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Abstract

Abstract

Underwater blasting operations have been, during last decades, subject of
research and development of maritime blasting operations, including torpedo studies.
Aquarium tests, for the measurement of blasting energy of industrial explosives, are based
in studies of confined underwater blast wave generators (WBWG). The current work
present the study of the behavior of WBWG, based in two different water plastic
containers (25 litres and 1000 litres), having in the center a detonator inside a cylindrical
explosive charge. The explosive charges used were ammonium nitrate with fuel oil
(ANFO) emulsion and pentaerythritol tetranitrate (PETN) detonating cords (12 g/m).
Summarily the theoretical background was review. The explosives detonation properties
were predicted using a thermochemical computer code, named THOR. For the expansion
of the detonation products of the explosives was applied JWL EoS. JWL fundamentals
were review and his parameters were determined and optimized correlating THOR
predictions and JWL EoS to a minimum difference with an auxiliary quadratic function. In
order to calculate the JWL coefficients, a new numerical method was used. It was based in
the evolution of adiabate and isentrope curves, obtained by THOR code, using a function
of the Microsoft Excel ® Solver, assuming a few assumptions for Grineisen coefficient
(from the exponential of the adiabatic curve; from the exponential of the isentrope curve at
a limit adimensional volume; from the exponential of the total expansion of isentrope
curve and, at last; deducted from Handley, 2011). The best results were obtained using the
Grineisen coefficient from the exponential of the total expansion of isentrope curve, which
were w = 0.328 for ANFO emulsion and w = 0.356 for PETN.

The dimensions and design configurations of the experimental WBWG were
presented and also a blast type experiment for 3 g of PETN (detonator No. 8 plus 2.4 g
charge of PETN detonation cord) was described. Autodyn 2D and 3D simulations of
WBWG were performed using a cubic meter water container (1000 litres) for both
explosive. The obtained results show the possibility of having these explosive charges
without destruction of WBWG containers. Since water pressure levels, close to plastic
walls, under maximum admissible charges, are closed to 6 MPa. It was always observed

the elastic deformation of containers wall, under the water shock reflections, changing
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from its original cubic shape to a transient spherical one. Additionally the execution
procedures of THOR code, Microsoft Excel ® Solver and the interface of Autodyn

simulations material input data was presented.

Keywords: WBWG, experimental underwater explosions, ANFO
emulsion, PETN detonating cord, thermochemical
computer code THOR, optimize JWL EoS parameters,
Autodyn predictions of WBWG.
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Resumo

Resumo

As operacdes de detonagdo submarinas tém sido, durante as Ultimas décadas,
alvo de pesquisa e desenvolvimento das operacGes de detonacdo maritimas, incluindo
testes de torpedo, bem como, em testes em piscinas para a medicdo de energia de
detonacdo de explosivos industriais. O estudo dos geradores de demolicdo por carga
submersa (WBWG) tiveram por base nestes conceitos. Com o presente trabalho pretendo
apresentar o estudo do comportamento de WBWG, com base em dois tipos de recipientes
de plastico com agua (25 litros e 1000 litros), contendo no seu interior exactamente no
centro um detonador dentro de uma carga explosiva cilindrica. As cargas explosivas usadas
foram uma emulsdo de nitrato de amonio com fuel oil (ANFO) e corddo detonante (12
g/m) de pentrite (PETN). Muito resumidamente uma revisao bibliografica foi realizada. As
propriedades de detonagdo dos explosivos foram previstas utilizando um programa
termoquimico, designado por THOR. Para a expansdo dos produtos de detonacdo dos
explosivos foi aplicado uma equacdo de estado JWL. Foi realizado uma revisdo aos
conceitos fundamentais desta equacdo e o0s seus coeficientes foram determinados e
optimizados correlacionando as previsdes do THOR e a equacdo de estado (EOS) JWL
para a minima diferenca através de uma funcdo quadratica auxiliar. Por forma a calcular os
coeficientes de JWL um novo método foi usado. Este baseia-se na evolucdo das curvas
adiabéticas e isentropicas obtidas pelo THOR, utilizando uma fun¢do do Microsoft Excel
® Solver, assumindo algumas suposicOes para o coeficiente Griineisen (a partir do
exponencial da curva adiabatica; do exponencial da curva isentrépica para um volume
adimensional limite; do exponencial da curva isentrépica para todos os valores da
expansdo, e por ultimo; deduzido por Handley, 2011). Os melhores resultados obtidos
foram pela utilizacdo do coeficiente Griineisen do exponencial da curva isentropica para
todos os valores da expansdo, onde w = 0.328 para a emulsdo de ANFO e w = 0.356
para PETN.

As dimensOes e 0 design da configuragcdo de “WBWG” experimental foram
apresentadas, juntamente com a descri¢do de uma experiéncia de detonacéo tipo utilizando
3 g de PETN (detonador No.8 mais 2.4 g de corddo detonante de PETN). Foi realizada

uma simulagdo a 2D e 3D de “WBWG” usando o programa Autodyn para um contentor de
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metro cubico cheio de agua (1000 litros) para ambos os explosivos. Os resultados obtidos
mostram a possibilidade de ter este tipo de cargas explosivas sem a destruicdo do
“WBWG” contentor. Uma vez que, os niveis de pressdo na agua, perto das paredes
plasticas, sob a maior carga admissivel, ronda os 6 MPa. Foi sempre possivel observar a
deformacdo eléstica das paredes do contentor, as reflecgdes do choque subaquatico,
alterando a sua forma cubica original para uma espiral transiente.

Adicionalmente os procedimentos executados para 0 THOR, para o Microsoft
Excel ® Solver e para a interface do programa de simulagdo Autodyn “material input data”

foram apresentados.

Palavras-chave. WBWG, explosdes experimentais submarinas, emulsdo de
ANFO, corddo detonante de PETN, programa
termoquimico THOR, optimizacdo dos parametros JWL
EoS, previsdes de WBWG pelo Autodyn.
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Introduction

1. INTRODUCTION

Nowadays, the explosives have been common used in operations of demolition
of structures as well other civil matters. However, it also has been increasing the number of
accidents related with accidental explosions and from criminal attacks. The problem of
security, generated by the use of explosive charges in historic buildings, implies the
analysis of the transmission of a shock wave in non-homogeneous environment, which
increasingly needs models correlated with experimental data. During the last decades a
new method of underwater blasting operations has been researched and developed, and for
that, aquarium tests has been established for the measurement of blasting energy of
industrial explosives and confined underwater blast wave generators (WBWG). The
program, recently approved, of security to explosions of historic buildings, complements
modeling and experimental trials, like experimental destruction of walls with the resource
of explosive charges placed in a container of water, which will be the focus of this work.

As we know the detonation of an explosive results in the production and
violent release of compressed gases. The produced energy rapidly propagates through the
environment (air or water), causing changes in pressure, forming a shock wave, which
propagates over the sound speed. This wave front, with high dynamic pressure and
supersonic velocity, is known as the shock wave that gives blasting an enormous power of
collapse. The original blast wave generators (BWG), from the direct application of
explosion in air of high explosives, have the inconvenient of hot polluted gases products, a
reduced area of induced pressure, the possibility of generation of high velocity fragments
and the existing of a very intense sound wave. Since physical properties of water and air
are different, the characteristics of the shock waves (in air and water) are different
principally due to the differences of density and shock wave velocity (shock impedance).
Density of water is about 800 times greater than density of air; the sound velocity in water
is 1500 m/s and in air ~ 340 m/s (4.5 times faster). Shock wave in water is 4.5 times faster
than in air; pressure impulse in shock wave in water is 15-20 times higher than in air. After
the detonation of an underwater explosive charge, the detonation products expand
generating shock wave in water and forming a gas bubble. Gas bubble expands and

pressure inside the bubble decreases. However, when charges are detonated, it can be
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observed several cycles of contractions and expansions that generate, by this way,
pulsating movement of gas bubble and additional compression waves in the water. This
kind of evolutions is very important in large volumes. In our particular case, using small
charges, these phenomena must be reduced or even eliminated. Our interest is to use water
just as a pressure dissipative media. For that, this work was based on a previous work
developed by Tavares, et al., 2012 for predicting and comparing with experimental results
of confined underwater blasting generators (WBWG). Two different industrial explosives,
ANFO emulsion and PETN, placed in the center of the container were now applied to these
kinds of experiments.

Brief general concepts about his kind of explosives: according with the history,
in the 60s, because was cheaper and provides a large amount of blasting energy the mixture
of granular ammonium nitrate with fuel oil (ANFO) start to be usually used on mining
industry. The ammonium nitrate is mixed with a fuel to create a water-in-oil type emulsion.
In this emulsion the ammonium nitrate solution are covered entirely in fuel, creating a
close relationship between the fuel and the oxidizer, providing a water-proofing property
on the explosive, since the oil is immiscible with water. For that reason the ammonium
nitrate emulsions became nowadays common used in the industry, like Orica for example
(Morley, 2011); in 1891, Penthrite was first synthesized by Bernhard Tollens and P.
Wigand by nitration of pentaerythritol. The production of PETN started in 1912, when it
was patented by the German government and used in World War 1. This explosive is
known as one of the most powerful high explosives, with a very reduced critical diameter.
Due to its highly symmetrical structure, PETN is resistant to attack by many chemical
reagents; it is practically insoluble in water, but soluble in some other organic solvents,
acetone for example.

Detonation predictions used an adapted equation of state (EoS) of detonation
products (DP). Then thermal energy release at the Chapman-Jouget (CJ) point during
detonation can be calculated. There are a number of EoS’s of DP that result from different
assumptions concerning detonated material conditions. The Jones-Wilkins-Lee (JWL)
equation of state (EoS) is widely used in reactive hydro simulations due to his simplicity to
describe thermodynamics of DP final expansion, assuming no more reactions inside DP.
This EoS can be used in different forms (two or three terms) according with the level of

accuracy in the pressure-volume domain that applications need and it is also possible to
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increase mathematical complexity of HE EoS, but it does not guarantee increased accuracy
for practical problems of interest. Increasing the numbers of parameters is often justified
based on improved physics descriptions, but can also mean increased calibration
complexity, as happens with the modified JWL EoS (JWLB). For example, Tang, P.K. for
modeling the overdriven release experiments of PBX 9501 proved JWLB to be more
suitable than standard JWL EoS (Tang, 1997). However, often it is questionable whether
the increased complexity of mathematical JWL is of value, increasing the number of
calibration parameters could mean no increase in complexity and ensures greater accuracy
for practical problems of interest. In this work will be used and determined the JWL
equation of state with only three parameters, in the classic form:
v v v ~(w+1)

P = A.exp (_Rl'E) + B.exp <_R2'E> +C. <v_c1> .

Predictions properties of DP need a thermochemical computer code, named
THOR, with four calculating clusters. The first is related to the thermal equation of state
(EoS) that allows the calculation of the PVT state of the detonation products, the second
calculating cluster is related to the energetic equation of state, H,, corresponding to the
internal energy calculation using thermochemical data and polynomial expressions of
Gordon and McBride, 1971, 1994, applied to intermediate and final products, the third
cluster is related to the conservation equations - mass, atomic species, momentum and
energy, being the thermodynamic equilibrium achieved for G=Gp,(P,T,X;). The last cluster
corresponds to the reaction regime, which is, in this particular case, Chapman-Jouguet (CJ)
detonation. Despite the use of THOR code to prediction the DP necessaries to determine
JWL EoS there are many others like PANDA (Kerley, et al., 1993), CHEETAH (Fried, et
al., 1994), EXPO5 (Suceska, 2007) and most more.

The simulation phenomenological problem remains until the time/displacement
originated by the expansion of detonation products. LS-DYN (MSC.Software, 2005), and
Autodyn (ANSYS, 2006), are explicit 3D codes able to integrate results in a
phenomenological way, using parameters and constants predicted before. After the
determination of the JWL EoS parameters it was performed a detonation simulation for the
two explosives using the program Autodyn. This simulation study the expanding process
of detonation products of the explosives and that helps to determine the pressures that we

are dealing with and the consequences of the surroundings for a specific quantity of the
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explosive used. This program was performed for 2D and 3D simulation for each explosive

used; it provided the simulation of the underwater explosion of the explosives, predicting

space/time/intensity of underwater shock wave and its multiple reflections at the external

wall of the container. And also for modeling these effects (nonlinear dynamics), the

program Autodyn ANSYS code uses the JWL EoS expressed in the classic form.

1.1. Description of the dissertation

After the present Chapter 1 (Introduction) where was presented the general

concepts, the objectives and structure of the present work the following texts have:

a)

b)

d)

f)

9)

h)

Chapter 2 (Theoretical background) — is presented a brief background of
the concepts used;

Chapter 3 (Applied model and results) — is presented the model used to
predict the detonations products. THOR fundamentals are described and the
prediction results are presented;

Chapter 4 (Jones-Wilkins-Lee equation of state) — is presented the JWL
equation of state used, its fundamentals are described and its parameters are
determined using the THOR predictions;

Chapter 5 (Dimensions and design configurations) — is presented a brief
description of the experimental assembly of underwater blast wave
generator performed on explosive charges placed in water container;
Chapter 6 (Simulations and experimental results) — is presented a
simulation using Autodyn of the experimental assembly and all the results
achieved are analyzed, as the previous simulations as the experimental
tests;

Chapter 7 (Synthesis and Conclusions) — is presented a conclusion of all
the work done and new ideas for future work are suggested;

References — are presented all the bibliographic references used for the
current work;
Appendix A — is the description of THOR execution procedures;

1) Appendix B — is the Microsoft Excel Solver execution procedures;
J) Appendix C —is an example of the Autodyn database.
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Theoretical Background

2. THEORETICAL BACKGROUND

2.1. Theory of detonation

An explosion of a chemical explosive is defined by a very quick release of all
potential energy accumulated in the explosive. This quick release known as shock wave
causes a rapid increase in pressure and volume propagating through the surroundings.
Theoretical model of detonation, represented by the picture below, assumes a shock front
propagating in un-reacted explosive, followed by a reaction zone, where combustion

occurs.

t=0 Explosive
un-detonated

E, P, p, || EoPopo

Detonation
pri)ducts

t-t1
C h:lpm:ln-\:louguel 1 |
Zone
( tiup ‘

t1Us

Explosive
un-detonated

Shock‘front Detonation zone
Reaction Zone

Figure 2.1. Simulation of propagation scheme of explosive detonation used to derive the Rankine-Hugoniot
relations.

Studying a theoretical one-dimensional detonation it can be assumed that
detonation wave travels through the explosive material from left to right (Figure 2.1). The
shock front is followed by the chemical reaction zone. Behind the reaction zone are located
the dense and hot gases from the detonation products, DP. This decomposition process
that generates the DP is approximately adiabatic, since the high reaction rate does not
allow heat exchanges with the outside, because these are rather slower. The increase the
volume of the gases of the products generates an increase of the pressure, generating a
shock wave inside surrounding material (that in this case will be water).

At t = 0 the explosive stays unreacted, and instantly the detonation starts, CJ

zone. The Chapman-Jouguet zone represents the ideal detonation zone, where the
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propagation velocity is equal to the sound velocity through the DP. It is assumed that the
explosion energy is instantaneously released in a discontinuous shock front across which
the conservation conditions of Rankine-Hugoniot (RH). (The velocity of the detonation
wave was assumed to be the minimum velocity compatible with the hydrodynamic
conservation equations, defining a unique steady-state detonation velocity).

Assuming that the detonation moves at a constant particle velocity, u,,
resulting in a shock velocity, U , of the front of the compressed material. The velocity is
greater than the velocity of the detonation point resulting in growing area (volume in 3D)
of the compressed material. . At the time t; there are both compressed material and
undisturbed unreacted material inside the explosive and if the CJ zone and the detonation
zone are assumed to be unity, the first of three RH equations is derived by conservation of
masses.

m=py.Us = py.(Us — U,), (2.1)
where m is the mass flux of material passing through the shock wave.

Next RH is derived by starting that the change in momentum is equal to the
impulse caused by outer forces. Momentum is defined by the product of mass and velocity,
in this case at time t; the compressed fluid has the mass p;. (US - up). t;and att = 0, the
momentum is zero. The impulse is defined by the product of the change in pressure at the
different states, P;and Py, and at the time. This gives the conservation of momentum as

(P, — Py) = po. Us.upy = py1. (U — ). uy (2.2)

Conservation of energy is the fundamental point when deriving the third RH
equation. Generally the conservation of energy means that the work done by the outer
forces equals the change in internal energy plus the change in kinetic energy, which in this

case yields

1
po-Us. (By — Eo) = Pr.up — 5. po. Us.uy?, (2.3)

where E; and E, are the internal energy at the two different states. If this
equation is rewritten by the previews equations of mass and momentum conservation the

following relation is achieved
1
(Ey — Ep) = 2 (P + Pp). (v — v1), (24)

here v, and v, are the specific volumes at different states, defined by v = 1/p.
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From these three RH conservation equations we identify eight parameters; w,,,

Us, po ,pP1, P1, Py, E; and E,. Which the three initial conditions represented by the index 0
are known and remain five unknown parameters for only three equations. In order to solve
shock problems, two more relationships are needed. One relation is called the equation of
state (E0S) and is presented in more details in the upcoming chapter 4, and the last one is
related with the specification of the boundary conditions.

The Hugoniot curve could be described as a relation between, for example,
mass and momentum conservation equations describing pressure and specific volume
when going from one state to another.

This curve contains all the possible states that the explosive can reach during
shock. When detonation occur in ideal theory the pressure over the shock wave front
changes with a discontinuous jump described by drawing a straight line between the initial
and final states, the Rayleigh line which is given by

P = p,. U . (1 — p—°>, (2.5)
P1

where P is the detonation pressure, i. e., the pressure of the shock wave front,
poand p; are the densities at different states, initial and final, respectively, and U is the
velocity of the shock wave in the explosive material (it can be also denominated as the
detonation velocity, D), has as main feature being constant and independent of the energy
and the way how the detonation is initiated.

Follow the graphic representation of these assumptions on a P-v plane:

c 0-¢
H 5 C]' Rayleigh lines (R)
P R D ,_,_] Points:
0 — VN — Hugoniotcurve (H) ¢j - Chapman — Jouguet
1

D'~ D - Crussard curve (C) VN - Von Neumann Spike

p e CT?D -+ Strong Detonation E — Adiabatic Comb.isochoric

VN E — CI = Weak Detonation F — Adiabatic Comb.isobaric
H — unreacted material adiabatic

FfE]’ — Deflagration

C — reacted material adiabatic

Figure 2.2. Drawing of the Hugoniot and the Crussard curves and between them the Rayleigh lines in the
pressure-particle velocity (P-v) plane.
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The Hugoniot curve represents the adiabatic unreacted curve and the Crussard
curve represents the detonation products. The Rayleigh line is a tangent to the Crussard

curve giving the CJ point.

2.2. Shock polar

From experimental observations was development a linear relation between the
shock wave velocity U, and the particle velocity w, at high range of pressures for describe
the shocks in solids, called the shock polar or the shock Hugoniot in the Us — u,, plane.

Us = co+s.up +q.upy? (2.6)

where ¢,, s and g are constants of the material that can be determined

experimentally. ¢, is the sound velocity of the undisturbed surrounding and s and g are
adimensional constant.

The above relation can be simplified in

Us=¢ot+5s.uy, (2.7)

since (q.u,%) = 0.

When combined with the Hugoniot equations for the conservation of mass and
momentum, can be used to determine the shock Hugoniot in the P — u, plane, where u, is
the particular velocity:

(P, — Py) = Ug.po-u, = (o + 5.up)Po- Uy = Po- Co- Up + S. Po. U . (2.8)

The shock Hugoniot describes the locus of all possible thermodynamic states a
material can exist in behind a shock, projected onto a two dimensional state-state plane. It
is therefore a set of equilibrium states and does not specifically represent the path through

which a material undergoes transformation.
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2.3. Underwater blast wave generators

Several studies concern aquarium tests for the measurement of blasting energy
of industrial explosives. Confined underwater blast wave generators (WBWG) then appear
as an industrial application of reduced size aquarium test procedures. The confined
WBWG, applying the extremely high rate conversion of the explosive detonation energy
into the kinetic energy of a thick water confinement, allows a wide range of the produced
blast impulse and surface area distribution. It also avoids the generation of high velocity
fragments and reduces atmospheric sound wave. This kind of WBWG find an wide
application in special anti-terrorist operations as an effective mean for breaching doors,
walls, roofs or reinforced Windows (Plaksin, et al., 2007). More recently, the recent studies
of WBWG open the possibility of collecting detonation products, specially condensed
materials, from small explosive charges placed in the center of a water confinement,
without the destruction of water container (Tavares, et al., 2012). The present study shows
the behavior of WBWG, based in water plastic containers, having in the center a

cylindrical explosive charge.

2.4. General equations

The detonation wave is a wave which thus creates a state of high temperature
and pressure, which causes the means of containment truly devastating effect. The
structure of the pressure wave transmitted to the medium is characterized by the
appearance of a ridge almost instantaneous pressure, followed by an impulsion, which are
decreasing as they move away from the point of initial formation.

Based on basic general conservation equations Suceska, 2007 recreated that
phenomenon that helps to define quantities and design values of experiments. He created
an equation that correlates the pressure level, AP, as a function of distance radius r related
to the original radius of explosive charge, r, , with a dissipation exponent, @, and the
maximum products detonation pressure value, A (Suceska, 2007).

In aquarium experimental trials he concluded that the dissipation exponent in
water was a = 1.5, and for TNT of initial p = 1600 kg/m3, A = 37 GPa.

ap=a(2)". (2:9)
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The pressure profile, as a function of time (vd. Figure 2.3), can be expressed by
equation (2.10) when t < 6@ , and by equation (2.11) when 8 <t < 5.0 up to 10.6,

;
being 6 = Bl.(%) 22 (for TNT of initial p = 1600 kg/m? B, = 1.4 and B = 0.24),

The 6 is so-called time constant or characteristic P width of peak (it describes exponential

pressure drop with time, and it is the P width value at which maximum pressure decreases
to value p,,q./€ - (Suceska, 2007).

p(t) = Ap~t/9, (2.10)
o (2.11)
p(t) = Ap.0.368.? : :
P [Gra]
B 6-[3
0.0
0 t[s]

Figure 2.3. Increased pressure profile as a function of time.

In a similar way the pressure impulse, I, can be expressed by eg. (2.12) and

(2.13) for the two considered cases, respectively:
t
I= det = 1.10%.[Ap.6.(1 —e~*/9)], (2.12)

0
t

t
I= fp dt = 1.105. [Ap. 6. (0.632 —0.368. ln5>] : (2.13)

0
These basic equations, representing a very simple unidimensional approach,

are very useful to define boundary values of explosive charges to be used in WBWG.
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3. APPLIED MODEL AND RESULTS

To predict detonation properties of used explosives, thermochemical computer
code, named THOR was used, and ANFO (Ammonium Nitrate with Fuel Oil) emulsion
and PETN (PentaErythritol TetraNitrate) were the selected explosives. And with this
program code was performed the theoretical prediction of DP and thermodynamic
properties of the explosives compositions for the CJ detonation with the adiabatic dynamic

and isentrope conditions.

3.1. THOR fundamentals

THOR is a program for the prediction of combustion and detonation processes
of energetic mixtures. It requires a large database (THOR database) that contains the
thermochemical characteristics of the reactants and possible products of the reaction.
Supported with Gordon and McBride polynomial coefficients to evaluate the energetic
state of the detonation/ combustion products.

This kind of program predict the products compounds, pressure and
temperature detonation values, assuming the existence of thermodynamic equilibria of
detonation products, i.e., the mechanical (dP = 0), chemical (dy; = 0) and thermal
(dT = 0) equilibria for the minimum value for its Gibbs free energy. The THOR code has
been developed and optimized and several kinds of EoS were developed, like for example

BKW, Boltzmann and JCZ3. Obtained results prove the importance of calculated products

composition and the influence of I'; = Z—I; value, where the great gamma with index T
S

represents the THOR great gamma related to the detonation products, that is equal to the
fraction between the variation of enthalpy, dH, and the variation of internal energy dE at
constant entropy, S. (Durées, et al., 1995). Demonstrate this assumption we have:

0H 0H

o _ dH 74T +5p5-dP ¢, dT + h.dP 1)
T:_ = = . .
dE|, ~ OF O cp.dT +1.dV

Assuming the detonation products doesn’t change phase, the pressure is

constant (h.dP = 0), and also, the specific volume is constant, so [.dV = 0. Therefore:
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T:M:C_p:y_ (3.2)
c,.-dT ¢,

The great gamma,I’; , is equal to the fraction of the calorific heat at constant
pressure, c¢,,, and at constant specific volume, ¢, and equal to the gamma, y .

For the present work, the new EoS developed by (Duraes, et al., 1995), H., was
used to calculate equilibrium compositions of gas and solid species, as a function of initial
composition of energetic system, based on the same assumptions of a Boltzmann EoS,
PV/RT = o (V,T,X;), being o=1+x+0.625x?+ 0.287x3 — 0.093x* + 0.014x°
with x(V,T,Xi)=Q/(V.T¥*) and Q=%(Xiw;), but on physical intermolecular potential of gas
components instead of correlations from final experimental results. This EoS takes a =13.5
to the exponent of the intermolecular potential. The selection of components is dependent
of atomic initial composition. The code allows the possibility of estimating various sets of
reaction products, obtained successively by the decomposition of the original reacting
compound, as a function of the released energy.

The following image represents the THOR structure of calculation.

Initial conditions Simplified Assumptions
L1l 11
Balance equations Thermal equation of
¥ state (Th EoS)
THOR

Reactive system

- B Energetic equation of
Combustion or detonation T state (Nij ES)
cond. — simplified regimes

Final properties

Combustion/detonation products and their thermodynamic properties

Figure 3.1. THOR structure of calculation.

The Figure 3.1 shows the THOR code with four calculation clusters, adapting it
for the current work we have:

1- The thermal EoS that allows the calculation of the detonation products;

2- The energetic EoS, corresponding to the internal energy calculation,
E =Y x;e;(T) + Ae, ¢;(T), using thermochemical database, NASA Thermo Build tables,
and polynomial expressions of Gordon and McBride (1971, 1974) applied to intermediate

and final products;
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3- The conservation equations — mass, atomic species, momentum and energy,
being the thermodynamic equilibrium achieved for G = G,,;,(P,T,x;), applying to the
condensed phase the model proposed by Tanaka, 1983, or the equivalent function proposed
by Gordon and McBride, 1994;

4- The reaction regime, Chapman-Jouguet (CJ) detonation, with the adiabatic
dynamic curve and the isentrope curve. It can be also determined, being P constant, the

isobar adiabatic combustion (equal initial and final total enthalpy Hlfb = Hg") and the

isochor adiabatic combustion (E,” = E;°).

3.2. THOR approach

On the Appendix A is described according with the THOR calculation clusters
and the respectively assumptions. The next steps are presented the THOR approach for

both explosive used and the tree combustions regimes taken are described in detail.

3.2.1. CJ detonation regime prediction

3.2.1.1. ANFO emulsion DP simulation data

Since the emulsion of ANFO is not a pure compound, it was performed an
initial study about the stoichiometric of his mixture. It reveals to be extremely important
for achieving the detonation products curve. The next graphic shows the behavior of the
detonation products for different chemical stoichiometric ratios created by only changing
the quantity of fuel oil on the mixture, starting with 0.05 mol to 0.1 mol with an interval of
0.005 mol.
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Figure 3.2. Behavior of the composition of the detonation products with the chemical stoichiometric ratios.

As it can be seen at Figure 3.2 there is a transition for equivalence ratio r = 1,

where the basic detonation products change (CO,, H,0, O, N, for poor mixture r < 1, to
CO,, H,0, H, and N, for rich mixture r > 1).

Table 3.1. Behavior of the composition of the detonation products with the chemical stoichiometric ratios
Composition of the products compounds used on the THOR code.

Temperature [K]| 1988.493| 2060.269( 2130.029| 2198.964| 2248.927 2230.57| 2210.473| 2190.253| 2171.098| 2151.767| 2132.683
Detonation Velocity [km/s] 7.5274| 7.4538| 7.3819 7.315| 7.2669| 7.2394 7.219) 7.1965| 7.1783| 7.1578| 7.1373
Pressure [kbar] 81.016) 83.002) 84.926| 86.764| 88.046| 86.898) 85.798| 84.717) 83.653] 82.609] 81.581

Y| 1.22 1.22 1.22 1.21 1.21 1.21 1.21 1.21 1.21 1.21 1.21

Ratio 0.92 0.941 0.962 0.983 1.004 1.025 1.046 1.067 1.088 1.109 1.13

This study reveals that the increase of the quantity of fuel oil is directly

proportional to the increase of the chemical stoichiometric ratio and temperature, but

inversely proportional with the decrease the detonation velocity. At the 0.98 ratio,

approximately, the formation of the detonation products starts to be instable. At 1.025

ratios the Cg starts to be formed and the other products start to stabilize. And so, an ideal

zone for studying the DP was establish and it must be on a stable zone that is before the

ideal stoichiometric ratio 1 or in the zone of 1.025 to 1.05 ratios when the Cg is formed.

But when the carbon solid is formed, Cg, the pressure decreases and originating an

equilibrium of Gibbs Free Energy for other king of products composition (different from

r<l zone). So, was assumed a stable point before the ideal stoichiometric ratio for study the

DP curve, 0.92 ratios.
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The numerical calculation, using THOR code, was performed assuming a
mixture of 87.351 % of ammonium nitrate (NH4NO3), 3.771 % of fuel oil (CioH17.963),
0.031 % of air (N1.578300.4212) (corresponding to the sensitizing air microballons) and 8.847
% of water (H,0), and an equilibrium composition of detonation products of CO,, H,0,
N., Ho, OH, CO, NHjs, Oy, NO, H, C(gas), N, O, C,, Cg, CH,0O, components. Detonation
properties calculated by THOR code were presented in Table 3.2.
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Mixture information 13
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Figure 3.3. Interface of the program THOR — emulsion information.

Table 3.2. Initial and detonation products properties predicted using THOR code.

Initial conditions CJ conditions |
Density p=131 12.13 Ve,D=5480.89 m/s T=1988.493 K
kg/m
Eo=-5619.53 kl/kg PressureCJ G =-1.44E+04
=8.102GPa kJ/kg
T=298.15K acy=4151.74 m/s y=122
Pressure =10° Pa ucy = 1329.12 m/s Ir=3.12

3.2.1.2. PETN DP simulation data

For PETN system it was assumed an mixture of 99.959% of PentaErythritol
TetraNitrate (CsHgN4O1,) and 0.041% of air (N1.578800.4212) and an equilibrium composition
of CO,, H2O, Ny, Hz, OH, CO, NHj3, O, NO, H, C(gas), N, O, C,, Cp, CH,0,. Detonation

properties calculated by THOR code were presented in Table 3.3.
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Figure 3.4. Interface of the program - PETN information.

Table 3.3. Initial and detonation products properties predicted using THOR code.

Initial conditions CJ conditions

Density p= 1100 kg/m® | V¢ iD=5329.27 m/s T =3847.111K

Eo=-1682.85 klJ/kg | PressureCJ =8.725GPa | G =-2.59E+04 kJ/kg

T=298.15K acy=4057.08 m/s y=1.1

Pressure =10° Pa ucy = 1488.29 m/s I'r=2.63

3.2.2. The adiabatic dynamic regime

The adiabatic dynamic approached by THOR, according with CJ point, is

applied to the general expression dQ = 0 obtained by dH or dE variation.

3.2.2.1. ANFO emulsion DP simulation data

The obtained results using THOR code for the adiabatic curve related to CJ

point is represented in the following figure.
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Figure 3.5. Evolution of predicted adiabatic dynamic curve (P as a function of adimensional volume (v/vg),
where vy = 0.681 cm’/g).

As it can be seen, the numerical results from THOR code represent the
adiabatic dynamic curve in Pressure vs. adimensional volume, (P vs (v/vcj)). The
pressure was converted in GPa and the initial volume, v,, assumed was at CJ point,
ve; = 0.681 ¢cm?/g. Using a power trend line in adiabatic dynamic curve, we concluded

an exponent of -3.242.

3.2.2.2. PETN DP simulation data
The obtained results using THOR code for the adiabatic curve related to CJ

point is represented in the following figure.

Joana Ester Vaz Ambrdsio 17



JWL parameters optimization for isentropic THOR prediction and confined underwater blasting generators experiments

*
20 + X
15 +
P = 8.0203(v/v) 2602

=
o
S
— 10 +

5+ i

0 : '1 :

0.6 0.8 1 1.2 1.4

v/ Vg

Figure 3.6. Evolution of predicted adiabatic dynamic curve (P as a function of adimensional volume (v/v),
where vg = 0.678 cm’/g).

For the PETN, like was said before for the emulsion, the adiabatic dynamic
curve provided from THOR was represented in Pressure vs. adimensional volume,
(P vs (v/vcj)), the pressure was converted in GPa and the initial volume, v,, assumed was
at CJ point, v;; = 0.678 cm?/g. Using a power trend line in adiabatic dynamic curve, we

concluded an exponent of -2.602.

3.2.3. Isentrope regime

For the Isentrope regime, the THOR platform determines, according with the
CJ point, the evolution of the system entropy through the Gibbs Free Energy. In a brief
summary the Gibbs Free Energy is the energy released or absorbed in reversible chemical
processes. Is the total variation of entropy that came with a chemical reaction, proceeding

slowly and at temperature and pressure constants. It is given by:

AH
ASuniverse = ASneighbor + ASsystem © ASyniverse = — + ASsystem . (3.3)
system
Multiplying with —T:
—T.ASyniverse = AHsystem —T. ASsystem ’ (34)

Gibbs defined the function free energy so that —TAS,piverse Was equal to the

free energy variation of the system:
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database

AGsystem = —T.ASyniverse = AHgystem — T-ASsystem - (3.5)
Simplifying the Gibbs free energy can be express as
G=H-T.SorG=E+P.V-T.5 . (3.6)
Since at the isentrope state we have
dS=0, (3.7)
and knowing the Gibbs Free Energy, G, the entropy, S will be given by THOR

3.2.3.1. ANFO emulsion DP simulation data

The experimental results of the isentrope curve, related to CJ point, are

represented in the following Figures. These experimental data was study in two forms: the

first one at a limit values (until a 4.97 adimensional volume) and the last one for all values

obtained.

P =8.1841(v/v )08

P [GPa]
(9]

v/vg

® Isentrope Potencial (Isentrope)

Figure 3.7. Evolution of predicted limited isentrope curve (P as a function of adimensional volume (v/vc),

where v = 0.681 cmg/g).

For the isentrope curve limited expansion, using a power trend line, we have an

exponent of -2.086 (until 4.97 adimentional volume,v/vc,), and in the case of isentrope

curve unlimited expansion an exponent of -1.328, as shows the next figure.
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Figure 3.8. Isentrope curve unlimited adimensional volume values given by THOR simulation (P as a function
of adimensional volume (v/v(), where v, = 0.681 cm3/g).

3.2.3.2. PETN DP simulation data
The isentrope curve obtained results by THOR code was study in two forms:
the first one at a limit expansion (until a 14.29 adimensional volume) and the last one for

an unlimited expansion.

10
9l o
g L
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Figure 3.9. Evolution of predicted limited isentrope curve (P as a function of adimensional volume (v/v¢),
where v, = 0.678 cmg/g).
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Figure 3.10. Isentrope curve unlimited adimensional volume values given by THOR simulation (P as a
function of adimensional volume (v/v), where v, = 0.678 cm3/g).

The numerical approach power trend line shows, in the case of isentrope curve
limited expansion the exponent of -1.825, and for the isentrope curve unlimited expansion

the exponent of -1.356.
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4. JONES-WILKINS-LEE EQUATION OF STATE

The equation of state (EoS) that is going to be used to represent the detonation
products (DP) of high explosives (HE) will be the Jones-Wilkins-Lee (JWL) EoS. JWL
EoS describes the relationship among the volume and pressure of DP (and in some cases,
also with energy, for example C coefficient deduced by Handley, 2011). This EoS is a
mathematical expression widely used due to its simplicity in hydrodynamic calculations
and has been developed and is structure modified according with the explosive used. And
so, this EoS has been used in different forms (two, three terms) according to the level of
accuracy in the pressure-volume domain that applications need. For the current study the

JWL EoS with tree terms for describing the DP was used.

v %
Ps(v) = A.exp (—Rl.—> + B.exp <—R2.—> , (4.1)

Vey Vey

or
—(w+1)
_ _p 2 _r, Y (4.2)
Ps(v) = A.exp| —R;. + B.exp | —R,. + C. ,
VUcy Vcy VUcy

where A, B ,and C are pressure constants [Pa] and R, and R, adimensional
coefficients.

The JWL model assumes that the detonation of an explosive may be
completely described in the pressure-volume space. It also assumes that the detonation
explosives compresses instantly from the room temperature and pressure up to the
Rayleigh line to the CJ point. Then it expands down the isentrope given by the JWL EoS.

The JWL EoS formula, although very popular and useful, cannot provide a
priori this prediction because it needs to be fit to experimental data for each new explosive
composition. And for many years this has been one of the principal objectives on explosive
research, the prediction of EoS for the DP without the need of experimental data.
Nowadays, for this common problem theoretical “chemical” EoS models have been
providing reasonable predictions of detonation properties. And so, the JWL EoS

parameters can be accurately adjusted to fit on this experimental data.
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4.1. JWL fundamentals
On gas detonations processes we can use the widely known thermodynamic
properties of isentropic expansion ideal gases but on solids detonation process we need to

enter also with compression properties of the solids to describe the expansion of the DP.

4.1.1. Isentropic expansion of ideal gas described on an
adiabatic process

A polytropic process is a thermochemical process that obeys the relation:
pP.V*=¢C, (4.3)
where the P is the pressure, V is the specific volume, n the polytropic index
that is a real number, and C is a constant. This equation can be used to accurately
characterize processes of certain systems, notably the compression or expansion (including

with heat transfer) of a gas and in some cases liquids and solids.

In the case of an isentropic ideal gas, y is the ratio of specific heats = 2—” :
|4

known as the adiabatic index or as adiabatic exponent. This ratio gives the important
relation for an isentropic (quasistatic, reversible, adiabatic process) process of a simple
compressible calorically perfect ideal gas
P.VY = constant , (4.4)
where P is the pressure and V is the volume. And so, the adiabatic exponent
can be written as:

_ d1In(P) (4.5)

_6ln(V)S'

4.1.2. Isentrope expansion on condensed materials

In 1912 Eduard Grineisen forms the Griineisen model that correlates the
relation between the pressure and the volume of a solid at a given temperature. This model
determines the pressure in a shock-compressing solid.

The Griineisen model is expressed as

=7 (%)

— (4.6)
dE

)
14
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where V' is the volume, P is the pressure, E is the internal energy, and
Terimeisen 1S the Grineisen coefficient which represents the thermal pressure from a set of
vibration atoms. Integrating the Griineisen’s model we can correlate T independently of

pressure and internal energy
[
(P - Po) = (E - Eo)-VG ’ (4.7)

where P, and E, are at a reference state usually assumed to be the state at
which the temperature is 0 K. In that case they are independent of temperature and the
values of these quantities can be estimated from Hugoniot equations.

It is necessary remember that this Mie-Griineisen coefficient, I;, is different
from the great gamma used by THOR, T';. The Mie-Gruneisen parameter is a relation
between the pressure, P, energy E, and the volume, V, of the solid at a given temperature
and it is used to determine the pressure in a shock-compressed solid, and in the other hand,
the great gamma used by THOR related the detonation products and it is a relation between
the variation of enthalpy, dH, and the variation of internal energy, dE, at constant entropy,
S.

4.1.3. JWL approximation

G. Baudin and R. Serradeill, (Baudin, et al., 2010), describe the JWL EoS as a
pure empirical EoS, in generally, with a non-physical Griineisen coefficient considered
constant. The fundamentals achieved for the formulation of the empirical JWL EoS were
based on the following assumptions: (i) follows the Chapman-Jouguet (CJ) model, where
both Rayleigh line, reactive shock Crussard curve, isentropic expansion and CJ point
assumptions can be assumed as one. They are both related in the following way: the.
Rayleigh line is tangent with the reactive shock Crussard curve and the isentropic
expansion, giving the CJ point in the pressure-volume plane. The CJ point represents the
point where the ideal detonation starts; (ii) the DP expansion isentropic from any point on
the Crussard curve is almost coincident with the Crussard curve in the pressure-particle
velocity (P — u) plane. This relationship along the Crussard curve of the pressure-particle
velocity can be expressed as a universal curve in the P — u plane and is usually used to

determine the thermodynamic state at DP-metal interface.
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The Crussard curve describes the fully reactive shock states from room
pressure and temperature given by the equation that follow:
P = po.D.uy,, (4.8)
where P is the pressure, p, is the initial density, D is the detonation velocity,
and u,, is the particle velocity.
The ambient pressure P, is neglected comparing to the pressure along the

Crussard curve and at the CJ state, we have:

PC] = po.DC].upC] , (49)

where Pc; is the pressure at CJ point, D¢, is the detonation velocity at CJ
point, and u,; is the particle velocity at CJ point.
The ratio between the two previous equations, P/P¢; we have:

P _p D v P _D v (4.10)

—_— = —. . o— = .
Py Po Dcj ucy Py D¢y ugy
As (Baudin, et al., 2010), mention, for a wide range of ideal HE, using the

Becker-Kistiakowsky-Wilson (BKW) thermochemical simulations, demonstrated by

Gimenez, the detonation velocity D can be represented by the following ‘universal’

D -1
_cqi)mﬂ¢g, (411
D¢, Ucy Ucy

where a, b, ¢ are constant parameters.

relationship:

Introducing this equation in the previous one, we obtained:
-1 2
P u u u P u u
_:_w&g++m@jw_zﬁq_y4_)<m>
Pe; Ucy Ucy Ucy Pe; Ucy Ucy

The first assumption of the CJ model, express the next relation between CJ

isentrope of DP and the Crussard curve, represented respectively by indices S and C:
(dP/dv)s = (dP/dv)c, (4.13)

where v is the specific volume.

26 2013



Jones-Wilkins-Lee Equation of State

Since the relation of this two is almost coincident, (dP/dv)s = (dP/dv). ,

we can express the equation demonstrated by Gimenez, along the CJ isentrope as:

P 2
S~ a+b. <L> L (L) ' (4.14)
Pe; Ucy Ucy
and
ﬂ_%z bao2e ) (4.15)
Pc; du Ucy
On the isentrope we have:
dPS 2 dPS 2 (416)
(@) =@ =

Therefore, the previous equations lead to a differential equation which can be

integrated expressing in the following way:

1%
P;(v) = A.exp <_R'v_) + B, (4.17)
0
where A, R and B are pressure constant parameters given by:
A= (pC] — Poo).eR, (4.18)
b2
B=P;.la— ) (4.19)
¢l <a 4a. c>
2
R =a. C_@_ <M _ 1)_ (4.20)
Po Pe;

This relation is similar with the first exponential term of JWL and B can be
neglected since this term represents a few percent of the pressure. Increasing DP expansion
the exponential term decreases toward 0 and adding the ideal gas pressure-volume
tendency ensures a correct behavior at large expansion. For improving this equation
performance a second exponential term is added, leading to a new equation known as JWL

isentrope:

v v v\~ (@+1)
Ps(v) = A.exp (—Rl.—) + B.exp (—RZ.—) +C. <—> : (4.21)
Vo Vo Vo

Where the Mie- Grineisen formulation is represented as a variation at

temperature and specific volume:
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e=es (v)+ FL’G (P — Ps(v)), (4.22)

Ps (v) = — (deg (v) /dv), (4.23)

I'c = w = constant, (4.24)

where I''; is the Griineisen coefficient defined as = —(dlogT/dlogv)s , es (v)

is the internal energy along the CJ isentrope, Ps(v) is the pressure evolutions along the CJ
isentrope.

This analysis validates the pressure-volume JWL relationship chosen to
represent the reference curves for DP. Although, assuming a constant Griineisen
coefficient is a restrictive assumption.

Because of that they describe a new derivation of JWL EoS with a less
restrictive assumption for the Grlineisen coefficient to represent both large expansions and
near CJ states suggested by W. C. Davis. Similarly to the previous one, they developed a
complete EoS for unreacted solid HE, using Hugoniot curve instead the Crussard curve.
Therefore the expansion isentrope from any point of the Hugoniot curve was almost
coincident with the Hugoniot curve in the P-u plane. This assumption, applied for
compression/release of inert material gives an exponential form EoS similar to exponential
terms of the JWL EoS. The functions P(v,s), T(v, s)and the Mie- Griineisen formulation
P(v,e) = Ps(v) + (I';(s)/v). (e — es(s)) derives from this fundamentals equation via
the Maxweel thermodynamic equations T = (de/ds)|yand P = (de/ds)|y. This model

allows the computation of the DP entropy and temperature.

Taver and Urtiew try to approximate the JWL EoS correlating the adiabatic

exponential with the Griineisen coefficient, I';, that will be represented as w (I'; = w):

I =w=V. (Z_g) ) (4.25)
|4
0 In(P) .26)
— aln(W)|. '
S
W=y - 1, (4.27)
P = A.exp(—R;.V) + B.exp(—R,.V) + C. (V)~(@+D (4.28)

where P represents the pressure [Mbar], V represents the specific volume , T

the temperature, w the Grilneisen coefficient, y the adiabatic exponent and A4, B, C, R, ,
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and R, are constants. This last expression (4.27) is very usefull when it is correlated results
from THOR predictions (fixing I'; and y) to calculate w value.

Taking the Crussard curve as the objective of the present study a new
possibility of the JWL EoS where studied and presented by Caroline using HMX-based
plastic-bonded explosives.

Caroline (Handley, 2011) in her thesis describe another form to JWL EoS for
detonation products assuming a Grlineisen EoS reference to the gasesous reaction products
and with an isentrope as the reference curve and I'(v) = w

P—(1 va)A (R ) (1 wv)B <R U)+w'e (4.29)
= R .A.exp o R, v exp 25 o :

which has constant Griineisen coefficient w = I' and a reference curve which

is apparently e = 0. However for the CJ isentrope:
v >_(1+w). (4.30)

v
Ps(v)=A-eXp< R, >+B exp< R2—>+C<—
170 '[]0

dP

r=—| xV=uo (4.31)
14

Integrating the JWL the equation for the energy on the isentrope at any relative

volume is obtained (es(v)):

v
es(v) = f ps(v) dv, (4.32)

1 v % Vo.C v\ ¥
es(v) = R—O.A.exp( R;. >+ R B. exp( RZ.U—) + (;) (v_) . (4.33)
1 2 0 0

Since at infinite volume the energy on isentrope equals zero, detonation energy

eq(v = ) = —[es(C]) —epp] = €. (4.34)
On the third term of JWL EoS the C parameter was deduced by the energy
released of the detonation products at a constant volume:

w9

)

(4.35)

Vo
where @, is given by the next expression:
TC]
@C] = f C‘U dT = C‘U' [TC] - To] ) (436)
To

then,
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C= . Cy. [TC] — TO] .

Vo

(4.37)

Caroline deduce, primarily, the C constant by the energy released of the
detonation products at a constant volume, then the Grineisen coefficient that can be
expressed as I'=T, — I}.(v/vy), and then Aand B constants, and finally R; , R,
constants. With these deductions she comforted with difficulties to produce reasonable
maximum and minimum values for JWL reaction products EoS parameters. Although,
since she tested HMX it reveals to be unnecessary changing the form of the JWL EoS
according with its little reaction. ”The binder JWL could only have an effect in regions
where the binder reacts significantly”. However, uncertainties in the thermal properties of
the DP where thought to be greater than in the EoS. And so if the thermal properties, i. e.,

effects of uncertainties in the values of T, and C,,C] on the reaction products, had been

revealed to be affecting the final results, the JWL would do so either. Despise the JWL
EoS could reveal some restrictions on several specific conditions according with the
explosive used, like is “inappropriate in problems where the reaction Kinetics depend
explicitly on temperature”, mentioned by Kerley, Caroline managed to have a good
relationship of DP using the same EoS.

Often it is questioned where the increased mathematical complexity over JWL
is of value, as increased numbers of parameters can mean increased calibration complexity
and does not guarantee increased accuracy for practical problems of interest.

In order to calculate the JWL coefficients, a new numerical method was used.
It was based in the evolution of adiabate and isentrope curves, obtained by THOR code,
using a function of the Microsoft Excel ®, assuming a few assumptions:

(1) the Gruneisen coefficient from the exponential of the adiabatic curve;

(2) the Gruneisen coefficient from the exponential of the isentrope curve at a
limit adimensional volume;

(3) the Grineisen coefficient from the exponential of the total expansion of
isentrope curve and, at last;

(4) the Grineisen coefficient and the parameter C of JWL deduced by Caroline
(Handley, 2011).
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The graphics that follow in JWL approach subchapter correlate graphically the
theoretical curve, given by THOR code, to the predicted curve JWL for the different

results.

4.2. JWL EoS approach

All the experimental data about the CJ detonation, adiabatic dynamic, and
isentrope regimes achieved from THOR was transferred to Microsoft Excel. In this new
platform the all the database was treated in order to find the JWL parameters.

Like was mention before, tree curves were described, one for the adiabatic
dynamic and two for the isentrope. In the isentrope was study a curve with a limited
expansion where was assumed a stable DP expansion, and a curve with all the expansion
data given by THOR. The JWL EoS was approximated to all curves using different
Grineisen parameters. From each curve was retrieved a Grineisen coefficient. And from
each Gruneisen coefficient was achieved the JWL parameters approximating the
experimental curve with the theoretical curve given by THOR. Was also performed
another JWL parameters approximation to the isentrope curves according with Caroline
assumptions.

The perfect fitting of the Adiabatic Dynamic with Isentrope curves, according
with CJ point, represents the evolution of the DP for the respective explosives used (ANFO
emulsion and PETN). The next figure represents the DP curve of the PETN for a limit

expansion and to all values obtained by the THOR simulation.

25

25

s
20 +3% 20

15 + 15

P[GPa]
P[GPa]

10 T 10

< | 5

0

0 4
0 5 10 15
v/ Vg v/ Vg
* Adiabatic Dynamic  Isentrope limited expansion & Adiabatic Dynamic  Isentrope unlimited expansion

0 500 1000 1500 2000

Figure 4.1. DP evolution of PETN from THOR simulation — on the left to a limited expansion; and to the right
for unlimited expansion.
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When both theoretical and experimental curve are approximated on their
original forms is difficult to see the correct experimental curve, JWL EoS, since the small
variation of its parameters (A, B, C, R, R, and w) are hard to observe. His graphical
visualization can lead to approximation errors. Therefore both curves are converted in
double logarithmic Y = Y (x) plot. As an example, the following figures shows, initially,
the approximation of the JWL EoS to the DP curve at a limited expansion using, as base of
calculation, two different Grineisen coefficients, adiabatic and isentrope unlimited
expansion, for the PETN. And then, the same curves converted in double logarithmic
Y =Y (x) plot, and we now we can observe the differences of both approximation. The
graphic visualization of both graphics, initially, seem to have a similar and good
approximation, but when both graphics are converted at a logarithmic scale we can
distinguish which graphic represents the better approximation for the JWL EoS (in this
case the graphic from de right).

25
25
20
20 -
T =15 -
= 10 T
e = 10 -
5 5 -
0 ] 0 -
0 5 10 15 0 5 10 15
v/ Vg, v/Vvg
@ Ptheor = PJWL @ Ptheor = PJWL

Figure 4.2. The adiabatic and isentrope limited expansion curves for PETN DP —in the left, using the
Grineisen coefficient withdraw from the adiabatic curve; in the right, using the Griineisen coefficient
withdraw from the isentrope unlimited expansion.
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Figure 4.3. The adiabatic and isentrope limited expansion curves for PETN DP, both in double logarithmic
Y=Y(x) plot —in the left, using the Griineisen coefficient withdraw from the adiabatic curve; in the right,
using the Griineisen coefficient withdraw from the isentrope unlimited expansion.
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As the JWL expression used demonstrates itself, the double exponential intent
to approximate the curve to detonation products experimental data, and the third term
correlated with compressing phenomenon of solids:

v v v —(w+1)
P;(v) = A.exp <—R1.v—> + B.exp <—R2.—> + C. <_> ) (4.38)

cJ VUcey Ucy

For find the JWL parameters was used a function of the platform Excel, called
Solver, and assumed a few assumptions:

- The exponent (w+ 1) from the JWL EoS can be correlated to Griineisen
coefficient by w = I' — 1, and will be study in the four scenarios presented by I
assumptions;

- The I is the exponencial coeficient of the power trand lines, adiabatic dynamics
curve, isentrope curve with limit adimensional values and unlimit adimencional
values and final one from THOR correlated with Caroline assumptions,
respectively;

- Imposing restrictive values on the function solver for the different JWL parameters

according with the bibliography data base in order to validate procedures;

For determine the JWL EoS parameters was used the Microsoft Excel ® which
a supplement function called Solver. The Excel Solver is used to optimize linear and
nonlinear problems. Therefore in this work this supplement of the Microsoft Excel is used
for minimize the difference between both curves, theoretical from THOR experimental
database and experimental, JWL EoS, modifying the JWL parameters in order to match
both of them, with an auxiliary quadratic function that correlates the difference values of
both functions points. And so, the Solver is going to minimize that difference providing an
optimize values for the JWL parameters. In Appendix B - Microsoft Excel Solver
execution procedure is described.

Before performing calculations, a reflexion of previous waves was done,
consulting Table 4.1. created by Suceska that correlates the JWL parameters and

detonation energies for different kinds of explosives.
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Table 4.1. The JWL coefficients and detonation energies determined in the Suceska work and derived from
cylinder test data.

e snvars TN A WOl GG

Explosive Densil! Legend A B C R R, ] E,(CJ'; Eq
[g/en’] [Mbar] [Mbar] [Mbar] [kjem’]  (kifem’]
HMX 1.894 () 2012840  1.071023  0.10137 709118 31816  1.299 1564  -1091
@ 8.580805  0.07546531 0.00781274  4.306 0.80 0.30 1623 -1L00
HMX 1.188 1)) 6.95936  0.35241 0.0436676 772829 297463 09533 792 -589
@ 2.182000  0.04959433  0.01977170 4379 110 055 867 640
HNS 1.655 (1) 1006145 051930 0052554 678240  2.94139  1.002 989  -7.19
@ 4237580  0.03131467 0.01704155 4332 1.00 0.40 1033 -750
HNS 1.001 n 251429 0161932 0024348 7.14928 297477 0.8287 4.71 -3.61
@ 1.388149  0.02779832  0.00694139  4.657 1.00 035 462 360
PETN 1.763 () 17.22837 0841286 00880185 736127  3.14138 11964 1389  —9.92
2) 1032158 09057014  0.0372735  6.000 260 0.57 1491 -10.80
PETN 1.503 () 1289617 0591259 0065047 7483667 313618 1.0526 1092 803
@ 3510723 0.05705547 00121624  4.075 0.90 035 11.91 -8.50
PETN 1263 (1) 628059 0295271 0044381 694494 278259  (0.8644 868  -6.57
2 2281744 0.05104579  0.01412013  4.240 1.05 035 963 -120
NM L3 ) 4233131 0178524 0.0394769 6952815 274858 (0.96283 684  —5.13
(03} 2977799 0.05954922  0.01108004  5.026 1.10 049 657  —495
INT 1.632 (1) 1005503 0477044 0050447 667859  2.94404  1.0030 946  -6.88
@ 5.244089  0.04900052  0.00626131  4.579 0.85 0.23 968  -7.10
CompB L1717 (1) 1393734 0818032 00769913  7.114145 324020 1.17868 1233  -8.79
3) 496376  0.03944 0.01288 406244 094846 035 1248 -850
Cyclotol 1754 (1) 1200982 0520719 0068580 6264679 259003 1.0592 1337  -955
G) 560038  0.05131 0.01361 412004 099514 035 1349 920
Legend:

(1) derived from EXPLOS results

(2) derived from cylinder test (values taken from Souers and Kury)®
(3) denived from cylinder test (values taken from Hombere)®

4.2.1.

ANFO emulsion correlations
According with THOR program follow the evolution of predicted adiabatic and
isentrope curves for limited expansion (“Isen-adiab for limited expansion”), adiabatic and

isentrope curves for unlimited expansion (“Isen-adiab for unlimited expansion”) - (P as a

function of adimensional volume (v/vg)) if a double logarithmic scale).

LE+02
LE+01 +
c
oo
S
LE+00 +
1.E-01

*

0.6

Isen-adiab for limited expansion

Log(v/v()

Potencial (Isen-adiab for limited expansion)

Figure 4.4. Evolution of predicted adiabatic and isentrope curves for limited expansion (“Isen-adiab for

limited expansion”) - (P as a function of adimensional volume (v/v¢)) if a double logarithmic scale).
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Figure 4.5. Evolution of predicted adiabatic and isentrope curves for unlimited expansion (“Isen-adiab for
unlimited expansion”) - (P as a function of adimensional volume (v/vg)) if a double logarithmic scale).

All the graphics results are presented on a conclusion table presented below.

a) the evolution of adiabate and isentrope curves based on the Griineisen

coefficient from the exponential of the adiabatic curve, w = 2.242.

1.E+02
1.E+01 +
%o,
-I:““‘
o S, V000,
T LE+00 + "n, 000 o
— “Q
I..- ‘00.
- - : - - L]
1.E-01 =",
[ ] n -
1.E-02 f
0.7 7
Log(v/vg)

@ Ptheor. = PJWL

Figure 4.6. Adiabatic and limited isentrope curves, at 2.242 Griineisen coefficient of the experimental curve,
JWL -res. 1.0. (logaritmic scale).
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For the graphic result 1.0., “res. 1.0.” the restriction imposive were all

influenciated with previous approximation where only Griineisen coefficient is restricted to

his current value and all the parameters to a positive value (applied to al graphic results);

then all parameters were approximated to a more valible value. And so the final restritions
were w = 2.242; A <1000 GPa; Ry <£12; B <60 GPa; R, < 4.

1.E+02
1.E+01
1.E+00
1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
1.E-06
1.E-07
1.E-08
1.E-09
1.E-10

Log(P)

0.7 7 70 700 7000
Log(v/vg)
+ Ptheor. = PJWL

Figure 4.7. Adiabatic and unlimited isentrope curves, at 2.242 Grineisen coefficient of the experimental

curve, JWL - res. 1.1. (logaritmic scale).

For the graphic result 1.1., “res. 1.1.” the restriction imposive were w = 2.242;

12<A <56GPa;4<R; <10; B=10GPa;1< R, <4;,C <12GPa.

b) the evolution of adiabate and isentrope curves based on the Grilineisen

coefficient from the exponential of the limited isentrope curve, w = 1.086.
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Figure 4.8. Adiabatic and limited isentrope curves, at 1.086 Griineisen coefficient of the experimental curve,
JWL - res. 2.0. (logaritmic scale).

For the graphic result 2.0., “res. 2.0.” the restriction imposive were w =1.086.
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Figure 4.9. Adiabatic and unlimited isentrope curves, at 1.086 Griineisen coefficient of the experimental
curve, JWL - res. 2.1. (logaritmic scale).

For the graphic result 2.1., “res. 2.1.” the restriction imposive were w =1.086;

A <80GPa; R, <10; B >80 GPa; R, <10:.
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c) the evolution of adiabate and isentrope curves based on the Griineisen
coefficient from the exponential of the unlimited isentrope curve, w = 0.328.
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Figure 4.10. Adiabatic and limited isentrope curves, at 0.328 Griineisen coefficient of the experimental
curve, JWL - res. 3.0. (logaritmic scale).

For the graphic result 3.0., “res. 3.0.” the restriction imposive were w = 0.328.
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Figure 4.11. Adiabatic and unlimited isentrope curves, at 0.328 Griineisen coefficient of the experimental
curve, JWL - res. 3.1. (logaritmic scale).

For the graphic result 3.1., “res. 3.1.” the restriction imposive were w = 0.328;

A <£80GPa; R; £10; B =80 GPa; R, < 10. Being until now the best correlation.
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d) the evolution of adiabate and isentrope curves based on the Griineisen
coefficient and the parameter C of JWL deduced by Caroline (Handley, 2011), w = 2.12.

From Caroline assumptions follow a table with all values obtained for the
calculation of the C parameter:

Table 4.2. The Griineisen coefficient and the JWL C parameter calculated by Caroline assumption — ANFO

emulsion.
Truor = 3.12 Cvcy = 2090 ] /kgK Final results
Ty = 298.15K v, = 0.899 cm3/g w=212
Ty = 1988.493 K ¢c1 = 353.3 x 10* J/kg C =8.33 GPa
1.E+01 o
0,"
e
t"
"'
"'
ty
_ LI
S te
w 1.E+00 + ty
S to,
0,’
e
1.E-01 :
0.7

Log(v/v¢))

@ Ptheor. = PJWL

Figure 4.12. Adiabatic and limited isentrope curves, at 2.12 Griineisen coefficient and at 8.33 GPa C
parameter, from Caroline, 2011, for the experimental curve, JWL - res. 4.0. ( logaritmic scale).

For the graphic result 4.0., “res. 4.0.” the restriction imposive were w =

212, =8.33GPa;12<A <56GPa;4<R;<10; B>10GPa;1 < R, <4.
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Figure 4.13. Adiabatic and unlimited isentrope curves, at 2.12 Guneisen coefficient and at 8.33 GPa C
parameter, from Caroline, 2011, for the experimental curve, JWL - res. 4.1. ( logaritmic scale).

For the graphic result 4.1., “res. 4.1.” the restriction imposive were w =

2.12;C =8.33GPa ;A <1000 GPa; R, <£12; B >80 GPa.

Caroline only applied hers assumptions to a limited adimensional volume less

than 10, because after that occurs great products expansion resulting from multiple

reactions between products.

For the ANFO emulsion the Caroline assumption was

performed in both conditions (limited expansion and unlimited expansion), and was

concluded that for great adimensional volume expansion is not suitable. Therefore the JWL

approach on PETN was only performed to a limited adminensional volume values.

Table 4.3. Calculated JWL coefficients from the different test — ANFO emulsion.

C A B Deflection

Test @ GPa GPa R1 GPa R2 I3 [Ptheor.-PIWLI"2
10 | 2242 | 828 | 2716 | 10433 | 0722 | 10333 40.824

11 2242 | 6.689 56 5.897 | 14.733 | 1747 77.313

2.0 1086 | 7.429 56 4 21.999 | 3.211 91.775

21 1086 | 7.734 56 3.825 18 3.825 93.453

30 | 0328 | 36 90 5 90 2.879 99.027

31 | 0328 | 36 90 5 90 2.879 99.090

4.0 212 |8331003| 10 3.8 123 0.3 0.772

41 212 |8331003] 10 8 1 0.29 0.958

40

2013



Jones-Wilkins-Lee Equation of State

For the current results can be concluded that the must suitable JWL parameters
for describing the DP is the res. 3.1., w = 0.328;C = 3.6 GPa ; A=90GPa; R, = 5;
B =90 GPa; R, = 2.9 . Although the defection between both curves (theorical and
experimental) be the higher it presents a better graphical approximation so as for the

limited expansion produts as for the unlimited expansion produts.

4.2.2. PETN correlations

According with THOR program follow the evolution of predicted adiabatic and
isentrope curves for limited expansion (“Isen-adiab for limited expansion”), adiabatic and
isentrope curves for unlimited expansion (“Isen-adiab for unlimited expansion”) - (P as a

function of adimensional volume (v/vg) if a double logarithmic scale).

1.E+02
1.E+01 +
W
9 1.E+00 +
1E-01 4 2004,
1.E-02 }
0.6 6
Log(v/v)
¢ Isen-adiab for limited expansion —— Potencial (Isen-adiab for limited expansion)

Figure 4.14. Evolution of predicted adiabatic and isentrope curves for limited expansion (“Isen-adiab for
limited expansion”) - (P as a function of adimensional volume (v/v¢) if a double logarithmic scale).
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Figure 4.15. Evolution of predicted adiabatic and isentrope curves for unlimited expansion (“Isen-adiab for
unlimited expansion”) - (P as a function of adimensional volume (v/v¢)) if a double logarithmic scale).

All the graphics results are presented on a conclusion table presented below.

a) the evolution of adiabate and isentrope curves based on the Griineisen

coefficient from the exponential of the adiabatic curve, w = 1.602.
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Figure 4.16. Adiabatic and limited isentrope curves, at 1.602 Griineisen coefficient of the experimental
curve, JWL -res. 1.0. (logaritmic scale).

For the graphic result 1.0., “res. 1.0.” the restriction imposive were w = 1.602;

A <1000 GPa; Ry £12; 30 GPa £ B <£200GPa; R, <5.
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Figure 4.17. Adiabatic and unlimited isentrope curves, at 1.602 Griineisen coefficient of the experimental
curve, JWL - res. 1.1. (logaritmic scale).

For the graphic result 1.1., “res. 1.1.” the restriction imposive were w = 1.602;

A <1000 GPa; Ry £12; 30 GPa < B <200GPa; R, <5.

b) the evolution of adiabate and isentrope curves based on the Grilineisen
coefficient from the exponential of the limited isentrope curve, w = 0.825.
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Figure 4.18. Adiabatic and limited isentrope curves, at 0.825 Griineisen coefficient of the experimental
curve, JWL - res. 2.0. (logaritmic scale).

For the graphic result 2.0., “res. 2.0.” the restriction imposive were w =0.825;

A <2800GPa; R, <£12; B <200GPa; R, <5.
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Figure 4.19. Adiabatic and unlimited isentrope curves, at 0.825 Griineisen coefficient of the experimental
curve, JWL - res. 2.1. (logaritmic scale).

For the graphic result 2.1., “res. 2.1.” the restriction imposive were w =0.825;

A <2800 GPa: R, < 12; B < 200 GPa: R, < 5.

c) the evolution of adiabate and isentrope curves based on the Griineisen

coefficient from the exponential of the unlimited isentrope curve, w = 0.356.
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Figure 4.20. Adiabatic and limited isentrope curves, at 0.356 Griineisen coefficient of the experimental
curve, JWL - res. 3.0. (logaritmic scale).

For the graphic result 3.0., “res. 3.0.” the restriction imposive were w = 0.356;

A <2800GPa; Ry £12; B <200 GPa; R, <5.
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Figure 4.21. Adiabatic and unlimited isentrope curves, at 0.356 Griineisen coefficient of the experimental
curve, JWL - res. 3.1. (logaritmic scale).

For the graphic result 3.1., “res. 3.1.” the restriction imposive were w = 0.356;

;A <2800 GPa; Ry <12; B <200 GPa; R, < 5. Being until now the best correlation.

d) the evolution of adiabate and isentrope curves based on the Griineisen
coefficient and the parameter C of JWL deduced by Caroline (Handley, 2011), w = 1.63.

From Caroline assumptions follow a table with all values obtained for the
calculation of the C parameter:

Table 4.4. The Griineisen coefficient and the JWL C parameter calculated by Caroline assumption —PETN.

Irhor = 2.63 Cvcy = 4330 ] /kgK Final results
Ty = 298.15 K vy = 0.909 cm®/g w = 1.63
Te; = 3847.111K | ¢ = 153.7 x 10° J/kg C = 27.56 GPa
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Figure 4.22. Adiabatic and limited isentrope curves, at 1.63 Griineisen coefficient and at 27.56 GPa C
parameter, from Caroline, 2011, for the experimental curve, JWL - res. 4.0. ( logaritmic scale).

For the graphic result 4.0., “res. 4.0.” the restriction imposive were w =

1.63;C = 27.56 GPa ; R < 12; R, < 12.

For PETN the Caroline assumption is not suitable even for the limited
adimensional volume values.

Table 4.5. Calculated JWL coefficients from the different test — PETN.

Test © C A R1 B R2 Deflection
GPa GPa GPa 3 [Ptheor.-PJWL]A2

1.0 1.602 6.81 800 8.29 50 5 26.93

1.1 1.602 6.81 1000 8.29 30 5 26.4

2.0 0.825 3.44 2486.75 8.2 41.54 2.59 25.5

2.1 0.825 3.44 2467.53 8.19 41.48 2.592 25.508

3.0 0.356 1.99 2354.65 7.93 47.78 2.385 25.421

3.1 0.356 1.99 2343.62 7.92 47.62 2.383 25.421

4.0 1.63 27.56 10 12 10 12 576

For the current results can be concluded that the must suitable JWL parameters
for describing the DP is the res. 3.1., w = 0.356; C = 2 GPa ; A = 2343.6 GPa; R, = 7.9;
B = 47.6 GPa; R, = 2.4 the defection between both curves (theorical and experimental)
is the lower and it presents a better graphical approximation so as for the limited

expansion produts as for the unlimited expansion produts.
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Jones-Wilkins-Lee Equation of State

In general, the presented results of both explosives show the strong influence

of the JWL parameters on the DP curves:

The Griineisen parameter influence the initial curve inclination;
The C parameter influence directly the localization of the curve initial point;
The A and B parameters are sequentially the next curve inclination;

The R, and R, parameters influences the bending of curve itself.
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5. DIMENSION AND DESIGN CONFIGURATIONS

Present configuration (Tavares, et al., 2012), (Ambrosio, et al., 2013) was
designed to describe a simple BWG. Two types of water containers where used, one with
25 litres, polyethylene container (25x27x38 cm), Figure 5.1 right, and another one with
1000 litres, high density polyethylene (HDPE) cubic meter container (enclosed in
aluminium thin tube net grid — Figure 5.1 left). There were also used two types of
explosives, ANFO emulsion and PETN detonation cord.

The selected explosives were placed in the center of their respective containers
using a 20 mm diameter tube either for the 1000 litres container as for the 25 litres
container (Figure 5.2).

The explosive charges that were used were:

- 5, 10 and 15 g charge of ANFO emulsion within the 1000 litres container;

- 0.8 g equivalent charge of PETN corresponding to the standard detonator No.
8 within the 25 litres container;

- detonator No. 8 plus 2.4 g charge of PETN detonation cord (20 cm) also
within the 25 litres container, and;

- 7.2 g charge of PETN plus the standard detonator (60 cm) within the 1000

litres container.

I'm

I m gyt Im

Figure 5.1. On the left the plastic cubic meter container and on the right the 25 litres container.
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Figure 5.2. Explosive support structure for the experimental tests. On the top the alluminium tube having
the small charge at the end. On the bottom the ones for the 25 It jerry cans — on the right a plate adapter,

and on the left a vertical plastic tube.

During the underwater explosions’ blasting action produced by the explosive-

charge, there is a few percentage of explosive material that is shut down from the effective

detonation process, but this is not the only source of losses in the BWG performance.

The chemical energy of an underwater explosion is partitioned between the

“bubble” energy of gaseous detonation products, the water non-dissipated internal energy,

part of shock energy dissipated in surrounding water to heat and the water kinetic energy.

Sternberg & Hurvitz, 1976, studied the distribution of the explosive chemical energy at

underwater detonations. Obtained results prove the quasi linearity of shock behavior inside

water (Plaksin and Campos, 2007).

The composition of emulsion explosive is presented in Table 5.1 and the

composition of PETN - PentaErythritol TetraNitrate (a very well defined chemical

component) is presented in Table 5.2.

Table 5.1. Main components and global characteristics of classical emulsion explosive.

NAME COM. REF. GLOBAL DENS. [g/cm3] COLOR PHYS.
NAME FORM. Bulk Effective STATE
Ammonium Nitrate :ﬂ‘f‘;‘; AN NHNO; | 0.69-0.74 1.725 white solid
oil Diesel Oil 0113§AE ; 0.9 yellow liquid
Microcristal Wax Galp P1 Galp P1 - white solid
Parafin Wax Guerowax | Guerowax - yellow solid
-70 -70
Sorbitan Monooleate | Span 80 | Span 80 - yellow liquid
Sorbitan Sesquioleate | Arlacel 83 | Arlacel 83 - yellow liquid
Hollow Glass Q-CEL Q-CEL . .
Microballons 400 400 ) 0.11 021 white solid
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Table 5.2. Global characteristics of classic PETN explosive.

COM. GLOBAL | DENS. [g/cm3] Melting | Boiling
NAME NAME REF. FORM. Bulk Effective point point
PentaErythritol .
TetraNitrate Pentrite | ~ PETN CsHsNJOp; | 0.69-0.74 1.77 1429C 180 C

The respective explosives were placed inside a balloon and fixed to the support
structure for protecting them from the water. They also were placed in the middle of the

respective containers.

A pressure mechanism was placed on the external wall of the container to
measure the impact inflicted by the BWG. For the 25 litres container tests, it was placed
between the ground floor and the water plastic container, and for the 1000 litres container,
it was placed between the aluminum thin tube net grid and the container itself.

This mechanism consists in an assemble between a steel plate and the pressure
sensor, connected in close loop with a tube (Figure 5.3). The steel plate was placed on the
containers’ external wall with a serpentine tube for a more homogeneous pressure
distribution. This tube contains thin oil (pneumatic oil, Hyspin AWS 46, chosen because of
his non compression properties) and is connected in a closed loop to a pressure transducer
(Figure 5.3). Then the plate is pressed, and assuming the hydrostatic equilibrium of the
fluid, the pressure is calculated by the compression force divided by the steel plate area
being transmitted to the pressure sensor and registered on a periphery recording equipment,
Tektronix TDS 320, oscilloscope. All the tube connections were properly sealed and a bled

point was built on the circuit with the intuit of removing any possible air bubbles.

Bled point

Fy
. 3
ol S
Presaure Sensor

B
Ezperimental plate N—J

Figure 5.3. Experimental pressure set-up — hydrostatic pressure transmission.

Two pressure sensors were used, one with 0-10 bar range and other one with O-

16 bar range. The pressure devices measure the hydrostatic pressure level. Measured levels
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justified the use of 4-20 mA Gems® Sensors & Controls (3100 series) (Figure 5.4). Both
sensors were connected with a current output according to their specifications. The
electrical circuit and its connections between the sensor and the periphery recording
equipment are presented in Figure 5.4.

POWER SUPPLY

Vin 18 ZO
(-) | (+) +
i CURRENT
\ o OUTPUT
R, 255 T
b g Aas gtt) L) | TRANSDUCER :
tial Divider 10O
Potential Divider :0
I
4= =|3IN/A
a Connector 0
“BNC Female 1N/A

Figure 5.4. 3100 Series Pressure Transmitter, 4-20 mA and its connection circuit.

The sensores were calibrated for a source supply of 24 Vpc and a pressure level
up to 6x10° Pa of compressing air, using a oscilloscope, Tektronix TDS 320, as periphery
recording equipment. Follow the specifications of both pressure sensores: power supply of
8-30 V, current of 4-20 mA and accuracy 0.25 %. The calibration curves are presented in
the Figure 5.5. for the two pressure sensores. Where the sensor A correspond to the 0-10
bar pressure sensor (3100B0010G01B) and the sensor B correspond to the 0-16 bar
pressure sensor (3100B0016G01B).

4 3
3.5 A
2.5 A
3 -
225 - z 2
5 5
g 29 g1s
15 - Vout = 0.4195P + 0.9892 Vout = 0.2578P + 1.1249
1 - R*=0.9916 T R2=0.9951
0.5 I l } } } } 0.5 I } } t t }
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
P [bar] P [bar]
¢ SensorA Linear (Sensor A) ¢ SensorB Linear (Sensor B)

Figure 5.5. Pressure sensores calibration curves of Sensor A (left) and Sensor B (right).

The calibration curves procedure were done using a laboratory compressed air
source adjusted with a pressure gauge connected to the tube of the pressure sensor system.
The pressure variation was limited for 0-6 bar, the laboratory compressed air source range.
In a closed system the pressure variations were registered on the oscilloscope, giving the
curves represented on the Figure 5.5.
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As was said before the pressure transducers systems were used for evaluate the
outside container blast pulse, some experiments were performed with 25 litres plastic
containers (Figure 5.6) and others in 1000 litres plastic container (Figure 5.12).

In the case of the 25 litres container, the explosive charge was placed in the
center of the plastic container using a plate adapter, fixed in the open hole, or using a
vertical plastic tube vertically fixed from the opening hole. The container was placed on

top the pressure plate.

Figure 5.6. Plastic 25 litres container, charged with explosive, on the pressure set-up plate.

After the 25 litres container tests was detected a fault in the measure of the
pressure, consisting of a damping signal before reaching the sensor itself. This damping is
due to the elasticity and length of the tube (2 mm internal diameter polyethylene, 5 mm
outside diameter and 2 m length) used. Therefore for the 1000 litres container test with
PETN detonator cord charge the pressure set-up plate of both sensors was modified for one

with two different kinds of plastic tube (Figure 5.7).

— R ! Ay q
) | VTR 7 /

Figure 5.7. New experimental pressure set up — hydrostatic pressure transmission.

This new experimental pressure set-up was composed with a polyurethane 10
mm internal diameter inside the steel plate and with a blue polyamine rigid tube also with
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10 mm internal diameter tube that connect the steel plate and the pressure sensor. The
length of this last tube was also studied and verified an attenuation effect of the pressure
wave transmission for up to a length of 1 m, and therefore the 1 m length was chosen,
minimizing the attenuation signal. As was said before, for the PETN detonation cord
charge positioned inside the 1000 litres container, this new experimental pressure set-up

was placed between the container’ wall and the tube net grid (Figure 5.12).

Given the security issues of explosion near historic buildings, was joined to the
WBWG study of both explosives, a device that allows the measurement of the distance
traveled by a certain reference point over time. For this approach, it was considered a wall
[2.5 x 3 m], leaning against the water container, in which was identified 15 reference
points in a [5 x 3] matrix (Figure 5.8 - left) and the time response of the wall movement of
that 15 points for achieving a certain distances were study. And for each reference point
was also assumed the ability to measure three different distances. For this proposes an
electronic light circuit was design and built. Which switch is the very reference point and
the measurement points correspond to three LEDs differentiated by colors (orange, green
and red) for a better identification (Figure 5.8 - right). This mechanist consist on a light
electrical circuit where the respectively terminal wires were placed at a certain distance
from the container wall, and the wall itself switch on the light by pushing the electrical
wires together closing the electrical circuit and with the help of a filming camera the time

was recorded.

X Y Z
1 | 1
Al--o----- - ----- >--- i
1 | I oo oo [ 1
Al-0-4-9--0-0--0--0-0 -&.
B{--¢----- 4 ----- ¢ -- SRR A
- - | e
R T S I RS S S S A
p1--4-----4----- oo | ottt bt
: : - E{-¢-¢-b--d- oo bbb
E{--4----- 4------ t-- e
. \ . 123 456 7829

Figure 5.8. Scheme of the relation between the reference points of the wall, on the left, and the light
electrical circuit measure points, on the right, to the experimental distance set up used.
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The electrical circuit was composed by 45 LEDs (15 orange, 15 green and 15
red), with approximating 2.5 V and 10 Am, 15 capacitor with 2000 uF, for standing the
electrical signal for a little time insuring some kind of power failure, 45 resistors of 470 Q
and 0.5 W for guaranty the adequate voltage for each LED, and a 12 V supply voltage.
Each transistor was settle in parallel with a group of 3 different LEDs (1 orange, 1 green
and 1 red) that correspond to a different distances in study. On the group of 3 different

LEDs each LED had one resistor in series (Figure 5.9).

==\

r 4 -4
L
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Figure 5.9. Scheme of the light electrical circuit of the experimental distance set up.

Although | have built a system for measuring the movement of 15 reference
points of a wall, for the current work only the water wall container movement was study
using only one reference point with three distances (one the contact, other the head start of
1 cm and another the final push of 2 cm). This means that was only needed one group of
the different LEDs. The scheme used is represented on Figure 5.10.
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Figure 5.10. Scheme of the light electrical circuit of the experimental distance set up used.

The following picture represents the experimental light electrical circuit set up.

Figure 5.11. Experimental light electrical circuit set up.

The final experimental test for the 1000 litres setup using PETN charge was
represented on the following figure where the explosive charge was already inside the

container.
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Figure 5.13. Control room.

For a better understanding of the experimental tests done, i. e. the effect of the
detonation of a determinate charge inside a container, follows an example of a blast type
experiment using a 25 litres jerry can (25x27x38 cm) filled with water and an explosive
charge of 20 cm PETN detonation cord (12 g / m) that correspond to 2.4 g. The explosive
charge was initiated by a standard detonator No.8 that correspond proximally 0.8 g of
PETN (0.6 g of PETN charge plus 0.2 g of primary explosive), triggered at the control
room (Figure 5.13).

The container was laydown on the floor with a hole on the middle for placing
the explosive charge. For placing it also in the middle of the container for a homogenous
pressure distribution was used vertical plastic tube lined with a plastic wrap for serving as
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support equipment and for protecting the explosive from the water. The recording was

conducted with a fast camera under 420fps sequences. The camera was placed in the

blasting zone inside a protective support. Follow the experimental results.

Figure 5.14. Blast type experiment — 2.4 g of PETN plus detonator No. 8 and 25L container.

At 2.4 ms the detonation takes place. We can observe the changing of the
original size of the container to a spherical one deforming 0.4 cm to the front, 2.4 cm
laterally and 2.8 cm to the top. We also observe the frontal section being cut when the
detonation start, the detonation wave before the vertical plastic tube that contains the
explosive charge, immediately following the flame wave from the interior of the plastic
tube and finally the expansion of the DP of the explosive charge. At 4.8 ms there’s the
detonation wave breaking the container and a maximum DP release. At the final state the
container walls are ruptured and also a frontal section projected (Figure 5.15).

Figure 5.15. Final state of the blast type experiment — 2.4 g of PETN plus detonator No. 8 and 25L container.
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6. SIMULATIONS AND EXPERIMENTAL RESULTS

Before the experimental trials, was performed a detonation simulation for the
two explosives using the program Autodyn. This simulation helps to determine the
pressures that we are dealing with and the consequences of the surroundings for a specific
quantity of the explosive used.

ANSYS ® AUTODYN ® software is an explicit analysis tool for modeling
nonlinear dynamics of solids, fluids and gases as well their interaction. It is suited to the
modeling of impact, penetration, blast and explosion events. AUTODYN-2D & 3D are
explicit numerical analysis codes, sometimes referred to as “hydrocodes” where the
equation of mass, momentum and energy conservation coupled with materials descriptions
are solved. Finite difference, finite volume, finite element and meshless methods are used
depending on the solution technique (or “processor’”) being used. Some of the processors
used:

- Lagrange processor, typically used for modeling solid continua and
structures, provides rezoning algorithm which the grid moves with the material. It has the
advantage of being computationally fast and gives good definition of material interfaces.

- Euler processor, typically used for modeling gases, fluids and the large
distortion of fluids and large distortion of solids. Euler capability allows for multi-material
flow and material strength to be included. Provides rezoning algorithm which material
flows through a fixed grid. Although is computationally more expensive, is better suited to
modeling larger deformations and fluid flow.

- ALE (Arbitrary Lagrange Euler) processor which can be used to provide
automatic rezoning of distorted grids; ALE rezoning algorithms can range from
Lagrangian to Euler.

- Mesh free SPH (Smoth Particle Hydrodynamics) processor is a Lagrangian
method that is gridless/meshless, so the usual grid tangling processes that occur in
Lagrange calculations are avoided, and the lack of a grid removes the necessity for
unphysical erosion algorithms. It is best suited to the modeling of impact/ penetration

problems.
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The HE are modeled using the traditional JWL EoS considering the energy
release from burning of HE particles after the explosives are detonated. Lee Tarver ignition
and growth model can be used for more detailed explosive initiation studies (Fairlie, 1998).

Autodyn ANSYS code is an explicit software for nonlinear dynamics and uses
the JWL EoS expressed in the classic form described in chapter 4, equation (4.2). This
simulation allows the prediction of space/time/intensity of underwater shock wave and its
multiple reflections at the external WBWG plastic wall. Results show clearly the evolution
of pressure inside water container, as a function of explosive mass charges, and the
consequent effect of reflections and wall deformation, dissipating expansion products

energy. The experimental WBWG’s are, basically, closed plastic cubic meter containers.

6.1. Autodyn simulations

For each explosive, ANFO emulsion and PETN, was performed an Autodyn ®
(ANSYS, 2006) simulation. Each simulation is performed in two separated and
complementary configurations. (i) detonation progression inside cylindrical charge of 2.5
cm and 10 cm long for ANFO emulsion and 2.5 cm diameter and 2.1 cm long for PETN
both in 2D simulation (ii) expansion of detonation products of both explosives inside a
cubic meter water tank in 3D simulation. The second visualization (3D) was performed
according the following scheme (Figure 6.1), where it can be seen the placement the
charge inside cubic water tank. The pressure lines were visualized, inside water, from the

axial line of the charge.

25 mm
25 mm

ANFO
emulsion 100 mm PETN . 21mm

Im
Im

I'm I'm 05m 0.5m

Figure 6.1. 3D Autodyn simulation scheme for both explosives — properties were visualized by the faces
generated in the vertival axial line of the charge.
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6.1.1. ANFO emulsion Autodyn simulations inside WBWG

For the next configurations the bibliographic data of the Autodyn doesn’t has
the JWL coefficients of the emulsion used, and so in order to validate the Autodyn data for
the emulsion a complex method was established for the JWL coefficients calculation
(Tavares, et al., 2012), starting by comparing the Autodyn bibliographic data for ANFO
and the forecast data for ANFO using THOR simulation in the same way as described in
chapter 4 (based in the evolution of adiabate and isentrope curves obtained by THOR code)
in order to validate procedures. Once validated the previous procedure the JWL parameters
for ANFO emulsion were calculated by THOR code and finally the approach to Autodyn
code was made. Therefore was assumed, approximately, 58.3 g ANFO emulsion with a
density of 1187 kg/m® and the JWL EoS with the corresponding parameters: A =
46.75 GPa, B = 97.57 GPa, R, = 8958, R, = 1.348, and w = 0.073. At C-J point
we have D¢; = 5509 m/s, P;; = 7.85 GPaand E¢; = 3.75E 4+ 6 kj/m>.

Assuming a 2D configuration, it can be assumed that detonation wave travels
through the emulsion material from left to right (Figure 6.2). The shock front is followed
by the chemical reaction zone. Behind the reaction zone are located the dense and hot
gases from the detonation products. The increase the volume of the gases of the products
generates an increase of the pressure, generating a shock wave inside surrounding material

(water).
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Figure 6.2. Simulation of propagation scheme of detonation of emulsion explosive.

The presentation of results concerns five particular instants: when detonation of
explosive is at the end (2D simulation — Figure 6.3), when expansion products took the
adimensional volume of 165 v/vo (3D simulation — Figure 6.4 left), when expansion
products touch the wall of water tank (3D simulation — Figure 6.4 center) and when

expansion products in moving to the corners (3D simulation — Figure 6.4 right).
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Figure 6.3. Simulation of detonation of emulsion explosive at its end (2D).

AR

Figure 6.4. Simulation 3D of expansion products of detonation of emulsion explosive, when its adimensional
volume reachs the value of 165 v/vo (3D simulation - left), when touch water tank wall (3D simulation -
center) and when is moving to the corners zone (3D simulation - right).

According to predictions, when the wave reaches the lateral container wall, it is
generated a reflection wave - the container plastic wall is then deformed according to a

sinusoidal shape. However, when this wave reaches the center of the wall (and starts

reflection), the corners are not yet attained by the original positive wave (Figure 6.5). The

strong pressure drop only appears when the wave reaches the corners.
- ANS\’;‘

Figure 6.5. 3D simulation of pressure evolution inside water container.

Prediction pressure pattern shows:

- initial values of 0.48 GPa (at the end of detonation),

- 645.9E+5 Pa at expansion value of 165 v/vo,

- 155.3E+5 Pa when pressure front touch water tank wall,

- 118.3E+5 Pa when it touch corner zone and

- 89.94E+5 Pa when starts reflection from the corner

With these Autodyn predictions of WBWG, using a cubic meter water
container, we conclude the possibility of having emulsion charges without destruction of

WBWG containers. Since water pressure levels, close to plastic walls, under maximum
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admissible charges, are closed to 6 MPa. This simulation also proves the possibility of a

new non-destructive method to collect detonation products of small charges.

6.1.2. PETN Autodyn simulations inside WBWG

For the next configurations was assumed, approximately, 15.46 g PETN with a
density of 1.5 glem® and the JWL EoS with the corresponding parameters:
A = 625.3GPa, B = 23.29 GPa, R, = 5.25, R, = 1.6, and w = 0.28. At C-J point
we have D¢; = 7450 m/s , P;; = 22 GPaand E¢; = 8.56E + 6 kj/m>.

Like was performed on the previous Autodyn simulation was assumed a 2D
configuration, where the detonation wave also travels through the explosive material from
left to right, (Figure 6.6). All the assumptions made to the emulsion 2D configuration are
valid to PETN 2D configuration.
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Figure 6.6. Simulation of propagation scheme of detonation of emulsion explosive.

The presentation of results concerns five particular instants: when detonation of
explosive is at the end (2D simulation — Figure 6.7), when expansion products took the
adimensional volume of 165 v/vo (3D simulation — Figure 6.9 left), when expansion
products touch the wall of water tank (3D simulation — Figure 6.9 center) and when
expansion products in moving to the corners (3D simulation — Figure 6.9 right). For both
simulation, 2D and 3D, were measured the evolution at pressure in time at two specific
points that are identify on the bottom of their simulations (2D simulation — Figure 6.8

measure at point #1 and #2; and 3D simulation — Figure 6.10 measure at point #3 and #4).

Figure 6.7. Simulation of detonation of emulsion explosive at its end (2D).
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Figure 6.8. Pressure measurement at point #1 and #2 for the 2D simulation on the right. The points are
identify on the left picture and correspond to the extrem of the explosive, one measure on the center, Point
#1, and other on the edge, Point #2.

Figure 6.9. Simulation 3D of expansion products of detonation of emulsion explosive, when its adimensional
volume reachs the value of 165 v/vo (3D simulation - left), when touch water tank wall (3D simulation -
center) and when is moving to the corners zone (3D simulation - right).
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Figure 6.10. Pressure reflection measurements, at point #3 on the bottom and point #4 on the top for the
3D simulation. The points are identify on the center picture and correspond to the corner of the water
container, one measure in the middle, Point #3, and other on the top, Point #4.
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According to predictions, when the wave reaches the lateral container wall, it is
generated a reflection wave - the container plastic wall is then deformed according to a
sinusoidal shape. However, when this wave reaches the center of the wall (and starts
reflection), the corners are not yet attained by the original positive wave (Figure 6.11). The
strong pressure drop only appears when the wave reaches the corners.

Figure 6.11. 3D simulation of pressure evolution inside water container.

Prediction pressure pattern shows:

- initial values of 19.52 GPa (at the end of detonation),

- 265E+5 Pa at expansion value of 165 v/vo,

- 87.58E+5 Pa when pressure front touch water tank wall,
- 59.79E+5 Pa when it touch corner zone and

- 50.45E+5 Pa when starts reflection from the corner

And from the selected point above mentioned we have:

- maximum value of 17 GPa at point #1,

- maximum value of 9.5 GPa at point #2,

- maximum reflection value of 5.33E+5 Pa at point #3 and

- maximum reflection value of 1.89E+5 Pa at point #4.

With these Autodyn predictions of WBWG, using a cubic meter water
container, we conclude the possibility of having PETN charges without destruction of
WBWG containers. Since water pressure levels, close to plastic walls, under maximum
admissible charges, are closed to 6 MPa. This simulation also proves the possibility of a

new non-destructive method to collect detonation products of small charges.
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6.2. Experimental results

6.2.1. ANFO emulsion experimental results

Experimental study shows the blast effect of 5 g, 10 g and 15 g study of
ammonium nitrate-fuel oil emulsion explosive inside the cubic meter container (Figure
6.13). Explosive aluminium support tubes deformation (after detonations) gives an idea of
the pressure level, as a function of charge radius distance (vd. Figure 6.12). Recorded
movies, at 1000 frame/s, also presents external deformation of plastic container and
observed reflections (vd. Figure 6.13).

The deformation of the aluminium supports tubes (that allow the explosive
charges to be on center of the water container). These deformation indicate the zone where

occurs the decrease of high pressure levels, as a function of explosive charge (Figure 6.12).

Figure 6.12. Deformed aluminium support tube, as a function of used charge ( 5 g left, 10 g centerand 15 g
right and their group).

The plastic confinement was enclosed inside an aluminum net structure (Figure
6.13) and selected explosive was an ammonium nitrate-fuel oil emulsion explosive. Three
mass charges were fired: 5, 10 and 15 g. The value of initial mass (5 g) was obtained by

the approach to the cubic root of 58.3 g (58.3'°

=3.88) used in previous Autodyn
simulations. The inlet opening of plastic cubic container was kept open, in order to have
release opening pressure after initial shock and reflections (this cumulative process helps
pressure decrease). Follows the fast video frame (at 1000 fps) of the respective tests
presenting the external deformation of plastic container and observed reflections (vd.

Figure 6.13).
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Figure 6.13. External deformation of blastic container and observed reflections for the 3 tested charges (5 g
left, 10 g center and15 g right).

From these results it can be observed that:

- detonation of small charges generate elastic deformation of plastic wall,
without any permanent deformation;

- four reflection shock movements of plastic container are clearly observed
with 10 g charge; 15 g charge generates permanent deformation — all the other charges
generate elastic deformation,

- keeping inlet open allows a dissipative pressure decreasing process, observed
clearly under 15 g charge; it allows the non-destruction of container;

- the reflection wave, when shock front touch lateral wall and moves to the
corners, generates a clear pressure decrease process,

- deformation of aluminium support tubes, as a function of used charge, show
clearly the evolution of high pressure zone growing with increasing charges.

The non-destruction of cubic plastic container, designed for nominal pressure
of 6 MPa, proves the validity of selected coefficients, design assumptions and simulation

process.

6.2.2. PETN experimental results

Studying the underwater blast wave generated using PETN the shock polar was
determined.

The water, according with data base tables, has the following characteristics,
Po = 998 kg/m3, ¢, = 1647 m/s, s = 1.921, so according with chapter 2 shock polar

equations we have the water detonation equation, D (D = Uy) and the pressure, AP (AP =

(P, — Py)), vs particle velocity, u,, evolution:
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D =cy+sXu, (6.1)
AP = py x D X u, (6.2)
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Figure 6.14. Prediction of the Water shock polar in P-u, plane.

For the PETN properties was assumed proximally the same density as was used
on THOR simulation, p = 1170 kg/m3 (pruor = 1100 kg/m3). The respectively shock
polar properties for that density were unknown and that’s why was needed to performed
density approximation to the other data base densities.

By LASL, 1980, we know the PETN detonation products properties, calculated
as a function of initial density allowing to the determining its detonation products shock
polar. The detonation velocities given by LASL, 1980, were calculated using the D =
1.608 + 3.933 p, (D given in km/s and p, in kg/dm3). Obtained experimental pressure

P were the values presented by Francis Ree, 1984.
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Figure 6.15. Prediction of the PETN shock polar in P-u, plane. This prediction correlates different PETN
densities from experimental data.
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Knowing the shock polar of the water and the PETN was determined the shock
deduced by the PETN in the water. And for that was constructed a symmetrical PETN line
according with detonation conditions and until the water free surface on the collision point,

that is assumed to be 2 X u,. So for the same pressure values a new axes was settle

up' =2Xu, —u,. The intersection of this line with the water shock polar was recreated

by using its trend line that gives the medium values of all PETN experimental values.
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Figure 6.16. Prediction of the Water - PETN shock polar in P-u, plane.

This interaction approach from detonation products of PETN to the shock polar
pressure of water allow the calculation of A = 5.12 GPa for the initial density of PETN of
1170 kg/m3. Applying the chapter 2 general equations preceding A value and the & = 1.5
value it was possible to determine transmitted shock pressure inside water container, as a
function of radius distance from central charge (Figure 6.17). The obtained results seem to
show the possibility to reach low final pressure values (P < 0.6 MPa) according to the

previous experiments.
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Figure 6.17. Peak pressure P [GPa] evolution as a function of radius r [m], from central charge — PETN vs
Water.

After understanding the underwater blasting wave the experimental tests were
conducted in two different containers forms, on a small container 25 litres and on a cubic
meter container.

The experimental tests on the 25 litres container were performed for 2 classes
of different explosive charges:

- using only the standard detonator (0.6 g PETN charge + primary
explosive<>0.8 g of PETN) without any supplementary charge,

- using the same conditions of the previous test, but now adding 2.4 g PETN
(from a detonating cord, 20 cm) to the standard detonator.

All the experiments were recorded with a fast camera under 420 fps or 1000
fps sequences. Pressure was also measured and recorded using 3100B0010GO01B pressure
sensor (0-10 bar). Pressure signal presents the classic pressure profile of this kind of
experiments.

Fast video frames (at 420 fps sequence) of the first class of tests (only with the

detonator charge) is presented in Figure 6.18.
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Figure 6.18. Video frames from first class of tests, using standard detonator as charge, inside a 25 litres water
container.

For this first test we had a maximum lateral deformation of 2.2 cm and also a
maximum frontal deformation of 2.2 cm approximately; on number 2 we can see the initial
reflection with 7 cm; on number 7 the container jumps from the floor at a maximum high
of 19.5 cm; according to the law of action-reaction pair, the force applied for the container
rises 19.5 cm will be equal to an contrary force with the same value exerted on the steel
plate, the F = 35.242 kN that correspond a P = 5.65 bar exerted on a steel plate area of
0.0624 m?. From number 1 to number 7 we had a time interval of 14.3 ms.

The pressure, like said before, was measured with the pressure sensor 0-10 bar
and the periphery recording equipment used was an oscilloscope, Tektronix TDS 320. For
this test we had the oscilloscope calibrated to single acquisition sequence, tigered at 1.32

V, at a vertical scale of 500 mV and a horizontal scale of 500 ms, (Figure 6.19).

— 4

Tek Single Seq 100 S/s
T

VI Ha o

IR+ T TR+ ]

151 3 4 : 5 5 i
N G v “‘ RAL A LA I 2 Rt fot

_____

OISk

U h !'ﬁ'ﬁmb f!'ﬁ! !ﬁmV. WM500ms ChT J 1.36V
el 20mv 500us

0 05 1 1.5 sl

Figure 6.19. Measurement of the pressure of the first test conducted on 25 litres container. Signal obtained
by using a pressure sensor 0-10 bar and a oscilloscope, Tektronix TDS 320, as his periphery recording
equipment.

As can be observed at Figure 6.19 an initial value of 1.14 V, a maximum value
of 1.33 V and a minimum value of 1.06 V. According with the calibration curve of the

pressure sensor 0-10 bar we had an maximum pressure of AP = 0.45 bar. And the
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intervale was 100 ms. This result proves the attenuation effect of the pressure wave inside

the used oil tube.

Follows the second class of experimental tests performed. Fast video frames
(sucessively at 420 fps and 1000 fps sequences) of the second class of tests (detonator

more 2.4 g of PETN) are presented in Figure 6.20 and Figure 6.22.
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Figure 6.20. Video frames from second class of tests, using standard detonator more 2.4 g of PETN as
charge, inside a 25litres water container (420 fps sequence).

For this test we observed a maximum lateral deformation of 3.5 cm and also a
maximum frontal deformation of 2.2 cm approximatelly; on number 2 we observed the
detonation products leaving the metal support tube; on number 3 we observed the
deformation of the container changing from its original rectangular shape to a transient
spherical one; and from number 1 to number 4 we had a time interval of 7.1 ms.

The pressure was measured with the 0-10 bar pressure sensor and the periphery
recording equipment used was an oscilloscope (Tektronix TDS 320). The oscilloscope was
calibrated to single acquisition sequence, tigered at 1.32 V for the two tests at a vertical
scale of 500 mV and a horizontal scale of, 250 ms (Figure 6.21).

Tek SIIE Single Seq 200 S/s
I

Sttt ]

i | i

2R¥

0 m m 7 } MS‘ v.
le" 20mv 500us

. 0 025 05 075 sl . .

Figure 6.21. Measurement of the pressure of the secound class of tests conducted on 25 litres container.

Signal obtained by using a pressure sensor 0-10 bar and a oscilloscope, Tektronix TDS 320, as his periphery
recording equipment.
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As can be observed at Figure 6.21 we have an initial value of 1.14 V; a
maximum value of 1.33 V; and a minimum value of 1.02 V. According with the
calibration curve of the 0-10 bar pressure sensor we had an maximum pressure of AP =
0.45 bar. And the intervale was 150 ms. It was observed the attenuation effect of pressure

wave transmission.

Figure 6.22. Video frames from second class of tests, using standard detonator more 3 g of PETN as charge,
inside a 25litres water container (1000 fps sequence).

For this new test with the same conditions as the previous one at 1000 fps
sequece we could observe a maximum lateral deformation of 2.6 cm and also a maximum
frontal deformation of 3.5 cm approximatelly; at number 3 we observed the deformation of
the container changing from its original rectangular shape to a transient spherical one; at
number 4 took place the equatorial break of the container and from number 1 to number 6

we had a time interval of 5.1 ms.

Obtained results prove the validity of simulations, confirming central blasting
phenomena process for the generation of an exterior blast generator. Main blast wave
expands initially according an “equatorial” disc. The blast process, later on, is expanding
for all directions. Sinusoidal shapes of lateral walls were observed. Measured pressure
levels are lower than theoretical expected values, the reasons of this were mentioned on the
Chapter 5, and that’s will the previous pressure set-up with 5 mm diameter polyethylene
tube was changed for the next cubic meter experimental test. Plastic 25 litres containers are
ruptured at final, but not destroyed, confirming predicted values. Follow the final images

of the tested containers.
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Figure 6.23. Final imges of the 25 litres container — on the left the first class of tests and on the center and
right the second class of the tests respectivelly.

The deformation and blasting of 1000 litres container was performed for a
standard detonator (0.6 g PETN charge + primary explosive<>0.8 g of PETN) with 7,2 g
PETN (60 cm from a detonating cord, 12 g / m). Like the previous experimental test with
the emulsion the plastic confinement was enclosed inside an aluminum net structure and
the inlet opening of plastic cubic container was kept open, in order to have release opening
pressure after initial shock and reflections (this cumulative process helps pressure
decrease). The value of 7.2 g was obtained by the approach to the cubic charge of the
explosive equivalent length by the cylindrical volume formula and by the following
correlation m/V = 1170 kg/m3. Since the small container, 25 litres, for 3 g PETN (20
cm detonation cord) correspond an equivalent length, L., = 5.2 mm then for 9 g PETN
correspond to L.q = 15 mm. Since 60 cm of detonating cord (12 g/m) correspond to 7.2 g
PETN, and then 7.2 g PETN plus standard detonator, 0.8 g PETN, gives 8 g PETN
proximally the charge used was 7.2 g PETN.

The recording was conducted with a fast camera under 420 fps sequences.
Pressure was also measured and recorded using 3100B0016G01B pressure sensor (0-16
bar). Pressure signal presents the classic pressure profile of this kind of experiments
(Figure 6.26). When the charge explodes the container enlarges his original size, and so 1
cm and 2 cm of that expansion were measured and recorded in time. For that one light
circuit was built, where the respectively light switches correspond to the distances covered
by the wall. Through the filming (at 420 fps sequence) of the light plate was recorded the
times that the container wall took to achieve these distances. Taking as zero position the
yellow circuit light, green circuit light 1 cm and red circuit light 2 cm.

Fast video frames (at 420 fps sequence) of test (detonator charge plus 7,2 g
PETN) is presented in Figure 6.24 and Figure 6.25.
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Figure 6.24. Video frames from the external deformation of plastic container on the detonation initial
states, using 7.2 g PETN plus standard detonator as charge, inside a 1000 litres water container (initial point
left, detonation point right).

Figure 6.25. Video frames from the external deformation of plastic container on the final states before the
water comes out, using 7.2 g PETN plus standard detonator as charge, inside a 1000 litres water container.

From the initial and final frames we can determine that the container wall
enlarge 4.3 cm and the container itself full of water moves to left proximally 2 cm. The
non-destruction of cubic plastic container, designed for nominal pressure of 6 MPa, proves
the validity of selected coefficients, design assumptions and simulation process.

The measurement of the test pressure is presented in Figure 6.26. The
oscilloscope record signal was conducted at the scale 5 ms and 1 V, to single acquisition

sequence, triggered at 1.72 V.

Tk BT Single Seq 10K/ _

T

Figure 6.26. Measurement of the pressure of 7.2 g PETN on 1000 litres containers. Signal obtained by using
a pressure sensor 0-16 bar and a oscilloscope, Tektronix TDS 320, as his periphery recording equipment.

Joana Ester Vaz Ambrdsio 75



JWL parameters optimization for isentropic THOR prediction and confined underwater blasting generators experiments

The pressure peak represents an indicative value. Using the calibration curve of
the 0-16 bar sensor we have for the 2 V given by the oscilloscope AP = 3.5 bar. From this
recording we can know that detonation took proximally 18 ms. Under this conditions,
increasing oil tube from 5 mm to 10 mm, the pressure attenuation effect was strongly
reduced (vd. Figure 6.26)

The non-destruction of cubic plastic container designed for nominal pressure of
6 MPa, using 7.2 g the PETN plus standard detonator proves show the possibility of having
PETN charges without destruction of WBWG containers.

Fast video frames (at 420 fps sequence) of test distance vs time is presented in
Figure 6.27.

Figure 6.27. Video frames from the light panel , using 7.2 g PETN plus standard detonator as charge, inside a
1000 litres water container.

From only one reference point of the water container wall was recorded the
time lines of the contact point, represented by the orange LED, the head start of 1 cm
represented by the green LED and the final push at 2 cm represented by red LED.

The response time to the container wall move 1 cm was 2.4 ms (represented by
green LED) and for move 2 cm was 4.7 ms (represented by red LED). This new distance
measurement prove to be viable. However, the time line between the contact point and the
1 cm distances couldn’t be recorded because the camera was not fast in of to capture it
(could be achieved using 1000 fps sequence).

For posterior works in order to improve the distance-time set up the switch
mechanism could be improved and the time recorded could to be improved as well by
changing it to a faster camera 1000 fps.
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7. SYNTHESIS AND CONCLUSIONS

The present study shows the behavior of WBWG, based in two different water
plastic containers (25 litres and 1000 litres), having in the center a detonator inside a
cylindrical explosive charge. The explosive charges used were ammonium nitrate with fuel
oil (ANFO) emulsion and pentaerythritol tetranitrate (PETN) detonating cords (12 g/m).
The explosives detonation properties were predicted using a thermochemical computer
code, named THOR. For the expansion of the detonation products of the explosives was
applied JWL EoS. Good adjustment (between the theoretical adiabatic and isentropic
curves, from CJ point, obtained by THOR code, and predicted expansion curve using JWL
equations) allow to define and optimize JWL parameters to a minimum difference with an
auxiliary quadratic function, under different restricted conditions and a function of the
Microsoft Excel ®:

- the Grineisen coefficient from the exponential of the adiabatic curve;

- the Grineisen coefficient from the exponential of the isentrope curve at a
limit adimensional volume;

- the Griineisen coefficient from the exponential of the total expansion of
isentrope curve and, at last;

- the Grineisen coefficient and the parameter C of JWL deduced by Caroline
(Handley, 2011). (This final assumption reveals to be not suitable).

The best results were obtained using the Grineisen coefficient from the
exponential of the total expansion of isentrope curve, which were w = 0.328; C =
3.6 GPa ; A=90GPa; Ry =5; B=90GPa; R, = 2.9 for ANFO emulsion and w =
0.356;C =2 GPa; A= 2343.6 GPa; R, =7.9;, B =47.6 GPa; R, = 2.4 for PETN.

The dimensions and design configurations of the experimental WBWG suffers
a few alterations on the pressure plate setup since to the experimental WBWG within the
25 litres container shows a strong attenuation effect of pressure wave inside the used oil
tube. Therefore the original tube of 5 mm inside the steel plate was changed to one with 10
mm plus the connection tube from the steel plate and the pressure sensor to one also with
10 mm and more rigid. The PETN experimental WBWG within the water plastic cubic

meter proves a strongly reduced of the attenuation effect using this new pressure setup.
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A blast type experiment was described and shows and demonstrate the time
line of detonation wave until reaches the plastic wall, using 3 g of PETN (detonator No. 8
plus 2.4 g charge of PETN detonation cord), less than 2.1 ms, and also shows the flame
wave and expansion gases from the detonation.

Autodyn 2D and 3D simulation of WBWG were performed using a cubic meter
water container (1000 litres) for both explosive. The obtained results show the possibility
of having these explosive charges without destruction of WBWG containers. Since water
pressure levels, close to plastic walls, under maximum admissible charges, are closed to 6
MPa. This simulation also proves the possibility of a new non-destructive method to
collect detonation products of small charges.

At last, experimental results were performed to:

- 5g,10gand 15 g charge of ANFO emulsion using a cubic meter container;

- 0.8 g charge of PETN corresponding to the standard detonator No. 8 within

the 25 litres container;

- detonator No. 8 plus 2.4 g charge of PETN detonation cord also within the

25 litres container, and,

- 7.2 g charge of PETN plus the standard detonator within the 1000 litres

container.

Experimental results within the cubic meter container validate simulations non-
destructive method to collect detonation products. It is always observed the elastic
deformation of containers wall, under the water shock reflections, changing from its
original cubic shape to a transient spherical one. Obtained results prove the validity of
simulations, confirming central blasting phenomena process for the generation of an

exterior blast generator.
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Appendix A

APPENDIX A - THOR EXECUTION PROCEDURE

The THOR operation system has an execution procedure, follows an example

that illustrate the THOR platform and the steps taken. The simulation interfaces will be

conducted only for one explosive in study, the PETN, as an example.

For the first step was needed to specify the reagents of the base mixture in

study, i. e., explosive plus water, and then the possible products of the chemical reaction.

Follows the composition of the mixtures used on THOR:

Table A.1. Composition of the mixtures used on the THOR code.

Mixture Designation Mol/kg
H4N,05 Ammonium nitrate 2
a N
é— :z> C10H17,963 Fuel Oil 0.05
§ 8 Ni.578800.4212 Air 0.002
H,O Fresh Water 0.9
g CsHgN4Oq» PETN 10
E N 578800.4212 Air 0.046
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THOR ®2009 - Themochemical Reaction Analysis EI @
@ Fies g Tools [2) info
7“ Mixture information } & Preview / Calculate I
Reaction information
Reaction name:  [PETN_RHO1100.03 Comment »
Explosive density: 1z gem ™ b
Save Location: (g 0 \Utiizadores\Rita\Desktop\THOR_testes\130518_PETNY
Explosive composition
List of compounds in Thermochemical Database: - Mixtures
) Mame Mollkg | =
10| 7]
Name - o o o
2-FLUORO-2, 2-DINITROETHOXY. OXIRANE | Add component =
((3-METHYLELITOXY)METHYLJOXIRANE B
((ETHYLTHIO)METHYL)BENZENE Q
((METHYLSULFONYL)METHYL)BENZENE Remove component
((METHYLTHIO)METHYL)BENZENE -
(+)b-DESMOTROPOSANTONIN ACETATE Products:
(+)b-DESMOTROPOSANTONIN METHYL ETHER rocucts:
(+/-)-LIMONENE o Name =
(+/-)trans-1,2,3-TRIS(MITRAMING)CYCLOPROPANE El
(-1a-DESMOTROPOSANTONIN ACETATE Add component H20
(-1a-DESMOTROPOSANTONIN METHYL ETHER o N2
(1,1-BICYCLOHEXYL)-2-ONE 2 e
(1,1-BIPHENYL)-3-OL Smove componen OH
(1,1-BIFYRROLIDINE)-2,2, 5,5 “TETRONE 5 co i
Running parameters
Equation of state Initial temperature:| 203, 15| K. Initial pressure: 1|bar  Type of combustion [[SENTROPE 1
Shock adiabate Expansion isentrope
Initial density of detonation products on shock adisbate 0lgem™  Final relative volume of detonation products along isentrops [
Final density of detonation products on shock adiabate 0/ gem™  Decrease of density of detonation products along isentrope 0| gem™?
Increase of density along shock adiabate Ol gam 3 Temperature of chemical reactions freeze point {T=1800K) 0K
Tnitial {i.2. assumed) temperature of detonation products 0|k
Thor @ 2009 Thor@2008

Figure A.1. An example of the interface of the reaction information of the program THOR using
PETN.

The THOR code relays on a thermochemical database were all the properties of
the compounds are describe, as their Gordon & McBride polynomial coefficients. This
thermochemical database can be visualize click in Tools ('#™=) then on thermochemical

database.
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Thermochemical Database [] =l

Search by name I')
CS HS N4 01.2

CH,-O-NO,

petn

PERCKYACETYL NITRATE (iig) -
PERCXYACETYL NITRATE (s)
PEROXYBENZIOIC ACID
PEROXYBENZIGYL NITRA (@)
PERCXYBENZOYL NI i)
PERCXYBENZOYL NITRATE ()
PERCXYDISUCCINIC ACID

PEROXYMYRISTIC ACID e . et o
PERCXYGCTADECANGIC ACID olecular Weight [g] sygen Balance (%) aze

State Clags
PEROXYTETRADECANOIC ACID 16138 01z |Gas j| Solid j‘ |Eneruet|c fillers j\
PERRHENIC ACID Enthalpy [l mal 1] Entropy [ mal TET) Cp ) mal TET) Diensity (kg m-3)
PERTECHNIC ACID -532.2048 7376.392 339.95 1778

PERYLEME Enthalpy (kcal malT | Entropy [cal mol Tk 1 Cp [cal mal 1K 1
PETKAA -127.202269243 1763.03145192 81.2514495

PETRIN

O,N-O-CH,=C=CH,-O-NO,

CH,-O-NO,

Difalt product [~

| Value 4 ‘ Value 5 | Value & Value 7 Value 8 Value 9 |
PETRIN ACRYLATE
PETROLEUM JELLY
PETX

pF3 Known Properties

PFS property Value | Units | Remarks Source
PFF ity

PFIB difference enthalpy-energy -7.1 kcal Mol 528

PETBA enthalpy of formation -128.8 kealMal C

PRY enthalpy of formation -127.2 kcalMal STB

PG enthalpy of formation -126.8 kcalMol 121

PGA enthalpy of formation -121.03 kealMal 83 -
PGN Literatura

PH3 R. "weinheimer [Chairman, IP5 %Wall Chart Commites) -

PH4ER Properties of Selected High Explosives
= Proceedings of the Eighteenth International Pyrotechnics Seminar i

4 L3

Figure A.2. An example of the interface of the thermochemical database of the program THOR — selecting

PETN.

When the compound doesn’t have Gordon & McBride polynomial coefficients,
they can be found at the NASA Thermo Build site (http:// www.grc.nasa.gov/ WWW/
CEAWeb/ ceaThermoBuild.htm) or JANAF thermochemical tables.

As was mentioned above, in this methodology the THOR needs the
information of possible products of the reaction. They also can be achieved by NASA
Thermo Build site. For a correct determination of the reaction products we must identify
all the possible products compounds of the reaction (20 compounds in the maximum) and
in the correct order of formation. The product compounds formed and at a larger fraction
must be identified primarily for a correct simulation of the THOR code. This first
compounds are the determiner factor for the explosive chemical reaction, the other
products that follows are the consequence of that first reaction. The products compounds
that are formed at a larger fraction are CO,, H,O and N, so they must be identify in first.
The next table shows the products compounds that were predicted to be formed on the
chemical reaction for both explosives. Only the four first products are formed at a larger
fraction the others products that follows are the consequence of that first reaction, so his

order is less important.
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According with the reagents of the reaction the NASA platform can provide the
different combinations that can be formed and we select the more suitable ones for our

conditions.

@ GLEMM RESEARCH CENTER =i S VISR ASA

__(Zhemica]iqn librinnoe

writh A pplicaticoms

+ CHEMICAL EXCUILIBRIUM - RELATED TOPICS.

THERMO BLILD
TWWrinen by Parick Chan NASA, Samemner intern 2001 Dulos Unisersisy sopinomons), TharmoSulid s am interacthse
R —— S0 W Umam The PAS.A 3 imnin SRS e © EACROSS S 10 Sa T SORC s AN 10 Sommin
Related Topics
1. Tanles of Tarmodynaemic proparties or & usar-sunniied Semperanure s.onadube

+ DMLEME CEAY 2. Dass suomess for use 0 CEA. SUSED o a0y OTEr SoMSLREr Srogram
T panarase = oats suoses iick nene
+ CAP

-+ PAL

Tk 0N SyTDOls: S0 AP0 SOMEaITET I asine SoeTISCar

M

- v, 1) B
- MASS Sruscy Stmement, and ACoessioiiny PLASA, Official: Dr Michesl ) Sene
O ‘Carmcanion L ipcianedt: CLADSTO0E

Figure A.3. NASA Thermo Build interface.

Both explosives used a system of C, H, N and O. On the NASA platform we
select that compounds and it process all the combinations. According with the provide data
we chose the most viable ones for our reaction. And since the THOR code need the
Gordon & McBride polynomial coefficients, this web site also can provide that
information only need to know is the compound that we are looking for and the thermal
conditions that we are working with.

After we determined the mixture and the products, the next step is running the
THOR program. Assuming the H_ equation of state, the thermochemical reaction was
study for different conditions (type of combustion), CJ detonation, adiabatic dynamic and
isentrope.
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@ Files 2 Tools Info
] Mixture information Q Preview / Calculate }
1Y Data Calculation ] Result 1
= simple test b start calculation
" Multiple test Min, eq. ratio: 0 Max, eq. ratio: 0 Eq. ratio increment: 0 R‘ Send to Excell
b Graphic Result Sereen result

Figure A.4. An example of the interface of the Preview / Calculate of the program THOR — for PETN in the

Isentrope condition.

All the data given by the program THOR code after running it is automatically

transferred and saved for a folder of the computer.

Ficheiro

Editar Formatar Ver Ajuda

"

10PETN + 0.04BAIR

o~

T

= Equivalence Ratio = 1.1665

W EQUATION OF STATE HL

W 10. 000 99.958% PETN 316.136g  Hf= -127.200 kcal/mol
W 0.046 0.042% AIR 28.853g Hf= 0.000 kcal/mol
W c 50. 000 15.809 mol/kg

W H 80.000 25.295 mol/kg

w N 40.073 12.670 mol/kg

w o 120.019 37.949 mol/kg

w INITIAL CONDITIONS:

w PO = 1.00 bar TO = 298.15 K

w VO = 0.909 cm3/g RHO =  1100.09 kg/m3

# uo = -1682.85 ki/kg HO = -1682.76 kJ/Kg «CPO = 1075.300 J/kg.K
# chapman-Jouguet state

# D = 5437.17 m/s a = 3840.99 m/s u = 1596.19 m/s

# DCl = 5329.27 m/s acl = 4057.08 m/s ucl = 1488.29 m/s

= PC] = 87.25 kbar

= P = §2.572 kbar v = 0.678 cm3/ T = 3847.111 K

# H = 0.487e+04 ki/kg u = -0.730e+03 kj?kg s = 0.799e+04 1/kg.K
= G = -0.259e+05 ki/kg cp = 0.478e+04 J/kg.K v =  0.433e+04 1/kg.K
# gam = 1.1 G_gamma = .63

# COMPOSITION

*PROD OF REAC:CO02,H20,N2,C(beta),oH,H2,NH3,02,N0,H,C(gas),N,0,c(alfa),co,cH202
# co2 : 24.452757 %; 0.24452757 molefrac; 9.311742 mol/kg

= H20 H 33.168155 %; 0.33168155 molefrac; 12.630612 mol/kg

= N2 15.176506 %; 0.15176506 molefrac; 5.779295 mol/kg

= Cc(beta) 16.767907 %; 0.16767907 molefrac; 6.385309 mol/kg

= OH 0.000000 %; 0.00000000 molefrac; 0.000000 mol/kg

= H2 0.034290 %; 0.00034290 molefrac; 0.013058 mol/kg

= NH3 0.006635 %; 0.00006635 molefrac; 0.002527 mol/kg

= 02 7.185863 %; 0.07185863 molefrac; 2.736415 mol/kg

= NO 2.913053 %; 0.02913053 molefrac; 1.109306 mol/kg

= co H 0.294833 %; 0.00294833 molefrac; 0.112274 mol/kg

= CH202 H 0.000000 %; 0.00000000 molefrac; 0. 000000 mol/kg

= TOTAL= 38.0805 mol/kg of mixture

m

Figure A.5. An example of the interface of the data given by the THOR —for PETN in the detonation

condition.
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| resul.dat - Bloco de

Ficheiro

Editar Formatar Ver Ajuda

"

10PETN + 0.046AIR

# equivalence Ratio = 1.1665

# EQUATION OF STATE HL

# 10.000 99.958% PETN 316.136g Hf= -127.200 kcal/mol
= 0.046 0.042% AIR 28.853g Hf= 0.000 kcal/mol
* [ 50.000 15.809 mol/kg

# H = 80.000 25.295 mol/kg

* N 40.073 12.670 mol/kg

# Q 120.019 37.949 mol/kg

# INITIAL CONDITIONS:

# PO 1.00 bar T0O = 298.15 K

= Vo 0.909 cm3/g RHO = 1100.09 kg/m3

# uo = -1682.85 ki/kg HO = -1682.76 K1/Kg CPO = 1075.300 1/kg.K
# ISENTROPE CURVE

= P 91.000 kbar v = 0.584 cm3/g T = 2493.144 K
# P 82.810 kbar v = 0.605 cm3/g T = 2478.144 K
= P 75.357 kbar v = 0.626 cm3/g T = 2463.144 K
# P 68.575 kbar v = 0.649 cm3/g T = 2448.144 K
= P 62.403 kbar v = 0.672 cm3/g T = 2433.144 K
# P 56.787 kbar v = 0.697 cm3/g T = 2418.144 K
* P 51.676 kbar Vo= 0.723 cm3/g T = 2403.144 K
# P 47.025 kbar v = 0.750 cm3/g T = 2388.144 K
* P 42,793 kbar Vo= 0.778 cm3/g T = 2373.144 K
# P 38.942 kbar v = 0.808 cm3/g T = 2358.144 K
* P 35.437 kbar Vo= 0.839 cm3/g T = 2343.144 K
# P 32.248 kbar v = 0.872 cm3/g T = 2328.144 K
# P 29,345 kbar Vo= 0.906 cm3/g T = 2313.144 K
# P 26.704 kbar v = 0.942 cm3/g T = 2298.144 K
= P 24,301 kbar v = 0.980 cm3/g T = 2283.144 K
# P 22.114 kbar v = 1.021 cm3/g T = 2268.144 K
= P 20.124 kbar v = 1.063 cm3/g T = 2253.144 K
# P 18.312 kbar v = 1.108 cm3/g T = 2238.144 K
= P 16.664 kbar v = 1.155 cm3/g T = 2223.144 K
# P 15.164 kbar v = 1.206 cm3/g T = 2208.144 K
# P 13.800 kbar v = 1.259 cm3/g T = 2183.144 K
# P = 12.558 kbar v = 1.315 cm3/g T = 2178.144 K

[

Figure A.6. An example of the interface of the data given by the THOR —for PETN in the isentrope

condition.

|| Ficheiro  Editar  Formatar  Ver Ajuda
I g |
# 10PETN + 0.04B6AIR
= Eguivalence rRatio = 1.1665 AVI
"‘ EQUATION OF STATE HL
= 10.000 99.958% PETN 316.136g  Hf= -127.200 kcal/mol
= 0.046 0.042% AIR 28.853g Hf= 0.000 kcal/mol
* [ 50. 000 15. 809 mol/kg
= H 80.000 25.295 mol/kg
= N 40.073 12.670 mol/kg
= s} 120.019 37.949 mol/kg
# INITIAL CONDITIONS:
= FO 1.00 bar T0O = 298.15 K
= VO 0.909 cm3/q RHO 1100.09 kg/m3 L
* uo = -1682.85 ki/kg HO = -1682.76 K1/Kg CPO = 1075.300 1/kg.K 3
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Figure A.7. An example of the interface of the data given by the THOR —for PETN in the adiabatic

dynamic.
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APPENDIX B - MICROSOFT EXCEL SOLVER
EXECUTION PROCEDURE

All the experimental data about the CJ detonation, adiabatic dynamic, and
isentrope regimes achieved from THOR was transferred to Microsoft Excel. In this new
platform all the database was treated in order to find the JWL parameters.

The Excel Solver is used to optimize linear and nonlinear problems. In this
work this supplement of the Microsoft Excel is used for minimize the difference between
theoretical and experimental curves in order to match both of them, with an auxiliary
quadratic function that correlates the difference values of both functions points. And so,
the Solver is going to minimize that difference providing an optimize values for the JWL
parameters.

This tool Solver is a “supplement” of the Microsoft Excel, and couldn’t be
available on the menu “data” and so is need to be activated. For that go to the menu “file”

and submenu “options”:

Geral - "

j:% Ver e gerir Suplementos do Microsoft Office.
Farmulas
Verificagdo Suplementos
Guardar Home Localizacdo Tipo
Idioma Suplementos Activos da Aplicacio

Analysis ToolPak C\...e\Officeld\Librany\Analysis\ANALYS32 XLL Suplemento do Excel
Avangadas Analysis ToolPak - VBA Ch\...fficeld\Library\Analysis\ATPVEAEMN.XLAM Suplemento do Excel

Nitro les (B8] \Nitro\Pro 8\msexceladding.dll Suplemento COM
Personalizar Friso Suplemento Solver Ch...e\Officel 4\Librany\SOLVER\SOLVER.XLAM Suplemento do Excel
Barra de Ferramentas de Acesso Rapido Suplementos Inactivos da Aplicacio

1 Cabecalhos & Rodapés CA.\Microsoft Office\Officel4\OFFRHD.DLL Inspector de Documentos
dicrosoft Office’\Officel\OFFRHD.DLL Inspector de Documentaos
dicrosoft Office\Officel 4\OFFRHD.DLL Inspector de Documentos

( Suplementos Conteddo Invisivel

Dados XML Personalizados

Centro de Fidedignidade Data (XML} \micrasoft shared\Smart Tag\MOFL.DLL  Accio
Ferramentas para o Euro .. Office\Officel4\LibranAEUROTOOL XLAM Suplemento do Excel
Folhas de Calculo Ocultas C\.\Microsoft Office\Officel4\OFFRHD.DLL Inspector de Documentos
Linhas e Colunas Ocultas CA.\Microsoft Office\Officel4\OFFRHD.DLL Inspector de Documentos
Micrasoft Actions Pane 3 Pacote de Expansdo XML

Suplementos Associados ao Documento

Suplementao: Analysis ToolPak

Fabricante: Microsoft Corporation

Compatibilidade: Nio estio disponiveis informagdes de compatibilidade

Localizagao: C\Program Files (x86)\Microsoft Office\Officel4\Librany\Analysis\ANALYS32.XLL

Descrigao: Fomnece ferramentas de analise de dados para uma analise das estatisticas e de engenharia

[l Suplementos do Excel El

Figure B.1. Interface of the Excel options of the menu "file".
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At the “supplements” click in manage Excel supplements and then enable

supplement Solver.

:

,

Suplementos disponiveis:

id| Analysis ToolPak P ol
/| Analysis ToolPak - VBA
:I Ferramentas para o Euro
[¥] suplemento Solver

Cancelar

Procurar...

Automatizacdo...

Analysis ToolPak

Fornece ferramentas de andlise de dados para uma
andlise das estatisticas e de engenharia

Figure B.2. Supplement menu of the interface Excel options from the menu "file".

After the command “Solver” (% *°*=) be available on the menu “data” we can
proceed for the optimization of the minimum deflection of both curves, theoretical and
experimental, changing the variables of experimental curve, the JWL parameters (A, B,
C,Ry, R, and w).

m Base | Inserit  EsquemadePagina  Formulas  Dados  Rever  Ver  NitroPro§ o @ o @
E b Caion i AN ==m e T e . [BiFormatacio Condicional - =lnserir - E v 97 &a
_ Ba- ) fig5 Formatar como Tabela = = piminar - [g-
Colar @ | M I 8- |E-|&-A- - % 0 BB 5 eios de caua - 2 Formatar - | 2+ eoitare Soenionane
AreadeT.. © Tipa de Letra 7 Alinhamento ] Nimero ] Estilos Células Edigio
M72 - s v
[ s & D E F G H [ [ K L [ N o 2 ds
1
2 w0 | 0618 cm3jg
3 IWL parameters adiatisen{rest-u=10cm3/g)| 1E£02
4 € [1gs071 GPa A
5 w 0.356 1E+01 o 3
5 A | 235065 oPa
7 | Rl |7.92886 E koo ]
] [ 47778 GPa 8
-,
s Ry [238548 ool ] el R
10 Deflection| 25.4208 | E[Ptheor-PIWL]"2 AL
1
12 v ® v/v0__| Ptheor. | PIWL | [Ptheor PIWL]2 LE0 o :
13 cm3/g kbar - GPa GPa GPa
Log(v/v0)
12| 0472 215802 06961652 | 21.5802 | 21.7657 | 0034408752
15| 048 |205012 07079646 | 20.5012 | 205678 | 0008337052 + Ptheor = PIWL
16| 0488 |194761 0719764 | 19.4761 | 19515 | 0.001515511
17| 0495 18503 0.7315634| 185023 [ 185102 |  6.2954E-05
18 0.504 175772 0.7433628 | 17.5772 | 17577 4.35667E-08 2
19 0513 166983 07566372 | 16.6983 | 16.6053 | 0008647799
20 0522 |158634 07699115 | 158634 | 157091 | 0023801336 »
21| 0532 |150708 0.7846608 | 15.0703 | 147936 | 0076577807 s
22 0542 143167 0.79941 143167 | 139543 0.131345174 4
23 0551 136008 08126844 | 13.6008 | 13.2579 | 0117681301 21
22| 0562 |129.208 0.8289086 | 12.9209 | 12475 [ 019881755 —
25| 0572 |122748 0.8436578 | 12.2748 | 118222 | 0.204836602 5 L
26 0.583 116611 0.859882 | 116611 | 11.1622 0.248870873
27| 0593 | 11078 08761062 | 11078 | 105569 | 0271524458 ° : PAASAA A S S A 1
] 2 1 6 g 10 1 14 15 80
28 0606 |105.241 0.8938053 | 10.5241 | 9.95229 | 0.326971178 o 91~

Figure B.3. Interface of the Microsoft Excel — JWL parameters calculation.
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JGELY|  Base  Inserir  EsquemadePagina  Férmulas | Dados | Rever  Ver  NitroPros @ o= R
! ¥= L Anilise de Dados
- Parémetros do Solver [ =
= |
/e
Obter Dados Externos Ligacdes Ordenar e Filtrar Ferram —
~ Definir Objectiva: scs10 =]
- Fx | =SOMA(H14:H103)

8 c D E F G H 1 1 K Para: Méxmo  (© Minimo valor de:

vC) 0678 cm3/g e Alterando as Céluias de Varivel:
——

il 'hl SC$4:5C59 @

1
2
3
£ ¢ 1.590712 GPa 1E+01 Sujeito as Restrigies:
5 w 0.356
SC54:5C59 >=10 x
6 A 2354.653 GPa g 045 20.3% adidonar
T 1E+00 $CS6 <= 2800
g RL 7.92886 3 i scs7 <= 12 Alterar
8 B 47.77803 GPa $C$8 <= 200

9 R2 2.385459 1E01 049 <=5 H
10 Deflection | 25.4208 | % [Ptheor.-PIWL]"2

il 1E-02 Repor Tudo
12 v P vfvo Ptheor. | PJWL |[Ptheor.-PIWL]"2 06

wwwwww

13 cm3/g kbar - GPa GPa GPa - | Carregar fGuardar ‘
14 0472 | 215802 0.69616519| 21.5802 | 21.7657 |  0.034409752 arnar o Negativas Varidveis Nio Constrangid
15| 048 | 205012 0.7079646 | 20.5012 | 20.59783 |  0.009337052 * Ptheor e, Witodo Resoc =
glec, Método Resolugdo: GRG Nao Li - B¢
16| 0488 | 194761 0.71976401| 19.4761 | 19.51503|  0.001515511 5 = ¢ co et [l Opches
17| 0436 | 185.023 0.73156342| 18.5023 | 18.51023 |  6.2954E-05 0 Método de Resolugio
e 0.504 175.772 074336283 | 17.5772 | 17.57635 4.35667€-08 Seleccione o motor GRG Ndo Linear para problemas n3o lineares uniformes do Selver, Seleccione o
15 0513 | 166.983 0.75663717| 16.6983 | 16.60531 |  0.008647739 motor LP Simplex para prablemas ineares do Sclver,  seleccione o motor Evolutionary para problemas
20/ 0522 | 158.634 0.7699115 | 15,3638 | 15.70912 | 0.023801336 | E 0 uriformes do Salver-
. . 5 . X . g

21 0532 | 150703 0.78466077| 15.0703 | 14.79357 |  0.076577807 | & 10
22 0542 | 143167 0.79941003 | 14.3167 | 12.95428 |  0.131345174

Ajuda Resolver ] ‘ — |
22 0551 | 126009 0.81268437| 12.6009 | 12.25785| 0.117681301 5
24 0562 | 129209 0.82890855| 12.9209 | 12.47501| 019881755 =
25| 0572 | 122748 0.84365782 | 12.2748 | 11.82221|  0.204836692 o |
26 N.583 116.611 N.RS98R201 | 11.6611 | 11.16223 0248870873 e 2 4 5 8 o 12 14 18 ”

Figure B.4. Interface of the Solver implementation.

The Solver needs to identify the locations (cells) of objective function, decision
variables, nature of the objective function (maximize/minimize/value) and constraints. And
S0, since the objective is to match the experimental curve, Py, with the theoretical curve,

Piheor, @ quadratic function is created to measure the deflection between each Pressure point
as [Pineor. —P,WL]2 and minimized it, therefore the objective function that the Solver

needs minimize is the sum of all the deflection values (Z[Pmeor. — P]WL]Z). Defining as
the objective function of the Solver the sum of all deflection values allows it to minimize
all the different points related to the experimental pressure. Then the variables that are
going to be changed for minimizes the deflections of both curves are the JWL parameters.
The previous image shows an interface of a possible way to calculate the JWL parameters
using the Solver. For Solver simulation can be used constrains in order to optimize the
JWL parameters values to more accepted and real values like is shown on the following
image, for example an exactly value for one of the parameters of the JWL equation and

limits for the remained ones.
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Para: Mdxmo © Minmo Yalor de:

Alterando as Céhdas de Varidvel:
$1$10

Syljeito as Restrigles:
$853:4848 >= 0

854« 2.12
$BSS <= 20

Tarnar Nao Negativas Varidveis N3o Constrangidas
Sgec. Método ResolugBo: GRG NBo Linear

Método de Resoluglo

Alterar

Repor Tudo

Carregar/Guardar

(=] Opstes

Seleccione 0 motor GRG Nio Linear para problemas njo ineares uniformes do Solver. Seleccone o
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Figure B.5. Interface of an example of the possible restrictions used on the Solver parameters box.

As the previous images shows, the theoretical curve of the detonation products

created by the union of the evolution of isentrope and adiabate curves obtained by THOR

code is compared with the experimental curve, i.e., is compared to the JWL EoS for the

same adimentional volume points, and using the previews function of the Excel, the

Solver, the JWL parameters were achieved.

For the JWL parameters were used different approaches:

1. The first one is related to the adiabatic evolution obtained by THOR code. Using a

3.

double logarithmic Y = Y (x) plot, as was shown on the previous graphics, the

global approach of a power trend line shows a linear evolution of the curve. At a

double logarithmic Y = Y (x)plot approach to the adiabatic and isentrope evolution

curves, we can verify an increasing slope on the adiabatic curve;

The second one is related to the isentrope evolution for two assumptions, one for a

limit interval of adimentional volume values from the expansion reaction, and the

other was for all the values obtained by THOR simulation program representing an

longer expansion and a lowest exponential value;

The last one is based on Caroline assumption only for detonation products on the

isentrope evolution with an appropriate value for the parameter C of the JWL EoS

(Handley, 2011). (This final assumption reveals to be not suitable).
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Appendix C

APPENDIX C - AUTODYN MATERIAL DATA INPUT

Follow an example of the interface of the Autodyn material data input for
PETN charge simulation.
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Figure C.1. Interface of the Autodyn material data input — water in the left and PETN on the right.
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