
ABSTRACT 

KAKUMANU, NAVYATHA. Numerical Simulation of Underwater Burst Events using Sharp 

Interface Capturing Methods (Under the direction of Dr. Jack R. Edwards). 

 

A methodology for conducting numerical simulations of underwater burst events is described in 

this work.  A numerical model for compressible two-phase flow is formulated, with the gas 

phase modeled as a mixture of thermally perfect gases and the liquid phase (water) modeled 

using an extended Tait equation that accounts for thermal effects. Cavitation effects are modeled 

using a mass-generation rate law proportional to the difference between the local pressure and 

the vapor pressure of water. Sharp capturing of discontinuities (shocks, contact waves, phase 

interfaces) is facilitated using several schemes, including the van Leer TVD scheme, a tangent 

hyperbola interface capturing (THINC) method, and a boundary variation diminishing (BVD) 

scheme, which combines the TVD and THINC reconstructions to minimize numerical 

dissipation. An immersed-boundary method is utilized to embed complex terrain into the 

simulation domain. Results are presented for several 2D / 3D cases in which an underwater 

explosion is idealized as an expanding volume of high-pressure gas. Results are also shown for a 

simulated underwater explosion in a small harbor.  
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CHAPTER 1 

Introduction 

The accurate prediction of underwater explosions and the resulting propagation of blast 

waves into water and air is a necessary first step for estimating loads on submerged surfaces and 

determining potential structural failures. The present work is concerned with the development of 

a two-phase flow modeling strategy capable of sharply capturing shocks and phase interfaces as 

well as cavitating flows associated with explosive events. The solution for a two-phase flow 

problem requires the need to get the time evolution of various thermodynamic properties for each 

phase together with a prediction of the geometry of the interface between the two phases 

Of all the models available in literature, one of the earliest Eulerian models used is 

homogeneous mixture model [1], also known as the mixture model.  This model assumes zero 

velocity slip and thermal equilibrium between phases but allows non-equilibrium mass transfer 

between phases. This model is adopted in this work and is extended to account for multiple gas 

species along with one liquid species (water).  The current approach adopts an extended Tait 

equation for liquid water along with a perfect-gas equation of state for detonation products. 

One of the major differences between single phase flow and two-phase flow is the existence 

of deformable interfaces.  There exist multiple approaches to solve for and track the interface 

between the phases. These methods fall into one of two categories, either interface tracking or 

interface capturing approach. As the name implies, interface tracking systems really track the 

boundary between two phases (such as the surfaces of bubbles or droplets) while adjusting the 

fluid properties along the boundary. Whereas interface capturing schemes solve the general 

governing equations for the flow and simultaneously obtain the interface as part of the flow 

solution as it evolves in time.  This is achieved by treating each phase as a separate continuum and 
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not assigning a specific cell to a specific phase. Each cell contains a fraction of each phase as 

defined by the volume or mass fraction of that cell.  

In the current work the sharp capturing of compressible flow features, such as shock waves 

and contact surfaces, as well as two-phase flow features, such as cavitation fronts and phase 

interfaces, is provided by the newly developed class of Boundary Variation Diminishing (BVD) 

schemes [2, 3].  These methods combine classical MUSCL-based reconstruction techniques for 

smoother flow features with Tangent Hyperbola Interface Capturing (THINC) methods [4-6] for 

discontinuous features.  

For this work we also want to look at the effect on the flow due to the presence of 

obstructions in the computational field including immersed objects and irregular surfaces.  A 

general Cartesian meshing framework is adopted, with immersed boundary (IB) techniques used 

to model the effects of embedded structures.  The effects of a solid surface are indirectly imposed 

on the surrounding flow by use of a general class of techniques known as immersed-boundary 

methods. A surface mesh made up of structured elements is embedded within a flow in this method, 

and flow-property variations normal to the surface are rebuilt. This method is described in more 

detail in chapter 3 below. 

Work here is focused on the development and testing of a new flow solver for two-phase 

gas-liquid mixtures with a focus toward predicting high-energy burst phenomena within air and in 

water.    The code contains the following features 

1. Homogeneous mixture model of two-phase flow, with provision for general equations 

of state for liquid and vapor phases 

2. High-resolution upwind schemes with BVD / THINC sharpening techniques for air / 

water interfaces.  
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3. Full viscous-flow capability (though tested mostly for inviscid flows) 

4. Explicit time integration using Runge-Kutta schemes 

5. Multiblock structured-mesh connectivity based on GridPro (Program Development 

Corp) data structure format 

6. MPI parallelism.  

7. Immersed boundary method for resolution of surface terrain and geometric obstructions. 

The following section of the document presents the governing equations and physical 

models used in Chapter 2. The numerical method applied for our cases is detailed in Chapter 3 

including the mathematical descriptions for the interface capturing schemes (THINC and BVD 

reconstructions), the time-advancement strategy and the immersed boundary method. This is 

followed by some validating and representative results in one, two and three dimensions in Chapter 

4.  
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CHAPTER 2 

Governing Equations 

A.  Governing equations and thermodynamic closure relations 

A homogeneous mixture formulation for two-phase flow is used in this work. In this, 

mixture continuity, momentum, and energy equations are solved, along with a vapor-phase 

continuity equation and separate species conservation equations for chemical constituents present 

in the vapor phase. This formulation requires the specification of equations of state for both the 

liquid and vapor phases. The vapor phase is assumed to consist of a mixture of thermally perfect 

gases. The liquid phase (water in this study) is described by an extended Tait equation.   This 

equation is invalid for temperatures exceeding the critical point of water. A simplified departure 

enthalpy formulation is used to describe changes in water enthalpy due to constant-pressure 

condensation / evaporation.  Equation (1) shows the complete equation system. 
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Mixture relations are as follows, noting that vY is the vapor phase mass fraction.    
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Phasic mass fractions are connected to phasic volume fractions by the following relationships: 
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The vapor phase is assumed to consist of a mixture of species:  
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where ky is the mass fraction of vapor-phase species k within the vapor-phase mixture. Two 

species, air and water vapor, are considered for the cases presented later.  
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(5) 

 

Thermodynamic curve-fit data suitable for calculating species enthalpies uses the NASA 

polynomial format [9].  The liquid phase (water) is assumed to be described by an extended Tait 
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equation along with an energy equation for liquid water presented in [10]. In this formulation, 

1 6,..., [ 7.85823,  1.83991, -11.7811, 22.6706, -15.9393, 1.775160a a = − ,  

1 6,..., [ 1.99206,  1.10123, -0.512506, -1.75263, -45.4485, 6.75615e5]b b = − .  Critical-point 

values are given as 647.14 KcT = , 22.64 6 Pacp e= . 

The code can also use a form of the stiffened-gas equation of state, valid for single-

component gases and liquids.   This form is defined by 
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 A Newtonian fluid is assumed, with the stress tensor given by  
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Species diffusive fluxes are defined as  
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and the heat flux is defined as  
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(9) 

Species vapor viscosities are computed using Sutherland’s law, with mixture values 

determined using Wilke’s law.  Mixture vapor thermal conductivities are determined using a 

constant Prandtl number assumption. Liquid water viscosity and thermal conductivity (SI units) 

are determined using the following expressions:  
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(10) 

Mixture values of viscosity and thermal conductivity are determined as volume-fraction weighted 

averages of the phasic values: 

v v l l

v v l lk k k

    

 

= +

= +
 

(11) 

Most of the cases presented later assume inviscid flow; viscous stress, diffusion, and heat 

conduction terms are not added to the residual when this option is invoked.  

B.  Cavitation models 

Several two-phase flow conditions result in mass transfer between the phases. One such 

phenomenon is cavitation. This is the process of phase transfer from liquid to vapor under low 

pressure conditions. This can be observed in the cases shown later, where there is vapor formation 

due to low pressure conditions caused by expansion waves. 

The change in the vapor phase is accounted for by the addition of a source term in the 

continuity equations. Several cavitation models have been implemented and tested in this work. 

Cavitation modeling in general is a very ad hoc element of modern CFD – there are no first-

principles models available.  Three models are described below.     
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Saito, et al. [22] 
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Zwart, et al. [11]  
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(14) 

Our later calculations use Zwart’s model, which seems to provide a more robust response 

for strong liquid expansions.  The other models produce less water vapor and may not prevent the 

fluid pressure from becoming negative.   

C.  Sound speeds 

The numerical methods described later require an interface sound speed to define the flux-

splitting scheme.  The specific definition used is as follows:  

2 2
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L R

a a
a

 

 

+
=

+
 

(15) 

where the subscripts ‘L’ and ‘R’ refer to the left and right states surrounding a cell interface.   For 

most of the cases presented later, the mixture sound speed is calculated from an eigenvalue analysis 

of the mixture system:  

2
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(16) 

It is also possible to define phasic sound speeds 
va and 

la using the previous equation 

applied separately to the vapor and liquid phases.  Other mixture sound speeds can be defined once 

this is done.  A formulation equivalent to Eq. (16) is  
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A ‘stratified-flow’ definition is as follows:  

2 2 2

1 1 v l l v
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(19) 

This formulation has the advantage of varying monotonically between the liquid and vapor 

values.  Most of the later calculations use this formulation.   

D. Explosion products 

Early stages of an explosion produce very high pressures and temperatures for which 

perfect gas assumptions might not apply.   We have been working to include a better state 

description for this region.  

Many papers use equations of state (EOS) like Jones-Wilkins-Lee (JWL) [17-19] or 

Becker-Kistiakowsky-Wilson (BKW) [19] to represent the state of the pressurized gas bubble 

generated. The JWL equation of state is derived such that it describes the density-pressure-energy 

relations of the resulting detonation products by ignoring the chemical reaction and accounting for 

that energy dissipation in the equation of state.  The specific form being tested is 

1 2

0

1 2
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p A e B e E
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− −   
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(20) 

where ( )0  = , E is the internal energy per unit mass and 1 2, , ,A B R R and   are 

empirical constants. The values of these coefficients depend on the explosive being used in the 

specific case. We are considering TNT, which gives the following set of coefficients [18].  
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The reaction process for TNT explosion inside a closed space with no contact with air is 

given by [20] 

7 5 2 3 4 2 22C H (NO ) 12CO+2CH +H +3N→  (21) 

Assuming that we will have 100% combustion during the blast, the gas inside this bubble 

can be considered as a mixture of the reaction products shown above. Based on the mole fractions 

of these gases we can develop a surrogate species DP (detonation products) that can represent the 

thermosdynamic properties observed inside the bubble.  We calculate the density at each time step 

from the JWL equation shown above using a Newton iteration method. The enthalpy values of the 

gas are calculated using the equations 

0, , ( )

T

s s p sTref
Tref

h h C T dT= +  , ( )s k k

DP

h Y h T= , , ,( ) ( )P s k P k

DP

C T Y C t=  
(22) 

where the specific-heat information for the constituents of the detonation products is determined 

using NASA-type thermodynamic information.   Calculations using this approach may be 

performed in future extensions of this work. 
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1630 3.71×1011 3.21×109 4.15 0.95 0.3 4.29×106 
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CHAPTER 3 

Numerical Method 

A.  Discretization Approach  

Discretization of the inviscid fluxes is accomplished using LDFSS-2001, a low-diffusion 

upwind scheme valid for real fluids at all speeds. [12, 13] The ‘all speed’ capability is facilitated 

through the use of concepts from time-derivative preconditioning; these, however, are not used in 

the present work, which focuses on high-speed, short duration events.   LDFSS-2001 is extended 

to higher-order spatial accuracy using several techniques applied to the primitive-variable vector   

1 1[ , , ,  or , , , , , ]T

NS v vy y Y p u v w T−
. The user can specify either vapor mass fraction or vapor 

volume fraction as a reconstructed variable – all calculations presented in this thesis reconstruct 

the vapor volume fraction.   Once left-and right states are determined, the remainder of the state 

description is calculated at the interface.    Options available for reconstruction include Minmod 

or van Leer – limited TVD MUSCL schemes [4], the Woodward and Colella PPM MUSCL scheme 

[4,5], and tangent hyperbola interface capturing (THINC) schemes [5], which preserve sharpness 

of material interfaces.   A recent addition are Boundary Variation Diminishing (BVD) schemes 

[2], which combine sharp-interface capturing and MUSCL schemes with a view toward reducing 

the numerical dissipation at a cell interface by minimizing the ‘jump’ in left and right-state values.   

THINC and BVD formulations are presented in the sub-sections that follow.   

THINC  

   The THINC schemes [4-6] are a cost-effective volume-of-fluid approach that models a 

sharply-varying quantity within a mesh cell (usually volume fraction) as a tangent hyperbola 

function.  Several different THINC-type variants have appeared in the literature; the specific 

formulation implemented in this work was first presented in [6].   This version contains a CFL 
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dependence on the reconstruction that can serve to reduce the tendency of the scheme to ‘over-

sharpen’ an interface.    As applied to the volume fraction, the THINC reconstruction has the 

following form: 

, 1/2 min max min

, 1/2 min max min

1/2 1/2

1/2

1/2 1/2

1/2

1
( )(1 )

2

1
( )(1 )

2

1
log[cosh( ) sinh( ) ]

1
log[cosh( ) sinh( ) ]

1 cosh( )
1 [tan

tanh( )

THINC

L i

THINC

R i

i i

i

i i

i

SG

SG

G C C B
C

G C C B
C

B
T

   

   

 


 






+

+

−

−

+ + + +

+ ++

+

− − − −

− −−

−

+

+

= + − −

= + − −

= −

= −

= + 2

, 1/2 min

max min

, 1/2 min

max min

h ( ) 1]

2( )
exp 1

1
1

tanh( ) cosh( )

2( )
exp 1

L i

R i

T S

T
B

T S



  


  

 

  


  

++

−
−

−−

 
− 

 

 − + 
= −  

− +  

 
= − 

 

 − + 
= −  

− +  
 

(23) 

where   
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The THINC reconstruction is only performed if 1 1sgn[( )( )] 1i i i i   + −− − = ; otherwise, 

the interpolated values are set equal to the cell-center value.  The results shown in this paper use 

a limiting form of this reconstruction in which the CFL number is set to zero.    The quantity  is 
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a sharpening factor - the higher the value, the more the embedded tangent hyperbola profile 

approaches a Heaviside function.   

BVD schemes  

Boundary Variation Diminishing schemes [2, 3] combine a ‘smooth’ reconstruction (TVD, 

PPM, THINC with a low  value) with a ‘sharp’ reconstruction (THINC with a high  value) in 

an effort to minimize the ‘jump’ in left- and right-state values while preserving monotonicity.  This 

generally reduces numerical dissipation for MUSCL-type schemes.     Given that 
, 1/2 , 1/2,S S

L i R iV V+ +
 

represent interface values obtained from a ‘smooth’ reconstruction and 
, 1/2 , 1/2,I I

L i R iV V+ +
represent 

interface values obtained from a ‘sharp’ reconstruction, the BVD decision process starts with the 

definition of measures quantifying the degree of the interface ‘jump’.   Deng, et al. [3] use the 

following decision process:  

 

, 1/2 , 1/2 , 1/2 , 1/2

, 1/2 , 1/2 , 1/2 , 1/2

| | | |

| | | |

S S S S

s L i R i L i R i

I I I I

I L i R i L i R i

T V V V V

T V V V V

− − + +

− − + +

= − + −

= − + −
 

(26) 

 

Sun, et al. [2] use a more complicated decision process:  

 

, 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2

, 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2

min(| | | |,| | | |,               

              | | | |,| | |

S S S S I S S I

s L i R i L i R i L i R i L i R i

S S S I I S S

L i R i L i R i L i R i L i

T V V V V V V V V

V V V V V V V

− − + + − − + +

− − + + − − +

= − + − − + −

− + − − + − , 1/2

, 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2

, 1/2 , 1/2 , 1/2 , 1/2 , 1/2 , 1/2

|)

min(| | | |,| | | |,               

              | | | |,| |

S

R i

S I I S I I I I

I L i R i L i R i L i R i L i R i

S I I I I I

L i R i L i R i L i R i

V

T V V V V V V V V

V V V V V V

+

− − + + − − + +

− − + + − −

= − + − − + −

− + − − + , 1/2 , 1/2| |)        I S

L i R iV V+ +−

 

 

(27) 

 

Once these measures have been determined, the interface values are calculated as follows:  
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s i

, 1/2 , 1/2

, 1/2 , 1/2

, 1/2 , 1/2

, 1/2 , 1/2

if (T <T ) then

else

endif

S

L i L i

S

R i R i

I

L i L i

I

R i R i

V V

V V

V V

V V

+ +

+ +

+ +

+ +

=

=

=

=

 

(28) 

The BVD algorithm is applied to all of the reconstructed variables and is designed to capture 

single-phase shocks and contact surfaces, as well as phase interfaces, more sharply. 

B. Time Advancement Approach  

A two-stage TVD Runge-Kutta scheme (Huen’s method) is used for time advancement.  

The major issue in the implementation is the need to decode primitive variables (species mass 

fractions, vapor mass fraction, pressure, velocity, temperature) from the conservative variables as 

the solution is advanced between stages.   This is necessary due to the complexity of the state 

equations employed.  A Newton-iterative method is used at each stage as follows: 

 
1
2

1 1
2 2

1
2

1
2

,
, 1 ,

1,
1, 1 1,

1 ( )
Stage 1 -solve:  ( ) , 1,...

t t

1 ( ) 1
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V
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V

+
+ + +

+
+
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   −
− = − + =        

    −
− = − + + =   

    

 
(29) 

 

The Jacobian matrix U V  is recalculated at every sub-iteration using numerical 

differentiation of the state vector.  This ensures consistency and flexibility, as only one set of 

routines needs to be changed if the state description is altered.  Typically, five or fewer sub-

iterations are required at each stage.  
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C.  Immersed Boundary Method  

The immersed boundary method employed in this work is based on that presented in Choi, 

et al. [14] and Edwards, et al. [15].   Immersed objects are rendered as stereolithography (STL) 

files and are located in the computational domain by a searching procedure that determines the 

distance from every cell center to the nearest point on the set of immersed objects.   This nearest 

point can lie within a triangle, on an edge, or at a vertex.   Based on the location of this point, a 

pseudo-normal surface vector is defined – this is used to impose a sign on the distance vector, 

creating a signed-distance function k . Using this function, mesh cells can be classified as ‘field’, 

‘band’, or ‘interior’ cells as follows.   If 0k  , cell k is an interior cell; if 0k  and at least one 

of the face, edge, or vertex neighbors l of cell k has 0l  , then cell k is classified as a band cell.  

Otherwise, cell k is classified as a field cell.  The Navier-Stokes equations are solved in the field 

cells; fixed conditions are usually imposed in the interior cells, and various interpolation methods 

are used to prescribe flow properties in the band cells.    A Heaviside function ( )kG  , defined to 

be zero for field cells and one for other cell types, is used to help facilitate this decision process.   

The residual of the Navier-Stokes equations is modified as follows to couple the immersed-

boundary band-cell treatment with the field-cell evolution:  

1, 1,

,1, 1 1, 1(1 ( )) ( ) , 1,#of equations.

n k n k

i B in k n n k n

i i

V V
R G R G i

t

+ +

+ + + +
 −

= −  +  = 
 

 
(30) 

Band-cell values for the primitive variables BV can be obtained using general relations 

derived from turbulent boundary layer theory, as shown in [14] and [15].  In this work, however, 

we assume inviscid flow and can adopt simpler methods.    Given an ‘interpolation point’ I defined 

along a normal line extending from a given band cell to its nearest point on the immersed object 
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and assuming that field variables can be interpolated to this point, yielding 
IV , one can use the 

following rules:  

, ,

, , , , , ,

, scalar variables

( ) ( ) ,  i, j = Cartesian velocity components

B i I i

B i S i I i S i I j S j j i

V V i

V V V V V V n n

= =

− = − − −
 

(31) 

Here, in is the unit normal vector associated with the nearest surface location of the band 

cell in question, and 
,s iV  is the velocity of the nearest surface location.  This procedure enforces 

flow tangency to the surface.  Procedures for locating the ‘interpolation point’ and reconstructing 

the flow variables there can be found in [14] and [15].   
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CHAPTER 4 

Results 

In the chapter below the results for several cases involving two-phase flow and underwater 

burst events are discussed. Initially the code is used to run 1D, 2D and 3D test cases where the 

results are used to validate and verify the numerical methods being used in this simulation. The 

results are compared to available data in literature to validate our methods and find the 

discretization scheme best suited for our specific applications. A 3D case is run with and without 

the immersed boundary methodology described above to show that the IB methodology satisfies 

all the physical implications of a solid wall present in the computational field.  

After the validation of the various numerical methodologies utilized in this code, we obtain 

results for various scenarios. These results include several cases involving idealized underwater 

explosions in two and three dimensions.   

A. 1D shock tube simulations 

Figure 1 shows results for a water-air Riemann problem with initial conditions set as 

follows: 9( , , , 1 10 Pa,0,0,308K)vp u T =  for X < 5 m and 5( , , , 1 10 Pa,1,0,308K)vp u T =  for 

X  5 m.   Snapshots in time show the propagation of an expansion wave into the liquid and the 

propagation of the void wave into the vapor.   The predictions are somewhat diffusive – a 

consequence of the use of a minmod-limited TVD scheme and the absence of interface sharpening 

for these initial calculations, which were used to assess the basic framework employed in this 

study.  Results compare favorably with those presented in Figure 1 in [11].   Ref. [11] uses a 

stiffened-gas equation of state for the liquid phase and use variants of a separated two-fluid model, 

which solves separate momentum equations for each phase.  This means that precise quantitative 
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agreement with results from a homogeneous mixture model cannot be expected, but the general 

traits of the response holds true.  

 

 Air-to-Water Shock Tube 

A grid of 500 uniform cells with grid spacing ∆𝑥 = 0.02m resulting in a domain of 10 m 

long is being used. In this domain, there is a contact discontinuity at x = 5m with air on the left 

side and water on the right at t = 0s. The initial conditions are given by  

9

8 5

0.999,10 ,0)
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=

=
 

 

with a constant temperature of 308.15K across the discontinuity. Here, 𝑌𝑣 is the mass fraction of 

air, P is the pressure, and u is the velocity in X direction. The time step used in this calculation is 

∆𝑡 = 2 × 10−6 𝑠𝑒𝑐. The results shown here are for t = 2ms (i.e 1000 time steps). Four different 

interface capturing schemes are compared through these two sections. 

 

Figure 1:   1D shock tube predictions for water-gas shock tube. 
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No. Label Description 

1 MUSCL(tvd) all MUSCL(TVD) scheme is applied for all variables 

2 BVD(TVD + THINC) all 
BVD scheme, which chooses between TVD and THINC, is 

applied for all variables 

3 THINC(for vf,2.2) , BVD 
THINC scheme with a sharpness factor(𝛽) of 2.2 is applied 

for volume fraction. BVD is used for the remaining variables 

4 THINC(for vf,3.5) , BVD 
THINC scheme with a sharpness factor(𝛽) of 3.5 is applied 

for volume fraction. BVD is used for the remaining variables 

 

Figure 2:  𝑌𝑣 solution at t =2ms in the Air-to-Water shock tube problem 

 
Table 1:  Interface capturing schemes for 1D cases 
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Figure 2 shows the solution for the mass fraction of air at 2ms. The four interface capturing 

schemes produce similar results except at the contact discontinuity. A closer look at this 

discontinuity is shown in Fig. 3a and 3b. In these plots we can see that the 4th interface capturing 

scheme results in a sharper solution at the contact discontinuity.  

(a) (b) 

Similarly, we can observe that in the pressure solution for this case, shown in Figure 4, the 

four interface capturing schemes result in overlapping solutions. Looking at the zoomed in view 

of the results at the shock front (Fig.5a) we can again see that the 4th scheme gives the sharper 

solution. Whereas along the expansion wave section of the results, as shown in Figure 5, scheme 

1 gives a less fluctuating pressure solution. Figure 6 shows the density solution for this case. The 

density results from all four schemes are very close as we have observed thus far.  A magnified 

view of the density solution at locations where there is a sudden density change is shown in Figure 

7. Density along the shock front (Figure 7a) does not change much with the different interface 

Figure 3: Magnified view at the solution of 𝑌𝑣 in the Air-to-Water shock tube at the contact 

discontinuity. 
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capturing schemes. Again from Figure 7b we can see that the density results from scheme 1 are 

less fluctuating in the expansion wave portion of the solution. 

                                   (a)                                                                            (b) 

Figure 4: Pressure solution at t =2ms in the Air-to-Water shock tube problem 

 

Figure 5: Magnified view at the solution of pressure in the Air-to-Water shock tube at the 

contact discontinuity. 
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                                   (a)                                                                                  (b) 

Figure 6: Density solution at t =2ms in the Air-to-Water shock tube problem 

Figure 7: Magnified view at the solution of density in the Air-to-Water shock tube at the 

contact discontinuity. 
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Water-to-air Shock Tube 

For this case we have the same domain as the previous shock tube, with same grid size, 

time steps etc. The only change is the initial condition in the tube. They are 
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Here we have the results of this shock tube case for the four interface sharpening schemes 

described before. We look at the solutions of  𝑌𝑣 , pressure and density along the shock tube. 

(a) (b) 

In all the solutions (Mass Fraction, Pressure and Density) of the Water-to-Air shock tube 

we can observe that changing the interface capturing schemes does not have much effect on the 

results. Even the magnified views of solution at various discontinuities shows how closely the 

values from each scheme match each other. This could be because the pressure difference between 

left and right states is much lower for this case compared to the Air-to-Water shock tube. 

Figure 8: a) 𝑌𝑣 solution at t=2ms in Water-to-Air shock tube. b) Magnified view at the 

solution of 𝑌𝑣  in the Water-to-Air shock tube at the contact discontinuity 
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(a) (b) 

Figure 9: a) Pressure(P) solution at t=2ms in Water-to-Air shock tube. 

b) Magnified view at the solution of pressure in the Water-to-Air shock tube at the contact 

discontinuity. 
 

                                              (a)                                                                             (b) 

Figure 10: a) Density solution at t=2ms in Water-to-Air shock tube.  

b) Magnified view at the solution of density in the Water-to-Air shock tube at the contact 

discontinuity. 
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In conclusion, among the different interface capturing schemes, we can say that the scheme 

4 gives good results for shock and contact discontinuities. Scheme 1, the smoother interface 

capturing scheme, does a better job at calculating data along the expansion wave. 

B. 2D simulations 

The 2D cases simulated in this study were designed to test various extensions of the 

methodology to non-isothermal flow, to determine the initial effects of including embedding 

objects in the domain, to assess the effects of different cavitation models, and to determine the 

relative benefits of the TVD / BVD / THINC reconstructions.   

2D water /air Riemann problem 

Figure 11 shows snapshots of flow properties from a 2D Riemann problem.  In this case, 

the high-pressure liquid ‘droplet’ is diamond-shaped and is placed in the center of a 10 m x 10 m 

square domain discretized using 201x201 nodes.  The conditions are similar to the 1D study of . 

1D water / air Riemann problem except that within the droplet, the vapor mass fraction is set to 

0.001.  Over time, the pressure in the droplet drops, reaching ambient levels and approaching the 

Figure 11:  2D expanding ‘droplet’ snapshots  



  26 

 

vapor pressure of water, while the front expands outward.   Though a cavitation model is not 

included in this particular simulation, the results compare favorably with those presented in Figure 

3 in [12] for the structure of the expanding ‘droplet’. 

Figure 12 shows a close-up view of the bubble structure at t = 0.0065 s using different 

physical models.  Left-to-right frames in each image correspond respectively to the Tani cavitation 

model with isothermal flow, the Saito cavitation model with isothermal flow, the Tani cavitation 

model with non-isothermal flow and vapor volume fraction reconstruction, and the Tani cavitation 

model with non-isothermal flow and with vapor mass fraction reconstruction.   The Saito cavitation 

model produces about 1/3 the amount of vapor of the Tani model – this is barely sufficient to 

maintain positivity of the pressure.   Allowing temperature variation leads to local ‘hot spots’ that 

raise the vapor pressure, promoting cavitation in these locations.  In the center of the bubble, the 

temperature reduces to sub-ambient levels; the vapor pressure reduces accordingly and cavitation 

is inhibited in these regions.   The overall structure of the bubble is not influenced significantly by 

the inclusion of thermal effects, and there is little difference in the solutions provided by volume-

fraction and mass-fraction reconstruction.   

 

Figure 12:  Bubble structure at t = 0.0065 s (left to right in each image:  Tani cavitation model, 

isothermal; Saito cavitation model, isothermal; Tani cavitation model, non-isothermal, volume-

fraction reconstruction; Tani cavitation model, non-isothermal, mass-fraction reconstruction 
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Circular droplet placed in a vapor field (THINC used for volume fraction) 

The next set of results use the THINC scheme for reconstruction of the interface volume 

fraction.  The Tani, et al. cavitation model is employed, and the flow is assumed to be isothermal.   

Initial conditions for the circular droplet are and those of the 

surrounding space are.   The mesh contains 201×201 nodes.    

Figure 13 shows the time evolution of several flow properties.   The key observation is that the 

liquid droplet eventually ‘explodes’ upon rapid expansion due to its pressure falling below the 

vapor pressure.  The vapor-generation source term produces water vapor, forcing the pressure to 

equilibrate at the vapor pressure.   The phase interface is captured in one or two cells until the 

cavitation response takes over.  

  

Circular bubble placed in liquid field with air-water interface and gravity 

A situation more representative of an underwater explosion is shown in Figure 9.  Here, a 

0.5 m radius high pressure vapor bubble
9( , , , 1 10 Pa,1.0,0,308K)vp u T =  is placed in a uniform 

liquid water field at atmospheric conditions. An air-water interface is placed at Y = 6 m, and gravity 

Figure 13:  Evolution of flow properties during expansion of liquid droplet (time increase 

from left to right) 

K)308,0,0,Pa101,,,( 9=Tup v

K)308,0,1,Pa101,,,( 5=Tup v
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acts in the –Y direction.  The flow is again considered to be isothermal, the THINC scheme is 

applied to the volume fraction, and the Tani, et al. cavitation model is applied.   The long-time 

evolution of several flow properties is shown in Figure 14.  As expected, the vapor bubble expands 

rapidly, compressing the liquid ahead of it and eventually forcing the air-water interface upward.   

A shock wave is formed as the air-water interface impinges on the upper surface.  This shock wave 

propagates downward, further compressing the liquid.   A complex deformation of the bubble 

occurs as liquid ‘tendrils’ penetrate the bubble surface.  The THINC scheme maintains the integrity 

of the liquid-vapor interface for the most part, but evidence of a ‘mixed out’ prediction of thin 

liquid regions is present.    

Circular bubble placed in liquid field with air-water interface, gravity, and IB obstruction 

The next simulation investigates the effect of placing an obstruction in the liquid part of 

the previous domain.   The obstruction is rendered as an irregular immersed object.  Stages of the 

geometry-to-IB process are illustrated in Figure 15.   A signed distance to the object is first 

computed within a restricted rectangular domain surrounding the object.   Cells with a negative 

signed distance are assigned a Heaviside value of one, whereas those with a positive signed 

Figure 14:  Time evolution of liquid density due to expanding high-pressure vapor bubble 

(time increases left to right and top to bottom) 
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distance are assigned a value of zero.   Band cells are determined as those cells with a Heaviside 

value of zero but with at least one face, edge, or vertex neighbor with a Heaviside value of one.  

As mentioned above, interpolation formulae are evaluated within these cells to connect their flow 

properties to those in the field and those at the surface.   The right-most figure shows a snapshot 

of the flow solution with the interior of the object blanked out.    

 

Figure 15:  Stages of immersed-boundary rendering 

process  

Figure 16:  Density and velocity evolution with and without immersed 

obstruction 
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Figure 16 shows the complete time evolution of the flow with and without the obstruction 

present.  The topmost set of frames in each image shows the calculation performed without the 

obstruction.  The expanding liquid accelerates as it deflects around the object, resulting in a low-

pressure region that cavitates, leading to small pockets of vapor being formed.  The shape of the 

large bubble is also altered by the presence of the object due to changes in the structure of the 

diffracted liquid-phase shock waves, which reflect from the no-penetration boundary surfaces.   

Evaluation of BVD variants 

The next set of comparisons focus on the evaluation of several variants of the BVD 

approach as applied to the previous case with the obstruction.  The promise of the BVD technique 

is that it will sharpen discontinuities of all types – shocks as well as contact surfaces or material 

interfaces – while retaining the ability of the TVD / PPM schemes in resolving smooth flow 

features.    The flow is again considered to be isothermal in these calculations.   Implementation 

of the BVD schemes involves first a selection of a ‘smooth’ reconstruction option (van Leer limited 

TVD, PPM, or THINC with 1.1 = ) and the choice of the decision process (Sun, et al. or Deng, 

Figure 17:  Effect of BVD schemes on liquid and total density predictions 

 (t = 0.00625 s) 
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et al., Eqs. (26) or (27)) for combining the smooth and sharp reconstructions.   Figures 17 and 18 

show snapshots of flow properties at t = 0.00625 s for several schemes.   Liquid and total density 

contours in Figure 17 show that BVD with PPM (Sun, et al.) does not provide good interface 

capturing, yielding results similar to the van Leer TVD scheme alone.   Improvements in the 

sharpness of the liquid-phase shock waves are observed for the BVD schemes, relative to the 

original result which uses THINC only for the volume fraction, but more wrinkling of the bubble 

interface is predicted when the Sun, et al. decision process is utilized.  Similar observations can be 

noted in Figure 18, which plots pressure contours and simulated Schlieren image contours (

log(1 | |)+  at the same time level.  In general, all of the BVD schemes provide some 

improvement in the capturing of weak waves while maintaining the ability of the THINC scheme 

to capture phase interfaces sharply.    

 

 

Figure 18:  Effect of BVD schemes on pressure and Schlieren predictions  

(t = 0.00625 s) 
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2D underwater explosion simulations – comparison with literature results 

In this section, we present results for a 2D underwater detonation and investigate aspects 

of the BVD and THINC interface-capturing methods through comparison with literature results 

[16].  The computational domain extends from 0 to 15 m in the X direction and from -10 to 15 m 

in the Y direction.  Two mesh sizes are used, with the coarser one containing 375×625 nodes and 

a finer one containing 751×1251 nodes.   The mesh spacing for the finer mesh is 0.02 m.  The 0.3 

m radius vapor bubble is centered at X = 7.5 m, Y = -1.0 m, and the air-water interface is located 

at 0 m.    The temperature in the vapor bubble is set to 2500 K and the pressure is set to 1e9 Pa.  

Zero velocity is assumed, and ambient pressure is enforced outside the vapor bubble.  Following 

[16], an outflow condition is specified at X = 15 m while symmetry conditions are specified on all 

other physical boundaries.  Gravity and cavitation are not included in these calculations, and the 

BVD scheme tested is that due to Deng, et al. [3]. The following table describes the scheme 

variants considered in this part of study:  

 

Case  Description  

a BVD (van Leer + THINC ( )) 

b THINC ( 2.2 = ) applied to volume fraction; BVD for all other variables 

c THINC ( 3.5 = ) applied to volume fraction; BVD for all other variables 

d Case c with min / max values for volume fraction set to 0 and 1 per the original 

THINC scheme 

e Case c with stratified-flow definition of sound speed used 

F Case c on the finer grid  

2.2 =

Table 2:  Interface capturing schemes for 2D cases 
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Predictions for liquid volume fraction at different time instances are shown in Figure 19 

and are compared with results from [16], which utilized a mesh as fine as our finest one in the 

vicinity of the bubble.   Predictions on the coarser mesh show clear evidence of a smearing effect 

as the interfaces become thin.  Only an increase in the sharpening factor   provides an 

improvement.   Refining the mesh, however, brings the predictions much closer to those of the 

reference, with differences relating primarily to the smoothness of the interface.  The THINC/ 

BVD predictions appear to resolve more interfacial instabilities, which lead to the separation of 

liquid ‘droplets’ from the liquid plume.   As the reference calculation uses a two-fluid formulation, 

not a mixture formulation, some differences might be expected, but it is clear that the THINC / 

BVD implementation can resolve fine-scale structures given a fine-enough mesh. 

 

Figure 19:  Time evolution of vapor volume fraction during 2D underwater 

explosion 
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Figure 20:  Volume fraction contours at t = 3 ms.   

Figure 21:  Volume fraction contours at t = 10 ms.   
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Further tests are illustrated in Figures 20 and 21.  Here, the fine mesh is used exclusively 

and the calculations are continued for longer times.  Volume-fraction snapshots extracted at 3 ms 

and at 10 ms compare several schemes – van Leer TVD with and without THINC applied to the 

volume fraction, BVD (Deng, et al.) with and without THINC applied to the volume fraction, and 

BVD (Sun, et al. ) with different sharpening factors.    As expected, the van Leer scheme alone 

performs poorly in capturing phase interfaces but improves substantially when THINC ( 3.5 = ) 

is used for the volume fraction.   The Deng BVD scheme performs better than van Leer but does 

smear phase interfaces slightly.   It also improves substantially when THINC ( 3.5 = ) is used for 

the volume fraction.   The Sun, et al.  BVD scheme is biased more strongly toward the THINC 

reconstruction, which essentially is a downstream-differencing method.  Its use for the velocity 

and pressure fields leads to oscillatory behavior, which results in a rapid, probably unphysical 

breakup of the thin liquid sheets for the sharpening factor of 3.5 = .  A reduction in the sharpening 

factor to 2.2 = is needed to suppress oscillatory behavior.   The results obtained are comparable 

to the Deng, et al.  BVD scheme at 3.5 = but are somewhat inferior to the Deng, et al.  BVD 

scheme combined with THINC for the volume fraction.   Based on these results, the Deng, et al. 

BVD scheme with THINC ( 3.5 = ) used exclusively for the volume fraction is employed for the 

remainder of the presented results.   

C. 3D simulations – Cartesian Domains 

The 3D cases described in this section are extensions of the preceding 2D underwater 

explosion events to 3D Cartesian domains with and without the presence of simple obstructions, 

rendered either through body-fitted grids or through an immersed boundary. 
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3D underwater explosion simulations 

This section covers the initial application of the code to 3D underwater explosions.   The 

conditions are the same as in the preceding cases except that the temperature of the bubble is 

considered a variable.  In contrast to some of the other cases, the bubble temperature can exceed 

the critical temperature of water, which means that ‘mixed’ cells that contain both liquid and vapor 

can reach temperatures that exceed the range of validity of the state equation employed for liquid water.     

To prevent anomalous behavior, the temperature that is used to calculate the liquid water properties is 

restricted in the manner shown in Equation (5).  This has the effect of sometimes reducing the rate of 

convergence of the sub-iterations or even stalling the convergence.   Otherwise, the code runs as normal    

A 201×201×201 mesh is used, and the vapor bubble is placed off center.  Initial simulations showed that 

the Tani cavitation model did not produce enough vapor to prevent the pressure from becoming negative.  

Accordingly, it was replaced by the Zwart cavitation model for these calculations.  Figures 22 and 23 show 

the time evolution of density and temperature along different planes trisecting the initial position of the 

vapor bubble.   The outward expansion of the liquid leads to low pressure levels, which induce a cavitation 

Figure 22:  Time evolution of density during underwater explosion 
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response just below the air-water interface.   This is most clearly indicated in the last frame of the X-Y 

plane density contours, which shows the reduction in bulk density resulting from vapor formation.   The 

initial vapor temperature for this set of calculations was set to 800 K.   The time evolution of temperature 

shown in Figure 18 shows that this temperature reduces in the core of the bubble but that the temperature 

in the liquid region remains essentially unchanged.   Subsequent calculations have been performed with 

vapor temperatures of 1500 K and 2000 K with essentially the same response observed.   

3D underwater explosion simulation with an immersed boundary 

  In this section, results obtained on a body fitted mesh are compared with those obtained 

using the immersed-boundary approach.  The computational domain extends from X = 0 to X = 

10 m, Y = 0 to Y = 10 m, and Z = 0 to Z = 10 m and the mesh spacing is 0.1 m.   A 0.5 m radius 

gas bubble representing detonation products (P = 1e9 Pa, T = 2000 K) is placed at X = 5 m, Y = 5 

m, Z = -1 m, and the air-water interface is located at Z = 5 m.   Gravity acts in the –Z direction, 

and the cavitation model is utilized.    Two cases are considered.  In the first, a hexagonal portion 

of the mesh extending from X = 0 to X = 10 m, Y = 0 to Y = 2.5 m, and Z = 0 to Z = 5 m is 

Figure 23:  Time evolution of temperature using underwater explosion 
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removed; slip surface boundary conditions are enforced on the interior faces of the cutout and on 

the bottom wall (Z = 0), while extrapolation conditions are enforced on all other boundaries.   In 

the second case, the effects of the cutout hexagonal region are mimicked through the use of an 

immersed boundary.  Wireframe renderings of both domains are shown in Figure 24.    Figures 25 

and 26 compare pressure and volume-fraction contours versus time for both renderings.   Log-

scale pressure contours in Figure 25 show the outward propagation of the shock wave and its initial 

reflection from the obstruction and the lower wall.    Subsequent shock reflections from the free 

surfaces lead to local regions of rarefaction, which reduce the liquid pressure toward the vapor pressure.  

Figure 24:  Body-fitted and immersed-boundary renderings of a 

hexagonal obstruction 

Figure 25:   Time evolution of pressure (left to right; log scale), comparing body-

fitted with immersed boundary 
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At this point, the cavitation model activates, keeping the liquid pressure near the vapor pressure and 

resulting in the formation of small pockets of ‘bubbly’ flow (characterized by relatively low water vapor 

volume fractions).  Regions where the liquid pressure nears the vapor pressure are shown in blue.  The 

body-fitted and immersed-boundary results are very similar, with small differences observed only in the 

last frame.    Volume-fraction contours in Figure 26 are indistinguishable between the rendering approaches.  

As the mesh is much coarser than those used in the preceding examples, the interfaces are not captured as 

sharply, and some numerical ‘mixing’ of the liquid / vapor regions is observed as the expanding gas plume 

deforms the liquid surface.  

Figure 27:  Water mass conservation in closed-domain 

simulations of an underwater explosion 

Figure 26:   Time evolution of volume fraction (left to right), comparing body-

fitted with immersed boundary 
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This case has also been used to investigate mass conservation properties of the numerical 

method.  The formulation is fully conservative but mass losses or gains between phases can still 

happen due to buildup of numerical error.  Figure 27 shows conservation of water mass for several 

cases for the immersed-boundary rendering of the obstruction.   The first case is the baseline one, 

with no cavitation model and with a full thermal treatment.  The second case assumes isothermal 

flow, and the third case includes full thermodynamics for both phases but activates the cavitation 

model.   The results show that the baseline formulation leads to significant mass gain which is 

substantially reduced when the isothermal assumption is invoked.  Including cavitation also 

improves mass conservation significantly.  These factors point to the inability to converge the 

energy equation due to liquid temperatures in the two-phase region reaching their limiting values 

as being the major issue.  Activating the cavitation model absorbs latent heat, reducing the 

temperatures below the cutoff limit and enabling better convergence.  The maximum mass loss 

/gain is of the order of 0.0013% when either isothermal flow or cavitation is invoked.  

D. Underwater explosion in small harbor  
   

The next several sections discuss specifics of simulations performed to illustrate the 

capabilities of the developed approach in modeling underwater and above-water explosion events 

in complex terrain.   The specific geometry is modeled after Silver Lake, a small harbor located 

on Ocracoke Island, North Carolina.   Figure 28 shows details of the harbor.   

Underwater explosion in a small harbor:  IB setup 

The surface terrain was obtained from an online tool called TouchTerrain (http:// 

touchterrain.geol.iastate.edu), which uses USGS/NED data to generate 3D-printable surface 

terrain models for locations in the United States.  Autodesk’s Netfabb® was used to cut away the 

base and the water level, leaving just the surface terrain.  At this point, a rendering of the 
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underwater topology was created using Dassault Systemes’s Solidworks®, using existing sounding 

data (see Figure 28).  The underwater terrain contains a small channel separating the harbor from 

a larger channel, bounded by a sandbar.    The Solidworks® STL file was then imported into 

Netfabb®, which was used to generate a more isotropic triangulation with fewer elements.  This 

STL file was then embedded into the computational domain as a level set and was scaled by a 

factor of 1/50 to reduce the overall size of the domain.   The steps for this process are illustrated 

in Figure 29.    The Cartesian computational domain covers the surface terrain, the water, and a 

portion of the atmosphere. .  A mesh spacing of 0.1 m is used, and the overall domain contains 

over 70 million cells.    

Figure 28:  Composite image showing details of Silver Lake harbor scenario 
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Underwater explosion in a small harbor:  calculation details 

The same flowfield model and initialization as used in the previous section was employed.   

A 0.5 m radius gas bubble (P = 1e9 Pa, T = 2000 K) was placed in the middle of the harbor and 

was located 1.5 m below the surface. These calculations were run in stages.  Initially, the van Leer 

TVD scheme was used and results compared with the BVD / THINC ( 3.5 = ) scheme – both sets 

of simulations were initially run for 0.03s at a time step of 0.25 µs.   Later simulations used the 

BVD / THINC and the van Leer TVD / THINC schemes – a switch to the latter was eventually 

necessary to proceed past a point of instability in the calculation.    To run beyond 0.03 seconds, it 

was necessary to raise the model constant in the Zwart cavitation model from 25000 to 150000 – 

an increase in this constant increased the amount of cavitation and kept the temperatures in the 

two-phase region low enough to prevent numerical instability.   Two longer runs, one from 0.03 s 

to 0.3 s and the next from 0.3 s to 0.5 s, were then conducted.  The time step for these runs was 

raised to 1 µs.  It is likely that the van Leer TVD / THINC scheme with the higher cavitation model 

constant would have been able to run the entire calculation at a time step of 1 µs (or even higher 

values once the initial high-pressure response had diminished).   

Figure 29:  Steps in generating an immersed object representing surface and 

underwater terrain 
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Underwater explosion in a small harbor:  results up to 0.03 s 

Figure 30 shows the evolution of the liquid volume fraction for both schemes. Frames are 

equally spaced over the duration of the simulation.  The top set of images corresponds to the van 

Leer TVD scheme and the bottom set corresponds to the BVD / THINC scheme.  The evolution 

of the gas bubble is similar between the schemes at early times, but in the last two frames, it is 

clear that the TVD scheme has ‘mixed out’ the phase interfaces, whereas the interfaces are still 

mostly intact for the BVD / THINC scheme. The liquid surface deforms somewhat near the STL 

surface, with small waves and ripples being formed, but large-scale wave formation is not observed 

over the short duration of the simulations.    

 

Figure 30:  Evolution of liquid / vapor interfaces (time increases from 

1 to 6; top set: van Leer TVD, bottom set:  BVD/THINC 
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Figure 31 shows a top-down view of the evolution of the pressure (log scale) on the terrain 

surface.  The explosion creates a propagating spherical shock that reflects from the terrain and 

from the various free surfaces, creating localized regions of higher pressure and very low pressures 

in which cavitation may take place.   Of particular note at later times is the propagation of a shock 

wave in the narrow channel and its diffraction into the larger channel. This event is followed by a 

rarefaction wave that reduces the liquid pressure significantly.  The cavitation model keeps the 

pressure level near the vapor pressure.   Shock heating of the liquid is minimal, and the vapor 

pressure is nominally that of ambient temperature water (3100 Pa).   Complex shock structures 

concentrate at the entrance of the channel at later times, and the last frame reveals the start of 

another wave propagation event in the channel.   Though the BVD scheme can sharpen weak 

discontinuities, there is little evidence of this in the image.  Both the TVD and BVD formulations 

predict essentially the same shock / expansion structures.  

Surface Mach number contours are shown in Figure 32.  Again, there is little difference 

between predictions supplied by the TVD and BVD schemes.   The stratified-flow definition of 

Figure 31:  Top down view of the evolution of pressure on the surface (time 

increases from 1 to 6; top set: van Leer TVD, bottom set:  BVD/THINC) 
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the sound speed ensures that very high Mach numbers are not present; maximum values on the 

surface are associated with the continued expansion of the vapor ‘detonation’ bubble as it interacts 

with the surface.  The flow induced in the liquid by the passage of the shock system through the 

small channel is indicated, though the flow speeds are not very large.   Also in evidence is the 

beginning of an effect of the explosion on the surface terrain – the ‘footprint’ of the explosion 

propagates outward away from its source.   Vertical slices through the domain (not shown) reveal 

that the gas-dynamic response is much stronger away from the surface.    

Figure 32:  Top down view of the evolution of Mach number on the surface 

(time increases from 1 to 6; top set: van Leer TVD, bottom set:  BVD/THINC) 

Figure 33:  Top down view of the evolution of water vapor mass density 

(kg/m3) on the surface (time increases from 1 to 6; top set: van Leer TVD, 

bottom set:  BVD/THINC) 
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The next set of images (Figure 33) plots surface values of water vapor density, defined as

2H Ov v y  , using a log scale.    Water vapor is only produced during cavitation – very high values 

can indicate high vapor volume fractions (possibly the merger of cavitation-generated regions with 

the larger volume of gas associate with the detonation bubble) and high bulk densities due to 

compression.  In these images, the effect of the BVD framework in providing a sharper capturing 

of ring-like concentration fronts is more evident.  The largest values of water vapor density appear 

to be associated with the compression of water vapor regions (generated initially from shock / free-

surface interactions) by the expanding vapor gas bubble.   The cavitation model at this point 

produced small amounts of vapor – just enough to stabilize the liquid pressure but not enough to 

create large regions of vapor voidage.  As mentioned, it was necessary to increase the model 

constant that controls the rate of vapor generation to enable the code to proceed further. 

  Underwater explosion in a small harbor:  later results 

Subsequent calculations result in the bursting of the gas bubble and the appearance of 

pockets of detached liquid, as illustrated in Figure 34 and in animations of the flow response. The 

gas bubble continues to expand and rise, forcing the harbor water upward and outward, flooding 

the terrain as shown in Figure 35.   It is interesting that the explosion does not significantly alter 

liquid levels in the narrow channel and the channel in front of the sandbar.  Most of the energy of 

the explosion appears to be directed upward.  Cavitation is continually present as the local rise in 

temperature makes the vapor pressure easier to reach and as propagating rarefaction waves lower 

the pressure to levels where cavitation can commence.  The harbor is evacuated of liquid water by 

the time the simulation was concluded.   One major conclusion from the later parts of this 

simulation is that the computational domain is too small to contain the explosion – one would 

expect that the detached pockets of liquid would eventually fall back to earth, but this only begins 
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to happen toward the end of the simulation as most of the initially generated liquid parcels leave 

through the upper boundary.    Future work should reduce the strength of the explosion and should 

investigate the placement of the charge at different locations within the harbor.   

 

 

 

 

 

 

 

 

 

CHAPTER 5 

 

Figure 34:  Evolution of the liquid plume volume fraction (later times) 

Figure 35:  Terrain flooding due to evacuation of liquid from the harbor  
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Conclusion 

The development of a new computational code suitable for high-resolution predictions of 

high-energy burst effects in air and in water has been described in this report.  The code is MPI-

parallel and is suitable for use with multi-block, structured meshes using the GridPro (Program 

Development Corp.) mesh-connectivity format.  The code can accept general state descriptions for 

a liquid phase and a multi-component vapor phase.  Currently, the Tait equation is used to model 

liquid water and a mixture of thermally-perfect gases is assumed for the vapor phase – these state 

descriptions can be modified by the user.  Several cavitation models have also been tested – these 

differ in the level of vapor produced, which helps keep the liquid pressure positive during a 

rarefaction event.  The Zwart, et al. model appears to provide the best response and is 

recommended for future work.  A two-stage Runge-Kutta method with sub-iterations to reduce 

linearization errors is used for time advancement, and a version of the Choi / Edwards immersed 

boundary method has been implemented to enable the code to simulate the effects of complex 

environments without complicated meshing.   Several discontinuity-capturing higher-order 

upwind schemes have been implemented, ranging from TVD MUSCL schemes, to tangent 

hyperbola interface capturing (THINC) methods, to boundary variation diminishing (BVD) 

schemes, which attempt to combine the best features of MUSCL and THINC techniques.  The use 

of BVD concepts does not seem to result in much added benefit, relative to the combination of a 

high-resolution TVD scheme with a THINC-based reconstruction for phasic volume or mass 

fraction, but further testing should be conducted.   Several test cases relevant to the prediction of 

underwater explosions have been simulated in 2D and in 3D, and a complete simulation of the 

effects of an underwater explosion in a small harbor has been conducted.     Results generally show 

good agreement with available literature predictions, but further validation might be necessary.   



  49 

 

Most of the objectives of this study have been reached, with the main exception being the inclusion 

of a real-gas state equation for detonation products. 
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