18)

P,(t) = pCuy(t) (2.19)



where p and C are the fluid density and acoustic velocity, respectively. Substituting Egquation
(2.18) and (2.19) into Equation (2.17) results in the next equation for the veibtiy fluid particle

along the fluid-structure interface,

u(®) = ) - u®) = 2T 220

Once more, substituting Equation into (2.20) and solving,foy, the reflected pressure wave

equation is defined as
-(5Y)
P, (t) Pmaxe * @/ — pCu(t) (2.21)
and then, the equation of motion, Equation (2.16) can be rewritten as

t—t
du(t) + pCu(t) = 2P ..€ (5% (2.22)

If the first order linear differential equation, Equation (2.22) is soliedsults in the following

relationship for the plate velocity.

2Pmax® { [B(t tl)] [(t tl)]}
u(t — e 2.23
®= i (2.23)
Where B P9 and t>0. FinallyP, (t) and the total pressure at the plate can then be expressed

as

Pm X _[(t 151 )] [M]
P,(t) = —= {(1 —Be — 2Be Ll o } (2.24)
[(t t1)] [B(t t1)]
Pl + P2 —_ Pmax {(1 B) - 1—88 } (225)
Equation (2.25) illustrates that, #s becomes large, which corresponds to a light weight plate,

the total net pressure turns out to be negative at a very early timefofégelecal cavitation occurs as

the vapor pressure of water is reached. This local cavitation essentially sefiergitge from the



water [8]. Furthermore, because the pressure in front of the plate occurs dttouepthe plate
reaches its maximum velocity. The time when the maximum plate velocity ocecubs aalculated
by settingP; + P, equal to zero and solve for t. By using Equation (2.2§), the time for the

maximum plate velocity is expressed as

to= —80 (2.26)

then substituting O t into Equation (2.23), the maximum plate velocity results inlitirig

equation.

_[Bto —[to
Upax = f:(T—i"S{e [eo] — e [(;)]} (2.23)

It can be noticed that the equations used in the Taylor plate theory are valid onltheiginae
when the cavitation starts. After that, this problem turns into nonlar@hpossibly non conservative.
Since the momentum of the plate equals to no more than a fraction of the impbhiseshock wave
for the light plate weights, a second loading which increases the platayelidlcarise. This second

loading can be more damaging than the first.

2.2 Hull response and damage subjected to underwater explosion

2.2.1 Incident shock wave damage

Shock damage to the hull area of a ship can very quite dramatically, depending on the charge size,
orientation and proximity to the hull. If the charge is located directBlmost directly underneath or
close by to a ship then there could be a contribution to the damage arising from thecblidpire

onto the ship’s hull and also due to whipping damage caused by the bubble pulses [12].



An explosive charge detonating in contact with or in very close proximity tehtipés hull will
also generally tear a large hole given that the hull thickness is ngtedaband that the charge is of a
sufficient size. The bulkheads close to the point of attack will also often rupture due to direct exposure
to the shockwave, or to deformation caused in the bulkhead by hull deformation. Fragmenthgon of
shell of the explosive charge may also cause severe damage to equipment in the imnoguate v
Although the damage may quite often be severe it usually does not externtd theiship or in the

fore-and-aft direction [12].

As the stand-off increases, the point at which the hull just ruptures iededdst this point the
hull is still water tight but heavily deformed with the level of defation decreasing as the stand-off
continues. Eventually a point is reached where only elastic hull deformation occlangyeAstand-off
distances, the shock-wave front is essentially planar and the ship is mose twalded as a whole
rather than in localized areas as with a smaller charge close in to the hudvédalifferent portions
of the ship will respond at different velocities depending upon the mass paramiMost ship shock

trials are performed at large stand-off distances for this reason [12].

When a shock-wave arrives at a ship's hull, the pressure loading on the plating rsladnvesh
instantaneous rise to a peak pressure followed by an exponential decay periodpl#titite is
relatively light it responds by accelerating until a point is reached wihengating moves faster than
the water adjacent to the plating can respond. Because water cannot sustain aelogalized
cavitation region is produced and the maximum velocity which the hull has pipkisdthe kick-off
velocity At some later stage the cavitation envelope adjacent to the hsdéisckmd the plate is
reloaded again but usually not at the previous loading level. However it isecmnhmon for further

deformation to take place due to cavitation closure.



2.2.2 Bubble jet damage

Another damage mechanism which follows on closely to that of bubble-pulse loading lis bubb
collapse. If the oscillating gas bubble is close enough to a rigid body surface sushlasarine or
ship hull then the pressure differential created as the bubble decreases i (@alused by resistance
to water low close to the hull) will result in the bubble collapging the hull and producing a high
speed water jet, which in some instances is capable of holing the hull. Meelctess currently
being performed to model the collapse and formation of the water jet, using hydro codiesteand

element models [12].

2.2.3 Cavitation damage

Surface cut-off occurs when a plane compressive wave hits a free surfaes, isfibcted off
that surface as a tensile wave, and then interacts with (cancels out) the compragsiw® as to
produce a slightly negative pressure. For ships and submarines near the surfaces ithatethe
shock-wave pressure loading (which is decreasing in an exponential fashioheftgtial loading
phase) on the hull may suddenly drop to the ambient pressure. This may keasigififanother

reloading occurs (eg. due to bubble pulse) and the hull is moving down towards the water sutface [12]

The phenomenon of bulk cavitation occurs when a shock-wave is reflected off a fese sur
such as the air/water interface. The compression shock-wave reflects afghgater surface as a
tensile wave and since water can only sustain a very small level of tensigimg tgecavitate. The
cavitated region forms a bulk cavitation envelope which has an upper and lower boundary and extends
in a radial direction away from the centre of the explosive burst positionextéet and duration of
the cavitated region that forms can be generated from equations in which thigenpgedsure

distribution with time is determined [14].



Eventually the bulk cavitated region closes (like a zipper) and the water layer thie cavitated
region closes down onto the lower layer causing a water hammer (effect)sghith out a pressure
wave (cavitation pulse). If the point of closure of the cavitation relggsrclose to the hull of a ship
or submarine then reloading may occur. In certain circumstances this mayirrdsgher recorded

strains, than the original pressure pulse resulting from the detonation of the charge [12]..

2.3 Arbitrary Lagrangian Eulerian(ALE) Method

Explosions involve liquid and gas flow, as well as high-pressure shock waves.r@&ngig
finite element mesh in the explosive charge region is not always feasiblesufoending fluid
medium elements around the explosive charge deform severely in Lagrangian based meshes.
Consequently, the time step size per iteration becomes extremely small resultiagge

computational time [15].

Furthermore, numerical approximation inaccuracies can exist due to mesh distortions [16].

Eulerian based finite element modeling advance solutions in time on a fixed mesh asgerg N
Stokes equations. When the solutions are progressed on a fixed mesh, the Euler@odbgdavoid
mesh distortions as presented in the Lagrangian hydrocodes. Additionally, algorithmbekave
developed to prevent the diffusion between two material types at a higher ciomalitekpense.
Furthermore, solving the Navier- Stokes equations (Eulerian) are generally arpemsive
computationally and complicated than the Lagrangian formulation [17]. As a result, @ hybri
numerical formulation technique has been developed which tries to utilize the adsawitédgth the

Eulerian and Lagrangian schemes.

The numerical analysis processor conducted in this study utilizes an ALE finite element code.

LS-DYNA [18] was used for the numerical analysis during this investigatibk Wydrocodes utilize



both Lagrangian and Eulerian hydrocodes that perform automatic rezoning [19]. Ahy#éltécode
involves a Lagrangian time step followed by a remap or advection phase. The advectiomahase
pursue one of three avenues in which the spatial mesh is (a) not rezoned due tbleasesh
deformation (Lagrangian), (b) rezoned to its original shape due to severe mesh defofEnd&rian),
or (c) rezoned to a more suitable form (Lagrangian and Eulerian) thus allowitagptthegy of mesh
to remain fixed. [18], [20]. It provides suitable material models and esseqtiations of state (EOS)
for underwater and air explosions. Furthermore, the code provides advection and couplithgreigor
in the ALE method in order to provide accurate, stable, conservative, @motanic results. Mass,
momentum, and energy transport is systematically computed for all elements in the Bamtbel
element's density, velocity, and energy will be updated. Pressure in each étenmnputed using
the updated density and specific internal energies in the model's EOS. The figur@slficim 2.12

show the difference of the lagrangian, eulerian and ALE method.
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Figure 2.12 Arbitrary Lagrangian-Eulerian method [21]

2.4 Ship system damping

Damping is the energy dissipation mechanism that causes vibrations to diminishmevandi
eventually stop. Amount of damping mainly depends on the material, velocity of motion, and
frequency of vibration [22].

Almost all of the damping within a structure is a result étibnal energy that is being
dissipated at physical connection points such as bolted or riveted joints. Hoimegeship the
majority of connections are welded rather than mechanically joined, so there islessiagmergy
dissipation through the welds. Ships do however provide a viable means for enespape the
system. This occurs through long cable runs, hangers, snubbers and out to the fluid surtbending
hull itself [23].

LS-DYNA allows Rayleigh damping constants o and B only. Damping can be classified as
viscous damping and hysteresis(solid) damping. The viscous damping is rayksghweighted
damping constanz  and the hysteresis(solid) damping is rayleigh stiffness-weighed dampang cons

B. Rayleigh damping constant and 3 are used as multipliers of [M] and [K] to calculate [C]

[C] = ofM] + B[K] (2.24)

(2.25)



where w is the frequency, and is the damping ratio.

Since there are two unknowns, assume that the sum of alpha and beta damping gives a constant
damping ratio & over the frequency range wl to ®2. This gives two simultaneous equations from

which you can solve for o and f.

o Bwq _
E + - = S (2.26)
o Bw,
0n + —~ = ¢ (2.27)

where the damping rati§ can be obtained from test data as follows

2
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Figure 2.13 Damping rate

calculate the logarithmic decremen, as follows

5§ = In (X_l) (2.28)

X2
x; andx, are two consecutive displacements, one cycle apart.EAisdfollows

= = (2.29)

&= J@m)Z+82



2.5 Equation of state (EOS)

The solid elements for the water and air are employed by equation of state(EOS). Agnequat
relating the pressure, temperature, and specific volume of a substance is knovECES. #roperty
relations involving other properties of a substance at equilibrium states are alsodsaw equation
of state [19]. This investigation utilized two different EOS in the modelmd) simulation. The EOS

involved were the linear polynomial and Jones Wilkins and Lee (JWL) equations.

2.5.1 Linear Polynomial equation[19]

Air and water are modeled using the linear polynomial EOS. The linear polynomial EOS is linear

in internal energy per unit initial volume, E. The pressure is given by

P = CO+C1H+C2|J.2+C3|J.3+(C4+C5P.+C6IJ.2)E (230)
Here, Cy, C4, C,, C3, C4, Csand Cq are user defined constants and
w = (p-p0)/p0 = Acoustic condensation

E = internal energy per volume

1 (2.31)

where V is the relative volume. In expanded elements, the coefficiepfs afe set to zero, i.e.,

The linear polynomial equation of state may by used to model gas with the gamma law equation
of state. This may be achieved by setting
COZ C1: C2: C3: C6:O

And



Where y is the ratio of specific heats. The pressure is then by

p
p=(—-1)—E
Po

2.5.2 Jones Wilkins and Lee (JWL) equatiorj$9]

The JWL equation is employed for the explosive. The JWL EOS defines the prassare

function of the relative volume, V, and initial energy per initial volume, E, such that

p = A(l—%)e‘R1V+B(1—$)e—R2v+wTE

X 1 =p/p0 (p0 = Initial density)

E = Specific internal energy per mass

A, B, o, R1, R2 = Constants for explosive

The parameterso, A, B, R; and R, are constants pertaining to the explosive. This EOS is
well suited because it determines the explosive's detonation pressure intiapglidavolving

structural metal accelerations [24].

2.6 Coupling method

Fluid-Structure Interactions(FSI) between ALE(Fluid) and lagrangian(struana#rial, each
modeled with separate meshes. LS-DYNA searches for the interections betwesgrahgian parts
and ALE parts. If a coupled Lagrangian surface is detected inside an ALE elementN4Srkiarks
the Lagrangian-Eulerian coupling points(NQUAD) at t-. It then tracks the independent motion of the 2

materials over dt(ALE material interface is tracked based on itsneofraction in the element). Then



it computes the penetration distance of the ALE material across the Lamrawuface. Coupling
forces are calculated based on this penetration and re-distributed back on to both materials.
The coupling forces are usually computed based on a penalty method(similat tsdt for

standard lagrangian contact).

ALE
material Lagrangian material surface (shown as a shell)

interface shown here as moving to the left, penetrating
material
- 3 =

Fluid-solid WA
Interface (— /
) W
! i
A—— ] i
Moving shell segment |' '

Penetration = coupling force

Figure 2.14 Coupling method based penetration

2.7 Scaling

2.7.1 Hopkinson scaling law

A deformable structure immersed in a fluid subjected to a shock wave loading inthestegh
the fluid is common to refer to Hopkinson scaling(baker, 1991) [25].

The down Scaling model experiment is used to save time and money and extract as much useful
information as possible as quickly and efficiently as possible and at minimum cost. Since we normally
Construct models of the same material as prototype we must keep densityuradfisss invariant.

Also we wish to scale geometrically so that the length scales linearly. This rhatasttscale factor,

Amust be related to length, density, and stress as follows



Table 2. 3 Hopkinson scaling law [8]

Parameters Dimensions Scale Factor
Length(L) L Al
Time(T) T A
Force(F) F A?
Velocity(v) LTt A°
Displacement(S) L At
Acceleration(a) LT™? At
Grav.Const(g) LT? A0
Mass(m) FT?Lt A3
Density(p) FT?L™* A0
Stressg) FT? A0
Pressure(p) FT? A0
Failure Stress@) FT? A0
Strain(e) - A0
Strain rate() T-1 At
Volume(Vol) L3 23
Energy(E) FL A3
Impulse(l) FT A3




Chapter 3 Modeling and Simulation

Pre-processing, analysis, and post-processing are used for the modeling and simufitvon.
chart for the model building and simulation procedure is shown in figure 3.1. Eairthilation, the
models are generated using TrueGrid and VPG. LS-DYNA is used for the analy§i©3T5is used

for the post-processing.

TrueGrid (Fluid modeling)
VPG (Structure modeling)

-

LS - DYNA
LS - POST

Figure 3.1 Flow chart of simulation.

3.1 Modeling

3.1.1 Water and air modeling

The finite element models of the fluid parts are made using TrueGrid, whiglsmart grid
generator. The fluid groups are separated into the air part and water panoddsein the air and
water boundaries must be merged.

The fluid models are made similar to the experimental environment, becausigj¢htive is to

compare the test results with numerical analysis results. The depth of the modeleds i@ m,
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which is almost the same as the test site. To avoid the impact of reflected fwam the side
boundary, the width of the free surface is modeled at approximately 20 m. The air area is modeled at 5
m to see the plume caused by bubbles.

Application of too many elements for the fluid area would increase the computaien t
drastically. To avoid this scenario, the area that contains the ship and exdsigeonly densely
generated area. The smallest size of elements of the water area is 4 cm. As & thsufluid

modeling, the number of fluid elements is 4,447,710. Figure 3.2 shows the fluid model.

5m

10m

Figure 3.2 Fluid model (air and water).

Because fresh water is used for the real explosion test, fresh water's equation of state is employed
for the water area model. Air's well-known equation of state is also emplohedbdsic units

employed in this paper are g, mm, and ms. The values of equation of state are described in table 3.1.



Table 3.1 Parameters of linear polynomial equation of state.

Properties Fresh water Air
Density (g/mm3) 1 0.001
C, (MPa) 0 0
¢, (MPa) 2002 0
¢, (MPa) 8436 0
C; (MPa) 8010 0
C, 0.4394 0.4
Cs 1.3937 0.4
Ce 0 0
E, 0.2086 0.25
Vo 1 1
p = Co+Ciu+ Cyp?+ C3u® + (Cy + Cspu + Cou?)E (Pressure in compression) (3.1)
p = Cyu(C,+ Csp+ Ceu?)E (Pressure in tension) (3.2)
Where, L = P”Po
Po

E : Unit of pressure
E, : Initial internal energy per unit reference specific volume

Vy : Initial relative volume

3.1.2 Explosive modeling

Many kinds of explosives are available, including HBX-1, TNT (trinitrotolueaed PENT.
This study employed TNT (trinitrotoluene), which is shown as being in thercgnteater in figures
3.3 and 3.4. There are three ways to model an explosive: as a solid, as a spherical shedlingr by
the keyword of the initial_volume_fraction_geometry in LS-DYNA. Using solid nioggbrovides
the advantage of modeling the exact mass of the explosive. However, in this method, generation of the
model is complicated. It is suitable for checking the shock wave pressure. Figure 3.Zasbulisls

explosive model.



Figure 3.3 Solid explosive model.

As mentioned above, the other two ways are the use of a spherical shell for the egpldsive
employing the keyword of the initial_volume_fraction_geometry in LS-DYNA. Thdrdstatic
pressure is essential for detecting bubble oscillation. It requires 0.2 s fizestéié hydrostatic
pressure. However, when the solid model is used, the explosive sinks in 0.2 s. One wagling avoi
this problem is to make a spherical shell and fix it by employing the boundary speywetk Next,
the tail side of the spherical shell's normal vector is defined as TNT by ubkeg t
initial_volume_fraction_geometry keyword. The use of this method enables maintamiegplosive
without sinking. This way is easier than making a solid explosive. Figure 3.4 shepherical shell

and the normal vectors.

Figure 3.4 Spherical shell model for explosive.
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The density of TNT is 163&g/m3. The TNT model employs the Jones-Wilkins-Lee (JWL)
equation of state (EOS), which defines the pressure as eq. 3.3 and is ersyddiyed for detonation

products of high explosives. The JWL equation of state defines a function of the relative volume, E, as

_ _ @ )e-ReV ( _L) -RV 4 @E
p A(l R1V) e +Bl(1 RV e + v (3.3)

where w, A, B, R; and R, are user-defined input parameters. The JWL equation of state is
used to determine the pressure of the detonation products of high explosives iniapplicaolving

metal accelerations. The input parameters for this equation have been given by Rdradr a

variety of high explosive materials.

This equation of state is used with the explosive burn material modalh wietermines the

lighting time for the explosive element [12]. The parameters of JWL are described in table 3.2.

Table 3.2 Parameters of the JWL EOS.

Parameters TNT
Density [g/mm3 ) 1630
Detonation velocity 6930

Chapman-Jouget pressure 2.1E+4
A 3.371E+5
B 3231
R, 4.15
R, 0.95

OMEGA 0.3

E, 7000
Vo 1

3.1.3 Ship-like structure modeling

To verify the response of the ship-like structure in a numerical simuldtiensimulation

conditions and cases used are almost the same as the conditions employed for the expenmtent. A f
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element model for the simulation is developed using VPG.

To compare the simulation results with ship shock test results, a shigtiilcture is constructed
as a finite element model. The hull-form of this ship-like structure is a elbuwitl called a catamaran.
The reasons for using a double hull form are the assumption that the testenlestsuathigh-speed
ship and the need to maintain the restoring force of the structure. &ngacan form is usually used
for a high-speed ship and hence selected here. The catamaran's specificatistesl aretable 3.3

and figures 3.5 and 3.6.

Table 3.3 Modeling specifications of ship-like structure.

Properties Value
Length 2000 mm
Width 1000 mm
Height 250 mm
Weight 32.71 kg

Displacement 27.23L
Material AL5052_H32

To confirm the deformation, aluminum is selected as the material for comsyrttoe ship-like
structure. Aluminum's properties are listed in table 3.4. The ship-like stisctuater line is shown in

figure 4.8.

Table 3.4 Mechanical properties of AL5052_H32.

Properties AL5052 H32 Conditions (°C)

Density (x1000 kg/m) 2.68
Poisson's Ratio 0.33

Elastic Modulus (GPa) 70-80
Tensile Strength (MPa) 230

Yield Strength (MPa) 195 25

Elongation (%) 12
Hardness (HB500) 60
Shear Strength (MPa) 140
Fatigue Strength (MPa) 115




sz

Figure 3.5 Outer hull of ship-like structure and measurement positions.

Figure 3.6 Bulkheads and girders in ship-like structure.

The center of mass of the structure is described in table 3.5. Next, an asatgsiducted with
LS-DYNA by employing the designed finite element models. The results of the sinulate
described in the next chapter.

Table 3.5 Center of mass.

Axis Coordinate(mm)
X -80
Y 0
4 78




3.2 Simulation

3.2.1 Bulk Cavitation

As explained in chapter 2, the bulk cavitation phenomenon occurs at the timerdexwater
explosion. In this chapter, the bulk cavitation phenomenon is verified by the simulatmhuhndred
and fifty grams of TNT are employed for this simulation. The depth of thiesxe from the free
surface is 1.5 m. The explosive is constructed using solid elements generatad®gid. Figure 3.7
shows the bulk cavitation area. As shown in figure 3.7, the bulk cavitation zone is generated at 1.8 ms,
and the closing bulk cavitation pulse is generated at 11 ms. The closingopsdsare is very large
because the duration is longer than the incident shock wave. It can also tingpairticture. Figure

3.8 shows the closing pulse pressure.

Figure 3.7 Bulk cavitation and closure pulse caused by shock wave.

- 35 -



18 4 ! Shock wave Fressure..;

Pressure {Mpa)
H

2 LA |

i | i\'l’l . h_‘n-.au.- S

0.000 0.002 0.004 0.007 0.012 0.0z0

Time (s)

Figure 3.8 Incident shock and closure pulse pressure.

3.2.2 Effect of element size on shock wave propagation

It is beneficial to keep the solid element as small as possible for enabtiog wave pressure
propagation. In particular, the accuracy of the pressure increases as distance to the explosive decrease
However, this small-element effect reduces as the distance increases.

As shown in figure 3.9, there is not much difference in pressures at distmeat= than 2 m.

Hence, to reduce the number of elements, 4-cm solid elements are employed to dimuéspanse

of a structure subjected to an underwater explosion.

_—

w
a

\

N
ul

—+Element size 2cm

/ Element size 3cm
/ -m-Element size 4cm |

=
u

The pressure diffence (%)
= [4]
o o

0.5 1 1.5 2
Distance from the exposive (m)

Figure 3.9 Effect of element size on shock wave propagation.
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3.2.3 Comparison of empirical and simulated bubble sizes

The maximum diameter of a bubble is measured from the simulation results, as stigurei
3.10. A comparison of the empirical and simulated values of the maximum bubbieteli and

bubble oscillation period (T) is presented in table 3.6.

18 ms

0 ms
115 ms I 212 ms ‘

Figure 3.10 Simulation results for maximum diameter of bubble.

Table 3.6 Comparison of bubble parameters.

Empirical value (A) Simulated value (B) B/A
Bubble diameter (m) 2.34 2.75 117%
Bubble oscillation 0.205 0.212 103%
period (s) ' '

3.2.4 Structure response caused by shock wave

In this study, a solid explosive model is used only to check the structure’s dynamic response to

the shock wave caused by the underwater explosion. When modeling the explosive at theéhedge of
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water model, the boundary condition is very important for the shock wave propagztimpter

3.2.4.1 discusses the boundary condition.

3.2.4.1 Boundary condition

If all of the water boundary conditions are fixed, the shock wave will not patpagor the
shock wave to propagate, the water boundary needs to slip conditions.

As shown in figure 3.11, for the edge of the explosive, the X and Z coordinate® reedet up
for the translation constraint, and the X, Y, and Z coordinates need up sietrr the rotational
constraint. For the side of the explosive, the X coordinate needs to be set up as a translaaant,constr
and the Y and the Z coordinates need to be set up for rotational constraitite Famttom of the
explosive, the Z coordinate is needed to set up for the translation constraithite ahdnd Y need to
set up for the rotational constraint. Next, to simulate an infinite fluid area environment,itbdl eidt
area should be set to a nonreflecting boundary surface. Figure 3.11 expldinsirilary conditions

briefly.

Edge of the explosive Side of the explosive

Translation Constraint : x
Rotational Constraint :y, z

Translation Constraint : x, Z
Rotational Constraint : x, y, z

Side of the explosive For infinite fluid area

Translation Constraint : z Non reflecting
Rotational Constraint : x, y Boundary surface

Figure 3.11 Boundary conditions for edge-modeled explosive.



3.2.4.2 Combining structure with water, air, and explosive models

Chapters 3.1.1 to 3.1.3 explain the method used for each model. Next, these models are
combined by the LS-preprocessor. In this simulation, the number of solid elements usedldat the
models is 1,939,968 and the number of shell elements for the structure model is 15,659. The solid

element formulation option (eq. 11) is employed, which is a one-point ALE-material element.

For solving the problem of a Lagrangian material contacting another Lagrangianaméteri
keyword “contact should be employed. For solving the problem of an ALE material contacting
arother ALE material (advection), the nodes of each ALE material should lgednétor solving the
problem of a Lagrangian material contacting an ALE material (fluid-streicinteraction (FSI)
problem), the keyword Constrained_Lagrange _in_solid should be employed [21]. In this simulation,
the problem of a Lagrangian material contacting an ALE material (FSI proklem)d mainly be
considered. Separate elements are modeled between the ALE material (fluid model) anddragrangi
material (structure model). Therefore, two models should be defined for tledatiorr. LS-DYNA
searches for the intersections between the Lagrangian parts and ALE parts. If a cag@edian
surface is detected inside an ALE element, LS-DYNA marks the Lagrangian-Eulanjaling points
(NQUAD). It then tracks the independent motion of the two masenaker dt (the ALE material
interface is tracked based on its volume fraction in the element). Then, it computes thetipene
distance of the ALE material across the Lagrangian surface. Coupling foecesl@rlated based on
this penetration and are re-distributed onto both materials [21]. Next, by usingeyiasord
Initial_Volume_fraction_geometry in LS-DYNA, the structure is filled vaih Figure 3.12 shows the

merged model. There is an explosive at the right edge of the water.



Figure 3.12 Combination of water, air, explosive, and structure.

3.2.4.3 Simulation results for shock wave

Figure 3.13 Shock wave propagation.
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Figure 3.14 Simulation results for incident peak shock pressure.

In this case, 1 kg of TNT is employed. The shock wave propagation is showori 3.13, and
the pressure of the shockwave is summarized in table 3.7. As explained in chaptdre8r2gjlts of
the simulation are lower than the empirical data when the distance from the\exgagieater than 2

m. The velocity response of the structure to the shockwave is shown in figures 3.14 and 3.15.

Table 3.7 Comparison of empirical and simulation values.

Distance (m) Empiriz:'\z;lllp\;a)llue(A) Simula(tli\(/l)g é;/)alue(B) (B/%))/:;loo
Pressuel (0.5) 112.728 104.69 92%
Pressue2 (1) 52.114 46.984 90%
Pressue3 (2) 23.001 17.778 7%
Pressue4 (3) 14.254 10.466 73%
Pressue5 (4) 10.151 7.296 71%
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Figure 3.15 Average velocities at portside and starboard (left).
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Figure 3.16 Peak velocities at portside and starboard (right).

The average velocities at portside and starboard are shown in figure 3.15 and B4 @aketof
catamaran-like structure is difference between portside and starboard in vélbeityelocity of

shocked side is bigger than starboard about 1m/s.



3.2.5 Structure response caused by underwater explosion

3.2.5.1 Models of water, air, explosive, and structure

As explained in chapter 3.1, the TNT shell technique for modeling the explosidepted to
verify the bubble effect. The stand-off distance from the structure is 4 m. Thestygavh the

explosive test is shown in figure 3.17.

g ’nu

118}

THEOT
HHHH

s
¥ j;%ﬁ-
HE TE
Tt Tt

Figure 3.17 Geometry of explosive test.

3.2.5.2 Boundary condition

For the assumption of an infinite boundary for the water area, the boundarflofdhe set to a
boundary with no reflection, and all of the boundary nodes are set to fix thié afanslations and

rotations.




3.2.5.3 Simulation results

3.2.5.3.1 Stand-off distance of 4 m

Figure 3.19 Simulation result (stand-off distance of 4 m).
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Figure 3.20 Velocity of shock response.
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Figure 3.21 Acceleration of shock response.
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Figure 3.22 Pressure generated by underwater explosion.

As shown in figure 3.22, the incident shockwave pressure reaches the structweotitye and
acceleration of the structure’s response are shown in figures 3.20 and 3.21, respectively. As shown in

these results, the acceleration and velocity values are affected by the bubble pulse pressure.
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3.2.5.3.2 Stand-off distance of 3.5 m (vent out phenomenon)




--
--

Figure 3.24 Venting out of bubble.

As shown in figures 3.23 and 3.24, when the bubble reaches the free surface at the first

oscillation, the air (black color) interpenetrates the bubble because the bubble containsra vac
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Figure 3.25 Velocity of shock response.
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Figure 3.27 Pressure generated by underwater explosion.

As shown in figure 3.27, the incident shockwave pressure reaches the structwedogitg and
acceleration of the structure’s response are shown in figures 3.25 and 3.26, respectively. Because of

the vent out phenomenon, the bubble pulse is not seen clearly.



3.2.5.3.3 Stand-off distance of 2.2 m

111ms

244ms

422ms

555ms

T

1888ms

Figure 3.28 Simulation results (stand-off distance of 2.2 m).
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Figure 3.31 Pressure generated by underwater explosion.

In this case, the structure and explosive are very close together. Hence, the effiessts/en
the structure is shown in figure 3.28. The structure is deformed as a result of the shock wave

and bubble impact. The deformed structure is shown in figure 5.4.
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3.2.5.3.4 Explosion behind structure
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Figure 3.33 Velocity of shock response.
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Figure 3.35 Pressure generated by underwater explosion.

As shown in figure 3.35, the incident shockwave and bubble pulse pressure reach tine struct
The velocity and acceleration of the structure’s response are shown in figures 3.33 and 3.34,

respectively. Because of the bubble pulse pressure, a second velocity peak appears.
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Chapter4 Underwater explosion testing

4.1 Pressure test

TNT is an explosive used for the military application, it is not alloteagse in this experiment.
Therefore, MegaMEX is used for the explosion experiments. MegaMEX's basic propertistedre i
in table 4.1. However, MegaMEX's JWL (Jones-Wilkins-Lee) EOS (equation of stat#)disclosed.

The feasibility of using MegaMEX as an alternative for TNT is verified by a presstire tes

Table 4.1 Comparison of properties of TNT and MegaMEX.

: Specific Energy Specific Density Detonation velocity
Explosive (N-mm) (g/mm3) (m/s)
TNT 11.076 1.63 6930
MegaMEX 9.613 1.25 6000

As shown in figure 4.1, the experimental site is a reservoir in the cityndfide. The deepest
depth of this reservoir is about 10 m. The area of the site is 30 m x Bisireservoir is filled with
fresh water, and the bottom consists of fine sand. The procedures for the exparardsdcribed in
chapter 4.1.1.

Figure 4.1 Experimental site.



4.1.1 Plan for shock pressure test

To avoid bottom reflection, the explosive is set up in the deepest pédne akservoir. The
explosive is placed at a depth of about 2 m. Various quantities are used for thvesgRE0-500 g),
and they are formed into balls. To protect the water, the explosives are wrappeyl Btockings.

The explosive materials and prepared explosives are shown in figure 4.2.

Figure 4.2 Explosives for pressure test.

To fix the explosive in the water, aluminum profiles are set up on buoys on the feemesilihe
explosive is placed 2 m from the free surface of the water. The explogstaided at the end of the
aluminum profile, and pressure gauges are set up at another end of the profile. Tire gaasse

properties are described in table 4.2.

Table 4.2 Properties of underwater blast pressure sensors.

Model Type Serial # Sensitivity
ICP 9523 1402 mV/MPa

137A22 ICP 9524 1379 mV/MPa
ICP 9525 1354 mV/MPa




The underwater blast pressure gauges are connected to water resistant caldeength of
approximately 20 m. To accurately measure the experiment results, a 51.2-kHz asadgtam. It
can accurately measure the maximum pressure caused by the underwater explosiostyFordstd
allow the sensors to stabilize, the detonation fuse has to cause the explosoun & East 30 s after
turning on the recorder. A mimetic diagram of the underwater explosion pressiuie $aown in
figure 4.3. The aluminum profiles are assembled to reach a length of 6 m. The procenhstalfiog

the aluminum profile is shown in figure 4.4.

(Buoy) (Aluminum profile) (Data recoder)

(Detonating fuse)

Figure 4.3 Test plan (two dimensions).

The tests are carried out as described in table 4.3. The first threareegieparation tests.
Therefore, the results of these tests are not shown in this dissertation. Threeaterdgast pressure

sensors are used for tests 4, 5, 6, and 7. The results of these tests are described in chapter 4.1.2.



Table 4.3 Summary of tests.

\o Explosive De Number Distance of sensor from explosive (m
' weight (g) pth (m) of channels 4 4.4 4.5
1 500 2 1 o} X X
2 500 4 1 X X o]
3 250 2 1 o] X X
4 250 2 3 o] o] o]
5 300 2 3 o} o} o]
6 500 2 3 o] o] o]
7 500 2 3 o] o] o]

O : sensor on, X : sensor off

Figure 4.4 Installing buoys and aluminum profiles.



4.1.2 Results of underwater shock pressure tests with MegaMEX

4.1.2.1 Results of test #4

Two hundred and fifty grams of MegaMEX is used for test #4. The explosivadsdo2 m from
the free surface. Three underwater blast pressure sensors are installed at ththenutdfile, as
shown in figure 4.3.

Table 4.4 Summary of test #4.

Explosive | Depth Number Distance of sensor from explosive (m)
No. weight (g) (m) of channels 4 4.4 45
4 250 2 3 o] 0 o]
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Because of the stabilization of the underwater blast pressure sensors, the MegaMpl¥ded
30 s after setting up the sensors. Shortly after the explosion, a bulk cavitatiaandrspray dome are
observed on the free surface caused by the shock wave. Then, a column of water caite] a fl
which is caused by bubble oscillation, penetrates the spray dome. Afterward, the phgaomena
caused by the explosion end.

The highest measured pressurRg,() at 4 m, 4.4 m, and 5 m are 5.422 MPa, 4.922 MPa, and
4.739 MPa, respectively. The data measured by the recorder are shown in figure 4.6. The shock wav
propagation speed is calculated as 2 Mm/s from 4 m to 4.4 m and 1.2 Mm/s from 4.4nm Th&
incident shock wave is measured at 30 s 660 ms, and bubble pulses caused by bubbtncwellati

measured at 30 s 810 ms and 30 s 930 ms. Based on the bubble pulse pressurbuthiddisspulse

period is inferred as being 150 ms. The exponential deétayof MegaMEX is measured at about
0.08 ms. The surface cutoff caused by the reflected tension wave is reachedattdr ithe incident
wave. Figure 4.6 and table 4.5 present a comparison of the empirical values @n@Nfie test

results for the MegaMEX.
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Figure 4.6 Results of test #4 (Explosive : 250 g).
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Table 4.5 Comparison of empirical values of TNT and test results for MegaMEX.

Empirical values of TNT

Test results for MegaMEX

Similarity (%)

Distance
(m) Prax(MPa) g (ms) Prax(MPa) g (ms) Bnax g
4 5.885 0.079 5.422 0.077 92 97
4.4 5.257 0.081 4.943 0.083 94 102
5 4,522 0.083 4,739 0.082 104 99

4.1.2.2 Results of test #5

To find an appropriate explosive weight for the structure shock respongarexethe weight

of MegaMEX is gradually increased. Hence, 300 g of MegaMEX is used for test #5.

Table 4.6 Summary of test #5.

N Explosive | Depth Number Distance of sensor from explosive (m)
| weight(g)| (m) of channels 4 4.4 ‘ 45
5 300 2 3 0 o 0




Just as with test #4, for the stabilization of the underwater blast presmsors, MegaMEX is

exploded 34 s after setting up the sensors. The phenomena of the test are similar to thosé.for test #

The highest pressureB,{,,) and exponential decay are presented in figure 4.8 and table 4.7. The
data measured by the data recorder are shown in figure 4.8. The shock wagatimospeed shows
a trend similar to test #4. The incident shock wave is measured at 34 s 987 ms, abdlthplises

caused by bubble oscillation are measured at 35 s 153 ms and 35 s 273 ms. Based on the bubble

pulses, the first bubble's pulse period is inferred as being 166 ms. The expatesraiaf ) of the
300 g of MegaMEX is measured at about 0.083 ms. The surface cut-off caused bfletttedr
tension wave is measured 1.4 ms after the incident wave. Table 4.7 presents a compé#nson o

empirical values for TNT and the test results for MegaMEX.
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Figure 4.8 Results of test #5 (Explosive : 300 g).



Table 4.7 Comparison of empirical values of TNT and test results for MegaMEX.

. s
Distance Empirical values of TNT Test result for MegaMEX Similarity (%)
(m) Prax(MPa) g (ms) Prax(MPa) g (ms) Pnax g
4 6.322 0.083 6.374 0.080 101 96
4.4 5.649 0.085 5.626 0.083 100 98
5 4.858 0.087 4.783 0.085 98 98

4.1.2.3 Results of test #6

For the same reason given for test #5, the weight of the MegaMEX explosive is idcHersee,

500 g of MegaMEX is used for test #6.
Table 4.8 Summary of test #6.

|

Explosive | Depth Number Distance of sensor from explosive (m)
NO. )
weight (g) (m) of channels 4 4.4 45
6 500 2 3 o] o] o]




Test #6 is conducted in the same way as tests 4 and 5. The phenomena of the bulk cavitation area
spray dome, and flume are observed to occur on the free surface.

The highest pressureB,{,,) and exponential decay are presented in figure 4.10 and table 4.9.
The incident shock wave is measured at 30 s 425 ms, and the bubble pulses gendyatdaleby

oscillation are measured at 30 s 618 ms and 30 s 757 ms. Based on the bubble pulses, the first bubble's

pulse period is inferred as being 193 ms. The exponential d€capf(the 500 g of MegaMEX is
measured at about 0.01 ms. The surface cutoff caused by the reflected tension wave is measured 1.4
ms after the incident shock wave. Table 4.9 presents a comparison of the empiricabfvidlacaNT

and the test results for MegaMEX.
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Figure 4.10 Results of test #6 (Explosive : 500 g).

Table 4.9 Comparison of empirical values of TNT and test results for MegaMEX.

Distance | EMpirical values of TNT | Test results for MegaMEX Similarity (%)
(m) Prax(MPa) g (ms) Prax(MPa) g (ms) Bnax g

4 7.729 0.096 7.849 0.10 101 104

4.4 6.907 0.097 7.005 0.11 101 113

5 5.940 0.099 6.083 0.11 102 111
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4.1.2.3 Results of test #7

Five hundred grams of MegaMEX is used for test #7. To verify the accuracy of teareta

data, test #6 and test #7 are compared. Figure 4.11 shows the underwater blast pressure tests.

a

= —4m-tests

-4.4m-tests

80 7 —Sm-testt

——4m-test7
44m-test?
Sm-test7?

Pressure

007631 0.07654 0.07677 0.07700 0.07722

0.07516 0.07539 0.07562 0.07585 0.07608 .
Time(sec)

Figure 4.11 Comparison of pressures of test #6 and test #7 (Explosive : 500 g).

Because of the influence of wind, the data of the tests are slightly diffex@mévidr, the trends
for the underwater shock wave phenomena are in agreement. As shown in table 4.9, 500 g of
MegaMEX is almost equal to 500 g of TNT. Hence, 500 g of MegaMEX is ed@# the explosive

for testing the dynamic response of the structure.



4.2 Response of test structure subjected to underwater explosion

To compare the simulation results and ship shock test results, a ship-like stisictomstructed.
This ship-like structure has a double hull form called a catamaran. A cataisarsed because of the
assumption that the tested structure is a high-speed ship. The catamaran form is usiiaihhigte
speed ships. Table 4.9 lists the boat's specifications. Specifications of a catamamaserid in
table 3.3 and figure 3.4

To confirm the deformation, aluminum is selected for the construction of the lshigtiucture.
Properties of aluminum are listed in table 3.4. The ship-like structure's draavidgwaterline are

shown in figures 4.12 and 4.13, respectively.

Figure 4.12 Drawings of structure and photographs of completed structure.

f\u’uter line

Figure 4.13 Waterline of ship-like structure.
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4.2.1 Procedure for shock test

A shock response test for the ship-like structure is conducted at the same thiteshsck
pressure test, as shown in figure 4.1. The aluminum profile and buoy are installed on the freg surfac
and the explosive is suspended from the aluminum profile. A twelve-channel data rescasdet for
measuring the velocity, acceleration, and pressure. The ship-like structige is the aluminum
profile. The structure is not strongly fixed to minimize the effect of tleekshesponse. To measure
the experimental data, six velocity output vibration sensors, four shock acceleroaradengo blast
pressure sensors are used. The first two sensors’ specifications are described in tables 4.10 and 4.11.

The specifications of the blast pressure sensors are described in table 4.2. The asatiZer

recording is a LAN-XI, with the frequency range set to 51.2 kHz. The locatibtiee sensors are

shown in figure 4.14. The variabledenotes velocity and A denotes acceleration.

Figure 4.14 Locations of sensors and analyzer.

Table 4.10 Specifications of velocity output vibration sensors.

Position Model number Serial number Sensitivity

Velocity 1 VO622A01 37230 4.0 mV/mm/s
Velocity 2 VO622A01 37228 4.0 mV/mm/s
Velocity 3 VO622A01 37227 4.0 mV/mm/s
Velocity 4 VO622A01 37226 4.0 mV/mm/s
Velocity 5 VO622A01 37234 4.0 mV/mm/s
Velocity 6 VO622A01 37232 4.0 mV/mm/s
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Table 4.11 Specifications of shock accelerometers.

Position Model number Serial number Sensitivity
Acceleration 1 8339 57505 0.02830 mVims?
Acceleration 2 8339 57506 0.02883 mVims?

To prevent tension in the cable connected sensors and data recorder, the cablesoatietied t
aluminum profile. Figure 4.15 provides a brief overview. If the sensors aadledsbn the deck in an
area other than the bulkhead spot, the measured data are incorrect because ofcitye céldisé
aluminum deck. Therefore, the sensors are installed on the bulkhead spot. If the samsatmohed
using glue, they could accidentally fall over because of the shock wave impact. Thereforare
welded to the deck at specific locations, and the sensors are attached to these nuts, Melaeity

6 around the nut decreases because of the shock wave during the test.

(Buoy) (AL profile) (Velocity, Accelerometer sensor) (Data recoder)

. 4

(Explosive)

Figure 4.15 Test plan (two dimensions).



4.2.2 Results of response for structure subjected to underwater explosion

4.2.2.1 Response for structure subjected to underwater explosiosst 1

Table 4.12 Summary of test 1.

) Relation of structure and explosive
No Explosive Depth Number
Weight (g) (m) of channels Position Distance (m)| Trim (°)
1 500 2 12 Right 3.7 0

Figure 4.16 Response test for structure subjected to underwater explosion, test 1.



Five hundred grams of MegaMEX is used for the test based on the underwater blast pressure test.
The depth of the explosive is 2 m, and the distance between the explosive and structura.iglet7
locations of the sensors are shown in figure 4.14. The total number of channelseas 8nelelocity
output vibration sensors and 4 shock accelerometers are installed on the deck of tke stiipture.
However, two of the acceleration sensors are out of range at all times.

Because of the stabilization of the sensors, the explosive is detonated 30 sttafteupethe
sensors. Shortly after the explosion, the structure experiences the hightstity and z-acceleration
caused by the shock wave. The bulk cavitation area and spray dome are observedeerstivéafre
caused by the shock wave, and then a column of water called a flume, which is cailsetunble
pulse, penetrates the spray dome. The response of the structure is recorded by the 12 channel analyzer.
The measured data from the recorder are shown in figures 4.17, 4.18, and 4.19, and the responses a

highly impacted by the bubble pulse pressure.
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Figure 4.17 The results of structure velocity.
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Figure 4.18 The results of structure acceleration.
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Figure 4.19 Input shockwave and bubble pulse pressure, max: 8.40 MPa (3.7 m).

When the explosive is detonated underwater, the structure experiences a shockyahsed
incident shock wave. As shown in figures 4.17 and 4.18, the dynamic responses in terms of the
velocity and acceleration depend on the shock wave and bubble pulse pressure. Figure 4.@&show

acceleration of the structure’s response caused by three bubble pulses.



4.2.2.2 Response for structure subjected to underwater explosiosst 2

The basic procedure is the same as in test 1. However, the depth of thevexplisn to detect

the vent out phenomenon at the bubble's first growth, because the first bubble radilisnis dsl

calculated by the empirical equation. Because of the vent out phenomenon, the flume ik aigimer t

other circumstances. A summary of test 2 is given in table 4.15.

Table 4.13 Summary of test 2.

No Explosive Depth Number Relation of structure and explosive
| weight (g) (m) of channels Position | Distance (m) ‘ Trim (°)
2 500 1 12 Right 3.9 0

Figure 4.20 Response test for structure subjected to underwater explosion, test 2.
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Figure 4.22 The results of structure acceleration.
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Figure 4.23 Input shock wave pressure, max: 7.9 MPa (3.9 m).

The purpose of test 2 is an examination of the vent out phenomenon of the bubble effect and the

dynamic response of the structure. At first, the plan is to use the same conditiesisla However,



the structure is out of control because of the effect of the wind. Thusjst@ag® between the
structure and the explosive is increased to 3.9 m. As a result of this changed cothditinst
response of the velocity is lower than test 1. As shown in figure 4.20, whbabkhke is vented out,
the velocity of the structure’s response is increased without the bubble pulse. Next, the first bubble

pulse occurs. Before the test, the bubble pulse is not expected. However, the bubble pulse appears.

4.2.2.3 Response for structure subjected to underwater explosioest 3

Table 4.14 Summary of test 3.

NG Explosive Depth Number Relation of structure and explosive
| weight (9) (m) of channels Position | Distance (m) ‘ Trim (°)
3 500 2 12 Right 4.5 4

Figure 4.24 Response test for structure subjected to underwater explosion, test 3.

The basic procedure is the same as in test 1. However, the ship-likersthesua 4° angle
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because it is assumed to be moving at high speed. When a ship moves at high spgedtrimha
angle. Thus, the characteristics of high-speed craft can be predicted by thessutess A summary

of test 3 is given in table 4.14, and the measured data are shown in figures 4.25, 4.26, and 4.27.
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Figure 4.25 The results of structure velocity.
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Figure 4.26 The results of structure acceleration.

7
——Pressure
6
w
Q5
2
Y,
3
w
w
Q3
S
o
2
1
0 L | IL L
0.00 0.11 0.23 0.34 0.46 0.57 0.69 0.80 0.92 1.03 1.14

Time (s)
Figure 4.27 Input shock wave and bubble pulse pressure, max pressure: 6MPa (4.5 m).



As shown in figures 4.25 and 4.26, the results of test 3 are affected by the trim atigde of
structure. Velocities 1, 4, and 5 are affected very little by thedrigle. However, the wetted surface
points (velocities 2, 3, and 6) are affected by the trim angle. As shown ia 26, these points are
affected by the second bubble pulse. In addition, the bubble pulse is measured as shovendr2égur

Acceleration 2 is not measured, because the acceleration sensor is overloaded for unknown reasons.

4.2.2.4 Response for structure subjected to underwater explosioest4

Table 4.15 Summary of test 4.

No Explosive | Depth Number Relation of structure and explosive
| weight (9) (m) of channels Position | Distance (m) ‘ Trim (°)
4 500 1 12 Right 4.17 4

Figure 4.28 Response test for structure subjected to underwater explosion, test 4.



The basic procedure is the same as in test 1. However, the ship-likersthmsua 4° angle
because high speed is assumed. Test 4 is conducted for comparison with testfy tfeevienpact of

the trim angle. A summary of test 4 is given in table 4.15, and the measured datanarénsfigures

4.29 and 30.
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Figure 4.29 The results of structure velocity.
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Figure 4.30 The results of structure acceleration.
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Figure 4.31 Input shock wave and bubble pulse pressure, max: 7.88a (4.17 m).

- 75 -



This test has a trim angle and shows the vent out phenomena of the bubble. Hence, the results of

test 4 are a mixture of the results of tests 2 and 3. Velocity sensor 6 is overloaded fomurgkasmm.

4.2.2.5 Response for structure subjected to underwater explosioest5

Table 4.16 Summary of test 5.

N Explosive | Depth Number Relation of structure and explosive
0. "
Weight (9) (m) of channels Position ‘ Distance (m) ‘ Trim (°)
5 1000 4 12 Right 4.1 0

Figure 4.32 Response test for structure subjected to underwater explosion, test 5.
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This test is conducted to confirm the bubble motion effect. The velocity resutistareeasured
because the shock response of the structure exceeds the measurement range. The acceleration

response results for the structure are shown in figure 4.33.
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Figure 4.33 The results of structure acceleration.
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Figure 4.34 Input shock wave and bubble pulse pressure, max: 7.68a (4.1 m).

All of the velocity sensors are overloaded because they are out of rangeinTthisscase, only
the acceleration is measured. As shown in figure 4.29, the bubble pulse, whieistban that for

500 g of explosive, is measured by the acceleration sensors.



4.2.2.6 Response for structure subjected to underwater explosiosst6

Table 4.17 Summary of test 6.

NG Explosive | Depth Number Relation of structure and explosive
| Weight (9) | (m) of channels Position | Distance (m) ‘ Trim (°)
6 500 2 12 Right 4.7 0

Figure 4.35 Response test for structure subjected to underwater explosion, test 6.

The basic procedure is also the same as in test 1. However, the distance from the explosive is 5 m
because of the wind. A summary of test 6 is given in table 4.17, ancetigurad data are shown in

figures 4.36 and 4.37.



—Velocity 1
Velocity 2
1.5 —Velocity 3
—Velocity 4
—Velocity 5
1 —Velocity 6
v
-
E
Z o5
9]
o
Q
= 0
-0.5

Time (s)

Figure 4.36 The results of structure velocity.
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Figure 4.38 Input shock wave and bubble pulse pressure, max: 6.8Pa (4.7 m).
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4.2.2.7 Response for structure subjected to underwater explosiosst 7

Table 4.18 Summary of test 7.

No Explosive | Depth Number Relation of structure and explosive
| Weight (g) (m) of channels Position | Distance (m) ‘ Trim (°)
7 500 2 12 Right 3.25 0

Figure 4.39 Response test for structure subjected to underwater explosion, test 7.

The basic procedure is also the same as in test 1. In this test, the original desigdistance is
2 m between the structure and explosive. However, the actual distance from thevexXpasimes
1.5 m because of the difficulty of controlling the position of the straasra result of the wind. This
is too close to the explosion. Thus, the velocity data are not measured because thesplooske of
the structure exceeds the measurement range. The acceleration response resalltdrimtule are
shown in figure 4.40. Because of the proximity of the underwater explosion, the outer thél of t

structure is deformed. A summary of test 7 is given in table 4.18.
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Figure 4.41 Input shock wave and bubble pulse pressure, max: 14.0 MPa (2.4 m).

All of the velocity sensors are overloaded because they are out of rangeinTthisscase, only
the acceleration is measured. As shown in figure 4.40, the maximum acceleration is the largest for any
of the tests. During this test, the outer hull of the structure is detbby the strong shock wave

pressure and bubble pulse impact.



4.2.2.8 Response for structure subjected to underwater explosiosst8

Table 4.19 Summary of test 8.

No Explosive Depth Number Relation of structure and explosive
- | Weight (9) (m) of channels Position Distance (m) ‘ Trim (°)
8 500 2 12 Right 3.25 4

Figure 4.42 Response test for structure subjected to underwater explosion, test 8.
The basic procedure is also the same as in test 1. The test distAmoebistween the structure
and explosive. The ship-like structure has a 4° angle because it is assumed thatving at high
speed, as in test 3. Test 8 is conducted for comparison with test 7 to verify the impact of the trim angle.
However, in test 7, the distance between the explosive and structure is 1.5 m dasteeng wind.

A summary of test 8 is given in table 4.20, and the measured data are shown in figures 4.43 and 4.44.
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Figure 4.45 Input shock wave and bubble pulse pressure, max: 9.B%Pa (3.25 m).

As shown in figures 4.43 and 4.44, the results of test 8 are affected by the trim atigde of
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structure. Velocities 1, 4, and 5 are only slightly affected by the trimeahiyiwever, the wetted
surface points (velocities 2, 3, and 6) are affected by the trim angle. As showarin4ig4, these
points are affected by the second bubble pulse. Moreover, the bubble pubssigaed as shown in
figure 4.44. Acceleration 2 is not measured, because the acceleration sensor is avddoade
unknown reasons, along with almost all of the velocity sensors. Thus, théywedsclts cannot be

trusted. However, the results are shown in this paper because all of the test results aredyrgh st

4.2.2.9 Response for structure subjected to underwater explosioest9

Table 4.20 Summary of test 9.

NoO Explosive | Depth Number Relation of structure and explosive
| Weight (g) (m) of channels Position | Distance (m) ‘ Trim (°)
9 500 2 12 Back 4.65 4




The basic procedure is the same as in test 3. However, the ship-like structure laagla.4h
the case of a high-speed ship, even if an explosive detonates precisely ustar, ttiee explosive's
bubble is generated behind the ship because of the speed. Hence, this situation is ahsamed w
conducting test 9. The test distance is 4.65 m between the structure and explosive. el &cted

for comparison with test 10 to verify the impact of the trim angle. A sumofargst 9 is given in

table 4.20.
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Figure 4.48 The results of structure acceleration.



Pressure (Mpa)

o1 L |

0.00 0.11 0.23 0.34 0.46 0.57 0.69 0.80 0.92

Time (s)

Figure 4.49 Input shock wave and bubble pulse pressure, max: 6.88Pa (4.65 m).

When the explosive is detonated behind the structure, the trim angle effect does nothaecur

results of test 9 are shown is figures 4.47 and 4.48.



4.2.2.10 Response for structure subjected to underwater explosiagst 10

Table 4.21 Summary of test 10.

_ Relation of structure and explosive
No Explosive | Depth Number
Weight () (m) of channels Position Distance (m) | Trim (°)
10 500 2 12 Back 4.5 0

Figure 4.50 Response test for structure subjected to underwater explosion, test 10.

The basic procedure is the same as in test 1. Test 10 is conducted for comparisest @itb
verify the impact of the trim angle. A summary of test 10 is given ir @23, and the measured data

are shown in figures 4.42 and 4.43.
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Figure 4.53 Input shock wave and bubble pulse pressure, max: 6.FPa (4.5 m).

When the explosive is detonated behind the structure, the trends for the results arehalmost t

same as test 1. The results of test 10 are shown is figures 4.51 and 4.52.
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4.2.3 Comparison of test data

4.2.3.1 Comparison of the tests

As described in chapters 4.2.3.1 and 4.2.3.2, these tests are conducted to verify thetk&ect of
trim angle. The trim angle is set up when the assumption that the structardighsspeed is applied

to the test. The results of this comparison are shown in figure 4.54.

2.5 —Test 1 (Velocity 1) |

2 r\ —Test 2 (Velocity 1) |

0 e T '\ T I
0.00 0.11 (.',.23 W \.4 0.5 0.69 780 0.92 1.03 1.14

=
«n

=

Velocity (m/s)
e
[%)]

Time (s)

Figure 4.54 Comparison of results of test 1 and test 2.

First, the bubble pulse is not shown in test 2, and velocity responses of the incidenvahec
and first bubble pulse are different. In this area, the velocity of test fygerbihan that of the first

velocity caused by the incident shock wave.



2.5

) —Test 2 (Velocity 2)
—Test4 (Velocity 2)
1.5
<
E 1
> \
x
8 o5
(1]
>
0 i T T T T T T T
0.00 011 023 0.34 .46 0.57 80 092 1.03 114
0.5 —t
1
Time (s)
Figure 4.55 Comparison of results of test 2 and test 4.
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Figure 4.56 Comparison of results of test 1 and test 3.

As shown in figure 4.55, the dynamic response of test 2 caused by the vent out impact of t
bubble is very similar to that of test 4. Test 4 shows the situatioheofrim angle and vent out

phenomena. As shown in figure 4.56, the trim angle effect is important for the dynamic resfponse

the structure.



Chapter 5 Comparison of test and simulation results

5.1 Comparison of simulation and test

Figure 5.2 shows the phenomena of the underwater explosion. The relative positions of the
structure and explosive are shown in figure 5.1. Figure 5.1 also shows that the charaatktfstics

test and simulation are similar.

Figure 5.1 Relative positions of structure and explosive.

As shown in figure 5.2, at 0.1 s, the spray dome is observed on the free surface. After 1 s,
peaked flume is observed. Finally, the underwater explosion phenomenon is over at 2.2 s.

Because of the offsetting effect of the incident shock wave when using thenatltod, the
measured dynamic response of the structure, including the velocity and aieléamaller with

the real explosion test for the same position of the explosive. The fushrcdf figure 5.2 shows the
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bubble caused by the underwater explosion with the flume and structure. The second columa of figur
5.2 shows the ALE element of the water with the flume and structure. Finallyhittiecolumn of

figure 5.2 shows a picture of the flume and structure in the test.

1.7 sec

Figure 5.2 Comparison of simulation and test (4 m) results.
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Figure 5.4 Comparison of deformations of structure in simulation and test.



90ms

406ms
&
i
;

)

A

1000ms

Figure 5.5 Comparison of simulation and test results for shape (behind 4 m).

In test 7, the stand-off distance is 2.2 m, and the appearance of the strustbeemaeformed
by the shock wave pressure and bubble impact. The first column in figure 5.3 shows theedimula
results. The second column shows the tested structure for test 7. The outdrthal structure is
deformed in a manner similar to the simulation result. When the stand-off diga8ce m, the
calculated shock wave pressure is 15 MPa. Figure 5.4 shows the similarity between tatedimul
deformation of the structure model and the tested deformation of the structure.

Figure 5.5 shows a comparison of test 10 and a similar simulation result.



5.2 Comparison of data (velocity and acceleration)

—Test value (V1)

2.5 —Simulation value (V1) |-

1.5

0.5
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Figure 5.6 Comparison of simulation and test results (velocity).

20
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15 —
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Acceleration (m/s"2)
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-20
Time (s)

Figure 5.7 Comparison of simulation and test results (acceleration).

To compare the simulated and experimental results, the velocity and acceleration arecompar
in figure 5.5. The position of V1 is shown in figures 3.5 and 4.15.

The velocity caused by the incident shock wave (see figure 5.4) is smaltethilh simulated
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velocity of the shock response, because the incident shock wave pressure is medbeedLE
elements.

Tests 2 and 4 are conducted to observe the vent out phenomenon of the bubble cécused by t
underwater explosion. Thus, the explosive is set at a depth of 1 m, although the buhisle radi
calculated by the empirical equation for TNT is 1.21 m. Therefore, when shddinble oscillation
occurs, the bubble is exposed to the air. Thus, the bubble is vented out to the air. Therefdherno fur
bubble oscillations occur. However, as shown in chapter 3, the vent out phenomenon does not occu
precisely in the simulation by LS-DYNA. Figure 5.8 shows a comparison of test 10 and the
simulation results. In this case, the position of the explosive is changedidb the test’s input

pressure. In the simulation, the trend is similar to the velocity response of the strutdstelD.
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Figure 5.8 Comparison of simulation and test results (velocity).
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Figure 5.9 Comparison of simulation and test results (acceleration).
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Chapter 6 Feasibility of scaling-down test

Figure 6.1 Large-scale ship shock test 2008 (USS, underwater explosion).

As shown in chapter 4, experiments using a small structure are relatively simple aifftdtted
by space restrictions and environmental laws. Therefore, instead of using large achipsnfor
hardening and survivability tests, scaled-down models could be used to reduce #rel qgoanning
period for real explosion tests. Figure 6.1 shows a real-scale underwater explosiondasted in
the USA, off the Florida coast.

To conduct this kind of test, huge amounts of time and money are needed. Moreover, there are
concerns about the side effects to the ocean environment. The advantages and disadfaatdges
scale explosion tests, scaling-down tests, and simulations are described in table 6.4d-Alesegal

model test can extract much useful information quickly, efficiently, and economically.

Table 6.1 Features of alternatives.

Contents Real-scale test Scaling-down test M&S
Cost Relatively large Relatively small Small
Test range Limited Unlimited Unlimited
Credibility High Low Need to verify
Range of data acquisition Limited Limited Unlimited
Mounted equipment Existence No Option
Environment Relatively large Relatively small No




The Hopkinson scaling law states that if the dimensions of a charge are scaledlbg 4 |
then at an equivalent distand® from the charge, the peak pressure will remain unchanged but the

impulse and pulse duration will both be scaled4y Hopkinson scaling applies only to the shock
wave itself and does not extend to structural effects. To utilize the Hopkioatingslaw, it is
desirable, if not necessary, that geometric similitude occurs, making the destimeen the model
and prototype a relatively simple matter. The simple, linear relationship®pkinson scaling are

presented in table 6.2 and illustrated in figure 6.2 [26].

Table 6.2 Hopkinson scaling relationships for shock wave [26].

Parameter Prototype Model

Geometrical Parameters (scaled byt )

Charge diameter d Ad

Stand-off distance R AR

Characteristic length L AL
Shock Wave Parameters

Pulse duration T AT

Impulse I A

Peak pressure

d

[

®

scaled by A’

Figure 6.2 Hopkinson scaling applied to spherical underwater shock wave emanating from
source S, impinging on target T. Parameters are scaled according to parametér [26].
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6.1 Modeling of fluid and structure

In this study, the Hopkinson scaling law is verified for underwater explosispomee
phenomena. The scaled-down model test can be used to extract as much useful anfamati
possible, as quickly and efficiently as possible, and at minimum cost. A defermaahbtture
immersed in a fluid is subjected to shock wave loading imparted througluitheTthe experimental
analysis method is used to construct small-scale models of the structure and perfornegtmtse
experiments on a smaller scale. To approach this problem, models are constructed of the same
material as the prototype. The density and failure stress are kept invariant and the scaliognggerf
geometrically so that the length scales linearly. The gravity aatiele is the same for both the

prototype and scaled-down model situations [8].

60m
~N

3m

Figure 6.3 Fluid model for verification of Hopkinson scaling law.

As seen in table 6.2, if assumptién is 20, the other scaled values are as shown in figures 6.3
and 6.4. The depth of the explosive is changed from 20 m to 1 m, and the explosive is changed from
1000 kg to 0.125 kg. The solid element size is proportionately increased betthesdémitation for

the number of elements.
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Lonodet = ALprato

— 23
| wmodel =4 wprom |

vs

Radius of explosive : 527.12mm (1000Kg) Radius of scale down explosive 26.356mm(0.125Kg)

.

Weight of explosive
1/8000 scale down

Length of catamaran
1/20 scale down

Figure 6.4 Structure model and explosive according to Hopkinson scaling law.

Because a far-field underwater explosion circumstance is assumed, a simulation is cdaducted

only the shock wave effect.

6.2 Simulation results

The measurement positions are shown in figure 6.5. Points 2, 5, and 8 are speeéiéyg the
motion of the structure. Thus, these points are not affected by the elasttbikynohterial of the outer

hull.

Figure 6.5 Positions for measurements.

Any energy dissipation mechanism such as viscous flow or structural damitlingt scale
according to Hopkinson scaling. This is because the stress gradient in a viscous flow is proportional to

the velocity. A problem involving surface tension will not scale in this Wés, this simulation
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must minimize the gravitational effects, energy dissipation, and surface tension

The prototype’s maximum Z-displacement is 87.9 mm, and the scaled-down maximum Z-
displacement is changed to 4.4 mm. The Z-velocity and stress of the scaled-dowramaadelost
the same as the prototype. The cube of the Z-acceleration of the prosotlype&Ziacceleration of the
scaled-down model, and the energy is the cubic root.

The shock wave pressures are almost the same between the prototype and scaledefbyvas

shown in table 2.3.
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S 60
g 104.70Mpa
§ 40 M
E 20

0 j M\
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100 Scale down model
=
£ 80 _
s Max
g 104.68Mpa
2 40 m
u
& 20

0 M

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50

Time (ms)

Figure 6.6 Results of shock wave scaling.

- 102 -



Displacement Displacement
100 5
—_ — M
1 —M
80 4 —M8
/ — /
C — 60 = 3
E
E E £
N |3 H
40 2
T |3 5
E |4
R o a1
0 T T T T ] T T T T
6 m B 52 6 68 77 8 % 05 WZ.O 25 30 35 40 45 50
-20 -1
Time (ms) Time (ms)
| Max = 87.9mm | Max = 4.4mm
Figure 6.7 Results of displacement scaling.
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Figure 6.8 Results of velocity response scaling.
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Figure 6.10 Results of stress scaling.
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Figure 6.11 Results of energy scaling.
6.3 Results

The feasibility of the scaling law for the shock effect induced by the uatiemexplosion was
confirmed by modeling and simulation. Now, we can test a scaled-down model skgolioka real-
scale ship, which can save cost, in order to enhance the shock resistance by chandésigh.

However, further scaling-down testing needs to be carried out together witksaaieaexplosion test

to increase the accuracy of the scaled-down model test and simulation.




Chapter 7 Conclusion

In this study, underwater explosion phenomena were researched. In particular, the dynamic
responses of a structure caused by a shock wave and bubble pulse pressure were studied.

A real underwater explosion test for a structure is impossible in almost al basause of
environmental and cost problems. Hence, a computer simulation technique is an important alternative.

In this study, underwater explosion tests were conducted to compare the test values and
simulation values. The results of this study confirmed the validity of simulations th&ingbitrary
LagrangianrEulerian (ALE) technique. Moreover, the feasibility of using a scaling-down test
technique, which is a relatively simple test, was verified through simulations.

In order to analyze the bubble pulse pressure, as well as the incident shoatausae by an
underwater explosion, the ALE method is good for simulation

Determining whether or not test and computer simulation results comparisendssary before
simulation results can be applied to design changes for a ship.

The size and number of elements are important parameters when conducting a simulagon. Thes
are based on an engineer’s experience. Usually, increasing the size of the elements in proportion to

the size of the explosives controls the number of elements.

1) The pressure caused by the underwater explosion was offset by the ALE eleynabtsit
70% compared to the tested pressure. Hence, when simulating an underwater explosion using

the ALE method, these offsetting effects should be considered.

2) The impact from the vent out of the bubble was verified by the tests. Howexsmtulation
of the vent out phenomenon did not match the test results. In the simulation, the bubble
bounced off the free surface. Hence, the results of the dynamic responses of the structure

were different from the test results.
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3) The trim angle of the ship-like structure that was utilized with llgh speed craft
assumption produced different trends in the dynamic response results compared to the results

when no trim angle was used.

4) When comparison was made of the results of underwater explosions to the side and behind
the structure, the dynamic responses of the structure showed almost similar trends. Hence, the
position of the explosion does not affect the shock responses of the structure. Hovlewer, if

explosion occurs directly below the ship, a whipping phenomenon occurs.

5) In this study, small-scale underwater explosion experiments were carried out. Therefore, th
experiment procedures of this study can be applied to scaled-down ship shock tests. Hence,
the feasibility of using the scaling-down method was investigated by a simuletionique.

As shown by the results in chapter 6, the Hopkinson scaling law is good for underwater

explosion scaling.

6) This was the first experiment of this kind performed for the purpogsesafarch in Korea.
Therefore, the data in this dissertation are important to develop codes for umrderwat

explosion phenomena.
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Summary

Underwater explosion testing of catamaran-like structure vs. simulation

and feasibility of using scaling law
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