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Ahstract 

When a  h.gh energy  solid propellant or 
explosive  becomes  porous,  either  by  design  or by 
accidental   damage.   It  becomes more sensitive to 
shock-to-detonation  transition   (SDT).     Stress 
waves  propagating ahead of the convectlve  flame 
front  cause pore collapse which creates  a 
confined bulk   reaction  zone.    With sufficient 
pressurlratlon   In  the  reaction  zone,  the stress 
waves  coalesce  to  fortn a  shock.     This  paper 
describes an  attenpt  to model   the shock   formation 
In  porous  solids  by  ciupllng  the  ■jas 
pressurlzatlon  to the solid .nechanlcs of pore 
collapse and shock   formation.    Concepts art 
presented which   indicate why porous materials  are 
more sensitive to shock   Initiation   than  solids- 
mainly   It   is  due  to  a  greater  bulk   energy  and 
formation of  localized hot  spots. 

1.     Introduction 

Advanced formulations   for solid propellants 
continue  to  be more energet'c  and  the  possibility 
o' deflagration  to detonation  transition   (nOT    1s 
real, especially  if the propellant motor grain 
becomes  porous due to damage by accidental 
stimuli.     In a  recent  transient  analysis  [1]  for 
nor  In  a porous propellant  bed.   It was  shown  that 
steady  detonation  characteristics   (CJ  pressure 
CJ temperature,  detonation  velocity) were ' 
predicted without  requiring the precursor shock 
common  to most  detonations   In  homogeneous 
nwterlals.    This was  referred to by  some as  the 

convectlve bum' model.     In Ref.  [1] It was 
Show) that the high surface-to-volume ratio of 
very   small   (   1/lOiwi diameter)  propellant 

?n'"o'''*?'  *!'^ burning rate-pressure  Indices 
(0.9 to 1.0),  and confinement  of product  gases 
(due to the tight packing and enclosing walls) 
combined to cause a rapid enough gas  generation 
rate to butld and sustain pressures equivalent to 
those observed  in  granular bed experiments 
12,32.    However, as stated above,  the model 
analysed In Ref.  [1] did not attempt to treat the 
stress waves propagating  Into the unbumed porous 
material.    It  1$ the purpose of this paper to 
analyse the propagation and shock  formation of 
these compression waves generated at the 
products-reactants  Interface. 

..      J'l,*rlV''^' '"'^*"'  "' <»' experiments. A.W. 
Campbell   LJJ has  sho«m  by  using a  similar  test 
arrangement to that usea  In  [2],  but with 

granulated compressed HMX  e>pIo$tyc,   that 
detonation may  be a  result cf  shock'initiation. 
To explain  Campbell's   results,  a new mechanism 
d;«scr1b1ng  the  detonation  o*   porous   propellants 
was  given.    Compression  waves  originating  at  the 
burning  front  propagate ahead  causing  compaction 
of the unreactsd porous mixture resulting  in the 
formation  of a  solid  plug  thereby eliminating 
further convectlve  flame  propagation.     The 
compression waveo  continually  generated at  the 
burning  front propagate through the solid plug. 
Coalescence of these compression  waves   form a 
shock  wave which  Initiates  the explosive 
resulting in a detonation. 

Work  done  by  Macek   [4] and  Tarver  et  a I. [5] 
used the method of characteristics  to predict 
shock  development   in  homogeneous  solid explosives 
from confined end  burning.     In   both   studies  a 
modified Talt  equation was used as the solid 
material   state relation. 

Macek used the method of characteristics to 
theoretically predict  his observed experimental 
results  [41.     «y  assuming  an  exponential   type 
pressure rjse ir   the product  gases,  Macek   tr-ced 
right  running characteristics  generated by    '- 
pressure  input and graphically  showed the     ,,—' 
to coalesce at approximately tlie distanc- 
ohserved in his experiments.    The roalesc 
the characteristics  Is  interpreted as the 
formation of a shock wave which  is assun-d 
cause  initiation of the explosive  resu.ti" 
detonation propagating forward and c   re'-> 
propagating backwards. 

.f 

• 'n a 
; t Ion 

The work presented In this pap >f will show 
that the Talt-equatlon assumption r,aoe IT [4] and 
[5] was Incorrect for this particular Lonpresslon 
process and a more general M1e-Grune1sen equation 
£f ^tate (E.O.S.) should be used.      ~ 

In fact, a method of characteristics 
calculation is impossible with the Mie-Gruneisen 
state equation, so the system of conservation 
equations were solved numerically by a Lagranglar 
finite difference code. Homogeneous solids with 
known properties were first computed to test the 
validity of the code, followed by calculations 
for heterogeneous or porous materials. The 
purpose of this work is to eventually Incorporate 
reactive chemistry and hot spot mechanisms into 
the model and go beyond the shock formation to 
predict DOT. 

Propallantr'"' ^'"^' ^"'^  ""* Detonators; Reactive Flows; Properties of 

Gran"?'!;o*"AFO«*«,'?;iai^' n'' -?'^' ?':'" "' ^^'"^^^^^  Research, under 
. rr.H :/ 2 ^ ^^'I*\ "'■• "''=*'"' Stroscio is the Program Manager. 

braduate Research Assistants; PhD candidates. 
•* Professor of Mechanical Engineering; Associate Fellow. AIAA. 



Shown   In  Figure  1   Is  a  schen'at<c 
representation  of what we envtsljn as  the st« 
pjrt  OSOT    process.     Superlmposfd  on  each  section 
Of the  figure  Is a   line represeitlng the qas 
porosity   (gas  volume/total   volume)  « a  function 
of bed  location.    A value of    «    equal   to unity 
represents a  zone of all   gas  while    «  pq^ai   tj 
zero  Indicates  a  homogeneous  solid. 

Portion  A represents t^e  Initial   iilast 
caused by the  Ignltor used to  Initiate nsOT   In 
the bed.     In  the second portion,  the convectively 
burning porous  bed  Is  shown  to be  pressurizing 
the  region  behind the  Ignition   front.    This  i' a 
result of the product  gases being confined by the 
T*i. porosity  variation   for this  time 
Indicates an  all   gas makeup in  this particular 
/one.    Actually,  there  Is a finite reaction  zone 
where the propellant   Is deconpoiing  Into the 
product  gases.     Reference  [1] showed that   if the 
reactive material   consisted of m size particles 
this  reaction   zone r\ay  be very  large.    This 
results  in a  slower pressurlzation   rate of the 
gas cavity.     Illustrated  In  the  last   four parts 
of Figure 1  is what we refer to as  the second 
possible branch of DSDT. the shock compression 
branch.    Parts C-E.  pore collapse,  plug  formation 
and shock   formation are envisioned concepts which 
will   be expanded upon  in  the following sections 
of this paper. 

?.    Governing Equations 

For the hydrodynamic analysis  of a 
continuous material  with a moving boundary the 
governing equations are easier to work  with  if 
eipressed In  the Lagrangian or material   form as 
opposed to the Eulerian  form.    The conservation 
Of mass, momentum and energy  for one-d1men$1onal 
unsteady flow »re written as 

V u 
X 

V p. 

•t • 

(1) 

(2) 

(3) 

In the above expressions y represents 
jpeclfic volu-ne. u, particle velocity,  e 
specific  internal  energy and P.  the total  stress 
«ct1ng on the particle.    The subscripts x and t 
Indicate partial  derivatives with respecT to   ~ 
distance and tine,  respectively, evaluated at a 
conjtanc particle location. 

For comparison the same conservation 
equations written  In Eulerian or spatial   forw ,rf 

Pj ♦ fcu)j| • 0 

(pu)^ ♦  ^uu ♦ P)    . 0 

(pe)j ♦ (put* Pu)    ■ 0 

(4) 

(5) 

(6) 

iGNirn:* 

—11 

*rxi 

BURNI,'«   OWE 

CB) i * * *\ 
»(x) 

1 

y^ 0 

BURNING  ZONE 

r-LEADING COMPRESSION  WAVE 

(C) 

-PORE COLUPSE 

Y—BURNING  ZOVE 

CD) 

•PUK 

(E) 

^BURNING ZONE 

(F) 

Fig.   1 

-BURNING ZONE^ 

Six part  representation of OSDT 
(*)   Ignition of porous material,   (B) 
Convective  flame spreading with pressure 
rise  In  gas  zone,   (C)  Pore  collapse, 

C    Plug formation,   (F.) Shock   formatici. 
(F) Shock   Initiation  of porous material 

•   OSOT . Oeflisr.tlon to Shock to Detonation transition 



Kere the partial   derivatives are eva'ijated  in  a 
fixed reference  frame and the materMl   particles 
ire  In motion  relative to that   frarie,   thus, 
giving the x-dlrection  flu«  terms. 

A  fourth t?«pression, an equation  of state 
for the material,   fornis a mathematical   relation 
hetween   pressure,   specific  volume  and  specific 
energy.    The particular  form of  the state 
equation used will   he expanded on   in  the 
following section and  for the tiiT« will   be 
expresse-        the general   form as 

P ■ t>(y.e). V) 
Equations   (1-3) and   (7)   represent  the  full   system 
of equations necessary to describe the  flow 
phenomena   In  a  homogeneous  material.     More 
specifically they ar^  four independent equations 
In  four unltnowns:  u,  v,  P,  and e.     Since  thermal 
conduction  Is neglected  In oi - calculations, 
temperature does not  ippear  In the governing  flow 
equations.    For this  reason  temperature can  be 
treated as ao   "auxllllary" relation  and will   be 
dealt with later  In the paper. 

When describing stress wave propagation 
through porous materials,  an  additional   variable 
appears,    a   ,  the porosity. 

3  v/Vj    (where a >  1) (8) 

For a given  volume v, the volume occupied by 
honogenecus solid Is represented by v .    The 
difference between these two volumes  is treated 
as a  vacuum for these calculations.    Other 
researchers  [6] have modeled this void volume as 
• gas which is  Isentroplcally compressed as the 
voids collapse and thus act to resist the 
conpactlon-coMapse process. 

With the addition of a fifth Independent 
virlable namely, a  , an additional  equation  1$ 
necessary. 

Carroll  S Holt  [6] have done extensive work 
In studying and mathematically modeling the 
collapse of porous materials.    Our wo-k employs 
their mo^ei   for static pore collapse,  relating 
the stress on the material  to the void volume. 
For the time being it will  be expressed 
•s, P • P( a   ).    A more detallsd description of 
th« thre*-part model will  be presented later. 

3.  Equations of State 

Howoqeneous Solids 

Host of the work presented 1n this ptptr 
"ade use of t M1e-Grune1sen equation of state for 
homogeneous solids and a modified form of It  for 
the porots material  calculations.    The genera! 
form of the Nie-Grunelsen equation  Is 

P{»,.e) • P HS (V,) (•-•„s)r(»,) (9) 

In tquatlon  (9).P„5 and eu,,  the Hugoni 
pressure and HugonTot energy, »rt used 

ilot 
„. - as the 

reference state and   r  (».)  Is the Grunelsen 
coefficient representing the thermodynamlc 

derivative. 

r(vj = v fjp/ae) (10) 

Evaluating equation   (9)   at  ambient  conditions  and 
mailing  use  of   several   fermodyndmic   relations 
(See Reference [6])  gives  the constan'-. 

'•<^o' 

ec 
(11) 

where    g  Is  the coefficient  of  thermal   expansion; 
Cg,   Is the ambient  sound  velocity; c    is  the 
specific  heat  at  constant  volume.     Values  of 
these parameters  for the material  riMX are qiyen 
In Table 1. 

Table  1.    HM»  Properties 

Initial Specific Volume 
Initial Density 
Ambient Sound Velocity 
U    -  u Slope 
IflltlaT Yield Stress 
Initial Shear Modulus 

Vjo  ' 0.526 cc/g 
p,„ '   1.9 g/cc 

S   -  2.60 
.267  cm/usec 

0.0517 GPa 
3.516 GPa 

Specific Heat   (constant volume)    C    -  10.1J/q°K 

A simplifying approximation made  for the 
Grunelsen coefficient  Is 

r(yj) 
' constant. (1?) 

Equation   (9)  Is convenient  for shock 
development problems,  since It  gives the pressure 
at any tiermodynamlc state as the deviation   , 
AP  • r(v  )   (e-e„.)/v    ,  from the volume 

dependent  reference pressure,  P.,^.    The 
subscripts HS In the above equations  Indicate 
that the reference state chosen  Is the solid 
material  shock Hugonlot. 

Experimental  shock  velocity-particle 
velocity data  Indicates a  linear   rit   Is valid for 
volume changes encountered In  our analysis. 
Reference [8] gives for HHX, 

Uj(cm/iisec) • A ♦ S u  (cm/usec) (13) 

where A - 0.267 and S • 2.6 

In the  limit of »n  Inflnltesslmal   disturbance  In 
particle velocity,  u    ♦ 0,   It becomes obvious 
that the constant  A In equation   (13)  rtpre'jnts 
the adlabatlc sound velocity, c . 

Combining equatloii   (13) with the 
conservation of momentum and conservation of 
energy across the shock  discontinuity, an 
expression  for the Huqonlot or referenre pressure 
used in equation   (9)  Is obtained 

HS (»,) _!iolo^ 
[1-SR]^ 

(!«) 

where R 
density. 

l-»$/»$o *"*' 0,^ 1$ the Initial  solid so 



Past  work   in  ODT  by  Macek   [4]  anrf  Tarver et. 
a1.   [5] useil a modified Ta1t equation as their 
corst1tut1*e  relation, namely, 

f{Vj) 
"soS f'V-' (15) 

This particular state equation Mas used with the 
supposition that It represented isentropic 
compression throughout the entire loading 
process.  In both studies, because of the 
simplicity of equation (IS) and the Isentropic 
assumption, the method of characteristics was 
easily applied to the governing hyperbolic 
equations and characteristics {or distance-time 
traces of constant st;ess) could he drawn for 
various stress loads and upstream shock 
coalescence predicted.  Appendix A Includes a 
brief description of the method of 
characteristics as applied to one-dimensional 
transient flow In a homogeneous material. 

In order to determine whether the Tait 
equation assumption was Indeed rtoresentitive of 
an isentropic process up to pressures of 4GPa, 
(40 kbar), we plotted in Figure 2  the Tait 
equation along with the shock Huqoniot, and an 
isentrope (S Sg) for HM<. 

1.05 

v/v« 

Fig. 2 Comparison of HMX Shocii Huqoniot, 
Isentrope (r/v • constant], and Tait 
equation of state 

Figure (2) indicates that the Tait 
expression only models Isentropic compression for 
pressures less than approximately 0.5 GPa 
(• S kbar • 72,700 psig) and becomes more 
Incorrect the larger the stress. Also depicted 
in Figure (2) is the small difference between the 
thock Hugonlot and isefltrope. This is coiBKon for 
solids when the pressure Is less than 
approximately S GPa [7], 

By shock compressing a solid from ambient 
Conditions to the state labeled B on Figure (2). 
•n amount of Internal energy equal to the 
triangular trti  ABCA (eu -•«■''» (*A - *R)/^) 
fs deposited Into the shocked state (state R). 
Of this total energy, the area under the 

isentrope ADBCA represents the reversible work 
(Jone in an equivalent isentropic cocnpression anj 
the remaining s'ice, AORA, represents the 
Irreversible entropy Increase associated with the 
shock discontinuity.  A qualitative co'nparlson 
will be made whp'^ discussing shock waves in 
porous material. 

Porous Materials 

The  state  equation   for  the  porous naterial 
calculations   is  the  sane '<1e-firuneisen  equation 
used  for  homogeneous  solids  with  the   introduction 
of    a   ,  the  "porosity", 

r. 
P   (v/a.  e)  .  o^^iWa)  * j2_ '"J (e-e. 

HS' (16) 

where v and v  represent the specific volu--? and 
the Initial specific volume of tne mixture. 
Equation (16) gives the pressure for a porous 
material as a function of the energy of that 
material and a reference pressure, P|jr(v/ a ). 
Sinre V - v/ a , this reference curve is the 
same as that for the homogeneous solid, i.e. the 
solid material Hugonlot, 

With the introduction of the variable a   , 
porosity, an  additional constitutive relation is 
needed to fully describe the material state. The 
following section Introduces the pressure- 
porosity (or P- o ) law used. 

4. Pore Collapse 

A constitutive relation, refered to as the 
"P- a  law," is needed when the conservation 
equations are  solved for a porous solid.  The law 
relates an externally applied pressure to the 
extent of compaction or pore collapse, 
represented by a . The form of the P- a law 
used was developed by Carrol and Holt [6].  In 
the model, the porous matrix is treated as a 
hollow sphere where the inner and outer radii are 
chosen such that pore size and overall porosity 
of the porous material being modeled are 
accurately represented. 

Pore collapse occurs In three phases:  (1) 
elastic phase, where the solid elasticly deforms: 
(2) elastic-plastic phase, where plastic 
deformation begins at the inner radius and 
progresses outward until plastic deformation 
begins at the outer radius: and (3), the plastic 
phase, where plastic deformation occurs 
throughout. The P- a relations for the three 
phases of compaction and the appropriate range 
which each applies are given by. 

elastic phase: a > a > a, 
9- I 

4G (a^ - a) 

•" ■  i, (a - 1) 

elastic-plastic phase: 

2 .,, 20 

iVa) 

I. >^ a ^ "p 

ZG(ap-a) 

"•T^fi-tK-'^M-TifTyH (I'b) 



0 or 
^  f'^-'^o' (A.q) 

The C characteristics generated at the left 
end. can now be plotted on the x-t plane at ,-ny 
time for a given P(t) relation. A summary of the 

r.^^D^r^ !' ^^"'^  '**'~ ^°'  '  ^^"^'"^   pressure ratL P(t) Input. 

Table A-1 
Logic To Use Method of  Characteristics 

For Shock Compression 

Step I 

3. 

4. 

5. 

6. 

Prc;»ss 
at time t. P=P(t) 

calculate "/p^ from Tait F.O.S.. -q. 

calculate the sound speed from Eq. A. 

calculate the velocity, u, fro« 
Eq. A.9 

determine the position of the left 
boundary from 

"o'^o " <" • 

using equation A.9. A.6. A.5 and the 
»'(t/ Input, u can be exprtssed In 
terms of t only 

?c ""^ 

V^o •;M">  2 *1)   -^   dt 
"o^o 

calculate the slope of the 
characteristic dx/dt  • u + c 

plot on the x-t plane 
""(t)- x^+ (dx/dt)t 

11.  Appendix 8 

TKMPFRATURE   IwrPFASE  HUE  TO  SHOCK  ffWPBFc.Tn^ 

<-,    "** "wthod used for determining temperature 
increases due to shock «ves  Is that ^r'^*'^"""* 
^!!»??!f '? *nd Raiier [7] and involves the 
partitioning of energy and pressure Into three 
separate components. 

»h- iJI" 'J"J component of pressure Is due to 
the Interatomic potential  and is referred to as 

"oeror !»r.^f     ""'"":*• the atoms neither 
t^.ir.». * *• *"""••■ *"" « this point 
the elastic pressure i$ zero.    The volume 
occup ed by the solid at thU poT^t    i^ „ 
Slightly less than the volume occup ed^SJ the 
same MSS of material  at  room temperature 

r«"o%?o m4 ^J'-'J^/""*"^' -^-""^''^ n.^»y       ?      ,     •  '''* ""(^ actually has a 
fore" 1t*l:bll^/'":r!   (*«^«t1v^ interatomic 

in^lh^k'lt I        '**"troplcany or irreversibly 
2-J.. :'"" P''oc«s. the atoms repel one 
Mother and therefore contribute to7he e?^»tlc 
pressure In a positive sense.    The el«t'c 

component  cf  the  tola!   enfr,;y   Is   related  to the 
elastic  pressure  through  the  work-enerqy 
relation. ^■' 

P^ dv  = -de. (B.l) 

where  the  suhscrlpt  c   fs   In   reference  to  the 
elastic  or cold component of the  total   Internal 
energy,   e.  or  total   pressure,   P.     The name  cold 
energy  or  pressure  has  significance   in   that  the 

K    !^''^nS'"^""'"^"'°'""*  relation  can   be  shown   to 
be the 0 K   isotherm and also the S  = 0 isentrppe. 

The second and third components  of the 
energy tre due to the atomic  and electronic 
motions,   respectively.     The elctronic  terms, e 
and Pg,  are only of significance above * 
approximately 10.000°IC and hence outside the 
regime of the processes encountered here. 

The thermal  component of energy represents 
the harmonic oscillations o* the atoms and  is 
expressed as 

f^ - ^o) * %■ (B.2) 

To determine the thermal pressure from the 
thermal energy, e^. the first law of 
thermodynamics ani  a Maxwell relation are used to 
ootdIn 

(F7)T- ' (tf)v- ''• (B.3) 

This Is a general equation applicable to both 
components, elastic and thermal.  Since the cold 
pressure s only a function of volume (or more 
spec fically interatomic distance), then P - 
P(.(v) and Eq. (B.3) gives c 

de 
P - -  c 
c   dv 

fB'n"TnX'"V°" " 5lven  prior to this.  Eq. 
(B.l).  In the work-enjrgy analysis.    For the 
thermal  component. 

3P, 
PT s C T  (—'-) (B.4) 

^K"!!!I2"   ^^•*> ""  ^ expressed In terms of the 

coef^cfwtras*^^'"'^''    ""^"^  (the Grunelsen 

^-^('')^ (B.5) 

"here, as stated earlier.    r(v) • v(^)    .    the 

^as,!rrnf'?K"'£"^''  " "P'-^^el here.   Is a measure of the change In thermal  pressur^ to 
mermai  energy. 

In *dd?MlI°?* /^'';   f"-^) ""^  (B.5) are solved 
in addition to the algebraic component relatl^s. 

* • 'c * *T 

" ■ ''c * "l 

and the Hugonlot jump conditions. 

1 
e ■ e, 

H ?   ^t'n-    V) 

(B.6) 

(B.7) 

(8.8) 

F?gu'^'[?'' *'• "'' compression curve shown  1n 

• 
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specific   Volume 

Fig.  U    Hugonlots  for unreacted  ( j«0) and fully 
reacted ( X'l) explosives 

For this pcrtlcular case, the ratio   r /y Is 
assuned to be constant.    Figure 11 shows 
graphically how each component of energy Is 
represented.    The area A800A 1s the total 
Increase In Internal  energy due to shock 
pressure. P..    Of the energy deposited by the 
shock, the area under the curve FED goes  into the 
potential  or elastic energy.    The remaining area 
ABEFOA Is the contribution to the thermal 
ccMiponent and therefore determines the 
temperature rise associated with the shock. 
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