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ABSTRACT

INVESTIGATION OF A GENERIC WARHEAD CONTAINING
PLASTIC BONDED EXPLOSIVE UNDER LIQUID FUEL FIRE
BY
NUMERICAL AND TEST METHODS

Sahin, Hakan
M.S., Department of Aerospace Engineering
Supervisor : Assoc. Prof. Dr. Dilek Funda Kurtulus
Co-Supervisor  : Dr. Bekir Narin

December 2015, 78 pages

The present work provides a design methodology for a munition against fast cook-off
threat for type V insensitivity requirement. The experimental and numerical results

for a generic test item (warhead) filled with a PBXN-109 explosive are presented.

Two key points for the design of an insensitive munition against fast cook-off threat,
which are time to reaction and critical vent area is studied. Dividing the problem as
pre-ignition and post- ignition will allow one to manage this complex problem to

handle easier than its original form.

The first part of the study covers 2-D and 3-D simulations of the problem by
modeling the generic test item geometry by commercial CFD software (ANSYS -
Fluent). The second part of the study reveals low pressure (2-10 MPa) burn
characteristics of a PBXN-109 by strand burner tests. After obtaining pressure
dependent burning rate, conservation of mass equation is used to determine the

chamber pressure using MATLAB Simulink software.

Calculations are compared with the tests performed. Results are seen to be in
reasonable agreement with some discrepancies at 8.9% for time to reaction
prediction and at 10.9% for ventilation characteristics analyses. Possible reasons of

these differences are discussed in this study.



Keywords: Insensitive Munition, Fast Cook-Off, Time-To-Reaction, Strand Burner

Test, PBXN-109
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SIVI YAKIT YANGININA MARUZ KALAN PVLASTiK PATLAYICI
ICERIKLI BiR HARP BASLIGININ
NUMERIK VE TEST METODUYLA INCELENMESI

Sahin, Hakan
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi : Dog. Dr. Dilek Funda Kurtulus
Ortak Tez Yoneticisi : Dr. Bekir Narin

Aralik 2015, 78 sayfa

Yapilan bu ¢alismada siv1 yakit yangimi tehdidine karsi tip V duyarsizlik isterine
sahip bir mithimmatin tasarimina yonelik bir metodolojisi sunulmustur. PBXN-109
patlayicisi iceren test kalemi (harp basligi) ile yapilan deneysel ve niimerik sonuglar

paylasilmistir.

Reaksiyon baslangic zamani ve kritik tahliye deligi capi, sivi yakit yanginina karsi
tasarimi1 yapilan bir mithimmat i¢in iki Oonemli anahtar parametredir. Problemin
reaksiyon Oncesi ve sonrasi olarak ikiye boliinmesi bu kompleks problemin ¢oziimii

i¢in tasarimciya kolaylik saglayabilir.

Calismanin ilk asamasi test kaleminin 2 ve 3 boyutlu olarak ticari hesaplamali
akigkanlar dinamigi programi ANSYS-Fluent ile modellenmesini igermektedir.
Ikinci asama ise PBXN-109 patlayicisina ait diisik basingli (2-10MPa) yanma
karakteristiginin strand burn testleri ile ¢ikarildigi ¢alismay1 igermektedir. Basinca
bagli yanma hizinin elde edilmesi ile birlikte test kalemi igerisinde olusacak basincin
tespiti icin MATLAB Simulink ticari yaziliminda kiitlenin korunumu denklemleri

kullanilmustir.

Hesaplamalar yapilan testler ile karsilastirilmistir. Buna gore, sonuglar makul kabul
edilebilecek seviye birbiri ile Ortiismekte olup; reaksiyonun siiresinin tespiti igin

yapilan Ongoriler icin %8,9 olup, kritik tahliye deliginin tespiti i¢in yapilan

vii



¢Oziimlemeler icin %10,9’dur. Bu farklara olmasi muhtemel sebepler ¢alisma

icerisinde paylasilmistir.

Anahtar Kelimeler: Duyarsiz Mithimmat, Sivi Yakit Yangimni, Reaksiyon Siiresi,

Yanma Hiz1 Testleri, PBXN-109
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CHAPTER 1

INTRODUCTION

Energetic materials such as explosives, pyrotechnics and propellants are widely used
in many military applications. Explosives are defined as materials which react to
produce a violent expansion of hot gas, an explosion, which rapidly delivers energy
to its surroundings. The rate of transformation from solid to hot gas takes place on
timescales of microseconds. Propellants are less violent in reaction and are used to
accelerate objects such as missiles and bullets. For propellants transformation takes
place in a slower timescale which is milliseconds. Pyrotechnics are systems which
react to produce an effect such as smoke, light or noise with reaction times from

milliseconds to many minutes [1].

Comparing energetics materials with other materials such as petrol, petrol contains
six times more available energy as the same mass of TNT but unlike petrol, TNT
releases its energy a hundred million times faster [1]. These reaction (transformation)

time form the basis of the explosion.

Today, safety design of the munitions against unplanned stimuli like terrorist attack,
accidental fire environment etc. becomes as important as the design for performance
and operational requirements. Many nations have been undertaken significant work
to reduce the response of munition systems under attack. These efforts include
understanding explosive response under thermal load and mechanical shocks.
Knowing the material behavior of the explosive, it becomes possible to prevent
unwanted reaction of the munition while it is in non-operational condition by taking

precautions at the design phase.

Several studies have been performed in TUBITAK-SAGE for the design of munition
components like warheads and rocket motors against threats especially after
insensitivity became a requirement by the Turkish Ministry of Defense. Liquid fuel

fire is one of the threads that munition can be exposed to. Past studies that have been



made includes test of munitions having a case material that can melt and allow
explosive to have a contact with atmosphere directly. But not all munitions can take
advantage of the same solution such as munitions that have a penetrator type of

warhead.

In this thesis study, investigation of behavior of the warhead under liquid fuel fire is
performed by using analytical formulas, commercial Fluent program and performing
tests. It is aimed to develop a general method for designing insensitive munitions

against liquid fuel fire threat and minimize the test number required in the test phase.

1.1.  Definition of Insensitive Munitions, Threats and Reaction Levels

Insensitive munition by the definition of STANAG 4439 is: “...munitions which
reliably fulfil their performance, readiness and operational requirements on demand
but which minimize the probability of inadvertent initiation and severity of
subsequent collateral damage to weapon platforms, logistic systems and personnel
when subjected to unplanned stimuli...” [2]. These unplanned stimuli are stated as

follow:
e Fast heating (fast cook-off)
e Slow heating (slow cook-off)
e Bullet impact
e Fragment impact
e Shaped charge jet impact
e Sympathetic reaction

In Figure 1, possible threats against munitions, related insensitive munitions tests and

phenomena are shown schematically [3].
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Figure 1. Threats against Munitions, Related Insensitive Munitions Test and

Phenomena [3]

There are different reaction types that munitions react under the effect of these

stimuli and classified under 6 types which are [4]:

e Detonation (Type I): The most violent type of munition reaction where the

energetic material is consumed in a supersonic decomposition.

e Partial Detonation (Type II): The second most violent type of munition
reaction where some energetic material is consumed in a supersonic

decomposition.

e Explosion (Type III): The third most violent type of munition reaction with

sub-sonic decomposition of energetic material and extensive fragmentation.

o Deflagration (Type IV): The fourth most violent type of munition reaction
with ignition and burning of confined energetic materials which leads to a

less violent pressure release.



e Burn (Type V): The fifth most violent type of munition reaction where the

energetic material ignites and burns non-propulsive.

e No-reaction (Type VI): The least violent type of munition response where
any reaction is self-extinguished immediately upon removal of the external

stimulus.

In Figure 2 the reaction types to accidental stimuli that are explained above are

shown schematically [5].

Typel Detonation Type I1. Partial detonation T‘ype I Exploslon

Type IV. Deflagration Type V. Burning T‘ypc VL Propulsmn

Figure 2. Reaction Types of Munitions to Accidental Stimuli [5]

1.2.  Historical Background

History is replete with accidents and incidents that involved or were caused by the
unintended functioning or reaction of munitions, which resulted in hazardous
consequences to the owning or using forces and Nation. Forrestal accident in 1967
and Camp Doha accident in 1991 are two of the well-known disasters with large

amount of personnel and equipment losses.

In July 1967, USS Forrestal, a USS Naval aircraft carrier which is shown in Figure 3

was conducting combat operations in the waters near Vietnam [6].



Figure 3. USS Forrestal before the Accident [6]

During preparations for a combat sortie, a forward firing unguided rocket flew across
the deck of the carrier which was loaded with planes fully fuelled and armed. The
missile struck another plane causing external fuel tank of the airplane to spill and
igniting the fuel which is known as JP-5. Flowing burning fuel then engulfed
additional planes and caused an M-117 bomb to explode. This has caused more fuel
tanks to spill and ignite and more bombs and several missile warheads to explode.
These actions and reactions resulted in 134 deaths, 161 injuries, 21 aircraft
destroyed, 39 aircraft damaged and the ship removed from combat actions [6]. In

Figure 4, a photo of sailors attempting to fight fires during the incident is shown [7].



Figure 4. Forrestal Aircraft Carrier Accident, 1967 [7]

Figure 5 shows the operational impact of IM and non-IM bombs to an aircraft career.

It is obvious that if the munitions existed on the deck had had the insensitive

munitions characteristics, the amount of total loss could have been reduced

dramatically [8].

— damage to nearby aircraft {within
the arc) due to detonation of one

M Vice NQN-IM === 1 | ADPl‘qnlm_Luon of overpressure.
S T e e A Al 5

MK 83 bomb with a non-IM fill
because of fuel fire, bullet or
e ‘-'"'t'T“ sl Dupes d

damage due to sympathetic
detonation of adjacent
non-rl fill bombs. !

Approximation of damage to nearby aircraft
(within the arc) due to an explosion, deflagration
or burn of one MK 83 bomb with an IM fill because
of fuel fire, bullet or fragment impact. The bomb
would not detonate.

In the IM scenario, aircraft depicted in
orange and yellow outside of the
green arc would therefore sustain
little or no damage.

Figure 5. IM and non-IM Munition Accidental Causality Approximation [8]



Camp Doha accident which occurred in Kuwait 1991 and its effect to multiple tanks
and armored personal carriers is shown in Figure 6. This incident is known to be

initiated by internally stored non-IM munitions that are subjected to single vehicle

engine fire. It is resulted in 3 deaths, 52 injuries and 150 vehicle destroyed [9].

Figure 6. Camp Doha Accident, 1991 [9]

Developing and introducing insensitive munitions systems in the operational area
reduces the life losses and operational costs. Many analyses have been performed by
the researchers about the outcomes of implementing insensitive munitions policies.
Researchers have mentioned about the benefits and the future trends in the

insensitive munitions concept [10], [11], [12].

The IM technology objectives are to increase total life cycle safety, increased
platform and crew survivability, increase operation safety, reduced weapon life cycle
costs, facilitate reduction in hazard classification through increased storage safety

which facilitates reduced quantity-distance requirements.

In this study among all other threats, main concern is focused on the fast cook-off
threat. In fast cook-off test munitions are subjected to a heat source in order to
simulate liquid fuel fire accidental condition. The purpose of the fast cook-off test is

to record the test item response due to a rapid increase in temperature. An aircraft



fuel fire with an average steady-state temperature of at least 800 °C is used as the test

stimulus [4].
1.3.  Literature Survey

Thermal Initiation Theory describes the initiation of deflagration due to thermal
effects from surrounding conditions and the heat generated inside the energetic
material. Understanding the ignition characteristics of energetic materials is the basis
of the studies in order to predict the cook-off behavior of munitions and development

of design techniques for insensitive munitions.

Energetic materials are unstable and decompose rapidly as their temperature is
raised. Energetic materials can be characterized by an ignition temperature; however,
the temperature at which ignition occurs more accurately depends upon the geometry

of the energetic material and the rate at which it is heated [13].

Energetic materials exothermically decompose when exposed to external heat source.
A part of the heat release accompanied with the decomposition is dissipated out
while some is accumulated inside the energetic material. Any material that gives
exothermic decomposition reactions during heating like explosive in a warhead,
propellant in a rocket motor or even a bale of wool may end up with ignition. Selt-
heating can be defined as the increase of temperature of a material due to the heat
generated inside with exothermic decomposition reactions [14]. Decomposition rate

increases as the temperature increases, thus self-heating rate increases.

To determine whether the energetic material will undergo a thermal initiation under
certain surrounding conditions, it is required to know the critical temperature of that
material which is a function of the chemical, physical, and the geometrical properties
of the material. Critical temperature is the limit surrounding temperature under which
no ignition occurs regardless of the exposition time to that temperature. On the other
hand, under a surrounding temperature conditions above the critical temperature,
ignition eventually occurs and the level of temperature only affects time or location

of ignition.



In Figure 7, the effect of heating rate on the location of ignition of an energetic
material is visualized [14]. In all cases, energetic material is heated from surrounding
boundary but with different heating rates. For the low heating rate cases, after a
temperature limit, self-heating rate becomes more dominant over the heating rate by
the surrounding. Because of the low conduction coefficient of solid explosive
materials, the temperature of more isolated part of the explosive filling tends to
increase most. This causes ignition point to be moved from the outer edges to places

where explosive material density over the volume is large.

3.3 °C/h
N —

S0 °C/h

360 °C/h

M

Figure 7. Temperature Profile Predictions at Ignition for an Energetic Material

for Different Heating Rates [14]

Since fast cook-off is a case where the heating rate is very large (bigger than
600°C/h), critical temperature of the energetic material is independent from the

geometry and ignition occurs on the edges close to boundaries where heating occurs.

Studies of thermal initiation of energetic materials start with Semenov [15]. Semenov
made the uniform temperature distribution assumption in the energetic material with
zero order reaction kinetics [15]. This was the origin of the thermal initiation studies.
However, this theory was only applicable for systems like well stirred liquids.

However, as the conduction coefficient of solid energetic materials are relatively low



and uniform temperature distribution assumption is not applicable, Frank-
Kamenetskii [16] proposed a theory based on the conductive heat transfer in the

energetic material which allows time dependent temperature distribution.

Numerical studies which is based on Frank-Kamenetskii’s work on predicting the
ignition times and temperatures for energetic materials have been performed starting
from 1960’s. Zinn and Mader [17] applied Fourier series spatial representation for
the solution to the reactive heat conduction equation to obtain ignition times for
explosive material. Merzhanov and Abramov [18] used finite difference method for
one-dimensional reactive heat conduction with the zero-order kinetic model. Suceska
[19] used finite difference method and developed code THERMEX for the solution
of the reactive heat conduction equation problem with the zero-order kinetic model.
Anderson [20] developed the code TEPLO using finite difference method, which
took temperature dependent material properties into account. Isler and Kayser [21]
and McGuire and Tarver [22] used different kinetic models instead of zero-order
kinetic model such as power law kinetic model to predict the ignition behavior of
different energetic materials. There are also some methods presented by Pakulak [23]
and Victor [13] for predicting the time to reaction by using analytical equations to
solve 1-D heat transfer. Victor has implemented these methods to excel spread sheets
for determining internal temperatures by taking into account the self-heating of the
explosive, however none of those studies were involved into a chemical reaction
modelling code. Instead, all used simple kinetic models as stated above to estimate

and implement heat generated by the explosive as it gets heated by the stimuli.

Other than those studies, Lawrence Livermore National Laboratory, a high explosive
cook-off study has been conducted by a group of engineers and physicist to model
the response of energetic materials to thermal stimuli and the processes involved in
the energetic response [24], [25]. This study had coupled the two parts of the
problem that was stated above which are pre-ignition and post-ignition. It is stated
that several new algorithms have been developed to increase the accuracy and
fidelity of the modeling process including a level set driven multi-material

deflagration model, a multi-temperature mixed material treatment, self-consistent
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thermal-hydro coupling, full implicit quasi-static hydrodynamics, ALE slide surfaces

and ALE slide deletion.

On the other hand, ventilation of burn products might be vital for a system containing
energetic material for unplanned thermal or mechanical stimuli. The question that is
generally raised is “what is the required ventilation size for preventing system to

react violently”.

Graham [26] and Victor [13] derived a methodology for the determination of critical
ventilation requirements of rocket motor and warheads using the internal ballistics.
They both assumed that the flow over the ventilation area becomes sonic, and
simplified and derived equations of internal ballistics accordingly. Graham [26] also
used ballistic analysis methodology for the determination of critical ventilation

requirements of rocket motor.
1.4. Motivation and Objectives

Design phase of an insensitive warhead can be complex considering the number of
tests which should be carried on. Considering the cost and environmental concerns,
among all other insensitive munition sign tests, fast cook-off will probably lead in a

"number of tests to be decreased" list for most IM design authorities.

This thesis study is related to the insensitive munition studies that are going on at
TUBITAK SAGE Terminal Ballistics Division. The aim of the study is to have an
improved knowledge on the theory behind the fast cook-off stimuli and have a
methodology for being able to design a munition that has reduced impact on its
surroundings. By doing so, this will allow us to decrease the number of tests on the

design phase leading into the decrease of cost and negative environmental effects.

11
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CHAPTER 2

METHOLODOGY

In IM design of a typical warhead against fast cook-off test, there are two important
parameters to be predicted which are time to reaction (TtR) and critical ventilation
area. TtR is important for the precautions that are taken to work before reaction
occurs, whereas critical ventilation area is important for safe disposal of burn
products of energetic materials. Dividing the problem as pre-ignition and post-
ignition will allow one to manage this complex problem to handle easier than its

original form.

Although the present methodology is valid for all energetic materials, PBXN-109
(64% RDX, 20% Al, 16% DOA/HTPB) is considered as the energetic material for
the purpose of illustration and as it is widely used as the main charge for most
warheads designed/manufactured worldwide. Although plastic-bonded explosives
show relatively low responses to auxiliary thermal/mechanical effects, as long as
they are exposed to heat within a closed chamber/casing any explosive, it will lead to

deflagration to detonation transition unless necessary precautions are taken.

2.1.  Pre-Ignition Phase: Thermal Initiation

The kinetic model to predict the thermal decomposition of a RDX based explosive

has been developed by McGuire and Tarver [22]:
S =—-AV?T + ar (D
B Ly

where, S is the chemical heat source during the chemical reaction, A is the thermal
conductivity, p is the density and c, is the specific heat. The scheme proposed by
McGuire and Tarver’s model reaction for RDX based explosives is a 3 step kinetic

model where mass is converted from one species to another:

13



ki Kk k3

A->B-2C-D (2)

In which A=RDX, B=H,C, C=CH,0+N,0O and D=final gaseous products. Each of

the reduced chemical reactions follows the Arrhenius equation:
k = AZe"E/RT) 3)

Where k is the reaction rate coefficient, Z is the frequency factor (collision number),
E is the activation energy and A is the molar fraction. In our model the full reaction
is modeled as an instantaneous one step exothermic chemical reaction thus, A is

taken to be 1 and heat generation is calculated with the equation (4).

S= anctAze(_E/RT) 4)

Temperature dependent heat generation term (1) using constants for PBXN-109

given in Table 1 is implemented into Fluent with a user defined function (UDF),

[27].

Table 1. Heat Generation Constants, [27]

p Quact Z E R
[kg/m’] | [J/kg] [1/s] [J/mol] | [J/mol.K]

1680 2198070 | 1.023x10' | 152716 | 8.314

After defining the kinetic model for the thermal decomposition of the explosive, it is
necessary to define the boundary condition to be able to solve thermal conduction
heat transfer to explosive. There is a boundary condition definition proposed by
Victor [13] where temperature is assumed to be constant throughout the test and is
1073 K with a convection coefficient of 6 W/m°K and emissivity of 1. Applying heat
flux as a boundary condition is another option. There are some studies going on by
Fuel Fire Experts (FFE) Working Group [28] to measure heat flux rates and compare
the data with the alternative fast cook-off test measurements. This is being done to

check if there is any alternative method eligible to mimic standard hydrocarbon fuel
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fire thermal load. Measurements within the hearth of fire shows that, heat flux values

vary between 100-150 kW/m? [29].

The most time consuming but accurate way of predicting the time to reaction is
probably modeling the fire itself instead of applying the thermal load as a boundary
condition. There are some examples of fire modelling codes such as C-SAFE [30]
Sierra/Fuego [31] and LES solvers [32]. But as these codes are not available for
commercial use and requires huge amount of computational work, it has been
decided to go on with the effort of finding the least time consuming and ‘“accurate

enough way” of predicting the time to reaction.

Although 1-D (infinitely long cylinder approach, axisymmetric) thermal analysis
approach might satisfy the current geometry of our generic test item, most of the time
because of the complex geometrical shapes of the energetic systems this is
considered not to be applicable. Thus, only 2-D and 3-D thermal analysis are
performed, using commercial ANSYS Fluent software as it is commonly used in
similar applications [33], [34]. The aim is to conclude to a point of an improved
boundary condition definition and to see how accurate the predictions are from the

analysis.

Both 2-D axisymmetric and 3-D transient analyses are performed with pressure
based solver as it is known to be better performing for incompressible low velocity
flows [35]. 3-D analyses are made in order to see the effect of buoyancy (trapped

heated air within the test chamber).

Gravitation force is enabled in order to let heated air move within test chamber. PISO
(Pressure-implicit with splitting of operators) pressure-velocity scheme is used
because of the limitations of the SIMPLE and SIMPLEC is that new velocities and
corresponding fluxes do not satisfy the momentum balance after the pressure
correction equation is solved. Although the PISO algorithm takes more CPU time per
solver iteration, it can dramatically decrease the number of iterations required for

convergence, especially for transient problems [35].
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For spatial discretization, second order for energy and momentum whereas body

force weighted discretization is chosen.

For 2-D analysis, constant density is defined for the air inside the test chamber, the
convection and radiation terms are applied as boundary condition; leaving the energy

equation with the heat generation and conduction term only.

2.2.  Post-Ignition Phase: Ventilation of Explosive Burn Products

To be able to determine the critical ventilation area, the mathematical model of the
system shall be derived first. Reaction of PBXN-109 like any other energetic
material that contains its own oxidizer produces burn products that fills and
pressurize the free volume of the container. Ventilation on the other hand will
discharge burn products that will produced by the burn of energetic material. To
solve this problem free volume within the chamber is defined as the control volume
having one inlet and one outlet as shown in Figure 8. Inlet in this case represents the

total burn area whereas outlet represents the total area of ventilation precautions.

Control Volume
CV.

Mass Inlet Mass Outlet

v
]
'
i
'
'
'
i >
'
'
I
'
'
I

Ventilation
Deflagration (mass inlet) ; =/ (mass outlet)

(b)
Figure 8 (a) Schematic of the Problem Description of Critical Ventilation

Problem, (b) Detailed Description of the Mass Inlet and Mass Outlet
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As the purpose of this work is to predict critical ventilation area, it is possible to
assume that the flow is choked and Mach is equal to one at the orifice ventilation
hole. The aim here is to assume that the ventilation at its highest rate and see if the
pressure within the chamber is still rising or not. As long as the initial pressure that is
described in the problem tends to decrease this will point out that the ventilation
diameter will not cause a dangerous situation where the burn speed of the explosive
diverge, cause it to deflagrate and even explode with the pressure increase. So, one
can basically write conservation of mass equations to solve this problem assuming

that the burn area of the explosive is constant (no burn back).

As shown in Figure 8, problem can be defined with a single mass inlet (explosive
burn products) and a single mass outlet (total ventilation area). As long as explosive
self-ignites due to heat generation, burn products will start to fill chamber increasing
the pressure within and exiting the chamber due to pressure difference with respect

free atmosphere.

d (mbuild up)

it (5)

Minjer T Moytier =

The rate of mass transfer to the control volume can be defined as the product of total
explosive area Apym, burn speed of the explosive ry,m and the density of burn

products within the chamber pyym.

Minier = Apurn- Tourn: Pburn (6)

As the chamber pressure exceeds the outside pressure (atmospheric pressure) by a
ratio more than 0.8 MPa, the flow becomes sonic for air [26]. Thus, mass transfer
from the control volume can be solved at the section where Mach number is assumed
to be 1 and very simple expression for the rate of mass discharged results in equation

7. Although this ratio will change for burn products the same approach can be

Myyeier = Apene- U p*. Cp (7)

where Cp is the discharge coefficient. It is generally used as 1 in ideal flow but in
actuality, because of the ventilation hole shapes (square-edged orifice) that results in

a coefficient of 0.82 is used as vena contracta is formed by the exiting gases [36].
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Unknown terms at the orifice can be solved using the isentropic equations given

below (8, 9, 10, and 11) [36].

Pvent
pr = (8)
RTvent
u* =/ KRTyeneM €))
P
p* = chamber . (10)
15
T,
T* = chamber - (11)
1]

Burned explosive gaseous product properties in the chamber of the test item are
obtained from the NASA Chemical Equilibrium and Applications (CEA) software
[37] by modelling the PBXN-109 components as given in Table 2.

Table 2. PBXN-109 Gaseous Product Thermodynamic Properties in Chamber

from NASA CEA Software
Input
Weight . Energy
Reactant
Fraction . [J/Mol]
1 Al 0.21 0.00
2 HTPB 0.08 -260.17
3 IPDI 001 372249.00
4 DOA 0.07 0.29
5 RDX 0.63 66984.78
6 Antioxidant 0.00 165587.00
Output
Burn :Temperature Cp
Product K] [J/g.K] g
2552.94 1.92 1.22
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Although definition of constant burn area is enough for defining the critical
ventilation area, it is also possible to define burn area as a variable with respect to

burn rate (V) of the energetic material as shown in equations (13) and (14).
V= Vinitiar + f(Aburn-rburn)dt (13)

Thurn = Q. cr;lamber (14)

a and n should be known in order to solve this problem. Like other HMX
(octahydrotetranitrotetrazine) and RDX energetic materials, PBXN-109 also has
burning characteristics that is affected by the change of pressure and temperature
[38]. There are some studies in the literature for characterizing the burning rate of
both pure RDX [39] and PBXN-109 [40]; however they are mostly made over
pressure values of 10 MPa. Although there are some applications where warheads
can withstand to very high internal pressures (hard target penetrators), most of the
time warheads are not designed to withstand internal pressures of those values
mentioned above. To be able to model low pressure burning of the explosive and
calculate critical ventilation area, strand burner tests are conducted with the prepared
samples of PBXN-109. Above given equations are implemented into a MATLAB
Simulink body as shown in Figure 9. MATLAB Simulink tool is preferred because

of it’s easy to use interface and graphical output capabilities.

0.009 »
| ' x Vent Area (m2) Chamber Pressure (Bar) b D

Vent Di t ™
B e D*2 1/4 Chamber Pressure (Bar)

Solver

Figure 9. MATLAB Simulink —Main Body

Main body basically uses the “input.m” file for initials and variables such as burn
rate coefficients and explosive thermodynamic constants. This file is given in
Appendix A. Solver that is used in main body is given in Figure 10 where as two
functions of the solver which are Explosive Geometry and Burn Rate is given in

Appendix A.
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CHAPTER 3

CHARACTERIZATION OF THE PBXN-109 EXPLOSIVE

3.1. STRAND BURNER TESTS

Similar to its previous applications [41], strand burner test setup of TUBITAK SAGE

shown in Figure 11 is used to measure pressure dependent burn rate of the energetic

material.

T-Type Igniter Wire

Thermocouples

Explosive Sample

Instantaneous Pressure
Transducer

Figure 11. Strand Burner Cylindrical Vessel

Explosive samples are ignited by igniter wires and burned inside the high-pressure
strand burner vessel in a continuous pressurized nitrogen supplied environment under
well-controlled operating conditions. Figure 12 shows schematic view of the

experimental setup.
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Figure 12. Schematic of the Strand Burner Experimental Setup

Single piece of nichrome wire is used to ignite explosive samples. An electric current
is applied through the nichrome wire by an external power supply and ignition
occurred as the wire heated. Approximate resistance of the nichrome wires are 3

ohms while the external voltage that is used to start ignition is 24 Volts.

The strand burner is pressurized to the desired pressure by high pressure nitrogen gas
with a manual operated needle valve. Nitrogen which is an inert gas is especially
selected for the tests, by this explosive combustion is not affected with the

environmental conditions.

KISTLER pressure transducer (model RAG25A200BV 1K) is used to measure static
pressure within the chamber. Pressure inside the vessel tends to increase during the
explosive burning as the gas generation takes place from the burn front. Pressure
stability in the vessel during the test is maintained by a pressure control system,
which includes a computer controlled solenoid valve. This valve is used for the

discharge of burn products after the explosive ignition.
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In our tests, 3 make wires are used to measure burn rate of the explosive. Four holes
are drilled on the explosive samples. The first hole is used for the placement of
igniter wire where it is located on the near top end of the sample. The other three
holes are equally spaced between each other with 30 mm of displacement and used

for the placement of make wires (Figure 13).

Igniter Wire

Break / Make Wires

Explosive Strand

Figure 13. Sample Holder and Wire Connections

Generally, break wires are preferred for the burn rate measurements of propellants at
TUBITAK SAGE. But in our applications, we have experienced that the use of break
wires can cause problems as sometimes these wires are not breaking or breaking with
a delay after burn front passes the location of the wire etc. Break switches are
connected to a circuit and are monitored if the supply voltage is valid during the test.
During the pass of burn front from the location of break wire they tend to break so
that the monitored voltage is no more 5V but instead OV. Unlike break wires, make
wires do not used for monitoring continuous supply voltage. Make wires are simply
two isolated cables that are wrapping on each other. As they are isolated they do not
let electric to pass one to another. But as the isolation starts to burn connectivity
between two wires increases or are just short cut. Due to the monitoring problems

with break wires process has been reversed and instead of monitoring the cut signal,
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short signal is monitored. A sample, monitored data from a test (PBXN-109, 2 MPa)

is shown in Figure 14. Although all three signals have noisy oscillation between +

1V contact signal can be observed clearly.

Voltage (V)

23.8 sec.

24.8 sec.

Time (Seconds)

Figure 14. Sample Make Wire Readings

—Make Wire -1

—Make Wire -2

—Make Wire -3

go — lst Wire Initiation
——2nd Wire Initiation

-3rd Wire Initiation

Five different pressure ranges is tested between 2-10 MPa with three repetitions.

Unfortunately, below 2 MPa range, it is observed that the explosive cannot sustain

the flame front and tend to burn out just after explosive is ignited. Measured burn

rates of PBXN-109 are given in Figure 15 and Figure 16 with some literature data.

Although there seems to be a discontinuity between the curve fit data of 1-10 MPa

and 10-500 MPa, test data made by the Livermore for 10-20 MPa is consistent with

the data obtained within this study.
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Figure 15. PBXN-109 Burn Rate Change with Pressure (0-10MPa)
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Figure 16. PBXN-109 Burn Rate Change with Pressure (1-1000MPa)
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CHAPTER 4

FAST COOK-OFF TESTS

4.1.  Description of the Test Item

There are 2 different types of test items which differ on the length of explosive
contacting cylinder casing. The length ratio over test specimens are about % and
designed to investigate if there is an effect of length on time to reaction. The short
test item is shown in Figure 17. Two different liner types (HTPB based thermoset
liner and a thermoplastic liner) and two different thicknesses (1 mm and 3.5 mm) are
tested. Ventilation holes are closed by an eutectic material developed by TUBITAK
SAGE that can melt at temperatures around 400 K. Thickness of the plugs are tested
and chosen to be thick enough so that they will not melt completely and let flame
enter the test chamber before the ignition starts. Plugs are manufactured after each

test as thread or tight fit according to the ventilation diameter choice.

Test items are designed so that one can be able to take internal measurements such as

temperature and burning rate from the internal parts as shown in Figure 17.

Liner

Back Side

Explosive

Parts for Internal
Readings

Pressure Sensor
Interface

Front Side

Figure 17. Generic Test Item (Short Version)
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There are 4 steel sections located on a polycarbonate rode within the test item and
there are 4 inner and 4 outer holes in every section located at 90 degrees to each
other. Make switches are connected to these holes in order to locate how the burn
front is moving within the explosive during the test. The rod is designed as there is a
hole that let make switches come through the back plate of the test item. The rod and
the sections are assembled to the test item before the explosive is cast. The hole on
rod that cables of make switches are passing is filled with a silicone before the
casting. Silicone is also used for preventing short circuit between make switches. The

application is shown in Figure 18.

Figure 18. Polycarbonate Rod for Holding Steel Sections Together Within the

Explosive

Some pre-analysis is made to ensure that the application of internal reading parts
added to test item do not affect the heating rate over explosive and hence do not
change time to reaction. However, insulation at the back of the test item should be

applied in order to protect the cables out of the test item. Although insulation at the
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back side does affect the heating regime over the test item, ignition point of the

explosive does not change.

Other than internal readings, one pressure sensor (KISTLER RAG25A80BV 1K) and
one temperature sensor (ORDEL KTTE3x0.50 5K) are used on the test item. As
flame temperatures are expected to be around 2500 K according to the NASA CEA
solutions, thermocouple has been placed close to wall to avoid bead getting into
ventilation flow path of burn products of explosive and becoming too hot and
destroyed. To protect the pressure sensor from the high temperature environment it is
placed (buried) outside of the test pool. Connection of the sensor to the test item is
made via @3 mm stainless steel pipe. The volume increase of test chamber by adding
a pipe for the connection of the pressure will delay the instantaneous pressure

readings due to additional volume added.

4.2.  Experimental Setup

Tests have been performed with the mini fuel fire test setup as the test item

dimensions are within the range of declaration of NATO standard 4240 [41].

Total of eight surface thermocouples (STC) is used to measure test item surface
temperature. Measurements are made both in the front and rear side. Thermocouples
are placed circumferentially with an angle of 90° (Figure 19). To avoid contact
dislocations and increase the heat transfer to STCs a thermal paste (Thermigrease TG
20033) is used which can withstand temperatures up to 1200°C and has relatively
high thermal conductivity.
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Front Side - Back Side

Figure 19. Thermocouple Placement on 1* Test Item

Total number of 8 tests has been made for the determination of TtR and critical vent
area. Although there are no internal measurements taken from inside of test case in
some tests, back side of those test items are still isolated to simulate the same

conditions with previous tests.

Temperatures measurements are taken with 100 Hz whereas pressure and make
switch measurements are taken with 1000 Hz by our data acquisition system. (Mrel

Data Trap 2 — S/N: 9077)
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Fast Cook-Off Test Results

5.1.1. Test 1

Test item 1 is a long version of two types. It has a ventilation hole diameter of 32.9
mm. It has a 3.5 mm of HTPB liner between the explosive and the casing. As
mentioned above the difference of test 1 and other test items is that there are surface
temperatures on the casing for determination of surface temperature and boundary

conditions accordingly. Test item is shown in Figure 20.

Figure 20. Test Item 1 — Before the Test

According to the first inspection made after tests no deformation due to pressure or

melting on the test item is observed as shown in Figure 21.
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Figure 21. Test Item 1 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 161 seconds of first data is recorded. This is accepted to be the reference time ty

and other events that are detected during the tests will be referenced to this point.

Temperature measurements are given in Figure 22. Flame temperatures are examined
to be appropriate according to the requirements mentioned by the STANAG 4240
[42]. Surface temperatures are taken to evaluation for the determination of boundary

conditions and discussed within the comparison of tests with analyses section.

Internal thermocouple readings show that there are two steep increases at t,+200.4s
(361.4s) and ty+287s (448s). First one is considered to be as a result of the ignition of
explosive whereas the second one is due to the hot flame entrance to test chamber

after whole explosive burn out.
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Figure 22. Flame, Surface and Internal Temperature Readings of Test Item 1

Chamber pressure readings given in Figure 23 indicate that pressure within the

chamber starts to increase at ty+200.3s (361.3s) and suddenly drops to “zero” at

to+213s (374s). Increase of pressure is considered to be the ignition of the explosive

whereas sudden drop indicates the removal of ventilation plug debris. As the plug

softens (and melts at outer open surfaces to flame) and is estimated that it is no

longer eligible to sustain high internal pressures after certain point.
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Figure 23. Internal Pressure Readings of Test Item 1

Although cables that are coming out of the test item seems to be well protected, no
useful data could be acquired from the make switches that are placed within the test

item.

According to the visualization of test video recording and inspection of audio
recordings, flame starts to come out of ventilation hole 200 seconds after the first

ignition of fuel.

5.1.2. Test 2

Test item 2 is a short version of two types. It has a ventilation hole diameter of 5.3
mm. It has a 3.5 mm of thermoplastic liner between the explosive and the casing.

Test item is shown in Figure 24.
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Figure 24. Test Item 2 — Before the Test

According to the first inspection made after the test, deformation on the sidewall of

the test item due to pressure or melting is observed as shown in Figure 25.

Figure 25. Test Item 2 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 140.2s of first data is recorded. This is accepted to be the reference time ty and

other events detected during the tests will be referenced to this point.

35



Temperature measurements are given in Figure 32. Flame temperature readings are
observed to be appropriate with STANAG 4240 requirements. Internal thermocouple
readings show that there is a steep increase at ty+171.8s (312s). This is considered to

be as a result of the ignition of explosive.
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Figure 26. Flame and Internal Temperature Readings of Test Item 2

Chamber pressure readings given in Figure 27 indicate that pressure within the
chamber starts to increase at ty+172s (312.2s) and suddenly drops to “zero” at
to+178s (318.2s). Increase of pressure is considered to be the ignition of the
explosive whereas sudden drop indicates the possible reason of test item side wall

being torn.
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Figure 27. Internal Pressure Readings of Test Item 2

Although cables that are coming out of the test item seems to be well protected, no
useful data could be acquired from the make switches that are placed within the test

item.

According to the visualization of test video recording and inspection of audio
recordings, flame starts to come out of ventilation hole 172 seconds after the first

ignition of fuel.

5.1.3. Test 3

Test item 3 is a short version of two types. It has a ventilation hole diameter of 12.3
mm. It has a 3.5 mm of thermoplastic liner between the explosive and the casing.

Test item is shown in Figure 28.
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Figure 28. Test Item 3 — Before the Test

According to the first inspection made after tests no deformation due to pressure or

melting on the test item is observed as shown in Figure 29.

Figure 29. Test Item 3 — After the Test

Instead of using make switches in this application, total of 4 surface type
thermocouples are used within the test item. 3 of the thermocouples are placed on the
steel section (Figure 30) whereas the 4™ one is located on the middle of sidewall

(Figure 31) of the test item to measure liner temperature and detect side ignition.
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Figure 30. Surface Type Thermocouples That Are Located on the Steel Sections

Liner Side Wall

Thermocouple

Figure 31. Surface Type Thermocouple That Is Located in the Middle of Test

Item Sidewall

After the ignition of the fuel within the pool first increase in temperature is detected
after 158 seconds of first data is recorded. This is accepted to be the reference time to

and other events detected during the tests will be referenced to this point.

Temperature measurements are given in Figure 32. Flame temperature readings are
observed to be appropriate with STANAG 4240 requirements. Internal thermocouple

readings show that there is a slight increase at ty+178s (336s) considering the
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temperature increase over the whole test period. This is considered to be as a result
of the ignition of explosive. The total increase in temperature during the ignition of
energetic materials is less compared to first two tests as the internal thermocouple
bead is left within the body of front closure. This is done because to decrease the

number of instrumentation failure.
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Figure 32. Flame and Internal Temperature Readings of Test Item 3

Side wall temperature starts to increase as the flame within the pool is ignited. At
to+173s (331s) measured temperature exceeds 200 °C and reaches to critical
temperature for PBXN-109. As self-ignitions occur at ty+178s (336s) a steeper

increase in temperature can be observed.

Other thermocouples that are placed on steel sections which are located within the
explosive shows slower increase in temperature as the thermal conductivity of the
explosive is relatively low. It is observed that these surface type thermocouples were
failed to measure flame temperature as the bead of these thermocouples are not
protected and break instead. However, the time that flame interacts with the
thermocouples are tried to be estimated according to increase rate. It is estimated that
burn front surface has interacted with ITC-1 56 seconds after the ignition occurred

whereas this time is estimated to be 162 seconds for the TC-2 and TC-3. Relaying on
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the assumption that flame covers all explosive surface just after the ignition,
explosive burn speed can be calculated by knowing the distance (shortest) of each
thermocouple to explosive surface. Using the 3-D model of the test item distances
are measured and given in Figure 33. If the calculation is made from the side wall to
TC-2 and TC-3 the burn speed of the explosive can be found to be 0.151 mm/s
whereas 0.125 mm/s for TC-1.

Figure 33. Section View of Test Item 3 and Dimensions from the Measuring

Points to Explosive Surface

Chamber pressure readings given in Figure 34 indicate that pressure within the
chamber starts to increase at ty+177s (335s) and suddenly drops at ty+266s (424s).
Increase of pressure is considered to be the ignition of the explosive. The drop at
to+266s is sudden but the pressure that is measured at that moment is not exactly
“zero”. This is assumed to be a pressure transducer failure especially with the

pressures falling below “zero” after 500 seconds of first data recording.
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Figure 34. Internal Pressure Readings of Test Item 3

According to the visualization of test video recording and inspection of audio
recordings, flame starts to come out of ventilation hole 179 seconds after the first

ignition of fuel.

5.1.4. Test 4

Test item 4 is a short version of two types. It has a ventilation hole diameter of 8.7
mm. It has a 1 mm of thermoplastic liner between the explosive and the casing. Test
item is shown in Figure 35. There are no make switches are used for this test and
further test as no improvement could be made on the application and it has failed to

get successful data.
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Figure 35. Test Item 4 — Before the Test

According to the first inspection made after tests no deformation due to pressure or

melting on the test item is observed as shown in Figure 36.

Figure 36. Test Item 4 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 216 seconds of first data is recorded. This is accepted to be the reference time to

and other events detected during the tests will be referenced to this point.

Temperature measurements are given in Figure 37. Flame temperature readings are
observed to be appropriate with STANAG 4240 requirements. Internal temperature

measurements are not given as the thermocouple was failed during the test and no
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useful data is obtained. Internal measurement thermocouple is replaced for further
tests because lack of thermocouples and it is possible to indicate ignition from the

pressure readings.
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Figure 37. Flame and Internal Temperature Readings of Test Item 4

Chamber pressure readings given in Figure 38 indicate that pressure within the
chamber starts to increase at ty+176s (392s) and suddenly drops to “zero” at ty+204s.
Increase of pressure is considered to be the ignition of the explosive whereas sudden
drop indicates the removal of ventilation plug debris. 20 seconds after the pressure

drops to zero, it starts to rise to 0.015 MPa and drops to zero again slowly.
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Figure 38. Internal Pressure Readings of Test Item 4

According to the visualization of test video recording and inspection of audio
recordings, flame starts to come out of ventilation hole 177 seconds after the first

ignition of fuel.

5.1.5. Test 5

Test item 5 is a short version of two types. It has a ventilation hole diameter of 8
mm. It has a 1 mm of thermoplastic liner between the explosive and the casing. Test

item is shown in Figure 39.
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Figure 39. Test Item S — Before the Test

According to the first inspection made after tests no deformation due to pressure or

melting on the test item is observed as shown in Figure 40

Figure 40. Test Item 5 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 244 seconds of first data is recorded. This is accepted to be the reference time ty

and other events detected during the tests will be referenced to this point.
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Temperature measurements are given in Figure 41. Flame temperature readings are
observed to be appropriate with STANAG 4240 requirements. As mentioned due to

the lack of thermocouples no internal temperature measurements are taken in this

test.
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Figure 41. Flame and Internal Temperature Readings of Test Item 5

Chamber pressure readings given in Figure 42 indicate that pressure within the
chamber starts to increase at ty+106s. Pressure than increases to an average value of
0.015 MPa and reaches to a peak value of 0.032 MPa. It is observed that there is a
pressure loss during the explosive burn at ty+138s. This is considered to be because

of ventilation plug debris removal from the ventilation hole.

47



Peak Pressure Region - Zoomed In
0.035[F T T T T

0.03- A
0.025- A

(=3
=]

FAR A ¥

AVAV! i "'I'\.
| " : [} YY) UBYRVRTARR
: 0.015| Mmﬁd’w&. I_--’W V VU
; .
|

Pressure [MPa]

0.0l i

0.005}

z e e ot [1mal e e et s " i b
350 360 370 380 390 400 410 420 430 440
Time [s]

Smoothened Chamber Pressure Data

0.005| |
0 i - 1 1 T—— -
200 250 300 350 400 450 500 550

Time [s]
Figure 42. Internal Pressure Readings of Test Item 5

According to the visualization of test video recording and inspection of audio

recordings, flame starts to come out of ventilation hole 106 seconds after the first

ignition of fuel.

5.1.6. Test 6

Test item 6 is a long version of two types. It has a ventilation hole diameter of 6.85

mm. It has a 1 mm of thermoplastic liner between the explosive and the casing. Test

item is shown in Figure 43.
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A

According to the first inspection made after the test, deformation on the sidewall of

Figure 43. Test Item 6 — Before the Test

the test item due to pressure or melting is observed as shown in Figure 44.

Figure 44. Test Item 6 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 314 seconds of first data is recorded. This is accepted to be the reference time to

and other events detected during the tests will be refereced to this point.
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Temperature measurements are given in Figure 45. Flame temperature readings are

observed to be appropriate with STANAG 4240 requirements.
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Figure 45. Flame and Internal Temperature Readings of Test Item 6

Chamber pressure readings given in Figure 46 indicate that pressure within the
chamber starts to increase at ty+95s. Pressure starts to drops at ty+97s which is
estimated due to the removal of ventilation plug debris from the ventilation hole.
After that instance pressure starts to increase to a peak value of 0.35 MPa. The
pressure drop after the peak values is reached is probably because of the torn apart
sidewall of the test item. With the increased ventilation area, burn velocity of the

explosive is considered to decrease.
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Figure 46. Internal Pressure Readings of Test Item 6

According to the visualization of test video recording and inspection of audio

recordings, flame starts to come out of ventilation hole 95 seconds after the first

ignition of fuel.

5.1.7. Test 7

Test item 1 is a long version of two types. It has a ventilation hole diameter of 6.85
mm. It has a 1 mm of HTPB liner between the explosive and the casing. Test item is

shown in Figure 47.
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Figure 47. Test Item 7 — Before the Test

According to the first inspection made after the test, deformation on the sidewall of

the test item due to pressure or melting is observed as shown in Figure 48.

Figure 48. . Test Item 7 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 240 seconds of first data is recorded. This is accepted to be the reference time t,

and other events detected during the tests will be referenced to this point.
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Temperature measurements are given in Figure 49. No useful data could be obtained
from the 4th thermocouple. But still it is possible to accept that flame temperature

readings are observed to be appropriate with STANAG 4240 requirements.
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Figure 49. Flame and Internal Temperature Readings of Test Item 7

Chamber pressure readings given in Figure 50 indicate that pressure within the
chamber starts to increase at ty+107s and suddenly drops to “zero” at ty+108s. The
first pressure drop is considered to be the removal of the ventilation plug debris from
the ventilation hole. After that pressure starts to increase at ty+116s. Pressure
increases to a value of 1.7 MPa and rapidly decreases afterwards. This second
decrease is considered to be due to the torn apart side wall of the test item.
Unfortunately, pressure starts to increase again at ty+129s. This is accepted to be an
evidence of second hole is still not enough to sustain the pressure low in the
chamber. Thus, pressure starts to increase till the second vent hole enlarges or third

and smaller ventilation hole is formed.

53



Peak Pressure Region - Zoomed In

T T ]
25 ]
g f»r’“J"
W,
sk Illl [ ]
5 - \ A /
z 1 | |\ :'llI -
£ 1 I\ I \M_/-/V”/
w e | |
0 — —J.J Il'» - ——-""J | | _\ 2 ——') 1 l
345 350 355 360 365 370 375 380
Time [s]

Smoothened Chamber Pressure Data
T T T T T

NN

VAR

)
|

S e

Pressure [MPa]
T

T

; j i |
300 310 320 330 340 350 360 370 380 390
Time [s]

=
)
|

=]

Figure 50. Internal Pressure Readings of Test Item 7

According to the visualization of test video recording and inspection of audio

recordings, flame starts to come out of ventilation hole at t;+107s.

Figure 51. Deflagration of PBXN-109 Explosive, Test 7
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According to the visualization of test video recording and inspection of audio
recordings, flame starts to come out of ventilation hole 107 seconds after the first

ignition of fuel.
5.1.8. Test 8
Test item 1 is a long version of two types. It has a ventilation hole diameter of 7.1

mm. It has a 1 mm of HTPB liner between the explosive and the casing. Test item is

shown in Figure 52.

Figure 52. Test Item 8 — Before the Test

According to the first inspection made after tests no deformation due to pressure or

melting on the test item is observed as shown in Figure 53.
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Figure 53. Test Item 8 — After the Test

After the ignition of the fuel within the pool first increase in temperature is detected
after 76 seconds of first data is recorded. This is accepted to be the reference time t

and other events detected during the tests will be referenced to this point.

Temperature measurements are given in Figure 54. Temperature measurements are
given in Figure 32. Flame temperature readings are observed to be appropriate with

STANAG 4240 requirements.
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Figure 54. Flame and Internal Temperature Readings of Test Item 8

Chamber pressure readings given in Figure 55 indicate that pressure within the
chamber starts to increase at tp+114s and suddenly drops to “zero” at ty+116s.
Increase of pressure is considered to be the ignition of the explosive whereas sudden

drop indicates the removal of ventilation plug debris.
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Figure 55. Internal Pressure Readings of Test Item 8
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According to the visualization of test video recording and inspection of audio

recordings, flame starts to come out of ventilation hole 114 seconds after the first

ignition of fuel.
5.2.  Comparison of Tests and Analyses

5.2.1. Determination of “True” Boundary Condition

Flame temperature measurements that have been made around the first test item are
used to simulate boundary condition of the test item model in ANSY'S Fluent. This is
done by averaging the flame temperature over the entire event. Afterwards, 3
piecewise high order polynomial curves are fitted (Figure 56) along four different
time ranges (t€[0,33.1s), te[33.1s,71.1s), te[71.1s,130.2s) and t>130.2s). These

curves are used as an input parameter for free stream temperature and external

radiation temperature.
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Figure 56. Flame Temperature Readings from the 1st Test

Temperature measurements that are taken both from front side surface and rear side
surface are also averaged to check if the boundary condition that is implemented to
the analysis represents these measurements. Both measurements and averaged

temperatures are given in Figure 57.
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Figure 57. (a) Front Side, (b) Rear Side Surface Temperature Readings from
the 1st Test Item

After the analyses of the first test item, surface temperatures from the analysis are
compared with the test measurements. According to the comparison inconsistent

results between test and analysis are observed as it can be seen in Figure 58.
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Figure 58 Initial Numerical Results of Test Flame Temperature Compared with

Test Surface Temperatures

From the results, it is obvious that defined thermal boundary condition is not able to
represent real heat transfer applied to the test item during the test. Although the
common sense is to use durable, long lasting thermocouples for the application of
measuring flame temperature, the error of the measurement is directly related to the
type of the thermocouple choice. Reasons of measurement error are well concluded
by Shannon and Butler [43]. Most errors associated with the use of thermocouples
are due to the temperature between sensor and surrounding medium. When placed in
the environments with high intensity like fires, thermocouples are tend to sense
temperatures significantly different than the actual temperature of the medium of
interest [44]. These errors are attributed to variations in the rate of energy transfer to
and from the TC bead, temperature variations along the lead wires, and catalytic

reactions between the metals comprising the bead at the surrounding gases.

Beside instantaneous temperature measurement error of the thermocouple, a delay
between temperature increases in the very beginning of the test is also observed. This
is also commented in Shannon and Butler’s work [43] as this delay is because of the
time required to transfer energy to the center of the thermocouple bead when being
heated. The greater the mass of the thermocouple leads the greater the lag time

between the thermocouple and actual gas temperature.
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In our applications, 3mm thick thermocouples are used (ORDEL KTTE3x0.50 O 5K)
for both gas and surface temperature measurements as survivability along the test is
necessary as indicated in NATO publication [42], [5]. Otherwise, failure of a

temperature sensor might lead to repetition of a test.

As it is not possible to use temperature data directly in the analyses as boundary
condition, flame temperature has been tuned to satisfy the surface temperature
readings that are taken from the first test and obtained from the analyses. Tuned

flame temperature data is given in Figure 59.
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Figure 59 Tuned and Simplified Flame Temperature Distribution

After analyzing different simplified flame temperature distributions as a model, the
curve shown in Figure 60 is obtained from Fluent which successfully matches with

the test temperature measurements.
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Figure 60. Surface Temperature Comparison of Test and Numerical Results -

Test Case 1

Corrected and simplified temperature boundary condition is applied for the further

analyses.

5.2.2. Computation Results for Time to Reaction Analyses and Comparison

of the Results with Test Results

After the first analyses, it is concluded that the effect of buoyancy is below 1% when
TtR values are compared. Thus, further analyses are carried out with the 2-D
axisymmetric approach. Internal parts are not modeled in axisymmetric simulations.
Time step and element size dependency of the analyze model is checked as shown in
Table 3 and Table 4 and tuned as the effect of both element size and time step will
not affect the result by more than 0.1%.
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Table 3. Mesh Refinement Study

Run Type Max Number of | TtR | Differemce with
un Lyp Element Size | Elements [s] Fine Mesh (%)
Fine Mesh 0.0005 49334 189.7 0.00
Medium 0.001 12724 | 1906 0.47
Mesh
Coarse
Mesh 0.002 3407 196.4 3.53
Table 4. Time Refinement Study
Run Time Step TR Difference with 1st
Number Size Run (%)
1 0.1 189.7 0.00
2 0.2 189.6 0.05
3 0.3 188.9 0.42
4 1 188 0.90
5 2 186 1.95
6 10 180 5.11

Total of 49334 elements in 2-D are used whereas 1654200 elements are used in 3-D
version of the analyses. Both mesh construction and temperature gradients of test

item containing 1 mm of HTPB liner (for test cases 7-8) are shown in Figure 61.
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Figure 61. Mesh Distribution (top) and Temperature Gradient (bottom) of Test
Items 7-8
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Ignition can be detected by tracking the maximum temperature plot over the
explosive volume. As specified above, heat generation is a function of temperature
(Eq. 4) that is implemented into the Fluent by UDF tool. If temperature of a cell rises
above the critical temperature, which is in this case ~220°C for PBXN-109, heat

generated is converged to infinite so does the temperature (Figure 62).

Determination of Ignition by Explosive Temperature
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Figure 62. Maximum Temperature Plot of the Explosive and Ignition Time

Results are given for fine mesh since computation time is low in an 8 core Intel Xeon

CPU X5650 @ 2.67GHz (2 processors) computer.

Summary of the test configurations and comparison of calculated and observed time

to reaction are given in Table 5.
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Table 5. Comparison of Calculated and Observed TtR

Test Explosive Liner Predicted ; Observed Difference (EXEZ::iorflent
Item P Thickness Liner Type TtR TtR perim
L/D [s] - Numerical)
No [mm] [s] [s] o,
(1]
1 2.67 3.50 HTPB Based 189.7 200 -10.3 52
Thermoset
2 1.71 3.50 Thermoplastic 179.7 172 7.7 4.5
Liner
3 1.71 3.50 Thermoplastic 179.7 178 1.7 1.0
Liner
4 1.71 3.50 Thermoplastic 179.7 177 2.7 1.5
Liner
5 1.60 1.00 Thermoplastic 98.8 106 72 6.8
Liner
6 1.60 1.00 Thermoplastic 98.8 95 3.8 4.0
Liner
7 1.60 1.00 HTPB Based 103.8 107 32 3.0
Thermoset
8 1.60 1.00 HTPB Based 103.8 114 -10.2 -89
Thermoset

The largest difference between the predicted and observed ignition times occurred
with 8.9 percent difference for 8§ tests. Addressing the 8.9% difference, the prediction
does not take into account the decomposition/melting of the liner and decomposition
of the explosive that occurs before ignition in the analyses. It is assumed that the
liner thickness is constant along the solution. These phase shifting and/or chemical
reactions are thought to effect heat transfer to explosive through the test item hence

increasing the error.

Another source of the error is the unavailability of simulating the variation of
temperature in medium hence on the test item. Flame temperature may directionally
vary within the hearth either caused by wind or the chaotic environment of its nature.
as shown in Figure 56 different thermocouples have different temperature readings.
The temperature distribution between thermocouples is shown in Figure 57. As
mentioned above, the average of all 4 thermocouples is used as a temperature
boundary condition. On the other hand, because of directionality of the flame, heat
flux on one surface might be higher than the other three causing a hot spot along the
circular direction. Thus, even if by small amounts we are already expecting to have

different ignition times for the test item having the same geometry and liner
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type/thickness. Even with these limitations, predicted ignition time can be accepted

to be close to the experimental data.

5.2.3. Computation Results for Time to Reaction Analyses and Comparison

with Test Results

Determination of ventilation characteristic of the system, pressure readings from
each test is obtained. Unfortunately, as the test item is designed to have low
fragmentation impact upon explosion due to instantaneous pressure built up within
the chamber, some of the test items above 0.7MPa are observed to be torn.
Therefore, pressures above this are interpreted to be much higher than what is
measured. Experimental results are compared with the numerical results obtained
from dimensionless MATLAB Simulink code. Sample output data of an test item
having a @9 mm of ventilation hole is given in Figure 63. Burn reaction is assumed
to spread all over the explosive surface as there are no inhibitor line is used like the
applications in rocket motors. Because of that, initial burn area in calculations is

taken as total burn area of the explosive.

Pressure [MPa)

0.15}

0.05
0 0.5 1 1.5 2 23 3 33 1 15
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Figure 63. Sample MATLAB Simulink Output, Test Item with @9mm Vent
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As there are different test items having different amount of explosive, results are
given as the ratio of ventilation area over total explosive area in Figure 64

(Avent/ Abum) .
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Figure 64. Comparison of Experimental and Numerical Results of Peak

Pressure

Looking at the graph of pressure change with ventilation area, it is hard to say where
deflagration to detonation transition (DDT) will occur or where the safe side is. But
having experienced that the test items are torn above Ayen/Apym Of 0.00104 we have
accepted that this is the limit for DDT. On the other hand, test items that have the
smallest Ayen/Apum are assumed to be the limit of safe region. Unknown region
between the safe and DDT limits where there is no tests made can be expected to be

unstable in an engineering point of view.

Numerical calculations of different scenarios predict having an Ayen/Apum smaller
than 0.00115 will cause chamber pressure to diverge and lead to DDT. Although
numerical results predict using a slightly smaller ventilation area, reasons behind this
is predictable. Burn area is taken to be the whole explosive area initially. Although
this is acceptable for a critical design methodology, the real case might not be so

especially for low burn rates. The reason that numerical calculations show higher
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peak pressures at higher Ayen/Apum (> 0.00125) is probably because of extrapolated

burn data between 0-2 MPa and burn surface area approximation.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1. Conclusion

Total of 8 tests are examined in this study utilizing thermal modeling of liquid fuel
fire. They are performed in order to observe ignition time of generic test items. From
the first test, an improved temperature boundary condition is obtained. With the more
realistic boundary condition, 4 different analyses are conducted for different test
items with 2-D, axisymmetric approach. This is done since the 3-D model where the

buoyancy terms are included does not change the predicted time by more than 1%.

Predicted ignition times and test results shows a maximum difference of 8.9%.
Possible reasons of this error are discussed. An improvement on the methodology
can be made upon implementing a melting and/or decomposition model into the
ANSYS Fluent. By considering the current results methodology, using a 2-D
axisymmetric thermal analysis for predicting the time to reaction seems to be

applicable.

Ventilation characteristic of a system that contains an explosive of type PBXN-109 is
also studied. For this purpose, burn characteristics under relatively low pressures (0-
10 MPa) are obtained using a strand burner test setup. Next, this data is used within
the self-developed dimensionless code to calculate the critical ventilation area and
compared with the experimental data. According to the comparison made, results
show some discrepancies at 10.9%. Possible reasons for the prediction of critical

ventilation area are also discussed in the previous section.

By this work, it will be possible for one to predict the ignition time of a munition
containing an energetic material by knowing the heat generation characteristic of that
energetic material by using the ANSYS Fluent or any other software that is eligible

to model the heat transfer. By doing so, it will be also possible to study critical
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thermal path of the energetic system and take necessary precautions to avoid any

violent reactions.

Another benefit of this work is that, it will guide a designer to design ventilation
mechanism that will allow venting the system safely where the explosive will not

lead to deflagration to detonation transition.

6.2. Future Work

A methodology for a design phase of an insensitive munition is discussed in this
study. Although the methodology is valid for all solid type energetic materials, the
current study only covers an explosive named PBXN-109. Further studies can be

made for other type of explosives.

To improve the accuracy of the time to reaction analyses, melting and decomposition
of the liner and explosive can be implemented by complex user defined functions and
other tools. However, before proceeding with modeling studies detailed physics

behind this should be understood and several tests should be made.

Despite a methodology to understand and improve the way energetic material acts
under thermal stimuli, a coupled thermal, chemical and mechanical solver can be

developed. However, it is obvious that this will require a huge amount of effort.
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APPENDIX A

MATLAB FUCNTIONS

Input.m

clear, clc, close all

Pi=0; % Pa, gauge pressure

ro=1670; % kg/m3

ri=0.039; % m, initial radius of the explosive
Li=0.125; % m, initial length of the explosive
Vi=9.3669E-005; % m3

T chamber=2552.84; % K

R _chamber=339.28; % Pa.m3/kg/.K

k chamber=1.2153;

Cd=0.82;

Explosive Geometry Calculation Function

function Ab = Expo_Geo(ri,Li,d)
r=ri-d; % Remaining radius of the explosive
L=Li-2*d; % Remaining length of the explosive
if r<=0 || L<=0
r=0;
L=0;
end
Ab=(2*pi*(1"2)+2*pi*r*L); % Explosive burn area, based on the assumption that

burning takes places on all explosive surfaces
Burn Rate Calculation Function

function rb = Burn_rate(p)

n1=0.93; % m/s - pascal

al=1.223E-9; % m/s - pascal - Ref: SAGE curve fit, 0-10 MPa
n2=1.3196; % m/s - pascal
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a2=2.90626E-12; % m/s - pascal - Ref: Livermore Lab., 0-10 MPa
if p<=10"7

rb=al*p”nl;
else

rb=a2*p”n2;

end
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