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ABSTRACT

increases the overall performance of the system as well as the
sensitivity to detonation by shock initiation. Under certain e N

circumstances Deflagration to Detonation Transition (DDT) can

occur in high-energy solid propellant that has been granulated. f';
The work presented in this report represents an effort to analyze ‘Qij
three distinct ways in which high-energy solié propellant can ;;;;__

undergo a DDT. The emphasis of the research is on the transient
events prior to the detonation as well as the steady state

detonation conditions.

The system. of partial differential equations describing
one-dimensional, ’‘two-phase, reactive flow are solved by a Method
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CHAPTER 1

SHOCK PHYSICS AS APPLIED TO REACTIVE SOLIDS: A REVIEW

1.1 1Introduction

The probability of a detonation occurring in a solid
propellant rocket 'motor greatly increases when. secondary
high-explosives (HE) are wused as consti.cuents in the propellant
mixture. Octogen (HMX) and Cyclot?imethylene trinitramine (RDX)
are the most commonly used nitramine HE in today's propellant
formulations. Increasing the exp;osive content of solid
propallant .incrzases both the overall éeiformance of the system

and the sensitivity to detonation by shock initiation,

The work presented in this report represents an effort to-
analyzef the transient events ieading to a détohation‘in a region
~of grgnulated'\high-ene:gy propellant. A review of pertipent
literature is also included. The final results represent an,
vimpqztap: extension oﬁ research done'earlier by Butler, Krier and
-Lembeékv (i]_ on detonation hazards in .damaged, HMX-based solid
piopellants. lThm system of coupled partial'diffe:ential,equations.
désczibin; the mng—dimgn;tonal, twd;phasq reactive f1§w in the
-gz;nulaﬁed bed will be presented in Chapté: 3, along with a finite
ditfezgnce nume:ﬂc;L téchniqué ugea to solve ﬁhem; An entropy
analysis will be b:esentgd-in order to"veiify thét‘the two-phase

flow equations pkesented iatisfy the $econd LQw_ot The:mpdynahics.

T . ' . .
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2
in zddition to the governing equafions; constitutive
relations are ptesented which describe the stdteé of the unreacted
solid and géseous products. A Helmholtz ftée energy function will
be introdgced - to definé the state of the solid pﬁase and a
rnonideal covolume équatioﬁ of state will be used for the high

density product gases.

A key contribution herein- is the development of an
appropriate numerical scheme needed to solve the system of

nonlinear partial differential -equatiuns,, Results from the

'compu:e: code aze'presentéd in Chaptek 5. They illustrate how the

initial . and boupdary “conditions, as well as <che ptopell;nt
propertieé, affect the detonaiion transition process. Whenever

poSsiblé, these zeéults a:e'coméared with‘expe:imental data. The
zémaindez of Chapter 1 is devoted %o a review of solid propellant
rocket éeffotmance, shock waves, detonation waves and hazard

assessment.

1.2 Pézfotmance of Solid Prdpellant'adéket Motors

Most of ‘today's chemical-tocket-ptopuléion systems falllintc

one of two general catégqxies, liquid or solid. Thrust is

"produced in the 1liguid system by mixihq and burning liquid fuel

(i.e. liqhid'ﬁydzogen} and 1i§uid oxidizer (i.e. liqdid oxygen) .in

a .higﬁ pzessute combustionlléhamber and expanding the te;ﬁlting

combustion. products in a converging-diverging nozzle. - On the

other hand, solid ptopéll@pt ptopulsion gygcems contain both fuel

and oxidi;é: in. 'a precast 3o0lid grain which is consumed as a
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surface burning combustion wave propagates through it. An example
of a typical. composite double-base propellant is ammonium’
perchlorate crystals and powdered aluminum held together by a
nitrocellulose- nitroglycerin doubie-base grain (DB/AP/Al). Here,
the ammonium perchlorate (AP) acts as an oxidizer and the'powdéred.
éluminum (Ai) is an energy- releasing fuel. Both fuel and
oxidizer are found in each of the double-base compénents (DB),
nitrocellulose and.n;tzoglycezin. Since the early 197G's boch the
Air Force and Navy have researched’énd tesﬁed solid piopellant
formulations containing secondary explosives such as Rox.and HMX
in order to increase the -energy .content per unit mass of the
jpropellant. Some formulatioﬁs include up to 10$ HE ﬂy mass. As
will ' be discussed briefly, a detonation hacard exists when pufning'
these high-energy propellants{ 4which is genetaliy‘ not présent
during "the combustion pf less energetié composite and

composite-dodble base propellants.

For most precast solid propellants at rocket motor pzéssures
(1l to 7 MPa) a simplified expression for the steady-state burning
'rate at which the combustion wave propagates_thtbgghrthe reactants

is
di/dt = 4 + bP ; )

where 'a', 'b' and 'n' are empirical constants. In Eq. (l.la) the
variable P represents the pressure of the'p:odudt éaseS‘adjacenp
to the burning surface. As,an.example, the composite double-baée

DB/AP/AIA propellant discussed ;above :egtes;es at a constant rate

AT e T AT ot ATt ottt A et A AT T A T AT Tt e T A e e A Lt e e e e ;.?
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of dx/dt = 2,80 cm/sec at T = 293 K and P = 6.8 MPa {2]. The

ﬁass of gas generated per unit time is thg product
dm/dt = (dk/dt)r A - (1.1k)

p b

where, :é is the propellant density and Ab is the burning surface

area, Unfortunately, the local mass generation rate can be:

increased orders of . magnitude if A, increases as a result of

propellant fragmentation. The work presented in this report will
e:amine one of ‘the hazﬁrds associated with solid propéllant
combustion. .': The haz;:d is Deflagtétion to De:onatién Trénsition
(DDT). The term ‘Deflagration' refers to the subsonic'combustion
mode  (d%/dt) while the term 'Detonation’ refers to a
self-sustaining Qupe:sonicl re;ction wave with peék pressures

ranging from 19 GPa to 5@ GPa.

The performance of a modern day solzd propellant rocket motor

is usually predictable. A desired thrust~time - p:ofila ¢an be.

'obtained by fixing the rate of product gas generatxon in the moto:'.

combystiqn chamber. One way to accomplish this .is to cast the

propellant grain  to have a ‘desired su::ace area as a function of
'buzn ‘time'. Burn time is defined as the time elapsed since.
complete  ignition of the propellanf grain. For example, by

burning a stick of propellant in a :ocket'moto: in a ciqa:~like”

fashion along the axial direction, the butninq.éutfacela:ea and

thrust are constant with time, Likewise, if the p:opellang'ls cast

- 80 ffhée the ;;Qtfice 'atéayinczeages'hith'burn.ting (i.e. annular .

1

. « 0.4 8 et
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5
configuration, center burninql, the thrust will increase with
time. Other ways 'toi change the product gas generation rate
include: changing the chemical composition of the pzopellant and

adding burn inhipitors to thé propellant surface.

One major design objective of ‘the racket lengineer‘is to
increase the specific impulse, Isp of the system. The specific
impulse represents the ratio of thrust to fuel mass flow-rate and
has .unlts of -seconds. This one parameter is most representitive
of the overall rocket pezEOtmance. An increase in Is implies
more thrust for the same mass flow rate or a tediced mass
flow-rate . for the .same thtust. Chemical propulsion systems
typically havev values of_ specific impulse rancing from 28¢-400
seconds with most solid propellants in the lBﬂ-Z?G second range.
© Table 1.1, taken from the text by Sutton and Ross (2], lists
speoiflc impulse,, flame teﬁpetature, p:opéllant density and
burninq rate dota for a few composzte, double-base and CONpOSlte

double-base solid propellants.

To inczease the specitic impulse of a solid p:opellant rocket
motor - wh1ch has a fixed area-ratio nozzle. one can either 1nc:ease
the dssxgn ope:atxng ptessure o: buzn more ene:qetxc ptopellant
Voonstitoonts. It~ xs well known. t\at there are severe penalties if

one elects the first option and desiqns the propulsion system to

allow for an incteased chamber (and combustion) pressure. One of.

‘these is the necessity for a more massive motor wall, a weight

increase that reduces the venlcle,hass‘:atio.ﬁ In addition, since
" the -heat . transfer to the nozzle surface increases (almost
. N . . L . o o . i . |

™




Table 1.1.

e . vy w e
DR .

Characteristics of Some Operational Propellants [2]

Flame .Flame .
Propellant Rangs Tiﬁg:’°° T:gpera- Density B:::;nq
Type (sec)  (of, (.éf (g/cc)  (cm/sec)
DB 220-230 4100 2533 1.606 1.14
DB/AP/AL 260-265 65C0 3867 1.760 1.98
DB/AP-HMX/Al 265-270 6700 3978 1.760 1.49
CTPB/AP/AL  260~265 5600-5800 3367-2478  1.733 1.14
HTPB/AP/AL  260-265 $600-5800° 3367-3478  1.814 1.02

Aérdynms and symbols:

Al, aluminum

AP, ammonium perchlorate

CTPB, carboxy-terminated polybutadiene
DB, double base

HMX, cyclotetramethylene tetranitramine
HTPB, hydroxy-terminated polybutadiene




7,
linearly) with the operating pressure, a more effective nozzle

wall cooling system would have to be included. .

By‘ burning more energetic.prbpelisnt constituents such as-the
secondary nitramine explosives RDX and HMX, the specific imphlse
and thus overall performance of a solid rocket motor ca. be
increased. However, one dxsadvantage which comes thh usan these
explosi&e-based propellant mxxtuzes is ;he hazard of Deflagtatxon
to Shock to Detonation Transition (DSDT). As mentioned,‘a DSDT
event ‘occuzs when a controlled subsonic deflagration wase rakes a
transition to a high‘ order dc.onstxon. - The tesgit is total

destruction of the motor assembly.

In the literature rsviswed .in the folloéing chaéts: this
process in'ﬁore commonly referred to as Deflagration to Destonation
Transition (DDT). Our zesearcﬁ group at Illinois soined the
description DSDT 1in order -to emphasize that §hcck to Detonation
Transition (SDT) is the £1nal step in the ptocess. Both terns,
DDT and DSDT, will bo used intetchanqesbly thtoughout the text.

SDT will be discussed fu:thcz in SQctzon l 5.

. Needless to say, basic research is needed in crder to better -

snde:sgand and mitigate. the DOT batstd.in high-performance solid
propellant rockat motors, 'As the present tiﬁe there is an active
group in  the United States, otqnhizod by the JANNAF Subcommittee
on Ptoéulsion 'Hazazds, which attempfsvto'stsnda:dtzd psoT testing

procedures used Dby suppliet: of the high-onazgy p:opollants. One

such  test is the shotgun/tolativo quickness tost whezs a’

,/




propellant sample is shock impacted in order to determine the

amount and size of the resulting fragments, tyb Very'impOttént
parémeté:s in the study of DSDT {18]. 1In addition,to‘éhe DsDT
testing carried out by the‘ptopellant Suppliers and gsé:s, séveral
of the naticnal laboratories (Sandia {3], Los Alahos‘li;sl) and
service laboratories (Naval Surface Weapons Center (NSﬁC) [6-8],
Naval .wQapons anter (NWC) [9]) are conducting .related éxpé:iments

on DSDT. These will be‘diséussed in Chapter 2.

In conjunction with the expetimental work mentiéned,'analysis

'and numerical modeling' of DSDT was begun almost ten yeats ago at

the University of Illinois undet the dxrectxon of Drofessor Herman
Krier ([10-14]). Since ‘then the work uas beenAexpanded~cn by groups
at Sandia National Laboratories [15,16], NWC (17] and NSWC [18].

In  the early 197@'s pioneering two-phase reactive flow modeling

was carried out by Kuo and Summerfield (19], Gough (28] and by Kuo-

et al. (21]).

1.3 DSDT in Granulated Solid Propellant

In the litutature cited hete {(and in Chapté: 2’. three

diffotent flow p:ocessos can be identified as being DOT (DSDT) .

Two are toal possxbilitxes in the :ocket moto: envitonment and the

third is only possible when using high-explosive undet.oxtreme
'eonf@nemont.i It is unlikely that a solid rocket mdtbt would be
cast with pure explosive. ‘However, studying tho thizd event

provides basic’ information on detonntion xnitiation mechanisms.
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This section has been included in order to differeatiate between
the three cases and provide the reader with a basic understanding

of the sequence‘of etants leading to detonation in each of them.

‘What will be :efgtred to as DDT-Case 1 involves a transition
tc detonation occcrzinj within a bed of gzinulated.ptopellent.
Consider the ;ockét motor shown in Fig. 1.1 . For illustration
purposes, a center-burning confiqu:atiou is shown. It is
hypothesized that the normal huzniﬁg process of the cast ;olid
propellant in the rocket motor is disturbed by an abnormality sach
as. a crack (see Fig. 1.1) in the propellant grain [1l,22], thus
providing the granulated region. Figure 1.2 shows an enlargemenﬁ
of the granulated region. The ffacture couid be the result of a
handling accident during  shipment or nozzle failure during
operation. Because of the increased sutface-to-vdlume ratio of
the resulting fragments, product gas generation increaées beyond
the ' levei necessary for steady-staté motor operation. Pressure

- gradients, developed as a result of localized burning, drive the

‘hot product gases into the cracks developed in the propellqnt-'

ahead of_ the ignition :éont. As a consequence of this unsteady

flow ptoceis, convective heat transfer from the hot product gases

to ;he unreacted solid propellant will 'ignite additional

" propellant. paztic;es. Und#i certain circumstances this process
.can accelerate. For ;xémple, -as the propellant décomposes, the
pressure wave strengthens, leading to the ignition of more
ftopcllgnt.. This 'acceleiated convgctiVQ' burning can ebehtual{f
'lead to shock . conipression of  the upitf-am‘ propellant ipd a

possible detcnation transition. This is illustrated in Fig. 1.3

- —

-t
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' .DSDT HAZARD IN 'ROCKET MOTOR

Fiq. 1.1 Sketch of soiid‘propellant
' rocket motor with crack in grain
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{71, a typical 'x-; locus of the convective ignition front and

subsequent detonation front.

'Eiguie 1;4 illustrates the general form of a pressure profile
(P,x) once the steady state detonation solution is obtained. For
illustrative purposes, the profile is superimposed on a.sketéh of
a granulated bed. The shock front is followed by a narrow
reaction zone (not fo_scalé in'Fig. i.4) which is féllawed by an
axpansibn zonev cpnsi#ting of 1008% product gases. More details of
the detqnation wave structu;é will te pzesented in the following

sections.

‘A second  DDT scenario, DﬁT-Case .2,' involves a region of
granulated propellant p:oviding ‘the impetus to shock initiate an
adjacent ieqion of cast p:opellant.' This is illu;t:atéd in Fig.
l;Sk - . The cast material (Zone 1) can contain °'blind’' pores, but
is assumed io be impermeable to the flow of hot ga;es from the
g:ahuli: zone (Zoﬁe 2).  This implies that, udlike.the first DDT
' sconé:id‘ discussqd,,'only stress waves can be txansmitted upstream

‘of the reaction zone. A second characteristic of Case 2 is that

the length of tho'.gzaﬁulaz Sed is less than the detonation

zun-@p length, The 1mp9rtin£ point here is that althodgh the
- granular b@d' is shorter than the critical aetonation zun-ué
lcngth; the adjacent matoiiql can still datonate, DDT-Case 2 was

studied in detail by‘Cudak.gK:i‘: andlahtlt: {14).

 'ih bqth‘ DSDT processes described abovo,':ho transition to

— i i,

detonation is the result of rapid gas genetation caused by .ol
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Fig. 1.3 Typical ignition front (x,t) locus
, . showing conductive burning, convective
‘burning and detonation regimes. 'i'CJ '

is the detonation run-up distance.
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convective burniﬁg in a packed bed of reactive particles. 1In Casé

1 the detonation transition occurs within the granulated bed

and, in Case 2, the detonation occurs in either a voidless cast

,material or cast material with -blind pores upstream of the

granulated bed. Nevertheless, in . both cases the rapid
pressurization rate due to the reacting, f:agmented bed provides

the driving force necessary ‘to sheck initiate the material

.upstream,

The thi;d iypé of DDT @iséussed in the litetaﬁute,'DDT-Case
3, results from end-bu{ning (conductive cgmbustion) a confined
cast explosive (Fig. 1.6) which is imﬁe:meable to the flow of hot
product gases. Although the manner iﬁ which the deflagtétion wave
traverses the explosiveAis»diffe:entvfrom Ehe first two cases, the

end result (steady'detonaéion waée) is the same.

Macek [23] was the. first to do experimental and analytical
research on ODT in casé‘,secondaty explosives. He showed how the

cressure rise due to thé' end-burning of a confined explosive

ptppaéaied stress waves through the upstream solid materi?l which
evgntualiy'zcoaleﬁceg into a shock ;ave., mheAshock fo:m;tion was
'pzedic;ed to occur at the appfoximatetioéation,of the transfﬁioﬁ
to detdﬁation_ bbse;#ed in simila:,expe:imental'york;v Figure 1.6
is an' illustration of the_ﬁeﬁt coﬁfigutaéion used in.this ﬁype of

poT expe:iment; Here, ‘the region labeled 'Zone 2' is a cast, A

voidless explosive and 'Zone 1' is occuppied by the product gases

gene:ate@,inuthe-ptopellant-combustion.

.'6'.' --..'.‘.' 'J'. ..".’-.'p"'.'.‘...'.'.d‘.'. _.... . '....
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burning grains

Zone 2 Zone 1 voids
s 7K 777 72
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- o & A ‘ : /4222'
L_Burqing_’t-o—— Unreacted Solid —
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x=0 - X=0 | _ | x=L

Fig. 1.5 Schematic of DDT-Case 2 configuration.
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Fig. ;.s'lséhematié of DDT-Case 3 configuration..
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The sequedce of evehts for this DDT process bégins with the
thermal ignition of the 'explosive at the location %=@. This is
then followed by the pressurization of the gas volume (Zone 1),
increased regressibn. rate (d%/dt) of the burning ma.crial,
stressing of the unreacted solid, shock formation ahead of the
ignition front and eventual transition to detonatxon near the
location df' the upstream shock formation. The drivirg forceb
provided by the confxned gases in Zone 1 is analogous to a moving
piston with a presctzbed velocxty-txme profile acting on the x=0
boundary, continually increasing the stress level in Zone 2.
Although Case 3 has been shown to be a viable method for obtaining.
DOT in cast explosives , it will not cause OCDT in cast

propellants (22]. _'Very simply, conductive combustion of tne

propellant alone will not provide a rapid enough pressure-rise

rate to shock initiate cast propellant.

1.4 Detonation Waves in Condensed Explosive (A Review) *

|

The 'mate;idl to ﬁe introdiced later in this report will deal
with _détonation waves ‘“ravelin thréugh highly'enézgetic granular
propellants and explosives, efdre one atéempt$ to analyze :his
complex tws-phase flow éioces , A review"pf'nonteACtiQe sﬁdck :
_wavés iand detonation waves in simpleAhqmogeﬁeoui ma:erials will be‘
helpful. The detonation model presented in this section is

one-dimensional and assumes

(1) Transport processes'atb neglected,

. s.p'RefeEencé 24
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(2) The detonaéion wave is ona-dimensional planar.
(3) A single irte&érsiblé reaction occurs.

(4) The reaction takes place almost instap;aneously.
fé) The products @f'reaction are in thermochemical

equilibrium,

Detonation waves should not be discussed without first introducing .

simple shocik wave theory for nonreactive materials.

Begin by considering the classical (26,27) piston-cylinder

azrangemént illustrated in Fig. 1.7 . Here, a compressible

substance is .contained within a semi-infinite cylinder which ‘is

bounded on one end by 'a frictionless piston. Assume that the

entire process is one-éimensional and ' that the motion of the ,

piston can be modeled as small incremental velocities.

In Fig l.7a , the 'piston is shown to be at rest, u,= 0 at
time t, . At some later time, t; (Fig. 1.7b) , the piston is
impulsively started .and- moving wi:h a velocity, w,= uy, into the

undisturbed medium, The movement of the piston in the +x°

dirzection over the'timg interval t -> t, results in compression of

the material adjacent' to the piéton face. The consezvation of

mass and momentum dictate that the stress wave will propagate

upstream with a velocity . ¢, into'the.undistuzbed medium where Co

. tepresents the sound velocity in the material éhead.oi the stress

wave.,

- 1f  the piston shown in r¢q,‘1.7c'now moves.h{th_VQIQcity'u2>

e 3
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uj over the time period tl -> tz . a second stress wave with

velocity S will be propdgated into the already stressed

[a]

‘material. The value of ci is greater than ¢ since the material

we are describing 'is assumed to be a simple compressible substance

and therefore has an increase in sound velocity with an incze&se

in stress. Thus, the wave propagation velocity (c , i = 1,2,...) .
: i

increases with each successive wave when the piston is
accelerating. The net result is coalescence of the'éiress uavéé
into a shock wave. This is shown in Pig. 1.7c. In order for the
shock wave developed by the piston to propagate _through the
undisturbed material at a constant shock velocity;.the veloqitf»of

the piston must also remain constant. This will become evident

after the conservation equations are introduced later in this

section, It should be noted that diséipative effects will keep

the shock front élope, dP/dx from approaching infinity in an

actual shock,

Up to now we have. referred to stress wayeé as discrete

entities occurring over finite time increments. This was done in
order to simplify the discussion presented on stress wave
propagation and shock wave formation in the piston-cylinder

arrangement. In reality, the stress-time piston input function

" discussed .is most likely a continuous process. However, if the

time increments are made small enough and edodgh discrete 'stress
wvaves are analyzed, a thorough' understanding. of sStress wave

coalescence can be gained by graphical techniques.

As an example, Fig, 1.8a (28] shows a plot of constant stress

o
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. 'simbleiComoreésible' Floid -
ot (Py,Tg,ve ,uz0) -

x= ' x=0

Fig. l.7a Piston-cylinder arrangement at
' time t . '

. ‘Undisturbed * * .' C
> e (PO'T ,VO.U O)

Stress Wave

Fig. 1. 7b szton-cyl;nde: arrangeMent at time
illustrating stress wave propagation

t
1 into undxs;urbed £luid.
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Coolescing Stress w::ves/
Fiq. 1.7¢ szton-cylxnder arrangement at

time t., illustrating stress wave
coalesaence.xnto shock wave.
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lines (characteristics) in x-location, time (x, t) space. The
piston was accelerated in an exponential manner, beginning with u
= @ at t = 0. 'The material is HMX. For this particular case, the
characteristics are shown to ccalesce at appzéximateiy x=15cm,

The accompanying figure, Fig. l.8b, shows the pressure, x-location
profiles forl the samev times, By comparing the two figures, one
can see how the ccalescence of the.cha:acte:istics'in (x,t) space
(Fig." 1.8a)',c0t;esponds to a dP/dx =>* in (P,x) ;éace (Fig.

1.8b). |

Now ‘consider a' shock wave moving into a material at rest.

This is illustrated in Fig. 1.9a. Tic shock wave is shown moving

at a .velocity D into . the undistu:bed material which has
thermodynamic ' properties PA ’ VA and e - Here, PA represents

ptessuzg, VA represents specific volume and e the internal energy
of the matezial‘lat rest. The‘maté:ial is also shown to have a
velocity; uA'- 8. The shocked state downstream of the shock front
is .descziped by éhe state variables PB' Vg and ep in addition to
the ‘dynamic variable, uy
the moviné Shock'wave, an observer located at ;he origin would see
the undisturbed material moéiné with velpcity Uy = D into the
;titiona:y zoaétioh :zone and the products of sombustion exiting
B " (D - u).A This i; illustrated in Fig. 1.9b.

The thermodynamic variables (P,v,e) are independent of the
icfergnco- confiquiacion and would the:pfore not beliﬁltered.

Recall from the previous section that in-o:def for the shock wave

#o be steady state, the douﬁst:qqd velocity, ug in this case,

" must also be a constéﬁt with time.

,/V

= y, From a coprdinate system fixed to .

- . s I
N A
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Moving Shock Front —
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Fig. 1.9a ' Shock wave propagatinq into stationary
o fluid (Reference frame is fixed).
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Conservation of mass and momentum through the flow area shown

in Fig. 1.9 gives respectively

' = - ‘ . B (1.2)
r,D = rpuy = ry (D-u) :

and

D=u)2 + B

B (1.3)

2 2 .
rAD ‘+ PA = rBuB + PB = rB

The expression for conservation of momentum (Eq. 1.3) can be

further simplifig& ty making use of Eq. (l.2) to obtain

| PB -'PA = rAuD | | | S | (1.4)
Elimination of u, the pa:ticie velocity in the shocked state,
ftom Eqs. (1.2) and (l.4) gives an oxpzcision fo: the shock
. velocity D in terms ' of ﬁhe initial and final states in (P,v)

'space, - o : -

2 SN (1.5)
D" = (PB - PA)/(VA vB) |

This expression is thi well-known Rayloigb line equation.

The conservation of energy aczéss the shock wave is written
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2
e

A" PAv +'15D2 = e_+P_ VvV ¢8u2 = e_+P_v_+k(D-u)

A 8" P8V "z * ®3"F5"s (1.8

Elimination of u and D from the energy equation Ktq.(l.ﬁ)lis

‘obtained by substituting in the mass and momentum equations (Egs.

1.2 and 1l.4). The result is a relation between e , P, and v>in
both upstream and downstream states known as',thgf Hugoniot
equation. It is expressed as
ey - e, '.H (Pp = Pl (v, = vp) o (1.?)
Before introducing chemical reaction terms into the energy
jump condition, a graphical description of the Rayleigh lines and

Hugoniot curve is in order.

Figure 1.13 is a typical plot of the Rayleigh line and
" Hugoniot curve for a simple compressible substance. vrhe_mgtc:ial
is HMX, 9-1.90 g/ce . State A (vy, Py) describes the materjal

:hcrmbdynamic ézopo:tios‘ prior to being shocked and State B (v B

!b ) xepréscn;s the shocked state. It should be pointed out that
the Hugoniot curve connecting State ‘A to - State B does qot
represent the thermodynamic states a material particle pi!scs

through when shocked from A to B. The Hugoniot curve is only a

set of possible end states .in a shock process. 1t does not

represent a cath procoss .

From £q. (1.7) and rig. 1.10, it can be shownfthat'tho

——
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"Fig. 1.10 Illustration of shock Hugoniot
in Pressure, specific volume space.
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increase in iﬁtezhal energy due to a shock compression is
ggaphically equal to the trapazoidal area ABEFG. If ?A = @ , as
in most éondeqsed phase shock processés, the area approaches the
tzianéulat, area ABEA, Also, maniéulation of the energy jump

condition and momentum Jump c&ndition yields
u, = P (vB - VA) / ? . . (1.8)

Thus, in a shock process, one-half of the energy depositgd by
the shock wave goes into ac;eletaﬁing t:  material to a velocity ﬁ
_and one-half of the energy goes into increasing the intacInal
. energy of the shocked material. Since the scope of this work
involves solid materials, a deﬁailed discussion of the-iﬁtetnal

energy in a shocked state will be included in a later section.

Consider a shock wave passing through a chemically reactive

material. If the amount of energy released is equal to Ed\; the

Hugoniot for the fully reacted material is given by

(1.9)

- 2 ' | 2
e, +|PAVA + HD‘ - eB’f-PBVB - 593 ; Ech

This is ;idontical to Eq. (l1l.6) with the addition of the chemical

energy term to the right-hand side of the gquation. Figure 1,11

shows' HugcniotS‘for valués of {degree ot‘:eactiod).'0< A< 1, A

value of As=0 indicates no reaction pné a value o:f'A-‘i represents

complete reaction,

The sda;is labeled A, B, C O in Fiq.[i.ll :éthsont a
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Fig. 1.11 Typical shock Hugoniots fo:_reactivé material.
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typicai detonation process. First, the ambient maferial_(S:ate A)
is shocked to State B (Fg, vg), the von Neumann spike condition.
As stated earlier, the total energy deposited in the explosive

across the shock front (A -> B) is given by
2 ) | |
E=e+u /2 =P (v-v) (1.19)
B B B B A B

where, E B represénts the iotal energy at Sté?e B. Aftef being,
shocked to State B, the 'inc:eaée in internalienergy causes thé
reaction to commence. This is represented by the da;hed line.
starting at tate B .and ending at State C Qhete reaction is
complete aqd‘ the product gases are in chemical equi.ibrium. In
going from State B to State (o Ehe kinetié energy has decreased by

2 2 ' |
AKE= % (U§-~ Ue ) ' : (1.11)

The final process is an éxpdnsion from State C to State D along a
Taylor release wave, ‘The éo:tesponding P, x profile for the 2ZND
detonation wave is shown in Fig. 1.12. For clarity, the reaction

zone is not to scale with the rest of the Eigute.

It ‘can be shown that a conditiqnyﬁhich-must be satisfied in
order for the detonation front to be cons;gnt“vélocity is

N

Deure . | " o (1.12)

.at’tne point where .resction is complete. and the detonation
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products are in equilibrium [25]. That 1is, at the¢ end of the

reaction .zone (State C) the detonation products are traveling at a

‘sonic velocity relative to the detonation front. Graphically this
is the point where the Hugoniot curve and .Rayleigh line are

tangent. It is most commonly referred to as the Chépman-Jouget'

(CJ) point. In addiiion to the sonic condition at the CJ point,
u+c<D . | ' (1.13)

for any particle in the expansion wave. This impiies that any

small disturbance  in the :a:éfac:ion region will not overtake the

detonation front and attenuate the st:ehgth of the detonation

wave.

| The release wave from the CJ point rearward is a constant

entropy process and the pressute at any state along the 1sentrope'

can be related to the CJ pressure by the expressxon {25]

' fu = u.,) 2 |
. (v «1) ey, =11 (1.14)
P/P - {1 * o - ] . . »

Here, u represents the particle velocity at the point of interest,

"-c- ;he sound speed and P the pressure. 'The subscript ‘CJ' refers

té the CJ point. The tern 7 s thc logarithmie P,v slope of the

isentrope passing through the ¢J point.
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Appendix A contains a simplified analysis of the detonation

model £for condensed explosivé' wor*ed out by Hayes [29]. The

assumption used is that the product gases are ideal with an
artificially high 'specifi¢f heat ratio. The analysis given
provides an estimate of detonation .pressure and detonation

velocity. Later in the text, a more precise equation of state for

the detonation products will be introduced; howeve:; for the.

' analysis in Appendix',h, the altered jdeal equation of state is

sufficient.

1.5 Shock to Detonation Transition

Before one attempts to analyze the DDT ptoc;ss in granulated
prbpellgnt, a discussion on Shock to :é;onatioanransition {3DT)
1S approptiiate. ‘SDT,occd:s-when a plana:‘nonreactive\shoék wave,
p:épqgating through a homogeneous solid material, raises the
pressure, temperatu:é? and density t§ uniform valuas throughout
the shocked matrix; “Whe:het or ﬁqt_the"tenpefatute increase is

great enough to cause"ini:iatiqn Adepends on the shock duration

since the expansion wave following the shock will act to cool and

extinguish  the material, Shoék -pzpéagation " through porous

reactive materials is not so well understood.

Experimental work citedv in Chapter 2_ shows that material
samples containing voids and density i::egulﬁ:ities,will undergo

- shock to detonation e:ansitidn; at much lower shock ﬁressutes than

a homogeneous s;mplg'df the same maﬁetial;. Shock waves not strong

enough - to raise the bulk temperature of the material above the

——

.. q

2l
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thermal explosion level are distorted ' ‘by'. the density
discontinuities of the porous material and sub;equently superheat
the material in these localized regions above the eip;osibn level.

Following this, 'the material reacts and strengthens the leading

shock wave which causes the ‘t:ansitionlte‘é détonatioh. These
"hot spots", as they are referred to, are an initiqting mechanism.

~in porous reactive material. The reader is. referred to Ref. 3¢

which discusses various theories on shock initiation of condensed

explosives,
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CHAPTER 2

LITERATURE REVIEW: EXPERIMENTS AND ANALYSIS ,

2.1 20T Experiments

Due to the obvious explosion hazard and complexity of the

Deflagration to Detonation Transition (DDT) process’ in solid

rocket motors, there are limited experimental data available to

verify proposed models. It ‘is nevertheless appropriate at this
point to discuss and reference some of the more pertinent
experimental work on detonations which occur in - porous

high-explosives and explosive-based solid proéellants.

Fqllowing the work by Macek (23] 5a DDT in éasﬁ explosives,
Griffiths and Groocock (31] studied the DDT phencmenon which can
occur in porous explosives, confined in brass tuSés. The
explosives studied were RDX, HMX and PETN. The Russians ﬂave glso
investigated DDT in porous PETN [36]; Subsequent DD? research was
pezfozméd by Eeznecker, Price and cowozke:s'[7,8,32]-at Ehe Naval
Surface Weapons Center (Nswc{, White'Oak, MD. In this s;tieé of
ooT exge:iﬁents, the test ;ppa:aﬁus cppsiéted of a thick-walled

'steel tube, closed’ at both ends and . packed with granulated,

high-dne:gy ~propellant. A schematic of the test bed is shown in

Fig. 2.1 [7]. lonization probes were placed at locations along
the ‘axia; directisn to track the flame fzqht‘aslit propagated
through the _explosive medium; and ‘st:ain gages, fixed to the

exterior »qtl the surrounding steel shell, were used to determine




36

..JVNMN..T
S

CananiAMN

. ch -umz
wo1j uaxyel °(2anso(d pud aej-|i taqny-9 ‘abxeyd IAls
-o1dxa-g .‘uorjedo] aqoad uotjeziuvol-3 ‘gobeb ureals
- ‘aoejaajut aarsordxa/ao3tubr-D *3031hut-g9 ‘atoq
103Tuby-y) °IIJUD suodeam aovjang jeAeN e 3DTid
pue 19j)d2uiag Aq pasn snyeavdde 1593y Jo OTIPWIYDS

w9 3 9

1-z -bra

v




37
stress levels in ﬁhe walls. Of course, strain gage dgta taken on
the wall exterior is not always an indicator of the instantaneous
pressure | inside the tube. Reaction in the pregranulated
propellant -;as initiated at one end of the DDT.tubg by a 0.33 gram
charge oﬁ Boron/Potassium Nitrate (B/KNOIJ) ignitéd by .av hot

bridgewire.

In the first set of experiments [32] ammonium picrate at
va:ious loading‘ densities and a 95/5 mechanical mixture of
trinitrotolulene (TNT)/wax were -testéd for DODT. Botﬁ of these
explosives are ;insensitivé © to détonation' by weak shock
compression. . Data from the_ strain gages showed that béth cases
exhibited a slow rate of pressurization behind the reaction zone.
In 'add;tion, the ionization probes detascted the propagation of a
convective flame = front through the .pFrous medium at subsonic
velocities _relative to the und.sturbed material. The
pte;surization of the product gases was due to the confinement
" provided by the closed-end tube configﬁtation. In the experiments
the reaction front was observed to travel at'appto;imatply 8.6
m@/ps at the end nearest the igqitég and accelerate sliqhtly as it
- propagated further into the porous bed. This §aluo for flame front
veloéity ;ep:esents §n average for all the experimeats reported.
The expeziments conducted using'am@onfum pic:aﬁé thédd a sligﬁtly
inczeaSihq‘_veloéity with ‘incteasing 'charqg density (25],'due in
part to -th;' increased confinémﬁnt, Although these ptopaqétion
velocities are mgchlfastor than Chi linear regression rate of the
mdtogial (heat transfer bysconductioh), they are still subsonic by

a factor of 3 ot 4. Thus,-dis;u:bancis in. the iiaét;on zone can be
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propagated upstream of the ignition front. An interpretation of
the strain gage data (material stress), along with the ionization

probe data (ignition front x-t trace), indicates that the pressure

in the bed increased slightly prior to passage of the ignition

front and then increased in a linear fashion after reaction

" commenced. This is consistent with the proposed theory [32] that
'product gases seep through the porous bed upstream of the ignition

" front. As expected, neither the AP or TNT/wax mixture showed a

transition to detonation from the subsonic deflagration mode.

A  91/9 mechanical mixture of RDX/wax was used in the ‘second
series of experiments conducted at NSWC [8]. The weight mean
pa:ticlé size of the RDX was calculated to> be d = 200 pm. Unlike

the previous work {32]. the mater1al Jsed in thcso experiments

(RDX) is considered shock sensxt;ve. T-at is, RDX has been shown'
" to undergo shock to detonation transiticn (SDT) when shock heated

 hin flyez-platc 1mpact experiments ([5]. The results pzcscnted in

Ref. 8 indicate a tzansxt;on to detonation for a range of xnxt;al

_TﬁD's of L 67-95% whe:- 100\ TMD (theoretical maximum densxty) is

defined as_ the dens1ty ct a material sample containing no voxds.

For cxample, 50%  TMO reptcsents a sample of ma:c:zal contaxnzng

Sﬂt'voids by volume.

Figure 2.2 [8] represents a typical posi:ion-timi plot for a

case ‘which has exhibitod :a:t:ansition to detonation. These data

~are for a 78.8! TMD RDX/wax mechanical mix:u:o. The first six data

'points' (t=@ ¢to t-19¢ ps) were in:o:prottd as the convect;vc tlamt

fzont, accelerating from d.38 to .61 mm/ps. ‘At the location
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x=15.5 ocm, the x-t trace shows a definite transition to a steady
state detonation with .velocity D = 6.8 mm/ps. The study showed
that DDT occurred in the explosive samples which exhibited a rapid

pressure rise, dP/dt, in the ignition region.

It should be noted that consistency in the type and quantity
of igniter material is an impattant factor whern comparing the
detonability of different. propellants. A strong (high

pressure-rise rate) igniter system' can send a precursor elastic

wave <upstream of the ignition front and "pretreat™ the porous

material by elastically closing pores and eliminating potential
sites for localized heating. . since the ' sensitivity  of an

explosive to shock initiation is highly dependent on the void

fraction and void size [3@], this "pretreat” phenomenon should be

avoided if one's goal is'to‘show quantizative comparisons between
porous explasive materials., It appears that the work con&ucted'at
Nswc' (7,8,32) was carried oui' using siﬁilar igniter strengths,
weak enough not to collapse the méterial voids.

A model for 'tﬁe t:énsitibn'to detonation from deflagratiqn
was developed by the NSWC group from the data obt#ined in their

closed tube cxpo:iments (8,32]. It was concluded that highly

reactive and shock sensitive materials (RDx;HﬁX) , when ignited in -

a confined bed, generate product gases rapidly enough to shock

compress and ‘detonate the remaining matétial which is upstream of

the raaction front, An.xét trace of a.typical DDT is illustrated

in Fig. 2.2 . Initial conditions and material parameters such as.

' loading density, pazticio size, permeability and p:qauct_ gas




) }..'(.......'.......,:.."..-..'..:._.‘- o e vt

41
cenfinement “were .found ﬁo be important in dete:mining whether or
noe the reactxve mater1a1 can generate gas rap;dly enough to shock

initiacte the explosive.

Aeothe: item of 1nte:est is that Tetryl did net exhikit the
sequence of events leadxng to DDT that HMX and RDX exhibited {33].
Ionizaticon probe and strexn'gage data for both HMX and RDX showed
the subsonic ‘cdhvecciVee ignition front to -acceletate prior'to
steady state de:opation, accompanied by a localized pressure
buildup near the':eaetion fzone. This phenomenon was not obsetved
when Tetryl was used. For the experiments using Tetryl, a zone of
rapid pressure ine?easee was seen upséieam of the ignitien zone,
near the transitiqﬁ lecation. This led the authors. to suggest and
later prove that fet:yl could exhibit transition to detoeation

under much>'1ess confinement than was provided by the steel tubing

‘used in this particular set of experiments.

The next series of DDT experiments at NSWC ([34] used a

lightweight Lexan  §lastic tuba to contain the explosive sample.
"The - purpose for .ueing transparent plastic DDT tubes rather. than

" steel tubes was twofold. First, the plascic'tﬁbes'pzovided mueh

less confinement; second, photog:aphié techniques could'be-used to

f:ace the ignition front as it ptopagated through ghc bed. The

photog:aehic techniques were used - in addition to the standard
ionization-p:obe' measuring technique which was used in. the
ptevious work on DDT at NSWC [7.8.32], ﬁoth coarse Tetryl fdo

470 pm) and very fine HMX (d° . 15 pm) were shown to detonate.

' under ‘conditions of low eonfinemeﬁt in the plastic tubes. They

- 2%aT ol .D..l S qP L, € e e e, e PO
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concluded that the pressure buildup leading to DDT was so rapid'

that‘ DDT occurred before the plactic walls were able to respond to

the overpressure.

In similar expezimehts, Sulimov et al. [35] iepo:ted on' the
cohditions necessary to stabilize a Convective Burn (CB) and a Low

Velocity Detonation (LVD) in a porous bed of high energy

propellant. Althcugh both the CB and LVD typically occur as.

' transient processes (i.e., DOT), the authors chose to study the

two reaction waves under steady state conditions. This was
accomplished by controlling the gas pressure in the zone behind

the 1gn1txon front. Both _Processes are im?ortant in the

.detonatzon bu11dup phase of a DDT and they should be xnvestxgated.

A CB is' characterized by hot pzqéu¢t gases penetrating the
unreacted material upstzeam of a subson: s ignition front [35) In
thiz process the flow »>f hot gases over the unreacted explosive

causes heat transfer (convectxve) to the explosxve, an increase in

_internal energy, and ~v¢ntual 1gnxtxon of the heated su:face. The

authors concluded’ 'by ;tatxng that a CB in a potcus bed . wzll
stabiiizo if the following conditions are satisfied. First,. the
porosity and gas pa:meabxlxty of the chazga are lower than caztazn

thrashold values; sacond. chc maximum pressure in tha combus:;on

zone is maintained at a constant level; and finally, a subsonic

flow of the combustion products is maintaired. The first and

second items are necessary in order to obtain a balance between

' gaq production in the reaction zone and gas loss from the reaction

zone.
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In the case of an LVD, a weak non2lastic compression wave
precedes the ignition front, <collapsing pores and génerating
plastic deformation of‘the material. It is assumed that localized
regions of material with increased energy due to intergranular
fzictidn and shock focusing, react and'gene:ate pzdduct gases.
These high pressure product gases are what suppoft éhe upstream
compression ‘wave.  As pointed out in Ref. 35, both the CB and LVD
are different from a classical detonation wave because 'the
majority of the reaction products are not generated in the
vicinity of the ignition fzont. Only 10-28% are Qenetate& near the

reaction front. The remaining reaction occurs in a zone downstream

of the ignition front.

The dependence pf convective bura velocity (W) on Eﬂe peak
pressure (Pm ) is illustrated ihlrig. 2.} (35]. Here, the peak
pressure was defiqed as the pressure in the zone adjgcent to .the
ignition front fov the CB ané the pteésure immediately behind the
lead compression wave vfo:"the LVD. Figure 2.3 is for the
.explosive PETN with an !nitial po:oiity of G.1. A stabilizad CB
is possible' when. .21 G?a'<?m<.02 GPa. The dashed line from P =

'Q.GZ GPa to Pm- G;Z GFa indicates that an acceletatinq;convgctiVe
'buzﬁ' was observed in this range of P n The authors alsé'shoded

that a steady LVD is posgible for values of 0.2 GPa <P m<2-0 GPa.

A second impertant aspect ofvthe Sulimov research is their
interpretation 'of streak photographs taken 3f what appeared to be

a . steady CB. Actually, the’ wave motion was Quasi-stcaéy with

.
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large amglitude, high frequency séikes appearing on the:

photographs depicting the x,t trace cf the ignition front. It was
hypothesized that the high frequency oscillations appearing in the
ohotographs were due to intense fragmentation of the explocsive in
the combustion zone. The authors suggested that penetration of

the product gases into the unreacted zone accompanigd by a sudden

pressurization caused fracture of the material. The result was an

, unsteady convective burn.

Hofe recently, Campbell [4] experimented with 'samples of
granulated HMX in a detonation tube sémilar to Bé;ngcker's (8,32)
but segmented with neoprene disks. The disks retafded the floﬁ;of
_hot gases through the pofous bed, but at the same time allowed
stress . waves o Se propagated upstream and initiate detonation.
fxnge 2.4a is a sketch of the DDT tube :séd by Campbell. Each of
the ionés shown 'in the figure is packed with granular exploﬁive
and separated from the adjacent zoées by the neoprene disks.

Ignition begins at the left end of Zone 1 and propagates to the

right. The accompanying f}gure, Fig. 2.4b, shows the pressure

profiles (P,x) in each .of the zones. At time t‘” the ignition
front has 'just‘ reached the first neoprené disk. The pressure

prrfile for ﬁime ts shows a 'reflected wave in .Zone 1l and a

transmitted wave in Zone 2. ~ I1f of sufficient strength, fhe_

transmitted wave initiates reaction in - Zone 2 -by ' shock

compression. The process repeats itself when the detonation wave
in - 2one 2 intétacts with the Zone 2/2one 3 disk and again when the

detonation wave reaches the Zone 3/Zone 4 interface.'.

aaW e
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Because he was able to reproduce detonation run-up lengths

with or 'without the neoprene disks inserted, Campbell concluded

that convective burning could ,only be important in the eaily.

stages ‘of DODT (i.e., 2one 1, Fig. 2.4). He also stated that a
*alug" (total void collapse) must form in the bed, terminating all
convective burning and leading eventually to shock to detonation
transition (SDTi. The coﬁputer calculations presented in Chapter
] also predict plug fozmation, but’ oqu under certain

circumstances (i.e., low pressure-rise rate behind the ignition

- front). Figure 2.5 is a summary of Campbell's data showing

detonation run-up length ZCJ as a function of effectijve particle

size.

2.2 Pop=-plot Data

One of the most important references in expldsive hazards

evaluation, is the Pop-plot, named af:zer its oziéinatoz, N.

ﬁopaloto [37).  The Pop-plot equates shock strength P to ruh-up
' B s

to -detonation distance IZCJ on a log-log scale. Most explosives

have a' linear logP -log ¢ c3 plot, . with negative slope,

dil(logP S) /d(1log ch). This indicates a longer run-up distance for a

weaker wave and vice-versa.

Pop-plot data for'homogeneous samples of high explosives are

obtained by performing a standardized wedge test [5]. In the
test, the '(x)t) trajectory of a shock ttavoising a wedge-shaped

sample is recorded by photographic techniques. Figure 2.6 shows a

' Pob-plot for several : high 'oxpxosives with ntat-;zystalline

—
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densities. They include HMX (1.891 g/cc), PETN (l.75 g/cc) and

Tetryl (1.78@ g/cc).

Dick [S5] was successful in obtaining Pop-pleot data for

samples of HMX with an initial density of tz = 1.24 £ .04 g/cm

(358 voids). Since most heterogeneous materials are composed of a-

large distribution of particle sizes and shapes, tracing a

distance-time t:ajéctory is often difficult using the wedge

technique. The data acquisition technique used by Dick was-

different from the wedge technique. Instead of tracking the
- shock's (x,t) trajectory, Dick measured only the'tot;l duration of
the wave passing through the explosive sample. Thus, he was able
to determine one boint on an x-t'plot for each sample. Many iests
were performed . and a statistical sampling provided the porous HMX

2
fit to the data gives

(r = 1.24 g/cc) Pop-plot data shown in F:3. 2.6. A least squares

" . - ° ' 2.
}og tCJ log (4.6) @.56 %og (Ps). (2.1)

Note that the Pop-plot . for 3$§ porous HMX (TMD=@.65) lies below
éhose of homogeneous K PETN, Tetryl and HMX. .fhis indicates that
for a giver .ihock strength, the runeup distance is much less for
po:ous HMX than for the th:ée ofhet’matetials shown. Inftefms of
hazard evaiqation' the shoz:ei the. run-up length, ' the more

hazardbus the matezial."
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2.3 DDT Analysis

.The analysis and simulation of the reactive two-phase flows

aésociated with the DSDT event must compliment such experimental

‘findings. Detailed modeling '~ of the DYDT events in ‘porous

high-energy propellants has been carried out by Krier and

co-workers [1,10-14,38,39] at the University of Illinois over the

.past several years and more recently by Baer, Nunziato and Gross

{16] at Sandia National Laboratories, Albﬁque:que.  Both of these.
':ésearch groups model the DDT process by solving the unsteady
two=-phase flow equations along with tpe proper «constitutive
‘relations. Extensive research at the University of Illinois has.

advanced the analysis from the_equatiqn development stage [38] to .

predicting actual DDTs in granular beds ({1,11]. In related

research ‘the group has studied shock wave development in pozous‘

energetic materials [28]. The Sandia group .has advanced the

analysis effort by implementing a ltate;dependen; pore collapse
model and 'thezmodynamiéally correct equation of state for the

‘solid phase. More recently, they have studied DDT in CP, an

extremely energetic high-explos&ve.

' Using "a  version ~ of Krier's code, Pilcher, Beckstead,

Chzi;tegsen and King [44). invesgigited the effects of tube

‘deformation on ODT in éorcus beds of'high energy solid rocket

propellants (HMX-based). The researca 'invqlved a series of ten

DOT 'expe:imencs in addition to corresponding ngmétical

prcdictions. HONDO [41];' a dynami¢ - structural analysis code.

(provided by Sandia Laboratories) was used in conjunction with the

[RSUT A S
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Krier/Van Tassel [10] two-phase flow code in order to couple flame

spreading through the porous bed with the motor case deformation.

For the  material examined (HMX, 500 pm<d °<1GGG pm), ‘the S

occurrence was dJdependent on the degree of confinement of the

product gases. N | - o

.o

-out of the three test confiéurations used iﬁ‘the experiments, liiéa
the' one shown in Fig. 2.7 is the most applicable to the work at ;;:i~
hand. The sketch showg a closed tube coﬁtéiﬁing a segment of f ffL:
undamaged propellant. In contaét Qith the undamaged propellant is a;;i;
a zone of granulated propellant covering the full diameter of the i:i;;i

I

test tube and adjacent to the granulated propellant is a void

containing the igniter. This particular test configuration showed .

DDT in all the tests conducted except one. For those which showed
DDT it  was assumed that rapid combustion in the porous bed
provided the necessary pressure-rise rate to shock initiate the

undamaged propellant. This bazticula:'SDT scenario (DDT=-Case 2)

was also examined in Ref. l4.

Others who modeled DDT in porous ex e*plosives f42,43] reduced -f?%iff

the problem to a one-phase flow analysis by neglectan the seepage> .

'of hot gases through the porous explosxve. Forest [43) made use of
Pop-plot expetimental data on hete:ogeneous detonatzons to derive
&n efféctive chemical _:eaction :ate in the sho;ked'explosxve and
was thus abie to show the shock to‘detonaﬁion phgse of DDT{ In
brief, his. technzque  i§vo1vcd calculating .thﬁ -teaction rate
necessary at a qxven time to dcvolop a dntonation sttength shock

'withip,éhc known Pop-plct :un-up distance.
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Work performed by Macek (23] and Tarver et al. [44] useé the
method of characteristics to predict shock dedelopment in
homoéeneous solid explosives. .Maéek used the secondary explosives
diethylnitramine dinitrate (DINA) and 50/58 Pentolite in his
end-burning DODT experiments.. Assuming  an exponenfial pressure
rise | in the product gases, Mgcek trqced right-running
characteristics (lines of coﬁstant stress) on a distance-time
(x,t) plot and shbwed that the lines coalesced at approximately
the detonation run-up length observed in experiments. An example
is shown in Fig. 1l.8a. The tuﬁ-up length is defined as the
distance from the gJgaseous products/unreacted explosive interface
to the downstream location where fhe detonation orﬁginates. The
coalescence of the characteristics ' in Macek's abalysis was
interpreted as the formation of a shock wave which was assumed to

cause the explosive to detonate.

Although Macek's method of characteristics approach to the

DDT | analysis seems ' relatively straight forward, several

inconsistencies were pointcd out by Tarver at al. [44] and later

by Kooker " and Anderson {42]. The most obvious came in attempting

to ‘predict the pressure-rise rate in the combustion zone. Macek

used strain gauges on the exterior of the DDT tube to measure the

" pressure-rise rate in the product gases. The data were then fit

to the equation

P(t) = 2 exp (k&) S " (2.2)
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where Z and k are constants. The values of Z and k given by Macek

were 2 = 0,008 GPa and k = G.lﬂus'l

. Macek then used Eq. (2.2) as

the stress input function for the method of characteristics
analysis of the unreacted explosive material. ' The inconsistency
in this approach, as pointed out by Jacobs [45},.is in assuming
that the details of propellant burning can be modeled as a
one~-dimensional linear' process. Jacobs showed that the sutfacef
area . available in the assumed linéat Iregression (conductive
burning) was far too little to generate Ehe pressure-rise rate
predicted by Macek. | Kooker and Anderson later suggested that
breakup of the Su:ning surface could enhance the availabie surface
area for burninc. Coyne et al. [28] extended the wotk ofIMacek to

include porous propellants.

. 5 -
2.4 Critical Energy (P - t) Concept

Aﬁ important pat;metet "in the evaluation of secondary
explosives and explosive-baﬁed solid ptopeilants for potential
hazizds is the minimum input energy'necessa:f tq initiate SDTL
Walker: and wilsey' (46] were the first to'co::elé;e the energy
transmitted upon impact ﬁ:ém a flyer plate to an egplasive sample
with a 'Go' or 'No=-Go' détoha:io;‘reiglé, The.mStqriais tested in
the original work included PBX-9404, LX-04 and  TNT. All the
samples tested had high TMD's (low void volume). Fig@te 2.8a [46]
shows the general trend of the data obtained when a flat-nosed
préjectilc cof mass, m ané velocity, V' impaétod a stationary

explosive sample. In reality, each matotial“wouldjhiyc fts own
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Fzg 2.8a Typical projectile velocity

versus projectile mass plot for
Shock to Detonation experiment.
(dindicates a 'GO' result, Qin-
dicates a 'NO GO' result)

(b).

0 Critical Energy Plot
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Fig. 2.8b Transformation of critical
energy data from velocity,
.mass space to pressure,’ shock
duration space. 't' represents
shock duration in the sample.
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curve in_ m,V" space. The squares in Fig. 2.8a represent a 'Go'
detonation result and the circles represent a 'No -Go' detonation
failure. .-By‘.usibg impedance matching techniques and the mass,
momentum and energy conservation laws, the authors transformed -the
data in m,V' épacé (Fig. 2.8a) to data in.P,E'space (Fig. 2.8b)
where P is the shock strength and t is the shock duration. The
resulting equation for critical initiation energy is

R - |
Ec=AP't | | (2.3)

where A = constant = 1/¢ rOD ). Assuming one-dimensional wave
theory, - the _shock duration t is simply the time after impact
requizéd_ for the compzéssion wave to transit the projectile and

return from the free end as a rarefaction wave.

An ‘in:ezpretaﬁion drawn from Fiz, 2.8 is that a shock of
"strength P tequifes a duration of at least t in order to shock
initiate the material. It is obvious,f:om‘fié. 2.8b and Eq. (2.3)
‘that as ﬁhe 'shock strength dec:gaéés, .the duraﬁion; ;; musﬁ,

‘increase ‘if SDT is to occur. Whether or not the Walker and Walsey

2 - _ ,
P -t critical energy theory holds for all explosives is debatable

(47-49].

'Howe}- ony,. Taylor -ahd Boyle [30]' pointed  out that
although the Pz-:.,theo:y is applicable- for low yoid volume
explosives (high VTHD)., tﬁo 'thcbzy does not hold when voids até
‘iht:oddcod into_'tho explosive sample. In their work samples of'

TNT were found to have ,ditfizon: critical initiaticn energies,
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depending on the propellant particle size. It was la;er poeinted
out by Walker [47] that experiments like Howe's ([38] were
misleading in regards ¢to the P :; theory. It was argued that Ec
in Eg. (2.3) represents only thé amount of energy transmitted

across the projectile/explosive interface. Once the stress wave

begins  traveling through the explosive mate:i&l, density

discon:iduities may alter the local energy levéls. For examplé,
voids present in a material have the effect of redistributing the
energy as the shock ptopagate; through the material. Shock
focusing in these  voids may cause the localized energy to be tén

times greater ;han the bulk shock energy. One can see that
, 2 - ,

althcugh the P -t theory may hold for pu:e,sampies (180% TMD), the

theory may not correlate with experimental data when the material

contains structural irregularities.

2.5 Research on Initiating Mechanisms is Porous Explosivex

. As stated earlier, it  has been found that heteroéeqeous

explosives c¢an undergo SDT when shocked to st:esé levels below the
minimum necessary to cause SDT in a homogeneous sample of the same
explosive. At these .low shock strengths the bulk-tempetaﬁute'of

the solid explosive . is bélow tee critical temperature needed for

'"_thdtmal explosion; In general, the greater the vrid volume, the

lower the shock strength. hecessaiy for detonation. A proposed

theory for this occurrence is that portions of the explosive (hot

spoé:); are preferentially hcaéed to a temperature aboveltho bulk

shock tcﬁpctieuro;| ,Re:éronces 50 and S1 present'cxpetimantal

_obsezvations mada when explosives of varying porosity and pore

L N o N
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size were initiated by planar shock waves. These will be discussed

briefly in the following paragraphs.:

Bowden [50] developed_ the theory that an ;ne:: gas was
trapped in the voids 'of the 'explosive " and was adiabatically
compressed, thus creating regions of'idczeased.tempe:atute. Data
were presented which showed the high temperatutes'attainable as a
result of vadiabaticaliy compressing air. It was noted that
cectain explosives will detonate at 'témpe:atutes below 'their
melt{ng-point and thé:efore intercrystalline' friction. can be a
possible initiation  mechanism, ' On the other hand, other
explosives melt before they detonate. Bécauie of the onset of
plastic flow in-this second group of explosives,.cohptessing voids
oﬁ 'trapped inert ‘gas' is a viable mechanism for generating

localized high temperatures.

" A second hot spot theory emphasizes the nonplanarity of the
propagating shock 4w§ye {51]. The. p;oposed idea is that as the
shock wave traverses the explosive, density discontinuities (voids
or irregularities in éhe explosive) cause Ehe wave to bend and
convergejvggggzr shcck wave collxsxons create :eqxons of xnc:eased

material comptcssxon ‘ and, tempe:atutes above gthe bulk shock

temperature. It was hypothesized that'the hot spots then cause

wave. This 'pazt' of the theory is supported by observations that

show detonation to o:xgxnat' closo to the shock front for

heterogeneous cxplo;ives;. _Unliko heterogeneous explosives,

fhomogonoous. oxploiivcs - are 1nitiitcd . at the striking:
/

v”is;rayj-;.--Jla,g-ufgagmay’g Srene z; R RN

‘rapid thetmal-'dccompositioh which acts to reinforce the shcck -

e et e e e e e, '». .J\,._,.) ‘L','-‘:- ',‘\"\ A A L A .\_\...,.‘x_\_\_



60

body/explosive slab interface.

Some important conclusions drawn from ‘this work, that are

suppozted'by experimental data, are:

l.

6.

Heterogeneous explosives detonate at much lower shock

strengths than homogeneous explosives

A heterogeneous explosive becomes easier to detonate as the

density decreases (void volume increases)

Thé shock s;zeng;h needed-ito Qetonate' heterdéeneous
explosivgs' does not have to bg'strong enough to raise the
Sulk température above the ﬁhermél explosion temperature; it
only needs to raise ,the hof‘~spat tempézaturé a$ove the

explosion temperature

The effectiveness of a hot spot in causing reaction in the

surrounding explosive depends on ﬁhe»strength of,the'shock

An increased shock - strength wili - increase both . the -

temperature of ,tﬁe hot ‘spot as welil as the.tempeta:uzé of

the. reactive material surrounding the hot spot

Detonation originates?at thé piston/explosive interface for
'hoimogeneous  explosives while it has been observed to

originate at the shock front for hetirogeneous explocives.

«
e
«'s e
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More recently Hayes [29} developed an energy partition model
where the shocked porous material is assumed to be at one of two
possible‘ temperatures, a bulk ‘shock tempetaﬁuie or a hot spot

temperature. The enegy deposited by the shock wave is equated on

a mass fraction basis to the sum of the reversible work done in

isentropically compressing the bulk of the material, plus the

irreversible heating of localized hot spots

P (v -v)/2 = W e(P,Ty) + (1-#;) e 4P) - o (2.4)

In Eg. (2.4) ¢the 1left-hand side represents the total energy.

deposited in the material by the shock of sttength} P. The term
es(P) represents the -enetgy required to isentropically compress
the bulk of the material to the fin$1 shock ptéssuze and fhe
remaining energy term, e(P,TH). is _::é' ede:gy available to
irzevezsibly heat the hot spofs. The Hayes model assumes the mass
fraction of ¢the hot séots, W:, to be equal to thé‘p:eshock yélume

fraction of pores.
wy - VodVe. = 1 ' | o | (2.9

Here, the subscript ‘oo’ zep:esgnts the initial porous state and

the sybscript 'o' refers to the homogeneous initial state.

2.6 Summary -

In this chaptefvsomo of the more relevant research on DDT in

porqui cnezgqﬁic' materials -has been reviewed. 'The first part of

e
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the chapter focused on experimental research and the second half
reviewed DDT analysis. A short discussion was also.included on

hot spots and the critical energy theory of initiation.

Eipe:imental research on DDT dates back to the early 1968°'s.

- 20T tube experiments Have proﬁided useful information 'about
detonation run-up length, convective burn velocity, detonation
velocity and in some cases, compaction histories of the pbzous

bed. However, information about 'the fluid machanics and shock

physics of the DDT process can only be inferred from these types

cf experiments.

Analysis - of DDT in cast "explosives was first done using a
method of characteristics appfoach. The work showed that the
locatfon éf shock formation was alsc  the location of shock
initiation. More recently, the research conducted in.ﬁDT analysis

has foéu:ed on understanding all ‘the details of the two-phase flow

behavior in the ODT event., In addition, there is onéoinq research’

in ;tying to better understand the mechanisms Eesponsible for hot

spot formation in porous energetic materials..

The work reviewed in thi# chapt§r is a small fraction of all

the available . literature on DOT and related topics. For more

information, . the reader is referred to | the étéceedinqs of the

International Symposium on Detonation (l-7) published by the

Office of Naval Research.
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CHAPTER 13

THE MODEL

The governing equations and constitutive reiations descriding

time dJependent <+wo-phase reactive flow are discussed in this

chapter.  Recail that the problem of interest involves a packed

bed of solid particles, confined, and ignited at one end at time
t=d (Fig. 1.2). A separated-flow analysis (38,39,52] is used to
define the field variables and flow équations for both the soligd
phase - and the 953'.phase. The basis for this approach is t&
separate the ‘Solid from gas ‘and to treat each phase. is. a

continuous flow field, coupled to the :ther phase by appropriate

source-sink interaction terms,, A sec>nd assumption made in the .

‘analysis is that the mass weighted gas/s5>1id mechanical mixture of

the two phases i3 also a contiphum. As will be discussed shortly,
this assumption imposes a constraint on the gas and solid phase

source terms,

- The governing équations‘ resulting from this analysis are a.

system of nonlinear hyperboiic paz:ial §i££erential Aequations

coupled 4thrcugh‘ interphase transfer terms., . #hen the

conservations of mass, momentum, . and energy for the separate
phases are combined, a set of conservation relations similar to
the individual phase equations ate obtained for the mixture.

These will be _dézivpd in Sectibn ' 3.3. An analy.is. using the

- -w\.wo
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Second Law of Thermodynamics will also be presented to account for

the entropy production rate in multi-phase reactive flow. This

fundamental  thermodynamic constraint was overlooked in our

’»p:e&ious work [(1l]. Recently,  Baer and Nunziato [13] and before

that, Nunziats and vwalsh [S3] used the entropy producticn

inequality proposed by Truesdeil [34] to develcp source terms for

the governing equations in additidon to a kinematic model for void

closure. ' The approach taken in this work is to first present the
interaction terms and then show that they do indeed satisfy the

Second Law of Thermodynamics.

In addition t> the conservation relations, equations of state

'foz both the 3as phase. and solid ?hase'and an interphase force

balance are required in order to have the number of independent

equations equal to ‘the number of un<nown variables.: These

~ additional constraints will be presentecd 1in Scctibn 1.4, For the

qas' ohase, a nonideal ?(v,T) equation of state was used, along

" with a constant specific heat e(v,T) caloric equation of state.

"At low den;ity,tﬁese‘gqua:ionS‘desc:ibe an ideal gas, -

The solid phase equation of state is presented in the form of

4 a Helmholtz free energy function similar to the funceicn used by

Baer and - Nunziato [15]. The constants appearing in tie equation.

were obtained from shock~-impact expetimeﬂti conducted at Los

Alamos National Laboratories (55). Expressions for P(v,T) and

. a(v,T) needed for the hydzocode calculations are derived from the

Second Law of Thermodynamics reciprocity relations between

bzcssuﬁc; te@po:atu:o,,dcnsity.and Helmholtz free enezgy.

- o e
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Finally, Chapter 4 will inclﬁde‘ a ﬁethod-of-lines>finite
difference technique used to solvev.thev resulting system of
differential aquations discussed in .thisr chaoter. A
one-dimensional shoék 'tube example}[SS) is referenced in order to

show a comparison bobetween calculations made by the finite

difference numTerical scheme and the analytic solution, This-

example was deemed necessary since one has no way of §etetmining'

the consistency of the numerical solution for the more complex
two-phase flow problem., The term 'consistericy’ refers to how well
the computer-generated solution compares with the analytic

solution.’

3.2 Sevparated Flow Analvsis

The problem posed in this wer< involves modeling the
transition from an accelerating convestive 1ignition front to a

steady state detonation wave that océurs_}in a packed bed of

high-energy - granulated propellant. A V¢Qmpleée fluid dynamics/'
thermodynamic description of this flow orocess must allow for each.

phase to have properties: of its own, indevcendent of the other .

phase. This implies that at any point in épacé, both phases can

exist and have _ values different from  one another. for fluid

velocity, u, as well as the thermodynamic Droperties pressure P,

temperature T, and density r. The governing equations describing

this particular flow process were divelopcd‘dsing a separated-flow

analysis. For more detail;'thn reader is referred to Wallis [4§lo

Krier and Kezerle ([38], and Krier qndj Gokhale 7{39].A Other

- i,

-8 .
e e
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researchers to use the separated flow analysis include Chao et al,

[57],' Crowe [58], Butler et al. [l] and more récently, Baer and
Nunziato (15]. It becomes eviaent when one reviews Refs. 57 and
sg, that there is some controvgrsy regarding the exact fbrm the
governing equations 'should take. In pattichla:, the role éf
inettiél couéling terms in the resulting equations generates nmuch
discussisn concerning their appropriateness. The apprcach taken
in this. work involves first presenting the conservation equations

for each phase separately, and thenm combining the separate sets of

equations to yield flow equacion§ for the mixture.

Begin by assuming that each phase is itself a continuum. Cor
the gaseous phase this implies that 'blind' pores are nonexistent

and the gas is everywhere free to move. A blind pore is simply a

tn

pocket of gas 1solated from 'the r2:- of the species. This
assumption alsé means that :hg.discrete nature of the iﬁdividual'
solid grains is ignored and the . ar:c: of packed particles is
assumed to ce a continuous 'fluid sody. However, the
paréicle-gatticlé interaction forc§ | does appear in the
constitutive . relations definiﬁg )the force balanc; cetween phases
(see Sec. 3.6). The ovezall-ga;/solid wixsure can also 5e‘as§umeﬁ

to be a continuum having mass weighted proverties of the two

phases. 3y t:ogcing' each phase as 'a continuous body of mass

occupying a finite volume, one can dcfihe thermodynamic properties
(?,T,v,e,h, $,5,z) , dynamic variables (u)i and their continuous
i

derivatives (.) - at every field location, xi. Thus, each phase
x ' : )

is completely defined at any given point in space. H;tc. ?

:op:o;cnti pressure, T temperature, VvV spccific volume, q_spccific

B
'
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internal energy, ' h specific enthalpy, spéciﬁic entropy, a

Helmholtz freé _edergy, r density and u parficle velocity. The

subscript 'i' refers to the specific phase, gas (i=g) or solid
(i=p). Likewise, the same variables and continuous derivatives

can be defined £or the gas/solid mixture .

For a given unit volume, V  , assume that the volume occudied.
4 T - )

by the gas phase is Vg and that by the solid phase by V..

Together, the sum equals the total volume

Vpe Vg* Vo o (3.1)

As a conséquenée of .the multiple phases, a new variable Q is

introduced where

¢; = Vi/fvi' | : | (3.2)

and from Eq;'(3.1)~

A . S

A new va:iable-tgzmed'the '‘shase density' can Se defined for each

phase as
t," Ve | | N | - (3.4a)
and, £ 2 ¢ r_ . - - ' ‘ (3. 35)

2 PP

| 'Note, is used fot'dgniitylinsﬁéad of the usual o
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The phase density simply represents the mass of a particular phase

present in a multi-phase mixture divided by the total volume of
the mixture. In this work only two pnases are treated, solid and
gas. Yowever, the analysis can easily be extencded to treat three

or mora cocnstituents [53].

Once the thase densities are defined (£3s. (3.4)], <the
one-dimensional cqnse:va:ion equations for the separate phases can

be expressed in Eulerian form as (38]:

Conservation of Mass

gas phase

aeg) salryug) s : 1 (3.5a)
At X g9 '

solid phase

alry) -dlrpug) - . (3.5b)
FX IxX )

Conservation of Momentum

gas phase
'3(:1u31 . -a(:luquq ¢_Pq¢c) .
FY4 . X ' g ’ ‘
R ' ' o e .13.63)

solid ohase

elrau.) Qa(r uu, * P 9.) -
2" . -2 273 M

Y4 R .?x ) . P v V "‘ (306b’

‘Conservation of Energy
“gas phase

InE) =35 Eou,* Pquqaql VE | | '(3;7"

it e ax 9

St
N B .
ST
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solid phase

3(:229) . =dlr,E u  + P:“:’:’ . E
P34 P P

(3.7b)

A detailed derivation of these equations (using a control
volume analysis) can be found 'in‘ a paper by Krier and Kezerle

(38].

The tern Ei in Eq. (3.7) tiptosents‘tho total energy (sum of
kinetic plus internal) for the 'i'th phase. Thg pioduct (:!)iis
therefore the total  energy per 'uni:  volhmo. Note that energy
tluxcs' due to radiation and :onduc:ion .ltt neglected in these
equations. The source  terms, 3, M, and E appearing in Egs.’

(3.5-3.7) will be discussed later.

One of the Assumpiionh made in the separated-flow analysis is
that the. gas/:oiid 'mbchanical mixture 'of the two phases, must
itself be a continuum and be definable by the simo general form of
the flow equations as the separate phases (Egs. (3.5?377)]~ This

assumption leads tp three mixture cons:zaints,'namqu.

s, =0 (3.8a)
b8
z?i' = 0 : . (3.8b)
L , _ .
i
and, if‘ = GE o o (3.8¢)

LR '.. LRSS RN FUR T IR S - L A N

e e e . SR
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The (GE}? term ippearing in Eq. (3.8¢c) is due to the chemical

c -
reactions occurring in the mechanical mixture. Thus, consistent
with Eqs. (3.aa-3.ac), the interaction terms suggested for Egs.

(3.5=3.7) are

54 = G | - ' (3.9a)
s, = =G | - © {3.7b)
M =Gu -0 : (3.10a)

ﬁ =0 - Gu

? P o . (3.18b)
2 :
- o} - - « Ju o
Eg = Gl + Egp) - 0 S , (3.11a)
—u2 | | -
and, E, = Gl —2)+ Q* Do - - (3.11b)

In Eqs. (3}9’_¥ 3.11) the term G represents the rate of mass

generation per udit‘volumo per unit time. It is given by

¢ =Frn, (. | | (3.12)
where d is the instantaneous particle :dlamctc{ and dx/d4t is

surface burning rate given by Eq. (l.1). For this analysis all

batticlos arte assuned to bo-'sphcrci. To creat nonspherical

particles Eq. (3.12) would have to be modified in order to account

for the increased surface-to-volume ratio.
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The term P ‘appearing in the equations above is an interphase
(gas-solid) momentum transfer term due to viscous effects. It is
expressed as [38]

a —3I- (u_-u) f - (3 i3 :
22 9 @2 &9 . 3.13).

g is a nondimensional drag coefficient determined from
gxpotimcnts involving flow through packed beds of sphericél beads

(s9l.

. Ny 2 : 0.87, .
qu (:p/.g) ;276 + 5 (Re/(ap)) ] . .,,(3.14.)

Here, Re represents the Reynolds number. Finally, & represents

the interphase convective heat transfer rate

. 6 , -' - T " .
Q = g (1 =300 (Tq ¢! ) (3.15)

The heat trahitor cocfticiontl;é is (64]

hoo = 0.65 (FI Re®-7 pr0:33 (3.16)

where k is Eho thezmal éonductivity of the gas, and Pr is the
Prandtl number.
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3.3 Mixture Egquations

Summing the conservation of mass equations for both phases
(Egs. (3.5a-3.5b)!, one obtains an expression for the conservation
of mass for the mixture

a(tm)- -3(ru_) (3.17)

at Ix

where ltm BT Ll Pt E N g" e Here, the subscript 'm' refers to
ﬁhe mixture properties. The . miiture velocity} u‘d appearing in
the equations,
phases. |

Likewise, the mixture momentum equation is derived by

'combining Egs (3.6a) and (3.6b) to obtain

. ’ 2
d(ru.) . -a(rmumum-f Py) _3[r1‘2(“g’“a’ /En]

where P . represents the mixture pressure, P _=¢ P + p ,The term'
¥ mrepresent e e P fgt %0, '

‘appearing in Eqs.'(l.la) involving the product (rlrzj is$ a mixture

inertial éoupling term, ‘similar to the one found in Soo's

equations (Sé] for the saeparate phases.

Finally, after manipulaéinq ‘Egs. (3.7a), (3.79), and (3.12)

the mixtuce energy equation_takas the form

represents a mass weighted average of the two
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=
3":-.15:\) .. ”r:n“:n“m + Pou.)
arn X

) a(rlzz(sq(u;~u3) * E lu_=u))) /)
Ix

| . (3.19)
B(lu_=u) (6P Ty = ¢ 2 1)) /5)

ax =

3.4 Entroov Inequality

éu:ther investigation will show that the equations describing
Ewo-phase reactive flow derived in Section 3.2 do not violate the
Second Law of Thermodynamnics. First stated by Truesdell (34] z2nd
later modified by Nunziato an¢ wWalsh [S3], the Second Law ox
Thermodvaamics. for a chemicaliy reacting multiphase fluid is

el AP iv(q,/T,) = £.T,/T.) >0

it;i 5t * Gj4; * divigy i ififhy S8 (3.23a)
wﬁg:o q i:dp:esoncs conductive heat transfer and ?i radiative hgat.
transfer to the 'i‘'th phase. The summation in Eq. (3.20a) is over
al} . constituents 'i' oresent iq the mixture, For our analvsis Eq.

(3.20a) reduces to : ' I ’ o I

e

. 3 ’ ' : '
I (zr = + G4) > 0 . (3.23b)
. [ f - . !

9.9 ' : ' :

The cn:iopf 4 can now'bc elininated from the total derivative by

intzoducing the Helmholtz free enerjy, a = @ - T ,, to yield

> 0 (3.2

q§P[((r(6 -4) - 'ro)‘/fr}i * (Ga)) 2

-----
............
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where. () represents the substantial derivative

D() - 3()

i el o (3.22)

ax

The ' ener3y equation [Egs. (3.7a) and (3.7b)] for each phase can be

substituted into Eg. (3.21) to eliminate e, giving

' I . au - L4 % ' .
qu {((E P¢ % ré raT )i./‘ri -+ (64’1] >0 (3.23)
After some algebraic manipulation and recognizing the

thermodynamic identity

P = rz %% (3.23%)
Eq. (3.23) becomes
qu [{ r ( ® !.’) E'E + G(e -~ 3 " :3::) + E,/']']L 1 0 (3.25).

Expanding Eq. (3.295) and intreducing the "void-dependent'

equilibrium pressure (53] (to be discussed in Sec. 3.7),

[

3

L4

and the chemical potential {53}

) 3(ra). , C | L -




‘75
eventually leads to
u2
‘(p - p%)0¢ —2) - - &
(< (P P )Dt * Q(e + =3 ) Uup Q./T]g
_ 2
4 e D kel -~ [
s e - 2952 - Gle » 2 - ) v Suy + AT, 20 0.28)
In conclusion, Eg. (3.28) is a statement of the Second Law of

Thermodynamics for the reactive two-phase fiow Seinq studied.

This entropy 1inequality must be satisfied for all field locations
at all times. Stated in another way, the specific relations for
the ‘interphase diaq, heat transfer, and mass transfer stated
earlier [éqs. (3.3)=-(3.11)] are cons&rained by the Second Law of

Thermodynamics.

3.5 Eguations of State

Cp éo' this péint in our analysis :: twoe-phase reactive flow,
we have‘ introduced twelve unknowgs [(u,e,P,T,Q,t))g and,
[(u,e,P,P,Q,:)]p and on;y sevén independent equations. The
independent equations include the goﬂse:vacions of mass, momentum,
" and ener3yy for each phase (Egs. (3.5-3.75] and tﬂe volumé fraction

summation, Eq. (3.3).°

- In addition ﬁo the conservation 'equatiohs, constitutive
relations 'musif,be provided describing ‘the tﬁeimodyn@mic state of
the gaéeous‘ product phase ;qd tﬁe unreacted solid phase. .?hese
include a  P(v,T) relation and an e(v,T) relation. _In-b:def to be

the:quynamically consistedt,. the sdqgested state equations must

satisfy. :he? Second 'Lakv of Thetmodynamicsrzecip:ocal free energy

——n -
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relations
2 38 - - | 3.29
P=r ‘ar)‘ : | | ( a)
and, ¢ = a - T (%%) 4 ' ' . | " (3.299)

where '3' is the Helmholtz free energy, P is the thermodynamic
pressure, 't is the material density, e is the specific internal

energy and T is the absolute temperature.

3.5.1 Solid Phase

The general form of the solid'phase equation of state should
gbntain ‘two  terms, one dependent on the intermolecular separation

distance and one due to the kinecic motion of the molecules '{S4].

1(v)+P

P}V.T) = P 2

™ S (3230

A similar model suggested by Zelfdovichilz7] contains a third

term ‘due to electronic excitation. Howevar, such a tarm thy‘

becomes impoztant:at extremely high temperatures (T > 27,090 K)o

'A  suggested form ¢f the P(v,T)  equation of state for the

solid phase is [15]

pstr?iet(n s Swc it - TrEly, 34

N
N\,
\\
\ N

[
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The subscript 'p' indicates that all terms inside the brackets are
for the solid phase. 1In Eq. (3.31) G(v) represents the Gruneisen

coefficient defined as the tharmodynamic derivative

¢

- 3
G(v) ’-"1"; (ﬁ"v

‘g

(3.32)

.and the function f£'(r) represents the isotherm passing through the

ampient state (z,?,?)o. The caloric equation of state consistent

with Eq. (3.32) is
ep'[f“"mwcvl“(.“/‘o’?o’cv”"o”p _ (3.33)
and the defining free energy function is

3;"“"*C‘V’Cv1““/‘o"T'?o’_
+ C T La(T/T )+ T=T )] L (3,34)

Shockv impact 'equ:iments conducted at Los Alamos National
Labo:atory ' (LANL)‘ have provided -the shock velocity-pafticle
velocity' data (Us o p) ‘EOr HMX shown»iﬁ Fig. 3.1 LSS], A least
squa:e§ fit yields o | | 4 |

Us(cm/sj = c * Sup ‘ , L ..'(3.35)

5

with c_ = 3.07 x 10 cm/s and § = 1.79, . This expression is valid

o

for  shcck pressures less than 4é'GPa, values well within the scope -

" of this work. 1In fact, many solid materials exhibit linear shock -

- A cme
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velocity-particle velocity profiles for snhock pressures in this

P

_along with the Rankine-Hugoniot jump conditions yields a general

expression for the P,v shock Hugoniot given by

“

. “ 2 | . '
Py (¥) rpocoa/(l-SR), ‘ (3.36)
where, R = ].—r.‘/rz.Jo . _ »Iw o (3f37)

An ordinary differential equation for th§ potential function f(rf

cén be dJdetel .ined by combining Egs. (3.31).-(3.33). (3.36) and an

expression for the internal energy along thé Hugoniot, (Egq. 1l.7).
It is given as [15] '

T

- , - . - 2 o
£°(r) = '.G(V)f(r)/cv - G(v) CV =

2

jln!:/ ""3)

rC “(1 = /) : - .
o"o o . G(v) ¢ - Y
3 {1 .—55f(;;)(1 1;rlJ

+*

2 . .
1 =5S(1 - r./2)) 4
=t ° " (3.38)

'Baer [15] has solved Eq..(3.38) using as a boundary condition

a=d at r/r

po'o' The zesﬁlting polynomial for' HMX is

2 4

£0x) = 7.757x2 + 13.33x° + 18.04x

' 7
+ 2.828x° + 24.01x% + 278.3x

+383.6x° o | | C(3.39)

'.whé:e, X (/¢ 4 l)p'

data is indeed linear, then Eg. (3.35) "
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Tﬁus. the P(v,T), Eq. (3.31) and e(v,T), Eq. (3.33) equations of

state for the solid phase are complete.

'
i
'
! P Lo

3.5.2 Gas Phase

AR
ATy

.......

\

| o An equation of state for the products of both combustion and | 'y

1 detonétion must accurately describe the state of a mixture of
gases over a wide :ange'of'densities. A typical value for the gas
density at the CJ-plane is of the order of the condenéed phése
reactants (1.9 g/cc for EMX). In addition, the product gases
generzted in Q detonation eventually expand to atmospheric

density. For this reason, a single P(v,e) equation of state must

cover a rather large density ctange.

In . the, work presented here, a s.nple nonideal equation of

was used for the detonation products. Here it is a?sumed thae,
a ) ' -
Pg- tqlllg‘r'q(l'm :g) | : (3.40)

The covplume term n' was chosen so that the équation'prope:ly
dofihes the fhezmodynamic state at the CJ point as prédic:ed when
ﬁsing' the TIGER [62]) the:mocﬁemiqal code. For Q&x wiﬁh anlinitialv
. loading dehkity ':2-1;33 g/cq, TIGER ;alcglations 4yield a CJ
pzeﬁsh:e- P¢Jr17.l 'GPa, CJ temperatpie, TCJ!4303K and.cd density
zéaflﬂ7dA g/cc.‘ Assunming a constint. #pec?fic heﬁt‘and producﬁ' '_;;

\
A_' ~ state taking a form similar to the Ncole-Abel equation of state
molecular weight, M=27.81 g/g-mol, this yields a covolume
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n'= 3.60 cc/g o | (341

Values for CJ pressure, temperature and density for other loading

densities are given in Table S.l.

A caloric equation of state e(v,T) consistent with Eq. (3.41)

is determined by first expressing the total derivative of e(v,T)

de = (3e/3v), dv + (3e/3T), 4T (3.42)
Assuming a constant C,.and using Maxwell's relations gives
de = C AT + {T(32/3T), - P} dv ©(3.43)

Now substituting in Eq. (3.4@) gives the appropriate caloric

equation of stg;e

de = C dT +'{T(§r)(1 +;n%) '.ﬁTt(l + nr)}
or, de = c‘pf ' - . .". ’ : _' ,F3;44i 
Eipall&, igt@g:atinqlffom (v ,T y ;o_(v,?) qiveé

sV, T) - elvg, Tp) = C (T =T (3.45).

Through the zreciprocity relations ‘dqfinei{,eqtlie: [Egs.

(3.29a), (3.29b)] Eqs. (3.40) and (3[44¥'§ield the free energy

B T P T I S
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function

39 = (R7T ln(r/ro) +RTn"r

' (3.46)
+ C (T In(T/T, ) + Ty- Tl

3.6 Interphase Force Ba!ance

In Sec. 3.2 the eguations of motion were developed for
two-phase reactive flow using a separated-flow analysis. It was

assumed that each opnhase (solid,gas) is itself a continuous body

.and the two phases are coupled thrbuqh-inte:pbase mass, momentum

aﬁd eneréy tz&nsfer terms. Therefore,. equations of séate were
developed for the gas ?hase Pgslpq(Tg,vq) in Sec, 3.5.1 ;nd :oz
the so0lid phase pr-Pp(Tp,vp) in Sec. 3.3.2. Up to this_point in
the analysis the g:anula; nature of <he so0lid phase has peen
neglected and the flow behaviat of each phase has been modeled as

a simple compressible fluid.

Since the comptessibility'of the gaé/solid mechénical mixture o
is_ void-voclume  dependent [63), it is desi:@ble to develop a
cons;icutive :oiation- relating the stress on the granular matrix

to the change in void volume (compaction).

Research in the atogﬂ of mathematically 'ﬁodelinq the
equilib:ium stress of a material under an applied external load is
well documented [64;65].‘ The te¢m equilibifum stress was defined

in Eq. {3.25). In éhe-wo:k presented here, the matrix of packed
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grains is treated as a single hollow sphere where the inner and
outer 'radii are chosen 'such that the overall porosity of the
mite:ial- is properly represented. The pore collapse is assumed to
occur in thfee phases: jl) an elastic 'phase? (2) an
glasﬁicfplastic pha;e. where plastic deformation begins at the
outer 4tadius and progresses towvards the center: and (3) a plastié

phase where plastic deformation = occurs throughout. The

- . Cy e
mathematical relations betwe2en equilibrated stress P and void

porosity ‘a' . for the three phases of compaction and the

appropriate range over which gach occurs are given by [64f

.elastic phase ag2 a > ay

a '
pe 4G(ao - a) . . (3.47)
33(; - 1)
elaétic-pl;stic.ohase. a2 a > a3
‘ ;o o 2G'(a ' ) -
e 2 _ 26 Coav e s o - & (3.48)
AR R L S U e T e VY ,
‘plastic phase azk‘b > a

1 (3.49)

P* = 3y in (=2

T e e e T e T
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a, = (ZG'ao + Y)/(2G' + Y) : " (3.50)

1

and, a, = (2G'a )/(2G* + ¥) (3.51;

In Egs. (3.47-3.51) Y and G' are the yield strength and Sjea:'
modulus respectively. Values for Y and G' can be found in Table

5. 2.

Figure 3.2 illustrates the P® - a.zelationship for HMX at
varioﬁs initiai densitiés. For example, a sample with an initial
density of r, =1.58 g/cc  (a =1,20) will transition from elastic
deformation to elastic-plastic . deformation at apéroximately Pe =
@.915 GPa and then to plastic deformation at P = 0.831 GPa. As
shown in the figure, there is very little volume change p:ioz th 7

the transition to fully plastic deformation.

One can now write a static force balance between the

gas-phase pressure P g’ the solid-phgse. stress Pp ;.and the

equilibrated stress.
- . p® . » } . BT s
Pp tPg P ‘ S o (3.52)

. Equation (3,.52) eq@ates the thétmodynamic stress in the solid

bhgie, 'Pp, to the iﬁm of the equilibrated stress, Pe, plus the gas

phase' pzessuio, P + The the term P represents stress due to

9 P
'gomp&ossion' 'of_ the solid while ¢ .tepresents stress due to

'compaction® of the granular solid.
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Pressure - Porosity Relgtion

(P-a Low) ‘
. .
HMX o
' rp=1.90 g/ce
T Plastic
Elastic-P'astic
Elastic
smmm— T ] !
. B . l . 2 ) 1 . 8 2 .
1. 1.4 ‘1..8,
A=(V/Vs]

Fig. 3.2 Pressure-void volume relation

-ship for peorous HMX.
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..Intzaghaso viscous effects are also . neglected, .
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CHAPTER 4
NUMERICAL SOLUTIOM TECHNIQUE

4,1 Introduyction

The governing equations derived in :he-pgevibus chéptet (Eqgs.
(3.5 - 3.7)] form ‘a system of six nonljneat hype:bolic pa:tial
differential equations (PDEs). They can be written in vector form

as:

&l
+

SE(D) _ = o

(4.2a)

where {J “ 
X .U = [rl, £, rluq, :zup, rlsg’ ;2391
- , 2 2
F(T) = (rlug' rzup, (rlug + Pg¢g) ' (rzup + PPQP) ’
- {4.2b)

(1 ugBq*Paighy) < (738 Ep*Pupty) ]

and‘

‘e - g . 2 ' F
’ Q Dup + G(up/Z +E )

ch

s '~[G;.f§. Qup‘- 0, D‘-'Gup

e, - Q- Gtul/2)) (4,2¢) -

Equations (4.1) dasczibe onc-diminsipn;l;rtﬁo-phaso teactive flow

‘with heat transfer px_-cpnductibn 'pﬁd radiation hoqlocfod.A

The vector T .
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contains the conserved variables, F(U) the flux terms and S the

interphas2 transport terms for mass, momentum and energy.

It shouldlbe noted that when a strong shock is present in the
flow field, an additional constraint is imposed on the analysis.
The Rankine-Hugoniot jump conditions [Egs. (1.2),(1.3) and (1.7)]
must be satisfied acreoss the snock discontinuity iﬁ addition to
'qu. (4.1) . This constraint,. together with the _inviscid
conserv&tion equations, yieids the proper 'increase in entrépyl
across the shock front. When a shock is not present the
consetvatiqn equations alone define the flow behavior, although,

the Second Law of Thermodynamics still requires that entropy

increases or is constant.

Due to the nonlinear scurce/sink terns, a closed analytic
solution to the PDEs governing two-phase ;eactive’flow is not
possible. Howevet, with known initialland boundary conditions e
can solve the system o¢f nonlinear equations by an appropriate

finite differenze technique.

4,2 Pinite Difference Grid

The nurerical solution to Egs. (4.1) is determined by first
diic:etiéing. the physical space domain {ntc a finite number of
q:idl, oqéh ~a& constant 4x in length. This is ;llugtrated ;n Fig.
4.1, ‘ |
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Fig. 4.1 Time-distance finite difference grid
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At each  noda1",point 'j', the distance from the brigin (3=1)

can be expressed as x_. = [j-1) Ax] where j ='1,2,.0.d , In a

3
similar mannet, time is discretized as tB*l = ¢N &+ tN where, n =
0,1;...N . Here ath represents a finite step in time. 1In Fig. 4.1

n : . . - 3 .
Uj repzesentsva,value of the vector U = [:1, rz, rlug, :zuP, tlsg,

r Ep ] located at the space~time coordinate [(j-1)ax, tnl. It is

2

.assumed that theivector T is known for all spatial locations x.at

. J
an initial time t° . In addition, boundary conditions for U at
*-G and .x'L' (u:r,uf,ul....u?, and U},UJ,...Ug) are known for a;l

time @ < t < T . In the work presented here the boundaries are

assumed ' rigid, pezméabie' and adiabatic. These asadhptions<yieldv'

the following boundary conditions.

‘dpsaxl = aprar] = o - (i=1,2) (4.32)
6 L Lo . ,
ug| =ug =0 o (i =g,p)  (4:3b)
Q L ' ' g v , ‘
d‘i-/dx‘ - dgi/d*i R (i =g'p)  (443¢)
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Using a second-order, ‘centet-diffefenced finite difference

approximation, Eqs. (4.3a - 4.3c) can be written as,

(4.4a)

(u;) = (u) =0 (i=gq,p)
1 5m0 T tyag | = 9.7 | (4.4b)

and, (ei)jao’(ei)j=2 and ‘ei)j-J+1'(ei)j=J-1 (i=g, p) (4.4c)

In the equations above j=@ and j=J+l represent 'fictitious® nodal

points necessary for evéluating the x-derivatives at x=0 and x=L.

In the following sectionlba finite difference numerical
technique Iwill bé used to approximate the gdve:ning diffe:éntiil
equations Isqs.. (4.1)], thus, p:oviding a method to march the
~solation ( T .] in time. Appendix B 1lists the step-by-;tep

procedure tolldﬁed_to-solvd the eqdations;

4.3 Numerical Technique

A method of lines (MOL) technique [S6] was used to solve the
system of nonllnop: pa:tia1 differential equations on a high speed
computer '(ciésﬁ-175). Assudinq that the vector U is known :or all‘
_'j 'at‘ time tn_; the first step in 25- MOoL apb:oach is to cxpt.;s;
the continuous x-derivatives as discrete finite differences at
each of thi';j' locations. The symbo}siinll be used to represent

an 4'i'th. order Einito difference aéptoximation to the derivative
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a( )/dx o The second and fourth order center-differenced

algorithms are given by

| T n 0 \ L2
3 F (T) (Feal,, - Flul_/2ex + Tex?) (4.5a)

- (-8F (W) . + FW? . - Fu® J,zas'(u)'.ql )
and, §F (T) = — 1= 1= ese)

. 4x ,
fe’(Ax‘i)

respectively. In this adalysié the second order scheme was used.
Using Eqs. (4.5) ¢to exp:eé; the continuous x-derivatives in Egs.
(4.1) as finite differences, the system. of PDEs at time are

reduced to a system of ODEs. They are given by

ary/de = £3.05,,0.) - (4.6a)
drzldt" = U] ,Eg+1~,ﬁ;_1) (4.6b)
d(ryu )/de = r(T:’J? » 03a105) - LI
'af(zzué)/dr." - u?:’j‘ Tle1:05p) ) .' . {4.)
d(riEg)/de = £(05 & i”j‘;l.ﬁ;.‘ﬂ) o o | (4.8a)
and d(r,Eg)/dt = £(é‘; 6;.‘;1,?5'].‘_.15 .('C.Bb)

Appen&ix B lists the complete form of Eqs. (4.6 - 4.8). Once the

‘|PDzs are reduced to ODEs at timq'tn » .the solution is advanced in

-y

<
-
)
N
Ul
-
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time to E”iby solving the system of ODEs aver the time increment t!

> 8l

Depending ‘on the rate of chemicallreaction, the system of
ODEs [Egs. (4.6 -'4.8)] can githez be 'stiff® or 'nonstiff'. The

term stiff refers to ODEs which have greatly differing decay

‘time-constants [66]. Early in the DDT process the convective

derivative time-cons;ants are bf the same order as those
describing the solid to gas decomposition.. In this regime no’
Qingle term dominates the behavior of thew'flow equations ;nd
hence, they can be considered nonstiff; However, as the DDT
dévelopes, ‘the 'teaction rate increases drastically and the
chemical reaction ‘terms in the governing equations dominate the
flow behavior. Wwhen this occurs, :hev'sténda:d' ODE solvers are
forced to take very small internal time inrtements-in order to
p:escfve stabilityQ To be more efficient one would prefer a
nume:ical. technique that can identify and treat stiff ODE§ by

optimizing the internal time step.

Three different soiution techniques were tested on Eqs. (4.6

= 4.8) . They include; a fifth order Runge-Kutta technique,

Coa:‘s backward diffc:onﬁiatién formulae (BODF) and, an 'Adams
technique. References 66 and 67 ptovidu'more information on these

techniques. In'bricf, the Adams method (Subroutine ODE [68]) is a

p:qdictoi-goftcctor solution technique where the predistor cyc'e

is explicit and the cqucctot is implicit. . The Runge-Kutta

ftdchnlquev'uscdf (Subroutine - RKF4S5 (68}) is a modified version of

the classical explicit Runge~Kutta ~(67]  method, and Gear's BOF
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method '(Subroutine DGEAR [69])‘is a multi-step algorithm for stiff

ODEs.

For 'comparison purposes, the three different methods were
used to solve a 'baseline case'. The input data for the case is
listed in Table 5.2 . This particular set of initial conditions

was 'selected since one can show that it represents flow behavior

which begins as a slow. burning convective ignition fz&nt énd

eventually makes a transition to a steady-state detonation vave.
The test case is introduced here only to méke a comparison between
the different ODE .solvers. Further details of the steady~-state
parameters - predicted for this case and a comparison with

experimental data can be found in Chapter S .

Each of the numerical algorithms was used to solve the
baseline «case from t=d to t=38.2 us, At t=38.2 us the

steady~-state detonation Qave had reached the x=L boundary and the

program was terminated. In Table 4.1 avcompatison of p:essure,'

density and velocity at t= 30.2 us (382 time step cycles) is

given. The three show excellant agrecment with each other and all

three techniques satisfy the theoretical steady-state detonation:

solution. Régatding execution 'time, the Runge-Kutta took 116 cpu
.seconds, th. Adams method took 138~c§u seconds and Gea:'i‘mcghod
took 187 cpu seconds. For éonazison buzpqses with -othef
@achin.s, ali w‘ro run on a Cybcf;175 which computes apptoximatcly
.5.5 million 16;tguctioni per second, '

The comparison shown in Table 4.l does not imply that the
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finite differén;e solutions are ‘'consistent' with the exact
analytic solution. ‘fIt' simply sths that the three methods are
'self-consistent' and that Gea;'s. BOF is the most efficient for
the problem posed, Since there does not exist an exact analytic
solution to the. two-phase reactive flow equatidns, oﬁe caannot make
a statement regarding the solutions consistency. However, !y
Eeducing thg govérning equations to a sygtem which can be solved

analytically; one can make’ implications about the merits of

using the MOL technique. This was done in Ref. 56 where the
Riemann shock . tube problém was solQed for a polytropic gas using
the MOL method. The " govérniqg eqﬁations for the Riemann shock
tube problem are the one-phase, nonredctivé,vetsion of Egs. (4.1)
. The results from the finite difference MOL technique were in

close agreement with the aﬁalytic solution to this problemn.

In addition to the . three methods 'ﬁiscussed here, a
Lax-Wendroff  two-step scheme and a second-order M;cCongék

predictor~corrector method were also tested. As shown in a recent

. review article by 'Sod [7¢], the solution calculated: by both

‘'methods develop stability problems,

4.4 Artificial Viscosity

The artificial _dissip#tion inherent in the'finiti difference

approximation to the Ediét equations is suftiéioné to smooth out

small 'oséillagibn:v and . energy cascades ptqéont in Elbws not -

~involving strong- nhoéﬁi "{71)., However, if a 'st:dnq shock {s .
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present an additional term should be .inclﬁded "in the finite
difference form of the equations. It shdﬁld be representative of
the entropy increase associated Qith a éhock wave ;hd act to damp

out oscillations occurring in the flow.

Artificial wviscosity was first included in the Lagrangian

" form of the conservation equations as a means of stabilizing the

numecical solutions to flow analyses involving shock waves [ 71].

The viscous term cuggested was

- - 2 - 1]
(E2x)° 3V 13V
q= - & 5l (4.9)

In Eq. (4.9) the term J is a constant § < T < 1.

The ‘'viscou3s pressure' q was added go_ the thermodynamic
pz;sburo ', P, 1in the momentum and energy ééuations. Thus, terms
like dP/dx took tﬁe form 4 (P % q)/dx. 'Thﬁ‘dV/dt'dependency of Eq.
(4.9) indicates 'thae .the viscous-ptessufe 1sumudh greater in the
vicinity of shock waves than in comptession'wavgs which have slow

strain and Eelaxatzon rates,

In the work pressnted here, artiticial viscosity was included
in .ﬁhe Eulerian form of the governing cquatidns as a second order

finite difference [(56)

5T 0 3FE@) L= . D (axe 20 -
T r 5 =5 *3x Ak gy (4.10)
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where the viscosity term is approximated by

] n '
< (dax £ = P, - Py (4.11)
and where,
Pl A a )“(? - T,)/22x | C (4.12)
. J+5 = (aj+1 '+ aj 3+1 ] - .
n
with 3? = (u+ c)j _ (4.13)

4.5 Entropy Production in a Shock Wave

In addition to eliminating the oscillations inherent in the
numerical technique, there are several reasons based on-ph?iical
arguments for including the visqous pressuge term in what appears

to. be a correct finite difference approximation .to the actual

differential equations.z This section is included to outline some

of the reasons for including artificial viscosity in thelnumctical

model.

As stated earlier, the govothinq equatiocns includc'no viscous

effects. An inéerghas- ~momentum transfer term appears in fhe

variable M {see Eq. (3;10)1. depandent on -the tnlativo'phaio

‘.Goloc;tics. but inézaghasc viscous effects are simply nogloétnd,.

This assumption is Galid as long as the :atu'bt vplﬁm._doto:mation
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in the gas is low. However, within the thickness of a shock wave,

the strain rate i; extremely high' and viscous effects play an

important role in determining ‘the shock structure. Because of
this, Egs. (4,1) must be modified in the region of the shock front ?i{
to include Viécéus.énezgy dissipation. jt;
| - K
Begin by bonsidezing a very limiting form of the conservation i?f
equétions for one-dimensional £flow where viscosity, conduction, lfi
} radiation ahd chemical reaction are neglected. e
| d3r , 3(ru) . : . AN
C <*7=5x T 0 (4.14{ L
' .9
it 9X : : . S
.9
3(rg) , 2(Pu+ ruE) _ g ' S (4.16) e
. o . ' ‘ o

" _Along 'with ﬁn egﬁgtion'§£ state,‘P;P(v,e). Egs. (4;14_- 4.16)
complitely §o£169'th. tloﬂ ﬁéﬁavidr of a cons&ént ehitropy process, hé
When a shock wave (s present _in the flow field the flow is no
llongct _;evo:siblo. '.ﬁqnco,' to be cofzect. the cnttopy.ihcrease Zif
ac:oss. the shock wave must be included in the definihg equations. .iﬁé4

By ihclﬁding__a - viscous pressure term , q, with the same strain

_rate dnbondon&y as Eq. (4.9}, the qntropf increase in the shock

Ty ..',-.'-.'.x.
LA

_wave can bi'properly'modeled;




Including q, the governing equations take the form

ir _ 3{ru)

b

at X

3(ru) , 3P + g) & ri?

it éx ‘

)4, 0

and 2%%5’ » 22> q;xu + ruE) _ 4

The 'new' energy equation [Eg. (4.193)] can be rewritten fbi

a Lagrangian cell as (72]

de = - (P+q)dv

Equating Eq. (4.19b) to the First Law of Thermodynamics

dg = Tds = Pdv

yields

Tds » -qdv

L,

{4.17)

(4.‘18)

{4.19a)

(4.19b)

(4.21)

(4.20)

(4.22)
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where the subscript 'i' refers to the irreversible shock ptocéss.

Integrating Eq. (4.22) from the initial state to the shock state

.yields
e, . Vs ' :
é de: a -rqdv ‘ (4.23)
Q vo ’
or, v '
- s
(es-eo)‘. s -/ gdv : - (4.24)
v .
o

Equation (4.24) is an expiessian for the amount of energy
availabie to irreversibly heat the shocked material. The right
hand side can be evaluated in the' computer program ai each
x-location and compa:e& to. the itteve:siblelwbtk, (es'eob'frd”
‘which can be calculated from known shock Hugoniot data [73]. 1If
the two are equivalent, the ‘artificial' term g i;'accurately

| , .
modeling the entrdpy production in the shock process.
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CHAPTER FIVE

Results

5.1 Introduction

Proposed in Chapter 1, Section' 1.3, were three different

’écenarios describing DDT ih condensed propellants/explos1ves.

Although the predetonation e'ents are dlfferent for each proposed
scheme, the final solution, a steady state detonation, is the same

for all three. Two of the three cases, DDT-Case 1 and DDT-Case 2

'will be examined in more detail in this chapter. The finite

difference numerical method developed in Chapter 4 will be used to

integrate the time dependent PDEs governing the flow behavior and

'+ the results obtained from the comput.r code will be compared with

theoretical steady state detonation solutions. 'In add1t1on,
experimental data from outside sources will be 1ntroduced for

comparison with the computer predictions.

Table 5.1 presents data for CJ pressure, CJ temperature, CJ
density, - covplume n’ and detonaticn velocity D for HMX explosive at

various  initial densities. .The initial loading density was

'defined in Eq. 3.4b as -

F, T 4b!p° oty f':po/a° since, a = 1/(1-4g,)

The data in Table 5.1 is for the density range 1.20 g/cc < t2<

1,98 g/cc where the uppet limit zepzesents czysta*line HMX( ng ,

0.0.: ao-l,ﬂ), These data were calculated usinq tns *IGER chemical
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equilibrium computer code developed at SRI International [62].

Each set of thermodynamic properties (P,v,T) represents the CJ

state for the specified initial density r . The TIGER code

2

computes the CJ state from information about the unreacted shodk
Hugoniot, .chemical formula of the condensed explosive, aﬁd,
equation of state for eac. of the product gases ([74]. Th:oughoﬁ:

’Chapter S the séeady state solutions predicted by the ODT code

will be compared with the TIGER data in Table 5.1 .

5.2 DDT-CASE 1

The test configuration (Fig; 1.2) for DDT-Case l,consists'of'é
bed of propellant grains. tightly packed (%:< 1.67) in a stéél
tube.  Prinr to  ignition at x=@¢, the bed has a uniférm
distribution of unisﬁzed spheres. The reader is referred ﬁo
Section 1.3 for a review oflthis particular DDT process. Whgthéf
or. not the acceleriting deflagration wave actually ﬁakes a
transition to ,a steady state detonaéion depends on the éropeftigs
of the material and the initial conditions. A few of “the
pazémetets.'which .ﬁetermine whether a DDT event will take place

include;~‘p:opcilant ddniity 1 4 initial loading density rz,

’
propellant chew{cal energy E;hp?,bed confinement ty5 quning‘tatg
'd®/dt, bed length L, igniter strength, and initial grain size 10'
No single ‘pazamete; alone can be :egaided'as the most critical
 factor in . determining whether a DDT will occur. For example, a
éonginid lbed”ot @mall, high-energy, tightiy-packed'gtain; provides
the ideal pressure-rise rate for ‘a DDT; howavef;»if ﬁhe bed is.
ghorter | than the ictiti&ai‘ detonation run-up diifancg lc3 .a
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detonation cannot occur. The grénular bed would experience a

rzpid overpressurization but it would not detonate.

To test the DDT computer code ws chose tc model the
well-documented experimental work of Bernecker and Price
{(7,8,32,75]). Computer output for four sample cases predicting a

DDT outcome will be discussed in this section. Common input data

' for the four sample runs can be found in Table 5;2 « The mateti&17>

being studied is HMX (73] and the initial grain size is do-ZGG pme.
Throughout the remainder of this chapter, the four cases will be
referred to as Case 1A, Case 1B, Case 1C and Case 1D. With the
exception of initiai gas pprosity *go' the inpug data is the same
for all four cases. Cases lA-1D have initial porosities of ’QO
=¢.32, @.26, 9.37, and 2.30 respectively. Values predicted by. the
pDT code for CJ pzeséure, cJ tempeta:ure, CJ density, pnd.

detonation velocity will be compared with TIGER data ([62) and the

. initiation front x,t locus will be compared with experimental aataj

(7s].

-Tho predicted ;gas pressure, gas'velocitf; porosity and gas
generation rate profiles for Case 1A (Q;o-O.BZ) are shown in Figs.
5.1a-5.1d respectively. .For. this _partiéula: -ca;; the. rate of
p:oduct gas gcﬂ‘:ation is extremely tapid and the aécel&zatinq
deflaggation wave make; a transition to a gteady state detonation
19 ém 'fzom the ignition ,;outco (x-ﬁr;_rha rapid pressure rise

during the deflagration phase is due in part to the high.

- surface-to-volume  ratio of .the very imgllf(qatgﬂo pub propellant

gtains@’ It should Bq' noted that the initial particle size does
- . B . / .
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TABLE 5.2 INPUT DATA FOR CASES 1A, 2A, 3A and 4A

Bed length L = 20 . cm

Burning rate irdex. n =1.00 A ‘
Bur2ing rate coefficient b = (0. 002)(cm/s) (1. 45x10 ) paf
Gas specific heat at corstant volume qu_f 1.77x 10; erg/g-K
Solid specific heat at constant volume C__ = 1.5 x 10° erg/g-K
Chemical energy E,,= 5.84 x 1010 erg/g ' ' |
Gruneisen coefficient at (P ¢ Tgr T ) o G° = 1.10

Shock velocity-Particle veloc;ty S = 1.79
hugoniot slope

Solid phase sound velocxty at (Po, Ty T ) Co »3.07 x 105 cm/s
Number of cells N = 200 - ‘
Solid density rp ='1,90 g/cc

Yield strength Y = 3.52 x 1010 ay/cm?
Initial pressure Po = 1.0 x los-dy/cmz
- Initial temperature To = 300f 4 ) '

Initial grain size (spheres) do = 200 um
Initial porosi.y Case 1A oo = 0.32, a a, = 1.46
Initia; porosity Case 1B % = 0.26., a a, = 1. 3s
Initial porosity Case 1C L =.0.37, a, = 1.59
Initial porosity Case 1D = ¢ = 0.30, a, =1.43

et 4w e e
B AR A

2

-
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not alter the final detonation state. However, it clearly effects
the predetonation pressure-rise rate and the detonation run-up

length.

‘ Figure 5.la illustrates ghe gas pressure profiles (P,x) for
Case 1A at ti~e increments of 5 ps. The CJ pressure is calculated
fiom_ the coméute: output to be PCJ-16.9 GPa and the steady state
d?conation velocity i§ 6-7.@1 mm/ps. Case 1A also predicts values
of TCJ =4289 K and ch-G.SSS cc/g. The§e aqd otherldata can be
found in Table 5.3 . The DDT code values compare favorably with

the TIGER 'chemical equilibrium prediétions of PCJ-17.26 GPa and

D=7.05 mm/pi . TIéER predictions are the result of a chemical

equilibrium calculation involving the detonation ptoduct'gasés.

The - code also includes solid carbon in oxygen deficient explosives>

(i.e., TNT) .« It .has been thoroughly tasted for detonating
homognaneous explosives and is well accepted in the explosives

community.

In. addition to' the computer calculécgé CJ properties being in

agreement with-'tho theoretical CJ ptopqtties;'the expansion wave

following the steady state'.doténation should satisfy certain

 fundamental :clationszofl fluid mechanics. In particular, any.

state along the expansion wave is related to the CJ point by Eq.

(1.14),
- (e = u,,) o
P/Peg = (1 X L ._E___Si., fv_l)

(of 4

[ A

' L -- .

v
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Qheze v ig the polytropic exponent,‘u(x) is the fluid velocity at
scme location x in the expansion wave, and Cc3 is the éognd
velocity at the CJ point. Also, two known boundary conaiticns are
that the fluid. velocity mﬁst equal zero at both the fixed walls
(x=4, x=L). Thus, the steady state "wall pressure, P(x=0),
ptedicted by the ~computé: code should satisfy Eq. (l1.14) with
u(x-Q)sﬂ .. Case 1A predicts values of ch=1.8§Imm/p§, chJ=5.12
mm/ps and Y=2.73. For these input parameters Eq. (l.14) yields a
steady state wall pressure, P(xtci = 5,0 GPa . This is consistent
with the,>code predictions (see Fig. 5.la), wnere P( x=8, t > t_

=4.9 GPa.

- Shown 1in Fig. 5.1b are the gas velocity profiles (u,x) for
Case 1A at 5 ps time increments. It is interesting to note that u
approaches - zero at approximately the midooint between the CJ'point

and the wall. Detonation theory [25] predicts u = @ at exactly

CJs_ |

'half-way for a polytropic gas and approximately hglf-way for othe:;'

gases.

Using the t=60 us profile as an example, several key

fcaéuzeS' of the detonation. wave ~can be  {llustrated. First,

ubstroam _9£ the detonation front, x > 35 cm, the matezi;l isl.-',

;uﬁdisturbed and u = g, Figurds S.1a, S.;c,.and S.1d also 1ndicate

.that fct  x > 35cm the prosiu:c and porbsity are unchanged from

their ;nitial conditions and the product gas generation rate is

. Z@TU, Again referring to. tha t=6d ps profile in Fig. S5.1b, oﬁé

can séc-thatAtho,gas‘velocity':ises rapidly across thé shoék'tront~

&xi34‘_cm) 'and_ then decreases to u =0 at around x=13 cm. This =~

!-tfﬁffﬁfg%

.f.LIHgQEE;Q
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feature islconsistent with the statement presented above regarding
the shape of the expansion wave. (Note, the t=60 ps profile was
selected for illustration purposes only.) Because of the steady
state  nature of the detonation solution, all cf the

post-detonation profiles will show similar characteristics.

The remaining figures for Case 1A (éigs. 5.1lc, S.1d)
illustrate the gas porosity (¢ ,x) and gas qener;tion.réte (G, x)
profiles at time inérements bf 5 ps. The very narrow detonation
reaction zone 1is apparent in both figures. .In Fig. 5.1& it is
aepicted by the. short Qistance ovér which‘the porosity increases

from ambient, §g°-0.32, to an alli-gas regime, qg- 1.0 .

Finally, the ignition fromt x,t locus for Case’_lA was
compazéd with experimental data by Price and Bernecker [75]. The

comparison is shown in Fig. 5.le. The square data points indicate

the experimental (x,t) data [75] and the solid line comes from the

numerical simhlgtion. The agreement is fawvorable with both sets
of data indicating a 'steady state detonation velocity of

approximately 7 mm/ps.

" As stated ‘earlier, the input data for Cases 1B, 1C, and 1D
are similar to Case 1A wfth the exception of the initial porosity.
The gas pteésu:e,' gas-vclocify, poroiity and gas generation rate

profiles for these ehrin casqi.can be found in Figs. 5.2 - 5.4 .

Also, Table 5.3 provides a summaiy_bf the Cﬁ parameters for all

 the >c§scs.-..fhe' first line ‘in each data qit'lists the values

~ calcuiaftd‘.u:ing the DDT cpmbuto: code and ﬁhe ‘'second line

il

PN B SO
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n " TABLE 5.3: CJ Parameters (P,T,v,D from DCT code) |

». rylg/ec) ¢, P;(GPa) T.,(°K) u.;(m/us) c.;lrm/us) Dimm/us) r.;(g/cc)
5 DOT Code| 1.20 |0.368| 14.38 | 4201 | 1.82 4.83 6.65 | 1.64
- TIGER " " 14,92 | 4337 | 1.8 | 4.92 . | 6.76 1.65

' DOT Code) 1.30 {0.316 | 16.90 | 4289 1.88 5.12 7.01 | 1.76
TIGER . * |17.26 | 4304 | 1.89 5.16 7.05 1.78
[ =] ! . '

;. DOT Code| 1.33  [0.300 | 18.11 | 4406 1.95 5.26 7.14 1.80
5 TIGRR | " -  118.00 |43c0 | ‘1.1 '5.22 7.13 | 1.81
5 DOT Code| 1.40 [0.263 | 19.64 | 4393 1.93 5.45 | 7.40 1.87

TICER - * 119.60 | 4280 1.92 | s.42 7.33 1.89

-

1y
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contains the TIGER predictions.

Figure 5.5 is a plot of detonation pressure versus initial
loadipg-density squared (ry ) for HMX. The data comes from three
sources, TI1GER, the DDT computer calculstions and data from Ref.
76 . ‘In the range of dersities l.8g/cc < r2 < 1.38 g/cc, the
approximation {76] - .

W) = L2 '
PCJ(GPVA) 1.3 ;2 . | (5.1)

can be used io calculate the CJ pressure for these explosives.

As - shown 'in Ref. 75, most condensed explosives consisting of

the elements Carbon, Hydrogen, Nitrogen and Oxygen (CHNO-type)

" have a linear relationship between CJ density and initial loading

dengity, r, =(l- ng 50 *

of the CHNO formulation. This is illustrated in Fig. 5.6 . The

In fact, the P,v behavior is independent

open-circle data points represent TIGER pzedicfionsvfo: HMX (C4 HS

8 Og !
CHNO explosives. They include; TNT C7 H N3 06' RDX C3 H6 NG 6

PETN Cg H N 0 12° Tetryl C7 Hs 5 8 » and Picric acid C6 H3 u3o7

The DDT code -predictions are shown as the solxd-box data

points. Alleast squares £it to the data from Ref. 76 yields

T

and the triangular data,poihts are for éeveial différént
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r = @.261 + 1.157 ¢ : o (5.2b)
cJ 2 . '

Shown in Fig. 5.7 is.a plot of the detonotion run-up oistance
as a function'lof the initial poros1ty, Qéo. The.input'daca for
each case is the same as in Table 5.2 .. The one experimeotal data
point shown is from Ref. 75. For the porosity range @.26 <-§
9.37, Fig. 5.7 shows the detonation ron-up diétaoco increases as
the initiall porosity increases. This is in fact the same trend
ohown by Korotkov et. al [36] for granulated PETN (qo ;40 pm and d°
= 1000 pm). However, their data shoﬁed the run-up length to be a
minimun at § =0.20 (for d =1000 pm) and then to increase fot ’go

< 4. 20.

The four cases discussed abovo,ﬁCases lA, 1B, IC, and 1D are
ali examplos of a DDT-Case 1 hazatd.;‘sach simulates & packed bed
of HMX undergoing ; ,traosition fzom_on accele:atihq convective
burn to ; steady state detonatiOn,v Volues' predicted for CJ
pressures, CJ  temperature, qnd . CJ density match TIGER:

calculations. In addition, the detonation Tun=up length ;CJ and

‘ steady state detonation volocity D obtained f:om the DDT code are

in close agreement with expo:imontal data.

From tno data presented above, 1t’appea:s that this type of
DDOT is primarily a result of the rapid'ptossu:o rise early 1n.tho
event. Because of tho complox coupliag botween all of the flow

variables, it would bo misloading to state that one pazamoto:

"alone is responsible for the DOT. Tho p:ossozo-:i;o tatg! 13~a,

L »n——.
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10 T T
| HMX )
do 200 um
sl- En=5.84 MJ/kg -
n=1.00
E el -
3
v } -
af- -
® Butler, Krier
2~ |a Ref 76 , , =
_ . . -
°o_/\f 020 ~ 0.30 040

®, (Po’roSi--ty)

Fig. 5.7 Detonation run-up distance (2 ) versus
initial porosity (¢°) for Casgg 1A-1D.
and data from Ref. ~76.
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function of several variables. In all cases studied thus far, the

initial gtéin: size was very small (dé-ZGG pm) and the reaction

rate (reflected in the burning rate index n) -was very high

(n=1.d).. = These .two factors, combined with product gas

conf{nemen:i high initial solids loading *go and high chemical

h

energy Ec _,reéult in a rapid pressure rise.

-iﬁ should be noted that in some instances of convective

‘burning in a confined bed of gfanulated propellant, DDT will not

occufi For instance, experiments [36] éhow that when a granular

bed has a .high initial gas porosity (i.e., ¢g°-G.SS), DDT does not

occut_.‘

The quéstian now arises as to whether a propellant bel with
the same initial conditions as Ca;e 1A - 1D will make a transition
to .a ~detonation if the'reactiqn rate is_reduced. Althougﬁ it is
t:ué' thqt ﬁhe steady state detonation sélution is unaffected by
the  kinetiés. the transient events prior to detonation are greatly

affected. The DT éodé yields . the same CJ _propeirties and

. detonation veloéity 6vgt ‘the tange  8.85 <'n < 1,02, However,

the detonation run-up. distance }qg was ‘found to be dependent on

the reaction rate n. Figure 5.8 is a plot of ch_vgrsus butnidé-'

rate index, n; ~With the exceétion of n, the input data is
unchanged from Case 1lA. Interestingly, when thg index was lowered

to n=0.83, a major newAfactor is predicted.
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40 I T T T I
HMX '
,do=?ZCXD}Lﬂ1

30 rz =130g/cc | | -

'ecJ(cm)

20~

'

o) | | | | |
ou\‘beo . Q85 090 085 1.00 105
. - ‘ n _ '
Fig. 5.8 Detonation run-up distance (L.,) as a function of
burning rate index (n) (see EF. '1l.la). Ech'5’84 MJ/kq.,
¢q°'0 ) 3 16 . . Tt ‘ . ’




‘125

5.2.1 Plug Formation

Figures 5.9a - 5.9c show the pressure profiles (P,x) for a

case identified as Case lE. The initial conditions are the same ;ii
as Casé lA with the exception tﬁat‘the burning rate index is now ..
'n=0.84. Figuze 5.9a shows pressure profiles for 75 pus < t < 1@3
ps. At t=103 ps  the ignition front has reached x= 16 cm and is
traveling at a veloéityv ¢+ U= 0.5 mm/ps. thg, due to the slow ';}
'burning propellant grains, the pressure buildup 1is very slow
relative to Cases 1la - 1D. The maximum pressu:e.at t =103 ps is

3 Gpra. Figure 5.1l0a shows the ‘porosity profiles for the same

-9,
times. Behind the ignition ftbnt,'bgslowly increases with time. Lrt
Ahead of the ignition front, §gxs deczeasxng, indicating that the ’-
voids are closxng. - | ‘ Eji

An interesting event happens at t= 104 ps. The bed has t;ié
totally collapsed ahead of the ignition front. The term "plug" is - "_j"
sémetimes used in the DDT literature (4). Once the plug forms, -*-?
the hot pzoduct gases can no longez petmeate the material ahead of f
the ignition f£ronk. From t=184 us on,:the ptopollant behind the ':CQ

ignition (front contihucs' to react, 'iné:eqﬁinq . the 1oc$1 gas

pressure. | As the gas pressd:e at x=l¢ cm inc:easds with time, the

" propellant to tho right of the pluq will be sttessed. Fighte 5.9b -

shows thJ p:essuro-distanco profiles at t = 104 us, 105 ps, 106 ps

and 107 js. The increasing gas pressure to the left of the plug

has st:c]sod the tight hand side, xnczeasing th. thickness of the
solid plug. In. addition, a shock wave hao formed at the fzon* of

the plug | as a reault of coalescing stress waves. Figure 5.10b
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shows the porosity-distance profiles for the same four times.

The final two figures, Figs. 5.9c and 5.10c show tﬁe

pressure-distance and porosity-distance profiles at t = 111 pus and

t = 113 pé. The shock wave developed in the plugged propellant

has shock " initiated the material at the location x = 12 cm. The

result is 2 steady-state detonation wave traveling at CJ velocity

through the unreacted material. Figure 5.11 is a plot of tae
ignition front x,t locus for Case 1E. The :gnition fzont
accelerated to u = 9.5 mm/ps while burning in the coﬁvective mode
prior to plug formatibn. ‘After shock initiation of the plgggeé

material, the wave travels at a constant value of D =7.0 mm/pus.

5.2.2 DDT-Case 1 Summary

The DDT-Case 1 scenario involves an accelerating convective
"ignition front propagating through a bed of fragmented high-energy
ptopellaht. * Under certain .ciréumstances (i.e., small patticles,
high .confinement, rapid ~solid to: gas décomposition, long bed
length, high initial solids [loading), a shock can deve;op before
the.'ignition fzo?t :e?bhes the end of the granular bed,‘VIf\so,
the 'deflégration wave ﬁan make a t:ansiﬁionuto a steady ;taié
| detonation wave. - This was‘i]iusttéted in Cases 1A - 0. In each
‘of  the four cases the DDT event started with a quiescent bed of
granular ptopeilant)‘ ignited at one eng b& a thermal.sbutcé. The
final solution in e?ch of |the four cases was a steady state
detonation wave which g;fisﬁied thé 'Rhngine - Hugoniét jump

conditioné.
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As expected from chemical equilibrium calculations; the CJ

" properties and detonation velocity predicted 5y the DDT code are

dependent on the initial solids loading. This was illustrated in

Fig. 5.le and S.1lf . One should note that this is cnly true if

the granular bed makes the transition to detonation. Simply
specifying  an initisl solids loading does not assuré a transition
to detonation. Put more strongly, the builddp to DDT cadﬁot be
equated to a single p:oéellant property or initial condition
a;bne. This is apparent when one sﬁudies the complex system of

coupled differéntial equations govgrniné the flow behavior.

A second branch of the DDT-Case 1l hazard was illustrated in

Case 1lE. The initial ,cbnditiohs were the same as Cases lA - 1D

with the exception of the burning rate index'which was lowered to .

n = 0,840, At first, it would appear, that a lower decomposition
rate would eliminate the rapid pressure rise behind the reaction
front and thus eliminate the DDT hazard. However, as was shown in

Case 1E, a DDT is still possible. In Case lE the granular bed

formed ‘a "plug” ahead of the ignitionvfront. This was due to the

compaction caused by the stress wave transmitted ahead of the slow

burning’ ':eaétion -front. Several microseconds aftg:f’blug}

£b:mation. stress waves generated by the teacéing gtahulaf

material behind the plug, shock initiated the porous material
‘ahead of the plug. This type of DOT haé been jidentified in the

recent experiments conducted by Campbell (4].

~

Although the granular bed DDT scenario (Casq~1) is tho'mosé\\‘

A
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widely studied in the laboratory [4-8,32], it may not be the only

DDT hazard possible in a rocket motor environment.

5.3 DDT~-Case 2

Figure 1.5 1is an illustration of the DDT-Case 2 experimental
configuration. The iegion labeled "Zone 2" is a segment of cast
explosive or cast high-energy propellant. and "Zone 1" is a
granular bed of the same material. It is ;;sumed that the length
L of the granular bed is less than it's critical detonation
run-up length, ’CJ' This indicates that Ehe granular bed cannot
undergo a direct transition from deflagration to detonation.
However, through momentum transfer across the 2Zone 1/Zone 2

intezface, the rapid pressure rise in Zone 1 can result in shock

initiation of the cast material in Zone 2.

Figure 5.12 shows the proposcid segiance of events leading to

a DDT-C:;. 2 event. Superimposed on each section of the figqure is

a solid line :epteientinq the local gas porosity (le' 1/(1-at ).

as a function of x, the dfstancclfrom the left wall. A value of ég'

=1,0 (a=+) represeants a zone of all gas' while #Q-G‘(a-l.a)

" indicates a homogeneous solid.

Part A is a sketch of a granular bed adjacent to a porous,

cast cxplosivc. ‘' The ﬁlack dots in Eié. 5.12 represent voids in

the cast material, Th:oughoht‘tho‘cntira process (A-F) the solid

gzains..£0' the left of the ignition f:o@t are ;oac:inq, resulting

in ‘an increasing gas p:dsguzo. Consequcntiy. the po:ods ﬁatorial
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HO ] 1.
Igmition r’.—:\.’\; ¢,(X)

Part A .
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granular zone
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Fig. 5.12 Proposed sequence of events leadinq-tola'
.DDT-Case 2. :
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to the right of the ignition front 1is stress loaded at the
material interface. Illustrated in Part C is the éollapse'of the
pores ( ¢ = 0), a result of the local stress exceedihg the yield

strength of the material (see Sec. 3.6). As shown in Part C, the

pore collapse begins at the porous explosive/ burning bed

interface. Parts D and E show the thickness of the pore-collaése
zZone to inc:easé with. time as the lead comp;eéSién wayeAtravels
further into the cast mateziai. Finally, the £initeiéoﬁptession
waves coalesce into a shock front which‘shoék initiates the cast
explosive at a lccation downstream of the interface.iisﬁarting at
this location a detonation pzopagates'thzough the potous material
w&ile a retonation wave propagates back through the compressed

material (Part F)..

If one is to analyze the transient events occurring in the

cast material shown in 'Fig. 1.5 (Zone 1), one initial and two
boundary c¢onditions must be specified. For this'qnalysis_the

initial conditions are the same as those listed in Table 5.2. To

_specify the boundary éondition at x=¢ one must determine the rate
at which the reacting granular bed (Fig, 1.5,'zOne 2) stresses the

‘cast materiil (Fig. 1.5, zéne 1),3 This was determined by tunning

the DDT code discussed in the p:evious section ‘with bed lengths

less than the critical detonation run-up length. Po:'example, -

Case 1A (’CJ a6 cm) was run witn L=4 cm. Plotted in Fig. 5.13 are
the P(t, x-Lf functions obtained for several different cases. As

shqwn "in the figure, the pressutizagigp[:ate in the gtandlat bed,

dP/dt, ' is strongly dependent on the initial particle s;zb; ‘Using
the information provided in Fig. S.13 as a P(x=d,t)~ time boundary

-
. a
el
Y
--‘.-.‘.-
.‘..-.'.-
. ..'-.
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condition, one can now evaluate the stress wave .propagation

through the cast material.

'For comparison purposes, two DDT-Case 2 simulations were run

where a linear stress-time function
P(x=0,t) = (0.20 GPa/ps) t _ o (5.3)

wi« used as the isG(Figi.S) boundary condition. The first case
(rz,-l.9ﬂ g/cc, ao =21,00) will be referred to as Case 2a and the

second case (22-1.30 g/cc, a°=1.46) as Case 2b.

i'The Pop-plot data shown in Fig 2.4 provides use.ul

information for this comparison. A shock strength of 3 GPa in

2
run-up distance of

porous HMX (r, =1.24 g/cc, a=1.53) corresponds to a detonation

zCJ = 5 mm , In fact,'fhe porbus HMX will

detonate when shocked to a strength as low as P = 3,6 GPa. |On the
other ;hand, the near-crystalline an‘(:z-l.ée g/cc, a=1.61)| shown
in Fig. 2.4 :eéhires! a shock strength of at least P = ¢ GPa to

detonate,

Figure ’5.14 is a_pldt~o£'tho st:ess_p:ofiles'(P,X) predicted

’féz Case 2a. The stress waves coalesce into a 3 GPa shock at a

distahéo of 'qpptoximately X - 16 cm, Once the shock forms it

ptopagateé through the bed at a constant velogity of U/ = 3,88

mm/pus. . There are no signs of chcmical teactién th:oﬁqh ut the

entire process (0< <80 ps). Tho.timpcéaCuzo behind the shock .

front. is calculated from the so;id-ﬁhase caloric equation o sia;o
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- chemical decohpdsitidnv of the ' s0lid phase. Shown in Fig. S.ISb'
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( Eg. 3.38) to be T = 345 K, a value too low to initiate reaction

in the homogebecus solid.

Porous, exothermic materials are much more sensitive to shock
initiation than those containing.voids. Pop-plot data (Fig. 2;4)
clearly indicates that porous matétialé will detonate at much
lower. shbck strengths 'than tﬁe 'equivélent homogeneous sample.
It's tﬁéorized tSll tﬁat the density discontinuities within the
porous material are responsible for mulﬁi-dimensional shock
interactions resulting in localized zones of increased thermal

energy. It ha§ been estimated that a shock strength of 3 GPa in

HNS will generate a‘hot spot temperature of well over 1809 K (29).

The DDT computer code incozporates the hot spot theory of Hayes

(29] (see Appendix C) when m.deling porous reactive materials. .

Shqwn in bPié. 5.15 are the pressure profiles (P,i) for Case
2b. AsztiLgs . for 6? 5 ps and t= 1@ ps are shown in Fig. 5.15a.
Durinq. the time inc:ément @ ¢t <10 ps the voids in thg porous

“material begin té‘ collépée. At =10 ps a shock wave begiﬁs to

¢

form at around x=1,5 cmi Priérréo t=16 pus there is no sign of

are the p:qésuz-- distance profiles at t=l11 pS. The solid has

. begun to react.and the pressure shows a peak of P = 4,5 GPa. The

bulk temperature at this time is only T=350 K.

“Note, a 50 K increase in the solid phase temp@ratute should
not be enough to 1nitiate t@acﬁion.' However,' the - hot spot

tonpo:atu:o,; éalculaﬁcd_fp: the 3 GPa shock front, is TH -ZBQGAK.
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The . solid decomposition begins in the hot spot vicinity and
spreads to the surrounding material. This all occufs in less than
one-half microsecond. The sequence of stress profiles shown in
Fig. 5;15c i;lusttate_the fdlly developed, steady statéldetonatiOn
wave propagating through Ehe reactive material at a velecity of
D=7.5¢ mm/ps. Thé CJ state is measured to be P=17.9 GPa, TCJ=4206
K and v ;=0.619 cc/g. Figure 5.16 shows the x,t lécus of the

stress wave front and the detonation front for Case 2B.

5.3.1 DDT-Case 2° Summary .

In some instances, the length of a granular bed (i.e., Fig.

l;l) may be less tﬁan the critical detonation run-up lgngth of the
bed configquration. If. this is the situation, one might assume
that the motor vdould over-pressurize, but not detonate. Howéve:}
when one considet; éhe sutéounding porous cast propellant, the

hazard still existé.

A DDT-Case 2 event égn occur when the stress waves generated

in a burninq'gtaqulatlbed shoék initiates adjacent cast ﬁaterialv
Compufe:_ predictions show this to be‘a very 'likely event if the
adjacent cast material 'cbntaips‘ void;; This was illu#ttatedfin
Case 2B. Two mechanisms save been identified as contributing to
the increased shock sensitivity of porous cast propellant éﬁmpated
.t0 a voidless sampie of the samglp:opellané.; Firse, iﬁ was shown
that ' for the same stress rate applied to the sdzfacq of the cast

materfal; the stress waves will coalesce iato a shock much sooner

in po:du;,mateiiallthan in nthorou:‘matertal; "This iﬂ:due to the
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increase in sound velocity as the pdrous material is consolidated.
Secondly, the pofous material will shoék initiate at much lower
shock strengths than the homogeneous material. It is theorized
[51] thaﬁ‘ density irregularitiés in the porous matérial can cause
shock ccalescence which 1leads to -ldcalized areas of increased

internal energy. If the localized heating is great enough to

initiate solid decomposition, the result can be run-away reaction,

sheck strengthening, and'subsequent detonation.

Again, as in the DDT-C;Se 1 study, the importart aspect of

this type of DDT analysis is the predetonation pressure buildup in

the reaction zone.: The rate at which the stress waves are'

transmitted from the burning;ﬁgranular 'bed_ to the porous cast
material determines where aﬁd"when thé shock wave developes.

Taken in conjunction vwith thé prope11ant properties and physiéal
dimensions of the mofo:, one .can determine if a DDT hazard is

likely.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS .

6.1 Summary of DDT

The work presented "in this report has categorized three

distinct ways in which high-energy solid p:aPellaﬁt'can undergo a
transition .from deflagrative {convective) combustion (DDT-Case 1,
DD?-Case 2) or conductive.combustion (DDT-Case 3) to a high-order
detonatidnk The eventvréférred to-is called DDT {(Deflagration to
Detonation Transition) or DSDT ‘(Deflagration. to Shock to
Detonation Transition). = The terms ' DDT and .DSDT were used
interchangeabley throughdut _the‘ltekt. © The -eﬁphasi; of 'the
research presented here was on the transient events prior to the

detonation as well as thefsteédy state detonation condi;idns.

Chapter 1 provided a review of shock waves and detonation
waves in' homogeneous fl@ids and Chapter 2 documented some of the
published Qozk' on twd-éhase flow, SDT fShock to Detonation

Transition), DDT, and 'otﬁgt“ related tdpics. A mathematical

description of the fluid mechanics’ 6£ ithe DDT  process was:

developed in Chapter 3; ‘A major asshmption made in modeling the

transient, . two-phase (product qas, unreacted solid) flow behavxo:

‘'was that each Phase, by 1tse1f, is a continuum. In addition, the

mass;weighted mechanicql-.mixture of the' two phases combined is
also a " continuum. The resulting 'sepa:ated flow' gove:ning
QqQations include the consezvations of mass, momentum and energy
for both the solid phase and the p:oduct gas phase. The gas phase

and »Isolid. phase conse:vation vequations' are coupled .through

o
.,

-
e
‘
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constitutive relations for interphase mass, momentum and energy

_transfer.  Equations of state for both the compreséible solid

material and thefdetﬁnation product gases were also developed. The

solid phase ‘equation of state 1is based on information from the

- unreacted shock Hugoniot and the gas phase equation of state is a

modified. form of the nonideal Nobel-Abel equation of state.

Finally, ‘an interphase force balance between the gas pressure,

solid stress and Qoid-dependent equilibrium stress was used to

'fobtéin closure.

In Chapter 4 a finite difference numerical technique was

"described which solves the resultingh system of coupled,

' time-dependent, two-phase flow‘eQuations.r A method of lines (MOL)

procedure was used to solve the 'stiff' differential! equations.

The téchnique involves decoupling the space and timeAderivatives

at each discrete point in x,t space. References cited in Chapter

4 show that the MOL is a suitable numerical technique for solving

_the Euler equations. Included in Chapter 4 was a short discussion
~on the artificial viscosity coefficient used in thé._finite
. difference form of the differential équations¢ The term was

,inclqdéd'zto smooth ‘shall 'oscillation: present in the numerical

solutién. 'Iti was also shown in Chapter 4 that the term is
necessary in order to properly account for the enttopy increase

across shock waves,

finally, results obtained from the numer ical simulations were
:pzoscntod in Chapter 5 for two of the éhteq DoT scena:io;.

whcn¢902‘ pdssiblo, ‘the numeti;§1 predictions fOt.CJ-p:pperties,
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detonation ve.ocity and detonation run-up length were compared
with expézimental ~ data and predictions obtained from a

comprehensive chemical equilibrium computer code (TIGER [62]).

The first DDT scenario (DDT-Case ‘L) describes the results
from convective combustion in a packed bed of granulated

high-energy' propellant or explosive., The term ‘convective

‘combustion' is used to describe flame spreading through a g:énular

bed of reactive material resulting from a pressure g:édient

driving hot gases over the surface of the unreactéd parficles.

Four examples ( Cases 1A ~1D) were shown where DDT-Case 1 dia
occur. In each case the process started as a  slow burning

convective ignition front which after a short time (20 - 50 us)

‘made a transition to a steady state detonation. Values predicted

for the CJ properties (pressure, temperature, specific 901ume) and
detonation velocity were in close agreement with values predicted

by the chemical equilibrium computer code. Also, the ignition

f:bn; (x,t) locus for one case was compared with experimental data’

from Price and Bernecker [75]. In that particular case, both
oxpc:imeﬁtal data and numerical predictions showed the detonation

wave traveling at a constant detonation velocity C=7,00 mﬁ[ps.

It should bo rc;emphasizcd at this time that a DDT of this

type did not always qcéuz;'Simyly having accelerating convective

'‘combustion in  a 'confindd - granular bed does not imply a DOT will

always occur. . toz example, as shown in Sec. 5.2 ..qlq:anuia: bed

with a high fnitial gas pogosity ( §0 b.ss ). will not undergo a =~
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DDT, at least within a reasonable length of less than one meter.

"From the experiﬁental data cited