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Chapter 1 — Introduction and Background

1.1 Overview

This thesis describes research conducted at theeksity of Maryland (UMD), College
Park, within the Mechanical Engineering Departrreerd Dynamic Effects Laboratory in
the A. James Clark School of Engineering. Theaes$efocuses on the movement of
obstacles in shallow underwater explosions. Thigext is of interest to the U.S. Navy
because obstacles are sometimes deliberately piatcethe shallow water area on a
beach to prevent amphibious vehicles from landafglg on shore. The Naval Surface
Warfare Center (NSWC) in Indian Head, Maryland, tiegised a method of clearing
these obstacles by dropping bombs into the watkuaimg the energy of the explosive to

move the obstacles out of the projected path ofétécle.

The NSWC has supported several studies on theculgmg Mk-82 and Mk-84 bombs
to determine the motion of the obstacles when #reyin proximity of a detonated
explosive. Studies were performed by SRI Intéomal at a 1/1% scale in an attempt to
verify the full-scale results with a more cost @kt testing process. SRI International
used two different scaling theories, Hopkinson’d &ow Pressure scaling, in order to

recreate the full-scale setup.

The primary goal of this research study was tdhrrinvestigate the validity of the Low

Pressure scaling theory proposed by William McDdid] of the NSWC. The UMD



tests were performed on an even smaller scalettiea8RI tests, ranging from 1/26

scale to 1/4%' scale.

1.2 Mk-82 and Mk-84 Bombs

The Mk-80 series of bombs are designed to be aaerdigally streamlined and are often
referred to as Low Drag General Purpose bombsThRpy are most often used in
applications where maximum blast and explosivectffare desired. The bombs are
unguided and travel to the target by free fall.oAb45% of the weight of the bomb is
comprised of explosive material. The differencesMeen the Mk-82 and Mk-84 bomb

are highlighted in Table 1.1.

Weight Length Diameter Explosive
192 Ibs
Mk-82 500 Ibs 66.15 in 10.75 in Tritonal, Minol
Il, or H-6
Mk-84 2000 Ibs 129 in 18in | 940 Ibs Tritonal
or H-6

Table 1.1 - Specifications of the Mk-82 and Mk-84 &dmbs

The tests conducted by SRI International used rdiffieamounts of explosive while
keeping the scale factor constant at 1/i2order to model the two bombs. However,
the UMD tests used the same charge for all teatghle scale factor was reduced for

tests that simulate the Mk-84 instead of increatiiegwveight of the explosive.



1.3 Mechanics of Underwater Explosions

Since this study deals with underwater explosibmsimportant to describe the sequence
of events that occur when an explosive is detonaneigérwater. Robert H. Cole
describes these events in great detdimderwater Explosions[9]. This section
summarizes certain parts of Cole’s work that a@iegble to obstacle movement due to

shallow underwater explosions.

An explosion occurs when an explosive compoundligested to some energy that is
great enough to start a chemical reaction. Thenada reaction converts the explosive
material into a gas at a very high temperaturepmadsure. The reaction begins in a
small section of the material where the initiatevgergy was applied. The heat and
pressure emitted from this small section of expls$hen causes adjacent material to go

through the same reaction, and thus the reactigmagates through the material.

The first effect of the detonation that can be obse is the shock wave. When the
chemical reaction in the explosive material is ctatgul and the pressure of the gas
reaches the boundary of water a compression wandrtlvels at the rate of several
thousand feet per second is formed. This shoclewan have destructive effects in
some cases, however it was found to have littleooeffect on the motion of obstacles in
this study. High speed videos of the experimeatsiacted in this study reveal that
obstacles do not begin moving until they are apgted by the gas bubble described in

the next paragraph.



The pressure of the gas drops after the shock Wwasydeen emitted, but it is still
significantly higher than the hydrostatic pressofréhe water around the explosion. The
high pressure of the gas pushes the water outaugks an expansion of volume that can
be described as a gas bubble. In deep water comglitvhere the gas bubble is
completely surrounded by water an oscillation dflide size can be observed. This
oscillation of the bubble size can be attributethtoconstantly changing pressure in the
gas. As the gas bubble expands, the pressure, dnafphe water continues to move
outward due to inertial effects. The gas bubbkenéwally stops expanding, but by this
time the pressure of the gas has dropped belowallue of the hydrostatic pressure
around the gas. The bubble then collapses umghithes a high pressure again and
expands. As the bubble oscillates in volumeanets upward towards the surface of the
water. When the bubble reaches the surface of#ter, the gasses escape into the

atmosphere.

This study deals with shallow water conditions #melgrowth of the gas bubble is
different from what has been observed in deep waberce the explosive is detonated,
there is a shock wave and an expansion of ga¢dimas a bubble, but since the water is
shallow the gas bubble breaks the surface of thienbafore the bubble can begin to
collapse under hydrostatic pressure. This phenomendescribed as a bubble that
vents. When the gas escapes into the atmosphereater that was displaced flows
back towards the location from which the charge detenated. The flow of water back
towards the location of the charge could play aifcant role in the motion of obstacles.

The observations of these effects are describ&hapter 4.



1.4 Cavitation

One other effect that can be observed in undernexigosions is the cavitation of water
due to the shock wave. Cavitation is the creatiovapor bubbles in a liquid and it
occurs when the pressure of the liquid falls beflog/vapor pressure [10]. Cavitation can
also be attributed to temperature effects and wootdir when the temperature of the
liquid reaches or exceeds the saturated vapomitumperature [10]. In an underwater
explosion, this pressure drop likely results frdra travel of the shock wave through the
water [11]. As the wave travels through the wdtsralized regions undergo a cycle of
compression and tension due to the passing of #ve wA bubble can be nucleated from
a microscopic void created by the pressure anddestyre changes in the water. These
voids usually occur in areas of weakness suchbasiadary between the liquid and the
solid wall of the container or particles in the argtl0]. Other weaknesses are the micro-

bubbles of contaminant gas suspended in the water.

These microscopic voids grow into small bubbles nglphenomenon can be observed
in the high speed videos taken during this stueigure 1.1 shows a sequence of frames
from one of the tests where the region of cavitatian be clearly seen. The cavitation
bubbles are only seen near the bottom surfaceeafdhtainer. This can most likely be
attributed to the fact that the largest surfacearitact between the liquid and solid
boundary is the bottom surface of the containehas also been observed that small
bubbles of contaminant air are present on the bosiorface of the container before a test

is conducted. Cavitation did not appear to cangenaotion of obstacles.



Figure 1.1 - Left: Light emitted as explosive detoates.
Right: Cavitation bubbles can be seen near the baitn surface of the container

1.5 Low Pressure Scaling

Low Pressure scaling, as defined in this sect®a,theory devised by William
McDonald of the NSWC, Indian Head Division [3]. &theory is a modification of
Vacuum Tank scaling, which is attributed to Sna§j[IMcDonald states that Vacuum
Tank scaling and Low Pressure scaling are two ndan¢be same method that was
originally described by Snay. However, McDonal@sloot give a new name for his
modified scaling theory. For the sake of clarfcDonald’s theory will be referred to as
Low Pressure scaling throughout this thesis ang’Smaiginal theory will be referred to

as Vacuum Tank scaling.

The motivation behind the development of the Vacuiank scaling theory is to be able
to use relatively inexpensive small scale testshtain the same information provided by
full scale tests. The research of scaling theceffef underwater explosions dates back to

World War Il. Snay showed that while the explosstrock wave can be scaled for



analysis of small-scale field tests, the scalingufble-induced flow phenomena requires

the use of special equipment such as centrifuggvacuum tanks.

The following paragraphs show the derivation foas scaling theories. Several
different scaling possibilities can be derived frma basic equations governing fluid
flow [3]. The equations for conservation of maksgnd conservation of momentum (2)
of inviscid flows are written below. For flows \wig high Reynolds number the
assumption of inviscid flow is justifiable [15]. ddmally, conservation of energy would
also have to be considered, but in the case ohpcessible inviscid flows it is not
necessary [15]. The mass and momentum consamequations are sufficient to relate

the three velocity components and pressure [8].

% +itfeu) =0 &)
a‘;u +00pu)u+Op = ~pgk (2)

In equations (1) and (2pis the density, p is the pressunds the velocity vector, g is

gravity, andk is the unit vector in the vertical direction. Fmbble-induced flow
phenomena, water can be treated as an incompeSisiiol so the density of an element

will not change as it travels [8, 15]. Therefagquations (1) and (2) reduce to:

Ou)=0 3)

pa_u+pDE(u)u+Dp— ~ pok 4)



It is convenient to use a cylindrical coordinatetsyn for underwater explosions. The
gas bubble expands in the radial and vertical does, so there is no significant flow
expected in the tangential direction. Equationsa(®l (4) are written in terms of

cylindrical coordinates below [8].

o 10
Continuit —— () +——+—=0 5
( inuity) rar(u) rogd oz ®)

Du_v*__1dp

(Radial Momentum) — (6)
Dt r p or
(Tangential Momentum) Dv + V- _i@ @)
Dt r o 06
(Vertical Momentum) bw_ _1op +9 (8)
Dt p 0z

wherer , 8, andz are the cylindrical directions. The symbaolsv, andw are the
components of velocity in the radial, tangentiad aertical directions. In cylindrical

0  vo 0
+——tW—

. D _ o
coordinatess— =—+u—+— w—.
ot or roéd 0z
It can be assumed that the underwater explosiongshena are axisymmetric in the

cylindrical coordinates\ = 0) and therefore equations (5) through (8) redoche

following [3]:

(Continuity) li(ru) + ow =0 (9)
ror 0z



(Radial Momentum) @+u@+v\/@ -_19p

(10)
ot or 0z p or

(Vertical Momentum) a—W + ua—W + Wa_W =g _i@
ot or 0z p 0z

(11)
In order to determine the scaling conditions, eignat(9) — (11) must be written in terms
of dimensionless variables. The radial and vdrtbaracteristic lengths are defined as

L, and L,, respectively, and the characteristic timelasThe velocity components,

directions and time are rewritten in terms of chegastic values and dimensionless
variables (indicated with a star).

u:iu* , W=£W* ' r:er* , Z= LZZ* , t:Tt* (12)
T T

When (12) is substituted into (9) — (11) the follogzequations result:

(Continuity) S (u)+—= (13)

. \ , )
(Radial Momentum) au* +U 6u* +W al{ Tl (14)
ot or 0z L, por

(Vertical Momentum) ?9\:/ +U —+W — =—0,0 [ 502 (15)

In equation (15)g has been replaced hy, g , where the characteristic gravity,, is the
acceleration of gravity at sea level. Hege,is the gravity scale factor and has been

written with a prime instead of a star becausesttade factors are later written with

primes.



In order to complete the transformation of the goiwrey equations into non-dimensional
variables, the right side of equations (14) and (t&st be converted. In order to do this,

the characteristic pressure,, must be introduced.

P= L’—LZZ so thatp = Pp’ (16)
por

Substitutingr™, z° and p" into equations (14) and (15) gives the followieguit:

ou  .ou _ .ou _N _1£

(Radial Momentum) —+tU —+wW —=-N, a7)
ot or 0z or

(Vertical Momentum) aW* +u’ avv* +w aW* =F*- Nz_lai* (18)
ot or 02 02

whereF , N,, and N, are known as the Froud& () and Newton (N, , N,) numbers.

2 2
F = ;sz N =P N = (19)
0

The Froude number is associated with gravitatieffacts and the Newton numbers are
related to dynamic inertial effects [3]. If theobide and Newton numbers are the same
for full-scale and small-scale conditions then thély be governed by the same

eqguations and should produce similar results. preegious statement can be written by:

F=F',N, =N', , N, =N',, where the primed terms denote the small-scaleegal

The Froude number includes the gravity term. lhdtale conditions E ) the gravity

scale factor ¢ )'is equal to one. Therefore, when rearranginm$éan F =F ', the g,
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terms cancel out and only ome term remains. Using equation (19) and rearranging

terms so that the primed terms are in the numeeatdrunprimed terms are in the

denominator gives the following equations:

™, L,

(?j g'= L (20)
™2Zp (L) o
)52 @)
™2p (LY o
) 5c)s @)

Equations (20) — (22) can be rewritten in termg g#, A, ,A, and 1, where the scale

factors are written as - , @ -P A= L A, = L andﬂzﬁl. This gives the
T P L, L, D
following relations:
r2g'= A, (23)
rig =’ (24)
r’g = m: (25)

In order to have geometric similarity get=A, =A. This means thalN, =N, =N .

Finally, there are two equations remaining whiah ased to determine the possible

scaling conditions.
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r’g'=/ (26)

r’g = m? (27)

The different ways in which the above equationslmasatisfied are expressed in Table
1.2. The scale factor values are expressed irstefrthe length scale factad,, except

for the case of Mixed Type scaling in which thegsige scale factoy, was also used.

Scaling Length Time Pressure Density Gravity
Description A T @ T g'
Full-Scale 1 1 1 1 1
Centrifuge A A 1 1 1/
Vacuum Tank A JA A 1 1
High Density A JA 1 1/2 1
Mixed Type A JA ¢ ¢1A

Table 1.2 - Possibilities for Scaling Incompressiblinviscid Flow

Each of the different types of scaling has certhiificulties that must be overcome when
testing on a small scale. In the case of Centifsgaling, it is necessary to change the
gravity in area of testing which cannot be easilgleeaply done. For the purpose of this
study, it would not be feasible to conduct testa oentrifuge since this would require a
very large centrifuge and it would be difficultfibn the motion of obstacles. High
Density scaling would require the use of an inwdtiid that has a higher density than
water. For the scales used in the study rangim ft/26" to 1/42% the density of the

fluid would have to be up to forty-two times gredtean the density of water. Mixed
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Type scaling requires scaling both the pressuredandity and could not possibly be any

easier to set up in an experiment than one of tiher enethods.

Equality of the full scale and small scale equatiohcontinuity and conservation of
momentum alone are not enough to achieve similafitye initial and boundary
conditions must also be similar. In his paper, MoBid briefly describes how conditions
such as initial velocity, geometric boundaries, pressure changes between air and

water can be accounted for in small scale tests [3]

Perhaps the most complex value to scale is thessapeweight of the explosive in a
small scale test. The energy of the explosiveas,be used to determine the scaling

factor. Relating the characteristic length, Lthe energy of the explosive yields:

L:( E j 28)
0,9

Equation (28) can be used to define the energg $aatore in terms of the scale factors

for density, length and gravity.
' ' N4
g:E:ﬁ(Lj g'=m‘g’ (29)
P

It is usually assumed that the bubble energy, graportional to the weight of the

explosive charge, W. The constant of proportiapddetween energy and weight, Q, is

13



dependant on a terd, , wherel is a relation between the bubble radius and specif

heats of the bubble gas. Explosive handbooksesiddsults often provide tables from

which the values ofl, can be derived.

A s
Q== (30)
E=QW (31)
E (L)W
" E (Jw] W (32)

Combining equations (29) and (32) gives the refetingp between scaling factors for
density, length, gravity and the weight of the esple charge. The relationship between
scaling factors and the weight of the explosive gl shown for Vacuum Tank scaling in
equation (33). The reasons for choosing this ntetid be explained in the rest of this
section. In Vacuum Tank scaling, density and dgyaaie held constant between full
scale and small scale experiments. Therefore, whaations (29) and (32) are

combined the result is the following:

i J_oo SVX 1/4
A_[[JJ w} (33)

As hinted at before, the most promising of theiagainethods in Table 1.2 is Vacuum
Tank scaling. The pressures that affect the exparms the gas bubble in water are the

pressure due to the weight of the water and thesheric pressure. The pressure due
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to the weight of the water is properly scaled € tfeometry is scaled since the pressure
depends only on the depth of water. However,diffscult to change the atmospheric
pressure. One possible method would be to buittkeskind of pressurized vessel around

the body of water to alter the atmospheric pressure

McDonald has proposed a much simpler method thavestigated in this study. When
small scale tests are performed in the field usfaguum Tank scaling, the atmospheric
pressure would suppress the growth of the gas bublthe water. McDonald suggests
that if the depth of charge and weight of chargedusan be altered slightly in order to
produce the same bubble growth as in a full sese then all other conditions of
Vacuum Tank scaling can be used. The alteratiarhafge size and depth is the
identifying factor of Low Pressure scaling. LoweBsure scaling has the same rules as
Vacuum Tank scaling, but Low Pressure scaling neslihe size of the charge and
depth of the charge from the values that are detexhby Vacuum Tank scaling. The
exact size and depth of charge for Low Pressulengda determined by computational
simulations of gas bubble growth. The originalastigatory computations were
performed by William Szymczak (Naval Research Lafy Andrew Wardlaw (NSWC)
[3]. The investigatory simulations show that ip@ssible to use Low Pressure scaling to
closely match full scale bubble growth. The galstide growth on the small scale should
have the same radius-time curve for the growtlhefitubble as measured in full scale
tests. The bubble radius that is measured inuhgeds the maximum radius of the
bubble for each point in time. In shallow watéistmaximum radius is usually on the

bottom surface.

15



As mentioned earlier, some tests were performe8mlyinternational at the 1/{'%cale
using the Low Pressure scaling method. Scierdistise NSWC computed the necessary
charge weights and charge depths for properly nmogléhe growth of the gas bubble.
The conditions for the tests at SRI Internatioradlled for the use of the different weights
of explosives to model the Mk-82 and Mk-84 bombslevthe scale factor was held

constant to 1/12th.

The scaling conditions for this study at the Unsigrof Maryland were computed using
the same methods, but the weight of the chargeneigisconstant instead of the scale
factor. The RP-80 charge used in this study ismigsd in detail in Section 2.1. The RP-
80 charge was used because it is readily avaitalilee Dynamic Effects Lab and is
manufactured with a water-tight enclosure so theam be easily placed underwater.
Andrew Warldaw of the NSWC used computational mesho determine the necessary
scale factor and depth of charge necessary fowitkghe RP-80. These test conditions

are described in detail in Section 3.5.
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Chapter 2 — Research Equipment

2.1 RP-80 Exploding Bridge Wire Detonator

The RP-80 Exploding Bridge Wire (EBW) Detonator wias only explosive charge used
in this study. The RP-80 EBW is one of severalegalhuse EBW detonators
manufactured by Teledyne RISI, Inc. The RP-80 ste®f 80mg PETN initiating

explosive, 123 mg RDX output explosive and othetspas shown in Figure 2.1 [1].

2134865

. Plastic molded head

. Brass sleeve

. Bridgewire (Gold)

. Initiating explosive: 80 mg PETN
. Output explosive: 123 mg RDX

. Aluminum cup 0.007" thick

OO WNPE

Figure 2.1- Cross-Sectional View of RP-80 EBW Detator

Figure 2.2 shows the external dimensions of therdgor.

e =y 7.5 mm M1 O
_ﬁ IID.EEIE inj B

| 254279 mim

A0.0-11.0n 2021 mm

(0.823 in)

Figure 2.2 - External Dimensions of RP-80 EBW Detator
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Table 2.1 lists the firing parameters for the RPd8@nator as provided by the

manufacturer [1].

Threshold Burst Current 180 amps
Threshold Voltage Approx. 500 volts
Threshold Voltage Std. Deviation 75 volts maximum
Function Time 2.65 uS typical
Function Time Simultaneity Standard Deviation 0.1 Bmaximum

Table 2.1 - Firing Parameters of the RP-80 EBW Dettator

The RP-80 was convenient to use in this study xexatiits size and the rubber o-ring
inside the aluminum cup provides a seal for shaliogerwater use. The rubber o-ring is
not included in the diagram provided by Teledyn8IRInc. (Figure 2.1), but when the
aluminum cup is taken off the RP-80 the o-ring barseen among the other components
of the detonator. Figure 2.3 shows the disasseh®ie80 with the aluminum cup,
plastic head, brass sleeve, o-ring, PETN powdel RIDX pellet. The units on the ruler

are centimeters.

9° 10 11 12 13 14 Al
Ilulllmllnuhlnhu|||!|1Iuu|'||ul'||n|m|illuii||;,!u;|;|lfi'n.l il

Figure 2.3 - Disassembled View of the RP-80 and listernal Components
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2.2 The FS-17 Explosive Bridge Wire Firing System

Teledyne RISI, Inc. provides several different ldrad firing systems for EBW
detonators. Some advantages of the FS-17 syseethatdrit is battery powered and
provides a signal that can trigger a camera torbeggiording. The battery can be

charged easily by plugging the control unit intstandard 110 VAC socket.

The FS-17 system consists of two parts: the finmaglule and control unit. The firing
module sends a high voltage pulse to the EBW dé&toméhich causes the detonator to
go off. The control unit contains most of the $afeatures in the firing system. A
diagram of the FS-17 system and its componentbea®een in Figure 2.4. The

numbered components are listed on the next page.
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Figure 2.4 - The FS-17 Firing System and Components
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List of Components in the FS-17 Firing System

1. Battery Recharge Plug

2. Control Unit (Blue Outline)

3. Safety Interlock

4. Arm Key

5. Firing Module (Red Outline)

6. Coaxial Output to Detonator

7. Discharge Connector

8. Firing Switch
9. Firing Module Voltage Gauge
10. Control Unit to Firing Module Connection
In order to operate the firing system, an exact@dore must be followed. First, the
shorting plug must be removed from the dischargmeotor on the firing module and
mated with the safety interlock on the control ulihe control unit has a second safety
feature that requires a key to turn into the “apusition before the firing module can be
charged. The key must be held in the “arm” positidile the control unit sends a low
32-40 volt input to the firing module. A one mitacad capacitor in the firing module
charges up to 3500-4000 volts [2]. The controt hias a display gauge that indicates the
high voltage in the firing module. Once the operakees that the module is charged to at
least 3500 volts, he can give a countdown and pghes¥ire” switch. Pressing the “fire”
switch causes the control unit to send a 30 vdkepaver a spark gap to the firing
module. The capacitor in the firing module is tligscharged into a cable that sends a
trigger signal to the camera and then a coaxideddlat sets off the explosive. In order

to ensure safety at all times when not operatiediting system, the key must be turned

to the “off” position and the shorting plug mustrated with the discharge connector.

An FS-10 firing system was used for some testse H®-10 is an older model and

provides the same function as the FS-17 firingesyst The operation was slightly
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different because the FS-10 has an arm switcmtiigt be held down instead of key that
must be turned. The FS-10 also does not havd &odigsplay the firing module voltage,

but has an indicator that lights up when a suitableage has been attained.

2.3 Trigger Mechanism

The ability to time the response of the high spesderas to record the explosion and the
following effects is an important aspect of thesaagh conducted in this study. The red
and white wires coming out of the firing module neantion (component #10) seen in
Figure 2.4 on page 19 lead to the trigger mechanibhe trigger mechanism, shown in
Figure 2.5, sends a five volt pulse to the camditze camera can be set up to record
when it receives the pulse or a short time afteqhise. The firing system is set up to
send a signal to the camera and then detonatepheseve after a short delay. Two
cameras were used for most of the tests conducttilsi study. The trigger mechanism

is shown with a split coaxial output in order tmde signal to each of the two cameras.

Figure 2.5 - Trigger Mechanism with Split Coaxial Qutput
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2.4  Dummy Charge

A dummy charge was used in order to test equipifiuectionality before setting off the
explosive. The dummy charge, shown in Figure i.6imply a bridge wire without any
explosive material. The two leads from the firmgdule are held in close proximity to
each other inside a cylindrical aluminum case. Mhe firing module sends current
through the positive lead, the current jumps the lgetween the wires to the negative
lead. The arc of current creates a flash of leggitt an audible bang that confirms the

proper function of the firing system.

B ‘
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Figure 2.6 - Side View and Interior View of the Dunmy Charge

2.5 Tetrahedron-Shaped Obstacles

Even though the Navy has done work with a variétylbstacles in the past, this study
focused on the tetrahedron-shaped obstacles. ulllszéle tetrahedron obstacles were
made from L-shaped angle iron that measured falreis wide in both directions and had
a 5/8 inch thickness [12]. Figure 2.7 shows assectional view of a piece of angle

iron used to make the full scale obstacles. Eaglof a tetrahedron measured 56 inches

from vertex to vertex. Using a steel density @83. pounds per cubic inch, the idealized
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weight of a full scale tetrahedron is about 418nutsu(190 kg). The full scale

tetrahedrons were assembled by welding the legghegat the four corners.

—‘7—>_<— 5/8 ir

4in

1 |

I 4in I

Figure 2.7 - Cross-Sectional View of Angle-Iron Ugkin Fabrication of Full-Scale Tetrahedrons

Since angle iron of a very small size is not easiitainable, the obstacles used in this
study were made out of cylindrical rods brazed tiogeeat the four vertices. The rods
were chosen based on a search of readily avaiabterials. Each available rod was
weighed and measured to obtain a weight per levajtie. The weight and leg length of
the obstacles for each scaling condition is sunaedrin Table 2.2. The weight per

length value was calculated by dividing the weighthe obstacle by the leg length and
number of legs in the obstacle (which was alwayk drods that had a weight per length
value slightly lower than the calculated valuetfor obstacles were usually used because
brazing filler and spray paint added weight toahstacle. The average measured weight
of the obstacles listed in the table is based an dbstacles weighed before the first test

in which they were used.
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Full Scale| 1/26" 1/28" 1/36" 1/42
Scaled Weight (grams)| 190,000 10.81 8.66 4.07 2.56
Scaled Leg Length 56 2.15 2.00 1.56 1.33
(inches)
Calculated Weight per |\, 0.838 0.722 0.435 0.320
Length (grams/inch)
Material Used 4" Angle | Steel Rod| Brass Rod Steel Rod| Brass Rod
(Diameter) Iron (3/32") | (0.072) | (1/16") | (3/64")
Material Weight Per N/A 0.875 0.588 0.385 0.229
Length (grams/inch)
Average Measured N/A 10.78 8.47 4.14 243
Weight (grams)
D'ametsgii% Length N/A 0.436 0.360 0.401 0.352

Table 2.2 - Obstacle Properties for Various Scales

Using a weight per length value does not take thmeter of the rod and the density of

the material into account. However, brass and bteee similar values for density, 0.318
and 0.284 pounds per cubic inch [4], respectivaty] those metals were the only two
materials used in the construction of the smallesohstacles. Therefore, the diameter to
length ratio was nearly the same for all the obsgacSince the full-scale obstacles were
made out of steel they also had a similar densdttywever, it is important to note that the
rods used in the small-scale tests would not belmtree same way as the full-scale
obstacles since they have a different shape ameftine have a different drag coefficient

than the angle iron.

Each obstacle was manufactured by the same proCGadimpers were used to etch a line

into a rod marking the length of a single leg &f tatrahedron. The leg was then cut

using shear scissors and filed down at the endsate a smooth surface for brazing. Six
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legs were cut for each obstacle and they weretbglether during brazing using a block
of clay. Figure 2.8 outlines the process for otdstananufacturing. First, a glob of clay
was flattened by pressing the clay onto a tablatloer flat surface. Three legs were
pressed into the clay to form an equilateral triang hree small pieces of clay were then
placed on top of each vertex of the equilaterahtgle. The remaining three legs were
connected to the equilateral triangle base andi@digo create a tetrahedron shape. Once
the shape of the obstacle was created and temlgysmacured using the clay, the top
vertex could be brazed using a MAPP gas torch dhckaoated 1/16” bronze brazing
rod. The other vertices were then brazed togetbieg a similar process after some
rearranging of the tetrahedron legs. Upon comtedif brazing, the obstacles were
spray painted black to provide contrast againsthiée background of the testing
chamber used in the experiments. Finally, theamss were numbered using white paint

lines, shown in Figure 2.9, to be able to distisguretween each obstacle.

e W

cle Manufacturig Process

Figure 2.8 - Schematic of the Obsta

Figure 2.9 - Obstacles Arranged in Order from Larget to Smallest Scale Next to an RP-80
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2.6 Testing Chamber Design and Assembly

One of the first issues during the study was daténg the location for testing. At the
beginning of the study, the Dynamic Effects Labonahad two possible locations for
detonating explosives. One was in a 5'x5'x2’ stamitainer with an open top and the
other was a similar steel container that measutetix®’. The larger container was
unavailable because it is filled with sand and usaity for other research conducted in

the lab.

The smaller of the two containers had two drawbadkse first problem was that the
container was not wide enough to allow for the dgtowf the gas bubble created by the
explosive. Figure 2.10 shows that the gas bubble mweasured to grow to almost eight
inches radius. The two foot wide tub only all@er four inches of clearance on either
side of the bubble. The proximity of the wall ktgas bubble would greatly affect the

flow of the water.

Bubble Growth

Radius (inches)

0 2 4 6 8 10 12 14 16 18

Time from Detonation (ms)

Figure 2.10 - Gas Bubble Growth Measured in Test 1
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The second problem was that the only way to filertiotion of the obstacles was by
setting up a camera looking down into the tub. Ewsv, when the explosive was
detonated, the water surface became distortedtavasinearly impossible to see any
obstacles underneath the surface of the watewur&@ 11 shows the overhead view from
Test 1. It can be seen that the obstacles aremhiftdm view and would be nearly

impossible to track using the overhead camera angle

0 ms

300me T 400 m: 500 m:

Figure 2.11 - Images from Test 1 Reveal that Obsthes are Difficult to Track from Above

The proposed solution was to build a container wahsparent side walls and bottom.
The container would allow for the use of two camangles; one from the side of the
container and one from underneath. The use otameeras allows for tracking the

obstacle motion in three dimensions, as opposeadstogle camera view which only
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provides data for two dimensions. The transpanetis and bottom also allow for light
to pass through and illuminate the obstacles uredghrthe surface of the water. Thisis a

great benefit since the high-speed cameras reguoeof light to capture a clear video.

The planned dimensions of the container were gradfibcted by the amount of space
available in the lab and the availability of traasgnt material. A container with a square
bottom was the most logical because of the symnagtdyease of assembly. Ideally, the
container would have had the walls as far fromctirgter as possible to eliminate any
effect that the walls have on the flow of waterndesthe container. However, this was
not feasible, and the best option was to buildrdaioer that is as large as possible and
consider the effects of the walls when making cosions about the data. Since the
container was going to be placed in a blast chambere the floor is only five feet wide,
it was clear that the container width would havéedess than five feet. In order to
provide some clearance for moving around the coatand placing equipment such as
lights around the container, the necessary widthh® container was determined to be
three feet. The side walls of the container wex@ feet tall which was more than

adequate since the depth of the water used irstinily never exceeded four inches.

The container was built on a frame that has 30'legk in order to provide room for
equipment to be placed underneath the contaimstedd of placing a camera directly
underneath the container, a mirror was used in auatibn with the camera to protect the
camera in case the acrylic plate on bottom evé&daiDetails of the experimental setup

can be found in Chapter 3. The frame was assenuisied extruded aluminum bars
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from 80/20 Inc. This product is much like an eoecet in that it allows for a variety of
ways to connect parts and reinforce structurese crbss section of the bar is a square
with t-shaped slots on all four sides. Speciatiged nuts fit into the slot and a bolt can
be turned into the nut to fix a part to the baiguFe 2.12 shows a view of the cross
section of the 80/20 1010 model aluminum rod. fitnere also shows how a bolt and
nut are used to clamp a closed-cell foam and “Gktholycarbonate sheet to the
aluminum rod. The black-colored foam acts as h@eane side of the polycarbonate
sheet and the red silicone washer seals the gagéethe bolt and the hole on the other
side of the sheet. The container did not leak efesr withstanding the explosive

detonation.

Figure 2.12 - Cross Section of 80/20 1010 AluminuRod and Bolted Polycarbonate Window
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The bottom half of the frame, Figure 2.13, wastiurt.

Figure 2.13 - Bottom Half of the Frame for the Teshg Container

A one inch thick 3'x3’ sheet of acrylic was thented on top of the frame. A closed-cell
foam was placed between the aluminum frame andiasheet to create a water-tight
seal. The acrylic sheet had to be drilled witt65Moles around the perimeter to allow

for ¥4” diameter bolts to be used in holding theg@ldown. Since the aluminum bars are
one inch wide, the holes were drilled on each &iiérom the edge of the acrylic sheet
and three inches apart from each other. This almwthe bolts to fit into the center of

the t-shaped slot on the aluminum frame and thante between bolts was estimated to
be close enough to create enough pressure ondhettbkeep a water-tight seal. The
bolts were used in combination with a silicone miblvasher and brass washer as seen in
Figure 2.12. The brass washer was placed on tdpeatubber washer in order to

distribute the load on the rubber washer. The cesged rubber washer sealed any gaps
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between the bolts and holes in the acrylic. Figuid shows the bottom half of the

frame with the acrylic sheet (pink) placed on téphe frame.

Figure 2.14 - Bottom Half of Frame with Acrylic Shest

Once the acrylic plate was bolted down on top efdluminum frame, four 22” long rods

(red rods in Figure 2.15) were erected at the douners of the plate.
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Figure 2.15 - Top Half of Frame Assembly with Verttal Rods

The top of the rods were connected with four otbés (red rods in Figure 2.16) to

create a box frame.

Figure 2.16 - Top Half of Frame Assembly with Horinntal Rods
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The box frame allows for the four side walls tobwdted on to the frame in the same
manner as the bottom acrylic sheet was boltedTdme side walls were made from
3'x2'x¥4” thick polycarbonate sheets. The sheetsevkilled in the same fashion as the
one inch thick acrylic plate on the bottom. Theedks were also attached using the foam
seal between the frame and plastic and combinafisilicone and metal washers.

Figure 2.17 shows the complete assembled contaitteiside walls highlighted in pink.

Figure 2.17 - Complete Assembly of Container
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2.7 High Speed Cameras

The motion of the obstacles was tracked by usiognabination of two high speed digital
cameras. Both cameras are products of Vision Reselac. The older camera is model
Phantom v4.0 and is capable of recording 1,00umastper second at the maximum
resolution of 512x512 pixels. Faster frame ratesloe achieved using a lower
resolution. The newer camera is model Phantomaffdican achieve a much greater
frame rate of 6,688 pictures per second at the maxi resolution of 800x600 pixels.
Each camera connects to a laptop or PC througltteriet connection. The Phantom
camera software allows the user to adjust camétiagesuch as resolution, frame rate
and exposure time. Digital videos are recordethénVision Research proprietary “cine”
format, but can be converted to more common videméats such as AVI and MOV.

The same Tamron (IF) 28-75mm 1:2.8 MACR®7 lens was used on both cameras.
The zoom and focus of the picture were adjustedgusie lens. Figure 2.18 is a photo of

the Phantom v7.1 camera [5]. The Phantom v4.0 @meimilar in appearance.
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2.8 Phantom Camera Software

The Phantom camera software from Vision Reseanch 4 used both for controlling the
settings of the camera before recording as wedkbés analysis after the experiment has
been recorded. Values such as resolution, exptisueeand frame rate can be adjusted
prior to recording. Image properties such as bngss, contrast and gamma can be
adjusted before or after the video has been redord@ibe software allows the user to
track the motion of a point through each framedrstFthe user chooses a system of units
and defines a reference length by clicking two emalis of some object or marker with a
known length. The user can choose an origin ferGhrtesian coordinate system or
leave the default value as the top left cornehefftame. The user then opens a file that
tracks the data collected for each frame. The sisgply clicks on the point he wishes to
track in each frame and the results are recordedaitext file. The text file can later be

exported into a database management system shdicrasoft Excel. Figure 2.19

W8 Sachaz08ides: View Cine

Time
e i 15 2006

Figure 2.19 - Phantom Camera Software GUI
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Some sample video frames from an actual test an@rsin Figure 2.20. In this test, the
obstacles are clearly visible throughout the enést and the motion can be tracked using

the Phantom camera software.

0O ms 2.7 ms

12.7 ms 25.2 ms

60.2 ms 160.2 ms

Figure 2.20 — Select Video Frames from Test 14
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Chapter 3 — Experimental Setup

3.1 Overview

All of the tests using the clear-walled containerevset up with two cameras filming the
motion of the obstacles. The blast chamber in wihe container stands has a
rectangular porthole cut out of the side and amimgeon the front end. One camera was
set up outside of the porthole to film the obstastdion from the side. Figure 3.1 is the
front view and shows the relative location of tieatainer and side view camera. Figure
3.2 is a photo that shows the same view, but drdycbntainer can be seen. The camera
is actually behind a wall that separates the lalasmber and the adjacent room so the
camera cannot be photographed together with thiaicem. White poster board was
taped to the outside of the back window to prowddmntrasting background for the black

obstacles.

Obstacle Side View Camera|
[ | L]
/\
Mirror

Figure 3.1 - Front View Drawing of the ExperimentalSetup
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Figure 3.2 - Front View Photograph Without Side Viev Camera in Picture

The second camera was set up at the front enthyedflast chamber to film the bottom
view. The bottom view was obtained by placing araniat a 45 degree angle underneath
the container. The camera was then leveled andgzbat the mirror to provide a virtual
image of the bottom of the container. A side viiagram of the setup is shown in

Figure 3.3. A photo of the side view where onlg tontainer can be seen is shown in
Figure 3.4. A white tarp was hung over the tophefcontainer to provide a contrasting

background for the black obstacles filmed by th&dwm view camera.
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RP-80

Bottom View Camera A A A A

Mirror

Figure 3.3 - Side View Drawing of the ExperimentaSetup

Figure 3.4 - Side View Photograph Without Front Viev Camera or Mirror in Picture
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3.2 RP-80 and Obstacle Placement

The bottom of the container was marked for eaciesef experiments in order to
establish the center of the plate and the locdtioplacing the obstacles. First, two
perpendicular line segments were drawn througltéinéer of the bottom plate. A
straight edge and dry-erase marker were used o a@ime segment that would connect
the center bolts at opposite edges of the contaiddBevel Vernier Protractor was then
used to draw two line segments that begin at theecef the plate and move out towards
the side view camera at a 30 degree angle. Theségments were then marked some
measured distance from the center to indicatedetion for placement of the obstacles.

Figure 3.5 shows the view of the bottom surfacenfedbove.

Figure 3.5 - Markings on the Bottom Surface Insidehe Container
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The typical test setup consisted of an RP-80 chiaged at the center of the bottom
surface. In order to protect the acrylic from dgmdue to the explosion, a small square
sheet of material was taped to the bottom of theatoer. The material was marked with
perpendicular lines to provide a cross-hair to lipawith the perpendicular lines marking
the center drawn on the bottom surface. A %" acsteet was used in some of the
earlier tests before switching to a 1/8” brass sh&ae acrylic sheet was replaced
because it would easily crack and the brass caadge sufficient protection with a

smaller thickness of the sheet.

The necessary distance from the bottom of the amntéo the plastic head of the RP-80
was calculated using the known dimensions of the8®Rlepth of water, and thickness
of the protective material underneath the chaijee lead wires of the RP-80 were then
bent to a ninety degree angle over a set of calj@e shown in Figure 3.6, to provide the

proper depth of charge.

J!Tijifil

[
|
I

MR |'5-:}1
*_

Figure 3.6 - Lead Wires of RP-80 Bent to a Right Agle Over a Set of Calipers
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The lead wires were taped down to hold the chargeace. The placement of the charge
was estimated visually by lining up the top of tdirarge with the set of cross-hairs etched

on the protective sheet.

The obstacles were then placed around the chargeiatis stand-off distances. The
obstacles were placed in one of two orientatiofise Beta O orientation is when the
triangle in contact with the ground points awaynirthe charge. The Beta 180
orientation is when the triangle in contact witk tiround points towards the charge.
Figure 3.7, below, shows an overhead view of teilabns in a Beta O or Beta 180

orientation relative to the RP-80 charge.

Beta O RP-80 Beta 180

< o 2

Figure 3.7 - Diagram of Obstacles in Beta 0 and B&t180 Orientation

Each obstacle was placed along one of four maiked that extend out in a radial
direction (see Figure 3.5 on page 40) to alloveast 30 degrees of separation in the
tangential direction. It was assumed that the&free separation is enough to minimize
any significant effects due to the interaction kestw obstacles. This assumption is
examined in more detail in Section 4.10. Obstasiex®e placed using the marks on the
bottom plate as a reference. The top vertex ofdtrahedron was lined up with the mark

by visual inspection from directly above the obkdac
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3.3 Camera Settings and Adjustment

The placement of the side view camera was adjysiedto filling the container with
water. The camera was set on a tripod and levelbég. Phantom camera software
displays a “live” image while setting up the camana can be set to show a crosshair on
the screen that was used to line up parts of tiagém The height of the tripod was raised
so that the center bolt can be seen on the frahtear edge of the bottom plate. The
tripod was then shifted so that the two bolts wiered up with the vertical line of the
cross hair. This ensured that the camera viewinviise through the center of the

container.

The camera was then lowered so that the horizén&abf the crosshair lines up with the
top surface of the bottom sheet of acrylic. Thimera setup was consistent through all

experiments regardless of the depth of chargehhefgvater or other variables.

The side view camera was set to record 2,000 frgpeesecond at a resolution of
800x600 pixels. The exposure time was set somexthetiwwveen 90 and 110
microseconds depending on the lighting conditions @epth of water for the particular
experiment. The post trigger value was usually®dt400. Since the camera can record
a total of 4,421 images at this particular frante end resolution, the post trigger setting
tells the camera to take 4,400 pictures afterrigger signal which leaves room for 21
pictures before the trigger. The pictures takeiodeethe trigger signal allow some room
for error in case the camera malfunctions and doésrigger correctly (however, this did

not occur during any of the tests in this studihe 4,400 pictures after the trigger is
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more than adequate since most obstacle motionad&atere 1,000 frames had been

recorded.

After setting up the side view camera, the contaives then filled with water using a
hose. The end of the hose was placed into theecoffrthe container to diffuse the flow
of water and prevent the obstacles from movinge fAg&ight of water was measured

using a ruler taped to the side wall of the corain

The bottom view camera was set on a tripod anddelia the same fashion as the side
view camera. The vertical line of the cross-haasvined up with the line drawn on the
bottom surface of the acrylic plate. The heighthef tripod was adjusted so that the
mirror would fit into the view. The proper heighith the tripod coincidentally turned
out to be the lowest possible height setting ofttipwd. For consistency, the tripod was

set to the lowest height for each experiment.

The bottom view camera was set to record 1,000dsaper second at a resolution of
512x512 pixels. These were the maximum frameaatkeresolution attainable with the
Phantom 4 bottom view camera. The exposure tingeseato 600 microseconds and the
post trigger value was set to 1000 since the cacaranly record 1018 total pictures at

these settings.
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3.4 Analysis of Obstacles at an Angle

One of the challenges of analyzing the motion efdhbstacles in the described setup is
that some of the obstacles move in such a wayatbatmponent of the displacement
vector is directed towards the camera. Obstabktsmove along a line perpendicular to
the view of the side camera lens can be trackesirbgly finding a length per pixel value
in that plane and tracking the displacement baseiti® scaling factor. Obstacles that
have some component of motion towards the camdrapygear to travel a shorter radial
distance than they actually do. Some calculati@s®ed on geometry were used in order
to correct the data and determine the displaceofehe obstacle in a radial direction.

The method for correcting the perceived displacdrsetiescribed below [6]:

1) The origin of the Cartesian coordinate system veas@ that the vertical axis
passes through the center bolt and the horizorisliaes up with the bottom
surface of the container.

2) A scaling factor, § was determined by using the known diameter oRRe
80 to find the inch/pixel value.

3) The apparent radial displacement as shown in Fig#és:

d =8P,

where R is the observed horizontal pixel displacementefdbstacle.
4) Using d and L3 anda can be calculated from

B = tari’(d/L) anda = 9C-B,

where L is the length measured from the centéh@RP-80 to the front

of the camera lens.
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5) Using the fact that the sum of angles in a triamgEs0°,
y = 180-0-6
In our casef was taken to be 30 It is assumed th&remains constant
throughout the motion of the obstacle.

6) The radial displacement of the obstacle can beméted using the law of

sines:

sin(@) _ sin() ~ d.=d sing )
d ~ d " T sin(y)

Camera Location

Figure 3.8 — Diagram of the Top View of ExperimenthSetup
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The vertical position of the obstacle must alset@pensated for:
1) Using the results from the calculation of radiap#acement and the new

variables introduced in Figure 3.9 gives

t = d.sin©)
2) Then
s=L-t

3) Using similar triangles it is clear that
d, = h*(s/L)

where h is the apparent height of the obstacle.

Camera Locatic

Figure 3.9 — Diagram of the Side View of the Expemental Setup
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3.5 Test Conditions

The NSWC was interested in simulating obstacle omotinder four different conditions.
Two of the conditions simulate an Mk-82 bomb atfsit and nine feet depth of water.
The other two conditions simulate an Mk-84 bombiatand twelve feet depth of water.
The NSWC used computational means described indBeks to determine the
necessary scaling factor and depth of charge talatmthese conditions with an RP-80
EBW detonator. Table 3.1 summarizes the scaliogpfaand RP-80 depth necessary to
simulate the full scale conditions. The depthhaf RP-80 is measured from the surface

of water to the center of the charge.

Bomb Size Water Depth Scale Eactor RP-80 Depth
At Full Scale At Full Scale At Small Scale
Mk-82 6 feet 16 2.50 cm (0.98 in)
Mk-82 9 feet 1 e 2.25 cm (0.86 in)
Mk-84 6 feet J 2.00 cm (0.79 in)
Mk-84 12 feet [ 2.00 cm (0.79 in)

Table 3.1 - Scaling Factors and RP-80 Charge Deptlisr Different Test Conditions

For each test condition the NSWC was interestedermotion of obstacles that had a
stand off distance of 7, 12, 18 or 24 feet at$alle lengths. The stand off distance was
measured in the radial direction from the centahefcharge to the top vertex of the
tetrahedron-shaped obstacle. Each obstacle wesdoiia one of two possible
orientations, Beta O or Beta 180, as describecati@ 3.2. If each test included one

obstacle then it would have required 32 tests thegadata for all the possible conditions.
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However, the actual number of tests was much Ieivere multiple obstacles were used

during each experiment.

A total of twenty five tests were conducted in thiigdy. Only the first twenty tests will

be discussed in this section because the lastdste were an attempt to explore the
motion of obstacles other than tetrahedrons anidbeitliscussed in Chapter 6. The first
eight tests were exploratory tests used mostleterchine the necessary test setup and
did not result in any valuable data. All eightloése tests, except for Test 5, simulated
the Mk-82 bomb at a depth of six feet. Test 5 sataa the Mk-82 bomb at nine feet of
water. The first test was conducted in a steelitkx a camera filming from over the

top of the water. No obstacle motion could be seehis test and as a result the clear-
walled container was built. Tests 2 through 5 ume@nproper arrangement of obstacles
which resulted in the tetrahedrons colliding inszle other and therefore no data could be
collected. In Tests 6 through 8 there was only@araeera being used and each of these
tests had either poor lighting conditions so tlmbhstacles could be seen or an improper

alignment of the camera which resulted in erronetaia.

Tests 9 through 20 yielded data that will be disedsin Chapter 4. Tests 9 through 13
were conducted to simulate the Mk-82 bomb in set t& water. Tests 14 through 16
simulated the Mk-84 in six feet of water. Testsahd 18 simulated the Mk-84 bomb in
twelve feet of water and Tests 19 and 20 simuldtedVk-82 bomb in nine feet of water.
The exact details of each test are shown in Talde Bhe bomb size, depth of water, and

stand off distances shown in Table 3.2 are theegalor full scale conditions. A table of
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actual values measured at the small scale condif@mreach of these tests can be found
in Appendix A, Table A.1. Note that in each tdsbathe obstacles were placed in the

same orientation.

Test Condition Scale Number of Stand off
Number (Bomb Size @ Factor Obstacles Distances | Orientation
Depth of Water) (feet)

9 Mk-82 @ 6 ft %6 2 7.18 Beta 0
10 MK-82 @ 6 ft %6 2 12,24 Beta 0
11 MK-82 @ 6 ft %6 2 7.18 Beta 180
12 Mk-82 @ 6 ft %6 2 12, 24 Beta 180
13 Mk-82 @ 6 ft %6 4 7.18,7,18  Beta 180
14 Mk-84 @ 6 ft Yo 4 7 1224 18, | Betao
15 Mk-84 @ 6 ft Yo 4 7 1224 18, | Beta 180
16 Mk-84 @ 6 ft %e 1 7 Beta O
17 Mk-84 @ 121t | ¥, 4 7 1224 18, | Betao
18 Mk-84 @ 12ft | ¥, 4 7 1224 18, | Beta 180
19 Mk-82 @ 9 ft Y 4 7 1224 18, | Betao
20 Mk-82 @ 9 ft Y 4 7 1224 18, | Beta 180

Table 3.2 - Summary of Each Test Using Tetrahedro@®bstacles
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Chapter 4 — Results

4.1 Introduction

The results of Tests 9 through 20 outlined in T&abRewill be discussed in the following
sections. All of the test data has been scale @yl scale conditions in order to make

it easy to compare results between different telstwas assumed that the obstacles move
in a radial direction and this assumption will beastigated in this chapter. Other
variables such as stand off distance, depth ofrvabestacle orientation and bomb size

will also be investigated in the following sections

4.2 Verification of Data between Two Cameras

Since two cameras were used to film each of ths,teess important to verify that the
images from both cameras resulted in the same ddta.use of two cameras provides
the opportunity to check that the calculations madgection 3.4 (Analysis of Obstacles
at an Angle) correctly adjusted the data for obstathat moved at an angle toward the
camera. In Tests 9 through 12 only two obstackx®wwlaced into the container so that
they could be seen by both cameras. A reviewefitita from these tests found that the
two cameras provided similar radial displacemerts ime. The data also indicates that
the calculations in Section 3.4 are accurate, hecktore only the side camera was
necessary to determine the trajectory of an olestagll of the remaining tests conducted
after this point utilized both cameras, but thestésd up to four obstacles placed in the
container. Only two of the obstacles could be sBeboth cameras and the other two

were only visible on the side view camera.
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Figure 4.1 through Figure 4.4 are plots of theakdisplacement versus time for the two
obstacles in the container in Tests 9 throughH&ch obstacle in the four tests has two
sets of data shown in the plot; one for each carfilerang the test. Obstacle 2 on each of
the plots was at a thirty degree angle towardsdmeera as shown in Figure 3.5 on page
40. It can be seen from these graphs that thecddlected by the bottom view and side
view cameras is similar. These graphs also shattlie method for adjusting data due
to the angled motion of the obstacle is valid aratipces results that are similar to those
obtained for obstacles perpendicular to the linei®v of the camera. Tests 13 through
20 were completed using up to four obstacles i ¢éast, but only two could be seen by
both cameras in each of those tests. The radiplatiement versus time plots for those

tests yields similar results to those seen in Testsough 12.

Radial Displacement vs Time
Mk-82 @ 6ft -- Beta 0
Test9

35

——Obstacle 1 Bottom

-— QObstacle 1 Side

Radial Displacement (ft)

Obstacle 2 Bottom (30 deg)

Obstacle 2 Side (30 deg)

1 15 2 25
Time (sec)

Figure 4.1 - Radial Displacement vs Time for Test 9
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Radial Displacement vs Time
Mk-82 @ 6ft -- Beta 0
Test 10

—— Obstacle 1 Bottom

- QObstacle 1 Side

| Obstacle 2 Bottom (30 deg)
i Obstacle 2 Side (30 deg)
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Figure 4.2 - Radial Displacement vs Time for Test@

Radial Displacement vs Time
Mk-82 @ 6ft -- Beta 180
Test 11

—— Obstacle 1 Bottom

—— Obstacle 1 Side

Obstacle 2 Bottom (30 deg)

Obstacle 2 Side (30 deg)

0 0.5 1 15 2 25 3 35

Time (sec)

Figure 4.3 - Radial Displacement vs Time for Testll
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Radial Displacement vs Time
Mk-82 @ 6ft -- Beta 180

Test 12
30 T T T T
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Figure 4.4 - Radial Displacement vs Time for Test2l

4.3 Verification of Radial Movement of Obstacles

When collecting data from the side view camere #ssumed that the obstacles move in
a radial direction. This assumption can be checisag the bottom camera views.
Figure 4.5, next page, plots the angle to the alestaeasured from the y-axis. This
angle was calculated by taking the arctangentektand y coordinates obtained with the
bottom view camera. Tests 9 through 12 are a gepesentation of the typical angular
displacements for the tests conducted in this st@lystacle 1 from Test 18 was plotted
as well because it had the greatest angular dsplant of all the obstacles recorded with

the bottom view camera. It can be seen that mustholes move only slightly in the
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tangential direction and get displaced by onlyva @iegrees. Even in the worst case,

Obstacle 1 from Test 18 was only displaced by apprately six degrees.

Angle to Obstacle Measured from Y-Axis

o)

§ -10.00 I =t=Test 9 - Obs 1
° L o o =®=Test 9 - Obs 2
£ | | Test 10 -Obs 1

2000 4 - - - oL Test 10 - Obs 2
1 =¥=Test 11 - Obs 1
A —— —e—Test 11 - Obs 2
====Test 12 - Obs 1
e==Test 12 - Obs 2

Test 18 - Obs 1

| |
l l
| |
25.00 +------ e bommm -
| |

-30.00

-35.00

Time (sec)

Figure 4.5 - Angle to Obstacle Measured from Y-Axi$or Various Tests

4.4  Adjusting Height for Movement of the Floor

Upon review of the test videos, it was found tiat ¢éntire testing container seemed to be
oscillating vertically after the detonation. Ithslieved that this motion is caused by the
movement of the plywood floor and not the bendifithe acrylic plate on the bottom of
the container. It can be seen in the side viewasdhat the entire edge of the plate
moves together and there is not a greater displactim the center as compared to the
ends of the edge. This suggests that the motiamat a bending of the bottom plate of

the container. Since the floor of the testing chanwas made of plywood sheets
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supported by beams it is likely that the detonatiansed the plywood sheets to bend in
an oscillatory motion and therefore caused théngsiontainer to move in the vertical

direction.

Figure 4.6, next page, is a plot of the verticapthcement of the container measured for
Test 9. Unlike the other plots in this chapteshibws the values of the actual data
collected and it is not scaled up to full scaldl odher tests produced similar results
where the initial motion of the container is dowmgvapproximately one tenth of an inch
and the rebound doubles in magnitude to about énths of an inch in the upward
direction. The maximum measured vertical displaaaimvas about one quarter of an
inch in Test 15. The data for each test was agljuatcording to the measured oscillation
of the container. It was assumed that the contaneé everything inside of it moved as a
whole and therefore the measured displacemeneafdhtainer was subtracted from the
measured height of the obstacles in order to oltemeight of the obstacles relative to
the bottom surface. The oscillation had more efbecthe smaller scale tests since the
motion of the container gets multiplied by a largealing factor when scaling the results
to full scale. However, these oscillations arb iglatively small compared to the motion

of the obstacles.
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Vertical Oscillation of Container
Observed Motion from Test 9
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Figure 4.6 - Vertical Displacement of the ContaineMeasured at the Bottom Surface

45 Results for MK-82 at 6 Feet Depth of Water

This section describes the results of the testatioalel an MK-82 bomb in six feet depth
of water. Figure 4.7 and Figure 4.8 on the negepshow the trajectory plots of the
obstacles at four different stand off distancele Tonditions for the tests shown in
Figure 4.7 and Figure 4.8 are the same, exceptFibate 4.7 shows all trajectories for
obstacles at a Beta 0 orientation and Figure 48@/stihe trajectories for obstacles at a
Beta 180 orientation. It can be seen that theaghes that are initially closest to the
charge travel the largest radial distance. Thsetlobstacles also tend to travel more in

the vertical direction than the obstacles thatfariher out.
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Trajectory of Obstacles
Mk-82 @ 6ft -- Beta O

Tests 9+10

T i
! ]
[ i
! i
! |
! |
| !
| !
Lo 1 __
| '
| '
| '
| [
| i
| i
I i
! i
e
! |
| ]
I !
| !
| '
| '
| '
[ — |
| i
| i
! ]
[ i
! i
! |
! |
Lot __
i 1
| '
| '
| '
| '
| [
| i
| i
F-———+-——4
! i
! i
! |
| ]
I !
| !
| '
I
| [
| '
| i
| i
! ]
[ i
! i
H ooao 8
Q0003
Q0 00 g
De e
N oo < s
-—/ﬂl N
f 1
@ ~ ©

=

1) UOMISOd [BOILBA

Radial Position (ft)

Figure 4.7 - Trajectory Plot for MK-82 at 6 Feet Dgth of Water, Beta 0 Orientation

Trajectory of Obstacles

Mk-82 @ 6ft -- Beta 180

Tests 11+12
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Figure 4.8 - Trajectory Plot for MK-82 at 6 Feet Dgth of Water, Beta 180 Orientation
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4.6 Results for MK-82 at 9 Feet Depth of Water

This section describes the results of the teststiogel an MK-82 bomb in nine feet
depth of water. Figure 4.9 and Figure 4.10 shatajectory plots of the obstacles at
four different stand off distances. The conditiémsthe two tests shown are the same,
except that Figure 4.9 shows all trajectories fustacles at a Beta O orientation and
Figure 4.10 shows the trajectories for obstaclesBeta 180 orientation. In Figure 4.10
there are some gaps in the data for the two olestat|7 and 12 feet stand off distance.
These gaps exist because the obstacles could seebefor a brief moment due to the
distortion of the water. It may be difficult toesen the plot, but both obstacles ended up
approximately 25 feet out in radial distance. Oagain, it can be seen that the obstacles

that are initially closest to the charge travelldrgest radial and vertical distance.

Trajectory of Obstacles
Mk-82 @ 9ft -- Beta O

Test 19
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Figure 4.9 - Trajectory Plot for MK-82 at 9 Feet Dgth of Water, Beta 0 Orientation
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Trajectory of Obstacles
Mk-82 @ 9ft -- Beta 180

Test 20
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Figure 4.10 - Trajectory Plot for MK-82 at 9 Feet epth of Water, Beta 180 Orientation

4.7 Results for MK-84 at 6 Feet Depth of Water

This section describes the results of the testatioalel an MK-84 bomb in six feet depth
of water. The MK-84 bomb is the larger of the taambs so it was expected that the
obstacles in these tests would have a greatendestaf travel than those in the tests
modeling an MK-82 bomb. Note that the scale onctierrts is different from those

shown in Sections 4.5 and 4.6. Figure 4.11 shbedrajectory plots for obstacles at a
Beta 0 orientation and Figure 4.12 shows the ttarg@lots for obstacles at a Beta 180
orientation. One unique result that can be seéiguare 4.12 is that the obstacle at seven
feet stand off distance was ejected from the watemost cases, the obstacles that are

initially closest to the charge travel the largestial and vertical distance.
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Trajectory of Obstacles
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Figure 4.11 - Trajectory Plot for MK-84 at 6 Feet epth of Water, Beta 0 Orientation

Trajectory of Obstacles
Mk-84 @ 6ft -- Beta 180
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Figure 4.12 - Trajectory Plot for MK-84 at 6 Feet epth of Water, Beta 180 Orientation
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4.8 Results for MK-84 at 12 Feet Depth of Water

This section describes the results of the teststioglel an MK-84 bomb in twelve feet
depth of water. Figure 4.13 shows the trajectdoysgor obstacles at a Beta O
orientation and Figure 4.14 shows the trajectoogglor obstacles at a Beta 180
orientation. As in all other test conditions, aincbe seen that the obstacles that are

initially closest to the charge travel the largestial and vertical distance.

Trajectory of Obstacles
Mk-84 @ 12ft -- Beta O
Test 17
14

T

——7ftSOD |,

——12ftSOD | |
2T 18ftsop [TT T T T T

241tSOD | |

|

|

= Water Line

Vertical Position (ft)

Radial Position (ft)
Figure 4.13 - Trajectory Plot for MK-84 at 12 FeetDepth of Water, Beta 0 Orientation
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Trajectory of Obstacles
Mk-84 @ 12ft -- Beta 180
Test 18
14

——7 ft SOD
—=—12 ft SOD
12 =2 1 ST 5 e

24 ft SOD
= Water Line

Vertical Position (ft)

0 1‘0 2‘0 ?:O 4‘0 5‘0 60
Radial Position (ft)
Figure 4.14 - Trajectory Plot for MK-84 at 12 FeetDepth of Water, Beta 180 Orientation

4.9 Repeatability of Tests

The MK-82 at 6 feet depth of water condition waes#n to examine the repeatability of
tests in this study. Test 11 (the obstacles ad718 feet stand off distance shown in
Figure 4.8) was repeated with four obstacles. distacles with stand off distances of 7
and 18 feet were placed to the left of the charffee setup was then mirrored so that two
more obstacles at 7 and 18 feet stand off distagce also on the right side of the
charge. The results of this test are shown inreigul5, below. The obstacles that were
farther out at 18 feet stand off distance had yeaddntical trajectories. The obstacles at
7 feet stand off distance had the same final ratiggdlacement, but the obstacle on the
left side of the charge had a much greater verticgdlacement and was even ejected

from the water for a short period of time.
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Trajectory of Obstacles
Mk-82 @ 6ft -- Beta 180
Test 13

——7 ft SOD Left
—=—18 ft SOD Left
7 ft SOD Right
18 ft SOD Right
= Water Line

Vertical Position (ft)
IS

T T T T T T
0 5 10 15 20 25 30 35 40
Radial Position (ft)

Figure 4.15 - Repeat of Test 11 with Four Total Oliacles

The next step, of course, is to compare the reetittse repeat test (13) to the original
(11). Figure 4.16 shows the trajectory of the atist with 7 feet of stand off distance
from Test 11 and compares it to the trajectorietheftwo obstacles with the same stand
off distance in Test 13. The Left and Right labelthe legend are used to differentiate
between the two obstacles in Test 13. There asramount of variance in the vertical
displacement of the obstacles (approximately 63erence in maximum vertical

displacement). However, the final radial displaeets are nearly the same.
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Trajectory of Obstacles Repeat Test
Mk-82 @ 6ft -- Beta 180
Tests 11+13
8 T T
——7ftSOD (11) |
|

77| —=—7ftSOD(A3Left)y [T 7777

7 ft SOD (13 Right)

- Water Line

Vertical Position (ft)
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T
|
|
|
|
|
|
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Radial Position (ft)

Figure 4.16 - Comparison of Repeat Test and Origird est with Obstacles at 7 feet SOD

Figure 4.17 shows the trajectory of the obstacté W8 feet of stand off distance from
Test 11 and compares it to the trajectories ofwleobstacles with the same stand off
distance in Test 13. Once again, it can be sesrttie motion of the obstacles is nearly
the same. The obstacle from Test 11 traveledtyfifirther in the radial direction and

with a lower maximum vertical displacement thandbstacles from Test 13.

Taking the large data scatter often seen in exygosprk into consideration, it can be
said that these repeat tests show that the fid&lrdisplacement of obstacles are
adequately repeatable and therefore scientifisadjgificant. However, there is a large
amount of variance in the maximum vertical disphaeat of obstacles. It would be
beneficial to conduct more research to determirygpassible causes of the large

variance in maximum vertical displacements. Important to keep in mind that the
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motivation of this research is for the Navy to bdeado move obstacles out of the
projected path of a vehicle. The final radial thgement is the most appropriate
measure of the effectiveness of using explosivesdee obstacles. Therefore, it is more
important to be able to achieve consistent radggdldcements than it is to have

consistent maximum vertical displacements.

Trajectory of Obstacles Repeat Test
Mk-82 @ 6ft -- Beta 180
Tests 11+13

8 T T T T T T T
——181tS0D (11) l l l l l l
I I I I I I
7F —=18ftSOD(13Lef) |- ------- tomm-o- SRR e R P
18 ft SOD (13 Right) || | | | | |
6+ S S SOy PO
- = Water Line : : : : : :
| I I I I I I
I I I I I I I
g5 | | | | | | |
- I I I I I I I
o I I I I I I I
S | | | | | | |
o I T [ To- oo [ T (e Fo-- - -7
o I I I I I I I
© | | | | | | |
g I I I I I I I
o3+ ------- S I + - - —m - i
> | | | | | |
I I I I I I I
I I I I I I I
| I I I I I I I
2 I I I | I I I
I I I I I I
I I I r: I I I
| | | l‘r' | | |
17 | | | | | | |
I I I I I I I
I I I I I I I
I I I I I I I
0 t t t t t t t
0 5 10 15 20 25 30 35 40

Radial Position (ft)

Figure 4.17 - Comparison of Repeat Test and Origidal'est with Obstacle at 18 ft SOD

4.10 Interference Between Obstacles

Since there were several obstacles in the contbonewery test, the interaction between
obstacles should be considered when analyzingatee dt was assumed that the
interaction between obstacles was minimal and wbale no significant effect on the

trajectories of each obstacle. In order to continte assumption, a test was performed
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with a single obstacle at 7 feet stand off distaaidtne MK-84 at 6 feet depth of water
test condition. Figure 4.18 compares the trajgadbdthe single isolated obstacle from
Test 16 with the obstacle having the same standisténce and orientation from Test 14
(See Figure 4.11). The two obstacles had sintégedtories, but the isolated obstacle
had a slightly larger radial displacement (abo@boldreater than the comparison
obstacle) and traveled closer to the bottom surfécdifference of 10% is not
considered to be a significant difference for egple testing. Therefore, it can be

concluded that the interference between obstasligsely very little or none at all.

Trajectory of Obstacles
Mk-84 @ 6ft -- Beta O

Test 16
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——71tSOD (16) |
|
—=— 7t SOD (14) !
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| { |
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| |
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Figure 4.18 - Trajectory of Single Isolated Obstael Compared to Obstacle from Test 14

411 Effect of Stand Off Distance on Obstacle Motion

As discussed in earlier sections, it is clear thatobstacles with shorter stand off
distances have larger displacements than the dbstatth longer stand off distances.

This can be clearly observed by examining thergesilts for each test condition in
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Figure 4.7 through Figure 4.14. The obstacles shibrter stand off distances also
usually travel higher than the other obstaclestlustis not always the case. However,
the test data shows that when an obstacle withgelostand off distance travels higher

than the obstacles with a shorter stand off digtaiis only higher by a small amount.

4.12 Effect of Orientation on Obstacle Motion

All of the obstacles were placed in one of two ot@ions (Beta O or Beta 180) during
each test. A diagram of these orientations cafoined in Figure 3.7 on page 42. Figure
4.19 through Figure 4.26 compare obstacles basediemtation with all other variables

held constant.

Examination of the trajectories of obstacles fa MK-82 at 6 feet depth of water
condition (Figure 4.19 and Figure 4.20) shows thattwo obstacles with the greatest
stand off distance (18 ft and 24 ft) had similajectories regardless of orientation. The
two closest obstacles had slightly different tragees for each orientation. Both the
obstacles with Beta 180 orientation at 7 ft andt130D seem to have a higher initial
angle of ascent and end up traveling to a highedimmam vertical displacement.
However, the difference in maximum vertical disglaent is less than seen between
obstacles compared in repeat tests. The obstaéléeat stand off distance and Beta 180
orientation travels about 18% less in the radigdation than the same obstacle at Beta 0

orientation.
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Trajectory of Obstacles - Orientation Comparison
Mk-82 @ 6ft - 7 and 18 SOD

Tests 9+11
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Figure 4.19 - MK-82 @ 6 Feet Orientation Comparisorof Obstacles at 7 and 18 ft SOD
Trajectory of Obstacles - Orientation Comparison
Mk-82 @ 6ft - 12 and 24 SOD
Tests 10+12
8 T
—— 12 ft (Beta 0)
;1| ——121t(Beta180)
24 ft (Beta 0)
oL 24 ft (Beta 180) |
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Radial Position (ft)
Figure 4.20 - MK-82 @ 6 Feet Orientation Comparisorof Obstacles at 12 and 24 SOD
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Figure 4.21 and Figure 4.22 compare the trajedaiebstacles for the MK-82 at 9 feet
depth of water condition. In this case, the oldetaat 12 ft and 24 ft stand off distance
have nearly identical trajectories when comparirggtivo orientations. However, at 7 ft
and 18 ft stand off distance the obstacles wittBé&& 180 orientation ascend with a
steeper angle and travel to a higher vertical disghent than their Beta O counterparts.
The final radial displacements of the Beta 180 atlss at 7 and 18 ft stand off distance
are about 10%-20% less than the Beta O counterp@his is similar to the results
discussed earlier for the MK-82 bomb at 6 feet deftwater.
Trajectory of Obstacles - Orientation Comparison
Mk-82 @ 9ft - 7 and 18 SOD
Tests 19+20

10 T
——7 ft (Beta 0)

—=—7 ft (Beta 180)
gL 18 ft Beta(0)

18 ft (Beta 180)

= Water Line

Vertical Position (ft)

10 15 20 2 2 35 2
Radial Position (ft)
Figure 4.21 - MK-82 @ 9 Feet Orientation Comparisorof Obstacles at 7 and 18 SOD
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Trajectory of Obstacles - Orientation Comparison
Mk-82 @ 9ft - 12 and 24 SOD
Tests 19+20

10 T T T
——12 ft (Beta 0) | |

9T | —e——12ft(Beta180) |~ = =" T T T T T T T T T o s s e s S s S e
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74| - - WaterLine |- _ - _________________ : ,,,,,,,,,,,,,,,,,,,,,,,,,

Vertical Position (ft)

T T
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Radial Position (ft)
Figure 4.22 - MK-82 @ 9 Feet Orientation Comparisorof Obstacles at 12 and 24 SOD

Figure 4.23 and Figure 4.24 compare the trajecai®bstacles for the MK-84 at 6 feet
depth of water condition. The obstacles farthestwath a 24 foot stand off distance
have nearly the same trajectory. As seen in teeipus two cases, the obstacle at 7 feet
stand off distance ascends at a steeper anglearadstto a higher maximum elevation
than the obstacle with Beta O orientation. In ti@se the obstacle at 7 ft SOD and Beta
180 orientation also happens to be ejected fromvtiter. Contrary to what would be
expected based on the results from the MK-82 sinauig, the Beta 180 obstacles at 12 ft
and 18 ft SOD travel at a lower height and do sokad as steeply as the Beta O

obstacles.
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Trajectory of Obstacles - Orientation Comparison
Mk-84 @ 6ft - 7 and 18 SOD
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Figure 4.23 - MK-84 @ 6 Feet Orientation Comparisorof Obstacles at 7 and 18 SOD
Trajectory of Obstacles - Orientation Comparison
Mk-84 @ 6ft - 12 and 24 SOD
Tests 14+15
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Figure 4.24 - MK-84 @ 6 Feet Orientation Comparisorof Obstacles at 12 and 24 SOD
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Figure 4.25 and Figure 4.26 compare the trajecai®bstacles for the MK-84 at 12
feet depth of water condition. The obstaclesfat I8 ft and 24 ft SOD have nearly
identical trajectories. It could be said that Beta 180 obstacle at 18 ft SOD has a
slightly steeper angle of ascent than the Betas@aake, but there is not much difference.
The obstacles with 12 ft stand off distance hawlgehe same final radial position, but
it appears that the obstacle with Beta O oriematiad the steeper angle of ascent. Itis
also interesting to see that unlike any of the otésts, all of the obstacles for the MK-84
at 12 feet depth of water condition end up at axprately the same radial distance of

forty feet.

Trajectory of Obstacles - Orientation Comparison
Mk-84 @ 12ft - 7 and 18 SOD
Tests 17+18
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Figure 4.25 - MK-84 @ 12 Feet Orientation Compariso of Obstacles at 7 and 18 SOD
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Trajectory of Obstacles - Orientation Comparison
Mk-84 @ 12ft - 12 and 24 SOD
Tests 17+18

14 T

——12 ft (Beta 0)
—=—12 ft (Beta 180)
24 ft(Beta0) |
24 ft (Beta 180)
10 4|~ - Water Line

12+

Vertical Position (ft)

Radial Position (ft)
Figure 4.26 - MK-84 @ 12 Feet Orientation Compariso of Obstacles at 12 and 24 SOD

In general, it cannot be concluded that the ortemadf an obstacle has a significant
effect on the resulting trajectory. Although sodikéerences were noted upon
examination of the figures in this section, thdedénces were not large when compared
to the data in Figure 4.16 (page 65) where trajeetmf repeated tests were compared.
The observed differences were also not consisteatighout all of the tests. At best, it
can be said that the differences in trajectorytdugrientation were consistent for the
tests simulating MK-82 bombs. In all of thesegddhe obstacles with Beta 180
orientation either had the same trajectory or jgdtary with a steeper angle of ascent. In
order to gain a better understanding of how théamles orientation affects the results

more data would need to be collected and more tesitd have to be repeated.
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4.13 Effect of Depth of Water on Obstacle Motion

The MK-82 and MK-84 bombs were each simulated atdepths of water. The MK-82
was simulated for six feet and nine feet of watet the MK-84 was simulated for six
feet and twelve feet of water. Figure 4.27 thro&gjure 4.34 compare the trajectories of

the obstacles when all variables except for deptiater are held constant.

Figure 4.27, Figure 4.28, Figure 4.29 and FiguB® 4ompare the trajectories of
obstacles in tests that simulated the MK-82 boffibese trajectory plots show that the
obstacles had similar trajectories regardlessefigpth of water. If depth of water does
play a role, then perhaps the difference betweea féiet and six feet is not large enough
to observe the difference in motion.

Trajectory of Obstacles - Depth of Water Comparison

Mk-82 @ 6ft and 9ft -- Beta O
Tests 9+19

10 T
=7 ft SOD - 9 ft DOW

T
|
|
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===7 ft SOD - 6 ft DOW :
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81 18ftSOD-9ftDOW [~ =~~~ -~~~ -~~~ -~ - """~ - - -~~~

18 ft SOD - 6 ft DOW

Vertical Position (ft)

35 40
Radial Position (ft)

Figure 4.27 - MK-82 Depth of Water Comparison for Beta 0 Obstacles at 7 and 18 SOD
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Trajectory of Obstacles - Depth of Water Comparison
Mk-82 @ 6ft and 9ft -- Beta O
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Figure 4.28 - MK-82 Depth of Water Comparison for Eeta O Obstacles at 12 and 24 SOD
Trajectory of Obstacles - Depth of Water Comparison
Mk-82 @ 6ft and 9ft -- Beta 180
Tests 11+20

T T T
~-71tSOD - 9 ft DOW | |

| =7fsop-sftpow | T T TTTTTToo T TTTTTTTTTTT T
| |

4| =-18ftSOD-9ftDOW | — —'— - - - ____ I
18 ft SOD - 6 ft DOW 1
|
|
|
|

10 15 20 25 30 35 40
Radial Position (ft)

Figure 4.29 - MK-82 Depth of Water Comparison for Beta 180 Obstacles at 7 and 18 SOD
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Trajectory of Obstacles - Depth of Water Comparison
Mk-82 @ 6ft and 9ft -- Beta 180
Tests 12+20
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Figure 4.30 - MK-82 Depth of Water Comparison for Beta 180 Obstacles at 12 and 24 SOD
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Figure 4.31, Figure 4.32, Figure 4.33 and FiguBd 4ompare the trajectories of
obstacles in tests that simulated the MK-84 boffibe obstacles with seven feet and
twelve feet stand off distance have similar trajaes in both depths of water. Although
the trajectories for the close-in obstacles arelainthere does seem to be slightly more
variation between the trajectories of the closebstacles in the MK-84 tests than there

is in the MK-82 tests. Also, the obstacles atdé} fand 24 feet stand off distance seem to
be affected significantly by the depth of watetlod test. In each of the four figures
below, it can be seen that the farther-out obssaeglth the 12 feet depth of water
condition have approximately twice as much radisplcement as the obstacles with the

six feet depth of water condition.
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The difference in radial displacement between atessaat 18 and 24 feet stand off
distance can also be observed in Figure 4.35 oa ag The blue triangles and plus
signs are data for the MK-84 at twelve feet defitvater and the blue squares and x’s
are data for the MK-84 at six feet depth of watércan be clearly seen on this plot that
the obstacles with 18 and 24 feet stand off digtdram the twelve feet depth of water
tests had a greater displacement than the corrdsmpabstacles in the six feet depth of

water tests.

Trajectory of Obstacles - Depth of Water Comparison
Mk-84 @ 6ft and 12ft -- Beta O
Tests 14+17
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Figure 4.31 - MK-84 Depth of Water Comparison for Beta 0 Obstacles at 7 and 18 SOD
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Figure 4.32 - MK-84 Depth of Water Comparison for Beta 0 Obstacles at 12 and 24 SOD

Trajectory of Obstacles - Depth of Water Comparison

Mk-84 @ 6ft and 12ft -- Beta 180
Tests 15+18
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Figure 4.33 - MK-84 Depth of Water Comparison for Beta 180 Obstacles at 7 and 18 SOD
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Trajectory of Obstacles - Depth of Water Comparison
Mk-84 @ 6ft and 12ft -- Beta 180
Tests 15+18
14 T
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-=-12 ft SOD - 6 ft DOW
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Figure 4.34 - MK-84 Depth of Water Comparison for Beta 180 Obstacles at 12 and 24 SOD

An investigation of how the depth of water affettts trajectories of the obstacles shows
that there was no significant difference in thgectories due to depth of water for the
MK-82 bomb simulations. However, the MK-84 bomimalations showed that the
obstacles with a greater initial stand off dista(iift and 24 ft) tend to travel more in
the radial direction when the water depth is grealieis possible that there would be a
difference in trajectories due to water depth tlith MK-82 bomb, but the tests
conducted in this study simulated the MK-82 at amihye feet depth of water while the
MK-84 was simulated in twelve feet depth of wat@his disparity in test conditions
could be the reason that no significant differeimceajectories was observed for the MK-

82 tests.
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4.14 Effect of Bomb Size on Obstacle Motion

The tests conducted in this study simulated twiedght explosive charges: the MK-82
and MK-84 general purpose bombs. More informatiorthese bombs can be found in
Section 1.2. One would expect that the larger MkbBmb would cause the obstacles to

have a greater displacement than the smaller MKeBab.

Figure 4.35 shows the final displacement of obstaak a function of initial stand off
distance. The red markers are data for obstaes MK-82 tests and the blue markers
are data for MK-84 tests. It is clear that the M&simulated bomb displaced obstacles
further than the MK-82 bomb. As expected, the bavith more explosive material

causes obstacles to move further away from thet pbitetonation.
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Figure 4.35 - Plot of Final Distance vs Initial Stad Off Distance for All Tests
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Chapter 5 — Comparison of Data to Other Studies

51 Introduction

In order to test the validity of the Low Pressuralig theory proposed by McDonald [3]
the results of this study must be compared to tesdilother studies where tests with the
same conditions were conducted at a different sC such sources of data are
available at this time: the tests conducted by I8RInational at the 1/12scale [13] and
full scale tests organized by the Panama City wief the Naval Surface Warfare
Center. By scaling all of the results to full ®ahd comparing data from the different
studies, the validity of the Low Pressure scalimgpry can be examined. In theory, one

would expect to have the same results regardlefeadcale factor when comparing data.

5.2 Comparison to SRI Study

SRI International reported the results of a studyinderwater obstacle motion in March
2006 [13]. The SRI study conducted tests using bimtpkinson and Low Pressure
scaling methods, but the majority of their work vdase using the Hopkinson method.
Their study also involved both tetrahedron and bbdg shaped obstacles whereas the
tests described in Chapter 4 only used tetrahealstacles. Only the tests with Low
Pressure scaling that involved tetrahedron shapsthdes will be compared in this

section.

A limited number of trajectory plots are availabe the SRI tests. The test results
described in Chapter 4 will be compared to thelakba trajectory plots from SRI that

have matching test conditions. Data from bothistitlave been scaled up to full scale
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measurements so that they can be easily comp&igdre 5.1 through Figure 5.16
compare trajectories of obstacles in SRI teststl@dests in this study (Chapter 4). The
tests reported in Chapter 4 are labeled with thielEU prefix in the legend of each

graph. There are four plots for each simulatioa specific bomb size, water depth and
obstacle orientation. The first plot shows thgettories of all obstacles from SRI and
UMD tests that have the bomb size, water depthodasthcle orientation in common.

The next three plots break down the first plot ahdw the data for an obstacle at a given

stand off distance so that the results are easietlow.

Figure 5.1 through Figure 5.4 compare results fol&-82 bomb at six feet depth of
water with all obstacles having the Beta O orieatat In this case, none of the obstacles
were ejected from the water. It appears that bstazles in the SRI and UMD tests had
similar trajectories, except for some commonly eodog differences. One obvious
discrepancy is that the obstacle at 18 feet SO tiee SRI test ended up closer to the
location of the charge than it started. SRI regmbthat some obstacles would move back
towards the location of the charge when the waggah to flow back and fill the void
created by the venting of explosive gases. Th&waas motion of tetrahedron

obstacles was not observed in UMD tests.
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Figure 5.1 - Comparison of SRI/UMD Data for MK-82@#8t and Beta 0 Orientation
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Figure 5.4 - Comparison of SRI/UMD Data for MK-82@#6t, 18ft SOD and Beta 0 Orientation
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Figure 5.5 through Figure 5.8 compare results fol&-82 bomb at six feet depth of
water with all obstacles having the Beta 180 odeah. There are multiple sets of data
available for two of the stand off distances frdra UMD tests. The extra sets of data
come from Test 14 which was a repeat test. Thatioot“R1” and “R2” used in the
legends denotes data that came from this repdatTass repeat test had a total of four
obstacles; two at 7 feet stand off distance andatinvi8 feet stand off distance. More

information on this repeat test can be found inpEéa4.

Unlike the Mk-82@6ft Beta O case, the MK-82@6ft8&80 condition did not result in
similar trajectories for all obstacles. Multiplbstacles were ejected from the water for
this set of conditions. The trajectory of the alo#s is similar for obstacles that did not
get ejected. When comparing obstacles that werteg], the trajectories are drastically
different. Itis no surprise that the ejected abks had the shortest stand off distance
since it was found that obstacles with shorteragstahdistances have greater radial
displacements and maximum vertical displacemefsswith the previous case, the
obstacle from the SRI tests with 18 feet standl@ffance was significantly affected by
the backflow of water and ended up close to thgimal stand off distance. If the last
portion of backwards travel by this obstacle isoigrdl then the trajectory is similar to the

trajectories of the UMD obstacles.
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Figure 5.9 through Figure 5.12 compare result&foMK-84 bomb at six feet depth of
water with all obstacles having the Beta O orieatat This test condition has one extra
set of data for the UMD test at seven feet stafdisfance. This is extra set of data is
denoted with the suffix “R” and came from Test Whijch was a repeat test conducted to
determine the effects of interaction between olstacMore information on this test can
be found in Chapter 4. As seen in the previous,csame obstacles were ejected from
the water. The SRI obstacle at seven feet stdmtisthnce had a much greater
displacement than the UMD obstacles. The SRI olestd 12 feet stand off distance was
also ejected, but was only out of the water foriaflperiod of time. Its trajectory was
similar to the UMD obstacle. The SRI obstacle&felet stand off distance had some
backward travel as seen in previous cases, bid rnat travel back as far as the other
SRI obstacles in the MK-82 bomb simulations. Othen the travel due to backflow of

water, the trajectory of the SRI and UMD obstackgk 18 feet SOD was similar.
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Figure 5.13 through Figure 5.16 compare resultsufioMK-84 bomb at six feet depth of
water with all obstacles having the Beta 180 odgan. In this case, both the SRI and
UMD obstacles at seven feet stand off distance w@aed from the water. Despite

both being ejected, they did not have similar tmjges. The SRI obstacle was displaced
more than twice the distance of the UMD obstatlewever, the obstacles with 12 feet
and 18 feet stand off distance had similar trajgeso And as with all other cases, the
SRI obstacle at 18 feet stand off distance had dmankwards motion due to the water

flowing back towards the point of detonation.
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Figure 5.13 - Comparison of SRI/UMD Data for MK-84@sft and Beta 180 Orientation
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Figure 5.16 - Comparison of SRI/UMD Data for MK-84@bft, 18ft SOD, Beta 180 Orientation
The comparison of obstacle trajectories betweeng®RIUMD tests shows that the data
agree well for cases when the obstacles are ndeejé&rom the water. Most of the
obstacles that were ejected had the shortest efddstance of seven feet, but the case
with the MK-82 bomb at six feet depth of water &eta 0 orientation did not result in
the SRI obstacle at seven feet SOD being ejected fne water, and the SRI and UMD
results matched well for this case. The authosyrees that the Low Pressure scaling
theory cannot apply to ejected obstacles becawesatthospheric pressure has not been
scaled. The atmospheric pressure should be propatto the scaling factor and is
therefore much greater than it should be for ss@les. The high pressure (and
therefore high density of air) could be restrictthg motion of obstacles. When

converting the small scale results to full scdie, full scale atmospheric pressure for

UMD tests is much greater than for SRI tests amsddbuld explain the greater distance
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of travel for SRI obstacles that were ejected ftbmwater. It was also observed for
every case of SRI tests that the obstacles atet&fand off distance were affected by the

backflow of water.

It is helpful to compare the UMD results to the $&dults by plotting the final radial
position versus the initial stand off distancegufe 5.17 and Figure 5.18 compare the
SRI data to UMD data for the MK-82 at 6 feet depthvater and MK-84 at 6 feet depth
of water, respectively. The plots only show datadbstacles that were not ejected from

the water. When obstacles are not ejected, tleisigimilar.

McDonald [3] makes a comparison of SRI and fullscadial displacements of
obstacles for the MK-82 at 6 ft depth of water atnd. SRI values for obstacles at 7 ft
stand off distance were greater than the full sczdalts. Obstacles with 7 ft stand off
distance in SRI tests had approximately 25-33 fadfal displacement and full scale
obstacles had approximately 18-25 ft of radial ldispment. For obstacles with 12 and
18 feet stand off distance the SRI and full scatiits matched well. However, there is
no indication of which SRI or full scale obstaclesre ejected from the water. From the
trajectories shown in this section, it can be agiithat many of the SRI obstacles at 7
feet stand off distance were ejected. If full saalbstacles at 7 ft stand off distance were
not ejected, then this might explain why SRI resulere higher for 7 feet stand off

distance.
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5.3 Comparison to Full Scale Data

Limited data was available for tests that useddadile bombs and obstacles. The full
scale tests were part of a study by the Naval 8eidarfare Center, Indian Head
division [14]. Only data for tests conducted wailhn MK-82 bomb at 6 feet depth of
water were available. The full scale data are katsived in the fact that they only include
initial and final radial position of the obstaclds.is not known if the full scale obstacles

were ejected from the water or not.

Figure 5.19 shows the final displacement as a fandf initial displacement for full
scale and UMD obstacles. The full scale testsdidplace any obstacles at 24 feet stand
off distance so there is no comparison availahieifat data. It is clear the final

displacements compare very well given the natuatd scatter in explosive testing.
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Chapter 6 — Additional Testing with Other Obstacles

6.1 Introduction

Several additional tests were conducted in ordgato insight into other variables that
might affect the motion of an obstacle due to ateuwater explosion. The factors that
were briefly studied in the additional tests ame dmount of surface area on an obstacle
and the weight of an obstacle. All of these add#i tests were conducted under the
conditions simulating an MK-82 bomb in six feetvwdter (1/28' scale). The first of
these tests was an attempt to understand and rdeofidw of the water following the
detonation of the charge using neutrally buoyahesgs. Several other tests were
conducted to measure the effects of adding solitbwathe tetrahedron obstacles.
Finally, concrete blocks were used in place ofdhstacles to determine how a relatively
heavy object would react to an underwater explosibable 6.1 lists all of the additional
tests conducted using the previously describecholest. Table A.2, in Appendix A, lists

the actual measurements for depth of water and stHiristance used in testing.

Test " Scale Type of S_tand off : .
Condition Distances | Orientation
Number Factor Obstacle (Feet)
Neutrally
21 Mk-82 @6ft| Yo Buoyant | 1224 18, N/A
Spheres
Walled 7,12, 18,
22 Mk-82 @ 6 ft %6 Tetrahedrons 24 Beta 0
Walled 7,12, 18,
23 Mk-82 @ 6 t %6 Tetrahedrons 24 Beta 0
Walled 7,12, 18,
24 Mk-82 @ 6 ft %6 Tetrahedrons 24 Beta 180
Concrete 7,12, 18,
25 Mk-82 @ 6 ft %6 Blocks ” N/A

Table 6.1 - List of Tests Conducted Using Other Obacles
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6.2 Construction of Additional Obstacles

The neutrally buoyant spheres were made by injgatiater into table tennis balls. A
small pinhole was punched into each table tenrlisabd a syringe was used to inject
water through the hole into the ball. The hole s sealed with epoxy and the ball
was painted black to provide contrast against thigelbackground of the testing

container. The nominal diameter of a table tebaisis 1.5 inches but was measured to
be 1.49 inches (37.85 mm). Using a density of 1%0(;%3 for water, the target weight of

a table tennis ball was calculated to be 28.39 graihe actual weight of the water-filled
table tennis balls was measured to be 29.24 gramaserage. According to this
calculation, the balls were a little bit heaviesththeir equivalent volume of water.
However, the added volume of the spray paint amcgpas not taken into account
during this calculation which explains the weightle balls being slightly heavier than

expected.

The walled tetrahedrons were made from the tetranscused in Tests 9-13 (1/26cale
tests). Triangular pieces of transparency filmenast out and affixed with epoxy onto
the faces of each tetrahedron obstacle. Smallgepsleft open at the corner of each
triangular face to allow water to fill into the tehedron obstacles when they were placed

under water.

The concrete blocks were made by pouring gypsunenemto a cube-shaped mold that

was two inches long on each side. The dry weightife concrete blocks was
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approximately 185 grams. This models a 52 incl6874dound, cube of concrete in the

full scale conditions. Figure 6.1 shows the addl obstacles described in this section.

Figure 6.1 - Neutrally Buoyant Sphere, Walled Tetr&dedron, Concrete Block

6.3  Neutrally Buoyant Spheres

One test was conducted using neutrally buoyantreph@aced on the bottom surface of
the container. The obstacle location was meadwydrhcking the geometric center.
Much of the motion of the obstacles was blockedhfraew by the expanding gas bubble.
However, whatever data was captured is presentBgyjure 6.2 and Figure 6.3. Another
issue with this test is that some of the obstatiesed out of place during the interval
between setup and detonation. The two closesadestat 7 and 12 feet stand off
distance did not move much and were in the propsttipn. The two obstacles that were
supposed to be at 18 and 24 feet stand off distenosed significantly and were
measured to be at 15.65 and 22.34 feet standsiffrdie respectively, based on the pre-

detonation frames of the high speed video.

102



Figure 6.2 shows the trajectory of the neutrallgpyant spheres at 7 and 18 feet stand off
distance and compares it to the trajectory of betrigons at the Beta 0 and Beta 180
orientations under the same test conditions. Tdjedtory of the tetrahedron obstacles
was obtained from Tests 9 and 11. It can be desritie sphere closest to the charge did
not move much in the radial direction and traveted vertical motion out of the water.
The sphere at 18 feet stand off distance did natenmauch, but compared more closely
to the tetrahedron motion than the sphere at 7steed off distance. The trajectory of
the sphere at 18 feet stand off distance is nohéirsuous curve because the sphere was
not visible for some portion of the video. Theialimotion of the sphere was an up and
down motion, and then the sphere was lost from vigwhen the sphere appeared in view
again it was floating at a higher vertical posittban previously recorded in earlier

frames.

Trajectory of Neutrally Buoyant Spheres and Obstacl  es
Mk-82 @ 6ft - 7 and 18 SOD
Tests 9+11+21
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|| —=—7 ft (Beta 0)
7 ft (Beta 180)
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Figure 6.2 — Comparison of Trajectory of NeutrallyBuoyant Spheres and Tetrahedrons
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Figure 6.3 shows the trajectory of the neutrallpyant spheres at 12 and 24 feet stand
off distance and compares it to the trajectoryetrfahedrons at the Beta 0 and Beta 180
orientations under the same test conditions. Tdjedtory of the tetrahedron obstacles
was obtained from Tests 10 and 12. The spher2 tgel stand off distance was lost
from the view of the camera after a relatively staonount of time, but the trajectory that
was recorded compares well with the trajectoryheftetrahedron obstacles under the
same conditions. The sphere at 24 feet standsitircte did not show much movement,
but unlike the tetrahedron obstacles it floatedkldawards the charge. The plot shows
that the sphere initially moved out in the radi@édtion and up towards the surface, and

then proceeded to float back towards the charge.

Trajectory of Neutrally Buoyant Spheres and Obstacl  es
Mk-82 @ 6ft - 12 and 24 SOD
Tests 10+12+21
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Figure 6.3 - Comparison of Trajectory of NeutrallyBuoyant Spheres and Tetrahedrons
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6.4 Walled Tetrahedrons

Several tests were conducted using the walledhietirans. Tests 22 through 24
simulated the MK-82 bomb at 6 feet depth of wafBests 22 and 23 had an identical
setup with the obstacles at the Beta O orientatitest 24 had the same conditions as

Tests 22 and 23 except that the obstacles weregktca Beta 180 orientation.

Figure 6.4 and Figure 6.5 show the trajectory fdobbstacles in Tests 22 and 23. Since
these tests had identical conditions one would expesee the same results. Indeed, the
trajectories of the obstacles are similar in be#iig except for the obstacles at 12 feet
stand off distance shown in Figure 6.5. In bo#tgethe obstacles were lost from view
for a brief period of time. In Test 22, the ob#&agas moving out in the radial direction
before being lost from view and then continued tvenout in the radial direction when

it was spotted again. However, in Test 23, thaaas at 12 feet stand off distance began
to move back towards the charge after being loshfview. This obstacle ended up
approximately 16.5 feet away from the locationted tharge while the obstacle in Test

22 ended up nearly 26 feet away from the charge.

Since it is difficult to see the trajectory of thlestacles at 18 feet stand off distance in
Figure 6.4 those trajectories are shown in moraildetFigure 6.6. Both obstacles have
similar trajectories and both were affected bylibekflow of water. The obstacle in Test
22 moved out to a maximum radial displacement die2? and then came back to a final
position of approximately 19.5 feet. The obstacl&est 23 moved out to a maximum

radial displacement of 21 feet and came back toad position of about 19.25 feet.
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Trajectory of Walled Tetrahedron Obstacles
Mk-82 @ 6ft - 7 and 18 SOD - Beta 0
Tests 22+23
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Figure 6.4 - Trajectories of Walled Tetrahedrons inTest 22 and 23 (Identical Conditions)

Trajectory of Walled Tetrahedron Obstacles
Mk-82 @ 6ft - 12 and 24 SOD - Beta 0
Tests 22+23
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Figure 6.5 - Trajectories of Walled Tetrahedrons inTest 22 and 23 (Identical Conditions)
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Trajectory of Walled Tetrahedron Obstacles
Mk-82 @ 6ft - 18 SOD - Beta 0
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Figure 6.6 — Detailed View of Trajectory of Obstaas at 18 feet SOD in Tests 22 and 23
Since the trajectories of the obstacles in Test@arizR23 are similar only the data from
Test 22 will be used to plot the comparison of ablets at Beta 0 and Beta 180
orientations, except for the data of obstaclede#t stand off distance, which will be
discussed later. Figure 6.7 and Figure 6.8 comiha enotion of walled-tetrahedrons at
the two different orientations. The two obstaclest are at 18 and 24 feet stand off
distance have similar trajectories for both oriéotes. However, the two closer in
obstacles at 7 and 12 feet stand off distances Vestéy different trajectories. The
obstacle at 7 feet stand off distance with Betad@ntation travels nearly vertically and
then comes back down to end up at 12 feet fronchlaege. The motion of this obstacle
is similar to the motion of the neutrally buoyaphere at this stand off distance and the
trajectory of the sphere is shown on the plot fimparison. The obstacle with 12 feet
stand off distance and Beta 180 orientation alssdmt get displaced in the radial

direction as much as the obstacle with Beta O tatem from Test 22. However, the
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motion of the obstacles with different orientati@ts 2 feet stand off distance are similar
if comparing between Tests 23 and 24. It can ba geFigure 6.8 that the obstacle with
12 feet SOD and Beta 180 orientation has a sirtrégectory to the obstacle with Beta O
orientation from Test 23.

Trajectory of Walled Tetrahedron Obstacles and Neut  rally Buoyant Spheres

Mk-82 @ 6ft - 7 and 18 SOD - Beta 0 and Beta 180
Tests 21+22+24

9 T T T T T T T
——7ftBeta0 | | | | | |
81| ——7fBeta180 | - T Rt BT EEEE oo Rt EEEE R
18 ft Beta 0 | | | | | |
[ 18ftBeta180 | T A . oo FTTT T I
| | | | | |
——Sphere | | | |
6T . i Bl ety el i e el Sy pi S
= = = Water Line | | | |
£ T | | | | |
S | | | | | |
25 I I I I I I I
a | | | | | | |
e | | | | | | |
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e e T I——F - [ T I= = === === [ T
| | | | | | |
| | | | | |
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| { ) ] | ] |
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Figure 6.7 — Comparison of Walled Tetrahedron Motim Based on Obstacle Orientation
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Trajectory of Walled Tetrahedron Obstacles
Mk-82 @ 6ft - 12 and 24 SOD - Beta 0 and Beta 180

Tests 22+24
9 T T T T T
——12ftBeta 0 (22) | | | |
8 |——12ftBeta 0 (23) - - - - - [ . B e
| | | |
—=—12 ft Beta 180 : : : :
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e I I | |
= | | | | |
85t -——----- T [ [ T [l
5 | | | | |
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o | | | | |
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3+-—-—-—---- T —— === [ T [ i
| | | | |
| | | | |
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Figure 6.8 - Comparison of Walled Tetrahedron Motim Based on Obstacle Orientation
Figure 6.9 and Figure 6.10 compare the trajectbryadled tetrahedrons at the Beta O
orientation to the non-walled tetrahedrons fromt3&sand 10. The legends for these
plots shows a ‘W’ for walled tetrahedrons and a ‘N non-walled tetrahedrons.
There does not seem to be any conclusive pattgending the motion of walled
tetrahedrons when compared to non-walled tetraimsdar the Beta O orientation. The
obstacles with 7 and 24 feet stand off distance lsawilar trajectories regardless of the
presence of walls. The two obstacles at 18 fesidsoff distance have similar motion but
the walled tetrahedron had some backwards moti@reds the non-walled tetrahedron
did not. In the case of the obstacles at 12 taidsoff distance, one walled tetrahedron
had backwards motion towards the charge while theravalled tetrahedron did not.
The non-walled tetrahedron for this stand off dis@had a trajectory that did not quite

fit with either of the walled tetrahedrons. lifgeresting to note that in all of the tests
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conducted using non-walled tetrahedrons there wdsankward motion of obstacles in
the radial direction. However, backward motionweced on several occasions with the

walled tetrahedron obstacles.

Trajectory of Walled and Non-Walled Tetrahedron Obs  tacles
Mk-82 @ 6ft - 7 and 18 SOD - Beta 0

Tests 9+22
9 T T T
—T7ftW ! !
8+ s s s s s === o= e e i
——7 ft NW ; ;
2 T oo S
18 ft W : !
6+ Rl i T i
e 18 ft NW | |
:;,g, *1 ---waterLline | T
g | :
@ |
£ ‘ |
O
> 1 |
1

Radial Position (ft)

Figure 6.9 - Comparison of Walled and Non-Walled Teahedrons for Beta 0 Orientation
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Trajectory of Walled and Non-Walled Tetrahedron Obs  tacles
Mk-82 @ 6ft - 12 and 24 SOD - Beta 0
Tests 10+22+23

— 12 ft W (22)
—— 12 ft W (23)
712 fENW

24 ft W

6 e e
S 24 ft NW | |
g 5 I TR 4
= = = = Water Line ! !
& | | |
‘_g L Tt
g
>

Radial Position (ft)

Figure 6.10 - Comparison of Walled and Non-Walled &trahedrons for Beta 0 Orientation
Figure 6.11 and Figure 6.12 compare the trajectbryalled tetrahedrons at the Beta 180
orientation to the non-walled tetrahedrons fromt3é44 and 12. The obstacles with
greater stand off distances of 18 and 24 feet diowar motion for walled and non-
walled tetrahedrons. Walled tetrahedrons at 71&nfdet stand off distances had a

smaller final radial displacement than their norladhtetrahedron counterparts.
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Trajectory of Walled and Non-Walled Tetrahedron Obs  tacles

Mk-82 @ 6ft - 7 and 18 SOD - Beta 180
Tests 11+24
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Figure 6.11 - Comparison of Walled and Non-Walled &trahedrons for Beta 180 Orientation

Trajectory of Walled and Non-Walled Tetrahedron Obs  tacles

Mk-82 @ 6ft - 12 and 24 SOD - Beta 180
Tests 12+24
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12w
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51| -~ Water Line : :

Radial Position (ft)
Figure 6.12 - Comparison of Walled and Non-Walled &trahedrons for Beta 180 Orientation
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6.5 Concrete Blocks

Prior to testing it was hypothesized that the cetecblocks would have little or no
motion after an underwater detonation. It seerstine that the much heavier obstacles
would be more difficult to move. Contrary to thgpbthesis, testing showed significant
movement of the concrete blocks. The concretekislaere tested under the MK-82 at 6
feet depth of water condition. Measurements ofést@f distance were taken from the
charge to the center of mass of the cube, singlarhat was done for tetrahedron
obstacles. The cubes were oriented so that tleeditie cube closest to the charge was

perpendicular to the imaginary line connectingdbeter of the cube and the charge.

Figure 6.13 and Figure 6.14 show the trajectorgasicrete blocks and compares it to the
trajectory of tetrahedron obstacles at the BetadBeta 180 orientation for the same test
conditions. The block at 7 feet stand off distamzeved more in the radial direction than
any other obstacle in this study. The block atguat the wall of the testing container
and would have moved further if it had not beentifierwall. The block at 18 feet stand
off distance moved out slightly in the radial diien and then began moving backwards,
stopping at about 15.5 feet radial distance froendimarge. The obstacles at 12 and 24
feet stand off distance were also likely affectgdhckflow. It is not perfectly clear with
the block at 12 feet stand off distance since & Weat from view for some time.

However, the block was moving outward and upwardreebeing lost from view, and
when the block was in view again it was restinglmbottom surface at the same radial
distance from the charge as when it was last sel@ich suggests it moved out and was

then swept back in towards the charge. The blo@d deet stand off distance did not
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move much, approximately one foot out in the radiedction, but was then swept back
towards the charge and ended up at about the smaisoin as it started out.
Trajectory of Concrete Blocks and Tetrahedron Obsta  cles

Mk-82 @ 6ft - 7 and 18 SOD
Tests 9+11+25

——7 ft Block
—=—7 ftBeta 0
7 ft Beta 180
18 ft Block
6 —e—18 ft Beta 0
—— 18 ft Beta 180
1| = = Water Line

Vertical Position (ft)
N

Radial Position (ft)
Figure 6.13 - Comparison of Concrete Block Trajectry to Tetrahedron Trajectory

Trajectory of Concrete Blocks and Tetrahedron Obsta  cles
Mk-82 @ 6ft - 12 and 24 SOD
Tests 10+12+25

——12 ft Block
—=—12 ft Beta O
12 ft Beta 180
24 ft Block
6 —e—24ftBeta0
—— 24 ft Beta 180
1| = = Water Line

Vertical Position (ft)
»

Radial Position (ft)
Figure 6.14 - Comparison of Concrete Block Trajectry to Tetrahedron Trajectory
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6.6 Summary

One common feature of all of the additional obs&ts¢hat were tested is that they all had
more surface area than the tetrahedrons. Testhictad with the neutrally buoyant
spheres, walled tetrahedrons, and concrete bldckelaled results where some

obstacles had backward radial motion. None ofwahed tetrahedrons had backward
motion in Tests 9 through 20. It seems that thetaaibes with more surface area are more

likely to have backward motion than the tetrahedron

115



Chapter 7 — Conclusion

7.1 Overview

The primary purpose of this study was investighéevalidity of the Low Pressure

scaling theory proposed by William McDonald of NSWdian Head. This validation
was accomplished by conducting tests at a smdk sicethe range of 1/96to 1/42¢

and comparing the data to full scale results antt&f®s results which were conducted at
a 1/12" scale. This chapter will summarize those findiagd propose suggestions for

future work.

In addition to providing evidence in support of theewv Pressure scaling theory, this
study was also able to examine the effects of iceviaiables on underwater obstacle
motions. These variables include stand off distanbstacle orientation, depth of water
and bomb size. A few additional tests were coretlith examine the effects of adding
more surface area to the obstacles or using relgitheavy obstacles. All of these

findings will be summarized in this chapter.

7.2 Summary of Findings

The Low Pressure scaling theory appears to be f@lidases when the obstacles are not
ejected from the water. A comparison of SRI dai @ata from this study shows that
the trajectories of obstacles match closely wherothstacles are not ejected from the
water. Full scale data was only available in threnf of final and initial radial positions

so it is not possible to tell which full scale adodes were ejected from the water.
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However, the full scale data for final radial pasitversus initial stand off distance

matches well with the data from this study.

This study examined how variables such as standistiince, obstacle orientation, depth
of water and bomb size affect the trajectory ofdbstacles. It was found that obstacles
with smaller stand off distances tend to have largdial displacements than the
obstacles with larger stand off distances. In mzases, the obstacles with shorter stand
off distances also had a greater maximum vertisglacement than the obstacles with

long stand off distances.

Obstacle orientation seems to little or no sigatfficeffect on the trajectory and final
radial displacements of obstacles. Although th&tadde trajectories did not match
perfectly when comparing two obstacles with différerientations, the trajectories were

not so different one could conclude that the effez$ due to the obstacle orientation.

An investigation of how the depth of water affettts trajectories of the obstacles shows
that there was no significant difference in thgetwtories due to depth of water for the
MK-82 bomb simulations. However, the MK-84 bomimslations showed that the
obstacles with a greater initial stand off dista(ic&ft and 24 ft) tend to travel more in
the radial direction when the water depth is grealiels possible that there would be a
difference in trajectories due to water depth wilith MK-82 bomb, but the tests
conducted in this study simulated the MK-82 at amihe feet depth of water while the

MK-84 was simulated in twelve feet depth of water.
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The bomb size had a clear effect on the trajecod/final radial displacements of the
obstacles. As one would expect, the larger borodymed greater displacements for

obstacles when all other factors were held constant

The additional tests conducted with walled tetrabesl and concrete blocks were not as
thorough as the testing with non-walled tetraheslrbat there was some useful
information obtained from those tests. The watktthhedrons were close in weight to
the non-walled tetrahedrons, but had more surfez aNone of the non-walled
tetrahedrons ever moved backwards in the radiattion during a test. The walled
tetrahedrons displayed backwards radial movemestewvaral occasions. In some cases,
the walled tetrahedrons had smaller final displametsithan the non-walled counterparts
due to the backward motion. Contrary to what omghirexpect, the relatively heavy
concrete blocks showed significant motion. Thectete block with the shortest stand
off distance moved more in the radial directiomtlaay other obstacle with an MK-82

bomb. Some of the concrete blocks had backwandialnmovement.

7.3  Suggestions for Future Work

There are many issues which could be investigaidégture work. The Navy and SRI
have done tests with obstacles other than tetrahediuch as hedgehog shaped steel
structures. The motion of other obstacles couldtbdied at a small scale with less
money using Low Pressure scaling. Also, it sedrasltow Pressure scaling does not
seem to work in cases where the obstacles areedjetore testing could be done to
verify this claim by creating test conditions tdiderately eject obstacles from the water

and studying the trajectory.
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Another issue to address is the effect of increasefdce area on obstacle motion. A few
tests from this study suggest that obstacles witersurface area are more likely to be
affected by the backflow of water to fill the gasswoid created by the explosion. The
backward movement was also seen in the heavy denalieck obstacles. A more

detailed study could investigate the effect of @ased surface area.

Finally, there could be more small scale testinggomed to investigate the effects of
using more than one bomb, as this would be a teadisenario in a military situation.
This kind of testing would provide knowledge themore directly applicable to actual

military scenarios.
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Appendix A

Test Depth of Water Scale Number of SFand off , .
. Distances | Orientation
Number (inches) Factor Obstacles :

(inches)

9 2.77 %6 2 3.23,8.31 Beta 0

10 2.77 %6 2 5.54, 11.08 Beta O

11 2.77 %6 2 3.23,831| Beta 180

12 2.77 %6 2 5.54,11.08  Beta 180
3.23,8.31,

13 2.77 %6 4 33 p31| Betalso
2.33, 4.0,

14 2.00 %e 4 5080 Beta 0
2.33,4.0,

15 2.00 %e 4 50, 8.0 Beta 180

16 2.00 %e 1 2.33 Beta O
2.0, 343

17 3.43 }{12 4 14 66| Be@o
2.0, 343

18 3.43 %2 4 S1a bg6| Betalso
3.0, 5.14,

19 3.86 %8 4 791 loge| Bet@o
3.0, 5.14,

20 3.86 %8 4 771 1020 Beta180

Table A.1 — Test Conditions with Small Scale Valuefor Depth of Water and Stand off Distance
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Test Depth of Water Scale Type of Stand off Orientation
Number (inches) Factor Obstacle Distances
Neutrally
3.23,5.54,
21 2.77 Ve Buoyant | g 2l N/A
Spheres
Walled 3.23,5.54,
22 217 %6 Tetrahedrons 8.31, 11.08 Beta 0
Walled 3.23,5.54,
23 217 %6 Tetrahedrons 8.31, 11.08 Beta 0
Walled 3.23,5.54,
24 217 %6 Tetrahedrons 8.31, 11.08 Beta 180
Concrete | 3.23, 5.54,
25 2.77 Y26 Blocks | 8.31,11.08) VA

Table A.2 — Test Conditions with Small Scale Valuef®r Depth of Water and Stand Off Distance
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