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ABSTRACT

Detonation Shock Dynamics (DSD), involved in an underwater explosion scenario is numerically simulated by 
an in-house computer code, ‘DSSDYN’. The simulation is based on Chapman-Jouguet (CJ) theory, formulated in 
Arbitrary Lagrangian Eulerian frame work. Specifically, the propagation of detonation front is simulated with‘Burn 
Fraction Model’. The classical burn fraction model is improved for achieving better computational efficiency. The 
simulation capability of DSS-DYN is demonstrated through a case study on explosion of PETN charge under the 
deep-water medium.Through this study, the salient features of DSD with better insight have been brought out. Besides, 
the physical parameters, such as work potential of PETN, are predicted efficiently.The apportionment of energy 
distributions indicates that about 70 % of chemical energy of explosive is transmitted to the surrounding water that 
is the major contribution of damage potential of the explosive. The predictions of peak velocity and peak pressure 
values by DSS-DYN and LS-DYNA show satisfactory comparison.DSS-DYN consumes lesser computational time 
(~1h), compared to LS-DYNA (~3h).
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1. INTRODUCTION
Assessment of damage to the structures and systems 

subject to chemical explosions has several applications in 
civilian, nuclear and defence sectors. The numerical simulation 
of this problem involves a coupled treatment of (i) detonation 
process (ii) shock wave propagation and (iii) shock structure 
interactions. Detonation wave is basically a shock wave in a 
reactive medium behind which the chemical reaction takes 
place and the energy released in this reaction drives the shock 
wave forward, thereby creating oscillating pressure spikes of 
higher strength within the explosive boundary. 

The associated and allied mechanical and chemical 
physics aspects are comprehensively covered under a topic 
called Detonation Shock Dynamics (DSD). The understanding 
of DSD is the essential step to predict the characteristics of 
detonation wave and its damage potential. Basics of detonation 
theory, experimental and numerical simulations are widely 
covered in several literatures, ref1-6 are a few to name. 

Several advances have been made on the experimental 
techniques to measure the conventional parameters relevant 
to underwater shock wave propagation phenomena.6 However, 
inadequacy is still felt to measure certain key parameters 
for further understanding of DSD, specifically the rapid rate 
processes involving ultrahigh pressure peaks (typically 10-100 
GPa) occurring in Nano to micro seconds. Alternatively, the 

numerical simulation is the most appropriate and efficient way 
to predict them realistically, by exploiting the current potential 
of numerical techniques and tools. The simulation should 
consider specifically large geometrical distortions and material 
damages in the internal and external structures. The commercial 
computer codes that are now available are AUTODYN,7 LS-
DYNA,8 ABAQUS,9 and DYTRAN.10 These apart, a few 1D 
and 2D codes based on finite difference method employing 
weighted non-oscillatory scheme are available.11 Specifically, 
AUTODYN and LS-DYNA are the most commonly used 
finite element codes for simulation of detonation with various 
explosives, shock wave propagation and ultimately structural 
damage deformation and damage computations.12-16

In the case of underwater explosion, the pressure waves 
originated from the detonation in the explosive cause significant 
damage to the structures housing the liquid as well as immersed 
in the liquid. The extent of the damage depends upon the strength 
of the pressure wave, which in turn depends upon the location 
of structures from the centre of detonation front, apart from its 
own characteristics and mass. Specifically, the nature and extent 
of damage to the structure could be quite different if they are 
placed close to liquid interface (near-field effects),compared to 
the damage to the similar structures if they are located far away 
from the interface (far-field effects). While the far-field effects 
on the structures have been studied elaborately both through 
experimental and numerical simulations,12-14,17-18 near field 
effects in the case of underwater explosion are not addressed 
adequately. Among these, the references15-16,18 are related to 
the open-air explosion. This is the motivation to undertake 
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the investigation on the near-field effects in the underwater 
explosion and this paper presents the outcome of the studies. 
The numerical simulation has been performed with an in-house 
computer code called ‘DSS-DYN’ developed by the authors.
The prediction ability is demonstrated through a case study on 
explosion of a spherical shaped PETN (Penta Erythritol Tetra 
Nitrate), a representative high explosive, surrounded by infinite 
water medium.The paper has six sections: (1) introduction, (2) 
Highlights of underwater explosion scenario and DSD model 
conceptualized by Chapman-Jouguet (CJ) depicting the near-
field and far-field effects, (3) highlights of the computer code 
DSS-DYN developed for hydrodynamic computations and 
numerical algorithm for burn fraction model(4) input details 
of benchmark problem chosen for the case study including 
equations of a state, (5) results and discussions and (6) 
conclusions.

The DSS-DYN has been developed to meet the objective 
of indigenization of high computational tools with freedom to 
apply for the strategic applications employing our own data 
bank.  Nevertheless, attempt has been made to achieve higher 
computational efficiency. 

2. UNDERwATER ExplOSION SCENARIO

data.20  With the above postulations, simulation is simplified 
with the introduction of discontinuity of thermodynamic 
properties across the detonation front. Subsequently, the 
conventional hydrodynamic equations are derived from mass, 
momentum and energy balances and solved with an appropriate 
equation of state.

Upon completion of detonation, the pressure wave 
propagating in the liquid has oscillating pressure spikes 
emanating from the boundary due to the mechanical impact 
effects. The pressure spikes are restricted to the thin layers of 
explosive and liquid zones in the vicinity of the gaseous-liquid 
interface. An immediate consequence is the high velocity of 
material particles due to the large pressure gradient across 
the interface. The accumulated pressure and kinetic energies 
contribute to the work potential of the given explosion. In 
order to predict such in-depth aspects of DSD accurately, one 
should use fine computational mesh especially in the explosive 
and liquid zones around the interface. The shock/pressure 
waves propagating in the water away from the interface could 
causes damage to structures immersed in the surrounding 
liquid. A numerical simulation performed with TNT, PETN, 
C4 and SEP indicates that the transition between near-field and 
far-field effects, depends upon the charge radius, irrespective 
of the explosive type.21  further, it is concluded that the near-
field effects exist up to distance of 2.5 times that of charge 
radius in water field.Beyond that, only far-field effects are 
seen. In the ref,22 the far-field effects are investigated based on 
the thermo-chemical calculations carried out using EXPLO5 
code for the selected explosive mixture. The effect of different 
aluminium weight percentage has been investigated based on 
the underwater experiments. 

3. HIgHlIgHTS Of COmpUTER CODE: DSS-
DYN 
The basic version of DSS-DYN adopts homogenous 

model for the explosive ignoring the DSD effects.The detailed 
mathematical formulations, numerical integration procedures 
and validation are given in ref.23 DSS-DYN has been extended 
to include the simulation of DSD for the various high-density 
explosives by adopting a ‘Burn Fraction Model’

The model has been developed based on simplified 
concept postulated by CJ theory as illustrated in the schematic  
Sketch 1 shown under the Section 2. As per CJ theory, the 
detonation front moves with a constant velocity (D) and 
the front moves normal to the radial line originated from 
the point where the detonation got initiated. By this model, 
propagation of reactive zone is mapped, thereby to determine 
the burn fraction {f}. f is the ratio of burnt volume to the total 
volume of the element (V) In the finite element discretisation 
of the geometry, the detonation front should sweep element 
by element: typically, one 8-noded solid element (ith) to the 
adjacent 8-noded solid element (jth) lying in the outward radial 
line. For the purpose of numerical simplification, it is convenient 
to assume that the front sweeps one solid element during the 
travel between the centres of two adjacent elements (ith to jth). 
As per this, if ti is the arrival time of the front for the ith  element 
and tj is the arrival time for the jth  element, then the travel time 
for sweeping the volume of one complete solid element is (tj-ti). 

Referring the Sketch 1, an idealized model postulates 
three zones: (1) burnt product zone (2) a reactive zone and 
(3) un-burnt explosive, separated by detonation and shock 
fronts as in the adjoining shown. Thus, the detonation front 
converts the solid explosive into gaseous reaction products. A 
steady state equilibrium condition prevails till the detonation 
front reaches the explosive boundary. This means that the 
detonation and shock front velocities are same (D). The 
detonation velocity generally ranges from 6000-8000 m/s 
depending upon the explosive characteristics. In the burnt 
product zone, a non-stationary rarefaction takes place being 
controlled by the boundary conditions of the explosive charge. 
The composition of burnt products may change as a function 
of p, V, T, but no energy can be transferred to zones (1) & 
(2) and influence the characteristics of the detonation.The 
set of the conservation equations to be solved in building the 
model neglect the conductive and radiation effects and assume 
a laminar, non-viscous flow. As per a simplified detonation 
scenario conceptualized by Chapman-Jouguet (CJ), the release 
of chemical energy is complete and instantaneous. The time 
taken for the complete detonation within a typical explosive 
would be order of a few microseconds. The burnt products are 
assumed to behave as a homogeneous gas undergoing adiabatic 
thermodynamic process defined by Jones-Wilkins-Lee 
(JWL) equation of state,19 commonly used for the numerical 
simulations for a range of explosives with the associated 
parameters quantified through curve fitting of experimental 

Sketch 1. Schematic sketch of underwater explosion scenario.
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The arrival time (ti) is the time taken by the front starting from 
the detonation point, to reach the centroid of the ith element and 
similarly tj  is defined for jth element. During the travel time 
between ith  to jth element (tj-ti), the projected area of ith  element 
on the detonation front sweeps and burns the enclosed volume. 
These assumptions are in-line with the methodology adopted in  
ref8,24 for computing the burn fraction. The projected area 
changes continuously during its travel from element to element. 
for overcoming this problem in a robust way, the following 
steps are implemented:
• The burn fraction (f) is computed based on the heat input 

to the volume. 
• for the estimation of f for the ith element of volume 

( )iV , the radius of the equivalent sphere ( )ir is equal to 
1/3(3 / 4 )iV π [fig.1(a)].

• With the maximum projected area ( )iA , equal to 2
irπ , 

the volume swept by the detonation front while moving 
radially with the velocity D at any time ‘t’  is equal to 

volume of solid cylinder [section area = iA & height =

( )iD t t−  for ' ' : ( ).j cylinder i j it t V A D t t≤ = −   [fig.1(b)].
• Since, volume of sphere is 2 / 3rd  volume of enclosing 

cylinder, 2 / 3 ( ).sphere i iV A D t t= − sphereV  represents the 
burnt volume.

• The burn fraction for the ith element (Fi1) is expressed as:

    1 2 / 3 ( ) /i i i iF A D t t V= −                          (1)

It has been noted that the Eqn. (1) matches with the 
expression used in LS-DYNA.8

Besides, the burn fraction is computed based on the shock 
compression, as per the Eqn. (2) with the understanding that 
detonation initiates once the compressed volumetric strain 

( ) /O OV V V−  exceeds 2/CJP Dρ , where CJP  is CJ pressure 
and ρ  is the instantaneous density of the element and D is the 
detonation velocity. Based on this burn fraction is written as:

                     
2

2 ( ) / ( / )i O O CJF V V V P D= − ρ          (2) 
 

The higher of 1iF  and 2iF  is iF  in the DSS-DYN.

4. DEfINITION Of BENCHmARK pROBlEm
The benchmark deals with the underwater explosion 

initiated by a detonation of a spherical shaped PETN having 1 

kg mass and radius ( )or  of 50 mm.The functional form of JWL 
equation of state used for the PETN is as follows:

1 1 2 2(1 ( / )) exp( ) (1 ( / )) exp( ) ( / )P A RV RV B R V R V E V= − ω − + − ω − + ω                        
               (3)

where V is the relative specific volume / ov v , which is an 
independent variable. The specific volumes v and ov are the 
inverse of the initial and current densities of the explosive, 

oρ  and ρrespectively. A and B are the pressure coefficients. 
1R
 and 2R  are the principal and secondary parameters to depict 

the short range and long range behaviour of the explosive 
respectively. The parameter ' 'ω  is the fractional part of the 
energy (E) contributing for the pressure. The parameter 
values14 are: oρ = 1700 kg/m3, A = 612GPa, B = 21.7GPa, 

1R  = 4.92, 2R  = 1.427 and w  = 0.35. The initial internal 

energy ( ) 8.1 ( 4.7 / ).oE GPa MJ kg= =
The geometry is extended to incorporate water medium 

surrounding PETN to investigate the near-field effects. The inner 
boundary of water is in contact with the outer boundary of the 
explosive. The outer boundary radius of water ( )oR  is selected 
as 1000 mm, which ensures the non-reflecting conditions for 
the water boundary and also captures the essential near-field 
effects. For the water, Gruneisen equation of state is used.13 

2 2
0 0 1 0[1 (1 / 2) / 2 ] / [1 ( 1) ] ( )P C a S a E= ρ µ + − γ µ − µ − − µ + γ + µ

                              
where,

3
0 0 11000 / , 1484 / , 0.11, 1.979, 3kg m C m s S aρ = = γ = = =

and 0 0.E =

5. RESUlTS AND DISCUSSIONS
An integrated axisymmetric finite element analysis 

including both explosive and water has been carried out. In the 
axisymmetric analysis, a 90o circular sector is chosen in Z-R 
plan to represent the hemispherical portion of the geometry.  figure 1. Assumptions for burning fraction model used in 

DSS-DYN.

(a) Idealization of burning volume of arbitrary geometry into   
 an equivalent sphere

(b) Schematic explanation of determination of burn fraction

(4)
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In this, Z-axis represents the axis of rotation and R axis 
represents the horizontal symmetric plane. The chosen 90o 
circular sector is discretised with 559 quadrilaterals for the 
explosive zone and 858 quadrilaterals for the surrounding 
water.The following symmetric boundary conditions are 
applied along the R-axis:

        0zU =  and RU  is unconstrained.                    (5)   
                

for the convergency study, the computation mesh 
size is gradually decreased respecting Courant number
( / 1/ ) 0.5.x D∆ ∆ <  D is detonation velocity (taken as 8000 
m/s). Besides, the mesh size is further refined till solution 
becomes oscillatory.The minimum mesh size (1.67 mm) 
has been used through mesh size sensitivity studies and 
minimum time step (10-12 s)is selected for ensuring the 
applicable stability conditions.20 The converged results are 
presented below.

5.1 Detonation Shock Dynamics Responses within 
Explosive 
The spatial and temporal variations of pressure waves are 

the main quantifiable parameters, which can depict several 
salient features of DSD. These parameters are presented in 
3D graph (fig. 2).The time to reach Df increases with the 
radial location. The Df leaves behind burn gases, whose 
pressure is defined by JWL EoS while crossing the particular 
location. Thus, pressure field depicts spike followed by 
plateau pattern. Beyond explosive boundary, shock wave 
propagation can be seen in this figure. The spatial plots of 
pressure wave propagation within the explosive, followed by 
propagation in water are depicted in fig. 3(a) and fig. 3(b) 
respectively, in the form of distributions on a symmetrical 
plane at a few discrete time intervals. Since the explosive 
boundary is defined by Lagrangian coordinate, the boundary 
nodes are attached with the material points, which are 
indicted by the arrow. It is seen clearly that the explosive 
boundary expends.Besides these figures confirm that the 
boundary radius chosen for water envelope all the essential 
transient responses reflecting the near-field effects as well 
as the rapid attenuation behaviour in the water generating 
far-field effects, well within 30ms (Fig. 5 & Fig. 6).These 
apart, the regularity of mesh during the displacements of 
fluid particles is ensured through these figures.

In addition, certain special pressure distributions are 
extracted at a few discrete instants and shown in fig. 4. 
The pressure wave propagation has the salient features: (a) 
pressure waves with the increasing peak values due to the 
addition of chemical energy in the detonation front and (b) 
marching towards a saturation state due to the attenuation 
of pressure wave in a spherical space. The location at which 
the saturation level is reached depends upon the stored 
chemical energy of the explosive (E0). The pressure spikes 
depict hooping down characteristics in the vicinity of the 
interface due to the dissipation of pressure energy from the 
explosive to the adjoining water layers.

The relative motions of the detonation and shock 
wave fronts are quantified by processing the data. From 

the computed pressure distributions at various instants (t) 
(see fig. 4 for three typical instants), the location of the 
peak pressure (X), is extracted. Then the speed of a pressure 
peak, i.e. ‘pressure wave velocity’, crossing the location (X) 
is computed as per ‘central difference scheme’. The velocity 
values thus computed at various X values are plotted in fig. 5. 
knowing the position of detonation front at given ‘t’ (D.t), the 

relative position of pressure peak ( )X∆  w.r.t detonation front, 

is computed as: ( )X Dt X∆ = −  at various instants. Thus, the 
relation’ X∆  Vs X’, is established and shown in fig.5 itself. 
Regarding the velocity distribution, an oscillatory motion of 
Df and Sf with an decreasing trend (after some initial increase) 
can be seen in the figure. Accordingly, the gap between SF and 
Df shows an increasing trend. The detonation front velocity 
is found to be about 7.5 km/s which is close to the analytical 
value.   

(a)

(b)

figure 3. (a) pressure wave propagation in explosive (arrow 
shows location of interface), and (b) pressure wave 
propagation in water (arrow shows the location of 
interface).
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figure 4. pressure-time history at discrete radial locations in 
explosive

figure 5. Dynamics of detonation and shock fronts in the 
explosive.   

5.2 pressure wave propagation Characteristics at 
Interface and water
  from the spatial and temporal pressure distributions 

computed over the entire domain of computation up to 30ms, 
the pressure time histories at a few selected radial locations in 
the boundary layer of explosive (at 49 mm from the centre) and 
also in the adjoining water layer   are extracted and presented in 
fig. 6. The rapid drop of pressure peaks with increasing pulse 
width can be observed. These observations are in-line with the 
pulse characteristics published in various reference, by Cole5,23 for 
example. 

further, it is found that the peak pressure at the interface 
is lower than the peak pressure at the layer behind the interface 
at the explosive zone. This is due to the possible attenuation of 
pressure with the presence of water at much low ambient pressure. 
This has reflected in the velocity where the peak velocity at the 
interface line (~2200 m/s) is higher than the velocity (~1700 m/s) 
at the adjoining layers on the either side of the interface. The peak 
pressure in the vicinity of the explosive layerad joining to the water 
is 17 GPa. This value has shown increasing tend approaching to CJ 
pressure of 25 GPa with further fine mesh.However,it is practically 
impossible to model the ‘zero thickness interface’ in the numerical 
simulation. Hence, possibly minimum thickness is chosen in the 
geometrical discretization. Accordingly, there will be pressure 
attenuation which is reflected in Fig. 6. The averaged pressure in 

the adjoining water layer need not be compared with CJ pressure. 
once possibly minimum layer thickness is chosen, its effect on 
the subsequent pressure wave propagation is insignificant, once 
the impulse is nearly conserved. measurement of exact pressure at 
the interface is nearly impossible even in the state-art high speed 
underwater photography.6

figure 6 indicates that the maximum detonation pressure 
occurs very close to the explosive boundary, rather than on 
the interface due to pressure attenuation within the adjoining 
gaseous and water layers. Hence, the peak pressure value 
is about 17 GPa. compared to the theoretical value of 25 
GPa computed employing the correlation, recommended 
in ‘Mining Technology>Blasting Report’: 6 20.2510mP D−= ρ
for ρ - density of PETN = 1700 kg/m3 and D-detonation  
velocity = 7.5 km/s.  This prediction is close to the value predicted 
by LS-DYNA , [fig. 8(b)].

figure 6. pressure time histories at the vicinity of interface 
and water.

5.3 Near-field and far-field Effects
The near-field effects are produced mainly due to the 

mechanical interactions of detonation and shock wave fronts 
at the explosive-liquid interface. The near-field effects on 
the material depict local behaviour across the structural wall 
thickness. These can cause damages such as, delamination and 
disintegration of surface coatings in metals and cratering on 
the front surface, spallation on the rear surface and perforations 
in concrete. on the contrary, the far-field effects are produced 
when the structure offers resistance to shock wave propagation 
in the liquid. They depict global effects such as rigid body 
motions of structures with and without deformations and 
cracking. In the present work, these effects are simulated 
concurrently by employing robust numerical simulations 
by controlling the computational mesh size and time step 
to respect the appropriate stability criteria. Alternatively, 
analytical solutions are available which are applicable for the 
regular geometries.Moreover, near and far-field effects are un-
coupled while seeking analytical solutions. more details can be 
found in references.5, 23 & 14 figure 6 focusses mainly on near-
field effects.

5.4 Energy Distributions  
The evolution of mechanical energy in the explosive and 

water is shown in fig. 7. Till detonation front arrive at the 
explosive boundary (6.6 )sµ , the internal energy is retained in 
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the explosive itself. Beyond the explosive starts transmitting 
its energy to water, causing interface boundary oscillations. 
which are reflected in the internal energy variations in time 
scale. Such boundary oscillation behaviour sets in after 9 sµ  
and vanishes (almost) after 21 sµ . Beyond, the trooping trend 
of internal energy is observed in association with monotonic 
increase trend in the energy transmitted to water. Non-
reflecting / absorbing boundary conditions are applied for the 
finite water boundary in the simulation. Besides, compared to 
the work potential of 4.7 mJ, i.e. the maximum mechanical 
energy that could be released by 1 kg of PETN in unconfined 
environment, the energy released by the same 1 kg of PETN 
in underwater explosion is ~ 1.3 mJ, which is ~30 % of work 
potential of the PETN Out of 1.3 mJ, only 1 mJ (~20 % of 
work potential)  is transferred to the water that can damage the 
associated structures / systems.

The present numerical simulation deals with infinite water 
medium which is incompressible. Hence the radial displacement 
of explosive boundary is insignificant.However, the energy 
release is strong function of the constrains imposed on the water 
boundary. This has been observed from TRIG-I series which 
deal with PETN explosion within water, completely filled in 
a thin vessel made of stainless-steel.23 Radial deformation of 
thin vessels allows the motion of water thereby, higher energy 
release. In the overall energy balance under static equilibrium 
condition at the end of the explosion, the strain energy absorbed 
by the vessel is the measure of maximum mechanical energy 
release by the explosive. The values determined from 5 tests 
lie in the range of 2.2-2.6 mJ/kg, compared to 1 mJ/kg in 
underwater explosion. The details of experimental simulation 
along with the numerical predictions are presented in.23 

5.5 Numerical Simulation of DSD with lS-DYNA: 
Comparison of Results
for the analysis with LS-DYN, the geometrical 

discretisation of the explosive, equation of state for PETN and 
water and time step of 10-12s are kept same as per the definition 
of benchmark problem presented in section-3. The meshing 
of spherical 50 mm explosive is done by deployment of 
quadrilateral elements in ALE with variation of element size in 
two phases viz. for the first 25 mm length of explosive, element 
size is 1.92 mm and 1.66 mm for the rest. PETN is modelled 
with MAT_HIGH_EXPLoSIVE_BUrN material card with 
JWL equation of state assigning the beta burn flag equal to 
0 to consider the initiation of the detonation either by arrival 
of detonation front or by volumetric compression, whichever 
earliest. mAT_NULL material card is used to deploy Gruneisen 
equation of state for water. The material parameters that are 
associated with JWL and equations are the same as given 

figure 7. Evolution of energy distributions in pETN and 
water.

figure 8. (a) Velocity distribution, and  (b) pressure distribution. 
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under Eqn. (1) and Eqn. (2) for PETN and water. However, 
the analysis has been carried out upto 10 µs restricting the 
simulation of DSD propagation within the explosive zone. The 
LS-DYNA and DSS-DYN predictions of peak velocity values 
at the nodal points are compared in fig. 8(a) and peak pressure 
values at the element centroids along the symmetric line are 
compared in Fig. 8(b). The marginal differences observed 
in the predictions are mainly due to the homogenization of 
pressure fields in the burn and un-burnt zones. relatively a 
large difference has been observed in the water region in the 
vicinity of interface. This is mainly due to the deviation in 
arrival times of shock wave fronts at the interface, apart from 
possible discretization error in the hydrodynamic computations 
by finite element simulations. Further, it is experienced that the 
computational time consumed by DSS-DYN is typically less 
than an hour and LS-DYNA took about 3 hours for a run.

6. CONClUSIONS
The DSD scenario has been simulated precisely both in 

time and space scales. JWL equation of state for explosive along 
with the simple algorithm developed for determining the burnt 
fraction in the explosive zone is well suited for the integrated/
coupled finite element analysis.The prediction of important 
DSD parameters by DSS-DYN shows satisfactory comparison 
with the LS-DYNA with lesser computational time. The energy 
distribution indicates that only about 30 % of stored chemical 
energy has ability to deliver mechanical work on the fluid, of 
which 70 % is transmitted to the surrounding water.It is further 
observed that the energy release scenario is strong function of 
the conditions imposed on the water boundary. This has been 
experimentally confirmed.These data provide important input 
for the design of energy absorbing mechanisms as well as 
damage assessment of the structures involved in an underwater 
explosion.

Assessment of DSS-DYN with reference to LS-DYNA 
employing more examples under varied experimental 
conditions and extension of DSS-DYN for the analysis of 3D 
geometries including the shock-structure interactions is the 
future work of authors. 
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