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ABSTRACT

Pyrotechnidime delay elements are used in neglectric detonators for blasting operations in the
mining and military industriesThe improvement ofime delay element consistency has been
limited by inconsistent measurement techniques, insufficient mathematical models dedweibing t
delay element behaviour and physical limitatioishe experimental preparation and testing of
delay elements. The first part of the investigation focused on finding a solution to the first
problem.Currently several techniquésve beemublished andised to measure the burn rates of
pyrotechnic delay elements, but each has its own set of problems and limitations. A new method
was developed to measure the burn rates of the delay elements using an infrared camera. The
average burn ratef®or a range of empositions werecompared to the industrial technique of
assembling full detonators artd the commonly used laboratory technique of using two
thermocouples. The results showed that the infrared camera method measured slightly lower
burn rates than the conercial detonator testdut highervalues than the thermocouple
technique. The standard deviations weiffethe same order in sizas those with the full
detonators. The thermocouple technique had very large standard deviatimisndicated that

the trermocouples used were tdarge and did not have a fastnough response time.
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The infrared camera method was found to be reliable for measuring the burn rates of pyrotechnic

delay elements.

The infrared camera method not only progidewayof measuring the average burn rates, but
also gives continuous temperature profile data. The temperature profiles measured for slow
burning delay compositions were found to be fully developed and therefore the average burn
rates measured can be assuradoe reliable. The fasburning delay compositions, on the other
hand, had temperature profiles that were not fully developed. These compositions therefore
required further modellingn order to confirnthatthe burn rates measuregreaccurate. This

led to the second part of the investigatiavhich wasto develop a fulthreedimensionaimodel

of the entire delay element structure. A model was developed using COMSOL Multiphysics
software for the slovburning delay compositioof Mn + SBO;. The reaction agption was
determined throughEkvi thermodynamic simulationsand actual temperaturdepenént
propertiesirom theliterature wereused as far as possible. The kinetic parameters wad tht

the infrared camera data to obtain the fiékinetics throigh a least squares methddhe Ekvi
thermodynamic simulations of the MnSh,O3 composition revealed the formation of a MnSb
alloy. This was confirmed using-kKy diffraction analysis of the product residues. The redox
reaction of Mn +SkhO; was found to odergo a second intermetallic reaction for fuieh

compositions.

The model was also applied to the fastning delay composition of Si + Eb. Good
agreement between the model dhd infrared camera temperature profileas obtained.The
element wallmaterial was found to have a significant impact on the burnordiewhen the
material thermal conductivityas very high and the volumetric heat capacitgs very low.
Preheating resulted only for tube materials of diamond and pyrolytic graphite, badiad
combustion was observed. External heat transfer parameters did not have any significant effect
on the average burn raté.was concluded that the ambient temperature, core diameter, volume
fraction ®lids, wall thickness andheat of reaction arehé factors that most significantly

influence the average burn rate of the composstion

KEYWORDS: pyrotechnic, delay element, burn rate, numerical model, intermetallic
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1 INTRODUCTION

1.1 BACKGROUND

The wyprdt échnicsdéd i s most commonly associated

in movies.However,this is only a small part of the worldf pyrotechnics. Pyrotechnics is
differentiated from high explosives by the mechanism through which the reaction is sustained. In
pyrotechics the reaction propagation ssistained by a thermal combustion wave, whereas in
high explosives the detonation leads to a shock wave which sustaireatiien propagation
(Kosanke et al., 2004In the mining industrypyrotednics are used toinitiate the explosives

used todisplace rock material from the surface or from underground rock formgBeck and
Flanagan1992. When referring to explosions, one of the concepts most often encountered is
sequential blasting. Among thmany applications of sequential blastingyost are still
encountered ithe mining industry and military applicatiarSequential blastmis a termused

to refer to multiple blasts triggered in a series (or chain) forfBeactk et al., 1984 The main
concern when dealing with sequential blasting is to detonate the consecutive blasts in an exact

time sequence to achieve the desirqul@sive effects.

One way of achieving this time delay between blasts is to use pyrotdichaidelay elements
(Beck et al., 1984Tichapondwa et al., 20).0 Pyrotechnic time delay elements @uet one of

the waysin which the timingsequencen sequential blasting can be achieved. Gilneethods
include igniter cord, detonating fuse and electronic tim@sck et al., 1984 Some of the
advantages of usingyrotechnictime delays is that they are all initiated simultaneously, and
therefore the line of explosive units cannot be broken by preceuitg that break the cords.
Pyrotechnic delay elements are aisexpensive rugged, small and simple tese(Beck et al.,
1984 Danali et al., 2010 The principle of the time delay element is that the delay composition
contained m the element will burn from one side of the unit, where ignition occurs, through to
the other side containing the primary explosives. This is where the explosive charge is then
detonated The time that the composition takes to burn from one side ofellag element to the
other side is théengthof time delay achieve(Hedger, 1983Beck et al., 1984 The time delay
between ignitions will control the fragmentation, rdmleak ground vibrationsair blast noise

and the amount of flyock (Beck and Flanagan, 199Beck et al., 1984Tichapondwa et al.,
2010.
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It is therefore vitallyimportart to be able to accurately predict the amount of time that the
speific delay compositiornis requiral to burn from one side of the element to the otheter the

applied conditions

Over the last two decades the consistency of pyrotechnic delay eldrasiéen improvedrom

a 10% variation in burn rate to a variation within 4¢Panali et al., 201). Several factors
influence the time delayburn rateachievedby a specificpyrotechnic delay elemenThese
factos include ambient conditions, packing density, geometrical layouthef element,
constructionmaterialsand changes in compten (Kappagantula et al., 201Hedger, 1983
Jakibko, 1997. The extent to which each of these faci{@isd otheas yetunidentified factors)
influence the burmate hasnot beenwell studied.Threefactorshave been identified that hinder

further improvement ithe accuracy gbyrotechnidime delayelements

The first factor is the problems experienced with measuring the burn rate of the pyrotechnic
composition.The industrialmethod currently used for measuring the burn speed of pyrotechnic
delay elements has two major disadvantages. The fittaisit is destructive in naturand
thereforethe elements cannot be analysed after testing to establish reasons for inconsistencies in
the burnratesmeasured. The second major disadvantage is that it involves the use of primary
explosives; this posestagh safety risko the personnel performing the tesBther techniques

such as using thermocouplashigh-speedcameras requirphysical alterationto the samples.

A secondfactor identified to hinder the improvement of pyrotechnic delay accuradyeis t
physical construction of the elemenighich does not allowcontrol of multiple variables. There

is typically only one variable that can be controlled with the other parameters depending on the
technique used to fill and compress the powders. This dhatontrol makes it difficult to
independentlyevaluate the variablethat influence the burn rates of pyrotechnic time delay
elements.Improvementis further hindered by a lack ehathematicaimodels describing the
behaviour of the time delay elementdheir delay element structure. The models that have been

developedhre limited to a narrow application in composition and geometrical shape.
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1.2 AIMS AND OBJECTIVES

The aim of this study was find solutions tathe problems that weralentified as hinderinghe
improvement in the accuracy of pyrotechnic time delay burn rateis. encompassed three
objectives.

The first objective of the study was to develop a method for measuring the burn rates of
pyrotechnic time delay elements thabuld eliminate the prolems experiencedvith other
methods.Considering the other methods available for measuring the burn rates of pyrotechnic
delay elements, several criterizen@ developed for the new method to conform to. The new
method had to be neatestructive so that theamples could be analysed afterveaaddrevealthe

reasons fotheinconsistenciesbserved The methodhouldnot require anyphysicalalterations

(drilling holes, changing tube materiaktc) to the sample before testing. It should be safe to
perform and give repeatable burn rate measurements comparable to those measured with the
industrial techniqueThe method should furtheleliver continuous measurements throughout the

testas additional information.

The secod objectivewasto develop aaumericalmodelof the delay element. The model should

include the pyrotechnic reaction of the delay composition as well as the delay element structure.

As mentioned, there amanyfactors that can influence the burn rate of the pyrotechnic delay
element. From tls, thethird objectivewasto use the model tevaluate and quantify the effect
that all the variables have on the burn rate of the delay composimenvariable that cannot be
evaluated using the model is the packing arrangement of the particlesnmixtbee. Since the
reaction betweesolid fueb andsolid oxidans is not yet completely understooi cannot be

modelled. This factor would therefore have to be evaluated experimentally.

1.3 OUTLINE OF THE THESI S

The thesis is presented in siltapters. Edcchapter is briefly describduklow.

Chapter 1provides the backgrouno pyrotechnictime delay elements and their application as
initiators of explosives in sequential blasting. The overall aims and objectives of the @Engect
also described.
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Chapter 2 gives a summary of the existing literature on pyrotechime delay elements. The
focus of the review is placed on the measurement techniques of the burn rates of delay elements,

themodellingof the delay elements and the effect of various parametdisedurn rate.

Chapter 3 describesall the methods and techniques applied inth# experimental work
performed during this study. The characterisation techniques and resultshefraliterials are
also provided in this chapter. The new method deeseldpr measuring the burn ratssalso

described in Chapter 3.

Chapter 4 desribes all the aspects of the modellingerformed in this study. The model
equations, numerical solution techniques, initiation and mesh convergemssarnbed in detail
in this chapter. A separate list of symbadsprovided before Chapter 1, whidives all the

symbols and units for all the equations used in the study.

Chapter 5presers and discusss the results of althe evaluations pdormed. This chapter is
divided into threesections. The firstlescribeshe experimental investigation into the particle
packing effect on the burn rate of the delay element. The sesmmtidbndescribes the results
obtaired from the evaluaton of the newly developed measurement technigueomparison
between theechniquedeveloped and other technigueslsogiven Thethird sectiondescribes
the results obtained from the numerical model. The effect of various factors on the bame rate

also discussed.

Chapter 6presents all final renmks and conclusions on the study, along with recommendations

for future work.

Page §



2 LITERATURE REVIEW

2.1 PYROTECHNIC DELAY EL EMENTS

A pyrotechnic delay element is a setintained device which conssof an inert housing
(typically lead or aluminium) in wibh thepowderdelay composition is packe®ne end of the
delay element is connected to some form of ignition scamcéhe other end is connted to the

rest of thedetonator. In a complete electoc nonelectricdetonator, the delay element is placed
inside an additional housing (typically aluminium) where it is followed by a column of output
charge (secondary and primary explosiasshown irFigure 2-1 (Hedger, 1983Danali et al.,
2010.

Output Charge Delay Element Ignition Source
|- - --- ImTT T T T T T T T T T T T T T T T T s s

I I

! hol Delay 11 Aluminium

I:Vent ole composition 1 cap Rubber tube

I !

A .

:I / / 1

! b / I

Yy L,

|
1Sealed Lead Aluminium'

: Grommet  Shock tube
end casing tube

(Anti-static)

Figure 2-1: Structure of the delay element under investigation along with its position inside a

non-electric detonator

2.1.1 Ignition of delayelements

Ignition of the delay composition can be achieved in several ways and various methods have
been developedince the initial black powder safety fuseégnition was initially achieved
througha simple mechanism mhich a metal weight was dropped onto a stationary metal striker
which then activated a percussion prinfElischer et al., 1986 This later developed into an
electric triggerthatcontains a fuse head which delivers a 5 A current taétey element which

then ignites the delay compositi¢hl-Kazraji and Rees, 1979
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From this a methogbrogressedf using a nichrome wirginserted into the red of the delay
composition) whictreceives the electrical power and heats up to the ignition temperature of the

composition(Kappagantula et al., 2011

Detonator cord was (until recently) the preferred commercial initiation soirdetonator cord
consiss of a plastic tube filled with PETNKpentaerythritol tetranitrajewvhich burns at a ratef
between 1500 and 9000 m/s(Thureson and Gladden, 1988 he current methodf ignition
(Swanepoel et al., 2010s to use a shoctubein conjunction with a grommet. A shock tube
consists of a smalliameter (average inner and outer diameters of 1.3 mm and 3 mm
respectively plastic (typically polyethylene) tube lined on the inside with a small amount of
reactive material The mateaal conventionally used consists of a mixture abiminium and

HMX (Octahydrel,3,5, #tetranitre1,3,5, #tetrazocing distributed to a load of between 15 and
30 mg pemetreof shock tubgBrent and Harding, 1993The materialcontainedin the tube
burns at a typical speed ®O00 m/s which is sdficient for use in current detonator devidest
require a speed of above 300 m/s for ignition(Thureson and Gladden, 198Brent and
Harding, 1993 Current developments in pyrotechnic device ignition are focusing on the use of
light enegy in the form of laser beams as a possible source of ignition. The use of a single laser
ignition source wow be a great move towardaker assembly and transportation as it would
significantly reduce the chances of accidental ignit{@anali et al., 2010 This method has
been explored by several auth¢@&anier and Pantoya, 200Ahmad and Russel, 200Bhmad

and Russel, 2008From these studies it can bencludedthat it isa viable methoaf ignition,

but is highly depend# on the particle sizes of the powders. Large particlesheae long
exposure times to ignition in the range of 6 s in comparison to-panticles which hawe short
exposure times of around 12 rfshmad and Russel, 200Bhmad and Russel, 200&ranier

and Pantoya, 2004anali et al., 2010 This method is expected to make its way into indaistr
applicatiors once the current technological and financial constraints of the laser production, size

and energy requiremendseovercome

2.1.2 Delaycompositions
The characteristiccomponent of the delay element is the delay composittbrch is comprisel

of a mixture of fuels and oxidants in the form of powdered solids.
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Several requirements have to be met by the fuel and oxidant mixture for it to be suitable for use

as aconfined pyrotechnidelay composition nonelectric detonators

1 Themixture shoud burn i n a begameunteoEgadthatiss s hi o
produced during the reaction should be less than 100 L per kg of mixture
reacting(Swanepoel et al., 2010

1 It shoud be ignitable but must still be safe enoufr stable storage and

transport

The composition should be ndrwygroscopiqBeck et al., 1984

It shouldhave good flow properties for filling elemeriBeck et al., 1984

It should be readily available and inexpengiBeck et al., 198).

= =2 =2 =

Theburn rate of the delay element should be constant so that the delay time is
linearly related to the length of the element.

1 The composition should bé&reerd There should be no toxic components,
heavy metals or other soil contaminants in the ydelement(Danali et al.,

201Q Tichapondwa et al., 200

1 The composition should have a low temperature sensitivity.

Most of these requirements are related to the practicality of delay elprepatration andsage

The main facto determining the performance of a time delay element is the burn rate at which
the pyrotechnic composition reactBhis can vary from a few milliseconds to several seconds
The consistency of the bumate is the main factor which h&s be optimsed in ader for the
delay element to detonate the explosive events in the predetermined timing sedbmmeeof

the @mmmonly used fuelsire listedin Table 2-1 along withthe oxidants they are commonly
combined with.For the current sdy, both slowburning and fasburning delay compositions
had to be evaluated to ensure that the methods and numlekbpedare applicable ovethe
entire range of burn ratels was further decided to use one widely characterised composition and
one nwel composition. From this, the Si + #h system was chosen as the flastning widely
characterised compositioAlthough this composition is widely used in industitywill in the

near future likely become obsolete due to the environmental impacawey heetals on the soil.

The search for more environmentally acceptable compositions is-gairmp effort in the field

of pyrotechnic delay composition3he novel slowburning composition usedasMn + SOs.
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Table 2-1: Commonly used fuelandoxidantswith whichthey are commonlgombinedn binary delay compositions

Fuel Oxidants References
Al KCIO3, KCIOy4, Ba(NQy),, AlF;, CuO, NaClQ (Laye and Charsley, 198Pourmortazavi et al., 2008ermeij et al., 2009
B KNO3;, MoQ,, PkO,; Bi,O; PbO, Cy0; K,Cr,0; NaCr,0O; | (Ahmad and Russel, 200&%hmad and Russel, 2008oddington et al., 1989
K,Cr,0y, KCIO,, SrQ,, BaCrQ Dugam et al., 1999.i et al., 2010 Norgrove et al., 1994 aye and Charsley, 198]
Berger, 200%
Fe Ba0O,, SrQ,, MoO; (Brown et al., 1998_aye and Charsley, 1987
FeSi | MnO, (Sulacsik, 1971
Mg KNOs, BaO,, NaNG;, Sr(NG),,KCIO4, CuO, KMnG, (Ahmad and Russel, 200@hmad and Russel, 200bkaye and Charsley, 1981
Pourmortazavi et al., 2008
Mn BaGO,, SrG,, MnO,, KCIO,, BaCiO,, PbCrQ, ShOs, PbG, CuO (Brown et al., 1998Drennan and Brown, 1992ldrennan and Brown, 1992
Drennan and Brown, 1992Kappagantula et al., 201Miklaszewski et al., 2014
Swanepoel et al., 201Daye and Charsley, 198Aeiskell, 1955
Mo BaO,, SrG, (Brown et al., 1998Drennan and Brown, 1992ldrennan and Brown, 1992
Drennan and Brown, 1992caye and Charsley, 1987
Sb KMnO, (Beck and Brown, 198@eck et al., 1984Beck and Brown, 19838rown et al.,
1998 Norgrove et al., 1994 aye and Charsley, 198Tsang, 2005
Si P04 SNQ, Fe&0s KNOz; SbOs, BiO; SkO:3 CrOs; MNnO,, | (Al-Kazraji and Res, 1979 Al-Kazraji and Rees, 1978eck et al., 1984Beck
KMnQO,, NaCrO,, KCIOs; NaNG;, BaSQ, Cu(SbQ)-xZn(SbQ),, | and Brown, 1986Brown et al., 1998Hedger, 1983Jakubko, 1997Jakubko and
PbCrQ, PbO, SkS;, K,Cr,0O, Cerroskova, 1997Jakubko, 1999Kalombo et al., 2007KKoch and Clement, 2007
Ricco et al., 2004Tichapondwa et al., 2010ichapondwa et al., 2016aye and
Charsley, 1987 Rugunanan and Brown, 199&Kugunanan and Brown, 199
Tsang, 200b
Ta PbO, PRO,, PbCrQ, KCIO, (Laye and Charsley, 1987
Ti MoO;, TiN, BaQ,, NaNG;, Sr(NG;),, KCIO,, KCIO3, BaCrQ (Laye and Charsley, 1987
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TiH, | KCIO4, KCIO;, Ba(NG,)» (Shamsipur et al., 2013

\% MoO; (Laye and Charsley, 1987

w K,Cr,0y, KCIO,, BaCrQ (Boddington et al., 198Boddington €al., 1986 Boddington et al., 198Tharsley
et al., 1978Laye and Charsley, 1987

Zn KCIO,4 (Laye and Charsley, 1987

Zr MoQ;, Fe0;, SiO,, KCIO,, KNOs, SrG, BaCrQ, PO, (Laye and Charsley, 198Berger, 2005
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2.2 BURN RATE MEASUREMEN TS

In order to accurately determine the performance oha tiday element, the burn rates to be
measuredaccurately Several laboratory scale techniques have been developeddasure the
average burn ratef pyrotechnic delay compositions. The first method is the commercial
measurement technique in which compldéday detonators are assemb(étedger, 1988 In

this method, a timer is started when the detonator is initiated with an electric firingedewis
stoppedby the triggering of a photoelectric cell when the reaction in the detonator reaches its
end To determine the burn ratehet length of the delay element is then divided by the time
measured betweenitiation and detonatianA detailed @scriptionof this method igyiven by
Tichapondwa et al. (20)0The same method was applied extensively in l[aborattwrige delay
elements alone becaus$és simple to set up and inexpensive to constfBetk et al., 1984Al-
Kazraji and Rees, 197%lischer et al., 1986Beck and Brown, 1986 This method was
however based on the use of an electronic igniternitiate the delay composition, which in

reent yeardasbeenwidely replaced by shock tubes.

A variation of thismethodapplied when shock tubes are usedplvesa sound sensor as the
starting conditiorof the timer(Swanepoel et al., 201Balombo et al., 2007 Thesound trigger
originates from the electric firing deviesed to ignite the shock tubghich emits an explosive
noise when the slo& tubeis ignited The optical sensor wadsoreplaced with a thermocouple.
The thermocouple is placed at the end of the delay eleamehts sudden peak in temperature
serves as the signal to stop the tirf®wvanepoel et al., 20L.0A methodalso usedn laboratory
scale testmakes use divo photaledric cells (Li et al., 201(. The frst photoelectric cell starts
the electronic timer when ignition occurs and seeond celktops the timer when the burning
front has reached the end of the elem&his requires the measurement of delay elemttraiis
areopen on both sides in order émit the light. The characteristics of aperended burning
delay elemenin comparison to closeended burninghashowevernot yet beenquantifiedand

could result irsignificantinconsistencies.

Another method developed in recent years is to use aspiglad camera to capture images of the
luminescent burningf the pyrotechniccomposition inside a glass tulfKappagantula et al.,
2011).
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The ignition in this case is achieved by thermal stimulus of a nichrome wire connected to an
external voltage source vdh is inserted intohte powderat oneend of the delay element. The
high-speedcamera captures images of the reacting pyrotechnic delay composition (through the
glass tube walls) as it burns from one @idhe elemento the other. The camera is placed
perpendicular to the Ibning direction and is also used to detect the absolute ignition time by the
glowing of the nichrome wire. The variation in pixel intensity is related to the flame radiance and
is assumed to be a maximum at the propagation (Kapipagantula et al., 2011 The absolute
distancethat the propagation front hasavelledin a certain time is then used to calculate the

average burn rate.

For certainevaluationsmore information is required thamly thed e n d paweragetbdrn rate.

One suchtechniques to use a series of thermagnes to measure the temperature continuously
along the length of the delay element. The thermocouples are pressed into the pyrotechnic delay
composition andhigh-speedanalogueto-digital converters are used to capture the data. The
result is that at eadinstance that data is captured, a temperature patfitertain points along

the element lengtls measured. Thegemperature profikecan be used toalculatethe average

burn rateand @n alsoyield additional information such as the heat evolutiomughout the
element(Boddington et al., 198&Ricco et al., 2004Charsley et al., 1978oddington et al.,

1982. The data from this measurement technique is often used to fit data to numerical prediction
models(Boddington et al., 198@oddington et al., 1989

2.3 PYROTECHNIC REACTION MECHANISMS AND KINET ICS

2.3.1 Reactionmechanisms

The mebanismby which solid particles undergo chemical reactions is a topic of much debate.
Almost sixty years have passed since the Bb&mistry of the Solid Sta(&arner, 195bwas
published andeversince then publicatiaof progress made in solstate chemistrjnavebeen
scarce. Finally in 2006 a rew article was published bighawam and Flanagan (2006n
which the various solidtate theories were discussé&tiese however focused orthe selection

of appopriate kinetic models. Due to the large amount of phase changes present in a pyrotechnic
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reaction, the mechanisms and kinetic data cannot be directly extracted. The intermediate reaction

steps are typically not known and very difficult to derive.

The first step in pyrotechnic reactions is usually the decomposition of the oxide, where the
release of the oxygen initiates a reaction with the fuel. This leads to heat being generated and the
temperature increasin@edger, 1983 Tichapondwa et al., 20)OFurther progression of the
reaction is different for each composition. The phase transitions and products formed are
analysed through thermal analysis or pestction product analysis. This informatian then

used in conjunction with phase diagrams to postulate a reaction mecli@imsapondwa et al.,

201Q Hedger, 198B There are a few problems that can be expected from this pratestrst

is that the posteaction products that are analysed could have undergone further changes during
the coolingdown phase, which results in different products than those actually formed dharing t
reaction. Another problem that is experiencgdhat during themal analysis, the temperature

and pressure rises typically occur at a much slower rate. This could lead to secondary reactions
forming in intermediate temperature ranges, which will not occur in the sudden exponential
temperature increase of the pyrotechreaction.Phase diagrams of athe compositions are
furthermore not readily availabl#ledger, 1983Khawamand Flanagan, 2006 ichapondwa et

al., 2010.

2.3.2 Reactionkinetics

Kinetic models are usually classified in one of two wacording to theéeactionmechanism
assumed or according to the shap¢hefresultingsothermal curvesWhen looking specifically

at pyrotechnics, a classification based on the shaffee@othermal curves seems more logical.

Even though the mechanisms through which the reactions occur are not yet certain, thefeffect
temperature on the reactions are well defined. The approach followed here is therefore based on
defining which kinetic models would lead to a shape expected to occur ipytb&echnic
reaction When kinetic models are based on the shape of their isotheumvals, the shapes can

be divided into four groupsnamely acceleratory, deceleratory, linear or sigmoidal models
(Khawam and Flanagan, 2006Pyrotechnic reactions are expst to generally result in

sigmoidal isothermal profiles and acceleratory temperature pr{@tesvn, 1997.

For a mechanism to be plausibleiig application to pyrotechnic systems, twiteria areused
here:
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I. The model must be theoretically aligned with known pyrotechnic chemistry
il. The model must produce temperature profiles similar to the sigmoidal and

acceleratory profiles observed experimentally in pyrotechnic analysis

The first reaabn models to be considered in sedithte chemistry are the nucleation models. The
first nucleation models is nucleation and nuclei growth models. In nucleation models, solid
crystal structures are known to have imperfections such as impurities ance aurthedge
defects. Due to the reaction activation being misaahiin these regions, these imperfections are
assumed to be the site$ reaction nucleation. Nucleation is most commonly associated with
decomposition reactions, which is not the case witloteghnic delay compositions. Further
nucleation models, such as the Avrdenofeyev models and powdaw models, are just
nucleation models with different assumptions as to the restrictions preventing nucleation
(Khawam and Flanagan, 2006 hese models are not used in pyrotechnic applicasisthey do

not allow for the fast Arrheniuiy/pe increase in reaction rate encountered in pyrotechnics. The
only nucleatiordbased modelthat has been proposed for pyrotechnic application is the
autocatalytic model. The general form representing the autocatalytieation is given in
Equation 21 (Khawam and Flnagan, 2006

NS

5 B w 21

The order of the autocatalytic equation can be varied wherrequired tancorporae another
parameter for fitting experimental data. Even though thermal analysis and sbeeraitical
discussions havsuggestedhe use of an autocatalytic model, researchers have to a large extent
ignored it. This is most likely due to the highly exponential nature of autocatalytic models, which

would cause numericaistabilityin numericalintegration techniques.

The next type of solidtate modelto be consideredrethe geometrical contraction models. In
geometrical contraction models it is assumed that the nucleation occurs rapidly on the surface of
the crystal and the rate at which ¢hreaction occurs dependn how the reaction interface
progresses toward theentreof the crystal(Khawam and Flanagan, 20068Vhen the particles

have a relatively constaanhd fixed shape, the contractiorodel can be derived for the specific

shape.
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These models are highly dependent on the accuracy of the particle size, shape and the variation
in these two parameters. In pyrotechnics, the particle sizes usually rangedisteibation of

sizes and almost never have wadifined and consistent particle shapdsereforethese models

are not typicallyused in pyrotechnic applications even though they deliver the correct form of

isothermal and temperature profiles.

The thirdtype of solidstate models to be discussediderbased models. Ordéased models
are used most often due tteeir simplicity and because the order can be manipulated to change
the shape of isothermal reaction profiles to a desirecEfjiation 22 bdow is the general

equation describing ordéraeed models(Khawam and Flanagan, 2006

|-

L E py ! 2-2

>

The treory behind ordebased models is simply that the rate at which the reaction occurs is only
related tothe concentration of the reactant matesi@ther than the concentratioihie model is

only based on mathematical relations andamyphysical reactn mechanisms. This model is by

far theonethat is the mostommonlyapplied to numerical fitting of experimental data. Several
studieshaveemployed a simple orddrased modelith some succeg8oddington et al., 1989
Shkadinskii et al., 1971Boddington et al., 1982vleva et al., 1983Dunmead et al., 1989
Shkadinskii, 1971 Strurina et al., 1974 Strunina et al., 1981Boddington et al., 1986
Swanepoel et al., 20)1@o fit numerical models to temperature profiles. The main reason for
using this model ists simplicity as no theoretical basis iseededto choose the reaction

mechanism.

The last type bmodel to be discussed is théfalsion model which igarticulaty applicable to
reactions between two solid reactants. For diffusion to occur between two solid particles,
molecules must permeate through adjacent crystal lattices and is therefore controlled by mass
transfer. This however could be overcome in pyrotesics due to the large heat evolution
during the reactionswhich could reduce the product layer that forms on the interface of the
reaction via phase chang@&awam and Flanaga 200§. Various attempts have been made to
incorporate diffusion effects in solgtate reactiom One such model was proposed in a complex

rate law form(Boddington €& al., 1990. The model is given in Equationi 2 below, whereB

represents a diffusion coefficient.
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The model incorporates diffusion through the rate constant in a simplebaiskst model similar
to that given in Equatio 2 2. The mechanism is based the idea that at the early stages of the
reaction, when the temperature is still low, the reaction is governed by the Arrhenius
relationship. At later stages in the reaction the rate becomes diffusion controlled by a dominating
diffusion term at higherimperatures.

¢ EBAseT 7 2:3
This change in dominating term between kinetiostrolled and diffusiostontrolled reactions
may help to explain why two different groups of activation energiesygiealy predicted
through thermal analysis and temperature profile ana{gsiddington et al., 1990In thermal
analysis, the heating rate is lpwhereas in temperature gfile analysis the heating rate is
significantly higher. This could indicate that at low heating rates the reaction is governed by the
temperaturaependent Arrhenius relationshiprhereasat high heating rates the reaction is

dominated by diffusion.

The last factor related to solid state chemistry that is of major importance is the temperature
dependence of the rate constakt ( The most conventional and widely used temperature
dependence in reaction engineering is the apparent Arrhenius temperatengleshee. The

standard form of the Arrhenius equatiomgigen in Equation 24 below.
E EAo®T2 4 2-4

The Arrhenius equation works well for most chemical reactions due to the manipylabilit
through the preexponential constant and the activation engndych is related to the individual
temperatur@ependent characteristics of the reaction involved. The Arrhenius equation is widely
usedin pyrotechnic applicationgut does pose some prebis when used in conjunction with
numerical solution techniquéBoddington et al., 198@oddington efal., 1982 Boddington et

al., 1989 Shkadinskii et al., 197Shkadinskii, 197 llvlieva et al., 1983Dunmead et al., 1989
Strunina et al., 1974trunina et al., 198 Bwanepoel et al., 2018rmstrong, 1990
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Due to the exponential shape of the Arrhenius equati@hthe high temperatures involved in
pyrotechnics, the rate constant can increase extrerapigly, and this causes great difficulty in
maintaining convergence of a numerical solution technifaéle 2-2 gives asummary of all
the modellingtechniques discussed in this sectiatong with referenceto where they have

been applied.

2.4 MODELING OF DELAY EL EMENTS

The mathematical predictions of delay element burn rates under varying conditions have a few
significantadvantages. One of the major advantages is the reduction in resource requjrements
which include raw materials, time and equipment. Furthermore, dheat advantage of using
modellingin the pyrotechnic fields specifically that the safety risks involveéd experimental

testing are minimised as some reliable predictions would be available to substatiiate
experiment. Several researchers have attempted to various extents to derive mathematical
relationships between various parameters and the burnafates delay composition®\ few
authors have derived models for the complete combustion of the composition inside the delay
element under various assumptionshe nextsection describes the existing models and their

assumptions.

2.4.1 Analytical models

The aralytical modelsthat predict relationships between various factors and the burn rates of
pyrotechnic delay elements are all based on different assumptions amsbmag&é&ctors into
account while ignoring others completely. The simplest theory was debiyd¢haikin and
Merzhanov (1968 which analytically relates the burn rate of the delay composition to its
physical and surrounding properties.iS'imodel is based on the assumption that the reaction
only occurs in a thin reaction zone. It is further assumed that the physical properties are
independent of both concentration and temperatane that there are no phase transitions
present The tempeature dependence of the reaction is assumed to act according to thedstandar
Arrhenius equation. Equation 2 givesthe analytical relationship between the burn rate and the
various parameternsfluencing it as derived byKhaikin and Merzhanov (1966The function

g(n) is a function of the reaction ordevhich varies between 1 and 2.
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6 ——Qmf— 2.5

In 1974 an analytical model was developday Aldushin and Khaikin 1974 based on a
completely different theory. In thimodel,it is assumed that the composition is packed in neatly
stacked layers of reactive material perpendicular to the direction of flame propagation. The
reaction is assumed to take place due tooavigig layer of reaction products which provides the
medium for interdiffusion to take place. Two other notable assumptions made during the
development of this modakethat the particles are assumed to be #atl also that the reaction

rate is governedly theparabolic la and not by the standard Arrhenius relationship witm®n

order reaction rate. The analytical model derived from thessunaptions is given in
Equation2i 6 (Aldushin and Khaikin, 1974

6 ————QO/OjYY 2.6

Another model was developed almost 20 years lagekrmstrong (199D which was based on
completely different assumptions and on a different reaction mechabignresulted in a
mathematical relationship almost identical to the one preljaliscussed. This model is based
on the theory that the two constituents present in the delay composiifiuse and thereby
release heat by means of mixiag a molecular level to forreithera solid oraliquid solution.
This theory is fundamentallyarallel to the classical flamedbry used in gaseous combustion.
In this casethe reaction is governed by the mass diffusivity of the delay compositions
constituentssimilar to the way in whichthe temperature overcoming the activation energy in
classc flame theoryis rate limiting. The model is derived in a sequential form where the
components are first assumed to be stacked parallel to the flame propagation axis and then
perpendicular. From these two bounding cases, the model is dé&yvagsuming aandom

packing orientation for the particlé&rmstrong, 199D

¥The condition where two mathematical boundaries reach their limiting values simulignedish in this application is the

concentrations of the compone(#ddushin and Khaikin, 1974
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When comparing this model to the previous model givebgnation 26, it can be seen that it is
different only by a numerical factor. This is surprising as the model deriveddoghin and
Khaikin (1974) did not use the flat particle or parabolic law assumptittirieerefore gives more
credence to the models that simply employ these two assumptions alongside their existing
theoriesWhen comparing these models with the first mdnjeKhaikin and Merzhanov (1966

it can be seen that the relationship is also very similar. The major difference is that the first
model is based simply on condive heat transfer and the heat of reactiwhereasthe other two
models are based on thermal diffusivity and thektiess of the diffusion zone.

One modelhat differed significantly from thesgresentednodelsis based on the assumption
that the two alid reactants form a homogeneous liquid before reaclihg.model is given in
Equation 27 (Dunmead et al., 1989

Q®N0jYY 2-7

The method proved effective in predicting burn rates to some extent, but problems were
encountered due to the model lgeimghly dependent on the reaction ord®unmead et al
1989. The analytical models are also summarisetahle 2-2.

2.4.2 Numericalmodels

The propagation of the burning reaction along the length of the delay element is a transient state
mechanism and therefore a thdependent variable is always present. In the analytical models
discussed previously, this timteependent variable is eliminated through mathematical
elimination and averaging The timevarying factors would however give additional
information that couldincrease the accuracy of the burn rate prediction and is therefore
incorporated in numerical models of the delay element. The numerical moddiasaaon
obtaining temperaturand concentratioprofiles along the length of the delay element over time.

A temperature profile would therefore be calculated at each interval of time over the entire delay

element as the reaction progresses aitsrigngth.
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All the numerical models used to predict the propagation of the combustion front in pyrotechnic
delay éements are based on straightforward heat balafiesk et al., 1984Strunina et al.,

1974 Strunina et al., 1981vleva et al., 1983Boddington et al., 198@oddington et al., 1989
Boddington et al., 1990Shkadinskii et al., 1971Shkadinskii, 1971 Dunmead et al., 1989
Boddington et al., 198Hardt and Phung, 197.3In Mallard and Le Chal i er 6 sof theheor y
propagation of the combustion of gaseous mixtures, the combustion is assumed to be propagated
only by the forward conduction of heat over a small reaction @@eek et al., 1984 In the first
numericalmode| the same theory is applied to solid pyrotechnic delay compositions where only

a small amount of material is assumed to be reacting in a defined reactidn adnehthe heat
conducted through adjacent material is at a maximum. Since most ofitherical theories
developed later over time also originated from this mechanism, a graphical description of the
theory is shown irFigure 2-2 below (Beck et al., 1984 Also shown inFigure 2-2 is a typical
temperature profile that could be expected at any insfaine. The shape of this temperature
profile is expected to remain constant as it moves with the reaction zone along the length of the

delay element.

Reaction zone

- - =
- - ~
P4
—~
N '/ (_D|
Unreacted 3
! Reacted =
! N
QD
| &
A ®
Reaction initiated —> —
. Burnratey @ T = e e e = e e
from this end

Axial distance along element

Figure 2-2: Representation of the reaction zone model along with the typical temperature profile

expected along the length of the delay element (AdaptedBexk et al. (198).
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The models derived from deat balance where the rate of heat generation along with the rate of
heat gained by conduction is set equal to the rate of heat loss through the walls of the tube and
the rate of temperature increase. The two key assumptionsrétiaal in this modelarethat

no mass transfer effecseincluded and that the solid particle reaction is assumed to be without
any gas formation. Other assumptions include a planar propagation wavegmngle source of

heat generation and the only h&sts from the elemermtccurringfrom convection and radiation
(Dunmead et al., 1989 The numerical model derived from thesesuasptons is given in
Equation 28 (Beck et al., 198/ The lateral heat loss coefficierd ] is eitherassumed to be

constant ofs completely neglected.
ogs Gag - N Ak Mg, 2-8

The differential equation can now be solved numerically over tithethrough which a

temperatureprofile (as shown inFigure 2-2) along the length of the delay element would be
obtained for every time step takeAlthough this model was simple and neglected a lot of vital
information, it formed the basis for almost all numericadels that have been developed to

date.

Soon after the first publication of this strateggoddington et al wrote three articles
(Boddington et al., 198§6Boddington et al., 1989Boddington et al., 1990in which they
developed a numerical model to predict the average temperature across a sedhien of
pyrotechnic using a pseuadmedimensional approach. The model develgpedce again
originaing from an identical heat balante Equation2i 8, for the first timeplacedemphasis on
the difficulty of the numerical solution techniques used to soh& rttodel. The problem with
numerical modellingof pyrotechnics s that the solutions are highlgxponential and can
therefore become unstablathin only a few iterations. The main reason for this is that the
temperature dependence of the reaction is shagonential and fge changes in parameters
occurin only small time stepsThe heat transfer effe¢tsn the other handict on a much slower
timescale. The integration criteria are therefore key in solving the differential equations. The
approach usetdy Boddingtonet al was to normatie the entire heat balandbereby lineasing

the equation(Boddington et al., 1986Boddington et al., 1989Boddington et al., 1990
Boddington et al., 1982
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The only additionalinformation added tdEquation 2i 8 in this case is that the fractional
conversion of the reagents is not taken as a constant Vaitteermore, adial and lateral heat
conductionareincluded in the heat loss ter(Boddington et al., 1982 Due to theinadequate
computing capabilities available at the time, several otbsearchergStrunina et al., 1974

Strunina et al., 198%&lso used the dimensiongeform for solving the equations.

Another headache in these numerical models is the numerical initiation of the reaction. One such
method(Shkadinskii, 197, 1Shkadinskii et al., 197lis to assume that a hot physical object is
placed at the end of the element and the heat is transferred to tlyecdeiposition via
conduction. Thereexists however a thermal resistance between the heated object and the
adjacent materialvhich results in a time delayf the transfer of heat. The exact time of ignition

is therefore uncertajrwhich adds a small amaot of uncertainly to the burn raténother
method(lvleva et al., 198Bemployed applies a heat pulse to the endhefedlement which then
initiates the reaction. This method has been applied with major sueces®nly negligibly

small specific heat deviations are encountered. Due to the heat pulse being applied directly to the
composition, the thermal resistance peoblis not present and the ignition time is easier to
identify. A last study byKnapp et al. (2014modelled the ignition and propagation of an open
flame pyrotechnic propagation by measuring thedpatts in the combustion front. The model

also evaluated the effect of tléstribution of fuel and oxidant particles which lead to a very
interesting model. This method can however not be used in a confined pyrotechnic setup and its
application is therefore currently still limited to opgime propagations.

The last considet@mn when using numerical models is the method by which the model is fit to
temperature profile data obtained experimentally. In the first publicatidBobigington et al.
(1982, the authorsused a least mean squares fit of 25 consecutive data points to a-ssemd
polynomial to smooth the experimental data &mehapplied a 15oint quadrat fit to obtain

the first and second derivatives for the numeriwadel In the later publications they used
several different iterative numerical integration techniguesich all proved successful in
numerically integrating the models and were shownidintify true minima for residuals
(Boddington et al., 198@oddington et al., 199@oddington et al., 1989
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The major problem experienced by all the authors is that the numerical methods are undeniably
dependent on the reaction kinetics. Almost all the authors used ardepisrdent ratequation

due to its simplicity, even though it might not represent the correct reaction mecl@trisnina

et al., 1981Boddington et al., 198%trunina et al., 1978oddington et al., 198&hkadingii

et al., 1971Shkadinskii, 197 llvleva et al., 1983Dunmead et al., 1989

Anothermethod of obtaining temperature profile information was proposed through which the
temperature profile at a single point was measured in order to fit kinetic para(Be@dsgton

et al., 1990 The kinetic parameters were then used in a numerical model to predict average burn
rates. The methocbnsistedf placing an inert septum with the same radius as the delay element
in the middle of the delay element. The temperatof the surface of the septum was then
measured by infrared pyrometry where amaloguesignal is provided proportional to the
temperature. The method was found to be suitable for determining design criteria for-through
barrier systems, but the kinetioformation is notsufficient as a standalone technique for
measuring the burn rate and should be coupled with a method for measuring temperature profiles
directly (Boddingon et al., 199D
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Table 2-2: Summary of mathematical models describing pyrotechnic delay elements

Key assumptions |

Mathematical description

| References

Analytical Models

1)

Reaction occurs in thin reactionrmonly

(Khaikin and Merzhanov, 196&wanepoel et al., 2010

2) Physical properties not dependent o #'Q(b":"oj Y'Y
concentration or temperature 0'Q Qe
3) Arrhenius temperature dependence
1) Composition stacked in nelatyers N o (Aldushin and Khaikin, 1974Armstrong, 199D
. . . oYY 0 ...
2) Growing layers of products provide mediu — 0w 0jYY
for diffusion O "Y-"Y7o Q
3) Particles are flat and reaction régeyoverned
by parabolic law
4) Arrhenius temperature dependence
1) Solid reactants melt and form homogene 570y (Dunmead et al., 1989
liquid mixture ————0Q®mROjYY
2) Orderbased kinetic reactions Q0
3) Arrhenius temperature dependence
Numerical Models
1) Reaction occurs in thin reaction zowaly A 1 K4 A4 (Beck et al., 1984Boddington et al., 1982Boddington et al.|
and mass transfer effe@seneglected "/qué G0 n 4-4¢ /'/#970 1985, Boddington et al., 198Boddington et al., 199@unmead
2) Gasless reactions with planar propagat et al., 1989 Strunina et al., 1974Strunina et al., 1981lvleva et
front al., 1983 Shkadinskii et al., 1971Shkadinskii, 1971Hardt and
3) Single heat source with heat loss throy Phung, 1978

convection and radiation only

Reaction Kinetics

Autocatalytic reaction kinetics ﬂ 0 | (Khawam and Flanagan, 2006
oY p

Orderbased reaction kinetics Q| 0 (Swanepoel et al., 201Boddington et al., 198Boddington et al.,
00 P 1986 Boddington et al., 198®Dunmead et al., 198%trunina et

al., 1974 Struninaet al., 1981 Ivleva et al., 1983Shkadinskii et
al., 1971 Shkadinskii, 1971Khawam and Flanagan, 2006

Temperature-dependentReactions

Arrhenius relationship

E EAO®T24

(Boddington et al., 198@oddington et al., 19§ Boddington et
al., 1989 Shkadinskii et al., 197Shkadinskii, 1971lvleva et al.,
1983 Dunmead et al., 198%trunina et al., 19745trunina et al.,
1981, Swanepoel et al., 2018rmstrong, 199D

Temperature andiffusion-based dependency

p
Q QA@DPOTY'Y

| ©

2

L
8"y

(Boddington et al., 1990
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2.5 FACTORS AFFECTING BURN RATES

Several factors have been identified that can affect the burn rate of pyrotechnic delay
elements. Very few of these factoravie been quantified and in most cases only qualitative
trends have been identified. This section discusses the current literature on the factors

affecting the burn rates of pyrotechnic delay elements.

2.5.1 Ambient temperature

The ambient temperature was idéat early on as a factor that has an effect on the burn rate

of pyrotechnic delay elements. However, to date very few studies have been conducted to
determine the extent of this effect. The first study to determine the relationship between the
burn rate ad the ambient temperature was conductedElscher et al(1986, where the

burn rates were experimentally measured at three temperatures, narfe|yaéfibient and

40 °C. A decrease in the burn rate was observed when the ambient temperature decreased.
The burn rate was found to change approximately 15% f60 @ change in ambient
temperature. Another experimental study conducteti ley al. (2010 found that a decrease

in the ambient temperature caused a decrease in burn rate by between 3.1% and 8.2% for a
50°C decrease in temperature depending on the composition. It wastf@inkde burn rate
changed linearly with ambient temperatamed also that thamount of fuelused playedca
significant role on the composition of B + 4. J&kubko (1997 evaluatedthe effect of

ambient temperature on the Si +3@bcomposition and found an 8.52 % increase in burn

rate for a 50C increase in ambient temperature.

A numericalstudy was conducteldy Boddington et al. (19820 investigate this effect and

the results agreed with thEnding of experimental studies that an increase in ambient
temperatureby 50°C would result inburn rate increases of about 9.7%he study did
however result in a less linear relationship than measured in the other two studies. These
resultsare all consistent wittvhat can be expected frogguation2i 8. From EquationiZ it

can be seen that at higreembient temperatures the convection and radiation heat transfer rate
would decrease due to a lower temperature gradidns wouldincrease the temperature
inside the elementesulting in faster burn rateghe reaction rate would be further increased

by a higher rate constant according to the Arrhenius relatiomskiguation 24.
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2.5.2 Composition

The effect of varying the ratio of fuel and oxidant in binary mixtures is-stetliedi
extensive composition studies have been done on a tangderof delay compositions
(Kappagantula et al., 201Brown et al., 1998Swanepoel et al., 2018I-Kazraji and Rees,

1979 Drennan and Brown, 1992Ricco « al., 2004 Kalombo et al., 2007 Almost dl the
compositions follow a trend where an increase in the amount of fuel added causes an increase
in the burn rate up to a certain maximum burn, r&@ter which further increase in the amount

of fuel leads to a reduction in the burn ratee burn rates tend to reach a maximum when the
fuel content igust above or below the stoichiometric ratio, depending on the composition.
This is however not always itue for compositions with metal fuels. Due to the high thermal
conductivity and diffusivity of the solid metal, the energy transfer through the pyrotechnic
composition is much more efficient. This increases the heat transfer between solid particles

and theeby also the burn rate propagation.

2.5.3 Patrticle size of theeactant

The effect ofthe particle size athe reactant on the burn rate of delay compositions is one of
the factordghat has also been identifiedhave an effect on the burn ratepyfotechnc delay
elements. The reaction between two solid pyrotechnic particleasssimedby most
researchers to occur by meansnass transfer or diffusion of the species through the product
layer formed in order to attain contact between the partitfleppagantula et al., 2011
Shimizu and Hao, 199Boddingbn et al., 1990 The theory regarding theffect of particle

size is based on theumberof contact points between the fuel atie oxidant particles.
When conglering the unreacted core modahd fom classical combustion thegrgn
increase in the maber of contact points arahincrea in the surfacdo-volume ratio should
decrease the mass transport distance ratind thereby increase the burn rate of the
composition(Shimizu and Hao, 199 Kappagantula et al., 201.10ne of the main problems
experienced in predicting the effect of particle contact points on the burn rate is that there is
no reliable method of calculating the number of contact points between different particles.
Studes conducted on the estimation of contact points have shown that tieakkcamodel
delivers the best predictions for the number of contact points in binary solid particle mixtures.
The HaeTanaka model is based on statistical predictmfithie randonpacking of spherical

particles(Shimizu and Hao, 1997
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One interesting findings thatin all the stulies conducted on particle size effethe size of
the fuel particlesvas variedand not the size of the oxidant particles. Only one study
Dugam et al. (199%ouched on the effect of the oxidant particle siné concentrateanore

on theeffect of the size distribution on the mixingapabilities. The main studiesnducted
on varying the fuel partiel sizeusedSi asthefuel (Ricco et al., 2004Kalombo et al., 2007
Al-Kazraji and Rees, 1978ledger, 1988 Since Sihas long been the dliof choice, a lot of
research has gometo evaluéing the different sized Siarticles.Commercial Sparticle sizes
varyfromar ound O . 9,whichisinthe range of particle sizes investigated in the

four studies.

The first studyby Al-Kazraji and Rees (197%n the effect ofillicon fuel on the burn rate

was conducted usintprees | i con si zes (10e9m)e m,BuIF .n9 temtan
delay elements contaimg these three differersized Si particles revealed that even in this

small range of sizes, a difference in burn rate mtai360% wagossible The Siwith the
smallestparticles burned sigficantly faster than the Siith the largst particles. The same

effect was found in a similar studby Kalombo et al. (200)7 wherethree different Ssizes

(0.91 &m, 208m) ewmeraendal3s @ the snbllestize Silparticla hi s ¢
burned up to 500% famt than thdargest Si particle size A third studyby Ricco et al.

(20049, which wasalso conductedn three different siz&ipar t i cl es 0§¢ ih. @8 8Bd € m,
11 . 5,foancha burn rate increase of up to 200% when the particlevaze@ecreased. One

extensive studyy Hedger (198Bwasperformedon the particle size effect of Sisthe fuel,

where a rang®f nine differenty sized Sipowderswere used to compare the burn rates.

These particles ranged frod®5 m t o (With sueface areas ranging between gy

and 5.36 Mg), andit was found that therevasa change in the extent of the particle size

effect at some criticgarticle size. At small fuel particle sizeghigh surface areashe burn
ratewasindependent of the fug@larticle sizes, but at large particle siglesver surface areas)

the increase in burn rateaslinearto theincreasan surface area

A study wa conductedwhich compared théurn rates of pyrotechnic delay elements
publishedby various sourceso the number of contact points as calculated using the Hao
Tanaka mode(Brown et al., 1998 In some of the compositions the maximum burn rate and
maximum number of contact points coincidéait in other cases the maxims were at

different fuel contentéBrown et al., 1998
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This indicates that the number of fuel contact points doe$actseem to affect the burn rate,

butthat other factors also influence the burn rates.

In 2005 a studywas performed byockmon et al. (2005in which the burn rat®f very
loosely packed particlegias evaluatedA significant increase in burn rate was observed
when theparticle size of both reactantgas reduced from micro to nanscale. A study
conductedby Granier and Pantoya (2004n the same composition asvestigated by
Bockmon et al. (2005 showed that when the particlegere compressed in the form of
pellets the burn rate actually decreased when the particle size was decreased. The authors
attributedthis to the excessively large oxidation layer present on the-siaedfuel as a

result of the increased surface an&@jch inhibits energy propagatiorKappagantula et al.
(2011 found that the compositions containing naedfuel burned two times faster than

the compositions containing miceized fuel. In this case the authors alascribedthe
phenomenon to the excessively large oxalatayer present on the naficel, as this resulted

in excess oxygen being releds#uring the reaction. Theonclusiondrom these two studies
arecontradictoryas in both cases an oxidation layer is present on the fuel but in one scenario
the burn ratencreased and in the other case the burn rate decrédssdagrees with the
conclusions from thestudy byBrown et al. (1998 that there are other factothat also

influence the burn ratevhen particle sizes are changed.

The synthesis, characterisation and application of nanoparticles (<100 nm)lynemgigetic
materials are being explored in garts of the field. The effect of implemanyg these
nanomaterials in pyrotechnic delay elementfigsvever still under investigation by various
researchers in the fiellGranier and Pantoya, 200Banali et al., 2010Sarawadekar and
Agrawal, 2008 Yagodnikov et al., 2007 However, me conclusion that has been reached is
that the ignition of small narsized particles is much easier and faf@&nanier and Pantoya,
20049).

2.5.4 Geometry and tube material

The evaluation and testing of delay elements with different geometries and tube materials is
very tricky. The tube material determines the filling and presgiragedure, which is
typically developed for one specific set of geometric parametery. few studiedhrave been

published that contain comparisarfdifferent tube matgals or geometrical dimensions
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Boddington et alevaluate different crosssectianal areas for square channels aftind an
increased burn rate for larger column areasl concluded that treosssectionalarea is the
most important factofor lateral heat losgBoddington et al., 198@oddington et al., 1989
The dataare,however not sutablefor quantitative evaluationn the study byKalombo et al.
(2007, boththe core diameter and wall thicknessre varied simultagously in opposite
directions in order to maintain a constant outside diaméter results therefore includke
effects of bothvariables The resulting gradient resultedarx 2.3 nm/s increaseni burn rate

per mm increase in &de diameter.

The tube wall material also influersctne radial heat loss, anebuld thereforebe expected to
influence the burn rat®ue to the economical and physical difficulties in preparing identical
elements from differentube materials, almost no experimental restigs’e beerpublished

on comparisons between wall materigdf@lombo et al. (2007carried outcomparative burn
rate measurements using lead and aluminium fubes found asignificantly slower burn
rate inaluminium tubes than in lead tubes. There Wamsvever some difference in the wall
thickness of the tubesnd furthermorethe preparation methods used woblave ledto
different packing densitieI.he lack ofpublishedinformationon the effectsof these factors

indicates a clear gap in the research of pyrotechnic delay elements.
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3 EXPERIMENTAL

The experimental work conducted in this stiglpresented in three sectiofi$e first section
describes the charadtgation performed on alheraw materials acquired and purchased. The
materials were characterised in terms of size, shape, puritg>adation characteristics in
order to verify theexpectedproperties. The procedure for preparing the delay compasiison
also described aral detaileccharacterisation of the compositiossgiven The compositions
were evaluated using bomb calorimetry aswhnning electron roscopes (SEM)The
second section describes the preparation methods applied to prepass taedealuminium

tube delay elementsThe methods used to measure the burn rates of the time delay

compositions are describadthe third sectiomlong with the IRcameramethod developed.

3.1 RAW MATERIAL CHARACT ERISATION
The study was conducted using diferent raw materials. The materials are listed able

3-1 along with the suppliers and material nunthesed throughout thibesis

3.1.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performezh all the raw materiad in order to
determine thie purity. The XRD analysis was performed on a Siemer0D automated
diffractometer using Cu& radiation [ = 1.5406A) operated at 40 kV and #@\. This

apparatus is equipped with a divergence slit oarid a receiving slit 08.05. The samples
were scanned from between 3 to @h the 2-scale with a counting time of 1sbat room
temperatureThe summary oftheresults from the XRD analysis of alie materials iggiven

in Table 3-1 below.The detded diffractograms of each sampleegiven inAppendix A.

3.1.2 Particle size and surface area

Particle size distributions were measured using a éfsiger Hydrosizer 2000. The
BrunauerEmmettTeller (BET) surface area of the powders was determined usinfvire
point technique with a Micromeritics TriStar Il instrumeAtsummary of the particle size
results and surface area measurements fathalmaterials are shown ifable 3-1. The
average particle size siributions of all theMn samples are shown iRigure 3-1. From
Figure 3-1 it can be seen that alhe Mn samples are in the micro range. Even the material
specified as nanparticleswasfound to be large agglomerates of thenoparticles.This is

especially true for the sample of Mithat has 8BET surface area that is two orders in size
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bigger than the other Mn samples. This is due to the very high porosity of the sample. The
Mna sample consists of agglomerates of partithed are about 100 nm in size but has a
measured particle size of 4n. The FESEM images of this sample as well as all the other
materials are shown in Appendix Bhis sample was however too oxidised (as seéiable

3-1) anddid not react with any oxide3he average patrticle size distributions for the MnO

and ShO; samples are also shown kigure 3-2 and Figure 3-3 respectively.The oxides

were found to have much widersttibutions than the metal fuels. This is mainly due to the
oxide particles consisting of agglomerateswiallerparticles. This is especialppparenin

Figure 3-3 for the antimony trioxidesThe average distributions for théd#®, and Si samples

are shown irFigure 3-4.
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Figure 3-1: Average patrticle size distributiaf each Mh sample
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Table 3-1: List of materials used in this study waétsummary othe particle characterisation results

Material | Component Manufacturer Manufacturer Compostion (XRD) Particle Size Surface area
No. Specification (dso+std, pm) | (BET, m?/qg)
Mn Mn Quantum Sphere Mn (50-80 nm) 33.67% Mn + 66.33% 14+ 0.06 28+1
MnO
Mng Mn Atlantic Equipment Engineers Mn (2 ¢ 100% Mn 23+ 0.7 0.29 £0.01
Mnc Mn Aldrich Mn (45 ¢ 100% Mn 27+0.8 0.29 +£0.02
Mnp Mn Henan Huier Nano Technology Mn (10-30 nm) 100% Mn 31+4.4 0.18 £ 0.003
Co Ltd.
Mng Mn Henan Huier Nano Technology Mn (50-60 nm) 100% Mn 32+ 4.8 0.18 £0.01
Co Ltd.
Mng Mn BOC Sciences Mn (70 nm) 100% Mn 25+ 2.7 0.38+0.01
Mng Mn Manganese Metal Company Mn (3245 € m 100% Mn 13+0.2 0.61+0.001
Mny Mn Manganese Metal Company Mn (253 2 ¢ 100% Mn 11+0.09 0.65+0.01
Mn, Mn Manganese Metal Company Mn (<25 pm) 100% Mn 11+0.1 0.65 + 0.003
MnO o4 MnO, Source unknown MnO, (600-800 nm) 53.47% MnQ + 25+ 0.2 12+0.9
4653% Mnp,O3
MnO 25 MnO, Sigma Aldrich MNO>,( 5 & m 100% MnQ 7.4+£0.8 77+ 3

Page B3




MnO ¢ MnO, Sigma Aldrich MnO,( 10 ¢ | 92.69% MnQ + 7.31% 6.9+1 15+0.4
Mn,O3

Sb,O3a ShOs; Aldrich Sh0O3 (<250 nm) 100% ShO3 0.50+0.02 3.3+0.2

Sh,03p Sb,05 Inframat Advanced Materials SkO3 (300 nm) 100% ShO3 0.53+0.01 3.1+ 0.06

Sb,O3¢c ShOs; Aldrich ShOs;( 5 & m 100% ShO3 0.92 £ 0.02 24+0.1

Sh,03p ShOs Source unknown SO (wide) 100% ShO3 0.85+0.D 2.1 £0.003

PbsO4 P04 AEL Mining Services PO, 100% PBO, 3.2+0.02 0.74 +£0.08
Si Si Milrox Si (Type 4) 100% Si 1.5 £ 0.02 11+ 0.4
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3.1.3 Scanning Electron Microscopy (SEM)

The morphology of the powdersas studied with a Zeiss Ultra 55 FESEM field emission
scanning electron microscope FEM) fitted with an InLens detector, at an acceleration
voltage of either 1 kV or 2 kVThe SEM revealed the large agglomerates of smaller fused
nanoeparticles in some of the components. This is especially important fdvinhgamples.
Since this agglometian of naneparticles forns a large porous patrticle, it is expected that
the combustion mechanisms would differ frdnat ofa solidMn particle of the same size

An example of the porous (fused naparticles) and the soliin particlesis shown in

Figure 3-5.

EHT = 2.00 kv
Signal A = InLens Photo No. =715 Date :29 Jan 2015 WD = 2.3 mm

& Fr TR Y e BN
f' M .” JJ/"‘ 3

~ "

EHT = 2.00kV
Signal A = InLens Photo No. =1326 Date :5Mar 2015 WD = 26 mm

Figure 3-5: FESEM images of the (a) solid Mand (b)the porous M samples
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The oxide materials all show this agglomeration of smaller pestiEigure 3-6 shows an

example of a Mn@sampleanda Sh,O3; sample.

EHT = 2.00 kV
Signal A = InLens Photo No. = 841 De

EHT = 2.00 kV
Signal A = InLens Photo No. = 804 Date :29 Jan 2015 WD = 2.4 mm

Figure 3-6: FESEM images of (a) Mnf and (b) SbBOsx samples

The FESEM imagesf all the materls aregivenin Appendix B.
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3.1.4 Thermaogravimetric analysis (TGA)

Thernogravimetric analysisT(GA) was used to evaluate the extent of oxidation of the fuel

and oxidant particlesTGA was performed on a Mettler Toledo A851 simultaneous
TGA/SDTA instrumentAbout 20 mg of powder sampl e was
pans.The emperature was scanned from 25 800 C at a rate of 20C min * with oxygen

flowing at 50 mL min*. Theanalysis was performed on baththefuels as well as the 8b;

and MnQ samples.The thermogravimetric behaviour of thesPhwas not analysed.

A. Manganese

The profiles obtainettom the TGAfor each of the M samples are shown Kigure 3-7.
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Figure 3-7: TGA results foreach of the M samples

The most likely sequence of change that occurs during the oxidation o&ivibe described
by Scheme B1 below with the correspondingfractional changes in mass in brackets

(Swanepoel et al., 2010
-1 p8tmO -1 /p& WO -1/ p&81° -1/ p&w Scheme 31

The first event described iBcheme3i 1 is the oxidation of Mn to MnOwhich occurs at

around 560°C and results in a 29% mass increase. The second eveatponds to the
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oxidation of MnO to MpO;3 at around 800C, with a further mass increase of 15%. The final
event of MRO;3 reducingto MnzO,4 occurs at around 95 and causes a mass decrease of
5%. This sequence results in a final mass increase of 39 Wull oxidation of Mn to
Mn30O,4 occurs(Swanepoekt al., 2019 From Figure 3-7 it can be seen that samples gvin
Mn, all have no signifiant oxidation present. Sample Mrhowever had a very large
amount ofoxidation presenbefore the test was conducted. Soan be seen from tlimal

weight increase of only 6.55%hat indicates less oxidation has occurred than expected

B. Manganeselioxide
The thermgravimetric profiles obtained for each of thl|nO, samples are shown Figure
3-8.
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Figure 3-8: TGA resultsfor each of theMinO, samples

The MnQ shows two distinct steps of reduction in mass which occurs aethetionof
MnO; to Mn,O3 and thereductionof Mn,O3; to MnzO4. Thereductionof Mn3;O4 to MnO only
startsto occur above 200°C andthereforeonly the start of this step is visible kigure 3-8

(Swanepoel et al., 2010
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C. Antimony trioxide
The thermgravimetric profiles obtained for each of tl8,0; samplesare shown in
Figure 3-9. The ShO; starts toslowly sublimate at around 43C along with oxidation to
ShO, at around 460C. The SO, is convertedo SkOg (g) above 1050°C, which leads to

a mass decrease until Hiematerial is in the gaseous ph&&mlunski and Jackson, 1989
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Figure 3-9: TGA resultsfor each of theSbh,O3; samples
D. Silicon

The thermgravimetric pofile obtained for the Si sampls shown inFigure 3-10. The TGA
results indicated no significant mass changesveen 25 and0® °C, but the formation of

silicon nitrideis observed above 60C by some mass increa@@chapondwa eal., 2010).
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Figure 3-10: TGA results for the Ssample

3.2 DELAY ELEMENT PREPAR ATION

The delay compositions were prepared by bimsking 5 times through a 63m sieve. This
technique helps to break dovagglomerates and facilitate proper mixing. The study was
conducted on both lead tube delay elements and aluminium tube delay elements. The filling,
compacting and assembdy these two typesf delay elementare described in detai this

section

3.2.1 Leaddelay elements

A fixed amount of mixed composition (@, 11g and11 g for Si/PzO,; Mn/SkO;3; and
Mn/MnO, mixtures respective)ywas poured into 466 mm long lead tube with initial inner
and outer diameters ofmm and 11.5 mm respectively. The endgeverimp sealed to
prevent any powders from escapifigm the tubes during extrusion. The tubes were then
subjected to a testep proprietary rolling machine in order to compress and consolidate the
powders. The final outer diameter was 6.4 mm andctre diameter and overall length

depended on theacking density of the filled composition.
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The lead tube was then cut into 100 rand44 mm sections to forfong andshortdelay
elements. The length dhe delay elemerstwas determined by thleurn ratemeasirement

technique.

The lead delay elementgereassembled for testing by fixingnaluminium tube to one end

of the lead tube and adding an aluminium @apbber grommeta rubber seal and shock

tube. The aluminium tubwasthen crimped onto the leadbe to ensure a secure fit. The
other end of the tubeascrimp sealed and a small hole drilled at the end to ensurarifat
gasproducedcould vent anddid not build up in the element. The Mn/&&h and Mn/MnQ
compositions required a starter compositidrhe starter composition was added by scraping
out a small amount of composition from the element and replacing it with the starter

compositionFigure 3-11 shows the assembly of the entire lelrdwn delay element.

3.2.2 Aluminium delay elements

The aluminium delay elements were prepared by pressing the mixed delay composition into
the aluminium tubes using a hydraulic press. Only the SPdomposition was tested using
aluminium tube elements. The filling process was performetD@tkg load, with+0.2 g
increments being filled and pressed until the twaes completely filled to the todx11
increments) The aluminium tubes were manufactured to contain an extensiorcabkut
accommodate all the ignition components. The ignitiommanents used for the aluminium
tubeswerethe same as for the lead tubes. The assembly of the aluminium delay elisments

shown inFigure 3-12.
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Aluminium Lead casing
Rubber tube
Shocktube . ! tube Vent hole Sealed end
N
Grommet (anti-static) Aluminium Starter Delay composition

cap composition

Figure 3-11: Assembly of the leadelay elements

/)

Shocktube Rubber tube Aluminium tube Vent hole

N\

Grommet (anti-static) Aluminium
cap

Figure 3-12 Assembly of the aluminium delay elements

3.3 BURN RATE MEASUREMEN TS
The burn ratesmeasured fopyrotechnic delay elementdepend to somextenton the

Delay composition

technique used for the measorent One of the objectives of this study was to develop a

safe, reliable and accurate method of testing the burn rates of the elements.
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The commercial method of testing the burn rates of delay elemestsin the mining

industry consists of testing theane between ignition and detonation in a fully assembled
detonator. The use of primary and secondary explosives in the detonators poses a high safety
risk to the personnel performing the tests, especially in a laborstaty setup. The most
commonly ued laboratoryscale testing technique sseéwo thermocouples. These
thermocouples are placed inside the delay element and the burn rates are calculated from the
temperature profiles measured by the thermocouplesvever, he burn rates measured

using this technique differssignificantly from those obtained using the commercial testing
techniqueThe newlR camera techniquihatwasdeveloped here will therefore be evaluated
against both of these techniquesd&termine the accuracy of the methothe setp and

methodology of each technique is discussed in this section.

3.3.1 Commercialtestingtechnique

One of the methods applied to measure the fataswas to assemblie delay elements into
commercial detonators. The detonators consisted of an aluminidhtatigining a section

of a primary explosive (lead azide) and a high explosive (pentaerythritol tetranitia¢se
sections of explosives afellowed by the leadirawn delay element. The detonators were
initiated via shock tulsandignited by an eldeic firing device.An aluminium cap, rubber
grommet and rubber tubgere also inserted into the aluminium shell as showrdrigure
3-11andFigure 3-12. The burnrate was determined frothe time interval recorded between

the triggering of a photoelectric cell and receiving a terminating signal from a pressure
transducer Tichapondwa et al. (20)0provide amore detailed description of the test

procedure.

3.3.2 Thermocoupletechnique

The delay elements weia@so tested using the commdaboratory techniquef utilising
thermocouples as triggers. The delay elements were assembled as sHéguren3-11.

Two 6rype P thermocaiples(one 2 mm (TE) and me 3mm (TG)) were placed 70 mm

apart in the lead elements. In order to ensure that the thermocouples could make proper
contact, small hokeweredrilled into the element and the thermocouplese inserted into

the holes. The burn rate was calculatednftbe time difference between a specific threshold
temperature rise detected by the thermocouplggire 3-13 shows the typical temperature
profiles measured using the two thermocouplé® effect of the depth of the thermocaspl

and also the distance between the thermocouples were investigated.
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Figure 3-13 shows the difference between the profiles measured with thermocqlgtes!
deep in the corand withthermocouples placed at the interface betwie lead tube wall
and the composition cor€igure 3-13 also compares these profiles to those obtained from
the core of the tube with a shorter distance betweetwththermocouples.

220
= T(, in core with 70 mm separation
°°°°°° TC, in core with 70 mm separation
180 4 TC, in core with 20 mm separation
""" TC, in core with 20 mm separation
. == TC, on surface with 70 mm separation
1% TC, on surface with 70 mm separation
o 140 +
1=
2
]
3
E 100 +
ot
60 +
200 V)t —
0 50 100 150 200

Time (ms)
Figure 3-13: Temperature profiles measured using the thermocouple tectinifaalepth of
the thermocouple&ore vs. surfacegnd the distanag20 mm and 70 mirbetween then are
comparedTC,; and TG represent the thermocouples with diameter3 wim and3 mm

respectively

In Figure 3-13 it can be seen that the measurement is highly dependent on the placement of
the thermocouples as well as on their size. The smaller size thermocouplén@$@ much

fader response than the thicker thermocouple,JTThis agrees with other studies, which
indicate that the diameter of the thermocouple significantly influences the calculated burn
rate (Jakubko, 1999Boddington et al., 198Boddington et al., 1986 The profile is further

highly dependent on the depdh which the thermocouple is placed. When the thermocouple

is not placed exactly at the core of the element, the response is also delayed and the
magnitudes measured are significantly reduced.
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The final measurements were therefore made with the two ¢lceuples placed in the core
of the element with a spacing of 70 mm between them. This provides enough space between

the thermocouples while still eliminating the ends of the element.

The threshold temperature that acts as the start and end triggerstwo thermocouples is

also an important factoFigure 3-13 shows that the profiles of the two thermocouples are
not parallel due to the response time being dependant on the size of the thermocouples. The
burn rate calculated i©i¢refore expected to change depending on the threshold temperature
that activates the triggerFigure 3-14 shows how the calculated burn rate varies as the
threshold temperature used to trigger the timer is varied. This investigeas performed on
fastburning (36 wt.% Si + Pi®,), mediumburning (50wt.% Si + PBO,) and slowburning

(36 wt.% Mn + SbOs) compositions. Since these burn rates differ in orders of magnitude, in
each case the burn rate was normalised to its regpgmtak burn rate to allow comparison.
These measurements were furthermore performed over a period of two weeks and the
ambient conditions varied significantly during this period. To eliminate this effect in the
thermocouple measurements, the temperatwese also normalised to the ambient

temperature

Figure 3-13 shows that the temperature profiles become less parallel as the temperature
increases. The response of;li6@ comparison to TCslows down faster as the temperature
increases. This is also evident fréfigure 3-14: the calculated burn rate decreases as the
threshold temperature is increased. It was therefore decided that the lowest response
temperature, corresponding to the maximum peak bate measured, would be used to
calculate the burn rate as it is the least influenced by the thermocouple response time and

external heat transfer.
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Figure 3-14: Effect of thethreshold émperature on thieurnrate calculatedor fastburning
(36 wt.% Si + PRO,), mediumburning 60wt.% Si + PRO,) and slowburning (36wt.% Mn

+ ShO3) compositiors.

3.3.3 IR camera technique
The first objective of the study was to develop a new test method for measuringrtihatesir
of pyrotechnic time delay elemenihe following requirements of the new testing technique
weredetermined
i.  The methodshould be safer than the commerd¢edtmethod and therefonmustnot
require the use of primar secondary explosives.
il.  The lurn rates measured using the new technique should be comparable to the burn
rates measured using the commercial technique.
iii.  The method should deliver continuous results throughout the duddtibe reaction.
iv. The elements tested using the new method showdquire minimal physical

alterations for testing.
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Due to the highly exothermic nature of pyrotechnics, the use of IR sensors was thought to be

ideal for application in this field.

The application of IR cameras in hitgmperature processes has incrdasgnificantly over

the last two decadeCarlomagno and Cardone, 2Q019agarajan et al., 1939From the
requirementsetout alove, it was decided that an IR camevauld bea suitable method of
measuring theburn rates of pyrotechnic delay elements. Since pyrotechnic reactions are
highly exothermic in nature, theeactionshould poduce a large amount of radiatiVie
energy thatan be measured usitig sensorsSincean IR camera consistd a large array of

IR sensors rather thaa single cell it would be the best option for obtaining continuous
information as required The IR camera used in this studyas the Dias Pyroview 380
compact Its technicalspecificationsarelisted in Table 3-2. The dher pieces ofequipment

required to apply this measuremesthniquewere

V A personal computer or laptop

V Alocal area network (LAN) cable

V Two small pieces aietal wire to connect the shock tube to the positive and negative
wires of the ignition charge

V A thermometeto measure the ambient temperatasanput data to the IR camera.

V A long ruler, triangle osetsquare that could be used to ensure that the lsangs
paallel and straight in relatioto thelens of thecamera.

Since the surface of the lead is shiny and irregular after extrusion, it produces a lot of spectral
scattering in the IR measurements. The delay elements were therefore all sprayetatith a
black hightemperature paint. This redstbe spectral scattering in the data and also changes
the emissivityof the surface to a value close to 1 (black bodifatéon), which is optimum

for IR measurementsThe test setup, sequence and data amsaby® discussed in the

following sections.
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Table 3-2: Manufactured specifications of the IR camera used in all burn rate

measurements in this stu(IAS Infrared Systems, 2010

Manufacturer 6 Specifications Dias Pyroview 380L compact

Frame rate 50Hz (max)

Uncooled IR array 384 x 288pixels

Field of view 30° X 23° appoxX.

Measurement ranges (-20°C to 120°C) or (0°C to
500°C)

Measurement uncertainty 2 °C or 2% of measured value

Operating temperata range -10°Cto 50°C

Temperature resolution <80mK @ (30°C; 50Hz)

Spectral range 8emto 14em

Operatingvoltage 10VvDC to 36VDC

A. Testingsetup and sequence
To ensure safety during testing, diettesting waperformedinside a fume cupboard. A
7.5mm polycarbonate sheetas placed inside the front cover of the fume cupboard for
additional protectionThe camera was placed inside the fume cupboard with the sample and
connected to a laptopomputersituated outside the cupboavih a Local Area Network
(LAN) cable.The shock tubesed to initiate the delay elemewms connected to theitiating

charge, whth was also situated outside the fume cupboard.

The input data to the IR cameradha be gatherethefore initiating the test The firstdata
requiredwasthe ambient temperature around the saniie. ambient temperature is usssl
a reference poinfior all calculations ofiR energy to temperatur&he other input datavas
the exact distance between tHelay elementand thelens of the IR cameraThis was
requiredto determinethe size thaeach pixewould occupy in the test spac&he sample was
placedhorizontally in front of the camera, with the vent hfdeing upward andaway from
the lens of the camera. Thissto ensure that if some of theacting material sprayed from
the vent hole it woulahot spray onto the lens of the camefFhe samplénad to be parallel to

the lens to ensure that no accuracy was lost due to miscalculatitespixel dimensions
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Once the sample was secured in place ptiigcarbonatesheetwas placed over the opening
of the fume cupboardAll input data to the camergereprovided including:

V Ambient temperature

V Data acquisition frame rate
V Sample emissivity
Vv

Sample absorptivity

Once everything was in place and all safety measwaddeertaken, the shock tube of the
sample was connected to the ignition chafigerewas about a & delay between initiating

data acquisition andctually capturing the data. The camera therefore had to be activated at
least 3 s before initiating the shock tub@®nce it was clear that theaterialreaction was
finished and that the elemehtd startedo cool the data acquisitiorwas stopped. The
sample was then left in position until it hadmpletelycooled down andould besafely

removed

B. Dataanalysis
The IR camera measures emittanaed converts the measured valuesdigplay a sebf
temperature values.The softwareof the IR camera that wassed for data analysiwas
Pyrosoft Professional The datas displayed as a temperature value for every pixel of every
frame at which dateverecaptured. ThéR camerahas a fixechumberof uncooledR sensors
resulting in anarray of 384 pixels horizontally an2i88 pixels vertically. The pixelswere
assumed tobe rectangularThe array cantherefore be seen as taking 1592 small
rectangular isothermal control volumesthin the image. Each pixel represents a single
measuremerdnd thereforé¢he area contaed in one pixel is specified at a single temperature
value.Thepixel is taken as aseudosteadystatecontrol volumefrom the time that the frame
is captureduntil the next frame isaptured Figure 3-15 showsan exanple of how the

temperature arrag displayedn a colour scale

One very important factor that must be taken into account whiigthe IR cameras that
themeasuredlataaresampled dataOne very important theoremhen dealing with sampled
datastates thain orderto obtain dynamic information about a system the frequency at which
the dataare sampled shouldbe at leasttwice that of the maximum frequenoy the system

(Luyben, 198% This theorem is mathematically repented in Equatiori 3.

IGAI DI EI Ao 31
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This, however was not always possible, since the burn rate of thebfasing delay
elements is very fast. The data acquisition frequency would therefore be a limitimgifact

determining up to which burn rate this IR camera would be adequate.

300 K 340 K 380 K 420 K 460 K

EE 0202020 -

Figure 3-15: Example of a captureldR imageof thedelay compositiofithe temperature data
from the camer#s displayed on theolou scalealongside the image

The R camera is equipped with its owspectralfilters which ensure @it most of the
electromagneticadiation from the visible spectruas well as the Itra-violet spectrunmhas
already beenfiltered out to minimse high-frequency noise.The sampled data did, however,
still have some scattering presente acquireddatawerethereforefurther filteredto ensure
that occasional starout valueddid not interfere with further analysiSuchstandout values

could be caused by ade variety of factors, to name only a few:

1 Artificial light reflecting from the surrounding area
1 Interference from large dust particles in the surrounding air

1 Inconsistencies the surface roughneasd finishof the elements

The datawas filtered by sing a $-order moving average filter whictvas sufficient to
remove occasional starolit values The output values after applying the filtevere
calculatedrom Equation 32.
= p pUp £ A
4 ELBSAEE 3-2
The MATLAB program written forthe filtering of the datais givenin Appendix C(named
IRdatafilter.n).

The average burn rate was calculabyddetermining the axial distance that the reaction
travelled in a ertain amount of timelhe average burmates of all the samples were analysed

from the centre of the sample
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When considering a single line the centre of the sample at any given time, a temperature
profile along the length of the samglea single instartan becompiled Figure 3-16 shows

two temperature profiedeveloped along the length ofsanple at two instancem time (t;

and %) along withtheir corresponding IR imageA temperature profile simar to the ong
shown inFigure 3-16 can becompiledfor every consecutiveframe that thelR camera
captures It is important to keep in mind that th® imageswith the temperature data
acquired ardrom the outersurface of the tubeThis means that the heat generated by the
exotherme reaction must first be transferred through the wall of the hédjere thelR
camera can measure When consideringthe different profiles inFigure 3-16, it can be
obseved that these profiles aralmost parallel atvery low temperatures. At higher
temperatureghe shape of the different temperature profiles starts to deviate between frames
(time). This is likely due to the fact that thegher temperatures ameasuredehind the
actualcombustionwave They arethereforeaffected by the cooling ahe reacted material
earlier in the tubealong with heating from the reacting material further down the tube

throughconduction and convection mechanisms.

By calculating the distance that the wave has travelled over time atcdicsphreshold
temperature, the average buatecan be calculated’he distance the wavteavelledcan be

directly related to theumberof pixels passeth a certain time The size of the pixels is a
function of the distance that the sample is platedn the lens of the camera The
relationshipbetween the size of the pixel and the distance between the sample and the camera
in these experiments tescribedy Equation 33 (DIAS Infrared Systems, 20).0

T 3-3

0E@GAT
Once the horizontal length of thpixels has been determined, the distance that the
temperature wave has travelled can be calculated by multiplying the size of thbyyixel
number of pixels passedThe time that the wave took to cover this distancan be
determined from the number &&mes that the camerapturedover this distance and the
frame rate of the acquisitianThe MATLAB program written for the calculations of the

average burn rate is attacheddppendix C(namedaverageburnrate.in

In order to accurately and consistgntalculate the burn rate for different elemerite
factors affecting this calculation had to be evaluated and defined. The first factoeffette

of thethreshold temperature on the profile that is usezhloulate the burn rate.
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Since the effedis expected to be similar to the evaluation performed on the threshold trigger
temperature in the thermocouple technigeigyre 3-14), the same approach was followed.
The burn rates calculated at different threshold temperagweeshown irFigure 3-17 for a
slow-burning composition (3@t.% Mn + ShOs3), a mediurdburnng composition (50nt.%

Si + PO,) and a fasburning composition (3@1t.% Si + PRO,).

Combustion wave

490 -
. 440
S
2
£
5 390 -
="
5
=1
<
T 340 A
7]

290

0 10 20 30 40 50 60 70 80
Axial length (mm)

Figure 3-16: Example of twaemperature profikedeveloped over the length of the element

attwo instancsin time(t; and t) as derived from the IRamera data
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Figure 3-17: Calculated normaliselurn rdes using differenthreshold temperatures to

determine théurn ratefrom thetemperature profiles

From Figure 3-17 it can be seen that tH® camera measurements are significantly less
dependent on ththresholdtemperaturaused for calculating the average burn ridu@n the
thermocouple technique. The skowrning composition is almost independent of the
calculation temperature and even the-fagiing delay composition has less of a gradient in
changeof threstold temperatureghan with the thermocouple technique. Another significant
observation is that the peak temperature measwiag the IR camera is about 130 higher

than the peak temperatures measured using the thermocouples. Since melting of the inner
layer of the lead was physically observed, it is expected that the surface temperature is in the
range measured using the IR camera and not the thermocouples. The thermocouples likely
measure lowetemperatureslue to a much slower response time than theti@n time. The
contact between the thermocouples and the delay element idikelsonot sufficient to
properly conduct the heafhe most consistent results were obtained when the lowest
possible temperatungas chosen.The temperature shoyldowever still be high enough to
ensure that fluctuations in ambient temperature measurements do not interfere with the
calculations. The lowest temperaturthat was found viable was °C above the ambient

temperature.
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The fluctuation in ambient temperaturesaalways found to be less thari@ and therefore
5°C above ambient was safe enoughavoid the influence of fluctuatiorsdyet still low
enough that theninimal amounbf the heat transfer effects would tadgen into accountTo
ensure that the callationswereaccuratefive differentthresholdtemperatures wengsed to
calculate the burn ratand he average burn rate of the calculatiovess used The first
threshold temperature was taken 83%C above the ambient temperature, and aliger

thredold temperatures were takan3 °C intervals above the firsémperature

Thefirst and last secti®of each elementerealsoexpected to have some effect on the burn
rate. To eliminate these effects from the reswltdy themiddle section of the sgrtes wa

used in the calculation of the averdnen rate The length of the sample thaasomitted at

both endshadto be the same for all samples to ensure consistencyindlculations. In
order to determine the length of element that should berelted, the instantaneous velocity

profile overthelength of the elements wasiculated Figure 3-18 shows the instantaneous
velocity profile over the full length of the element. TMATLAB programwritten for the

evaluation of the instantaneous velocity profile géven in Appendix C (named

instantaneousvelocityprofile)m

350

300+ @

(o]
th
=]
1
1

.r.‘\ ;'.
;e s 00 86 \ 06 e
[ 0o veoee0es oo

Burn rate (mms!)
— 2
th =]
=] =]
: L

100 +

50 —
20 40 60 80 100
Distance along element (mm)

=]

Figure 3-18: Instantaneous velocity profiedong the axial length of the delay elemfmta
lead tube delay element containingv@6% Si + PRO,
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From Figure 3-18 it wasfound that the fit 15 mm of the elenenthada different burn rate
than the rest of the element. This is likely due toigimtion system at the beginning of the
elementhaving different heat transfer rates, and the heat is thus transferred dotsioe
surface at a different rate than the rest of the elenfdmd. ignition mechanism cansal
influence the first section of the elemeland thereforat was decided to exclude these

sections when calculating an average burn rate.
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4 NUMERICAL MODELING O F DELAY ELEMENTS

A finite element model of the pyrotechnic reaction inside the delay elemest ceated
using COMSOL Miltiphysics (COMSOL, 2013 The model incorporates both the
pyrotechnic mixture inside the element as well as the physical structure of the elEneent.
geometry, meshing, governing equations and numerical sagdrscussed in this section.

4.1 GOVERNING EQUATIONS

The mathematical equations used to simulate the reactions are divided into two tireups
first group contains all the equations describing how the chemical reactiors ecclis
contained within the fst governing equatignvhich is theconservation of mass. The second
group of equations am@ncerned witlthe heat transfer present in the model and falls under
the second governing equation describing the complete energy balance. Tvomse@cte
fast and one slowjvere chosen to waluate the model. The firstas the reaction of M
(Mny) with Sb,0O3 (Sh,O3p) and the secondiasSi with PlO,. In both cases a fuel content of
36 wt.% was used.

4.1.1 Conservation oimass
This section contains all the equations used to describe the chepyoaleChnic) reactign
including all aspects of the mass balance. In otderedict the reaction kineticthe first
thing that wasrequired was the chemicalreaction equation which describes how the
combustion reactions take plada. order to predicthe chemicakeactionequations, Evi
(Noléng, 200% simulationswere done to determine the most thermodynamically stable
reaction equations favoured. The results of these simulations for both the compositions are
shown inFigure 4-1. From thesesimulationsthe reaction equatis describing the reactien
of the two compositions were predicted as pnésd inScheme 41 andScheme 42 for the
Mn + Sb,O3; and Si +Pk;04 reactions respectively.

C3E0OA ©OgO0Ac3E Schemes-1

-1 3N 0-1T3A3Aa0-11/ Scheme4-2

Schene 4 1 indicates that the SiP0,4 reaction proceeds via the expecteerthite(redox)

reaction(Jakubko and Cernoskova, 19®I-Kazraji and Rees, 1978l-Kazraji and Rees,
1979. The reaction for Mn with SB3 in Scheme 42, on the other han@ppears to undergo

a thermite reaction along with an exothermic intermetallic reaction, producing alloys of Mn
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and Sb. This wafiowever, an exceptional finkhg and needed to be further compared with

experimental data in order to confirm the existence of this exothermic intermetallic reaction.
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Figure 4-1: The Evi simulation predictios of the different reaction products obtained and
theadiabatic combustion temperatdioe (a) the reaction of M+ Sk,O3 and (b) St PO,
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In order to validate the predictions of thkviEsimulations, XRD analysis agperformedon
the reaction product seduesof the Mn+ Sh,O; reaction,containingvariousfuel contents
The XRD diffractograms of the residues produced after burning for the samples that
contained 25t.%, 35wt.% and 45w~t.% Mn prior to combustiomreshown inFigure 4-2.

The XRD diffractograms of all the samples are shown in Appendix D.

@ A
Asb @ vnO B Mn,Sb * MnSb
+ MnszO4
jw
(b) A
=5
-}
z
= O
=
8
=\ »
© A
@
\ -
——
0 10 20 30 40 50 60 70 80 90
20,°

Figure 4-2: XRD diffractogramf the residues obtained after combustion for samples that
contained (a25wt.%, (b) 35wt.% and (c) 4wt.% Mn with SbO3

The Ekvi simulations shown irFigure 4-1 indicate the presence of unreacted:CBbfor
samplesthat are fuel lear(<36 wt.% Mn). This is expected for the first redoreaction

depicted inScheme4-3.

o-1 3A O0¢3Ac-11 Scheme4-3
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The XRDanalysis on the other handndicatesthe presence dfinSk,O, with a peak atd@ a

27.3. This peakwasfound for samples that contained\86% or less fuel.

A local peak in adiabatic flame temperature (>1630w&sfound at this compositioof the

Ekvi simulations inFigure 4-1. Above this composition the formation of MnSb andJgin

was predicted by the Evi simulations, whichwere confirmed through the XRD results
shown inFigure 4-2. The XRD analysis indicated that alle samples containedo some
extent,the MnSb intermetallic product. Even the samples that only contained.26Mn as

fuel also sbweda small presence of MnSh. The presence of thgSlms visible through a
peak at @ 34.3, which was also always accompanied by a second steuatirnpSb with

a main peak a&2d 38&.3. The overall peak in adiabatic flame temperature gedat eout

49 wt% Mn. This composition is consistent with the stoichiometric value of the standard
thermite reaction, combined with an additional exothermic reaction represented in
Scheme4-4.

v-1 3A Oc¢c-T13A&-1T1/ Schemed-4

At even higher fuel contents the presence of unreactedddid also be observed with a
peak at @ 48°. Another significant observatioftom the Ekvi simulations of the Mn +
ShO3 system,was that the adiabatic flame temptre reache close to a plateau value
between the fuel contents &5 wt.% and 55nt.%. This is a highly favourable characteristic
as it indicates that steady sphopagatiorof the reactiorcan be expectedver a wide range

of fuel contents This platea can be attributed to the formation of the Mn with Sb alloys
through exothermic reactionghe XRD diffractogram of the sample containingvi23% also
show the formation of MnSkD, which is not predicted with the EKVI thermodynamic
simulations. This compwnt is likely formed during the cooling period between unreacted
reagents. It is only present in the most oxid#tt compositionThe XRD diffractograms of

all the samples containing from 26.% Mn to 50wt.% Mn areshown in Appendix D.

In the numerial model developedhe reactiorof the compositioms modelled as a stationary
batch reactor with its corresponding mass balance described in Egidtion

N

#

Lo 4-1

AN

The reaction rate isescribed through an autocatalytic reaction rate betweeroxiue

reageniB) andthe mainthermite(redox) reaction produ¢D) as indicated in Equatioft2.
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The initial concentrations ofall the components are given ihable 4-1. The initial
concentratios of component Din both cases arectually zero, but for initiation of the
numerical solvethis has to be a nexrero value. Th initial concentration afomponenD in

both casesvas therefore seit 1% of thelimiting reagent concentration.

Table 4-1: Initial concentrations of all reagents used in the two models

Component Initial C oncentration (mol/m®)
0 3104900
0 221300
0 0.00
0 22.13
0 26251.00
0 879%.00
0 0.00
0 262.9
0 0.00

Thetemperature dependenof the reaction rate is described by the Arrhenius equation given

in Equation 43,
E EAOPYE2 4 4-3

The heat generated by the reaction overtithe progression offte reaction is described by
Equation 44, where the heat of reaction was experimentally measured using a bomb
calorimeter.

1 Qoo 4-4

The heas of reaction for the two reactiomseasuredvere 1.211(+0.023)MJ/kg for the St
PO, reaction and 1.163+0.014) MJ/kg for the Mn + SkbOs; reaction. These values
however differedby more than 20% from the expected theoretical values. This created some

doubt ado the reliability of the bomlsaloimetry measurementsr this applicationFor this
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reason the theoretical heats of reaction used in the maatell 098.15 kJ/mobxidantand
513.35 kJ/mobxidantfor the Si + PBO, and Mn+ SkhOs3 reactions respectively.

4.1.2 Heattransfer
There areseveralheat transfemechanismgresent in th@umericalmodel that comtbute to
the energy balance ovére delay eleménThe different heat transfer mechanistnat are

present in the energy balance are desciib&igyure 4-3.

Propagation of reaction

N
7

Heat loss via conduction
through tube walls and
paint layer

Heat transfer
through porous

Heat ‘

generated by delay composition

exothermic _ :
reaction Heat loss via convection
and radiation to ambient
air

Figure 4-3: Theheat transfemechanismgresenin the energy balance oviére delay

element

The first mechanism is the heat generated by the combustion reaction. This heat is the driving
force for the reaction to propaga along the length of the tub&he heat generated is
transferred radially and longitudinally through the delay compositialow the reaction of
the composition to propagate. The heat is furttarsferredhrough the solidead tube and
the solid paint layethrough the conduction mechanisihe heat is lostrom the paint layer

to the surrounding airia convection and radiation

The heat generated through the reactionthesheat sourcenecessaryfor the reaction to
progess. The heat isansferredhrough the powder mixtures longitudinally via conduction.
This conduction mechanismowever has to take into account that the powder mixture is not

a solid material, but consists of a mixture of metal and metal oxide pewitérair spaces in
between. The model should therefore describe the conduction of heat through a porous
medium. Theenergy balance over this porous mixtofethe filled powder is described as

follows:
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This conduction model incorporates the porosity of the material through equivalent thermal
properties() Cp)eq and <eq The equivalenthermal conductivityand equivalent heat capacity
arecalculated using a parallel mixing model where heat transfer is assumed to occur parallel
to the direction in which the mixture and the aie packed alternatinglyMujumdar, 2008.

The paallel model for calculating the equivalent thermal conductivatyd equivalent
volumetricheat capacity of thpackeddelay compositiornis given in Equatioa4i 6 and 47

respectively
Iin /do Bole 4-6
Mo AN | MFph 6 BoMEp i £ 4-7

The subscrips indicatesthe propertiesof the solid powder mixtureandf indicatesthe fluid
propertieswhich in this case is aitn order to calculate the eigalent thermal conductivity

the individual propertiefirst had to be determine®yrotechnic reactions occur at very high
temperatures and physical phenomena such as phase cheagekiring the procesdt was
thereforedecided that the model should contain temperadepenént properties as far as
possible There are currently no reliable thermal conductivity data availabtleeititerature

for PO, and no models for predictinthemal conductivity (Mujumdar, 2008 PlsOy,

however decomposes to PbO +,@bove 813 Kwhich is far below the expected reaction
temperaturgJakubko ad Cernoskova, 1997Al-Kazraji and Rees, 197&ulacsik, 19741

The thermal conductivity of PbO is availakiethe literatureand was therefe used instead.

The errorresulting fromthis assumption is expectedlte significantonly below 813 Kand

not in theexpectedemperature rangge-1l 000 K) for the reactionAlso notableis that very

little datahave beermpublished on the properties dfet materials above melting point. The
properties were in these cases assumed to remain constant over all temperatures in the liquid
phaseSince the changes in properties over phase changes are orders bigger than the variation
over temperature in a singbhase, this is not expected to influence the model significantly.
The thermal conductivity of the solid mixtuoé Si + PRO, is represented by Equatiofi 8

(derived from data obtained fromnisimova et al. (2004and Magomedov and Gadjiev
(2008). A graphic representatiorf the derivatiorof all thethermaphysical relationshipfor

all thematerial properties given in Appendix E.
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There wa alsono reliablethermal conductivity data available for £h. Since SbO;s is used
extensively as a fire retardant, it is expected to have an even lower thermal conductivity than
other metal oxidesO(01- 40 Wm"K"%). The lower end of thisange was therefore assumed.
The ShOs; further sublimates andecomposes at a low temperature and is expected to be in
the gasousphasewhen the reaction occyrsvhich would lead to a evenlower thermal
conductivity The thermal conductivity of the sdlimixtureof Mn + Sk,Oj3 is represented in

Equation 49 as derived from data obtainedliriernational Atomic Energy Agency (2008
l.; m8nm#Aom8 Yp Py 140 p eI
V8TT El40 pmwrn 4-9

The density of theSi + PO, solid mixture is calculated as 276 kg/nt and the volume

fraction of solids is 0.559. THeeat capacity of the solfgi + PO, composition is derived as
described in Equationi40 (Green and Perry, 200Besai, 1986Dean, 1999Garnier et al.,

1979

6fr Y UYL T @ YU AI™D p ¢ ydu
#or A VLOX8WOO A1 40 poyuv + 410

In order to account for the phase transitions undergone by the reagents and products, the
latent heats are tak into account using the method describedlolyshin et al. (198) This

method isshown in Equation 14l1. The delta function in Equationidl (y 4-4 ) was
approximated by a narrow Gaussian distributioentred on the applicable transition

temperaturesT(,).
#orid Ford 1 44 4-11

When first considering th8i + PO, composition,it is seen thathe reaction mechanisms
have beenwell explored.The reactionof Si + PO, is assumeé to occur in thestages
represented iBchemes 4i 5 to 4i 7 (Al-Kazraji and Res, 197%

OA OgOA/el Scheme4-5
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3E/ ©O 3 Scheme4-6
COA/3PR 3/E cOA Scheme4-7

As discussed earlier and describedscheme 45, PO, will decompose to form Pb@nd

O,. PbOalsoundergoes the firsthyase transition and melts at 1163vith a heat of fusion of
52.86 J/kgGreen and Perry, 2008The nexiphase transition occurs a?Z@0 K, where the Si
meltswith a heat of fusion of ¥#11 J/kg (Green and Perry, 20R8/Nhen this temperature is
reached, any unreacted PbO will further vaporise at a temperaturé4éfkLand a heat of
vaporisation of 98 J/kg (Green and Peyr 2008. The SiQ will also melt when he
temperature reaches9¥3 K witha heat of fusion of 148/kg (Green and Perry, 20R8The
three resulting products can also vag®iif the temperature exceeds the boiling point. The
leadproduct which boils at 217K with a heat of vaporisation of 849 J/kg the most likely

to vaporise(Green and Perry, 20D8There is alsohte possibility of the Si@boiling at a
boiling point of 2503 K with a heat of vapaation of 5751382 J/kg (Yaws, 2010. The
unreacted Si is not likely to vaporise as this only occurs at a temperature df,3420f the
temperature reaches this i the heat of vaporisationl2 782397 J/kg will also be
accounted for(Yaws, 2010. The effective heat capacity for the solid mixture is therefore

derived as presented in Equatioiil2.
ool #E4 ZPTPPAFPXTNGiq/NCB8N4PP QO
ZE/RTR4PWXOHAPT Q4L T X
GE/NXVPQUEC UVTTOG 4o/RPQG 4-PXTU

ZPCXPOPDRT QT 4-12

Now considering the Mn + $03; compodion, the nature of this reaction is complex and a
range of phase changes are possible. The first phase change expected is the sublimation of the
SkO; at 723 K with a heat of vapaation of 631504 J/kg (Centers, 1988Golunski and
Jackson, 1989. The next phase change possible is the melting of the Ma@8 K with a

heat of fusion of 26247 J/kg(Green and Perry, 2008Furthermore, the Sb product will
vaporise at 713 K with a heat of vaposation of 1603706 J/kg (Green and Perry, 20D8

Next, the MnO product will melt at 212 K with a heat of fusion of 7@/3 J/kg(Yaws,

2014. The Mn will also vapase if the reaction temperature reache$28 K witha heat of
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vaporgation of 4200146 J/kg (Green and Perry, 20D8The vaporisation of MnO only
occurs at temperatures abovd@ K, which is highly unlikely to occyrand will onlydo so

if the reaction tempatures are found to reach close to this temperature. Two other possible
phase changes are the MnSb and the MnO vaporising. Thdrewsver no information
available about the boiling point or heat of vaporisation for Mredin it was therefore
assumedd remain in the liquid phase within the reaction zone. The effective heat cagfacity

the solid mixture of Mn + SiO3 is therefore derived to Equatioin3 from Equation #411.
#ord H#BR4 DicHOPUMFTXCO Zp@n4pXpo
d;i¢cog 4pTtwod;t¢mun4dgTqu

i/ XPOUXKECPPC 4-13

The density of the solid Mn + $B; mixture is calculated a5 780 kg/n? andthe volume
fraction of solids measuraslas0.693. The heat capacity of the solid composition is derived
to Equation 414 (derived fromGreen and Perry (2008

#o 5 A T84T MPY w8 M @ IO ppmy +
T™CHO TTE8CT Alpp Ty 4+ pT WO
PCOoO8TWYC Alpor wo 4+ 4-14

ShOs is assumed to haveompleted the sublimation phase by 929 K, armbnstant heat

capacityis assumed above this temperature.

The solid heatransferthrough the leadvalls of the tube is described through the solid

conduction model deribed in Equationidl5.
"0 — o_ Y v 4-15

The thermal conductivity of the leamibe wall wasderived from experimental data by
Hemminger (198Pasgiven in Equation ¥416.

1) A4Z& P 8 P& C pmm +

li 444 X8UYTMIT 4 M8MPp W emm  + 4-16
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The heat capacity of thedd in solid and liquid phasegs/en in Equation #17 (Green and
Perry, 2008

Hopg TMSTH TIXpWp QB8ULPOWE O @nm +
poxX8aogpo A O @+ 4-17

To account for the lead melting, the heat of fusion is taken into account as described by
Aldushin et al. (198)in Equation 411 and used in Equationg #2 and 413. The heat of
fusion of the lead is2716 J/kg at a melting point of 600 (Green and Perry, 2008The

temperaturalependat heat capcity of the lead wall is described in Equatioinl8.
#oh 4oAa #orA QT XIPROTT 4-18

The solid heat conduction through the paint laieedescribed by the sanselid conduction
model as for the leadvall i the constantthermal properties usedre listed AppendixF
(Raghu and Philip, 2006)

The heat loss tathe ambientatmospherdas expected to occur via natural convection and
radiative heat transfeflhe radiative heat transfeand convective heat logsom the paint
surface is calculatedith Equation 419. The enissivity of the paints taken as 0.98nd the
temperaturaependat heat transfer coefficient is descridegdEquation 420 (Cengel, 2006
American Society of Heating, 1997

€ OInd4 M45;747) Eij 14108 4-19
Eirjo p 8D8idR ° 4-20

The characteristitength &) was, in this casetaken aghe outside diameteasf the element
due to the small and thin nature of {hent layer on theéube.DT indicates the difference in
temperature between the surface of the paint and the surroundirithaivalues ball other

constant parameters are listadrable F.1of Appendix F.
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4.2 GEOMETRY AND MESHING

The resultobtained fronthe numerical modelerecompared to those from the IR camera.
The modelwas thereforeset up undeprecisely thesame conditions as dldelay elements
produced for thdR camera measurements. Ttelay elementsproducedfor experimental
testing consisted 0100 mm longleaddrawn elementcoated on the outsideith high
temperaturgesistant matt black enamel paifthe assembly of thesslementss shown in
Figure 3-11. The dimensionsand characteristicef the leaddrawn elements produced and
modelled for the two reactions under investigation are givé&ppendix F The geometry of

the leaddrawn delay elememhodel is shown ifrigure 4-4 in both 2D and 3D view

Paint Lead Delay composition  Copper plate

/

r

Axial symmetry

3D

A

20 mm 10 mm 0 mm

Figure 4-4: Geometry of the leadrawn delay element model in 2D and @Bws

The mesh was created from trianguementsand thesize waskept almost constant
throughout the model. Adaptive mesh refinement was also evaluated. tedmmsque the

mesh is redrawn after every time step according to the variable gradients calculated for the
previous time step. Howekesince very small time steps had to be used to solve the non
linear equations, thisechniqueadded additional time to find the solutionThe use of
differenty sized elements in the different model domains was also evaluatedptbutim
solutions werefound for a uniformelement sizedistribution. In order to determine the

optimum element size, a mesidlependencstudy was performed.
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Since the rate of the reaction differed in orderssiae for the two compositionsarfd
therefore also the gradienta solution$ the analysis was done for both compositions
separately. The meshdependencevas analysed bgolving the model for differensized

elements and using the peak combustion temperaturecas@rgenceriterion.

Since the burn rate is an inélat resultobtainedfrom the model, variations could be
amplified in more than one calculating variable and lead to local minima results. It was
therefore decided that using a direct model varialgeld result in moresystematic increases

and would delive global minima solutions in the studythe mesh element size was
systematically decreased up to the point where a variation in peak reaction temperature of
less than 1%vasobtained in comparison to the temperature obtained from the previous mesh
size. In order to reduce the tintequired to solve the model withe very fine meshes, the
meshindependencestudy was performed oanly 50 mm long elementand not the full
length of 100 mm. The combustion front was found to stahitig@e first 20 mmand tre
additional 50nm would only add computational time without adding value to the mesh
independencatudy. The mesh convergence results for both the Mn 0%klnd the Si +
PO, reactions are shown figure 4-5. All model calalations were performed on an Intel
Core i#4720HQ with 32 GB of DDR3 randoiaccess memory in conjunction with a 256 GB

solid-state drive.
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Figure 4-5: Results fronthe mesh independence study(a) the Mn + SEO; modeland (b)
the Si + PO, model
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The final mesh parameters used in ailher simulations, as determined from the mesh

independencatudy, are shownin Table 4-2. Figure 4-6 shows a section of the mesh for

each reaction as used in the final simulations.

Table 4-2: Mesh parameters used in all simulations as determined from the mesh

independencstudyand appliedor a 100 mm long element

Mesh parameter Mn + Sb,O3 model Si + PkyO4 model
Total number of elements 38727 986688
Averageelement area 8946.92 um 3583.74 ym
Average equivalent diameter | 106.73 um 67.55 um
Average element quayit 0.986 0.989

Average growth rate 1.015 1.011

S
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(b)

Figure 4-6: Finite element model showing a section of the meshed elements used for the
numerical computation®r the models of (a) Mn + $05 and (b) Si +0,

4.3 NUMERICAL SOLUTIONS

The pseudo steaeBtate solution at each time step was calculated using the Newtonian solver.
The transient equations were solved using the PARDISO solver with rowrgeseng
according to a nested dissection mthtiead algathm. The Jacobian was calculated at every
time step to ensure that convergence to a tolerance’afd9 reached

One of the major problems with simulating pyrotechnic reactionthdsinitiation of the
reaction in the model. Since there is no existimgnerical modelof how the shock tube
ignites the pyrotechnicompositions, anotheneans of initiating the reaction is required. In
Section2.4.2 various initiation mechanisms used in previous stud@E® discussed. It was
decided that a combination of the methods ubgdvileva et al. (198Bwould be used to
initiate the simulated delay compositighitemperature pulse applied to thent of the delay
element should serve as a way of initiating the pyrotechnic delay composition in a way
similar to a starter composition.
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Furthermoreit was decided that a®Bm copper plate would be added to the front of the
element, againstwhich the temperature pulse would then be appli@the copper plate
ensurs that the heat being delivered to the delay composition from the temperature pulse is
evenly distributed over the surface of the element before it is delivered to the delay
composition The use ofindirect heat delivery wouldlso minimise the effect of the heat

transfer resistance at the interface ofdbpper plate and the delagmposition.

In order tosimulate the ignition as closefis possibléo the ignition of a starter composition
the temperature pulsevas used to simulate a 1fm section of startecomposition The
adiabatic flame temperature thie startercompositiorwas found to be 683 K from theEkvi
thermodynamic simulations, shown kigure 4-1. The burn rate of thetarter composition
measured witlihe IR cameravas 149.05 mns™ and therefore a 16 m section would burn

for about 67.09 ms. The temperature pwisetherefore delivered to thigottom surface of

the copper plate for 609 msthrough a Gaussian distribution with peaktemperature of

1 683 K. Figure 4-7 shows how the initiation of the reaction occurs using this method of

ignition.

0.015s 0.035s 0.042 s 0.043 s

1800 K

1600 K

1400 K

1200 K

1000 K

800 K

600 K

400 K

Figure 4-7: Numerical smulation of the temperature profiles of the first 30 mm section of
the element showing the initiation of the combustion waftbe 36 wt.% Si + PJ©,

compositionfrom the temperature pulse applied to the bottom of the copper plate
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The onlyparameters that aret availablearethe kinetic parameters(m, l§ andE;) from
Equatiors 41 2 and 43. The datafrom the numerical simulationsere comparedo the IR
camera measurements in order to fit these kinetic parameterse 1@ parameters can
however not be changed independently, as twsuld change the burn rate. The fitting
therefore had to comprise combinations of the four parameters that provide the best fitting
temperature profile while still maintaining the desirburn rateThe temperatures change
over time as well as over the length of the element. The fitting therefore badptimised

in both dimensiongrigure 4-8 shows the change in one temperature prafer the length

of theelement as well as over time for various combinations of kinetic parameter values. The
comparison of these profiles to the IR camera profile is also shohis. method was
followed to obtain the best fitting kinetics for both the Mn +@Gpand the Si + B5O4
modebk. Fitting of only the Si + PO, model is shown inFigure 4-8 to show the

methodology.

In Figure 4-8 it can be seen that thénetic parameters have a much bigger influence on the
temperaturegrofile over the length of the eleméahtan over the temporal profile. Least mean

square analysiwasperformed in both dimensismo find the best fitting kinetics.
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Figure 4-8: Surface temperatugofiles for the Si + PJ©D, model obtainedrom the
numerical model at various combinations of the kinetic parametars K,, E;), compared to
the temperature profile measured using the IR camera for (a) changes at paimgieer
the duratiorof the reaction andb) changeover the length of the element at a single point in

time
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5 RESULTS AND DISCUSSION

51 Mn+ S,03/MnO, PACKING

The packing of the Mn + $0; and Mn +MnO, compositionsvas investigated to determine
the effectof the particle size of both materials on the packing arrangements of the
composition along with their impact on theburn rate. The different sized MiMnO, and
SkhO; materials used for this study are listed Table 3-1, along with all related

chaacteristics described in Section 3.1.

Particle packing in compacts were imaged with a JEOL-JE3@0LV scanning electron
microscope (SEM)The leaddrawn delay elmentscontainingall combinations ofuel (Mn)
and oxidants (Si0; and MnQ) were sectiong and imaged tobtaina visual representation
of the packed compositions. The images for a few of these compositions are siaguren
5-1. For the Mn + Sf0O3; compositions it was found that all cases the Mn particles vee
significantly larger than the $03 particles.No discerniblepacking arrangementasfound
andeach ofthe Mn particleswasencased in @&gedof SkhO; particles. Theravasalmost no
contact betweerthe fuel particlesthemselves but there was a large amont of contact
between the oxidant particles and a single fuel particle. The largedierof contactpoints
existedbetween the oxidant particles themselves. It was further found that 10e &t an
attracton to the Mn particles and aykr of SbO; paticles stick to the surface ofrey Mn
particle. This can be seen iRigure 5i 1 (b). This is likely due to the static nature of,5k.
ShO3 has been found to be naturally electrostatically charged, which likely leads to this
6sti cki ngo odricles toahe M particlesdThia greatly assistadfacilitating

proper mixing and preventgurticle segregation afterwards.

The Mn + MnQ packing was found to differ slightly from that of Mn + .8k sincethe

MnQO; particle size distributions were muavider. It was therefore found that the Mn and

large agglomerates of Mn@vere both encased in the sea of small iModant particles. It

can further b seen irFigure 5/ 1 (d)that therevasn 0 6st i cki ng6é odstos mal |

the large fuel paitles and therefore not the same attraction between the two materials.

Page [/5



Figure 5-1: SEM images of the packed delay compositions sectioned from lead tubes
containing(a) Mn + SOz, (b) Mrnc + Sh,Ogz,, (€) Mn + MNO,c and (d) Mg + MNO,¢

In order toevaluate the effect of the particle packing on the burn rate, every combination of
fuel and oxidant of Mn with SKD; or MnO, wastested. The elements were prepared in lead
tubes and tested using thelustrial testing techniquélnfortunately,only one of the Mn@
samplegMnO;,c) reactedwith the Mn. The reason for this is not yet understood. The results
of the burn rates measured for the various sized particles of MaG; &hd Mn + MnQ are

shown inFigure 5-2. In Figure 5-2t he apparent o6énanod structur e
open symbols and theolid micron structured particles are shown with solid symbbiee
effective mixture particle siz&as used to evaluate the burn rate effebe éffective mixture
particle sizewas calculated as the volunfeactionweighted harmonic meafxdy,>) of the

fuel and the oxidant particle sizes.€Tproportionality constarfe = u<d,> was determined

from a leassquares fitThe resultsshown inFigure 5-2 indicate that the burn rate could be
proportional to the inverse of the mean particle size, which corresponds to the indications of
Armstrong (199pandAldushin and Khaikin (1974 The large ncertainties in bothalues of

P, however indicate that the particle size is not the only fatatinfluencesthe burn rate.
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One factor that could have a significant effect on these results is the porosity of the particles.
As found in SectiorB.1, the handsized particles obtained were not truly nawed but

were rather an agglomerate of nasiped particles fused togethdris leads to one large
micronsized particlewhich is porous throughout its structure. This cafect the results

shown inFigure 5-2 in several ways. Firstly, the particle size parameter could be inaccurate.
The overall -ssizzel 6ofpaat o c&eo wpacdscdmpaabletdaai n s e
solid micronsizedparticle,which contairs no air spacesAnother effect of the porosity is the
decrease in thermal oductivity which according to Huations2i5 to 2°8 leads to a
decrease in the bumate. The porosityon the other handacilitates the transport of gaseous

or liquid phase reagents into contact with solid phase reagents. This would increase the mass
diffusivity andlead to an increase in the buate. These factors all hawpposing effects on

the burnrate,the dominating factor depending on the specific composi@iner factors that

could influence these results are particle shapes, mixing efficiency and reagent preparation
methods. Since the reagemte from different suppliersand could have been prepared in

differentways the effect of these methods on the ted#y is not known at this stage.

The effect of local deviations frothe stoichiometry within the mixtusecould also influence
these results. In order to evaluate this, the effect of variations in the aofduei on the
burnrate was also evaluatetihe fuel and oxidanparticle sizes were held constantusing

only Mng and SkOsc as fuel and oxidant. The volumetric ratio represents the volume oxidant
to the volume fuel. The results of this analysis are showk igare 5-3. In the preparation
methods currentlysed the packing density was relatively insensitive to the fuel content of
the composition, even though the volumetric ratio decreased from about four to unity over the
range of experimental compositiortsgure 5-3 further shows that the bumate for Mn +

SkOs increases linearly even after the composition becomes fuel rich. This is attributed to
the finding of a secondary intermetallic reaction occurring after the theorgtheethiometry

of the redox reaction. This was depicted in Hiesi thermodynamicsimulations shown in
Figure 4-1 and verified with XRD analysis ifrigure 4-2. This additimal intermetallic
reaction adds exothermicity to the reaction even #fetheoretical stoichiometry is reached,
which leads to an additional increase in burn irafeel-rich compositionsin order to further
evaluate the impact of the composition dre tpacking of the mixture, the compacted
mixtures were imagedith a JEOL JSMT300LV (SEM). The images are shown kgure

5-4 for the composition of Mgiwith SlpOsc containing various amounts of fuel.
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Figure 5-3: Experimental packing densities, calculated volumetric ratios and burning rates as
a function of fuel content for the composition containingsMnd ShOs¢ at various fuel

contents

The SEM images iffrigure 5-4 clearly show an increase in the number of fuel particles in
relation to the number of oxide particles. When considering the imatjee gbmposition
containing 25wt.% Mn, it is surprising that any reaction can occur with the minimal amount
of fuel particles present in theo-dimensional view. This is indicative of the sublimation
undergone by the $0; oxide at a low temperature. The oxide is therefore in the gaseous
phase when the reaction occurs, and the reaction is therefore not lipipdgsical contact

or diffusion.The gas particles are free to move around and fill all the contact requirements of

the fuel in order to propagate the reaction.

The sameanalysis was conducted with Mras a fuel and Mng as an oxidant, but the
compositon was found only to burn over a narrow region of fuel content. Burn rate
measurements could only be obtained at 38.7 and 45 wt.% fuel with burn rates of
7.57(x0.18) mm& and 4.98 £0.03) mm3& measured respectively. This reduction in burn
rate for fuelrich compositions are consistent with the Ekvi simulations performed on the Mn

+ MnQO; reactions shown ifigure 5-5.
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Figure 5-4: SEM images of the packed composition containing sihd ShOzc with fuel
contents of (a) 25 wt.%, (b) 36 wt.%, (c) 45 wt.% and (d) 50 wt.%

SEM images of the packed Mn + Mp@omposition were also taken amage shown in
Figure 5-6. The composition containing 2&t.% fuel show vey few Mn particle visible in
the sea of Mn@particles This can beattributel to the composition burningnly at higher
fuel contents. The adiabatic flame temperatures modelled througkkifiesimulations
indicatethatthe temperature viss between 000 K and 2000K for compositions containing
between 20 and 80 wt.% fueéls discussedrom the TGA results in Section 3.1.4, the final
decomposition step of Mnnly occurs above 473K, which corresponds to th@edicted
adiabatic flame temperatures between 2t.% and 60wt.% Mn. Swangoel et al. (201D
obtained burn rate results betweenwt®6 and 75wt.% fuel, which would indicateyhen
considering lte adiabatic flame temperaturésat the reaction occurs after the firstiuction
step of MnQ to Mn,O3. The reason fothe prepared@ompositiors only burning between 38
and 45wt.% Mn is therefore still urlear. The Ekvi simulations indicate that the adiabatic
flame temperature decreases after peaking a&it4#@ Mn. This corresponds to the decrease
in burn rate measured between tBer3vt.% and 45wmt.% fuel samples.
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Figure 5-5: Ekvi simulations for the Mn + Mn@reaction showing the adiabatic flame

temperatures and product formations over a range of fuel content

SEM images of the paed Mn + MnQ compositionwere also takenwhich areshown in
Figure 5-6. The composition containing 25 wt.% fuel show very few Mn padicigible in

the sea of Mn@particles This couldbe attributed to the composition burningnly at higher
fuel contents. The adiabatic flame temperatures modelled througkkifiesimulations
indicatethatthe temperature viesbetween 000 K and 200K. As discussedaccording to
the TGA results in SectioB.1.4the final decomposition step of Mp@nly occurs above 1
473 K. The reaction is therefore only expected to occur abdv& K, which corresponds to
the predictedadiabatic flame temperatures between 20 waftl 60 wt.% MnSwanepoel et
al. (2010 obtained burn rate results between 40 wté&nd 75 wt.% fuel, which would
indicate (when considering the adiabatic flame temperatures) that the reaction occurs after the
first reductionstep of MnQ to Mn,Os. The reason for this composition only burning between
38 wt.% and 45 wt.% Mn is therefoséll not clear.
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Figure 5-6: SEM images of the packed Mwith MnO,c composition with (a) 2%t.%, (b)
38wt.% and (c) 4wt.% fuel

5.2 BURN RATE MEASUREMEN T TECHNIQUE

One of the objectives of th@udywas todevelop and evaluate a new method for measuring
the burnrates of pyrotechnic delay elements. The methad required to eliminatsome of

the problems with other commonly used techniques. From the discussion in Se8tibn
was decided to use an IR camera to measure the burnFigie® 5-7 shows the progression
of a fastburning (Si + PpO,) compositionand a slowburning (Mny + SkO3p) composition

captured by the IR camera.
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Figure 5-7: Propagation of(a) a fastourning Si+ PO, compositionand (b) a slowburning
Mn + Sb,O3; compositioncapturedby the IR camera

The average burn rates measured using the IR cansecompared tdhose obtaiad by
two other commonly usei@chniquesthe industrial detonator test atite thermocoupldest
which were described in SectioB.3 in detail. Figure 5-8 shows the asrage burn rates
measured for compositions containing Misl»0O3 at 36 wt.% Mn and St PO, at various
fuel contents ranging from 30 wt.% to 55 wt.% Si measured using all three techfiiaes.

results are also shownrable G- 1 in Appendix G.
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Figure 5-8: Comparison between the burn rates measured using the IR camera, the

commercial detonator test and thermocoug$tsof compositions containing) 36 wt.% Mn
+ SOz and(b) to (g) Si + PO, containing30 wt.% to 55wt.% Si

It was not surprisingo find that the burrrates measured using the different techniques were
not the same. Each method measures different variabldb@de@tonators amot assembled

in exactly the samway. The fully assembledetonators use a sealing composition and are
also placed in an additional aluminiuobe. When comparing the burates, thdR camera
measured burn ratewere much closer tothose obtained byhe commercial detonator
technique thnthosemeasured using the thermocouples. Furtheemthe standard deviations
of theresults obtained from thiR camera method are of the sawrder aghe results from
the detonator burmates. The thermocouple methaxh the other hand, resulted inrydarge
standard deviations. The thermocouples used in these tests were too big and their response
times were t@m slow o accurately capture the bumates of the elementd/ery small
thermocouplegherefore have to be uséd obtain more consistent dss. The IR camera
results wereconsistently repeatable and wdoaind to be reliableThe progression of the
temperature profilesmeasured using the IR camdoa both the slowburning and the fast

burning delay compositions over the length of the elemenshown irFigure 5-9.
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The temperature profiles shown kgure 5-9 indicate that the fadiurning Si + PO,

profiles are not yet fully developed. The skwrning Mn + SbOs profiles on the other

hand, are fully developed. The burn rates measured for theseslawing compositions can
therefore be assuméda bereliable, whereas the fabtirning compositions need modellitg

verify the burn rates measured. From these results, it was decided ghlslinth- ShO3

profiles could be used to calibrate a numerical model for predicting the burning behaviour of
the delay elements. The model could then also be applied to verify the burn rates measured

for the fastburning delay composition.
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Figure 5-9: Temperature profiles over the length of the element for (a) thédasing Si +
PO, and (b) the slowburning Mn + SbO3; compositiongaken over the centre of the
elementBoth compositions contaed 36 wt.% fuel

5.3 NUMERICAL SIMULATION S

A numericalmodel of the complete delay element structure was created according to the
details provided in Sectioh The outside surface temperature was fit througlastéguares
method to the IR camera measurements taken for bosidiweburningMn + SipO3; andthe

fast burningSi + PO, reactions. Since the slelaurning Mn + SbO; compositionresulted

in fully developed temperature profiles, it was used to develeprthdel, which was then

also applied to the fa&turning Si + PpO, reaction.The progression of the reaction modelled
and measured using the IR camera for Mn #0gland Si + PO, is shown in

Figure 5-10andFigure 5-11respectively.
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The tanperature profiles on the outside surface of the elements was fit through-a least
squares method (as described in Chapter 4) to obtain the kinetic parameters. The temperature
profiles measured using the IR camera and modelled for both compositions whistife

kinetics are shown ifrigure 5-12. The best fit kinetic parameters for both compositions are

given inTable 5-1.

Table 5-1: Best fit kinetic paranters obtained for the numerical model

Composition | Fuel content Ea (kJ/mol) | ko n |[m
Mn + SbOs; | 36 wt.% 30 2.75x10% m?*mol % * 8 |1
Si + PhO, 36 wt.% 30 5.6x10% m*mol 's* 9 |3

Good agreement was obtained between the numerical model and the IR cat@efhe
reaction kinetics obtained from the empirical fit is exceptionally high. This suggests that the
constants have no physical basnl ispurely an empirical equatiom both cases, however,

the measured profiles converge to a higher peak tetyserthan the numerically modelled
profiles. One reason could be due to the assumptions iaolet theoxidant thermal
conductivity.A sensitivity analysis wathereforeperformed on the physical properties of the
compositions to aid in understanding teetent to which these properti@sfluence the
numerical model.In order to evaluate the sensitivity of the models to the different
parameters, the burn rategneevaluated for either increasing or decreasing property values

depending on the feasibilityf the parameter value changes.

In Figure 5-13 it is shown that the thermal conductivity has a very small effect on the
numerical model. The thermal conductivity is therefore not the reason for the discrepancies in
the peak tempature observed. It was also found that when the thermal conductivity was
increased by more than 20%, the reaction died out before it reached the end of the element.
The heat of reaction was found to have the most significant effect on the burn rate. The
density and heat capacity only appear in the model as a composite parameter. An increase in
either parameter leads to a decrease in the overall burn rate. In the case of density and heat
capacity, a property increase of more than 15% causes the reactdmgmish similar to

the extinguishingthat occurs for the increased thermal conductivity. Another cause of the
peak temperature discrepancy could be the heat transfer parameters. In order to evaluate this,

the sensitivity of the Si + BB, model to change in the heat transfer parameters of
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convection, radiation and porous media conduction was analysed. The results of this
sensitivity analysis are shown kigure 5-14.
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Figure 5-12: Temperature profiles on the outside of the element as developed over the length
of the element obtained from the IR camera and the numerical model for (a) M@sa8d
(b) Si + PRO,
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From Figure 5-14 it was found that thexternal heat transfer parametdisA andheony) had
anegligible effect on the bumate.This wasprobably due to the reaction occurriaiga much

faster ratethan the rate at which heat transfer occurs. The heat transfer only affects the
composition after the reaction has already completed. Similar to the results for MOs#rSb
Figure 5-13, the heat of reaction has aysificant impact on the burmate. Decreasing the

heat of reaction by more than 35% further leads to the reaction stopping before it reaches the
end of the element. The volume fraction solids in the porous compositioradsa big

impact on the burmate. The sensitrity of both models to the parameters showrFigure

5-13 and Figure 5-14 was found to indicatéhe samdrend The significant effect of these

two parametersH;x and. ¢ is due to the delay compositidreing modelled as a porous
medum through which the heat has to be conducted in order for the reaction to propagate
forward. These two parameters directly influence the amount of heat generated in the reaction
zone and therefore the rate at which the e#ansferred axially through the composition.

Due to the composition being modelled as a porous ungdihe intensity of the heat
generated at a specific point is a ratatrolling factor.The analytical modebf Khaikin and
Merzhanov (196F in Equation 25 represent the heat of reaction to be inversely propatio

to the burn rate. Thiscontradictscurrent findings.Another notable finding is that the
numerical model predicted that the volume fraction solids (or packing density) have a
significant influenceon the burn rate. The packing density ®wever not a parameter in

any of the analytical models presented.

The predictions of thenumerical modeivere validatedby comparing the effect of dorent
temperature on the bumate withthe experimental results obtained ihe literature. The

result of the valid@on is shown inFigure 5-15. The average burn rateas predicted by the
numerical model to increase By0% for a50 °C increase ithe ambientemperature. This
corresponds wetb experimentabnd numerical findings of 8.82 and 9.65% increase per 50

°C obtainedrespectively byJakubko (199) experimentally andBoddington et al. (1999
numerically.Li et al. (2010, however,obtainedinconsistent results with the increase in burn

rate which vaned betweena 3.05% andan 8.24% increase fos 50 °C increase in ambient
temperatee over a range diuel-lean compositions containirg) + PlyO,. Their slopes of

burn rate over ambient temperature increased for increasing fuel content. One factor that
could have influenced their results is the filling process. The compositions wélledilio a
constant weight at a constant pressure, but the compositions varied between 1 wt.% and
16 wt.% fuel.
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The change in composition could significantly change the density of the compoaitin

when pressing the same mass at the same pressuceresut in different packing densities.
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Figure 5-15: Change in burmate due to changes in the ambient temperature as modelled and
obtained experimentally hjakubko (199)for the Si + PpO, system containing 3&t.%

The effect of changes in théube wall geometryon the burn ratevas investigated for
aluminium and leadube delay elementsi-igure 5-16 shows the results from this analysis.
The data were predicted numerically for lead tubes with a constant insideneter of
2.625mm and varyingoutside diameterfor lead tubes with a constant ades diameter of
6.00 mm with varyinginside diametersandlastly for aluminium tubes with a constant wall
thickness of 2 mm and wing outside diameter All of these simulations were performed
for the Si + PpO, compositionat 36wt.% Si. This was also compared ttee experinmental
dataobtainedby Kalombo et al. (2007for aluminium tube elements containing Si @

by maintaininga constant outside diameter of @2nm with varying inside diameters.

It was found that the burn rate increéseith increasesn both the internal and external
diameters. This agrees with the experimental result&abmbo et al. (2007 These
observations can be rationalised as followgreasing the core diameter leads to a greater
mass of reactive powder periutength and a lower specific surface gredile increasing

the outer diameter reduces lateral heat loss.
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Boddington et al. (198%nd Boddington et al. (1996ested burn rates in square channels
with different crosssectionalareas and also foundsdter burn rates for larger column areas.
They concluded that the cressctional area of the reacting composition is the most
important factor determining lateral heat loss. Frieigure 5-16 it was confirmed that the
crosssectional area of the reacting core has a significant impact on the burn rate, but that the

outside diameter itself alsignificantlyinfluences the burn rate.
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Figure 5-16: Effect of wall thickness and core diger on the burmateas predicted by the
numerical model for Si + R®,. Open symbolsy( , A ) indicate aluminium tubes and closed
symbols p , E ) indicate lead tubes. The data for aluminium sséh an outside diameter

of 6.2 mm is experimental for elamts containing Si + BD3; (Kalombo et al., 2007

The effectof the nature of théube material on the bunate was also investigateDelay
elements with inner and outer diameters of 2.625 mm ar@D 6midn weresimulated with
different tube materialand containing 36w:t.% Si with PRO,4. The thermal resistance of the
tube is influenced by the volumetric heat capacity of the tube material as well as the thermal
conductivity and both of these parameters are therefgpeaed to influence the burate.
Different combinations of volumetric heat capacity and thermal conductivity corresponding

to real materials were modelled.
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The response surface tifese parameters on the buate is shown irFigure 5-17, which
indicates that amcrease in burmate can be expected for tube materials with higher thermal
conductivities and lower volumetric heat capacities. For very high thermal conductivity
materials, the effect of both parameters is significhnt the volumetric heat capacitaha
lesser effect for materials with low thermal conductivity. Experimental results comparing
lead elements and aluminium elements in@idabnly a slightly lower burmate for lead
tubes. This is consistent with the findings presentdgignre 5-17. There areunfortunately

very few experimental studi¢bat address this effecOne study byKalombo et al. (2007
obseved significantly faster burmates in lead tubes in comparisonthmse inaluminium
tubes. Howewer, the study had to use different preparation methods for the lead and
aluminium tubes. This would result in different packing densities, whicturim would
influence the burnrates. This highlights the difficulties in controlling all parameters

indepenéntly when attempting comparative studies experimentallg emphasisethe need
for applicable modellingolutions.
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Figure 5-17: Response surface for the influence of thermal conductivity and volurhetdc
capacity on the burn rate modelled using real material propé&tieeementsontaining
36wt.% Si + PRO,
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The shape of the combustion front was found tanflaenced by several factgrscluding
the activation energy of the reaction, the packiagsity of the composition and the tube wall
material propertiesFigure 5-18 shows the combustion wave front in the element for
different real tube materialsThe isotherms are also shownFkigure 5-18, which in most
cases have a teardrop shaphe combustion proceeds from left to right, with the blunt

portion facing the front of the wave followed by a thinning tail to form the teardrop.
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Figure 5-18: Combustion wave propagation of the Si s®bcomposition in tube materials
consisting of (agluminium, (b) diamond, (c) pyrolytic graphite, (d) copper, (e) lead, (f)

stainless steel, (g) glass and (h) polystyrene
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The thinning of the tail end of the teapgris a result of radial heat loss, and is elongated for
higher radial heat losses. The tube with the lowest heat transfer properties is the polystyrene

tube, which shows almost no radial heat losses and no teardrop shaped tail.

The temperature rise in thevalls lags behind the temperature rise the unburned
composition. Thenly material which showed axceptionto this washe pyrolytic graphite
casing. In this casthe isothermal contours of the reaction propagation indicate that heat is
more rapidlytransferred forward in the axial direction along the tube wall. This leads to a
preheating effecof the unburned composition, whiatould cause the reaction front to
propagate faster. The other materials with high thermal conductivity (diamond, copper and
aluminium) did not display the same greating effect, even though the diamond tube has a
higher thermal conductivity than the pyrolytic graphite. This mechanigietesmined by a
combination ofboth the thermal conductivityof the material andthe volumetric heat
capacity. The pyrolytic graphite, in addition to high thermal conductivity, had the lowest
volumetric heat capacity of the materialth high thermal conductivitiesDiamond has a
somewhat higher thermal conductivignd the isotheral contous for this casing did show

slight preheating ahead of the combustion front.

Radial combustion occumshen the tube wall on the internal surface exceeds the ignition
temperature of the composition due to lateral heat transfer. The composition on the outer
edge of the core thereby ignites before the combustion wave front reaches that lpmint.
mechanisms of preheating and radial combustierestudied byNorgrove et al. (1994on a
numerical basis. The tube materials used in their simulatvensassumed to be perfect heat
conductors. Thefound that for comp&itions containing KMn@asthe oxidant, peheating

and radial combustion wenenavoidable. This is most likely due to the decomposition
temperature of the oxidant, which for KMp@ as low as 506 K. The study was also
expanded byClements et al. (1995in whichthey assignedihite conductivity to the tube

walls and still came to the same conclusionthe current numerical model, the preheating
that was observed did not lead to any radial combustion in any of the investigated scenarios.
This can be attributed to the therm#tslity of PlyO,, which is much higher than that of
KMnQ,, as it only decomposes above 873 K. Therefore the inside wall temperature would
have to be maintained above 873 K ahead of the combustion wave. This temperature would
also likely have to be susta@ad for some time in order for ignition and radial combustion to

occur on the outside edge of the reactive column.
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Radial combustion would therefore be controlled by the material properties of the tube wall,
the composition porosity, the activation energy the reaction, the decomposition

temperature of the oxidant and the burn rate of the reaction.

Instantaneous velocity profiles over the length of the delay eletaemive an indication of
the effect of the end points of the element, al asthe constencyof the burnrate. The
instantaneous velocity profiles for a lead delay element containing S;G4 Bb obtained
from the numerical model and measured using the IR caaneshown inFigure 5-19. The
results of both metlus indicate that directly following ignition, the reaction was fast but then
slowed down. For both the numerical model and the IR camera dsetliotakes about
18 mm for the combustion to propagate at a steady Kaiegrove et al. (1994andClements
et al. (199%found that the steady propagation rate is reaahadout 12.5 mnafter ignition
However the burnrate calculated prior to the steady propagatios stawer than the average
burn rate. The reason for this difference most likdigs in the numerical initiation of the
reaction.In this studyas well asn the studies byNorgrove et al. (1994andClements et al.

(1995, a form of numerical initiationvas required to start the convergence of the solutions.
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Figure 5-19: Instantaneous velocity profiles for a ledchwn delay element containing

36wt.% Si + PO, measured using the IR camera and calculatiddthe numerical model

Page P8



The last investigation in this study waesrformedto determine the radial temperature profiles

and the spread of the heat across a slice of the elefendistribution of the temperature

over the radial section of the elemestshown inFigure 5-20. The radial temperature
distribution indicates that the paint layer on the outside surface did have a small effect on the
element. The temperature drop over the paint lexeabout 25 Klt was also foundhat the
temperature drop over the lead wall was very smdidich waslikely due to the highhermal
conductivity of the lead wall. It is further expected fréngure 5-18 that the slope of the
profile over the composition will ecrease for tube wall materials with low thermal

conductivitiessuch agolystyrene and glass.
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Figure 5-20: Temperature profile across a section of the delay element containing

36wt.% Mn + SkO; to indicak the effect of the heat transfer resistance layers
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6 CONCLUSIONS AND RECOMMENDATIONS

Three problems were identified as factors inhibiting the improvernrerthe burn rate
reliability of pyrotechnictime delay elemerst These three problems were set as th
objectives of this study. The need for a safe and accurate burn rate measurement technique
was first identified. The use of an IR camera was identified as a possible method for
accurately and safely measuring the burn rates. The IR camera method wapedtaad
testedn comparison to two other commonly used technigtesindustrial detonator test and

the laboratory scale thermocouple test. The compaasdme burn rates measured indicated

that the burn rates measured using the IR camera techwepgecloser tothose ofthe
industrial detonator test thainose ofthe thermocouple technique. The standard deviations of
the burn rates meared using the IR camewgereof the same order of size as the industrial
detonator measurements. The laboratosrrttocouple technique had very large standard
deviations and the size and response rate of the thermocouples were identified as the
problem. The IR camera measurements were slightly lower thameéhsurements of the
industrial debnator test, which imog likely due to thdliffering assembly components of the

two techniques. The IR camera method was found to be safe, accurate, required minimal
alterations to the delay elements and wasaestructiveby nature. The IR camera technique

was therefore fountb be a viable method of measuring the burn rates of pyrotechnic delay

elements.

The second problem identified was the need for a numerical model to prddicetament
behaviours. Anumerical model was created which includes the delay element strasture

well as the pyrotechnic reaction of the delay composition inside. The IR camera provided
temperature profiles along with the average burn rates. These temperature profiles were used
to calibrate the numerical modédihe slowburning Mn + SbBO; compositon was found to

exhibit fully developed temperature profiles, whereas the-basting Si + PO,
composition had temperature profiles that were ystfully developed. The slovurning
composition was therefore used to develop the numerical modelyéallby application to

the fastburning composition. The numerical model was successfully developed and the
kinetic parameters were fit against the IR camera measurements. The numerical model was

then used to partially fulfil the third objective of the stud
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Thethird andlast problem identified was the lack in datahe open literatureon the effect

of external and internal factors on the burn rate. This is due to the problems experienced in
keepingall the factors constantvhile varying only one in exerimentalpreparation and
testing. The numerical model was thereforpeafecttool for evaluating the effeaf these

factors on the burn rate. The model was validated by comparison to the experimental data
from Jakubko (199)quantifying the effect of the ambient temperature on the average burn
rate. The results from both were in gamgleementvith the experimental datendicating a
change m burn rate of 9@% and 8.52% per 50 C change in ambient temperature. The
numerical results obtainederealso in goodagreementvith the numerical predictions made

by Boddington et al. (1989which prediceda 9.6%6 change in burn rate for a 5@ change

in ambient temperature.

The numerical model was then used to evaluate the effect of other parameters on the burn
rate. Theparameters imestigated wergeometry, composition properties, tube material and
other heat transfer parameteffie external heat transfer parameters othalheat transfer
mechanisms present were found mothave ay significant effect on the burn rate. The
volumefraction solids and heat of reaction were found to have the biggest influence on the
burn rate. Considering the geometry, ttresssectionalarea of the reacting core and the
outside diameter of the tube itself hathrge impact on the burn rates. Theéuna of the tube
material was also investigateahdit wasrevealed that the burn rate is higher for materials
with high thermal conductivities and low volumetric heat capacities. This effect was
however only significant for materials with very low vahetric heat capacities. The data
from the literature on this effect is unfortunately very inconsistent. This highlights the
problems encountered in experimentdlgepingall the parametergonstaniexcept one. The

paint layer applied to the outside of #dement for the IR cameraethodwas found to have

a small influence on the temperature profiles, but did not have any significant effect on the
average burn rate. There was one factor that could not be evaluated numericallyyagich
the effect of the article packing. This was evaluated experimentally by varying both the fuel
and the oxidant particle sizes simultaneouSIEM analysis indicatethat the fuel particles

are encased in a sea of oxidant particles, and that no real packing arrangemeesevds pr
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During this evaluationiEkvi thermodynamic simulationalsorevealed that the Mn + 303
composition undergoes a secondary intermetallic reaction to form alloys of Mn + Sb. This
was confirmed through XRD analysis of the product residues. Thighkeaadvantage of
adding additional exothermic reaction heat to the composition even ile&mlompositions

This leads to constant burn rates over a wider range of fuel contents.

The numerical model was successfully created and was found to be amaliwaool in
clarifying the factors affecting the burn ratafspyrotechnic time delay elements. The use of
the model would reduce theeed for extensive experimental testimdnich would not only
savecostsand time, but also reduce the exposure ofqersl to possibly dangerous test

setups.

It is recommended that further studst®uld be done tmvestigate situations that lead to the
propagation reaction dying before reaching the end of the element. The use of different
kinetic modelsshould also ke investigated to deterngnwhetherthere is a better kinetic

model to describe the reaction behaviour of time delay compositions.
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APPENDICES

APPENDIX A: DIFFRACT OGRAMS OF RAW MATERI ALS
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Figure A. 1: XRD diffractograms of samm@ga)Mna, (b) Mng, (c) Mrg, (d) Mnp, (€) M,
() Mng and (g) M/ Mny/ Mn;
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Figure A. 2: XRD diffractograms of samméa) MnQ,a, (b) MNQys and (c) MnQ¢
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Figure A. 3: XRD diffractograms ofample (a)Sk0sa, (b) SBOsg, (c) SBOszc and (d)
SkOzp
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Figure A. 4. XRD diffractogranof samplePs0,
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Figure A. 5. XRD diffractogramof sampleSi
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APPENDIX B: FESEM IM AGES OF RAW MATERIAL S

Figure B. 1. FESEM image®f all theporous manganese samplesNa, (b) Mng and (c)
Mng
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