Numerical Study of Energy Loss Mechanisms in Oscillating
Underwater Explosion (UNDEX) Bubbles

Colby B. Jamerson

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Master of Science
in

Aerospace Engineering

Eric G. Paterson, Chair
John N. Gilbert
Alan J. Brown

August 8, 2022

Blacksburg, Virginia

Keywords: Energy Dissipation, Bubble Dynamics, Underwater Explosion, Vulnerability,
Survivability

Copyright 2022, Colby B. Jamerson



Numerical Study of Energy Loss Mechanisms in
Oscillating Underwater Explosion (UNDEX) Bubbles

Colby B. Jamerson

ABSTRACT

In this study a modern hydrocode, blastFoam, that was designed for multi-phase compress-
ible flow problems with applications suited for high-explosive detonation was investigated
for underwater explosion (UNDEX) events. The problem of over-prediction for long-term
UNDEX bubble behavior in modern hydrocodes that is known to be due to neglected sec-
ondary energy-loss mechanisms is evaluated. A single secondary energy-loss mechanism is
established as the most significant loss mechanism that is being disregarded in current hy-
drocodes. The leading secondary energy-loss mechanism is formulated into a computational
model that modifies the Jones-Wilkins-Lee (JWL) equation of state (EOS). Explanation and
guidance for implementing the model in an Finite Volume Method (FVM) Eulerian-based
hydrocode is provided. Through this research this thesis aims to improve long-term UN-
DEX bubble behavior prediction. Which is apart of a larger effort to improve numerical and

computational predictions of UNDEX-induced structural ship response.
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GENERAL AUDIENCE ABSTRACT

Predicting the bubble dynamics of an underwater explosion (UNDEX) event is of great
importance for the survivability of America’s warships. Shock waves from high-energy ex-
plosives are destructive to anything and everything nearby. Therefore, the design and devel-
opment of military machinery rely on the accurate predictions of computational simulations.
Computational solvers must be able to simulate the initial propagating shock waves from
an underwater explosion, as well as the smaller following shock waves from the oscillating
UNDEX bubble. Current incompressible solvers neglect the important compressible effects
needed to predict the behavior for the UNDEX bubble oscillation cycle. If America’s Navy
cannot predict the long-term damaging effects that a warship may encounter from an UN-
DEX bubble, then America’s warships and crew could not survive at battle. This study
considers the assumptions used to simplify current UNDEX computational solvers in order
to investigate and organize a compressible long-term simulation model. This model improves
the multi-pulse bubble dynamic predictions for an UNDEX event, and will in return help

design a long-term battle-ready warship for America’s future warfare.
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Chapter 1

Introduction

1.1 Motivation and Background

America’s naval warships are a global super weapon strategically designed to dominate and
withstand the damaging conditions of war. Warships must be able to endure exhaustive
missions that require the ability to avoid, tolerate, perform, and recover from battle damage
with or without other naval support. Survivability of a naval ship must be measured prior
to battle by evaluating the ship’s capabilities, as well as the capability of the mission-critical
systems and crew to safely complete designated warfare missions. The United States Navy
divides the measure of a ship’s survivability into an assessment of susceptibility, vulnerabil-
ity, and recoverability. The consideration of susceptibility measures the ability of the ship
and crew to deflect or defeat an enemy attack by means of operational tactics, signature
reduction, countermeasures, and self-defense system effectiveness [14]. Vulnerability quanti-
fies the potential of the ship to protect and complete a warfare mission under the influence
of an accident or damage from traditional weapons. Recoverability evaluates the capability
of the ship and crew to complete emergency procedures for the reduction of damage and
personnel casualties to not sacrifice the ship and maintain the fulfillment of primary war-
fare mission goals. This thesis is concerned with the vulnerability of naval ships under the
impact of underwater explosion (UNDEX) attacks, as shown in Fig. (1.1b). Due to the sig-

nificant expense of assessing a ship’s vulnerability, this work is a component of high-quality
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cost-effective computational tool development. This thesis will progress the modern com-
putational tools needed for improved predictions of the underwater gaseous bubble formed

after an underwater detonation takes place.

(b) Example of an underwater explosion on a full-scale ship
target [1].

Figure 1.1: UNDEX Motivation

1.2 Underwater Explosions (UNDEX)

1.2.1 Phenomenon

Underwater explosions (UNDEX) are complex, dynamic, multi-phase phenomena character-
ized by 1) detonation of the explosive material and the generation and propagation of the
initial shock wave, and 2) the periodic expansion and collapse of the explosive gas bubble.
The initial detonation of the explosive material is rapid and exothermic, it begins with a

chemical reaction of an unstable gas, solid, or liquid substance [12]. The initial chemical
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reaction is followed by a transfer of energy to the primary explosive material [16]. Ignition of
the primary explosive material creates gaseous products that are at extremely high pressure,
temperature, and velocity. Typically, the overall detonation process is a rapid propagating
reaction with speeds in the neighborhood of 7600 m/s [1]. Underwater explosions in defense
applications are of destructive sizes, and commonly all the explosive material will not react
in the initial detonation. This creates an amount of unreacted material that slowly reacts
and sustains the detonation for a prolonged period of time. Additional energy is added to
the system as the unreacted material reacts throughout later times in the phenomena, this is
referred to as afterburn. In defense explosives afterburn is commonly desirable and is usually
accomplished with a metal additive like aluminum (Al). For example, in conventional cyanic
acid (CHNO) explosions, aluminium (Al) reacts with oxygen (O) to form Al,O3 with the
liberation of a large amount of heat [17]. This reaction is relatively slow and in free water suf-
ficient confinement is available to enable the reaction to occur before appreciable expansion
of the other detonation products [17]. The high pressure of the initial explosive detonation
generates a strong shock wave that propagates radially outward into the surrounding water,

Fig (1.2) illustrates an underwater explosion detonation.

GAS 1 CHARGE

————

BUBBLE 1 DIAMETER

SHOCK WAVE

Figure 1.2: Underwater explosion and shock wave [1]

Also shown in Fig (1.2), in addition to the initial shockwave the detonation creates a rapidly
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expanding gas bubble filled with high temperature and pressure explosion products. The
time scale for the propagation of the initial shock wave is on the order of milliseconds, while
the bubble dynamics occur on the order of seconds. Hence, the relevant time scales span
three orders of magnitude and development of computational models capable of capturing
both phases of the UNDEX event is challenging. A vast amount of far-field pressure profile
data has been obtained in the past by [Coles et al. (1946) [18]; Farley and Snay (1978) [19];
Price (1979) [20]]. As shown in Fig. (1.3), throughout an UNDEX event shock pressure
varies as an exponential function with time, where the pressure starts at a peak value and

decays to (1/e) of its original value [1].

PRESSURE TIME HISTORY

2000 = W = 250 LB HBX-1
\ R= 50F

PRESSURE - PSI

1000

500

0.75 1.00 1.25 150 1.75 200
TIME-MILLISECONDS

Figure 1.3: Shockwave pressure time history for conventional UNDEX weapon [1]

The depth of the explosive detonation, ocean bottom, free surface, and nearby structures
can have a great effect on shock pressure and paths. Once the compressive (+) shock wave
reaches the free surface the impedance difference between the water and air will reflect a
tensile (—) wave back into the fluid. After the initial compressive shock wave contacts the
target, then the tensile wave will arrive and create a reduction in the magnitude of loading

pressure at the target. If the initial compressive shock wave contacts the ocean bottom, a
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wave will be reflected in the form of a strong compressive shock wave or weak tensile wave
depending on the nature of the bottom surface. Typically, a strong compressive shock wave
will reflect from the ocean bottom and result in an enhancement of loading pressure at the
target [1]. The reflection of the shock wave from the ocean bottom and free surface is shown
in Fig (1.4).

WATER SURFACE SURFACE REFLECTIDN |

SHIP HULL
= o =
= o7
-~ -
// - - /
+ -~ - -+ - /’r
-
///\ -~ - /’{\/ - s
-~ e 4

y
I sunrace cutorF

EXPLOSION LT P o —
M he = /
*# y
B // BOTTOM
\ );,.« BOTTOM REFLECTION

PRESSURE

“\ rs REFLECTION
N7+ /
N / CUTDFF TIME
N, Vs THAE
\ /
Ay / PRESSURE HISTORY @ “P"
BDTTUM\ N 7/

Figure 1.4: Shockwave reflection [1]

After the charge detonation, what energy is not partitioned to the propagating shock wave
will be gaseous bubble energy. The gaseous bubble will quickly expand due to a pressure
difference inside the bubble versus the surrounding fluid. Instead of the bubble expansion
stopping once the pressure difference reaches equilibrium, inertial effects will cause the gas
bubble to overexpand and eventually contract. The bubble quickly collapses and rebounds,
inducing a second pressure disturbance or shock wave into the surrounding liquid. This
oscillating behavior will continue several more times, the magnitude of volume obtained
by the expanding bubble decreasing with each oscillation. Additionally, the explosive gas
bubble will migrate upward while oscillating under the influence of buoyancy effects. The

behavior and pressure versus time history of a gaseous bubble is shown in Fig. (1.5). The
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gaseous bubble will decrease in size after each collapse in result of the bubble losing energy
throughout each oscillation. It is well-understood that the dominant mode of energy loss in
UNDEX gas bubbles comes from acoustic radiation to the surrounding liquid [3]. The role
of secondary loss mechanisms, such as heat and/or mass transfer effects at the gas/liquid
interface, viscous losses, or transfer of dilational energy to deformational modes of response

on oscillating UNDEX bubble behavior is less understood [3].

THIRD BUBBLE
MAXIMUM
SECOND BUBBLE
MAXIMUM

DEPTH

EXPLOSIVE
CHARGE .

FIRST BUBBLE
MAXIMUM

7

FIRST BUBBLE

SECOND BUBBLE
MINIMUM

MINIMUM

SHOCK
WAVE

FIRST BUBBLE
PULSE

PRESSURE

SECOND BUBBLE

: PULSE
NEGATIVE PHASE HYDROSTATIC

S st

TIME

Figure 1.5: Characteristic UNDEX pressure-time history and bubble behavior reproduced
from [1]

Detailed measurements of full-scale UNDEX bubble dynamics at various depths is difficult
to obtain experimentally, so the bulk of understanding comes from laboratory scale testing
or theoretical and numerical analysis. The historical use of high-fidelity, physics-based ap-
proaches (i.e. FVM, FEM, etc.) to model UNDEX-related events has been largely limited to
predicting shock propagation and early-time bubble dynamics. With some exceptions, many
of these tools have been developed to solve the inviscid, compressible flow equations [21; 22].
Such models account for wave and buoyancy effects, but neglect many of the energy loss
mechanisms relevant for predicting late-time explosive bubble behavior [3; 23]. The primary

objective of this study is to numerically investigate and characterize energy loss mechanisms
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in oscillating UNDEX bubbles. Furthermore, this research intends to vigorously investi-
gate UNDEX bubble literature and use physics-based modeling and simulation (MS) tools
to better understand UNDEX bubble energy-loss mechanisms. Finally, this work is part
of a larger effort to improve numerical and computational predictions of UNDEX-induced

structural response.

1.2.2 Classification of UNDEX

Underwater explosions are categorized into two types, near-field or far-field depending on
where the detonation occurs relative to the ship or structure. Near-field explosions are typ-
ically limited to the vicinity of the detonation itself; this results in highly localized pressure
loadings and extensive structural damage [24]. Furthermore, near-field UNDEX events com-
monly provoke hull plate penetration or complete rupture [24]. However, most UNDEX
applications involve intermediate or far-field scenarios where the shockwave pressure from
the initial detonation and following shockwaves of the gaseous bubble are the destructive
weapon [1]. The magnitude of the harmful shock wave pressure is admissible to the com-
position of the explosive material, the charge size, detonation depth, and distance from the
ship. Depending on the size and location of the explosive charge, an UNDEX event can dam-
age or destroy nearby marine structures and injure divers and marine wildlife [25; 26; 27].
Both the shock wave and subsequent bubble dynamics result in hydrodynamic loads that can
produce a significant structural response. The types of UNDEX events and the phenomena
that occurs at early and late time scale are summarized in Fig. (1.6), the focus of this study

is highlighted.
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Surface Ship
UNDEX

Near-field Far-Field
(Plastic Deformation Elastic and Elastic-
and Rupture

Plastic Deformation

Early Time Late Time Early Time Late Time
Shock, Reload, Bulk Bubble Pulse, Bubble Shock, Reload, Bulk Bubble Contact
Cavitation Reload, Shock Contact (Collapse, Jetting), Cavitation Reload, Shock (Expansion and Collapse),
Free Surface Reflection, Global Ship Motion and Free Surface Reflection Global Ship Motion and
Bubble Contact Expansion Dynamics (under keel) Dynamics

Figure 1.6: Classification of UNDEX, recreated from Park (2008) [2]

1.3 Thesis Structure

Following the description of this work, chapter 2 of this thesis will display a detailed analysis
of past underwater explosion empirical studies. Then, review the development of bubble
equations of motion (EOM), progress of computational bubble models, and share an inves-
tigation of underwater bubble physical energy-loss mechanisms. Chapter 3 will introduce
the fluid equations of motion, computational sensitivity studies, a novel underwater bubble
energy-loss model, and present model validation case studies. Chapter 4 will conclude the

work presented in this study through a discussion of the results and thoughts for future work.



Chapter 2

Literature Review

2.1 Empirical UNDEX Data and Analysis

Towards the end of WWII in the late 1940s, the war brought an increase of interest in bubble
dynamics due to the desire to understand and construct underwater detonation weapons.
The government was interested in completing underwater detonation experiments and for-
mulating mathematical relationships to calculate properties of the shockwave and bubble
oscillation phenomenon. Gaseous bubble translational and dilational experimental data has
been obtained by [Swift and Decius (1948) [13]; Snay (1962) [28]; Snay and Tipton (1962)
[29]; Hicks (1970) [26]], where translational data refers to the bubble’s change in depth
with time. Translational bubble data has helped researchers understand how gravity and
underwater depth of the gaseous bubble affects the behavior. Dilational data refers to the
history of change in the bubble’s radius or volume with respect to time throughout the
oscillation phase. Dilational data is a source for understanding how the size of the bubble
changes throughout the oscillation phase and a validation resource for explosive gaseous bub-
ble models. Translational and dilational gaseous bubble behavior is displayed in the previous
chapter, Fig. (1.5). Far-field pressure data from underwater explosions has been obtained by
[Coles et al. (1946) [18]; Farley and Snay (1978) [19]; Price (1979) [20]]. The Far-field pres-
sure data is measured with a pressure probe in the surrounding water at a distance from the

center of the explosive charge. This data is significant for observing the change of pressure

9
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created from the initial detonation shock wave and shockwaves resulting from the following
bubble expansions. Pressure data from the bubble pulse, or rapid expansion following the
collapse of the bubble, has been obtained by Arons (1948) [30]. Pressure data in combina-
tion with translational and dilational bubble data helps establish the correlation between
the bubble’s characteristics versus the shockwaves created from the bubble’s multiple expan-
sions. Mathematical relationships, or similitude equations, have been formulated by [Coles
et al. (1946) [18]; Farley and Snay (1978) [19]; Price (1979) [20]; Cole (1948) [25]] for the
three major aspects of an underwater explosion: the shock wave, gas bubble, and secondary
pressure pulses [25]. Similitude equations are characterized to a specific explosive material
and charge weight based off experimentally determined constants. The constants scale the
similitude equations with the assumption that corresponding explosions of the same material
are similar but occur at different magnitudes depending on the charge weight. Constants
provided by [Coles et al. (1946) [18]; Farley and Snay (1978) [19]; Price (1979) [20]; Thiel
(1961); Swisdak (1978) [31]] are shown in Table. (2.1).

Table 2.1: Material constants for shockwave similitude equations [3]

Material Source P. Ve A B
TNT (1.52 g/cc) Coles et al. (1946) 1.42 10.992 | 0.13 | 0.18
TNT (1.60 g/cc) Farley and Snay (1978) 145 | 124 [0.13 |0.23
TNT (1.60 g/cc) Price (1979) 1.67 | 101 |0.18 |0.185
Pentolite (1.71 g/cc) Thiel (1961) 1.65 | 122 |0.14 |0.23
(50/50 PETN/TNT)

Pentolite (1.72 g/cc) Price (1979) 1.92 | 1.29 |0.194 | 0.257
(unknown comp.)

HBX-1 (1.72 g/cc) Swisdak (1978) 171 | 147 | 015 |0.29
(40/38/17/5

RDX/TNT/A1/D-2 Wax)

HBX-1 (1.72 g/cc) Price (1979) 158 | 117 | 0.144 | 0.247
(unknown comp.)

Similitude equations do not represent the physics that take place throughout an UNDEX
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event, but instead provide a means of predicting the behavior of an UNDEX event. Many
of the similitude equations are limited to a range of applicability that they can be used for
a given UNDEX event. For example, the similitude equation developed for bubble pulse
maximum pressure is typically limited to applications of 142-1209 meters in depth [12].
Commonly the similitude equation developed for bubble pulse duration only applies to depth
above 182 meters with no upper depth limit. While equations for the period of gaseous bubble
expansion and collapse, as well as the maximum bubble radius are usually not limited to any
UNDEX conditions. Several assumptions guide the derivation and application of similitude

equations. The assumptions and impacts are presented in Table. (2.2).

Table 2.2: Similitude Assumptions and Impacts recreated from [12].

Similitude Assumption UNDEX Resultant Impact

No reflection of shock wave or bubble pulses. No
cavitation or free surface effects. All similitude
equations based on explosions that took place sig-
nificantly far away from boundary surfaces.

No boundary surface effects

Free-water explosion
(infinite fluid)

Bubble reaches its maximum before it reaches the
surface.

No gas bubble migration

Shape of bubble pulse unaffected by moving bub-
ble. All similitude equations and constants based
on explosions that resulted in minimal bubble mi-
gration.

Spherical gas bubble

Allows bubble radius to be found using similitude.
Effects volume of bubble used in energy equations

Incompressible fluid
(no energy losses in bubble oscillation)

Creates error in hydrodynamic bubble energy cal-
culations.

Irrotational fluid

Allows potential flow to be used to develop energy
equations.

Radius-time curve symmetrical about
bubble maximum time

Ignores any energy lost between bubble minimums.

A example of a valid far-field shock-wave pressure profile similitude equation developed by

[Coles et al. (1946) [18]; Farley and Snay (1962) [19]; Price (1979) [20]] and recently modified
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by Geers and Hunter (2002) [3] is represented as:

P(R,t) = P.[a./R]"™ f(lac/R)” v.t/a.) (2.1)

Where R is distance from the center of the explosive charge and a. is the charge radius.

Functions for f(7) have been found to be best represented by:

fr)=eT, 7<1,

(2.2)

f(r) = 0.8251e 1357 4 0.1749¢ 01807 7 <7

According to Geers and Hunter (2002) [3], the single-exponential fit does not extend to the
beginning of the oscillation phase, so the double-exponential fit is used to extend to the time

when the pressure is down to about five-percent of its peak.

A similitude equation to calculate the total energy for the first of the bubble oscillation phase

is proposed by Cole (1948) [25] as:

4 4
E;=2n pla:}af + gﬂplcﬁ + §7T (v — 1)_1 K, ((Jcc/af)37 a? (2.3)

Here subscript I represents initial property values, K. is an adiabatic charge constant in
units of M Pa, and ~ is the constant ratio of specific heats for the explosive gas. Values of
K¢ and v have been obtained and used in an explosive equation of state (EOS) by [Jones
and Miller (1948) [32]; Lee, Hornig, and Kurry (1968) [33]] for different explosive materials

and are displayed below in Table. (2.3).
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Table 2.3: Material constants for shockwave similitude equations from Geers and Hunter

(2002) [3]
Material Source K. 7y
TNT (1.00 g/cc) Jones and Miller (1948) 556.2 1.20
TNT (1.50 g/cc) Jones and Miller (1948) 839.6 1.27
TNT (1.63 g/cc) Lee et al. (1973) 1045 1.30
Pentolite (1.70 g/cc) Lee and Walton (1975) 1033 1.35

Fig. (2.1) displays a comparison of the two functions, Eqgs. (2.2), to a measured experimen-

tal pressure profile from [18] versus constants from Table. (2.1) in the pressure similitude

equation, Egs. (2.1).
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Figure 2.1: Fit of Egs. (2.1) and Egs. (2.2) to a shockwave pressure profile from Geers and

Hunter (2002) [3]

Experimental data and similitude equations are crucial for the development of physics-based

models for underwater explosion bubble behavior prediction, both for validation and un-

derstanding of an underwater explosion event.

Physics-based models rely on either the

incorporation of a pressure similitude equation or an equation of state (EOS) to accurately
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predict the pressure of the main three parts of an underwater explosion event. Several
equations of state (EOS) have been developed for explosive gas products [34]. Some pop-
ular equations of State (EOS) for high explosives (HE) are: The Jones-Wilkins-Lee (JWL)
EOS, Landau-Stanyukovich-Zeldovich-Kompaneets (LSZK) EOS, and Becker-Kistiakowsky-
Wilson (BKW) EOS. However, only two are commonly used for bubble oscillation phase
in an underwater explosion [Jones and Miller (1948) [32]; Lee, Hornig, and Kurry (1968)
[33]], which have also been consolidated into a single adiabatic equation of state for bubble

oscillation [3].

2.2 Numerical UNDEX Bubble Analysis and Methods

2.2.1 Derivations of the Rayleigh-Plesset Equation

Early underwater bubble work dates to the 1800s, Besant (1859) [35] studied hydrodynamics
and first derived a simplified version of the ordinary differential equation governing bubble
dynamics that is known today as the Rayleigh-Plesset equation. Besant (1859) [35] was
focused on general bubble dynamics and completed his work by studying spherical soap
bubbles. His model assumed that the bubble stayed spherical, flow induced by the bubble
motion was irrotational, and that the surrounding fluid was inviscid and incompressible.
Later Rayleigh (1917) [36] made the same model assumptions as Besant (1859) [35] and
extended the bubble dynamics governing equation to include cavitation bubbles. The work
of Besant (1859) [35] and Rayleigh (1917) [36] would create a basis for the development
of underwater explosion bubble dynamic models. Herring (1941) [37] would be the first to
apply the governing equation derived by Besant (1859) [35] to underwater explosion bubble

dynamics using the same assumptions of irrotational, inviscid, incompressible fluid. WWII
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followed the early interest of Herring (1941) [37] with an urgency to understand and model
underwater explosion gaseous bubbles. Increased experimental research of underwater ex-
plosions helped researchers better understand the compressible effects created by a rapid
underwater detonation. Also, the experimental discovery of the explosion bubble’s grad-
ual migration upward, or translational motion, after the initial underwater detonation was
believed to be a contributing mechanism of its oscillatory behavior. Herring (1941) [37]
contributed to the development of the Rayleigh-Plesset equation with the first extension of
an underwater explosion bubble equation of motion (EOM) that included both the effects
of fluid compressibility and the influence of buoyancy [38]. His work assumed the pressure
in the bubble is constant and disregarded any non-compressible gases or thermal effects.
He accounted for the compressibility of the shock wave with first-order correction by estab-
lishing the assumption that the Mach number produced from the bubble’s collapse motion,
|dR/dt|/c, was much smaller than one. This led Herring (1941) [37] to conclude that grav-
itational effects are small until later stages of the bubble collapse [25]. The discussion of
gravitational effects by Herring (1941) [37] later motivated the work of Taylor (1942) [39].
Taylor (1942) [39] would provide evidence that the effects of gravity and nearby objects
change the acoustic pulse produced in the contracting stages of the bubble oscillation [40].
Also, Taylor (1942) [39] showed that a great portion of the bubble’s vertical momentum was
obtained when it was large, and that the bubble reaches large velocities when it collapses.
Following the work of Taylor (1942) [39], Kirkwood and Bethe (1942) [41] continued the
shock wave compressibility work of Herring (1941) [37] with a similar wave equation exten-
sion to the Rayleigh-Plesset equation. Their model differed with the assumption that the
propagating velocity ¢ in the surrounding medium was equal to the speed of sound plus
the liquid velocity u. Later Trilling (1952) [42] and Gilmore (1952) [43] analyzed the ap-
proximations introduced by [Herring (1941) [37]; Kirkwood and Bethe (1942) [41]]. They

concluded that the approach of Kirkwood and Bethe (1942) [41] provided reasonable results
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at liquid velocities smaller than the sonic velocity in the liquid. Also, Trilling (1952) [42]
concluded that shocks did not significantly affect pressure variation at the bubble wall. The
work of Gilmore (1952) [43] simplified the approach of Kirkwood and Bethe (1952) [41] by
reducing the partial differential equations for the flow of a compressible liquid surrounding
a spherical bubble to a single total differential equation for the bubble-wall velocity. Later
Prosperetti and Lezzi (1986) [44] followed to investigate the work of [Herring (1941) [37];
Kirkwood and Bethe (1942) [41]; Gilmore (1952) [43]] and showed several of the formulated
equations are justifiable to at least first or linear order in the Mach number. They found
that the extended Rayleigh-Plesset equations are accurate until Mach numbers reach near
0.3, then the compressible liquid field equations must be considered. Later, Hicks (1970)
[26] used an underwater bubble model based off Lagrange’s equation with the assumption
of incompressible, irrotational, inviscid flow. He included buoyancy effects for the under-
water gaseous bubble migrating upward and derived a drag coefficient term to restrict the
translational motion of the bubble. He claimed a drag coefficient term of C'd = 2.25 was
needed to predict accurate results for bubble behavior. His work was more weighted towards
ship hull-whipping; although later Geers and Hunter (2004) [45] found neither the recom-
mended drag coefficient of Hicks (1970) [26] or any others synchronously yielded accurate
dilation and translation predictions at moderate depths. Several studies have extended the
Rayleigh-Plesset equation to include damping terms for the gaseous bubble oscillation, these
are presented in the below section “Acoustic Radiation and Internal Bubble Compressibility

Effects.”

2.2.2 Acoustic Methods

Acoustic approaches are popular in engineering fields and are commonly a tool used for

phenomena that is hard to observe physically or with the naked eye. Underwater explosions
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occur over extremely short time scales, but acoustic methods can be used to observe frequen-
cies or sound pressures produced by the initial shock wave and gaseous bubble. The acoustic
frequencies describe the rapid behavior of the initial shock wave and the oscillating behavior
of the gaseous bubble. Strasberg (1956) [46] investigated general underwater bubble phe-
nomena with an interest in the effects of bubble shape using acoustic sound pressures. He
conducted calculations of sound pressures from the excitation of volume pulsations by the
following mechanisms: bubble formation, coalescence or division, motion of a free stream
liquid containing entrained bubbles past an obstacle, and by the flow of liquid containing
entrained bubbles though a pipe past a constriction [46]. From this study, Strasberg (1956)
[46] found that appreciable sound pressures result only with volume pulsation of the bub-
ble, and oscillation in bubble shape does not result in appreciable sound. The approach
of Strasberg (1956) [46] became known as a volume-acceleration model, a formulation that
used acoustic pressure measurements at a distance from the center of the bubble to calcu-
late underwater bubble volume and/or acceleration. Later, Frost and Harper (1976) [47]
extended the work of Strasberg (1956) [46] by demonstrating that at small Mach numbers
a harmonically rich radiated field results from the simple harmonic motion of an oscillat-
ing body when the amplitude of oscillation is large [46]. Discussion by Pierce (1989) [48]
furthered the development of the volume-acceleration model presented by [Strasberg (1956)
[46]; Frost and Harper (1975) [47]]. It was not until Geers and Hunter (2002) [3], that the
volume-acceleration model developed by [Strasberg (1956); Frost and Harper (1976)] and
discussed by Pierce (1989) [48] was applied to underwater explosion bubbles. Their model
extended and used the far-field shock-wave pressure profile similitude relations formulated
by [Coles et al. (1946) [18]; Farley and Snay (1978) [19]; Price (1979) [20]], Egs. (2.1). The
relation for far-field pressure at a distance R, allowed Geers and Hunter (2002) [3] to predict
the bubble behavior using a volume-acceleration model. Finally, Geers and Hunter (2002)

[3] provided accurate results by formulating extensions for gaseous bubble compressibility
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and damping.

2.2.3 Computational Methods

Computational resources permitted for quick solving of the Rayleigh-Plesset equation, but
more importantly computational methods allowed for the entire underwater explosion phe-
nomenon to be simulated. The ability to simulate an entire UNDEX event is significant
because underwater explosion experiments are hard to study due to the destructive nature
of the phenomena. Computational methods allowed researchers to simulate and observe the
underwater gaseous bubble with the combination of the other parts of an underwater explo-
sion event. The Boundary Element Method (BEM) or Boundary Integral Equation Method
(BIEM) was a popular early computational method that uses a mesh only located on the
boundaries of the domain. BEM is used to solve linear partial differential equations (PDE)
by evaluating the solution of the PDE on the boundary and using that knowledge to inte-
grate the solutions inside of the domain. The application of the Boundary Element Method
was applied to bubble dynamics by [Ryskin and Leal (1984) [49]; Blake and Gibson (1987)
[50]; Duncan and Zhang (1991 a,b) [51; 52]; Chahine and Kalumuck (1998) [53]] but assumed
inviscid, irrotational flow of an incompressible fluid. Ryskin and Leal (1998) [49] provided
early development of the Boundary Element Method for underwater bubble problems. The
Boundary Element Method was most popular for bubble-structure interaction studies [Blake
and Gibson (1987) [50]; Duncan and Zhang (1991 a,b) [51; 52]; DeRuntz (1989) [54]; Chahine
and Kalumuck (1998) [53]], which are discussed in detail in the following section. Another
computational method that has been used for the development of underwater bubble mod-
els is the Finite Element Method (FEM). The Finite Element Method is a domain-based
numerical method that separates a large system into smaller parts, or finite elements, that

are easier to solve. A mesh with a number of simple geometric elements and finite number
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of points is constructed for the domain of interest. Then the weighed residual concept, or
approximation technique for the solution of a differential equation by linear combination
of trial or shape functions with unknown coefficients is used to approximate the solution
function over each finite element domain [55]. The Finite Element Method has been used
for bubble-structure interaction by [Atkatsh (1983) [56]; Shittke et al. (1989) [57]] and for
an underwater explosion bubble model by Wardlaw and Mair (1998) [10]. The underwater
explosion bubble model by Wardlaw and Mair (1998) [10] is a Eulerian based solver that
accounts for the internal bubble fluid motion. Their study considers incompressible and
compressible one-dimensional models through the initial detonation and first bubble mini-
mum. They found that when the surrounding water was modeled as incompressible that the

bubble period increased by 25%.

2.3 UNDEX Bubble Energy-Loss Mechanisms

Prior sections presented past methods and studies for the development of general or explo-
sion underwater bubble dynamics. The purpose of this section is to inform the reader of
past studies that used one or multiple formulations of the methods presented above to study
underwater gaseous bubble energy-loss mechanisms. As mentioned earlier in chapter 1, the
primary energy-loss mechanism of underwater explosion bubbles is known to be acoustic
radiation. This section will present studies that support acoustic radiation as the primary
energy-loss mechanism. More importantly, this section will present underwater bubble model
studies that have considered secondary energy-loss mechanisms. Examples of secondary UN-
DEX bubble energy-loss mechanisms include viscous losses, heat and /or mass transfer effects
at the gas/liquid interface, gravitational effects, and transfer of oscillatory energy to defor-

mational modes of response. Underwater explosion experiments proved the gaseous bubble
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formed after the underwater detonation follows an oscillatory behavior. However, the under-
water explosion bubble either eventually migrates to the surface and releases its internal gas
into the atmosphere or loses energy and eventually dissipates all together. Acoustic radiation
and an unknown secondary energy-loss mechanism dissipates the gaseous internal energy in
the bubble. Arons (1948) [30] acknowledged that energy mechanisms outside of gravitational
effects dissipate underwater bubble energy. Their results provide theory of bubble energy
dissipation through thermal energy, viscous and turbulent losses in the water, and likely
others [30]. Also, the work of [Suslick (1990) [58]; Colussi et al. (1998) [59]] recognize that
mechanisms outside of acoustic radiation are present. Even modern underwater explosion
bubble models do not account for secondary loss mechanisms, and many are not capable of

acknowledging what secondary mechanisms exist or how to implement them accurately.

2.3.1 Shape Oscillation

The driving physics governing the behavior of an underwater gaseous bubble was of interest as
early as the work of Herring (1941) when he applied the Rayleigh-Plesset equations derived
by [Besant (1859) [35]; Rayleigh (1917) [36]] to underwater explosion bubble dynamics.
Herring (1941) [37] included buoyancy effects of the underwater explosion bubble because
he thought it may be important to model the behavior of the bubble but found gravity
to be small until the later times of the bubble collapse. Keller and Kolodner (1953) [60]
presented a simplified method based off the work of [Herring (1941) [37]; Ward (1943) [61]]
and others. They determined the shape, rise of the bubble, and potential function in the
water, and then used the results to compute the pressure [60]. Through their work they
observed when gravity was neglected that the bubble remained spherical. However, when
considering first-order terms due to gravity the bubble remained spherical but rises through

the fluid like the predictions of Herring (1941) [37]. Also, researchers believed that the
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bubble could lose spherical shape during the short abrupt collapse and rebounds. Penney
and Price (1942) [62] studied the stability of the bubble shape due to buoyancy by extending
bubble approximations to modes beyond dilation with consideration of dilational energy
to deformational modes of response [3]. They used Legendre polynomials to find that the
bubble deformation increases significantly during the collapse and is likely a source of energy-
loss. Ward (1943) [61] extended the work of Penney and Price (1942) [62] expressing the
bubble departure from spherical form as a series of approximations in increasing powers of
the bubble vertical velocity U, which was later considered to be a reasonable approximation
by Cole (1948) [25]. Both [Penney and Price (1942) [62]; Ward (1943) [61]] supported the
theory of underwater bubbles losing spherical shape during the short periods of collapse and
rebound, but the deformation of the bubble was difficult to observe experimentally. New
approximations for bubble shape oscillations were presented by [Longuet-Higgins (1989 a,b)
[63; 64]; Benjamin (1989) [65]; Medwin and Beaky (1989) [66]]. Longuet-Higgins (1989 a,b
[63; 64]; 1990 [67]; 1991 [68]; 1992 [69]) contributed large efforts to describe and understand
dilational energy to deformation modes, or bubble energy loss throughout shape oscillations.
Benjamin (1989) [65] also studied this in the past, as well as new studies by [Williams and
Guo (1991) [70]; Feng and Leal (1993) [71]]. Longuet-Higgins (1989 a,b) [63; 64] revealed that
bubble shape oscillation can emit sound similar to a monopole source and predicted that the
bubble volume pulsations are excited when the harmonic frequency 20 is near the breathing
mode frequency w. Although, they claimed this ‘resonance’ was restricted by acoustic and
thermal diffusion damping, later they proved this numerically in Longuet-Higgins (1990) [67].
Williams and Guo (1991) [70] argued against the conclusion of Longuet-Higgins (1989 a,b)
[63; 64]] declaring near resonance secular energy transfer is slow between shape oscillation
and the volumetric mode. In return, Williams and Guo (1991) [70] stated this usually recedes
the strength of the shape oscillation and extinguishes the perturbation analysis of Longuet-

Higgins (1989 a,b) [63; 64]. However, Longuet-Higgins (1991) [68] reviewed the claims of
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Williams and Guo (1991) [70] to conclude they only observed undamped oscillations and if
they would’ve included damping that secular energy would’ve become insignificant. Also,
Longuet-Higgins (1991) [68] acknowledged that secular energy transfer doesn’t excite the
volumetric mode but instead it’s by a resonance throughout the first cycles of the shape
oscillation. Later Longuet-Higgins (1991) [69] provided additional evidence of their theory by
applying it to several types of oscillation found by Medwin and Beaky (1989) [66]. Later Feng
and Leal (1993) [71] additionally studied energy transfer from dilational to deformational
modes of response and found exchanges of energy for two cases of resonant interaction. They
also discussed the stability of an oscillating spherical bubble and concluded that large shape

oscillation is present when the oscillating volume is small.

2.3.2 Acoustic Damping Constants

Acoustic methods presented earlier for the formulation of underwater bubble models were
also used to derive underwater bubble damping constants. The damping constants are
relatable by being formulated using sound pressure-time histories from underwater bubble
breathing-mode oscillation. Early work proposed by Devin (1956) [72] presented a theoretical
formulation of resonant damping constants for energy dissipation throughout gaseous bubble
oscillation. Devin (1956) [72] assumes small volume pulsations in order to use linear equations
and derive resonant damping constants for the energy mechanisms of acoustic radiation, heat
conduction, and viscous dissipation [72]. His work shows fairly good agreement compared
to bubble radius versus time data presented in Cole (1948) [25]. Eller (1970) [73] followed
the work of Devin (1959) [72] deriving damping constants for the bubble oscillation off-
resonance case. Eller (1970) [73] analyzed the important physical processes that effect the
frequency of the free oscillations of a gas bubble and formulated an expression to calculate the

polytropic exponent k [6]. Their theory considered effects of viscosity, thermal conduction,
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and acoustic radiation but assumed the gas inside the bubble was adiabatic. McDonald and
Holland (2000) [7] followed past damping constant work with a discussion of the frequency
behavior of experimental glass sphere implosions at different depths. They presented this
discussion in order to display a theory for the large decay rates in underwater bubbles at
subharmonic resonance. Excluding nonlinearities, they display equations for the damping
constants of thermal, radiative, and viscous damping from [Medwin and Clay (1998) [74];
Longuet-Higgins (1992) [69]]. They claim the dominant missing damping constant is shape
oscillation and formulate a damping constant relation based off the work of Longuet-Higgins

(1992) [69].

2.3.3 Acoustic Radiation and Internal Bubble Compressibility Ef-

fects

Previously, underwater bubble model formulations that included compressibility of the shock-
wave throughout the surrounding medium were presented. Some studies have also considered
the effects of compressibility in the internal gas of the bubble, either through a damping term
or a pressure term for the liquid at the location of the bubble center [75].The acoustic radia-
tion produced by the underwater explosive bubble into the surrounding fluid was formulated
into the Rayleigh-Plesset equation by [Gilmore (1952) [43]; Keller and Kolodner (1956) [75]].
Gilmore (1952) [43] presented a second-order expression for Raleigh’s solution based off the
Kirkwood and Bethe (1942) [41] approximation. He simplified the Kirkwood and Bethe
(1942) [41] partial differential equations for a compressible liquid around a spherical bubble
to a single differential equation for the bubble interface velocity. Gilmore (1952) [43] found
accurate results for his bubble model up to 2.2 times the sonic velocity. He considered both
constant and variable internal bubble pressure and modeled the underwater bubble with

variable internal bubble pressure when the interface velocity was substantially less than
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sonic velocity. Finally, he included the effects of surface tension and viscosity if the density
variation in the water was not of great difference [43]. He included these effects by modifying
the boundary conditions near the bubble interface and acknowledged that the effects were
the same as changing the internal bubble pressure. Keller and Kolodner (1956) [75] created
a formulation of the Rayleigh-Plesset equation accompanied by a damping term formulation
from the wave equation and incompressible Bernoulli integral. The included damping term
reduces the pressure in the liquid at the location of the bubble center [5]. Later, Moss (2000)
[76] derives a new version of the Rayleigh-Plesset equation that includes a damping term for
the internal bubble pressure. He claims the damping is due to the inhomogeneous pressure
field of the abruptly oscillating bubble [76]. His derivation of the Rayleigh-Plesset equation
displays great improvement when validated against the original incompressible equation. A
popular underwater explosion bubble model that is mentioned prior in the “Acoustic Meth-
ods” section is the bubble model of Geers and Hunter (2002) [3]. In their model, acoustic
radiation effects are accounted for using a Double Asymptotic Approximation (DAA) based
response equations for the oscillation phase of the underwater gaseous bubble [3]. The DAA
approximation accounts for the wave effects induced in the liquid and gas of the bubble.
Their work provides bubble models derivations for general motion, pure dilation, and dila-
tion plus translation of a spherical bubble [3]. The underwater bubble radius versus time
results from their model are validated against [Snay (1962) [28]; Hicks (1970) [26]] and show

great improvement.

2.3.4 Heat and/or Mass Transfer Effects at the Bubble Interface

Numerous underwater explosion bubble studies have discussed and/or implemented heat
and/or mass transfer effects at the gas/liquid interface of the bubble. The overall UNDEX

event and gaseous bubble endure high pressures and temperatures in short time periods.
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Therefore, many researchers in the past have theorized the gaseous bubble transferring heat
through the gas/liquid interface, diffusing internal mass of gas molecules from the bubble,
or both despite the short duration of an UNDEX event. Nigmatulin and Khabeev (1974)
[77] evaluated heat transfer between the gas bubble and surrounding liquid numerically
through modifications of the Rayleigh-Plesset equation. Through this study Nigmatulin and
Khabeev (1974) [77] concluded during the compression of the bubble heat is forced intensely
into the liquid, and during expansion the bubble thermal conductivity does not “succeed” in
compensating for the cooling of the wall layers produced by expansion [77]. Although heat is
forced into the surrounding liquid during compression; according to Nigmatulin and Khabeev
(1974) [77] the energy-transfer mechanism of the cavity becomes less effective due to the
increase in the compression rate and reduction in the heat-transfer surface [77]. Prosperetti
(1977) [78] also analyzed thermal effects and damping for an underwater gaseous bubble.
He displayed that at low frequencies there is not enough time for thermal diffusion and the
adiabatic exponent becomes k£ = 1, or behavior becomes isothermal. However, at higher
frequencies the behavior is isentropic £ = 7, and at even higher frequencies the mean free
path in the gas becomes comparable with the bubble size allowing for exponents outside the

range 1 < k <~y [see Plesset and Prosperetti (1977) [79]].



Chapter 3

Computational Implementation

The objective of this study was motivated by a sponsor’s desire to evaluate modern hy-
drocode(s) capability for simulating an UNDEX event, analyze UNDEX bubble secondary
energy-loss mechanisms, and provide model recommendations to improve hydrocode long-
term bubble behavior predictions. The most prominent problem that was supplied by the
sponsor that this thesis aims to improve is long-term behavior predictions of underwater
explosion bubbles. Current Eulerian hydrocode(s) cannot accurately predict long-term un-
derwater explosion bubble behavior due to the neglection of bubble energy-loss mechanism(s)
outside of acoustic radiation. In this chapter, this thesis evaluates a modern hydrocode, blast-
Foam, that is designed for multi-phase compressible flow problems with applications suited
for high-explosive detonation [80]. Through the evaluation of blastFoam this thesis analyzes
the software’s ability to simulate an UNDEX event, decides on the parameters that influ-
ence blastFoam’s solution the greatest, and determines if blastFoam has any superiority over
the sponsor’s hydrocode for improvement recommendations. Also, this chapter presents this
work’s assessment of possible missing underwater explosive bubble energy-loss mechanisms
outside of acoustic radiation. Then follows by proposing a energy-loss mechanism that is
important but currently being neglected by the sponsor’s code. Next, an underwater explo-
sive bubble energy dissipation model is presented to implement the missing physics for the
underwater bubble. Finally, recommendations and possible complications for implementing

the explosive bubble energy dissipation model for the sponsor’s code is described.

26
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3.1 Governing Equations

This section presents the assumptions that this study used to setup an UNDEX event, gov-
erning equations of fluid dynamics, and equations of state (EOS) provided by the blastFoam
User Guide (2019) [80] that were implemented in this study. A volume-of-fluid (VOF)
method is used to track and reconstruct the interface between the explosive gas bubble
and surrounding fluid. The governing equations were discretized in both space and in time
with an explicit iterative second-order Runge-Kutta method presented by Spiteri and Ruuth
(2002) [81]. Detonation is modeled as either instantaneous (all explosive material detonates
instantaneously) or using a “programmed burn” model, which assumes a detonation wave
that spreads spherically outward from the ignition location at constant speed [82]. The as-
sumptions used in this study closely follow Table (2.2), however some differences are shown

in Table (3.1).

Table 3.1: blastFoam UNDEX assumptions

blastFoam UNDEX Assumption | UNDEX Description and Impact

No reflection of shock wave or bubble pulses. No
cavitation or free surface effects. Assumes that all
explosions took place significantly far away from
boundary surfaces.

No boundary surface effects

Free-water explosion Explosion bubble never reaches the surface and no
(infinite fluid) nearby objects/structures.

Shape of bubble pulse unaffected by moving bub-
No gas bubble migration ble. Depth of bubble is great enough that buoy-
ancy effects are negligible.

Allows bubble radius to be found using sphere vol-

Spherical gas bubble ume formula.

Compressible fluid Considers compressibility of shock waves for both
(accounts for energy losses in bubble | gas and liquid. Accounts for energy-loss mecha-
oscillation) nism for the underwater gaseous bubble
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3.1.1 Inviscid Euler Equations

The approach taken in this work assumes that all material phases share a single velocity, u(x),
but can possess independent internal energies and temperatures. Under these assumptions,

the equations of motion governing the ith phase can be expressed as

O, Ui+V-F =S5 (3.1)
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Here p;, p;, and E; are the density, pressure, and total energy of the ¢th phase, respectively.
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The volume fraction, ¢, of phase ¢ is defined such that >, a; = 1. Mz and EZ are momentum
and energy source terms, which includes gravitational acceleration and detonation energy,
and Mv,i and EM- account for viscous effects. The equations derive from the Navier Stokes
formulation to the inviscid, compressible flow, Euler formulation by setting Mv,i = 0 and
E.w- = 0. Finally, an equation of state (EOS) relating pressure, density, and internal energy

is used to close this system of equations.
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3.1.2 Equations of State

Explosive gaseous products inside the UNDEX bubble are modeled using the Jones-Wilkins-
Lee (JWL) equation of state (EOS) and the surrounding water is modeled using the linear
Tillotson equation of state (EOS). The Mie-Griineisen form and equations of state (EOS)

are presented from the blastFoam User Guide (2019) [80] as

p= (L —1)pie; — 11, (3.5)

I';, also called the Griineisen coefficient, and II; is the pressure deviation from an ideal gas
and is specific to the equation of state. Using these quantities, the speed of sound is written

as

T'; 11,
E— P s 1) (3.6)
Pi

where 9; is defined as

[p + HZ]IV I
(Si = — L L .
T o1f T -1 (3.7)

and where I, and II" are the derivatives with respect to the phase density

3.1.2.1 Jones Wilkins Lee (JWL) EOS
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where V' = po;/pi
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Iy =wi+1 (3.9)

and
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The model variables are defined as

Table 3.2: Jones-Wilkins-Lee (JWL) Model Variables

Variable Description

A Model coefficient (Pa)

B Model coefficient (Pa)

R Model coefficient

Ro Model coefficient

0o Reference density (kg/m?)

w Model coefficient (Pa)

eo offset energy (0 by default or gas (KJ/Kg)

3.1.2.2 Linear Tillotson EOS

The linear Tillotson equation of state pressure is defined as

Pi = Poi +wipiler —eg;) + A + Bi,U2 + Ciﬂg (3.11)

where A;, B;, C;, and w; are material coefficients, and pg; and eq; are the reference pressure

and internal energy. pu is defined as p;/po; — 1. The cavitation pressure, p.q, is used as the
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minimum pressure which occurs when the density is sufficiently below the reference density.

In the Mie-Griineisen form

and

and

Fi:wi—l—l

II; = wipi€o,i — Po,i — A — Bmz - Ci/f’

A+ 2B+ 3.0Cu2

P0,iWi

0i = €gi —

Table 3.3: Linear Tillotson Model Variables

Variable

Description

Po

Po
€0

pCCL”L)

Reference pressure (Pa)

Reference density (kg/m?)
Reference internal energy (KJ/Kg)
Model Coefficent ()

Model coefficient ()

Model coefficient ()

Model coefficient (Pa)

Cavitation Pressure (Pa)

(3.12)

(3.13)

(3.14)
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3.2 UNDEX Sensitivity Study

Rigorous study was completed to evaluate and understand the capability of blastFoam for
simulating an UNDEX event. A mesh refinement, simulation domain size, and flux dis-
cretization scheme study were conducted to analyze any discrepancy of the solution obtained
by blastFoam versus proven bubble models and experimental data. Prior to setting up an
underwater explosion study in blastFoam, research was conducted and formulated for decid-
ing on what parameters were most important to analyze and monitor throughout an UNDEX
event. The literature review helped gain experience for the problem and parameters, but also
guidance from the committee was greatly influential. The study found commonly monitored
parameters throughout an UNDEX event to be bubble radius, bubble oscillation period,
far-field pressure, and occasionally the total energy of the bubble. Unfortunately, blastFoam
does not output bubble radius, bubble volume, or bubble period; so, variations of the for-
mula for volume of a sphere were used. The bubble volume or explosive material volume is
easily accessible due to blastFoam tracking the explosive material volume fraction (ezpiosive)
through the finite volume method. Therefore, the bubble radius can easily be calculated and

was coded into a header file that was included in the solver source file, for example:

//- Lookup Parameters
const volScalarField& atnt = mesh.lookupObject<volScalarField>("alpha.tnt");

const scalarField& cv = mesh.V();

//- Calculate Bubble Radius
dimensionedScalar sumVolLocal = sum(atnt*cv);
dimensionedScalar sumVolGlobal = returnReduce(sumVolLocal,
sumOp<dimensioncedScalar>()) ;
dimensionedScalar rad_temp = (sumVolGlobalx3)/
4xFoam: : constant: :mathematical: :pi);

dimensionedScalar rad_q = Foam::pow( rad_temp, 1.0/3.0);
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Three cases were used for validation due to available experimental data for all three cases
from Swift and Decius (1946) [13]. The parameters and initial conditions for all three cases

are presented below in Tables. (3.3) and (3.4).

Table 3.4: UNDEX experimental data from Swift and Decius (1946) [13]

Parameter Case 1 Case 2 Case 3
Charge Weight (kg) 0.299 0.295 0.298
Depth (m) 92.0 181 173
Period 1 (msec) 29.6 19.1 18.1
Period 2 (msec) 21.6 14.1 13.3
Period 3 (msec) 19 11.9 10.7
Max Radius 1 (m) 0.49276 0.39878 0.39624
Max Radius 2 (m) 0.30734 0.25146 0.25146
Max Radius 3 (m) 0.26924 0.20066 0.19812

Table 3.5: UNDEX Initial Conditions

Gas Water Gas Water Water
Case | Pressure (Pa) | Pressure (Pa) | Density (kg/m3) | Density (kg/m3) | Temperature (K)
1 8.3827e9 1.02138e6 1630 1025 291
2 8.3827¢e9 1.9183e6 1630 1025 2901
3 8.3827e9 1.8389¢e6 1630 1025 291

All three cases were setup and used for validation of the energy-dissipation model created in
this study, however, only case 1 was used for the sensitivity study. A one-dimensional sector
and two-dimensional wedge shown in Fig. (3.1) and Fig. (3.2) were both implemented for a
deep UNDEX event. The sector was used for quick testing on account of its ability to reach
a solution in short time periods with high mesh refinement. The two-dimensional wedge was

applied for the mesh refinement, domain size, and discretization scheme studies.

Experimental data obtained by Swift and Decius (1946) [13] for underwater explosion bubble

radius versus time and bubble pulse period were used to validate UNDEX event solutions
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Figure 3.2: 2D wedge domain

obtained in blastFoam. Also, the incompressible Rayleigh-Plesset model and incompressible
finite volume model by Miller et al. (2013) [4] was compared to the solution obtained
in blastFoam. The Rayleigh-Plesset bubble model was programmed into Matlab with the
incorporation of Matlab’s ODE45 solver for ordinary differential equations (ODE). Through
a benchmark comparison of the Rayleigh-Plesset equation this study intended to observe the
amount of dissipation that the blastFoam solver already incorporated prior to implementing
an energy-loss model. Here dissipation specifically refers to the transfer of explosive material
through the gas-liquid interface that separates the gas and liquid phases. The benchmark
comparison between the Rayleigh-Plesset and blastFoam case 1 is shown in Fig. (3.3) Note
the black boxes represent experimental data by Swift and Decius (1946) [13] and help display

the accuracy of the solution.
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Figure 3.3: Benchmark Bubble Model Comparison of Rayleigh-Plesset Equation versus blast-
Foam

The results conclude that blastFoam matches fairly well with the first bubble pulse against
the Rayleigh-Plesset equation. However, the following bubble pulses match poorly due to
blastFoam’s inclusion of compressible effects, acoustic radiation, and the solvers inability to
be completely conservative. Whereas, the Rayleigh-Plesset model is incompressible and only
includes a term for viscous effects. Similar to the Rayleigh-Plesset benchmark comparison,
the incompressible finite volume model presented by Miller et al. (2013) [4] was used for
comparison against blastFoam. The model by Miller et al. (2013) [4] was similar to this
study in the aspect of simulating a deep UNDEX event using OpenFOAM. Also, Miller et
al. (2013) [4] showed insight of the mesh refinement levels required to accurately capture

the behavior of an UNDEX bubble due to the study’s use of OpenFOAM.
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Figure 3.4: Benchmark Bubble Model Comparison of bubble model by Miller et al. (2013)
[4] versus blastFoam

This study found similar results with the two-dimensional mesh refinement study as Miller et
al. (2013) [4] but was able to obtain results with better accuracy using the one-dimensional
solution case due to the extremely high level of mesh refinement. Following the benchmark
comparisons, this study used mesh refinement, simulation domain size, and flux discretization
scheme studies to determine if blastFoam could reach better results with a lower amount of

mesh refinement.
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3.2.1 Mesh Refinement

Five levels of refinement were used to evaluate the differences in mesh refinement for UNDEX
case 1 in blastFoam. A case with extremely high mesh refinement with the sector case was
validated with experimental data and used as the basis or solution comparison for the 2D
mesh refinement study. Table (3.5) displays the cell sizes for the five levels of refinement

used for the 2D case, as well as the 1D solution case.

Table 3.6: Mesh Refinement Study Parameters

Mesh Refinement Level Cell Size
Solution 2.9167e-4
Level 1 0.02
Level 2 0.023
Level 3 0.0028
Level 4 0.0035
Level 5 0.00467

The one-dimensional case was uniformly refined, however, the two-dimensional case was only
refined uniformly in a square region of 0.7mx0.7m in a 14mx14m sized domain. The size
of the region was decided by the maximum size of the explosive bubble, which was known
by the experimental data from Swift and Decius (1946) [13]. Outside of the uniform region,
the two-dimensional mesh was expanded throughout the reminder of the domain with an
expansion ratio of 32.69. Where the expansion ratio is the ratio of the end cell length by the

start cell length [83], shown as

=2

Exzpansion Ratio = — (3.15)

3

The study experimented with different expansion ratios and percentages of cells in the uni-

form region versus the expanded region of the mesh. The goal with this experiment was
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to find the maximum amount of cells that could be applied in the explosive region versus
the remaining domain before the simulation discretization became unstable. The motivation
for using the expansion mesh and maximizing the refinement in the explosive region was
prompted by the realization of the refinement that was required for accurate solutions in
blastFoam. Good results were found with 60% of the cells in the uniform region and the re-
maining 40% percent of cells expanded over the remaining domain. A course example of the
two-dimensional expansion mesh is shown in the left image of Fig. (3.5). The right image in
Fig. (3.5) displays a very course example of an UNDEX event simulated in blastFoam, where
the red is the explosive gas bubble, blue is water, and white is the gas-liquid interface. The
time step was set to le — 8 with adjustment according to the maximum Courant-Friedrichs-
Lewy (CFL) number. The simulation was found to become unstable if a C'F'L above 0.5
was used. Fig. (3.6) displays results for bubble radius versus time observed for the different

magnitudes of mesh refinement with the two-dimensional mesh.

Figure 3.5: blastFoam two-dimensional expansion mesh example (left) and UNDEX two-
dimensional mesh example zoomed on explosive region (right)
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Figure 3.6: Radius versus time two-dimensional mesh refinement results

Due to the importance of the characteristics and properties of the bubble throughout this
work, average bubble pressure versus time was plotted for the two-dimensional mesh refine-
ment study in Fig. (3.7). Average bubble pressure, temperature, density, and total energy
was output using a coded header file, an example is shown below. This example is similar
to the bubble radius code displayed prior but with a ”for” loop to iterate through all the
cells. As cells were iterated through each time-step, all cells that had a explosive material
volume of nearly one were summed. Then a counter was triggered each time an explosive
cell was found, this would result in the counter adding a value of one each time it was trig-
gered starting from zero. The "for” loop provided a summed pressure value for the explosive
region and the counter supplied a sum of the total cells with explosive material. Finally, the
average pressure inside the bubble is simply determined by the summed explosive pressure

divided by number of explosive cells.
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//-=> Sum Properties of Explosive Region

forAll (aexp,i)

{
if (aexpl[i] >= 0.99)
{ // Initially Pbub = Tbub = rbub = rEbub = 0
Pbub = Pbub + pcelll[il; // Gaseous Bubble Presssure
Tbub = Tbub + tcelll[il; // Gaseous Bubble Temperature
rbub = rbub + rhocell[i]; // Gaseous Bubble Density
rEbub = rEbub + rhoEcell[i]; // Gaseous Bubble Density x Total Energy
avg = avg + 1;
}
}

//-=> Divide Gaseous Bubble Property Sum by Total Count of cells
Pin = Pbub/avg;
Tin = Tbub/avg;
rin = rbub/avg;
rEin = rEbub/avg;

Ebub = rEin/rin;

Fig. (3.7) shows results for the internal bubble pressure for case 1 using the source code loop
from the example. Fig. (3.8) displays the internal bubble temperature versus time for the

bubble from the two-dimensional mesh refinement study.
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Figure 3.7: Two-dimensional mesh refinementment study results for internal bubble pressure
versus time throughout the first and second bubble pulse

This study found that blastFoam needed an incredible amount of mesh refinement to cap-
ture accurate solutions of the explosive bubble behavior. Obtaining enough mesh refinement
for 2D and 3D UNDEX simulations in blastFoam was extremely computationally expen-
sive. Low mesh refinement was capable of capturing the overall oscillatory behavior of the
bubble but not capable of capturing ‘sharp’ accurate solutions for the explosive bubble’s
collapse and rebound. This provided a great challenge for this study due to the bubble
characteristics throughout the collapse, rebound, and late oscillation the focus of this study.
The combination of long simulation run times and need for high mesh refinement meant a
great amount of computational power was required for even 1D runs. For this reason, an
incredible amount of time was spent trying to improve the simulation mesh refinement, or

attempting to create the smallest area of high-refinement for faster run times. Discussion
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Figure 3.8: Two-dimensional mesh refinementment study results for internal bubble temper-
ature versus time

with the blastFoam development team was conducted in order to try to improve compu-
tational accuracy and cost. The blastFoam development team claims their reasoning for
this study’s difficulty to obtain sharp bubble pulse results are due to the way blastFoam
transports the volume fraction field. They claim blastFoam is not intended for sharp inter-
face tracking, they initially developed the solver for overall gaseous detonation observations.
Therefore, they claim a diffuse interface throughout the simulations in this work is due to
their neglection of any methods for interface capturing or surface tension. The validation
and tutorial cases provided by the blastFoam development team commonly used Adaptive
Mesh Refinement (AMR). This led the study to examine the simulation of UNDEX events
with blastFoam using AMR, the AMR algorithm implemented in blastFoam was developed

by Rettenmaier et al. (2019) [84]. In elementary language, the algorithm unrefines or refines
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the mesh based off a set of refinement limits. This study found that AMR worked relatively
well in the one underwater explosion validation case by Zheng et al. (2011) [85] that was
provided by the blastFoam developers. However, AMR was not found as a good tool for
the long-term UNDEX cases presented in this study. Results for the UNDEX case in this
study with AMR drastically increased simulation time. When analyzing why this occurred
it was found that the AMR was over-refining the mesh when the bubble reached the first
collapse. After a rigorous number of attempts to use different parameter values for the mesh
refinement /unrefinement interval limits, no value was found to fix this issue. The underwater
validation case by Zheng et al. (2011) [85] that was presented by the blastFoam development
team only captured the underwater bubble through expansion. Therefore, the AMR never
faced the problem captured in the UNDEX cases used in this study. Also, it is important
to note that all the simulation cases explored by blastFoam development team were very
short run times, even the validation cases that used AMR that were not underwater. This
meant that in order to obtain 'sharp’ solution of the UNDEX bubble behavior a high mesh

refinement level would be required.

3.2.2 Simulation Domain Size

A domain size study was largely motivated by the results of the mesh refinement study
presented in the prior section. This study believed that the ability to simulate a smaller
domain size could help blastFoam reach better results in a shorter time period. Furthermore,
a smaller domain with high mesh refinement could possibly run quicker than the 14mx14m
domain used in the mesh refinement study. The mesh refinement study domain of 14max14m
was based off experience simulating UNDEX events with other hydrocodes. Anything below
14ma14m was found to effect the UNDEX bubble behavior solution. Therefore, five cases

with domain size differences by a magnitude of two were setup in blastFoam, Table. (3.6)
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summarizes the domain parameters.

Table 3.7: Domin Size Study Parameters

Domain Dimensions (m x m)
Case 1 1

Case 2 2

Case 3 4

Case 4 8

Case 5 16

Fig. (3.9) displays the bubble radius versus time from this study.
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Figure 3.9: Radius versus time results for domain size study

No results are displayed for cases 1 and 2 because both simulations did not reach a solution,
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therefore the outcome of this study is blastFoam cannot reach a solution for an UNDEX
event once the domain reaches a given distance from the explosive bubble. The solution for
cases 4 and 5 began to show some consistency, but the advantage of simulating a domain

size of case 4 versus 5 was not of great advantage.

3.2.3 Flux Discretization Schemes

BlastFoam has several Riemann solver flux schemes, including the Tadmor, Kurganov,
Harten-Lax-van Leer-Contanct (HLLC), modified Advection Upstream Splitting Method
(AUSM+up), and several others. For this study the four mentioned were used to observe
any differences that the flux schemes may have on the results. The goal of this study was to
conclude if one scheme was better suited for UNDEX type events over another. Similar to
the domain size study, this study was provoked by the high computational cost required to
achieve a high amount of mesh refinement. As mentioned earlier, this was required for blast-
Foam to capture accurate solutions of the UNDEX bubble behavior. Fig. (3.10) displays

the radius versus time results for this study.

The results from this study showed a significant difference, some of the flux schemes were
found to dissipate the explosive material through the gas-liquid interface at accelerated rates.
In fact, when the simulation was observed at different times using visualization software it
was obvious that several of the schemes were dissipating the explosive material through the
interface extremely fast. The HLLC flux scheme was used in the simulation of Zheng et al.
(2011) [85] by blastFoam creators, it was found through this study that the HLLC and the
AUSM+up showed the best results for an UNDEX event. Concluding the sensitivity study
several important takeaways would guide the rest of this study. First, blastFoam needed

high amounts of mesh refinement to capture the UNDEX bubble behavior that this study
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Figure 3.10: Radius versus time results for flux-scheme study

needed for formulation of an energy-loss model. Second, the UNDEX domain size could only
be shrunk within a certain degree before the UNDEX results were affected. Next, blastFoam
was highly influenced by the flux scheme being used, with some schemes losing high amounts

of gaseous mass through the gas-liquid interface.

3.3 UNDEX Bubble Energy-Loss Mechanisms

In this section this study presents an investigation and elimination of energy-dissipation

mechanisms according to individual analysis of each mechanism. As mentioned prior, the
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energy-loss mechanisms investigated in this thesis were viscous losses, heat and/or mass
transfer effects at the gas/liquid interface, and transfer of dilational energy to deformational

modes of response.

3.3.1 Discussion of Insignificant Mechanisms

The neglection of viscous effects, or inviscid flow, treats the fluid as if it is dominated
by laminar flow. The type of flow is commonly decided by the Reynolds number (Re),
a dimensionless ratio of inertial to viscous forces. The higher the Reynolds number the
greater magnitude of the fluid that is dominated by turbulence. An example of turbulence is
commonly seen when air flows over an aircraft wing at large angles of attack. Turbulence is
formulated due to differences in the fluid’s speed and direction, which typically causes a loss
in energy because of the flows opposition or resistance. The high-speed compressible flow of
an UNDEX event likely creates high Reynolds numbers and viscous effects. However, many
bubble models neglect viscous effects and instead consider the effects to be negligible. The
energy-loss magnitude of viscous effects versus other energy-loss mechanisms in this study
was highly influenced by [Chapman and Plesset (1971) [6]; Mcdonald and Holland (2000)
[7]]. The differences between the acoustic, thermal, and viscous components of damping for
air bubbles are provided from Chapman and Plesset (1971) [6], and discussed by Brennen
(2013) [5]. Fig (3.11) displays the magnitude of damping for each component according to the
bubble’s equilibrium radius, Rg. The viscous components tends to dominate extremely small
bubbles. The thermal component is dominant for bubbles that are commonly of interest in
literature, and the acoustic component dominates larger bubble that are around lem [5]. In
this study the underwater bubbles are considered large, case 1 has an equilibrium radius of
0.02 m according to the adiabatic equilibrium equation from Geers and Hunter (2002) [3].

Therefore, the acoustic damping component would be dominate over the viscous or thermal
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components according to Chapman and Plesset (1971) [6].
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Figure 3.11: From Brennen (2013) [5], bubble damping components and total damping as
a function of the equilibrium bubble radius, Rg, for water. Figure was originally from
Chapman and Plesset (1971) [6]

Additional support for this claim is supplied by Mcdonald and Holland (2000) [7], whom
studied deep underwater glass sphere implosion experimental data in the light of acoustic
theory. They present a simplification of the damping constants first formulated by [Medwin
and Clay (1998) [74]; Longuet-Higgins (1992) [69]]. Shape oscillation in sub-harmonic reso-
nance with the breathing mode is presented as the dominant energy-loss mechanism for large
bubbles Mcdonald and Holland (2000) [7], which was explained earlier by Longuet-Higgins
(1992)[69]. According to Mcdonald and Holland (2000) [74] damping occurs at an order
of one e-fold per oscillation period with contribution from thermal, radiative, viscous, and

shape oscillation damping components. This is shown by

exp(—Pru — Br — Bv — Bav — iwp)t (3.16)
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where wy, is the breathing frequency and represented as

3
wb:a_lw% (3.17)

Here a is the equilibrium bubble radius, 7 is the ratio of specific heats of the gas, p is
ambient pressure, and p is the fluid density. The magnitude of the decay exponent 7 for

the mentioned damping components from Mcdonald and Holland (2000) is shown in Fig.
(3.12).
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Figure 3.12: Plot from Mcdonald and Holland (2000) [7], here the curves represent the Decay
exponent 7 for various mechanisms as a function of depth for oscillation of a bubble at a
radius of 3 em and pressure of 1 atm taken to depth. 7 is the bubble oscillation period

7 = 27 /p. The dashed line is turbulence decay from the model presented in Mcdonald and
Holland (2000) [7].

This study believes that viscous effects are not a dominant damping mechanism in deep
UNDEX bubbles, although a simple computational experiment with the kEpsilon (k — ¢)

turbulence model was completed. The k — € model is a two-equation model that provides a
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general representation of turbulence using two transport equations, turbulent kinetic energy
(k) and turbulent kinetic energy dissipation rate (€). Fig. (3.13) displays radius versus time
data from blastFoam using a course mesh with the & — e turbulence model. The results
provide support that viscous effects are insignificant on the effects of deep UNDEX bubble
behavior.
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Figure 3.13: Viscosity effects evaluation results from blastFoam using k — € turbulence model

Another possible energy-loss mechanism in UNDEX bubbles is heat or mass transfer by
conduction through the gas-liquid interface, or possibly through chemical dissociation of the
gaseous products inside the UNDEX bubble. Several authors [Devin (1959) [72]; Nigmatulin
and Khabeev (1974) [77]; Oliver and Chung (1990) [86]] and others, have published work on
thermal effects for a bubble or body submerged in a liquid. However, little of this work is

directly correlated to UNDEX bubble heat transfer. According to Cole (1948) [25] energy loss
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by thermal conduction throughout short time scales and small temperature gradients of an
UNDEX event is negligible. The role of thermal effects is discussed by Brennen (2013) [5], in
which he mentions that thermal effects could play a important role in the final moments of an
UNDEX bubble collapse. However, he follows by describing that the bubble oscillation times
are so small (in the order of milliseconds) that it would imply that the assumption of the
bubble behaving adiabatically would be valid. However, some authors have argued against
this claim, such as the work of Hicklings and Plesset (1964) [87]. Where it was demonstrated
that heat transfer between the liquid and gas is important because of the high temperature
gradients and short distances the bubble encounters. The claim by Hicklings and Plesset
(1964 [87] is in correlation with the data of high bubble temperatures found by Tomita
and Shima (1977) [88] around 8800K". Although, other authors [Fujikawa and Akamatsu
(1980) [89]] have found values for both internal bubble temperature and pressure to be lower.
Finally, Fig. (3.11) and Fig. (3.12) supply representation of the dominance of thermal effects
versus other mechanisms for underwater bubbles using acoustic data. By mentioning this
work, this thesis is not intending on reciting the literature review but merely explaining to
the reader the contradicted understanding of underwater bubble thermal effects role as an
energy-loss mechanism. In the prior section this study concluded that viscous effects and /or
turbulence is insignificant for affecting UNDEX bubble behavior. This study has reason to
believe that thermal effects likely play a role in affecting the behavior of the bubble in an
UNDEX event, but likely not the leading mechanism. Also, the popular compressible bubble
model presented by Geers and Hunter (2002) [3] is relatable to the model being developed in
this study and has shown to achieve accurate results with an adiabatic assumption for the
gas. Internal bubble temperature was output using the code described prior, shown in Fig.

(3.14), this was completed using case 1 initial conditions.

After thermal conduction through the gas-liquid interface was studied and the average inter-
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nal bubble temperature was output using the code described prior. The results display that
the initial detonation temperature are very high around 4300 K, and also the temperature
was found to rise throughout the collapses as explained in literature. Although, the highest
temperatures achieved by the bubbles collapse was achieved by the first collapse at nearly
2000 K. This temperature is not as substantial as found in some studies, this thesis believes
that the bubble collapse temperatures are not high enough for thermal conduction. The
bubble temperature is high initially but the first bubble expansion is accurately predicted
by both current compressible and incompressible bubble models. The significant energy-loss
that is being neglected occurs after the first expansion and throughout the second, third,
and following bubble collapses. This means that the initial detonation temperatures inside
the bubble don’t cause heat conduction losses because of the extremely short time period
that the high temperatures are achieved. But also this means that temperatures and short
time periods of the bubble collapses are unlikely to contribute substantial losses of energy
throughout the bubble oscillation. It is possible that this study could investigate thermal
conduction through simulation of a heated solid sphere in a liquid and analyze the time taken
for the heat to leave the sphere. However, studies like this have been done and although
some of the literature is contradicting, more literature supports heat transfer by conduction
being insignificant. Also, relatively low temperature inside the bubble throughout the pulses
versus some other studies suggest that temperatures and time scales are not high enough, as
shown in Fig. (3.8). Another method of heat transfer that was investigated in this study was
chemical dissociation, due to its ability to contribute losses in internal combustion engines
during short time periods. Chemical dissociation in internal combustion engines refers to
the separation of CO2 that is formed during combustion into CO and O2. The process
of dissociation is endothermic meaning it takes energy from the system by absorbing heat.
This is also reversible and commonly some of the CO and C'O2 will recombine through

re-association and add energy back into the system throughout the expansion of the gas in
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the cylinder. This process typically occurs above 1500K and one of the mechanisms that
leads to reduction of efficiency in internal combustion engines. No work has been com-
pleted by studies in the past for the evaluation of chemical dissociation heat transfer in an
UNDEX event that the author has found. Regardless, the motivation was provided by the
co-advisor of this study, Dr. John Gilbert, as well as the study of particle physics in an
astrophysics course that the author was taking throughout a period of this thesis. Since
chemical dissociation studies are nonexistent in the field of UNDEX events, this study had
to be creative in finding a similar problem with relatable approximations. Fortunately, in-
ternal combustion engines have been studied for over a decade by now and a large amount of
publications discuss energy or efficiency losses. However, a internal combustion engine that
completes a large number of cycles is not directly relatable to this problem due to its con-
tinual accumulation of heat, or at least a accumulation of heat until a running temperature
is achieved. But a internal combustion engine with closed valves that completes one cycle
is fairly comparable to this problem outside of the thermal conductivity differences between
the metal and gas-liquid bubble interface. Approximations for chemical dissociation losses
in an UNDEX event were compared with calculations from Mauro et al. (2018) [8], which
presents an evaluation of a single-zone (SZ) thermodynamics model and three-dimensional
computational fluid dynamics model (CFD) for heat release in internal combustion engines.
The CFD solver is capable of calculating chemical dissociation with the combination of a
chemistry solver. Therefore, the heat release can be compared between the two model in
order to establish the significance of chemical dissociation. The conservation of mass and
energy is used for evaluating the closed cylinder system using the first law of thermodynam-
ics. Finally, time of heat release can be approximated with the initial conditions and heat

release per crank angle plot.
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Table 3.8: Internal combustion engine parameters from Mauro et al. (2018) [§]

Parameter D Value
Engine Speed 600 r/min
Total length of heat release period (approximated from Fig. (3.15) | 180 deg
Heat Release Period (approximated from Fig. (3.15) 21 deg

Heat release rate (ROHR) numerical comparison - CR 5.8
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Figure 3.14: Calculated heat release for CR 5.8 (pressure ratio) from Mauro et al. (2018) [§]

Fig. (3.16) displays the maximum pressure that was reached inside the cylinder which was
approximately 6.7e6 Pa, versus the maximum internal pressure of the first bubble pulse at
10e7 Pa. This is something to consider in this calculation, although two compression ratios
were plotted in Mauro et al. (2018) [8] and it was found to result in little difference, see
Fig. (3.16). Also, the temperature inside the cylinder reaches around 2500K compared to

the UNDEX bubble reaching nearly 2000K throughout the first pulse.
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Heat release rate (ROHR) numerical comparison- CR7
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Figure 3.15: Calculated heat release for CR 7 (pressure ratio) from Mauro et al. (2018) [§]
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Figure 3.16: Calculated CFD pressure and temperature inside cylinder for CR7, from Mauro
et al. (2018) [§]

First, approximating the total time of heat release,
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rad
rad d
Viwd = 600 rpm ( E > — 63.832°%¢
S

60
2%

drotationdeg = 450° — 270° = 180°

. (3.18)
drotationmd = 1800 N 180°
d'rotation d T rad
e = =0.05s
Vrad 62.832 1
Now to approximate the time the heat is released:
drotationdeg = 371° — 350° = 21°
drotationmd =21°x 180° = 0.3665 rad (319)
dro ation .
tationsgq _ 0-3605 mjl = 0.0058s
Viad 62.832 ==

Finally consider greatest scenario of heat loss, as if the the maximum heat release rate of

200@ was lost over a period of 0.0058s. Therefore, the system would lose the following

J
200 — % 21° = 4200 J (3.20)
deg

This means 4200 J of energy are lost in 0.0058 s during and just after combustion, when
the overall temperature inside the cylinder is approximately 2500 K. Using CR7 since the
temperature and pressure plot are from that case, the difference between the single-zone
model and CFD model display the losses due to chemical dissociation. Now approximating
the percentage of loss to chemical dissociation similar to the scenario of heat release, roughly

20% would be lost. This means that only 840.J is lost in 0.0058s due to chemical dissociation.
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Now applying this to the UNDEX event case 1 in this study, in order to accurately match the
first bubble pulse around 1.7e6 would need to be dissipated. Therefore, it is unlikely that the
bubble loses this amount of energy due to heat transfer to the surrounding medium. Also,
some of the energy lost through chemical dissociation would likely be added back into the
system through re-association when the bubble expands. Finally, current UNDEX solvers
predict the first bubble expansion very well, but do not match the second and following bub-
ble expansions well. The temperatures for case 1 only briefly reach above 1500 K throughout
the first and second bubble pulses. Therefore, this study has concluded that heat transfer
from chemical dissociation is likely a energy-loss mechanism but is minimal compared to

another unknown mechanism outside of acoustic radiation.

3.3.2 Theoretical Discussion of Leading Mechanism

The transfer of dilational energy to deformational modes of response, or shape oscillation,
has been rigorously studied by many authors [Longuet-Higgins (1989 a,b) [63; 64]; Longuet-
Higgins (1991) [68]; Medwin and Beaky (1989) [66]; Feng and Leal (1993) [71]] and others.
Early studies had coupled the UNDEX bubble change in shape to buoyancy forces that the
bubble encounters throughout its oscillation. However, later studies evaluated the shape
change of the bubble as a source of energy-loss due to the bubble experiencing instability.
In an UNDEX event two types of instability have been know to possibly dissipate energy,
1) the Rayleigh-Taylor instability, and 2) nonlinear transfer of energy from the radial mode
of oscillation (”"breathing mode”) to shape oscillation of bubbles [69]. Rayleigh-Taylor in-
stability occurs when a lighter fluid applies force on a heavier fluid, the process reduces
the combined potential energies of the two fluids. Shape oscillation energy-loss through
Rayleigh-Taylor instability has been theoretically discussed and proven by Mcdonald and

Holland (2000) [7]. Where it is found that energy is transferred through the activation
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of the surface capillary ripples, which is proven to occur on a time scale shorter than the
bubble oscillation period. In the past images were more difficult to interpret, but modern
studies like Kamran et al. (2013) [9] allowed for a better understanding of the significance
and time periods that Rayleigh-Taylor instabilities occur. Fig. (3.18) and Fig. (3.19) are
examples of Rayleigh-Taylor instabilities in large air bubbles provided by Kamran et al.
(2013) [9]. Fig. (3.18) displays the change in shape of the large underwater bubble and
occurrence of Rayleigh-Taylor instability. Outside of discussion and images of energy-loss
through Rayleigh-Taylor instability, the mathematical representation of the phenomenon is

still not completely understood.
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Figure 3.17: Evidence of Rayleigh-Taylor instabilities throughout underwater air bubble
collapse from Kamran et al. (2013) [9]

However, the transfer of dilational energy to deformational modes has been rigorously studied
by [Penney and Price (1942) [62]; Ward (1943) [61]; Keller and Kolodner (1953) [75]; Longuet-
Higgins (1992) [69]; Feng and Leal (1993) [71]; Mao et al. (1995) [90]; Mcdonald and
Holland (2000) [7]]. Where it was mentioned that Mcdonald and Holland (2000) [7] derived
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Figure 3.18: Large air bubble expansion and violent collapse from Kamran et al. (2013) [9]

a damping constant for shape oscillation from the work of Longuet-Higgins (1992) [69].
Which they believe could be the missing energy-loss mechanism in underwater bubbles.
More is understood about the mathematical representations that govern underwater bubble
energy-loss from the transfer of dilational energy to deformational modes. Although, outside
of the damping constant and discussion by Mcdonald and Holland (2000) [7], no knowledge
of the transfer of dilational energy to deformational modes has been applied to an UNDEX
bubble model. Studies are still conducting research to determine if either shape oscillation
types are sources of energy-loss in underwater bubbles. This thesis believes that out of the
known possible energy-loss mechanisms for UNDEX bubbles, the most likely source of energy
loss is through shape oscillation. The substantial amount of energy that is lost throughout
UNDEX bubble oscillation is after the bubble has collapsed once. As Kamran et al. (2013)
9] describes, the underwater bubble becomes unstable throughout the first collapse of the
bubble. As the bubble begins to expand it is still very unstable, however as the bubble
reaches maximum expansion again it nearly obtains stability. Then, this process repeats
with each collapse and rebound, with the bubble never reobtaining the stability it had prior
to collapsing once. The maximum energy is lost during the periods of the bubble’s greatest
instability, which is a the final stages of collapse and initial stages of rebound. Although,
an energy-loss rate that subtracts more energy throughout the closing and initial stages
of the collapse while losing less energy as the bubble reaches maximum expansion would

better represent the process, shown in Fig. (3.20). While current studies acknowledge an
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underwater encountering the instabilities occurring as described, little study has discussed
the rate of energy-loss. It is possible that the energy-loss is negligible outside of the short
collapse period, therefore a model could represent this phenomenon by subtracting energy
throughout the final stages of collapse and initial stages of expansion. This thesis makes
this assumption for the model created in this study, presented in section 3.4.2. Therefore,
only energy is subtracted for the periods of final bubble collapse and initial expansion, more
details are shared in section 3.4.2. A depiction of the bubble stability process is shown from

Kamran et al. (2013) [9] in Fig. (3.18) and Fig. (3.19).

05 UNDEX Bubble Radius Solution Refinement

Energy Subtraction
No Dissipation —

0.45

04

Radius (m)
o
(]
(4]

i Large Energy
0.1 Large Energy Subtraction Rate
Subtraction Rate
0.05
0 Case 1 .
0 10 20 30 40 50 60 70 80

Time (ms)

Figure 3.19: Shape oscillation energy-Loss rate explanation
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3.4 UNDEX Compressible Energy-loss Bubble Model

3.4.1 Similar UNDEX Bubble Models

This section describes past models that are comparable to the one being created in this
work. Only a handful of past models have accounted for energy-loss or damping of an
UNDEX bubble. The simplified inviscid, irrotational, incompressible model of Hicks (1970)
[26] included a bubble damping term with a pseudo drag coefficient term Cp. Where Cp is

derived from a turbulent wake drag force Fp, shown as

1
Fp= OD(§pv2A) (3.21)

Here A represents cross-sectional are of the bubble perpendicular to the direction of migra-
tion, p is density, and v is velocity Hicks (1970) [26]. The amount of energy subtracted from

the system due to the drag force can be calculated as

— — =F, = —pCpa‘v (3.22)

This was included in the model of Hicks (1970) [26] to better match experimental values
for bubble migration, here C'p slows the migration of the bubble down. The amount of
momentum being lost due to the wake at a specific time is equal to the force required to
overcome the wake drag at that same time [12]. The force doesn’t express the true physics
for this problem but does allow better results to be achieved. The value for C'p was found to
be 2.25 for the best match to bubble migration experimental data. The full non-dimensional
equation of motion for bubble migration that incorporates the drag coefficient C'p formulated

by Hicks (1970) [26], using the derivation of Taylor (1942) [39] is
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Egs. (3.23) is the pulsating bubble equation and Eqgs. (3.24) is the bubble migration

equation. Ship hull whipping was the focus of Hicks (1970) [26], and although fairly accurate
results were achieved with his mode. The drag term is merely a mathematical manipulation
of the data with no support of physics governing the bubble. The study by Wardlaw and
Mair (1998) [10] presents three models for the evolution of a 1D bubble flow field to the first
minimum. The most comprehensive model presented uses a Arbitrary Lagrangian/Eulerian
(ALE) method to solve the Euler equations, and accounts for internal bubble fluid motion.
The inclusion of internal bubble fluid motion is through the incorporation of an internal
bubble structure or cells, this captures the interface pressure oscillate due to the interaction
of the shock waves inside the bubble with the gas/liquid interface [10]. Wardlaw and Mair
(1998) intended to display the differences between simplified incompressible bubble models
versus compressible Eulerian models that provide different ways of representing the gas
inside the bubble, the differences are shown in Fig. (3.20). The Eulerian bubble model is
very similar to the study in the thesis in the aspect of accounting for the compressible effects
of the liquid and gas, as well as modeling the gas with the JWL equation of state. However,
the model by Wardlaw and Mair (1998) [10] only simulates through the first collapse of the

bubble and neglects energy-loss mechanisms outside of wave-effects in the gaseous bubble.
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Figure 3.20: Comparison bubble radius versus time of incompressible and compressible mod-
els by Wardlaw and Mair (1998) [10]

Wave effects inside the gas bubble were also included in the underwater bubble model by
Geers and Hunter (2000) [3] using a double asymptotic approximation formulated by [Geers
(1978) [91]; Geers and Zhang (1994) [92]]. Their model uses a hyper-acoustic relationship
that couples the bubble volume acceleration to the far-field pressure similitude equation
developed from experimental data. Also, equations are derived for bubble-surface response
that include effects of the external and internal gas through a damping term. The damping
term represents damping or energy-loss for acoustic radiation effects in the explosive gas.
The similitude equation was presented in chapter 2 as Egs. (2.1). The far-field pressure

profile can be related to the bubble motion as

P(R,t) = (@’;—IR> V(t) (3.25)

where p; is the mass density of the liquid and V' is bubble volume. The can be extended for
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a hyperacoustic case

A
P(R,t) = ;—;% {%} V([a./R)P?) (3.26)

Now equating Eqgs. (3.26) with equation Egs. (2.1) and f(7), the volume acceleration can

be obtained

. 4ra,
V(t) = 22 P,0.8251exp(—1.338¢/T,) + 0.1749exp(—0.1805¢/T,)] (3.27)

Pl

Here T, = a./v., now integrating using V(0) = 0 and further integration with V(0) =

(4/3)ma.? returns

. 4ra,

V(t) = T P.[1.5857 — 0.6167exp(—1.338t/T.) — 0.9690exp(—0.1805t/T,)] (3.28)
Pl
4 dra,
V(1) = gmal’+ T p [1.5857t — 5.8293 + 0.4609exp(—1.338t/T.) + 5.3684exp(—0.1805¢ /T.]
Pl
(3.29)
Therefore, radial displacement and velocity of the bubble is presented as

a(t) = [3V(t)/4n]Y3, a(t) = V(t) /4md®(t) (3.30)

Now the bubble displacement or radius, velocity, and acceleration can be coupled with a

DAA compressible bubble equation of motion, represented as
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1/ pg a a pg N
+ (E) (1 siyl p—ﬂ T (¢ + Ca)i (3.31)
22y

Here p, is the gas density, ¢, is the speed of sound in the gas, ¢; is the speed of sound in the
liquid, P, is the pressure of the gas, and p; is the pressure of the liquid at a fixed depth d;

is given as

PI = Patm + Plgdl (332)

The damping terms for the waves in the gas and liquid are represented with the coefficients
Ca = (pg/pi)cy and 3Cc, = 3pyc,®/pici. Results for bubble radius versus time plotted in Fig.
(3.21) displays impressive bubble behavior prediction. Here the DAA is the model developed
by Geers and Hunter (2000) [3] that includes compressibility for both the gas and liquid.
The KK model refers to a bubble model that accounts for the wave effects in the liquid but
not in the gas. This is the same equation as Eqs. (3.27) if p, = rfiog =(= ¢ =0, as well as
the same formulation by Keller and Kolodner (1956) [75]. The NPC model (not previously
considered) EOM is a bubble model that accounts for the compressibility of the gas but not
the liquid, which is Eqs. (3.27) if ( = 0,¢— > 0,and(c; = (py/p1)cy. Although, the model
by Geers and Hunter (2002) [3] produces good results for UNDEX behavior it only provides

solution for the behavior of the bubble.
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Figure 3.21: Radius versus time validation results for DAA compressible bubble model by
Geers and Hunter (2002) [3]

An UNDEX energy dissipation model for a finite volume code is nonexistent with any form
of a secondary energy-loss mechanism in current literature, and instead is only displayed in
a bubble model. Furthermore, in the past bubble models have been created only to model
the behavior of the UNDEX bubble and not the UNDEX event in its entirety. For this work,
one differential equation is not only being solved and the bubble is not the only desired
phenomenon to to be modeled. Instead the equations of conservation of mass, momentum,

and energy are all being solved for the modeling of the entire UNDEX event.

3.4.2 JWL EOS UNDEX Energy Dissipation Bubble Model

This work needs to subtract energy at a rate or time that is represented and explained by

a physical energy-loss mechanism. Shape oscillation was decided as the leading energy-loss
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mechanism, so the model needs to accurately predict bubble behavior and mathematically
represent shape oscillation losses. The UNDEX bubble in this model combines several con-
cepts, therefore it is important that a organized description is provided for the reader. The

UNDEX bubble model developed in this study will be presented as

(1) Miller afterburn model motivation Miller (1995) [93]
(2) Energy-loss function from Aanhold (2010) [11]

(3) JWL EOS Energy Dissipation Bubble Model (Presented Model by this study)

Afterburn was briefly mentioned in chapter 1, as a reminder, afterburn describes the segments
of explosive reaction taking place at later times following the initial detonation. This adds
energy to the system at later times of the explosion event. Some of the models that can
represent this process are: constant addition of energy after a given time, linear addition of
energy for a period of time, and more complex models based off of the explosive material
pressure like the one developed by Miller (1995) [93]. The afterburn model by Miller (1995)

[93] presents a modification to the general form of the JWL EOS as

P=A(1—-w/RiV)exp(—RV)+ B(1 —w/RyV)exp(—RV) + w(E + A\Q)/V  (3.33)

where

d\/dt = a(1 — \)/?pt/6 (3.34)

Here the late energy release term A(Q) was added to the traditional form of the JWL EOS. The

presented parameter a and () are adjustable parameters like the other parameters depicted



3.4. UNDEX CoMPRESSIBLE ENERGY-LOSS BUBBLE MODEL 69

in the original JWL EOS. They were determined through the fitting of hydrocode results
to cylinder test data, or to measured detonation pressures and velocities [93]. This model
helps motivate this study with a relatively easy way to adjust the characteristics of the gas.
The only energy function for an UNDEX event known to the author is that developed by
Aanhold (2010) [11]. Although this work by Aanhold (2010) [11] is confidential, a summary,
presentation, and implementation of the model is provided by Riley (2010) [94]. The function
uses the first cyle period constants along with an energy loss function in order to determine
the radial and migration histories. The derivation of this function by Aanhold (2010) [11],
was derived from the reduction values implemented by Geers and Hunter (1996) [95]. The

equation is depicted as

A= 0.2575 + (1 — 0.2575)e 0-8148m (3.35)

Where initially A = 1 and m = 0, at the first bubble collapse m = 1. This provides a value
of approximately 0.58623 for A at the first collapse. This model is implemented by reducing
the charge mass as each bubble collapse occurs, whereas the latest charge weight would be
AW. This was then input into similitude equations in order to determine the maximum
gas bubble radius, bubble period, and migration during the next cycle [94]. The function
causes the maximum bubble radius and period to decrease by a magnitude of (A/?). This
energy-loss function is implemented by Riley (2010) [94] by scaling the charge weight in the

adiabatic equation of state.

P, - )\K(%)V _ )\K(%

g g

)* (3.36)

Here P is gas pressure, A is the energy-loss function, K is the adiabatic charge constant, V'
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is bubble volume, R is the bubble radius, 7 is the constant ratio of specific heats; the use
of subscript "¢’ denotes gas related properties, and subscript 'c¢’ are for initial charge values.
Plotting the energy-loss function, Fig. (3.22), the function provides an exponential loss of

energy for the UNDEX bubble throughout its oscillation phase.

UNDEX Energy Loss Function
10 T T T T T T T T T
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Figure 3.22: Plot of energy-loss function from Aanhold (2010) [11]
Combing concepts one and two, the JWL EOS UNDEX energy dissipation model can be
presented as

1l—w

E — qb/\Emaz

~RaV
)e + w( v

) (3.37)

The additional terms that represents energy dissipation due to shape oscillation in an UN-
DEX bubble are ¢, A, and E,,,,. Here ¢ is a model coefficient that is constant, the coefficient

scales the dissipation term depending on detonation depth and is important because it serves



3.4. UNDEX CoMPRESSIBLE ENERGY-LOSS BUBBLE MODEL 71

as a source of tuning for the solver. Throughout this work, CFD solvers produce different
results according to the methods and initial conditions being used so a form of tuning is
crucial. The A term is the energy-loss function formulated by Aanhold (2010) [11]. Finally,
the F,,.. parameter is the maximum specific internal energy of the explosive material. In a
nutshell, the model calculates the difference between the actual internal energy calculated
by the solver and the predicted energy ¢pAFE, ... The model subtracts the energy linearly,
OANEraz | Atsupiract , throughout the final stages of the bubble collapse and initial stages of
the bubble expansion. Here At prqet T€pPresents the time of energy subtraction. The imple-
mentation of the model and how it is coded into a CFD solver is discussed in the following
section, first the reader must understand the physics governing the model. Initially, the
author found scenarios of manipulating data instead of looking into the literature. It is
fascinating to say that a similar function was formulated by this study before discovering
the A function by Aanhold (2010) [11]. It was found that when the energy subtractions
were made abruptly or all at once at the bubble pulses, it surprisingly didn’t have much if
any effect on the bubble solution. When constant energy subtraction was applied after the
initial collapse of the bubble; the result would be far too much damping or one pulse damped
near correct and the other too strongly damped. Linear damping constantly after the initial
bubble pulse displayed similar results, but also required a greater E,,., value because the
energy is distributed throughout the subtraction time period. Due to the knowledge of the
instability of the bubble being large at collapse and slowly decreasing as the bubble reaches
maximum expansion. The study believed energy subtraction throughout the abrupt collapse
and expansion periods, not just at the maximum periods of energy loss, provides better de-
scription of the instability stages of the bubble. When this was attempted only after collapse
to maximum expansion, the bubble radius predictions would be skewed, non-symmetrical.
Also, A would need to change as the bubble subtraction occurred which would make the

model much more complex. A more complicated model was also tested, that was based off
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the internal bubble pressure. The pressure inside the bubble grows at collapse and gradually
decrease exponentially. This would be a logical representation of the energy rate subtraction
described prior. Unfortunately, little success was achieved using this approach. However,
this study still believes a model based off internal bubble pressure could be scaled and for-
mulated for UNDEX bubble energy subtraction. Finally, the model depicted in this thesis
reflects the assumption provided in section 3.3.3 that the energy-loss is negligible outside of

the short collapse/rebound period.

3.4.3 Finite Volume Method (FVM) Model Implementation

Implementing the model into blastFoam brought several challenges as to how the properties
were calculated from a volume fraction or finite volume perspective. Fortunately, the blast-
Foam development team has already implemented several afterburn models, including the
model from Miller (1995) [93]. Although, the afterburn models served only as a template
for the source code used to implement this model because afterburn adds energy instead
of subtracting it. The energy-loss function A was coded into the source code for testing
because the values are known and don’t change unless the energy is being subtracted at
the first or second bubble pulse. Also, the lambda parameters could be inputs inside the
phaseProperties dictionary or the function itself could be added to the source code. This
is the preference of the developer, because the values are known. The maximum specific in-
ternal energy was first obtained by running the code once, plotting the data, and observing
the maximum value. Later the model was coded to store the internal specific energy value
at the current time-step (¢) and the prior time-step (i — 1), then the higher value between
the current and past time-step was stored. Unless the new times-step value was greater, the
value prior was not overwritten. The value for ¢pAE,, ., is represented as a volScalarField,

constant for every cell in the domain. Later the volScalarField with the predicted energy
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amount ¢AFE,,.. is multiplied by the density field and explosive volume fraction field. The
multiplying of the explosive volume fraction field by the energy subtraction field cancels out
the values for the cells with water, resulting in energy subtraction only cells with explosive
volume fraction. The model is not directly coded into the equation of state, blastFoam
uses a basic thermodynamic model to combine a fluid transport equation, thermodynamic
model, and equation of state [80]. In this work constant values for viscosity (u) and Prandtl
numnber (Pr) are defined with a constant transport equation, which is used to calculate the

thermal diffusion coefficient. Defined as,

M
= - 3.38
aT Pr ( )

A thermodynamic model is used to calculate the internal energy and is solely based on the

thermal contribution [80], shown as

e = /C’v(t)dT (3.39)

Then an additional contribution from the equation of state is defined as:

T
eeos(piaT) :/%dvz (340)

Here v; = 1/p; is the specific volume. Finally the total internal energy is

e =er(T) + eeos(pi, T) (3.41)

This work uses a eConst thermodynamic model which simply defines a constant specific
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heat. The equation of state has been coded as a simple scalar function by the blastFoam
creators and is called for each explosive cell. The thermodynamic model combines the
thermal contribution calculation of the internal energy, equation of state contribution, and
later accounts for the energy dissipation if activated. Activation of the model was first
turned on by a triggered change in slope of the explosive bubble radius after an offset time
was achieved. The offset is known due to evaluating the model versus experimental data, and
visualizing the results. Also, an activation was used with bubble period prediction, where
the maximum radius is reached through the first bubble expansion the time to reach that
point is stored. Then the time of activation or bubble period can be predicted by multiplying
the value obtained for half the bubble period by two or by a number a little less than 2. This
is because the bubble produces nearly symmetric expansions after each bubble collapse. Fair
results were achieved with this method, more tuning for the parameter scaling the bubbles
half-period was needed. If the slope change switch is used, caution must be accounted for
when programming a switch of this nature. It was found during testing that the bubble
radius output has small spikes that change from negative to positive numbers for a brief
period of time before the collapse is reached. A way of avoiding the switch being triggered
by the small slope spikes is to not compare the change in sign of the timestep directly prior
or after the current timestep. Instead, set an interval to compare the initial timestep to
maybe five timesteps prior of the current timestep. It is best to make sure the switch isn’t
being triggered at the wrong time with a course mesh run. Another form of switch that was
used was based off the internal bubble pressure. As for the slope switch, an initial run must
be completed with no model. Then, an offset time is decided on based off the detonation
period. After setting the offset time, a pressure minimum and maximum is set based off the
correct periods of energy subtraction. If the bubble pressure falls in between the interval
then the switch is activated. It is recommended that the pressure switch is used because

the slope switch will not activate until after the bubble has already collapsed. The pressure
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based model if setup correctly will activate at the final stage of collapse and initial stage
of expansion. Finally, the constant parameter ¢ needs to be added to the source code as a
input. The value is used for tuning the model for a given solver and needs to be adjusted
according to charge detonation depth. An equation could be calculated and presented for
the calculation of values for ¢. However, based off the experience gained in this work it is
likely that ¢ is strongly depend on the solver being used. Instead, its more appropriate to
guide the user to an interval of values that were found satisfactory. Based off this study, ¢
was typically between the range of 0.1 to 0.8. Again, it is recommended that the user get
an idea for what the value of ¢ with a simulation run using a course mesh. Concluding this
section, it is necessary to mention their are many ways to implement this model. Although,
an initial run without a model and a switch based off of pressure is common in literature,

and is typically used to trigger afterburn models.

3.5 UNDEX Bubble Model Validation

Now the three model validation case results will be presented in order to display the outcome
of the UNDEX bubble model developed in this work. The cases presented here are from the
case 1, case 2, and case 3 descriptions provided in Table 3.4. Before displaying the results,
the reader must be informed or reminded from the sensitivity study of the greatest difficulty
encountered in this work. The blastFoam solver will be discussed more in the conclusion for
the sponsors knowledge, and because the evaluation of the blastFoam solver was part of this
thesis study. However, the reader must know that the ability for blastFoam to achieve good
results with a three-dimensional domain for long-term UNDEX bubble behavior was nearly
unachievable. The blastFoam solver was originally developed for air blast and only recently

has any UNDEX case been simulated. Only the short validation case based on the work
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of Zheng et al. (2011) [85] has been completed. It has been found that the simulation of
UNDEX events for short-timescales produces fairly good results using blastFoam. However,
periods longer than the initial collapse of the bubble are very difficult for blastFoam to
capture accurately, even in 1D. This means that higher mesh refinement was required for
the results obtained by blastFoam to even be similar to UNDEX solvers like this study
developed this model for. To fully capture the late times of an UNDEX event that were
needed in this study a one-dimensional domain was used for the solution plots provided in
this section. Below, Case 1, 2, and 3 are shown with and without the JWL EOS UNDEX
Energy Dissipation Bubble Model activated. The results aren’t perfect, the discrepancy in
the radius solution matching the experimental bound boxes is due to not having the exact

value needed for ¢.

3.5.1 Casel

Radius Solution
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Radius (m)
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Figure 3.23: Radius versus time results with and without using the JWL EOS UNDEX
energy dissipation bubble model for blastFoam case 1
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3.5.2 Case 2

UNDEX Bubble Radius Solution
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Figure 3.24: Radius versus time results with and without using the JWL EOS UNDEX
energy dissipation bubble model for blastFoam case 2

3.5.3 Case 3
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Figure 3.25: Radius versus time results with and without using the JWL EOS UNDEX
energy dissipation bubble model for blastFoam case 3



Chapter 4

Conclusion

The conclusion of this thesis will be presented with a general statement about what was
learned through this work, a evaluation summary of blastFoam and overall contribution, and
recommendations for future work. This thesis has opened the eyes of the researcher to what
was once taken for granted. The technology that society uses today was once likely apart
of a study similar in nature to this one. The amount of work that is needed to create new
computational models, technology, or any novel advancement in a field of science is incredible.
Many researchers have dedicated their life to improving and understanding the behavior of
an UNDEX event. It is amazing how difficult and how much time it takes to develop even
the smallest contribution. As a newly developed researcher, this study has created a new
appreciation for all scientist and engineers tackling the worlds hardest problems. Also, the
amount of knowledge that was gained throughout this work is incredible. The researcher
hopes to use these skills for the well-being and advancement of the greatest country in the

world, the United States of America.

4.1 Summary of Contribution

The results concluding chapter 3 provide verification that this study created a working
UNDEX bubble energy dissipation model. The results show good consistency with each

case and likely would have been better if the study could have afforded to run the three-
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dimensional domain at the solution case refinement level. Outside of completing the model,
the study analyzed and concluded that shape oscillation was the most important energy-loss
mechanism. Also, blastFoam was fully evaluated in terms of its capabilities for the future
of this research group and sponsor of this work. This research displays that blastFoam is
not the best tool for providing detailed gas-liquid interface evaluation and/or prediction of
an UNDEX bubble. Other UNDEX solvers were used throughout this thesis that were able
to obtain better UNDEX bubble prediction results with a fraction of the computational
cost. The researcher of this work does not recommend the use of blastFoam for any type of
long-term interface evaluation. Hopefully in the future blastFoam developers will advance the
solver to be less dissipative and better suited for interface tracking. Finally, the methodology
needed for improved late time prediction of UNDEX bubbles were provided for the sponsor
of this work. This work hopes to motivate others to contribute to improving late time
prediction of UNDEX bubble behavior. Also, this work hopes to provide a useful tool for

the sponsor of this work, and a basis for future work.

4.2 Future Work

Several areas were recognized for needed future work, first modern experimental data would
likely display the characteristics of an UNDEX bubble much better due to current data
being old and their being a large advancement in technology even in the last 10 years.
Modern tools could produce an incredible growth for all aspects of an UNDEX event, and
provide better understanding of energy-loss mechanisms. This thesis definitely recommends
continued research of shape oscillation energy-loss mechanisms in UNDEX bubbles. Finally,
little to no public work has been completed for how to conduct an UNDEX simulation and /or

common procedures, as well as optimizing computational results. This work was fortunate
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to have a committee with experience in this field. More public information for this field
of work would likely motivate others to contribute to this field. Also, the use of modern
finite-volume solvers is still fairly new for an UNDEX phenomenon. More work needs to be
complemented for Eulerian solvers, and more investigation needs to be conducted for the

implementation of models like the one presented in this work.
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