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Summary

Modeling of explosions and implosions under water is important for design of vehicles and installations
both under water and on the sea surface. There exists simple models, often in the form of empirical
calibrations, for the loads experienced at a given distance from an explosion. These models, however,
are often insufficient, for example if one is interested in the response of a ship to an explosion at short
or moderate distances from the ship. It is therefore necessary to be able to simulate such problems
with high accuracy, and account for the interactions between explosion gases, water, air and the ship
simultaneously. This is a very difficult problem, but modern methods and computational resources are
able to perform such simulations, which provide valuable insights into realistic underwater explosion
scenarios.

This report is concerned with the implementation of a method for simulation of explosions
and implosions under water in the flow solver "Charles", which is used at the Norwegian Defence
Research Establishment (FFI). The extended simulation capabilities this implementation provides
will strengthen the ability to simulate these problems at FFI, and increase FFI’s knowledge about
underwater explosion problems.

The "finite volume method with exact two-phase Riemann solver" (FIVER) has been implemen-
ted in Charles. This method is especially suited to simulate interactions between materials with
very different properties, under the extreme thermodynamic conditions following immediately after
detonation of a high explosive. The method is of a type that is readily implemented in the flow solver.
In this work, the method has been implemented and tested for one-dimensional problems. In future
work, the flow solver will be developed further, and the method will be implemented for two and three
dimensions, so that realistic problems can be simulated.
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Sammendrag

Modellering av eksplosjoner og implosjoner under vann er viktig for design av farkoster og instal-
lasjoner både under vann og på havoverflaten. Det finnes enkle modeller, ofte i form av empiriske
kalibreringer, for beregning av lastene opplevd ved en gitt avstand fra en eksplosjon. Disse er ofte
ikke tilstrekkelige, for eksempel dersom man ønsker å vite responsen til et skip på lastene fra en
eksplosjon i nærheten av skipet. Det er derfor nødvendig å kunne simulere slike problemstillinger
med høy nøyaktighetsgrad, og ta hensyn til interaksjonen mellom eksplosjonsgasser, vann, luft og
skipet samtidig. Dette er et svært vanskelig problem, men moderne metoder og regneressurser er i
dag i stand til å simulere disse problemene, og gir viktig innsikt i realistiske scenarioer.

Denne rapporten dreier seg om implementering av en metode for simulering av eksplosjoner
og implosjoner under vann i strømningsløseren "Charles", som er i hyppig bruk ved Forsvarets
forskningsinstitutt (FFI) i dag. Denne utvidede simuleringsevnen vil gjøre FFI i bedre stand til å
simulere slike problemer og bygge opp kompetansen på dette området.

Metoden "finite volume method with exact two-phase Riemann solver (FIVER)" har blitt imple-
mentert i Charles. Denne metoden er spesielt egnet til å simulere interaksjon mellom materialer som
har svært ulike egenskaper, under de ekstreme tilstandene som oppnås umiddelbart etter detonasjon
av et høyeksplosiv. Metoden er av en type som lett lar seg implementere i strømningsløseren. I dette
arbeidet har metoden blitt implementert og testet for endimensjonale problemer. I videre arbeid vil
strømningsløseren videreutvikles, og metoden vil bli implementert for to og tre dimensjoner, slik at
realistiske problemstillinger kan simuleres.
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1 Introduction
One of the goals in FFI project 1447 "Simulering og modellering av strømninger og materialer"
is to implement a model that can simulate underwater explosion events near ships, and predict
their response to the resulting loads. The ability to simulate such events is of importance to the
military, and also for offshore and subsea industries. Additionally, removal of WWII naval mines is
still necessary in Norwegian coastal waters, and improved simulation capabilities of underwater
explosions are important for this purpose as well.

This document is intended to form a basis for the numerical modeling and simulations of
underwater explosions in FFI project 1447. Key phenomena in an underwater explosion event
will be discussed, and empirical models for limited parts of the problem will be introduced. The
empirical models have useful applications, but cannot be used to obtain new information about
underwater explosions. Computational fluid dynamics (CFD) models, on the other hand, can
provide new information, but they must accurately model a challenging, multi-physics, problem.
Common CFD software in use today are not able capture the physical processes involved in an
underwater explosion in a satisfactory manner. Therefore, it is necessary to develop and implement
new models that are applicable to simulations of underwater explosion events. In this report, several
candidate models will be reviewed. The model that is found most suitable will be integrated in an
already existing framework for solving fluid mechanical problems by means of computational fluid
mechanics, at the Norwegian Defence Research Establishment (FFI). The selected model will be
implemented as an extension to the flow solver "Charles".

This report is structured as follows. First, in chapter 2, a brief discussion and an introduction of
the physical phenomena involved in underwater explosions are given. Next, in chapter 3, different
modeling approaches are discussed, with emphasis on sharp interface Eulerian finite volume
methods, since this is the type of model that has been chosen to implement in the Charles code.
Under the modeling section, in section 3.1, the various equations of state that have been used to
describe the materials involved in underwater explosions are listed. A few theoretical and empirical
simplified models for different parts of the problem are provided in chapter 4. Then, the model
for simulation of underwater explosions is described in detail in chapter 5. A range of numerical,
one-dimensional, tests are performed, and the numerical results are compared with exact Riemann
problem solutions in chapter 6. Finally, concluding remarks are given in chapter 7.
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2 Underwater explosions
Despite extensive studies, detonation of explosives submerged in water is a process that is still not
completely understood. The problem features various complicated physical processes, including
chemical reactions during detonation, multi-phase and multi-material flows, cavitation, fluid-
structure interaction and more. One of the most influential works on the subject is the book by
Cole (1948), which contains a discussion of many of the processes occurring during underwater
explosions (UNDEX). Cole’s work was previously summarized in the report of Kiran (2016).
Kiran’s report provides a brief overview of some of the topics relevant to underwater explosions,
and introduces several theoretical and empirical models for parameters of interest. The discussion in
this report is limited to a selection of phenomena during underwater explosions that are particularly
important for high-fidelity computational fluid dynamics UNDEX modeling.

In the case where a high-explosive charge is detonated under water, the process starts with a
detonation wave that propagates through the explosive material, converting the explosive material
primarily to gases and thereby releasing high amounts of energy in a small volume. When the
detonation wave reaches the edge of the explosive, the detonation product gases will begin to expand
since the gas pressure is higher than that in the surrounding water. Therefore, a shock wave will
be driven outwards in the water, while a rarefaction wave will be reflected back into the dense
detonation product gases. The rate of expansion and shock wave strength are often used in aquarium
tests for explosive material testing (Lozano et al., 2020).

During the gas expansion, the gas pressure is gradually reduced and eventually falls below the
pressure of the surrounding water. At this point, the gas acceleration is reversed, the radial velocity
decreases to negative values and the gas bubble will begin to contract. As the bubble becomes
smaller, the pressure increases again, and the process repeats, leading to the phenomenon of
bubble oscillation. These oscillations are accompanied by strong pressure waves in the surrounding
water, and can be very important for the loads imposed on e.g. ships or pipes near the explosion.
Approximate expressions for the bubble oscillation period can be found in (Kiran, 2016). Bubble
oscillation generally occurs on a much longer time-scale (seconds) than shock-formation and
propagation (milliseconds) (Costanzo, 2011). Along with the oscillation, the bubble will in most
cases migrate upwards due to buoyancy. The upward migration occurs primarily while the bubble
is in a contraction phase (Rosseland, 1950). The oscillation thus continues either until the bubble
has lost all its energy, reached the surface, or is completely broken up.

The detonation product gases are generally non-condensable, and this makes UNDEX bubble
dynamics different from bubbles generated by cavitation, lasers, or sparks. The minimum bubble
size is therefore larger, and the bubble oscillation has a shorter period.

In many configurations, the effect of buoyancy can be important for the bubble dynamics. Due
to the higher pressure at the bottom of the bubble, the bubble collapse is asymmetrical and the
bottom side develops into a water jet penetrating into the bubble (Holt, 1977). This can occur
multiple times during the bubble oscillation, as sketched in figure 2.1. Water jet formation also
occurs with bubbles located close to solid boundaries, in which case the jet is directed towards
the boundary. Additionally, the bubble will migrate towards the boundary due to the Bjerknes
effect (Blake et al., 1986; Johnsen and Colonius, 2009). The water jet affects the pressure waves
emanating from the bubble, and can therefore be important for structural loads. In the worst case,
the water jet can impact directly on the solid surface. More commonly, the water jet will impact
on the water on the other side of the bubble. The water hammer pressure can be approximated as

8 FFI-RAPPORT 21/00963



Figure 2.1 Sketch of bubble shape, size and position over time. During bubble collapse, a
water jet forms on the bottom side of the bubble.

(Huang et al., 1973; Johnsen and Colonius, 2009):

pwh ≈ ρLcLvj
ρscs

ρscs + ρLcL
, (2.1)

where ρL is the liquid density, cL is the speed of sound in the liquid, vj is the jet velocity, ρs
is the solid density, and cs is the solid speed of sound. Thus, if the jet impacts on water, with
ρL ≈ 1000 kg/m3, cL ≈ 1500, the water hammer pressure is 1.5 × 106vj , which is O

(
108) Pa even

for a relatively low jet velocity of 67 m/s. This rough estimate demonstrates that the water hammer
pressure can be significant for loads near the impact point. Predicting the bubble dynamics and the
resulting pressure waves are generally among the most challenging parts of simulating UNDEX
events.

If the explosion occurs sufficiently close to the surface, a shock wave will be driven into the
air above the water, and a rarefaction wave will be reflected downwards. This can lead to the
phenomenon referred to as bulk cavitation, where a large amount of water near the surface cavitates
to form a mix of water vapour and droplets (Costanzo, 2011). When this cavitated region collapses,
a pressure wave is released in a process that is very similar to the bubble collapse discussed above.
Equation (2.1) again gives the order of magnitude of the pressure pulse, which can be large.
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3 Modeling approaches for underwater explosions
Simulating underwater explosions is challenging due to the necessity to accurately predict the
movement of the bubble-water interface over a period of time that is long compared to the time-scales
of the shock and rarefaction waves present in the problem. Multi-material flow models are typically
prone to pressure oscillations around the material interface (Abgrall and Karni, 2001), which can
be particularly problematic for problems where this interface is important, such as in underwater
explosions. Many models for simulating underwater explosions have been proposed, with varying
degrees of robustness, computational efficiency, and ease of implementation. A brief description of
a few of these models is given below.

The methods can be divided into models that simulate the internal gas-dynamics of the gas
bubble along with the wave-propagation in water, and those that do not resolve the waves, but
rather compute the size of the gas bubble and infer velocity and pressure based on a potential flow
assumption. The first kind can be further divided into front-tracking methods and interface-capturing
methods. In front-tracking methods, the position of the (sharp) gas-water interface is described
either with a purely Lagrangian approach or with an additional field variable (e.g. level-set and
volume of fluid methods). In the interface capturing methods, where the materials are allowed
to mix and the interface becomes smeared over a number of computational cells, the mixture
composition is tracked with an additional field variable that typically represents the volume fraction,
mass fraction, or an equation of state parameter.

ρ

Fluid 1 Fluid 2

u

x

s

x

p

Figure 3.1 Example of the density, velocity, entropy and pressure in the ghost-fluid method.
The shaded region is where fluid 2 is the "real" fluid. The pressure and entropy
are defined by the equation of state for each fluid from mass density ρ and internal
energy e. In the ghost fluid region, entropy is defined by one-sided extrapolation,
while ρ is given by the equation of state relation ρ = ρ(s, p). Fluxes are computed
separately for the two fluids based on ρ, u, p.

In the Eulerian, sharp interface, category, the ghost fluid method (Fedkiw et al., 1999), and
various extensions of it have been very popular for two-phase or two-component flow. Some
examples of their use for gas-water interaction are Liu et al. (2003); Xie et al. (2007); Terashima and
Tryggvason (2009); Park (2019). The ghost-fluid method in its simplest form defines two fluids for
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the whole domain, and a level-set function defines which fluid that is the "real" fluid in each point.
Correspondingly there also exists a "ghost-fluid" in each point. This is illustrated in figure 3.1. A
time-step in the ghost-fluid method proceeds as following. First, the pressure is defined by the
equation of state in every point. The pressure and velocity of the ghost fluid are set to the pressure
and velocity of the real fluid in every point. Then entropy of each fluid is extrapolated into the
ghost-fluid region. The method then computes a ghost-fluid density based on the equation of state
relation ρ = ρ(s, p), where s is the entropy. In order to suppress "overheating", the entropy at the
real-fluid side of the interface is overwritten by the entropy one step further away from the interface,
thus defining a new real-fluid density beside the interface. Finally, the method applies standard
methods to compute fluxes separately for the two fluids based on ρ, u, and p, which have now been
defined everywhere for both fluids. After the fluid variables have been stepped forward in time, the
level-set function is stepped forward to define a new position for the interface. Other choices are
also possible for defining the ghost-fluid variables, and yields different properties for the method,
especially the amount of overheating (Fedkiw et al., 1999).

Liu et al. (2003) demonstrated that the original ghost-fluid method does not robustly capture
the interaction between a shock wave and a material discontinuity. While acceptable solutions
could be obtained for somewhat similar materials, problems involving gas-water interfaces needed
many time-steps before reaching correct interface conditions, leading to errors in the interface
locations, transmitted shock wave strengths and rarefaction fan widths. Liu et al. (2003) proposed
to define the ghost-fluid states based on a two-shock approximation to the Riemann problem at
the interface. In their method, the ghost-fluid state and the real fluid density next to the interface
are set by the solution to this two-shock approximation. Liu et al. (2003) demonstrated that this
alternative ghost-fluid method yields improvements for problems involving shock wave - material
interface interactions. A simplification of this method was proposed in Xie et al. (2007), where ρc
is assumed constant on each side of the interface, yielding an explicit method. The authors claim
that the method is appropriate for problems without strong rarefactions.

Farhat et al. (2008) introduced the finite volume method with exact two-phase Riemann solver
(FIVER) for simulating underwater implosions. The model was initially referred to as a ghost-fluid
method. They later recommended not to view the method as a ghost-fluid method since ghost points
are not explicitly used (Farhat et al., 2012). The model was motivated by the observation that the
ghost-fluid method failed in many water-gas problems, and that it was not applicable to general
equations of state. In some aspects, the idea behind the method of Farhat et al. (2008) resembles that
of Liu et al. (2003). It relies on solving an exact Riemann problem at the material discontinuities,
as illustrated in figure 3.2. Having found the exact solution to the two-phase Riemann problem,
the method proceeds by using this solution to define two new, single-fluid, Riemann problems,
which are used to compute the fluxes into the left and right control volumes. The flux is computed
differently for the left and right sides, and thus the method is only approximately conservative.
Once the fluid variables have been updated, the level-set function is stepped forward in time. At the
end of each time-step, control volumes that have undergone a material change are updated with
the solution of the exact Riemann problem, in order to preserve a sharp resolution of the contact
discontinuity. The method was further developed and tested in Farhat et al. (2012), Main and
Farhat (2014), and Main et al. (2017). In Farhat et al. (2008) the method is used to simulate an
underwater implosion, and the numerical results compare well to experimental results during the
bubble rebound. The method was also recently used to study shock wave lithotripsy (Wang, 2017).

Diffuse interface (interface capturing) approaches have also been used for gas-water interactions.
For example, three such models were considered by Schmidmayer et al. (2020) for simulating
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Left Riemann problem

x

Right Riemann problem

Figure 3.2 Illustration of the central component of the FIVER algorithm. The method
computes the exact solution to the two-phase Riemann problem, and uses the
exact solution around the contact discontinuity to construct two new Riemann
problems that are then used to compute the fluxes for the left and right control
volumes. The regions with a gray background correspond to a different material
than the regions with a white background.

bubble collapses. The three methods were the five-equation model of Allaire et al. (2002), the
thermodynamically consistent model of Kapila et al. (2001) and the six-equationmodel of Saurel et al.
(2009). The advantages of diffuse interface models are that they can utilize the same flux-schemes
for the whole domain, they have the ability to simulate the appearance of interfaces, and can perform
simulations of multiphase mixtures with dynamically changing material compositions (Saurel et al.,
2009). Diffuse interface models require closure relations in regions where the fluids are mixed. The
details of the closures are important for the performance of these schemes. For example, Abgrall
and Karni (2001) demonstrated that for a mix of ideal gases, a mixture equation of state defined by
averaging (γ − 1)−1 to define an effective gamma is the one choice that does not introduce pressure
oscillations over a material discontinuity. Additionally, the numerical discretization must satisfy
certain properties to avoid these oscillations. Allaire’s model (Allaire et al., 2002) consists of a
separate mass conservation equation for each species, along with shared momentum and total energy
equations, and an advection equation for the volume fraction of one of the species. With isobaric
closure for the mixture equation of state, the model was shown to work well for many different
one-dimensional problems. However, Schmidmayer et al. (2020) showed that the bubble size in a
bubble collapse problem was not well captured with Allaire’s model. Kapila’s model (Kapila et al.,
2001) includes an additional term,

ρ2c2
2 − ρ1c2

1

ρ2c2
2α
−1
2 + ρ1c2

1α
−1
1
, (3.1)

in the volume fraction equation, where ρ1 is the intrinsic density of species 1, ρ2 is the intrinsic
density of species 2, c1,2 are the individual sound speeds and α1,2 are the volume fractions.
Schmidmayer et al. (2020) showed that this additional term increases the interface velocity, keeping
the interface sharper, and thus improving the quality of the bubble collapse simulation. Kapila’s
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model unfortunately suffers from beeing unstable in presence of strong shocks or rarefactions around
the interface. Schmidmayer et al. (2020) therefore considered the six-equation model of Saurel
et al. (2009) to be the most suitable model of the three alternatives, as the simulation results for this
model were as good as with Kapila’s model, but without the unstable behaviours.

The six-equation model of Saurel et al. (2009) solves the equation set

∂t



α1
α1ρ1
α2ρ2
ρu

α1ρ1e1
α2ρ2e2


+ ∂x



α1u
α1ρ1u
α2ρ2u
ρuu + p
α1ρ1e1u
α2ρ2e2u


+



−α1
0
0
0

α1p1
α2p1


∂xu =



µ(p1 − p2)

0
0
0

−µpI (p1 − p2)

µpI (p1 − p2)


, (3.2)

where pI is the interface pressure, and µ is the pressure relaxation coefficient. Under stiff pressure
relaxation, this model tends to Kapila’s model (Saurel et al., 2009). In Saurel et al. (2009), it is
shown that this method yields excellent results for various shock-tube problems, including cavitation
problems, as well as for the commonly used air-shock helium-bubble interaction test.

A sharp-interface model is preferable for the current application, because this allows the
simulation to keep the interface between air and water sharp over several bubble pulsation periods.
Thus the most attractive candidate is the FIVER method Farhat et al. (2008, 2012), due to its
applicability to all parts of the underwater explosion phenomenon.

An alternative to the approaches discussed above is to use Lagrangian descriptions for parts of
the fluid domain or the entire fluid domain. An example of this is the work of Ball et al. (2000),
who studied the shock-induced collapse of an air-bubble in water using a Voronoi tesselation of the
fluid domain, defined by the positions of fluid particles. In this approach, the particles are initially
assigned a material and mass, and these remain unchanged over the simulation. The particles are
advected at the local fluid velocity, and Ball et al. (2000) opted to redefine the Voronoi tesselation at
every fifth time step. The model was used in Turangan et al. (2008) to simulate the collapse of a
water bubble near an aluminium wall, and shock-induced collapse of air bubbles in the context of
shock wave lithotripsy.

Lagrangian descriptions have the advantage of keeping material interfaces sharp, since the
methods do not allow material mixing. However, the methods often struggle with mesh distortion
by strong velocity shears, and often excessively small time-steps (Pishevar and Amirifar, 2010). A
solution to these problems is periodic remeshing, i.e. as done at every fifth time step in Ball et al.
(2000).

Pishevar and Amirifar (2010) used an arbitrary Lagrangian-Eulerian (ALE) method. The
Eulerian grid around the material interface was transformed by the local flow velocity, thus keeping
the grid aligned with the gas-water interface. An interface smoothing procedure was applied to
dampen grid-induced surface irregularities, and they also applied remeshing to limit the effect of
mesh distortion. In this way, the ALE method could be used similarly to the purely Lagrangian
approaches, while utilizing the strengths of the Eulerian methods for the parts of the domain away
from the material interface.

Another approach for modeling bubble dynamics is to use potential-theory based models. Some
examples can be found in Blake et al. (1986); Klaseboer et al. (2005); Liu et al. (2018). In these
approaches, wave propagation is typically not included in the model and they can therefore not be
used to simulate the shock waves occurring in UNDEX events. However, the pressure pulses due
to bubble collapse can be modeled in this framework (Blake et al., 1986). The fluid is assumed
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incompressible, inviscid and irrotational, and thus the velocity field is given by

u = ∇φ, (3.3)

where φ is a velocity potential that satisfies

∇2φ = 0. (3.4)

Green’s second identity gives (Klaseboer et al., 2005)

c(x)φ(x) +
∫
s

[
φ(y)∂G(x,y)

∂n(y) −
∂φ(y)
∂n(y)G(x,y)

]
ds(y), (3.5)

where s denotes the boundary, G is the free space Green’s function and c is the solid angle of
the fluid domain at point y. In this approach, computational meshes are only required on the
surfaces of the gas bubble and other boundaries present in the problem. These methods are therefore
significantly less computationally demanding than the methods discussed above. Once the potential
φ has been determined, the position of the boundary points are updated based on the local velocity.
Thus the solution is marched forward in time, and properties of interest, such as the pressure at a
given point, can be computed from the potential. In Blake et al. (1986), this approach was used to
study the collapse of bubbles near rigid boundaries. Klaseboer et al. (2005) simulated the collapse
of bubbles near resilient or rigid structures, while Liu et al. (2018) simulated the response of a ship
to the combined loading due to an UNDEX event and surface waves.

The above discussion has introduced some of the methods that have been used to study UNDEX
events, but is by no means an exhaustive list. In the rest of this report, the FIVER method (Farhat
et al., 2008, 2012) will be used, as it is straightforward to build into the Charles code, and has been
shown to work well for the problem of interest here.

3.1 Equations of state

In the following, some of the most commonly used equations of state for the materials involved in
UNDEX events are introduced. These define the relationship between pressure, density and internal
energy for water, air and detonation product gases.

3.1.1 Equations of state for water

In the context of UNDEX modeling, the two most widely used equations of state (EOS) are Tait’s
EOS and the stiffened gas EOS. The former is usually given as

p = K0

[(
ρ

ρ0

)θ
− 1

]
+ p0, (3.6)

where K0 and θ are, in general, functions of temperature and pressure, ρ0 is the reference density
and p0 is the reference pressure. In Chandran and Salih (2019), the constant values K0 = 3 × 108

and θ = 7 were used. An alternative form was used in Liu et al. (2003); Xie et al. (2007), where

ρe =
p

γ − 1
+
γ (B − A)
γ − 1

, (3.7)
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where the EOS constants are A = 105 Pa, B = 3.31 × 108 Pa, and the adiabatic index γ = 7.15. The
stiffened gas equation of state is given by

p = (γ − 1) ρe − γπ (3.8)

where π is a pressure offset. The alternative form of Tait’s EOS (equation (3.7)) is immediately seen
to be equal to a stiffened gas. The stiffened gas EOS was used in e.g. Farhat et al. (2008, 2012) with
γ = 4.4 and π = 6 × 108 Pa. In Johnsen and Colonius (2009), the values γ = 6.68 and π = 4050
atm. were used.

Wang et al. (2014) used an split polynomial equation of state for water. Pressure is given in
terms of density and internal energy as

p =

{
A1µ + A2µ

2 + A3µ
3 + (B0 + B1µ)ρ0e if ρ > ρ0

T1µ + T2µ
2 + B0ρ0e if ρ ≤ ρ0

, (3.9)

where µ = ρ/ρ0 − 1, and A1 = 2.2 × 109 Pa, A2 = 9.54 × 109 Pa, A3 = 1.457 × 109 Pa, B0 = 0.28,
B1 = 0.28, T1 = 2.2 × 109 Pa, T2 = 0 Pa, and ρ0 = 999 kg/m3.

In some approaches, cavitation have been modeled by segmenting the equation of state, either by
pressure or density. In Pishevar and Amirifar (2010), the authors used Tammann’s EOS for water:

p = (p0 + B)
(
ρ

ρ0

)γ
− B, (3.10)

with p0 = 105 Pa, ρ0 = 1000 kg/m3 and γ = 7.15. Tammann’s EOS is on the same form as Tait’s
EOS. To include cavitation, equation (3.10) was applied for pressures above 3169 Pa, and

p = max
(
pε, psat + pgl ln A

)
(3.11)

was applied otherwise. Here pε is a very small lower pressure limit, while psat = 3169 Pa,

pgl =
ρgc2

gρlc
2
l
(ρg − ρl)

ρ2
gc2

g − ρlc2
l

, (3.12)

and

A =
ρgc2

gρlc
2
l
(ρl + α(ρg − ρl))

ρl

(
ρ2
gc2

g − α(ρgc2
g − ρlc2

l

)
)

, (3.13)

where ρl and ρg are the densities of liquid water and water vapor, respectively, which were assumed
constant. Since these were assumed constant, the volume fraction α could be computed from the
the mixture density ρ.

3.1.2 Equations of state for air

Under most conditions, air can be modeled with the ideal gas equation of state. It is

p = (γ − 1)ρe, (3.14)

where the adiabatic index, γ, is usually set to 1.4.
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3.1.3 Equations of state for detonation products

The most commonly used equation of state for detonation products is the Jones-Wilkins-Lee equation
of state. It is given by

p = A
(
1 −

ωρ

R1ρ0

)
e−R1ρ0/ρ + B

(
1 −

ωρ

R2ρ0

)
e−R2ρ0/ρ + ωρ(e − e0). (3.15)

Farhat et al. (2012) used the following parameters for TNT: A = 3.712 × 1011 Pa, B = 3.230 × 109

Pa, R1 = 4.15, R2 = 0.95, ω = 0.3, ρ0 = 1630 kg/m3, and e0 = 0.
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4 Simplified theoretical and empirical models
This section contains empirical and theoretical models for some aspects of UNDEX events. In
particular, models for the blast wave profile and models for the gas bubble pulsation are listed.
These are useful for model evaluation, or can serve as initial conditions or input for fluid-structure
test problems. While they are not used for these purposes in this report, they will be used in future
studies at FFI.

4.1 Blast wave parametrization

For charges located sufficiently far from a measuring point, the pressure-time profile is often
approximated with the aid of empirical calibrations. These approximations originate from a set
of experiments conducted by the Naval Ordnance Laboratory in the 1950s and 1960s (Costanzo,
2011). For example, the following blast wave approximation was used in Wang et al. (2014) to
evaluate the results of their numerical simulations:

p(t) = pm exp (−t/θ) , (4.1)

where pm is the peak pressure and θ is a decay time scale. The peak pressure is given as

pm = k1

(
W1/3

R

)α1

, (4.2)

where k1 and α1 are constants related to the explosive charge type, R is the radial distance from the
charge center, and W is the charge mass. The decay time scale is given by

θ = k2W1/3 exp
(
W1/3

R

)α2

, (4.3)

where k2 and α2 are constants related to the explosive charge type. For TNT, Wang et al. (2014)
used k1 = 52.16 × 106 Pa, α1 = 1.13, k2 = 96.5 × 10−6, and α2 = −0.22.

4.2 Bubble dynamics

4.2.1 Rayleigh-Plesset model

A simple model for the bubble pulsation developed by Rayleigh is (Li et al., 2018)

ÜRR +
3
2
ÛR2 =

p0
ρL

(
R0
R

)3γ
−

p∞
ρL
, (4.4)

where R denotes the bubble radius, dots are used to denote differentiation with respect to time, p∞
is the far-field pressure and ρL is the liquid density. An estimate of the initial radius R0 for TNT
was given in Li et al. (2018), and ensures that the model correctly predicts the maximum bubble
radius observed in experiments.
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Figure 4.1 Evolution of the bubble radius R with three different models for the test case
considered in Li et al. (2018), where p = 49 × 106 Pa at the bubble surface, and
the initial bubble radius is 17.2 mm. The water density is set to 998 kg/m3, the
far-field pressure p∞ = 1 atm, and the equation of state parameters used are
γ = 1.25, nT = 7.15 and B = 3046 × 105 Pa.

4.2.2 Gilmore model

A slightly more sophisticated model, the Gilmore model (Gilmore, 1952), was also used in Li et al.
(2018). Here, compressibility effects are included, and the equation for the bubble radius is(

1 −
ÛR

C

)
R ÜR +

1
2

(
3 −
ÛR

C

)
ÛR2 =

(
1 +
ÛR

C

)
h +

(
1 −
ÛR

C

)
R
C

dh
dt
, (4.5)

where h is the isentropic enthalpy difference between ambient water and water at the bubble surface
pressure. It is given by

h =
∫ p(r=R)

p(r=∞)

dp(ρ)
ρ
=
(p∞ + B)(nT − 1)

ρ∞nT

[(
p + B

p∞ + B

) (nT−1)/nT
− 1

]
, (4.6)

dh
dt
=

1
ρ∞(p∞ + B)

(
p + B

p∞ + B

)−1/nT
p0

(
R0
R

)3γ
ÛR (4.7)

and

C = c0

(
p + B

p∞ + B

) (nT−1)/(2nT )
, c2

0 =
p∞ + B
ρ∞

nT , (4.8)

where C is the speed of sound at the bubble boundary, and c0 is the speed of sound in the ambient
water.

4.2.3 Keller-Miksis model

Keller and Miksis (1980) derived a model for forced oscillations of a bubble in an incident sound
field, and Schmidmayer et al. (2020) used this model for testing numerical models for simulating
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bubble implosions. It includes the effects of surface tension, viscosity and acoustic radiation. In
absence of forcing, the model for the bubble radius evolution is

ÜR
(
4µ
ρ
− R( ÛR − c)

)
=

1
2
ÛR3 + ÛR∆(R) − c

(
3
2
ÛR2 +

4µ ÛR
ρR
+

2σ
ρR
− ∆(R)

)
+ R ÛR∆′(R), (4.9)

where σ is the surface tension, µ is the dynamic viscosity of the fluid, c is the speed of sound, ′
denotes differentiation, and

∆(R) = ρ−1 [
kR−3γ + pv − p∞

]
, (4.10)

where k is an equation of state constant that relates the bubble pressure, pb, constant vapor pressure,
pv, and density as

pb = pv + kR−3γ . (4.11)

Figure 4.1 shows a comparison of the Rayleigh-Plesset model, the Keller-Miksis model and the
Gilmore model.
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5 Model for simulating underwater explosions
In this report, following the approach of Farhat et al. (2008, 2012), FIVER is used to simulate
underwater explosions. FIVER is a model for the dynamics of two immiscible fluids, where
the exact solution of the two-fluid Riemann problem is utilized when computing the flux across
faces with material changes. The model has two central components; (1) the exact multi-material
Riemann solver, which has to be efficient and robust; (2) the two-fluid finite volume model, with an
approximate single component Riemann solver or any other flux scheme.

The basis of both components are the Navier-Stokes equations, which can be written

∂t ρ + ∂k (ρuk) = 0, (5.1)

∂t (ρu) + ∂k (ρuiuk + pδik) = ∂j µ
(
∂iu j + ∂jui − 2δi j∂kuk/3

)
(5.2)

∂t (ρE) + ∂k ((ρE + p)uk) = ∂j
(
uiµ

(
∂iu j + ∂jui − 2δi j∂kuk/3

) )
− ∂k (λ∂kT) (5.3)

where µ is the dynamic viscosity, δi j is the Kronecker delta, E = e + uiui/2 is the specific total
energy, where e is the specific internal energy, λ is the heat conductivity and T is the temperature.
In the rest of this report, the viscous terms in equations (5.2) and (5.3), i.e. the right-hand sides,
will ignored, as they are not important for the problems under consideration here.

Along with equations (5.1) to (5.3), the two-fluid model requires an equation to keep track of
the where the interface is located, as well as an equation of state for both fluids. Here, the level-set
equation

∂t (ρz) + ∂k (ρzu) = 0, (5.4)

is used to describe the material interface, where z is a signed distance function, which for each
computational point describes the minimum distance to the interface. The signed distance function
has the property that if z(x1)z(x2) < 0, x1 and x2 are two position vectors, then there is a material
interface between x1 and x2.

5.1 Exact Riemann solver

The two-fluid Riemann problem can be written

∂tq + ∂xf(q) = 0, (5.5)

with initial conditions

q(x,0) =
{

qL if x ≤ 0
qR if x > 0

, (5.6)

where q = (ρ, ρu, ρE)T is the state vector and f(q) = (ρu, ρu2 + p, ρEu + pu)T is the flux of q.
The left and right states are allowed to have different equations of state, but it is assumed that

both can be written in Mie-Gruneisen form. The approach here follows that of Hennessey et al.
(2020), and the following form of a Mie-Gruneisen EOS is used:

e = A(ρ)p + B(ρ). (5.7)

With this notation, the speed of sound is

c2 =

[
1 − ρ2 A′(ρ)

]
− ρ2B(ρ)

ρ2 A(ρ)
, (5.8)
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where ′ denotes differentiation with respect to ρ.
The exact solution of the Riemann problem consists of a set of waves emanating from the

discontinuity at x = 0. These can be either rarefaction waves, shock waves or contact waves. The
approach for finding the exact solution of the Riemann problem is to identify the type of waves
present in the solution, and then determine the strength of the waves by requiring that both pressure
and velocity match on both sides of the contact discontinuity. In general, this requires an iterative
method, and in addition, the jump over the rarefaction wave must be computed using a numerical
quadrature.

5.1.1 Pressure and velocity jumps as functions of density

For rarefaction waves, the jumps in pressure and velocity vary with density as (Hennessey et al.,
2020):

dp
dρ
= c2,

du
dρ
= ∓

c
ρ
. (5.9)

The pressure equation can be solved by substituting equation (5.8) and integrating. As in Hennessey
et al. (2020), this gives an equation

p(ρ, ρ0, p0) = GR(ρ, ρ0, p0) =
µ(ρ0)p0
µ(ρ)

+
H(ρ) − H(ρ0)

µ(ρ)
, (5.10)

where
µ(ρ, ρ0) = A(ρ) exp

∫ ρ0

ρ

1
ρ̂2 A(ρ̂)

d ρ̂, (5.11)

and
H(ρ, ρ0) =

∫ ρ0

ρ

µ(ρ̂, ρ0)B′(ρ̂)
A(ρ̂)

d ρ̂, (5.12)

where the last equation differs from the expression in Hennessey et al. (2020) by a factor ρ̂2 in the
integrand. This is likely a typo in Hennessey et al. (2020). In the above equations, ρ0 is some
chosen reference density. For the velocity jump, the integration is not as easily carried out, but can
be solved numerically. The expression is

FR(ρ, ρ0) = −

∫ ρ0

ρ

[
(1 − ρ̂2 A′(ρ̂)) − ρ̂2B′(ρ̂)

ρ̂2 A(ρ̂)

]1/2 dρ
ρ
. (5.13)

Thus, for a known change in density, the pressure and velocity are

p(ρ, ρ0, p0) = GR(ρ, ρ0, p0), u(ρ, ρ0) = u0 ∓ FR(ρ, ρ0). (5.14)

The sign of FR(ρ) in the velocity equation depends on the direction of the rarefaction. A leftward
rarefaction corresponds to the minus sign.

For shock waves, the pressure is given by

GS(ρ, ρ0, p0) =

[
A(ρ0) + 0.5

(
ρ−1

0 − ρ
−1) ] p0 + B(ρ0) − B(ρ)

A(ρ) − 0.5(ρ−1
0 − ρ

−1)
, (5.15)

and velocity by
FS(ρ, ρ0, p0) =

√[
GS(ρ, ρ0, p0) − p0

] [
ρ−1

0 − ρ
−1

]
. (5.16)
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5.1.2 Iteration with the Newton-Raphson method

The solution to the Riemann problem (equations (5.5) and (5.6)) is found iteratively. Since the wave
jumps are functions of density, the densities on the left and right sides of the contact discontinuity
are varied until a satisfactory solution is found. Here, the Newton-Raphson method is used to find
the densities, ρ = (ρ∗L, ρ

∗
R)

T , where ρ∗L and ρ∗R are the densities at the left and right sides of the
contact discontinuity. Once the densities have been found, the pressures and velocities are found by
application of the jump relations, i.e. the functions GR, GS, FR, and FS. The Newton-Raphson
method iterates on the variables by

xi+1 = xi − J−1(x)f(xi), (5.17)

where f(x) is the function for which a root is sought, x is the vector of variables the function
depends on, J−1(x) is the Jacobian of f, and subscripts denotes the iteration number. The pressure
and velocity equality over the contact discontinuity define the two equations that determine ρ∗L and
ρ∗R. These can be written

f1(ρ∗L, ρ
∗
R) = GW

L (ρ
∗
L) − GW

R (ρ
∗
R) = 0, (5.18)

and
f2(ρ∗L, ρ

∗
R) = uL − FW

L (ρ
∗
L) − uR − FW

R (ρ
∗
R) = 0, (5.19)

where W = R if ρ ≤ ρ0 (rarefaction), W = S if ρ > ρ0, and subscripts L,R indicates which values
to insert for ρ0 and p0 in the jump relations. Then, f(ρ∗L, ρ

∗
R) = ( f1(ρ

∗
L, ρ
∗
R), f2(ρ∗L, ρ

∗
R))

T , and the
inverse Jacobian is

J−1 =
1[

aW(ρ∗L)d
W(ρ∗R) − bW(ρ∗R)c

W(ρ∗L)
] [

dW(ρ∗R) −bW(ρ∗R)

−cW(ρ∗L) aW(ρ∗L)

]
, (5.20)

where again W = R if ρ ≤ ρ0 (rarefaction) and W = S if ρ > ρ0, and

a(ρ∗L) =
dGW

L (ρ
∗
L)

dρ∗L
, b(ρ∗R) = −

dGW
R (ρ

∗
R)

dρ∗R
,

c(ρ∗L) = −
dFW(ρ∗L)

dρ∗L
, d(ρ∗R) = −

dFW(ρ∗R)

dρ∗R
.

(5.21)

These functions are simple algebraic relations (Hennessey et al., 2020), given by

dGR(ρ)

dρ
= c2, (5.22)

dGS(ρ)

dρ
=

A(ρ)c2 − 0.5ρ−2(GS(ρ) − p0)

A(ρ) − 0.5(ρ−1
0 − ρ

−1)
, (5.23)

dFR(ρ)

dρ
=

c
ρ
, (5.24)

dFS(ρ)

dρ
=

1
2FS(ρ)

[(
ρ−1

0 − ρ
−1

) dGS(ρ)

dρ
+ ρ−2

(
GS(ρ) − p0

)]
. (5.25)

The iteration is stopped when the relative change in density becomes smaller than a chosen criterion.
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5.1.3 Iteration with Brent’s method

Some problems involving large density and pressure discontinuities are difficult for the Newton-
Raphson method, and the method can take a long time to converge, or not converge at all. This is a
problem for water-air configurations, especially in UNDEX events, since large pressure and density
jumps are encountered simultaneously. An alternative solution procedure is to instead use Brent’s
method to solve equations (5.18) and (5.19). Brent’s method is a univariate root finding method,
and must therefore use nested iterations in order to solve both equations simultaneously.

To do this, one can first define an outer iteration that iterates over ρ∗L to solve equation (5.19).
Within each outer iteration, an inner iteration can be performed to solve equation (5.18) for ρ∗R.
Once the outer iteration converges, the solution is found. Brent’s method has the advantage of
guaranteed convergence, in contrast to the Newton-Raphson method, as long as bracketing intervals
can be found for the zeros of equations (5.18) and (5.19). This makes Brent’s method suitable for
simulating underwater explosions, and is therefore used in the rest of this document. However, it is
worth mentioning that if the Newton-Raphson method is provided an appropriate initial guess, it
can be substantially more efficient than Brent’s method.

5.2 Approximate flux-schemes

In this report, two different flux schemes are used in combination with the exact Riemann solver.
These are the Harten-Lax-van Leer contact (HLLC) scheme (Toro et al., 1994), as well as a variant
of the Lax-Friedrich scheme. The HLLC scheme is sufficiently described in Toro et al. (1994) and
is therefore not written out here. The Lax-Friedrich scheme computes the fluxes as

Fρ =
uL + uR

ρ−1
L + ρ

−1
R

−
1
2

[
1
2
(cL + cR) +

1
2
|uL + uR |

]
(ρR − ρL) , (5.26)

Fρu =
1
2
(uL + uR)

2

ρ−1
L + ρ

−1
R

+
1
2
(pL + pR) −

1
4

[
1
2
(cL + cR) +

1
2
|uL + uR |

]
(ρR − ρL) (uL + uR)

−
1
4

[
1
2
(cL + cR) +

1
2
|uL + uR |

]
(ρL + ρR) (uR − uL) ,

(5.27)

FρE =

(
uL + uR

ρ−1
L + ρ

−1
R

)
1
2
(hL + hL + uLuR)

−
1
2

[
1
2
(cL + cR) +

1
4
|uL + uR |

]
(ρR − ρL)

1
2
(eL + eR + uLuR)

−
1
4

[
1
2
(cL + cR) +

1
2
|uL + uR |

]
(ρL + ρR) [eR − eL +(uL + uR)(uR − uL)] ,

(5.28)

The input data to both flux schemes are the face-interpolated and limited primitive variables, which
are computed with a MUSCL scheme. The minmod limiter is used unless otherwise specified.

5.3 FIVER algorithm

The description of the FIVER algorithm in Farhat et al. (2008) is written to accommodate both
implicit schemes, predictor-corrector schemes as well as explicit time-stepping schemes. Only
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explicit schemes will be used here, and the specific algorithm used here is described below. The
algorithm is straightforward, and uses a standard RK4 integration scheme. In the following, q
denotes the vector of conserved variables.

(1) Step the Euler equations forward in time with the RK4 scheme based on q(t0) and z(t0) to
obtain q(t0 + ∆t). In all sub-timesteps, evaluate the fluxes with the levelset function z(t0).

(1.1) For all faces where the sign of the levelset function is equal on both sides, compute the
flux using the chosen single-fluid, approximate flux-scheme.

(1.2) For faces where the sign of the levelset function is different on the two sides, compute
the solution of the exact Riemann problem. Use the part of the exact solution around the contact
discontinuity to define two new Riemann problems, as shown in figure 3.2. For the left control
volume, compute the flux using the interpolated and limited left face state and the state in the exact
solution left of the contact discontinuity. Similarly, for the right control volume, use the exact
solution to the right of the contact discontinuity and the interpolated and limited right face state.
Use these sets of states to compute the flux with the same flux scheme as for the single-fluid faces.

(2) Step the levelset equation forward using the RK4 scheme to obtain z(t0 + ∆t) using q(t0 + ∆t)
and z(t0). In all sub-timesteps, evaluate the levelset flux using q(t0 + ∆t).

(3) For control volumes where the sign of the level-set function changes, i.e. where z(x, t0 +
∆t)z(x, t0) < 0, replace q(x, t0 + ∆t) with the exact solution of the Riemann problem. As long as
there is not an interface on multiple sides of the control-volume, this is unique, and the part of the
exact solution to use can be identified based on the sign of the velocity. For multi-dimensional
problems, multiple interface cases can happen, and in that case some averaging of the exact solutions
must be used. Averaging methods for the multiple interface cases have been evaluated in Main et al.
(2017).
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6 Numerical tests
The following tests are conducted with a RK4 time integration scheme, MUSCL reconstruction
with the minmod limiter and either a HLLC or Lax-Friedrich flux. Unless otherwise specified, the x
direction is discretized into 100 control volumes between x = 0 m and x = 1 m, and the timestep
controlled by a constant CFL-number of 0.9. Six test problems are considered here. These are
summarized in table 6.1. The six problems cover a range of conditions and material properties,
and serve as a comprehensive test of the numerical method for one-dimensional problems. In the
following sections, the problems will be referred to by their name given in the first column of
table 6.1.

Table 6.1 Setup of the numerical test problems, where ρL,R are given in kg/m3, uL,R are given
in m/s and pL,R are given in Pa.

Left material EOS (ρL, uL, pL)T (ρR, uR, pR)T Right material EOS

Sod shock tube IG γ = 1.4 ©­«
1
0
1

ª®¬ ©­«
0.125
0
0.1

ª®¬ IG γ = 1.4

Modified Sod IG γ = 1.4 ©­«
1
0
1

ª®¬ ©­«
0.125
0
0.1

ª®¬ IG γ = 1.6

IG-SG Sod IG γ = 1.4 ©­«
1
0
1

ª®¬ ©­«
0.125
0
0.1

ª®¬
SG

γ = 1.6,
π = 0.2

Blast wave IG γ = 1.4 ©­«
1
0

1000

ª®¬ ©­«
1
0

0.01

ª®¬ IG γ = 1.4

Water-gas SG
γ = 4.4, π = 6 × 108

©­«
1000

0
109

ª®¬ ©­«
50
0

105

ª®¬ IG γ = 1.4

LX-17

JWL
A = 6.321 × 1013,
B = −4.472 × 109,

R1 = 11.3,
R2 = 1.13,
ω = 0.8938,
ρ0 = 1905,

e0 = 0

©­«
952.5

0
1011

ª®¬ ©­«
3810

0
2 × 1011

ª®¬

JWL
A = 6.321 × 1013,
B = −4.472 × 109,

R1 = 11.3,
R2 = 1.13,
ω = 0.8938,
ρ0 = 1905,

e0 = 0

TNT-water

JWL
A = 3.712 × 1011,
B = 3.230 × 109,

R1 = 4.15,
R2 = 0.95,
ω = 0.3,
ρ0 = 1630

e0 = 0

©­«
1630

0
8.318 × 109

ª®¬ ©­«
1025

0
106

ª®¬
SG

γ = 7.1,
π = 3.309 × 108
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6.1 Sod’s shock tube

The standard Sod shock tube test is shown in figure 6.1. The numerical results agree well with the
exact solution, and the strength and position of the various waves are well captured.
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Figure 6.1 Sod shock tube problem at t = 0.2 s.
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6.2 Modified Sod problem

A modified version of Sod’s shock tube problem was considered in Abgrall and Karni (2001) and
Farhat et al. (2008), where the equation of state of the gas on the right side is set to an ideal gas
with γ = 1.6. The conditions and material properties are given in table 6.1 as the "modified Sod"
problem. The numerical results and the exact solution for this problem is shown in figure 6.2
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Figure 6.2 Modified Sod shock tube problem at t = 0.2 s, where the gas on the right side is
an ideal gas with γ = 1.6.
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6.3 Ideal gas - Stiffened gas Sod problem

Next, initial conditions similar to Sod’s shock tube are considered, but with a stiffened gas (SG) on
the right side. The initial conditions and material properties are reported in table 6.1 as the "IG-SG
Sod" problem. The results, along with the exact solution are shown in figure 6.3.

0.2

0.4

0.6

0.8

1.0

ρ

HLLC Lax-Friedrich Exact

0.0

0.2

0.4

0.6

0.8

u

0.00 0.25 0.50 0.75 1.00

x

0.2

0.4

0.6

0.8

1.0

p

0.00 0.25 0.50 0.75 1.00

x

2

4

6

8

e

Figure 6.3 IG-SG Sod shock tube problem at t = 0.15 s.
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6.4 Blast wave problem

The blast wave problem (test 4 for the exact Riemann solver in Toro (2013)) is shown in figure 6.4.
This problem features a strong pressure jump (a factor 106) with initially equal densities in the left
and right states, and the material is also the same at both sides. For this problem the domain is
discretized into 400 volumes. Apart from a minor disturbance at the tail of the rarefaction wave, the
exact solution is well reproduced for both flux schemes.
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Figure 6.4 Blast wave problem (Toro test problem 4) at t = 0.012. s
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6.5 Water - gas problem

Farhat et al. (2008) considered a shock tube problem resembling the interaction between water
and an ideal gas. The initial conditions and material parameters are given in table 6.1 in the
"Water-gas" row. For this problem, the discontinuity is located at x = 0.7 m. The results are shown
at t = 2.4 × 10−4 s with a spatial resolution of ∆x = 1/200 m in figure 6.5 and with ∆x = 1/800 m
in figure 6.6. Note that the positions of both the shock wave and the material contact are slightly off.
The solution presented in Farhat et al. (2008) is at the correct location. Since the main difference
between the methods here and in Farhat et al. (2008) are the flux schemes, it can be hypothesized
that the shock position discrepancy is a result of using the Lax-Friedrich or HLLC fluxes instead of
the Roe flux. Note however, that the strength of the shock and contact wave is correct for both flux
schemes.
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Figure 6.5 Water-gas bubble problem at t = 2.4 × 10−4 s with ∆x = 1/200 m.
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Figure 6.6 Water-gas bubble problem at t = 2.4 × 10−4 s with ∆x = 1/800 m.
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6.6 LX-17 problem

Banks (2010); Lee et al. (2013); Price et al. (2015) considered a single-material shock tube with
LX-17 explosive in two states. The LX-17 material is modeled with a JWL equation of state. The
initial conditions and material parameters are given in table 6.1 in the LX-17 row. The exact solution
and the numerical results at t = 2 × 10−5 s are shown in figure 6.7. Again, there is a slight error
in the position of the material interface, but otherwise the solution is accurately captured by the
numerical method.
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Figure 6.7 LX-17 shock tube problem at t = 2 × 10−5 s with ∆x = 1/100 m.
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6.7 TNT-water problem

This problem features an expanding bubble of TNT detonation product gases in water. This is
similar to the spherically symmetric problem considered in Farhat et al. (2012). The material
properties and initial conditions are given in table 6.1 under the TNT-water row. The exact solution
and the numerical results at t = 10−4 s are shown in figure 6.8.
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Figure 6.8 TNT-water problem at t = 10−4 s with ∆x = 1/100 m.

FFI-RAPPORT 21/00963 33



7 Conclusions
Understanding of underwater explosion phenomena is important for design and operation of
offshore/subsea installations and ships. UNDEX event simulations can provide high-resolution data
in space and time for any parameter of interest, such as pressure fields, bulk-cavitation regions etc.
However, the multi-phase flow in an UNDEX event is a challenging multi-physics problem which
can not readily be simulated with most computational fluid dynamics software today.

This report has discussed the key components of an UNDEX event. Empirical models commonly
used for limited parts of UNDEX events were introduced. Empirical models can be useful for
design and operation, but they cannot improve the understanding of UNDEX events. Instead, this
requires accurate simulation capabilities. Several models for simulation of underwater explosions
have been reviewed, and strengths and weaknesses for the models were discussed. The ability of
the model to retain and track a sharp gas-water interface over long periods of time is of particular
importance. The "finite volume method with exact two-phase Riemann solver" (FIVER) was found
most suitable for the problems of interest in FFI project 1447. This method was implemented in the
CFD software Charles.

The implementation was verified with the aid of test problems commonly used in the literature.
The test problems also demonstrate FIVER’s suitability for different conditions relevant to underwater
explosion events. The tests consist of one-dimensional problems with a wide range of pressure,
density, and velocity jumps, as well as several equations of state. Overall, the model performs well
for all the test problems, but in some cases, the location of the material interface is slightly offset
from its location in the exact Riemann problem solution. The choice of approximate flux scheme
was shown to affect this error.

The model was found to be suitable for simulation of underwater explosions. Future work
will implement the model in multiple dimensions, and apply it to underwater explosion scenarios.
Additionally, the code will be coupled to a structure response code to simulate the response of ships
to underwater explosions.
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