December 2019, Vol. 19, No. 6 MANUFACTURING TECHNOLOGY ISSN 1213-2489

Development of Simulation Model for the Propagation of Pressure Wave
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Detonation is a specific type of a rapid exothermic reaction, which always involves a detonation wave (in the ex-
plosive) and the shock wave (in the environment). Modelling of the pressure wave falls in the fluid flow and inter-
ference with obstacles in the flow. The purpose of this paper is to development of simulation model based on the
finite element method (FEM) for shock wave propagation in air form the explosion of a spherical charge from
TriNitroToluene (TNT) material. The air is the classical ideal gas and explosive material TNT is defined using
Jones-Wilkins-Lee (JWL) equation. The computational model is 2D-dimensional model with four node axisymme-
tric elements. The effect of the explosion on the pressure distribution in the air and rigid surface (ground) is inves-
tigated. Numerical solution of the dynamic response was performed using commercial FEM software ADINA.
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1 Introduction

Computer simulation technology has developed in
close relation with both the computer industry and engi-
neering processes. Therefore, engineering simulation
plays a role in designing of machines, structures, piezoe-
lectrical devices, medical devices, computers etc. [1].
The numerical treatment of complicated three-dimen-
sional problems is becoming increasingly popular due to
the fast development of computational hardware and the
decline of computing costs. Today, there’s practically no
system or component that can’t be improved via simula-
tion. The simulation is not understood as a universal tool
for analysis of the behaviour of the system that, but it is
an effective alternative to the procedures of the experi-
mental sciences. It is logical that the simulation makes
the development of the new theories and design of new
experiments for testing of these theories. The experiments
are necessary for determination input data to simulation
programs and for verification of numerical results and
simulation models [2].

Numerical simulation are also very useful methods to
describe wave propagation phenomena in more complex
structures [3]. Extreme events are situations where the
loading and/or response of a material, structure, or system
exceeds that the normal conditions. In the field of extreme
events research, physical experimentation is often limited
according to the high rate, short time scales, large defor-
mation response and or physical size that are inherently
present in these problems. Explosion is a rapid physical
and chemical change of state of mass by releasing of en-
ergy, pressure, heat, sound or light with consequential ef-
fects (labour, destruction, etc.).

Detonation is a specific type of rapid exothermic re-
action, which is always accompanied by a detonation
wave (in the explosive) and the shock wave (in the envi-
ronment). This is a difference between other types of ex-
plosive transformation. Detonation can take place in dif-
ferent environments. Gas mixture, dispersion of solids in
the air, aerosols, liquids and solids in various forms can

detonate. It follows that detonation is not limited only to
explosives (industrial or military), but it is possible in dif-
ferent systems if certain conditions are fulfilled.

The finite element method (FEM) is the most popular
simulation method to predict the physical behaviour of
systems and structures [4-7]. Much research work has
been done in the field of numerical modelling during least
years, which enables engineers today to perform simula-
tions close to reality. Wave-propagation codes, also
called hydrocodes, are typical class of numerical tool for
the simulation of crash and impact and at the same time
not linked to a specific kind of discretization. Typical rep-
resentatives of hydrocodes are ABAQUS, ADINA,
AUTODYNE, DYTRAN, LS-DYNA, PAM-SHOCK
and RADIOS.

In the present study 2D computational model based on
FEM for the wave propagation is developed. The simula-
tion results are presented for the explosion TNT material
in the air. The pressure in the vicinity of the explosion is
evaluated and the pressure on the fixed wall is monitored
as well.

2 Detonation and explosion

From an operational point of view, we can define an
explosion as a release of energy into atmosphere in small
enough volume and in a short time. In the second case,
two waves (the pressure and the combustion one) are cou-
pled and their velocity is supersonic compared to the un-
burned gas conditions in front the flame. This phenome-
non is called detonation. We distinguish two types of ex-
plosion transformation: non-stationary detonation (explo-
sion propagates with variable speed) and detonation (ex-
plosion propagates with constant velocity D). Between
non-stationary detonation and detonation, exist a relation-
ship [8, 9]. We can define the initial velocity of initiation
that detonator strike to explosive D,. There are two cases:
D,>Dand D,< D

In the first case, non-stationary detonation will prop-
agate from the boundary between explosive and detona-
tor. Its speed will continuously decrease to a value D, that
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reaches in distance L,. At all distances L < L, will be a
stable detonation velocity D.

In the second case, detonation speed will increase
from D, to D in the distance L,. For all distances L > L,
the detonations speed will be stable and equal to D. It can
be said that non-stationary detonations is always trans-
formed to stationary.

The explosion over the plane surface of the body (e.g.
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on the ground) creates a wave image marked on the (Fig.
1) Firstly the shock wave spreads in all directions from
the spherical charge, which impacts to the epicentre E on
the surface of the body. At points outside of the epicentre
wave impacts with angle o, which increases with distance
from the epicentre. Regular reflection occurs in the circle
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Fig. 1 Scheme of wave propagation in air explosion above the surface of the body

3 Shockwave effect on the bodies

When the body or structure is loaded with shock load,
the shock wave first propagates and then reflected [10].
An interaction at a boundary produces a reflected wave,
whereas an interaction at a boundary produces both re-
flected and transmitted waves. Shock waves effect on the
structure has a different character depending on the type
of the explosion, on the distance from blast, on the size of
the charge and on the shape of the body. The theoretical
solution derived from a single degree of freedom are pro-
posed only for some selected problems [11]. Therefore,

Ape  fromt afthe impacting wave

the results of the experimental research for the explosive
loading scenarios are needed [12].

Structures are exposed to the incident waves in the
closer zone of the explosion in air (Fig.2, left). The struc-
ture is firstly loaded from the top by overpressure reflec-
tion (Fig. 2, right). The structure is located in the layer of
the compressed air after impacting of the shock wave on
the ground and is loaded by overpressure from the re-
flected wave. It is assumed that the wave length greatly
exceeds size of the obstacle.

Ape, front of the reflected wave

Fig. 2 Shockwave effect on overground structure, two stages of operation of the impact wave in the near area over-
ground explosion

A different features has load of the overground struc-
ture exposed to the main wave (zone of the irregular re-
flection) or impact wave of the contact explosion. Firstly
the wall reversed to the epicentre is loaded by overpres-
sure of the reflected wave front propagates along the sur-
face. Then the pressure is gradually applied to the side

walls and upper horizontal wall and finally to the back
side of the wall. In the moments after impact of the shock
wave on the front wall, the pressure wave flows around
and the overpressure drops rapidly as shows (Fig. 3).
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Fig. 3 Shockwave effect on overground structure, three stages of operation of the impact wave in the zone of irregular
reflection or at a contact explosion.

4 Background of theoretical model

An explosion is an impulse load that is characterized
by a high peak pressure and a short duration time (less
than a second). Usually a Computational Fluids Dynam-
ics (CFD) tool is used to simulate the explosion, including
its movement in the 3D space, variation over time and
peak pressure levels.

The mathematical model of any fundamental fluid dy-

P p Uy
pux\ pug +p

U=|[puy |, E=] puguy
puZ puxuz
pe pho Uy

Euler equation is often used to study compressible
flow at high Mach numbers. Neglect of viscosity allows
use of corser mesh grid the solid surfaces. The equations
conserve mass, momentum and energy, and can be de-
rived either an integral or a differential approach. The
conservation of mass equation is

dp |, dpu, , Opuy  dpu,
—_ —2 =0
at ax + ay + az (3)

The energy equation in vector has form
o +u.VT = aV?T (4)

where p is the density, uy, uy, u- are the velocity compo-
nents, T'is the temperature, a = k/ ¢, is the thermal dif-
fusity and £ is thermal conductivity and ¢, is the specific
heat at constat pressure.

We note that in Euler's equations, instead the specific
internal energy e total enthalpy /o is used and the relation-
ship between them is

pe+p=p(c,,r+"2—2+ §)=p(cpT+ §)= phy (5)

¢y 1s the specific heat at constant volume, v is the resulting
speed, The state gas equation for the pressure calculation
is
CZ
p=(k-1p(e-5) (6)

For a numerical solution, the sets of differential equa-
tions and boundary conditions associates with fluid do-
mains must be satisfied simultaneously. Basic boundary
conditions in fluid mechanics are

e  No-slip at the wall

Vp lat the boundy = Vwall @)

namics problem is governed by the Navier—Stokes equa-
tions [13].

For the high speed flows (e.g. flow over an aircraft),
effects of viscosity are usually very small away from solid
boundaries. For non-viscous flow, Navier-Stokes fluid
flow equations simplify and they are Euler's fluid flow
equation.

au a(E a(F (G
2+20 a(—; +%8 -0 (1)
puy pu,
PuyUy puzuy
.F=kpu§+p),G=KP“z“y) )
puyy; puZ +p
phg uy phyu,

e Velocity continuity
Vp (fluid 1) l5¢ the boundy= Vp (fluid 2) [4¢ the boundy (8)

Other more complex boundary conditions are given in
[14]
In modelling of various physical effects are used two
basic formulation of the problem [15]:
e Lagrangian formulation.

e Eulerian formulation.

In the Lagrangian formulation, nodes of the finite el-
ement mesh are tightly connected with the geometry of
the analysed body. Particles of the material are created by
connecting of the nodes together. When the body is de-
formed, nodes move with material and elements are de-
formed (Fig. 4). The Lagrangian description allows an
easy tracking of free surfaces and interfaces between dif-
ferent materials. It also facilitates the treatment of mate-
rials with history-dependent constitutive relations. Its
weakness is its inability to follow large distortions of the
computational domain without recourse to frequent
remeshing operations.

t=t, t=t,

Lagrange

Fig. 4 Mesh deformation at the Lagrangian formulation
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The Eulerian formulation focuses attention on the sta-
tionary control volume and this volume is used to meas-
ure stability and continuity of the mass of fluid particles.
The Eulerian formulation considers a separated equation
for conservation of mass. This condition is contained in a
determinant of the gradient deformation in Lagrangian
formulation. This approach is applied in the study of fluid
flow where the rate change of kinematic property is inter-
est and not change of the shape body of fluid at a refer-
ence time. In the Eulerian description, large distortions in
the continuum motion can be handled with relative ease,
but generally at expense of precise interface definition
and resolution of flow details. Fig. 5 shows a flow of mass
through control volume.

t=t1 t=t2

Euler

Fig. 5 Flow of mass by control volume

Modelling of the propagation pressure wave belongs
to the field of fluid-structure interactions (FSI) with ob-
stacles in flow domain. Therefore, it is appropriate to
study the observed phenomena by software based on Eu-
lerian formulation.

5 Material models

Hydrocodes computer software are able to predict un-
steady, dynamic movement of the material by solving Na-
vier-Stokes equations, conservation of mass and energy
[16]. Also, the boundary conditions and initial conditions
must be satisfied. Although boundary conditions are de-
fined, additional relationships between variables (pres-

Tab. 1 Parameters JWL of state equation

sure, density, energy, temperature, etc.) must be speci-
fied. These relationships include state equation, equations
defining model and model of failure of the material [17].
These must be defined for each material considered in
computational model.
There were used two different material models in
computational model:
o Air
Air can be adequately described using the state equa-
tion. In numerical models, it is assumed that the air is the
classical ideal gas and its equation of state has form
p=@F-Dpe )

where p — pressure, y — adiabatic index, y = ¢,/cy (y =1.4
for two-litter gas), p — density (p = 1.225 kg/m?), € —spe-
cific internal energy. The specific internal energy is func-
tion of temperature 7

e=2L (10)

where R = 287.1 J kg'' K*! is the universal gas constant.
For T = 288.15 K the specific internal energy is 206.82
Tkg'.

e TriNitroToluene (TNT)

High-energy explosive material is defined using the
Jones-Wilkins-Lee of state for explosives (JWL equa-
tion). The JWL equation is defined as follows

p=A(1-35)e ™ +B(1-2)e ™V + 5% ()

RoV
where 4, R1, B, R, and w are constants obtained by exper-
iments and are published in the literature. Typical param-
eter for TNT are given in Table 1. The ratio V' = p./p is
defined using density of the explosive p. and p is density
of the detonation products and £ is the chemical energy
of the explosive.

In hydrocodes, the explosion is modelled as an instan-
taneous process at which the explosive changes to
gas.The volume change of the explosive material is com-
pleted at the beginning of the simulation.

Velocity of detonation Chapman—Jouguet
A [GPa] | B[GPa] Ri[-] Ry[-] o [-] va [m/s] Pressure [GPa]
371.20 3.231 4.15 0.90 0.35 6930 21.0

6 Model of the pressure wave reflection

The computational model is two-dimensional axisym-
metric finite element model. Figure 6 shows the sche-
matic computational model with the spherical charge ex-
plosion (TNT) with a mass of 1kg at a distance of 400 mm
from a perfectly rigid obstacle (ground). Volume dimen-
sions in which the shock wave propagates are 1000 x
1000 mm.

Computational domain is divided into 250 000 four

node elements with dimensions of 2x2 mm. The element
size is shown in the upper left corner of the Fig. 6. Fig. 7
shows wave image, which is caused by the explosion of
charge. Detonation occurred at the time ¢ = 0 ms. The
front of the direct wave reaches the obstacle about the
time of 0.11 ms and begins to create a reflected wave. At
0.19 ms, the intersection of the face reflected wave and
the face of the direct (falling) wave begins to move away
from the surface of the obstacle to form the main Mach’s
wave that propagates as a main shock wave.
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Fig. 6 Schematic computational model of the explosion of 1kg TNT above the rigid surface
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Fig. 7 Wave image created by numerical solution
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On Fig. 8 are shown pressure distributions in different
places in the computational model. Points 1-9 are at dis-
tance of 400 mm from the surface and their spacing is
100mm. Points 11-19 are just above the rigid surface at
distances of 100mm. When a direct shock wave propa-
gates through space, the pressure falls on her front. In

point 1 is maximum pressure 28.39MPa (at ¢ =
0.0219ms), in point 9 is maximum pressure only 1.11MPa
(at =0.4589ms). Due to the superposition of the pressure
of the direct and reflected wave is the pressure at the front
of the main wave greater than at the front of the direct
wave — in the point 19 is maximum pressure of 1.99 MPa.

30
— Poir I
— Poimt 2
FPoint 4
— Paointl
- Point &
= — FPoimt 7
%" Point 8
g 15 FPaoint 8
[
g
Ayl
51
|'__H___——__
- — i e =
u'D 0.2 0 o3 035 04 0.45 oS
Time [ms]
30
— Poimt 1
— Poit2?
Point 4
— Point 3
0 Point 6
T — FPomit 7
%".‘ Point 8
g 15 Poimt §
[
i
Ayl
At
r—
= I e

; | I D
% 005 o1 015 02

0¥ 03 035 04 045 oS

Time fms]

Fig. 8 Pressure distributions in different places of the model

7 Conclusion

The current software allows simulating the behaviour
of the technical objects for the propagation of pressure
wave from explosion. It is possible to simulate the
changed boundary and initial conditions and their effect
on the object without the need to do expensive and time
consuming experimental tests. Comparing Fig. 1 and Fig.
7 was found that course of the waves obtained using nu-
merical calculations is practically identical with the

course assumed in theory. Based on the realized simula-
tions it can be concluded that the computational simula-
tion is a powerful tool for design blast loaded structures.
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