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APPENDIX I

One-Dimensional Lattice Model of
Detonation in Heterogeneous Explosives

R. F, Chaiken
Technical Consultant
Avivjet-Cenerzl Qorvoration
Downey, California |

INTRODUCTION - ‘ : ‘\

The problam of deflnlng the reactlon zone in detonating hetero~
geneous explosives iz of prime concern in critical diameter studies,
This arises from the fact that the reaction-zone length and the
related detonation reaction time determine the space-time region
where chemical support of the detone :ion front occurs. Hence, the
~detonation reaction-zone apd the deynation reaction timeé likewise
‘estabtlsh, in part, the rakes of enhxgy loss by side expansion
~whigh would be vequired to ﬁxtinguis the detonation. .

~Eyring (Reference I-1), in hls classical grain burnlng theory, qug-

gZested that for granular expluslvgs the detcnation reactlon tlme
can be expressed as ‘

‘ Tr‘ B 2 ‘r‘ ‘ . l L : ‘, 1(1-1)
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Furthernnore, these authors pointed out that tne Ey:ing grain - -
burning ewprescicn implicitly assumes thai Lguiiion of grain

burning occurs instantaneously after nascage of fhe detunation

front; however, under rertain conditiotis, the time of ignition ,
may be eignificunt in establishing the detonation reaction time.

In this connection, it was suggested that the expression for

Tr be modified to include a grain burning ignition time, i.e.,

"Er = ‘to + Tb (‘I-Z) o
wht‘?re,
Tt .. = time to ignition of grain burning
Ty = grain burning time (Equation I-1)

The requirement of an ignition time in any complete expression ‘ . |
for 1y becomes clear when we congider the case of a héterogeneous ‘ ‘ ‘
~explosive in the limit of Rg -+ 0. 1In this limit, the explosive
becomes homogéeéneous. in nature, and tr from Equation I-2 would.
become identical to the ignition time, %j. Indeed, this is be-
lieved to be the case for liquid explosives such as nitromethane
. (References I-4 and I-5). S : ‘

However, while 7. may be clearly defined in the l.mit of negligi-
. ble Ty or negligible Ty, it is certainly not clearly defined
. when To and T, are of comparable magnitude. In these cases, the
gimple addition rule:of Equation I-2 does not obviously account
: for the fact that the ignition and grain burning reactions might
i proceed simultaneously, rather than consecutively; hence, its
‘ \‘applicability to defining the detonation reaction-zone is ques-
. tionable. L o ‘ Co -

i

It is the purpose of this paper to describe a model of the deto~
i nation reaction-zone which treats ignition as an integral part

" of the detbVnation reaction. 'The model utilizes the concepts of
s both the Bowden hot-spot ignition theory and the Eyring grain
burning theory, and enablés the derivation of an expression for
‘ Ty in which the physical gignificance of 1y, and its relationship
. . - to *p is more clearly defined. The expression for detonation

! reaction time also appears to have direct applicability to the.

- detonation of solid composite propellante.

oo e
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ONE-DIMENSIONAL LATTICE MODEL

Development of the Model

In the discussions that follow, it is considered that a hetero-
geneous explosxve is a lattice network, composed of initiation
sites of finite volumc connected by a contlnuous medium, When

a detonation frant overtakes a reglon in the explosive, the in-
itiating sites rcact to rorm Lwi spots. The formation c¢f =2 haot
spot is accompanied (with zero delay) by a reaction growing from
the liot spot and spreading into the continuum. Complete reaction
of the lattice network defines the detonation reaction-zone.

For a one—dlmenSLOnal treatment of the lattice model, the .continuum

reaction rate is assumed to be described by a constant linear
velocity, B. The initiating sites may be of different types (1)

Mcharactcrlzgd by a length Lj and a reaction rate constant kj.

he lattice at any time t from the instant of passage of the deto-
ngtion front will. consgist of Ni(t) sites of type i per unit lengrh
and N*p (t) = % N*;(t) total hot spots per unit length. Assuming
hot spot formatlon to bhe a flrst order kinatic proceus, the rate
of formation of hot spots is given by ‘ ‘

aN* (£)/at = kN () | S (xesa)
and ' ‘ (
‘ o T dN*. (t) o o
‘ dN*T(t)/dt = 4~4-3———— EZ:k N. (t) ‘ (1-3b)

. where k & is- th rate. constant (sec)” l for formation of the hot
- spot an

(kl) can be considered as an ignition time for the ith
type of 1n1t1at1ng site. :

At timeé t =8, the number of hot apots formed is simply '

dN*T(t) - pav® = 3 kNg(mas o

At time t > &, the total fraction of lattice consumed hy forma~

tion of and reaction spreading from the dN*p G’) hot ‘apots is

CdE(B). fz [zactao) + Li] an* 4 (a) | | C (1 5)w

or -

ag(s)

: zh(tkm) x.‘kini(o)dojfwz,fLikﬁgi(axasy‘t;;g) e
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The total Lraciivn ol laiiice Lhal is cobsumed Dy reall 'ﬁ.GT
spreading from all hot spots formed for all values of & wp to
» = L is then

® =t  eF =t '
f(t) =-/rdf(@) = 2B) ks (£-FIN,L(3)ds
=t

= o . o ® o2 g 1 o B o
o = o _ o
+ S;:Liki /f‘ Ni(&)d¢ S | (1-7)
Y& =0 - ‘ I
or | N*,; (t)
£Ct) = 232141( ‘ (t-&)dN* (m) . o
Nk, e I R
‘T / Hane o aw

The rate of lattlce reactlon is given by the time derlvative of
‘Equatlon 1-8 which ylelds : ‘

“ | | L, dAN*.(t) - : | o =
‘df(.t) ._=. 2BN* (t) +Z i .3 1 ‘ ‘ | : “ - £1-9)

T?e)detonatlon reactlon tlme, Tr,\can be deflned as t = 1Ty when
£(t ‘

Integratlng Equatlon fs9; i.e},‘ “5
. df(t) = 2Bf N*n(t)dt
f(o) =0 = e =0
= T : K O
SZ:Li dN*i(t) C e o (1-10) ¢
Ce=oe o e
therefore ylelds ‘ - Tr“ S o . L
Crs s wmoa s pgee

oy
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N*T' becomes

1 PN | . 3
= 2BN + =7 LiN*i (Tr) _(I 12)

{

i

which in terms of a time-averaged concentration of hot spots,
T T Ty

. or

. 1 - | 3 ‘
R . [1 -3 LN (r )] - (1-13)
ZBN*T , ”
whefe 47
—_ 1 r r R ‘ s
NfT =-ﬁﬁ: ‘ YS*T(g?dt | L (I-143

It is lnterestlng to note that when the hot spats have no. dimen-
sion, and when the average concentration of hot spots is con-
sldered to be the vonceutration of expLoslve granules, Equation
1~13 reduces directly to the grain-burning expression wliich was

suggested for ammonium nitrate and -ammonium - perrhlorate explo~
- slves (References 1-2 and 1-3), i.e.,

‘1%”,;‘ B/ S (I 15\‘
The equlvalence nf hquatlons I- 13 and 1 15 is’ read11y geen by .

‘recognizing that in thie case (N*r)l is simply the average dia-
tance between the centers of the exploslve granules. ‘

!The questlon now arises as to the effect of finite ign1t1on times "
Qn T, It is apparent that a finite T, will modify the value of
N*v(t) in Equation I-14. Thus we rnust obtain an expression for

N*T(t) which, from Equation I-3, depends upon ‘the: time dxstrzbu-f'
‘tion of Lnltlating sites. -

Now the total rate of decrease of type 1 1n1t1at1ng sitea is
ﬁuglven by :

o

i H‘= ki“i “‘EE“*“*J«,‘” B p‘j'; ‘Ut‘ (- 16)~”
‘f'Tha firnt term in the above rate exprxuuton is aimply the firat-,f~‘

order activation process to form hot spots, while the second term - .
iu the rate of deatruption o; inxtx&tinm aitca by nction gf the TR

m' -

‘‘‘‘‘



continuuu veactlon, ‘rhat is, when the continuum reaction over-
takes an initiating site, that site number is no longer available
to form a hot spot.

Substituting Equation I-9 into I-14 we obtain

N, AN*, (£) |
—— i e ST . - - k ( -
it klNL + Ny 2BN: EZ:LI dt | (I\l?)
Supming over all i and utilizing‘Equation 1-3, Equation I-17 be-
comes a phaffian differential eqnatlon in more than iwo variables,.
i.c.,

dN. + (1+N L) dN*

T T T
where NT‘= 7 Nl, the total concentration of initiating sites, and
L = 7 LjdN*j i/ % dN i, the number average length of a hot spot.

Unfortunately, Equatlon I- 18 does not lend itself to ready s0lu-
tion. At this time, however, .an approximation approach will be
Dursued which shquld have some applicability to thosé cases where
only sites with ignition lees less than Tp (i.e., kiTy > 1) need
be Lonbldered

Apyroxﬂmatlon bulutlon for SLtes with Ign1tlon Tlmea“

Smaller 1'han the: Dptcnqtlon Reactlon Txme

In the approxlmatlon approach, it is assumed that ‘the maJor loss
of lnztlatlng gites is through self actlvatlon to form ‘hot spctsn
Hence, uquatlon I- 16 can be wrltten as .

‘_de

—Te kN aan
o Ny (t) = Ny, e (dgt) B ,‘ ; BRCON
ﬂhere N is tha inlulal concentratlon of the lth type 1n1t1at1ng

’WsLte. §8bst1tutxon of Equation I- 20 into Equatlon I-k and solvzng
for N*r(t) ylelda

gt

o =T

+ 2BN*, N dt = 0 _ (1-18)

N = TN - T el (121
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The average concentration of hot spots is given by

- N.
N*, = (/7. Nip T E{:"K%Q [exp (-k, T -] { (1-22)

Comparing the above expression with Equation I-13 finally yields

1 v*ﬂFi
P TP J— _ o - - . N -
T. T 7BN - [1 7 L;N i(Tri] +>"ki [L exp ( ler'] (1-23)

where Npo = 3(Nj),, and Fj = (Nj) /Ny, is the initial fraction of
the ith type of Jnltxatlng qlte °It should be emphasized that
the onlv sites tc be considered in Equation I-23 are those for
which kj7,. » 1, since it is only for these sites that the approxi-

mation of Eauation I 19 can be valid. Within this constraint, the

value of N*; (1) is ¢ (Ni)g (1 e., each site leads to a hot
spot), and the term [l - exp

able approximavion to Equatlon I 53 15

.1 1 1 io ] 50 : ‘
T e - S S Co(1-24)
r 2B [ NTo — ‘

or
RS R £ o1 | (1-25)

Here, n is_the number of different types of initiating sites and
g = n/Nx L = JLiNjo/Nro, To = F Njo/kiNpo are simply number-
weighted average parameterg of the initiating sites; viz., the

distan_e hetveen centers (S), the length (L), and the 1gn1t10n
time (7To).

Th2 above expression for the detonation reaction time s now in a
for.i that can be readily applied to various explosive situations.

APPLICATION OF APPROLIMATION APPROACH TO EXPLOSIVE L
SYSTEMS CONTAINING ONE AND TWO TYPES OF INITIATING SITES

Case of a Single Type of Iﬁitiating_siﬁe (p = 1}

Let us consider st expl .ive with only one type of lnitiating site
which meets the criterior kjT_ > L. In this case n = 1 and the

number welghted average sitc¢ parameters in Equation I-25 become

is = 1. Hence, a reason-

o bR D S Al L L
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acowal cite paramcters, i.€.,
1 r T
’t‘r = 35 lS - L + Yo (I-26)

The similarity between the above expression and Equaflon I-2 is
obvious, suggestlng that th: simple addition rule is reasonably
applicable in ihis case. It should be noted that Equation I-26
extrapolates to the expected ., for both negligible ignition time
and for negligible grain burning time. The latter exrapolation

is expected to be applicable to the case of homogeneous explosives,
which can now be considered as those explosives where S8 - L) = O.
This might be e¢xpected when 8, and hence L, approach molecular
dimensions.

In the case of finite size initiating sites (=, still negligible)
Equation I-26 is identical to the detonation reaction time ex-
pression used at Aerojet (Reference 1-7) to describe deconation
in 2 to 10% RDX-adulterated solid composite propellant. In this
cdse, it was considered that the RDX particles would act as in-
itiating sites, and that the prOpellant medium separatlng the RDX
would act as the grain burning continuum. The reaction time ex-
pression was derived in terms of the mass frezction, fRDXv of

RDX particles, i.e.,

L T P, /3 ]
_ _RDX —RDX
T T 58 g7 , -1 (1-27)
- “RDX
where .© and Pppx are the propellant and RDX densities, féspec-

tively, and Lppx the diameter of the RDX particles. . It can be
readlly shown that for spherlcal RDX particles the. hracketed term
in the above expresalon is identical with (S/L -'1)

It is noteworthy that the use‘of‘Equation I-27‘has led to a suc-
cessful correlation of the crltlcal diameter of solid composite
propellanta as a functlon of frpx in the range 0.02 < £ < 0,1
(Reference I 7).

“TSince NTo is the number of RDX particles per unit 1en th, it is .

also equal to the cube root of the number of RDX part clea per
vait of propellant volume., ‘
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_Case of Two Types of Initiating Sites (n = 2)

For this case, Equation I-25 can be expressed directly as

r 2B (N]_o + NZO) 2B
*F; (Mo - Tag’ * a0 (I"ZB)‘T

where Fj = Njo/Np, is the number fraction of sites of type i ini-
tially presecnt ¥.b., > F; =1).

It is intercsting to examine the above expression in light of the
previous work at Aerojet (Reference I-7), in which Equatlon I-27

was modified to account fer the effect of inherent initiating sites

on the detonation reaction time of solid composite propellant
contalnlng only small amounts of RDX (i.e., frpx < 0.02). Here,
it was suggested that the inherent sites (e.g., flaws, voids) '
acted as an additional weight fraction ¢ of RDX par*icles. There-
fore, Equation I 27 becomes

B ha |
< lmpx (——lﬁ&m————— ) H3 1 (1-29)
r 2B 6p (fRDx + ¢) I » T
or
T 1 c | (I 30)
r (fRDX”+ c)l/3 2, ‘ o

In the same termlnology, Equatlon I-28 (assuming negllgible ignx-
tion times) ‘yields ‘ '

I’RDX [ o pm/sp)l/s frp > * e C/Lom) |5
K 73 o0 T g e |
[ (£ ) + c (fm) +c ‘

where c' = (f /P )1 (Lgnx ), the lubscrlpt x refcrring to
thn inherent fniagatlﬁg sites. é&ﬁc; Equation I- 31 has the fora of

v =L o -0y gy oy
r

+ ¢!

¢ Fro?
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It is evident that Equation I-31 and the Aerojet expression given
by EByuatlous 1-Z% or 1-3U are not equivaient. I. the inhere¢nt
gsites in Equa:ion I-31 are assumed to have a diameter and density
equivalent to that of RDX, the 1-D lattice expression for T,re-
duces to

1/3
e PRV Sl Rl VR
RDX RDX
This expression while similar to Egquation I1-30C is still not iden-
tical to it except in the limit of frpx = 0. A more detailed
quantitative comparison between these various reaction time ex-
pressions will be given in a later section of this report when
critical diameter data are discussed.

Case Where the Number of Types of Sites Varies with ir

It was emphasized earlier that the general Equatlon“ I-24 and

I-25 were appllcable only to systems with 1n1t1at1ng sites that
form hot-spots in a time less than the reactlon time (i.e., ‘
kjTr > 1). Alsc, it was shown in the previous sections that the
reactlon time will generully increase as the concentration of one
type of site decreases (e. g., the case of RDX adulterated propel-
lant). Hence, a possible situation presents itself in which an
explosive with many potential types of 1n1t1at1ng sites has only
one type of site active at short reaction times, but as conditions
change to increase the reaction time (e.g., decrease in loading
density or decrease in primccy hot-spot concentration), other sites
become active. This phenomena may have implications with respect
to the contrastlng behavioral patterns in high explosives that is
discussed in Price (Reference -8) as well as with respect to the
role of inherent impurities in thb case of RDx-adulterated pro—
pellantas. ‘ :

 In the simplest case, where only two types of sites are considered

and where the concentration of the primary site is being varied,
the expression for the detonation reaction time iright be described
in terms of three diiferent regiuns of Tr. viz., ‘

”‘a. Prlmary Region:

Tlo < Tp < T, corresponding to significant values of Nyt

ty is simply given by Equation 1-26, i.e.,

e o Rl




L T « T
=B Tt o — (1-34)
lo ‘ .
T (o= - Ly) (1-35)
r _fv N, | 1

b. Transition region:

R ARSI BRI BRI I

Tle << Tpr = 7129, corresponding to small values of Njo:

Under this set of conditions, Equation I-28 is approximated by

1 _ |
o im"l‘o '[l ) LlNlo - LzNzo] ' (1-36) |

o+ this equation can be written as

=~2W_I—_- [1 -L2N2°] o (1-37)

¢. Secondary region:

Since L1N1°<< L2N2

Tlo < T20 < Tr, correspbnding to negligible values of Ny, : ' ) &
Again, T, is simply given by Equation‘1-26, i.e., o |

R e~

CORRELNTION OF EXPERIMENTAL GRTTICAL DIAMET ER DATA

 In Reference 1-7 it was shown by both theoretical ‘and nxperimcntalh
arguments that the PEitical diameter, d,, of RDX adulterated solid
composite propellant? should be directly proportionsl to the deto-

‘nation reaction time at thc critical detonution valocity. i €y

H ’dc_ = x('r) R B P A (1-49)

R’ mw;ntiml propellmt buad upon AP. M. md rubbnr b:t.ndw . R
which varying amounts of AP were. rlplac.d by ROX (15 m particlaa}.“u‘ g

I
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where K is a proportionality factor which remains relatively con-
8tant over an KUA range ct U to 1U%,

Also described in Reference I-7 as well as in Reference I-9 are
experlmental critical diameter data for RDX adulterated propellant
in which dc was varied from 5 2 in. to ~ 70 in. as the KDX cortent
was varied from ~ 10% to O%.3 The reported critical diameter data
are shown in Table I-1. '

It is interesting to examine these data in light of Equation I-41

and the expressions {or Ty which were derlved in the preceding
sections.

Case of a Single Initiating Site

If the RDX particles are the sole source of initiating sites then
the expression for the reaction tlme becomes that given by Equa-
tion I-27. Con)lnlng this expression with Equation I-40 then
yields an expression for d of the form

K
a = L

c 1/3
- (fgpx)

-‘x2 | : . ‘ | (1-4})

‘As noted earller Equatlon I-41 is 1dent1cal to that derlved in

Reference I-7. A best experlmental fit to the data was reported
when K} =15.3 and K2 = -30.9 (d¢ in in.). The best fit of the
data in Table I-I with Equation I-41 is shown in Figure I-1. It
is readily seen that in the range of fppx > 0.02, Equation X-41

- fits the data quite well; however; at lower values of frpx, the

theoretical curve (based upon the best values of Kj and Kj) pre-
dicts values of d. which are too large. This fact combined with

- the fact that d. approaches infinity as frpx approaches zero led

0. R, Irwin at Aercjet (Reference I-7) to suggest that.there were
additinnal initiating sites inherent to the propellant which act

-as an effective constant weight fraction of RDX (see Equatlon 1-29),

In any case it would appear from Figure'--l that all the expexl—

. mental do data can not be correlated by the T expreasion for &

single type of 1nit1at1ng slte.

‘3Th;s work was carried out by Ae*ojet-Gencral Cocporation as

part of the Air Force Solld Propellant Hazards Program (Pro"
]ect ‘SOPHY) . . . ‘
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Table I-I.

Experimental Critical Diameter Data for
RDX Adulterated Solid Composite Propellant

(Refer«nces I1-7 and I-9).

Mass Fraction of

Critical Diameter

(£r0) e ) (frox) /3
0.10 2.12 . 0.14642
0.092 2.66 10,4514
0.071 5.25 0.4141
0.0475 11.25 0.3621
0.021 23,5 0.2759
0.00375 48.0 0.1554
o 50 (o Go) * o

*Results of‘one test at each diameter.

o A R RS SR SR NS, SRR =" """ o daic = -
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Gase of Two Iypes oL initiating Sites, witn

Negligible Initiation Times

In this case, the one-dimensional laitice model expression for 7T,
(i.e., Equation I-31) and Equation I-40 yields

K! | 1/3
1 ® £
d, = 173 - K'y (ppxy (1-42)
c -
Eppx) ™~ * -

The best fit to the experimental data of Table I-1 is found for
the parameter values K'y = 24,55, K'3 = -50.54, and c¢' = 0,19,
The correiation of Emiation I-42 with the data is shown in Fig-
ure I-2. Also shown is Irwin'’s correlation curve (References
I-7 and I-9) which corresponds to the use of Equation I-29 for
Tr, l.e., |

KL 4

/3 ?

d. = (1-43)
(£orye + ©OF
RDX

It is readily seen that both expressions for d, correlate the data
very well for fRrpx = 0.00375; however, the results of the two

‘experimental tests at zero percent RDX appear to favor Equation

I?‘L"SQ .

If one assumes that thé experimental de data reflect the existence
of inherent RDX-like initiating sites, then one might conclude
that Irwin's expression for 7, (Equation I-29) may be more appro-
priate than the corresponding one-dimensional lattice model ex-
pression (i.e., Equation I~3§). It is noted here that the pri-
mary discrepancy between the tw0‘expr§§sions lies %n the differ-
ence between the factors (fppx + c)-1/3 and (f 1/ +e)-1,
which in essence deacribe the average distiyge between centers

of all initiating sites. The factor (fRrpx + ¢')-l results from
averaging the one.-dimensional concentration expressed as number -
of sites/unit length, i.e.,

R 1!

= (% £

as
|
2

(145)

(I-48). o
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However, in three dimensions the average digstance between saites
should be based upon an average of the number of sgiter~/unit
volume, This would probably lead to

§e(xgp /3 o L (1-46)

or

S o (Fapy + )77 (1-47)
Thus if the assumption of inherent RDX-ljike 1n1tlat1ng sLtes is
valid tlen the better fit of Irwin‘s expression to the experi-
mental d. data would suggest that a three-dimensional lattice mcdel
may be required for a more qQuaentitsiive description of detonation
in heterogeneous explosives. Unfortunately, thé¢ three-dimensional
approach to the problem brings up additrional mathemetical Drob
lems, and is not avallable at this time.

Alternatively, the fact that the apparent. dc for fRDx 0 falls
below the value that is predicted by Equaflon I-42, while the d.
data for {gpx > .0.02 follow Equation I-41 quite well (i.e., slngle
type of initiating site) might indicate that the inherent initi-
ating sites are active only for very small values of fypx (i.e.,
only for large tr). This brxngs us to the possible situation
descrlbed eariier in this section which is applled to the d¢ data
in the follow1ng paragraphs.

_Cise Where the Number of Types of Inltlatlggfsites .
“Varies with Tp

the range 2,12 = dc < 23 in.

If one assuues that the dgs data of Table I-I reflect the exig-
tence of inherent initiating sites which become active only when
Tr exceeds a certain value, then in accordance with the approxi-
mation treatment shown earlier in this section the data of

Table I-X should be fit by three different but related eXprgsslons
for d based upcn three dlfferpnt regions of T,..

a. Primary rggion
(To)m L 'tr < (’[01

In the primary region, only the RDX particles are sctive 1n1tla—»
ting sites, hence Equations I1.35 and I-40 obviously yield an’ ex-

pression for d.. which is the same as Equation T-4l. .Prom Fig-

ure I-1, it can be eatlmated that the primnry region extenda qvaf

i
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It is now useful Lo express the constants of Equation I-41 in
terms of more fundamental quantities. Noting that

~1/3

- 6P . «1/3 _ 1/3
Ni = »—-w————*——-——g‘- . ( f i,) = aif i ( I- 48)
TPy Ly

v »
e

where P is the prupcllant density., Equation [-41 can now be
expressed as ‘ '

1
‘1

 where the subécript 1 now fepresents RDX. GComparison of theibonu

stants of Equation I-49 with those of Equation I-4l yields
| K/2a;B, = 15.3 - C(1-50)

I

K

These parameters can now be used in the ekpressiou for dc in the
tranaition regionm. : ‘

St

KL /2B, = -30.9 | | | - (1-51)

b. Transition region:
I :

(TO)RDX ‘r = (T

‘Pomblnlng Equationgl 37 I1-40, and I-48, yields

e . KL KN, L. o
K 1 2072 ‘ ‘
(a) . = - - — - = - (1:52)
L= C . 173 TIB_ T T 173" ‘ ‘
L t‘ 2alncfl | c ZBcalfl .

' where the subacript 2 refers to the inherent initiation sites.

Utilizlng bquatxons i- 50 and I-51, the exﬁfaasidm for dc‘cnﬁ‘be )

o) —-«————75-”-&2 “‘II(‘%‘ o aesy

,exprelaed as

"f‘ighétglﬁ§ fﬂNgQL2 (@i@mnd#on;glg).“‘
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Assuming that do = 42 in. reprecents the transition region yields
a value of K 0,2004,  ‘Phe resuliiing ewplrical relarionsnip ror
de in the transition regicn is

(d_> = —12:23 . _ 30.9 (inches) (1-54)
C 4 J
transition (fRDx)

A comparison of Equation I-54 with the experimental data is shown
in figure I-3; alsn shown is a replot of Equation I-41 for the
primary region,

C. Secondary region:
(TO)RDX < (To)x <1

Application of Equations I-39, 1-40, and I[-48 to the secondary
yvields '

K, “
(d)) = ajL, &, -Ky . (1-55)
. ‘

Since (dp)_, depends only upon the inherent ignition siter, it must
be a constant of the propellant system. This is shown in Fig-
wre I1-3 where (dg), is estimated from the experimental data to

be 70 in. The actnal variation of dc with frpx is then assumed to
follow the dashed curve of Figure I-3, which is merely an esti-
mated interpclacion of how the three dlfferent detvnation rezions
rransform into each otaer.,

Obviously, the approach taken above in correlating the experimen-
tal data does not offer the predictive characteristics of the
cases previously described; however, it does serve to offer a
possible alteruate route to explaining the detonative behavior

of RDX adulterated propellants.

It is intereating to note that the above type of data correlation
is not completely devoid of predictive capabilities, since
choosing the constant (d¢), at 70 in, sets the value of ajl; at
1.265 in. From Peference 1-7, a; can be estimated as 2.07 x 103
which yields a value of Ly = 6,11 x 10-% in. Thus, assuming that
the ab-ve analysis is corr :ct, the inherent hot-spot dlameter

is ~ 16 p. Also, since N2o = K3/L2, the resulting distance bt-‘
tween hot-spot centers (i.e., l/Nzo) becomal ~r80 Mo

19
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The grain burning distanc: between hot-spots then becomes 3 -~ Lo
= 6L ., It is interesting to note that in the propellant under
""“"1:*.2:‘“‘;;_‘,;\, the AP cunieui was composed of a bimodal distribu-
tion in which ~ 69y radius particles (peak size) compr:sed ~ 50%
of the propellant masas, and-6u radius particles comprised ~ 18%
of the rropellant mass. It is suggestlve from the values found
for Ly and Nyo that the inherent initiation sites might be the
small AP particles, which, along with aluminum, reside in the
interstices between the large AP particles. The distance between
the interstices of the large AP particles can be shown from sim-
ple geometric considerations to be ~ 70p. It should be empha—
sized that at present this suggestion must be considered highly
speculative,

SUMMARY AND CONCLUSIONS

A lattice model of detonation of heterogeneous exp1091ves has
been described based upon the concepts of both hot-spot ignition
theory and grain burnlng theory.

Through a one-dimensional. treatment of the model it has been pos-
sible to derive the classical Eyring grain turning equation :nd
to define the assumptions underlying the use of the Eyrlng equa—
tlon, viz: (1) that hot-spots have no finite dimeusion or i
nition time; and (2) the average concentration of hot-spots is
equal to the concentration of explos1ve granules (i.e., one hot-
spot per granule). In addition, it has beeri possible to relax
these assumptions and to extend the one-dimensiomnal treatment to
other explosive situations, i.e., (1) where the time to ignition
of graln burning is nonnegligible compared to the overall deton-
ation time, and (2) where there may be several types of ignition
sites, each type hav1ng a discretely different lgnltlon time.

Such exp1031ve gituations appear to have application to the deton-

ability of RDX adulterated solid composite propellant.

For the case of RDX adulterated propeliant in which the RDX par-
ticles are the sole source of hot-spots, the one-dimensiorial

treatment of the lattice model leads to a detonatlon r-action time

expression which is identical to an expression previously pro-

posed by Dr, Irwin at Aerojet. The proposed expregsim for Tp has
already been shown to be very 5at13factory in d:scribing the vari-

ation of critical diameter of compepsite propellant eontalnlng
varying amounts of RDX in the range of 2 to l0%. ‘
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For the cace of propailaont containing lesa than 2% ROX the eritical
diamcter data suggest that RDX cannot be a sofe source of hot-
spots. Extending the lattice model to this case results in ex-
pressions for ¢y which differ somewhat from an expression which

was proposed and successfully applied by Dr. Irwin for the same
explosive situation. However, the differer:es are relatively
slight and may simply invol 2 the use of a one-diwnensional approach
rather than a three-dimensional apprea:h in describing the aver-
age concentration of hot-apots.

In any case, it would appear that the preaent lattice model of
detonation serves as a fundamental basis for the description of
propellant detonation which had been initially developcd at Aerojet.

It would be of future interest ro undertake a more rigorous mathe-
matical treatment of the lattice model in which certain constraints
(viz., those involved in the approximation of Equation I-19) were
removed from the one-dimensional treatment. Also, the treatwment
of the lattice model should be extended to three .dimensions.

Finally the lattice model should be extended to include the effects
of lateral quenching waves (i.e., rarefaction waves) on the over-
~all detonation reaction time., Such an extension could lead to a
description of nonideal detonation phenomenon such as fading deto-
nation and charge diameter effects.
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'I1-2 and II-3), which can be written as

aion detonation conservatioh equations and C-J hypothesls (i.e., .~

‘pressure and temperature. ln nddition. RIT.¢ emp;ﬂya ‘an cquation~u~
- of state o the §Ormu ‘

APPENDIX II

COMMENTS ON THE RUBY CNDE

R. F. Chaiken, Technical Consultant
Aero jet-General Corporation,
Downey, Califormnia

INTRODUCT ION

The RUBY Code (Reference I1-1) is a FORTRAN computer program
deslgned to calculate the ideal detonation properties of high
explosives utilizing Chapman—Jouguet (C-J) theory. The program
is based on the assumption that the gaseous products obey the
Becker-Kistiakowsky-ﬂ1lson (BKY) equation of state (References

B iXxep a0 (I
where ‘ -
S xTimng
JCREUT Xing
Here, ¢ s X 6 ki are constants,‘and hi is the mole. fractian

of the ith gaaeous product.vy ‘ .
In RUBY, this P, V, T relation is uled to exprell the one-dimen-

D =C3 +W3) in terms of P, V, T variables, and also to describe
the fugacity of the gaseous reaction produc:s s a function of

A

4 N ey

P\mﬁﬁ‘ jEO“j (b, /‘;’o J+z bk(P./f%'oz‘.?,
g N é o
0_ 4 c (P/P ) ™ L T (II—Z)&'
T '

'“Vto hundla\the pai-ibie oxittencc ot onc or twn uolid dctonetion. . ‘f;
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mum .ree energy) and is calculated by a method of steepest d
which is described by White, et al (Referenre 1I-4.

The 7-J ctate is assumed ta he at fhvrmndw‘nnmﬁn nqg_!_"‘i‘\‘v‘*“—*

mf\

The main use of RUBY to date has been in the calculation of ideal
detonation Bropertles of CHNO explosives (References II-2, II-3,
I1-5, 11-6) The general approach has been to determine the BKW
constants “i.e., a, B, %, 8, ki) which allow the best fit to the
experimental D(P ) and P (P ) data for one or two specific ex-
plosives (e.g., x PETN, aud after selecting these constants,
to ‘apply RUBY to other exp1031ves.

Generdlly, the RUBY calculated D(P,) and Py(P,) for CHNO explo-
sives are in fair agreement with experlment ﬂowevet‘, there is
apparently no single set of BKW parameters which yields good agree-
ment with all 20 of the explosives congidered. For example,
Table 4 in Reference II-5 illustrates that detonation velocities
and pressures may be in error by as much as 10% and 15%, respec-
tively. Also, while there is a lack of reliable experimental data
ont detonation temperatures, it would appear that RUBY values  of

Tj may be up to 40% too low.

The purpose of this report is to examine the resuIts of the RUBY
program and to determine its usefulness in calculating the ideal
detonation properties of conventional solid propellants containing
ammonium perchlorate, aluminum, and oxygen-deficient rubber- type
binders. Of particular interest is the use of RUBY to determine
the effect of incomplete chemical reaction on the ideal detona-
tion properties (D, Py, Tj). Toward this end, RUBY calculatlons
have been carried out for ammonium perﬂhlorate (AP), alone and in
combination with typical propellant ingredients, -and for RDX/
aluminum mixtures. Computer-input techniques were developed to
allow various amounts of aluminum to remain unreacted. Thege cal-
culations brought out certain apparént internal iuconsistencies
which suggest that RUBY should not be used to predict the detona-
- tion properties of aluminized explosives.

RUBY CALCULATIONS

Ammonium Perchlorate

The detonation properties of ammonium perchlorate (AP) have been”
calculated by RUBY over the range of loading densities 0.8 <
‘< 1.5 gm/¢c. Various sets of BKW constants hnve been employcd to

il

I‘Ra:fel:‘enct':s 11-1 and II-3 do not refer to RUBY calculationa par .
se, but to similar calculations us;ng the BKW equation of state,

Wi
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attempt to match the reported experimental data (References II-7
and II-8), as well as to ascertain the sensitivity of the com-
puted detonation properties to changes in the BKW comnstants.

The results of these calculations are shown in Figures II-1 through
II-3 where ideal detonation velocity (D), Chapman-Jouguet pres-
sure (Py), and Chapman-Jouguet temperature (Tj) are plotted against
Po. The notes for Figures II-1 through II-3 describe the con-
ditions for obtaining curves A through F. These results show that
by suitable adjustment of the BKW constants (a, 8, %, 6, and in
particular, ki for the principal gas products, e.g., HCl) almost
any linear D%Po) curve can be obtained, ‘

However, the constants that have been derived for best fit with

' CHNO explosives (e.g., curve. A and B), although yielding reason-

able agreement with the experimental Py value at Po = 1.C gm/cc,
do not yield good agreement with the experimental D value. Even
curve E, which is presumably the result of SRI's attempt (Refer-
ence II-8) to optimize the BKW constants for AP, falls short of

being in good agreement with experimental detonation velocities.

With regard to the RUBY-calculated Chapman-Jouguet temperatures,

it is readily seen that an increase in P, results in a decrease

in Ty. This Tj(Pg) relationship appears t¢ be common to all

RUBY calculations, including those for CHNO explosives (Refer-
ences II-2, II-3, II-5, and II-6). This undoubteédly arises from
the fact that the BKW equation of state considers only a repul-
sive potential between the detonation products. On the other hand,
curve F, which corresponds to calculations with Cook's c¢ovolume

- equation of state (Reference II-9), shows Tj(P,) to be an in-

creasing function of loading den~ity. Cook's covolume depends
only on volume and hence does noi consider the potential energy
arising from intermolecular interaction. Unfortunately, the
present lack of reliable experimental Ty data precludes a clear-
cut answer as to whether T3y should be an increasing or decreasing
function of pg,. ‘ : '

In the case of high-density CHNO explosives, it has been argued
(Reference II-2) that since the C-J density (P3) is generally
greatér than the explosive crystal density, the distances between
atomic and molecular species in‘the-C-J plane are so small so that
the interactions between the species are primarily repulsive "
(hence, the BKW-type of equation of state). e

In this case, even though the*tot&l\chaﬁge in cpecific iﬁternal ‘,fﬁ

energy of detonation increases with P,, the net result could be:
to increase the potentiel energy of the C-J system at' the expense

of the kinetic energy.
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NOTES FOR FIGURES II-1 THROUGH II-3

Curves A and B

‘RUBY calculations to determine the effect of a change in
"B constants, using the same thermodynamiss data:

0.5; 8 = 0.09; x = 11,85; &
0.5; 8 = 0,06; %

400
400

]
L)

Curve A: a

L
]
i

Curve B: a 10.91L; o
The BKW set for curve A corresponds to the set used by
Cowan and Fickett (Reference II-2) for curve-fitting
65/35 RDX/TNT D(P,) data. The BKW set for curve B cor-
responds to the set used by Mader (Refererce 1I1-3) for
curve fitting RDX D(P,) data. ‘ ‘

Curves A, C, and D

RUBY calculaiions to determine the effect of a change
in covolume constants using the same BKW constants.
Values of ki for curves A, C, and D:

‘ Curve C ‘ 4Qurvu D ’ Curve A
H,0 360 360 250
Hy 180 . 180 . 180
N, - 380 v 380 380
NH, 476 | b76 476
N0 670 670 670
¥O 336 386 386
0y 350 - 350 . 850
NOy 670 670 . 600
HCL 1588 79 643
cl, Cousr 578 532

n




However, tor ammonium perchlcrate at the 1oading densities con-
sidercd here. Pa in less than the rrystal denxi ty (1.95 rrm/nn\
it is difficult”ther:fore to understand why the above argument
should still be valid ider these conditions. It is believed
that the RUBY-calculated decrease in 17 as P, increases is un-
realistic for AP. On the other hand, it should be stated that
the T3 values obtained for AP by use of the Cook-covolume equa-
tion of state, which are 600 to 7009K higher than the AP adia-
batic flame temperature (1l atm), might also be unreasonable.
lowever, the anrea51ng TJ(PO) function that is obtained by such
a covolume equation of state is, at least to this writer, intu-
itively plausible.

Soulid Composite Propellant

RUBY calculations have been carried out for a solid composite pro-
pellant couwposition containing AP, aluminum, and PBAN binder
(polybutadiene-acrylonitrile copolymer). The effect of replacing
part of the AP with RDX on the detonation propertles has been
calculated, as well as the effect of nonreaction of the aluminum,
This latter effect corresponds to a current theory that the alumi-
num oxidation reaction proceeds too slowly to occur within the
detonation reaction zone (Reference II-10). : :

Prevention of aluminum oxidation in the RUBY calculation is readily
accomplished by replacing all or part of the aluminum in the ex-
plosive composition by the fictitious metal AlX. The AlX has all
the thermodyni¢ic properties of Al, but no oxldatlon products
(e.g., AlX9203, AlXO2, AlXCl3).

The i1«esults of the RUBY calculations with the BKW constants and
thermal data corresponding to curve C in Figures I1I-1 through
II-2 ar shown in Table II-I. The data fo~ propellant A (normal
case, w.-th 100% Al reaction) are comparable o data obtained for
high explcsives with similar heats of explosion., A comparison
of propellant C (9.2% RDX adulterated propellant) with propele
lant A shows that the detonation parameters (E, P3y -Eg)
all increase when the more energetic RDX (AQ = 1300 Kgal/Jm) re-
places 4P (AQ = 300 Keal/gm). These results are to be expecLed
The effect of replacing aluminum (reactive) with AlX (unreactive)
is that Pjy, Ty, Ej-Ey decreage as might be expected, but there is
a 4% increase 1n the “deonation velocity. This is evident by
comparing propellant A with propellant B.
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Table II-I. Detonation Properties of AP Propellant as

~

ks e

Propellant A: AP/AlL/PBAA 2 0.68/0.15/0.16 (100% Al reaction)
Sropellant B: AP/ALl/PRiA = 0.69/0.15/C0.16 (5% Al reaction)*
Propellant .C: AP/A)L/FBAA/RDX = 0.598/0.1%°0.16/0.09% (100% Al
reaction)
Propellant
A B c
DETONATION PROPERTIES Py = 1.73 Ro®1.73 g = 1.715
D, mm/usec 7.14 7.40 7.25
P, Kbar 226 206 232
Ty, PK 3198 1091 3217
Vi, cc/mole of gas 12.39 14.41 12.61
Po/f s 0.743 0.783 0.743
EJ - Eo, cal/gm HE 401 368 415
BKW parameter 5.71 11.38 5.86
C-J compoaition, 1073 moles/gm HE |
Total Gases (*,*+) | 28.85 27.74. 28.67
CH,, 5.19  5.69 5.76
co ‘ L.25 nil 4.70
co, 1.65 5.40 1.88
cL ‘ 5.73 | il 4,91
c10 : nil 5.04 nil
H, 0.1.9 ‘nil 0.15
H,0 ) 8.4k 8.29 6.95
Ny | 2.61 2.83 3.4
NH 5 .65 0.20 0.69
AlCL | o.as nil 0.18
aicl, . oail 0.28 ﬁ_u‘
Totsal Solids (*%,aa) 2.71 | s.28 2.69
AL I . s.28 -
A0, | S | e 2.69
G (graphite) - " il s nil

(*) Unréacted Al goes to Al(l) ae & detonation product.
(‘)\Oﬁly products 10‘53hoLﬂn/‘H HE are included.

(**) A dash {ndicatrs the product was not programmed.
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Examination of the gaseous detonation products shows that the total
amouui ol gas 1s the same in rhe twe cases, and that except for an
.increase in C02 with an accompanying decrease in CO, there is little
change in gas products when aluminum does not react. From the
heats of formation of Al203, CO, and COj, the mnet enthalpy loss
from the explosive system with AlX woul& be ~ 850 cal/gm of ex-
plogsive. It sould be difficult to reconcile an increase in deto-
nation velocity with this energy loss. Undoubtedly, the calculated
increase in D stems from the value of the BKW parameter (X in
Equation II-1), which does change appreciably. Since k; for COjp

igs 670 vs 390 for CO in these calculations, it is seen that the
value of k 7ikin; in Equation II-1 will increase when CO is con-
verted to COy. {(When aluminum does not react, there is more oxy-
gen available in the explosive for resction with carboen. Thus,

a greater portion of the carbon is converted to CO, than would te
the case if aluminum reacted to Al,03.)

When this increase is combined with a decrease in $-J temperature
(which results from the AlX not reacting), the BKW parameter be-
comes exceasively large. It is apparent that the accompanying
increase in VJ (which results from a lower Pj) is far from enough
to prevent the excessively high value of the BKW parameter. The
apparent result is an increase in the detonation velocity, which
conflicts with the general expectation that D is an increasing
function of Ej-E, for any given explosive. Similar results are
obtained for RUBY calculations with RDX/Al mixtures.

Aluminized Explosives

Table II-ilI shows the resultg of RUBY calculationsg for RDX in
combination with Al, AlX, and Al203 (80/20 mixtures) at the same
loading density (Py = 1,94 gm/cc). For additional comparison,
the results of a similar calculation fo. RDX at a slightly differ-
ent density (p, = 1.8 gm/cc) are also shown. These calculations
were carried out with the same sef of thermodynamic data and BKW
constants. {(The set of input data are tho: : obtained from UCRL
except for the addition of input data required for the aluminum-
containing products: AlO(;"), Aly0(g), Al0,(g), AL(1l), and
Al203{c). Presumably, the UCRL data get has bheen optimized for
RDX. ‘ ‘

While a direct comparison of the calculated properties of explo-
" sive A (pure RDX) with explosive B (20% aluminum) is not possgible
because the loading densities are not the same in both cases, the
addition of reacting aluminum greatly increases the detonation
temperature (ATy = 2000°K). This is further borme out by the
drastic drop in Ty when ths aluminum is prevented from reacting

(explosive C). : ‘ o ‘
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Table II-TI. Detonation Properties of KDX Explomives

K Explonive Az RIK as Calculated by RUBY.

Explcsive B: RDX/AL
Explosive C: RIX/AlLX

80/20 (100% Al reaction)
80/20 (0% Al reaction)*

(*) Unrsacted Al goss to AL(l) as a dntonetion product.

(+) Only products > 16=3 moles/gm HE n:.,£n¢ludcd.
(**) A'dash indicates the product was not progremmed,
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Explosive D: RDX/A1203 = 80,/20
Explosives
DETONATION PROPERTIES A B ¢ D
P+ gW/cC 1.80 1.94 1.94 l.94
D, mm/usec 8.03 8.56 . 9.1 8.28
P, Kbar 287 © 359 332 297
: Ty, °K 1824 3882 2262 2428
} V. ce/mole of gas 1i.71 12.28 11.38 12.05
Po/ﬁi . 0.752. 0.7u7 0,794 0.776
E; - B, cal/gm HE 472 U6k u21 u10
; BKW parameter. . ‘9.23 ‘ 6.86 8.7L 8.09
‘; C-J composition, 16'3 moles/gm HE o .
5 Total Cases (%,**) 33.80 25.32 27.06 27.21
v ;  CH, 0.38 3.33 0.04 0.36
‘ co 0.10 .47 0.17 0.57
: co, 7.09 2,48 5.45 5,73
‘ Hy n;i 0,04 nil nil "
‘i_ H,0 12.72 2.85 10.53 9.87
A N, 13.50 10.38 | 10.7u | 10.6s
g NH,, e.o1 083 1 oas | - o.3e
i No nil 0.5 - | nir | w1
3 AL e 0.91 - nil.
fj * Total Salida (%) 5,92 3. 12,55 6.09
. o - - R .-
P ALy - 2.80 -} rees
; G (graphite) 5.92 0.51 5. 14 b.13




As in the aluminized propellant nase. it is readily seen that non-
reaction of aluminum (explosive C) causes an increase in D, while
Py, Tj, and Ej all decrease. Again, the relatively large increase
in the BEW parametar with AlX suggests that the conversion of CO
to CO2 may be regponsible for this effect.

However, it appears that replacing aluminum by Al,03 (explosive D)
does not show a similar effert, even though in this case Al203
can be considered as an inert ingredient in the same manner as
AlX. A comparison of the detonation products of exploaives C

and D does not appear to offer any significant clues to the dif-
ferent effects of the two inert additives on RDX. However, the
effective heats of formation used for the two RDX mixtures were
somewhat different: 76.8 cal/gm for explosive C vs 686 cal/gm
for explosive D. It is suggested that under these circumstances
a direct comparison of the two cases way not be too meanlngful
without experimental data for both RDX/Al and RDX/Al03 mixtures.

There are abundant experimeﬂtal data on aluminized high explosives
which show ihat aluminum lowers the detonation velocity of the
pure explosives (Reference II-9). It has been proposed that the
aluminum either behaves as an inert diluent or that it reacts to
Al20(g) with an overall endothermic effect. The results of the
RUBY code appear to be inconsistent with the experlmental resulty
as well as with either of these explanations.

DISCUSSION AND CONCLUSIONS

From the RUBY calculations carried out for CHNO explosives and for
AP propellants, it is apparent that with sufficient adjustment of
the many available parameters in the BKW equation of state, suit-
able D(Py) and P(P ? data can be calculated for any glven explo-
sive. However, it%s likewise apparent that the extension of the
RUBY calculations to other explosives with selected BKW constants
may lead to highly questionable results, particularly when those
explosives ‘involve new gaseous products. Although this poxnt had
already been made clear by Cowan and Figkett in their ori inal
paper ("eference I1I-2), it has apparently not been emphas%zed by
subsequent investigators who have reported RUBY calculations.

In spite of any agreement that one can obtaxn between RUBY-calcu-
lated and experimental detonation velocities and pressurcs, there
are certain internal inconslsteﬂcles which throw doubt on the use-
fulness of the BKW equation of state in calculating detonation

properties. These internal inconsistencies involve (1) a calcula-

ted C-J temperature which consistently decreases as P, increases

for any given explosive, and (2) the inciease in detonation velocity




N g

when the aluminum in elumilnitceu cApLUN LVEs GUes [OT '€act T©O COm-

tribute energy to the C-J state. Both of these effents appear to
be related to the BKW equation of state which considers the energy
of molecular interaction to be solely repulsive. Under the deto-
nation conditions which are normally calculated by RUBY, it is felt
that such an equation of state will overemphasize the role of pres-
sure and underemphasize the role of temperature in determining the
product distribution and the detonation properties.

In this connection, it is interesting to examine the actual value
of the apparent molar covolume (i.e., the excluded volume) that
results from the RUBY calculations presented for propellants in
Table II-I. By comparing Equation II-1l with a covolume equation
of state, i.e.,

P(V-b) = nRT (I11-3)

it can be readily shown that the apparent molar covolume b/n can
be expressed as

b/n ‘--—EI- X exp BX : (I1-4)

For propellants A, B, and C the values of b/n are 11.0, 13.5, and
11.3 cc/mole, respec.ively. These values represent approximately
90 to 95% of the calculated molar gas volume (Vjy), thus indicating
an extremely compact C-.J state, It seems unlikely that such a i
state can exist and still be composed of recognizably independent
molecular species.

Although the RUBY calculations that have been carried out to date
do not exclude the possibility that the noted inconsistencies can
be resolved by a complete change in the BKW constants, they do in-
dicate the unsatisfactory nature of the present code with regard
to calculating detonation properties of propellants and aluminizad
exploslves. In view of this, and the argumenta presente:.l aﬁainat
an equation of state that impliés solely repulsive forces, it is
suggested that further work with the RUBY code not be continuad.

Pending development of a more satisfactory computqr program (pre-
sumably incorporating a more realistic product equation of state),
it is proposed that the Parlin-Andersen-Miller proccdure (Refer-
ences II-1l and II-12) used in the SOPHY I program continue Lo

L2 used to estimate the ideal detonarion veloc ty. ‘ ‘
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APPENDIX III
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APPENDIX 1V

JETTING & ""ENOCMENON

Streak-camera observation: of previous critical geometry tests
of hollow cylindrical samples showed that an abrupt cessation of
an apparently steady detonation occurs at some point along the
length of the sample (Reference IV-l). The location of this
point appeared to be determined by the web thickness of the grain
whan the results obtained for only one propella.t formulation
were analyzed. Since it is observed that a high-velocity jet is
produced in the core ot an end-initiated hollow cylinder, the
responsibility for the aramalous behavior of hollow cylindrical
samples may be ascribéd to effects caused by the jetting pheno-
menon. Therefore, a series of tests was designed to investigate
the manner in which jetting affertgs the detonation reaction of
heollow cylinders. These tests Luclude studies of the effect of
core diameter (ID), sample length, and wsb thickness on the be-
havior of hollow cylinders.

EFFECT OF CORE DIAMETER

Hollow samples cast from AAB-3139 propellant having web thickness
equal to l.4 in. were prepared in several sizes in which only the
ID varied. Core diameters of 0,06, 0.12, 0.25, 0,50, 0.80, 1.5,
and 3,0 in. were chosen. All sample lengths were four times the
OD. The samples were instrumented with four sets of ionization
probes in circuit with four rasteroscillographs to obtain dis-
tance-time data on the reactive shock wave and the jet. Three
sets of probes placed in the propellant gather the data at radial
positions 1/4-, 1/2~-, and 3/L-web in. from the outside of the
samples, The fourth set of probes monitcrs the travel of the jet
along the charge axis. Figure IV-1 shows the test setup.

A 1-in. thick Plexiglas plate is placed between the Compcsition B
booster and the propellant acceptor, The Plexiglas attenuates
the velocity of the shock wave enteri the acceptor. This allows
better resclution of the initial behavior of the reactive shock
wave in the propellant by preventing its being masked by the nor-
m~l attenuation of a highly overboostered initiating wave in the
acceptor, which would occur if the booster charge were placed
directly on the propellant sample. The Plexiglas barrier also
prevents the booster shock wave from forming a jet in the hnllow
acceptor before rhe propellant detonaltion reactior produces its
jet. The 1-in. thick attenuator does not reduce the shock pres-
sure below the minimum ievel required to initiae detomation in
these samples.
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The spt cific purpose of these tests was to determine the influence
of the ID on the location of the point along the charge lengti.
where detonuation ceases, Lt is of interest to learn whether a
minimum core diameter exists below which the jet has no effect on
the propellant behavior, and whether a maximum core diameter of
reasonable proportions exists above which the jet bas no effect

on the propellanc behavior.

The distance-vs-time data were reduced for plotting the detonation
velocity vs distance along the sample at each radial distance in-
to the sample.

Figure IV-? is a plot of the data obtained at the 1L/4-web depth.
Only straight lines were used to cconnect the individual data
points, because to have f£it the data to smooth curves would have
made it more difficult to isolate the data of any one sample size
from the others., From these data it is evident that regardless
of the size of the ID the detonation began to fade after 7 in. of
travel in the samples.

The results obtained at 1/2-wed depth are shown in Figure IV-3
and are consistent with the preceding. The dat: indicate that
from the middle of the web toward the outer surface of the hollow
samples the detonation wave front is pcrpendicular to the charge
axis until rapid fading begins.

The data obtained at the 3/4-web deptun (Figure IV-4) are much
ysore erratic than those from locations more removed from the in-
ner surface. They also show no correlation with core slze, but
do indicate that fading begins somewhat sooner at this position,
i.e., at 5 to 6 in,

The jet-velocity data (Figure IV-5) show some oscillatory be-
havior. More important, there is evidently a correlation between
the size of the perforation and the velocity of the jet. It was
observed that higher jet velocities occurred at smaller cire sizes.
This would be expected because the Mach interaction that produces
the jet would be greatest when ihe core siz¢ is minimum.

Some experimental difficulty in probe placement with the 0.06-in,~
ID samples prevented jet-velocity data from being obtained beyond
the 4-ia, distance. ¥Proles further down the charge indicated Low
velocities more typical of the values obtained within the web,

and these were assumted to have baen cwing to failure to reuch the
small core with the probes.

From these tests, Lt is concluded that the aborticn of sustained.

detonation velocity is independent of core size over the 50-fold
range from 0.06-in, to 3.0-in, ID,
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EFFECT OF LENGTH

To determine whether the abortion of steady-state detonation is
caused by an end-effect mechanism, it is necessary to test sam-
ples that vary in length. In the series of tests described in
the paragraphs entitled Effect of Core Diameter, samples having
lengths equal to four times the OD were used., Since the vief
thickness was held constant the OD varied in the same increments
as the ID, and the lengths, therefore, varied over a two-fold
range. Siuce no correlation was found between the location of
the fadeout point and the ID it follows that no correlation ex-
isted with the sample lengths either. However, a series ol tests
planned explicitly to in estigate the length effect using samples
of identical cross-se tion (4.50-in, OD by 1.50-in, ID).

Four sample lengths were tested: 18 in, (4 x OD) 22.5 in. (5
x 0D), 27 in. (6 x 0OD), and 36 1. (L x Oi). The probe instru-
mentation was limited to two lepthg: one st inserted to 1/4-
web thickness, the other (o 3, -we thickuaess. e xiyrlas was
used to attenuate the booster shock wa z.

Figure IV-6 shows the da'a obtajued trow .he .ute set of orobes,
reduced to detonation velocity vs distance along b s.mple, It
is evident from these data that the svdwen fadivg of 1 e detona-
tion velocity is not caused by an enc effcert, 1he fadirg “egins
.after approximately 24 in., and it is thcrefore n.  obscrved 'r
the two smaller lengt :i. It should be noted in c¢omnas ing rhe r»
sults for the 1.5-in, web thickness excend. the digtan - alcg

the sample, through vhich a su:cain-d de cnatioi veloci y ccurs,
from 7 to 24 in. This stiows proot that, or 3 g ven mater ial, the
web size is the pri.cipal intluence on the “uraticn of a sustained
detonation velncity, as judged oy velocity aa otteined near tie
outer surface ¢« £ holiLow sam les.

Figure IV-7 reveals *h. 'xtracredinary det n:tlic veic ity data ob-

tained from the inn ' se¢t of probnrs. The —eloc t.:s ~rrea: d te
near 7.5 mm/usc at tie J%-in. distane. Again, > be vior ot
the detonation ne.:. the uaner “urface o iollow « ,linders is eer
to differ sig1ifica. cly irom ttat neac the o cer .urfece. The
outer portion of the web behaves more + .rmaiiy unti’ te point is
reached where t! : detona. ion fades. Uince the inner s« tion is
relatively wmore 2rratic, t is :liar rhat a t v stecdy state sus-
tained detonation vocuis tm onily a snom . dist we ard hig .leto-
nation is in fact  'rencient phen et nn .,
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EFFECT OF WEB THICKNESS

Two samples of AARB-3187" propellant were tested that measured 8-in.
OD by 1.5~in. ID by 32-in., long. These wer: fired undeir the same
conditions and with the same iype of instrumentation as thay shown
in Figure IV-1. The data from the two tests were self-consistent.
Figure IV-8 shows the volocity-vs-distance record of these tests
and illustrates the behavior of detonation velocity in a hollow
cylinder that has a web thickn-ss (3,25 in.) that is much larger
than the predicted pseudocritical web thickness (1.3 in.)".

Throughout the entire sample length the velocity of the wave over
the outer half of the web remains constant (4.8 mm/itsec). At the
3/4-web depth, the same velocity 1s maintained for 10 in. and then
the velocity increases very rapidly tc reach an eventual maximum
of 9.5 mm/usec. The jet velocity increases to between 9.6 and

9.5 mm/psec after 12.5 in,

Detonation of propellant a 9.5 mm/psec is difficult to accept.
Since this velocity agrees with the jet velocity, an alternative
explanation for the high velocity registered bv the 3/4.web probes
can be postulated. Assume that the jet front causes ignition of
propellant at the inver surface as it proceeds down the perfora-
tion. This is reascnable because of the high temperature and high
pressure characteristics of the jet. Assume further that because
of the high pressure in the perforation behind tie jet front the
propellant will burn at a fast rate. It follows that at a suffi-
cient distance down the sample enough time wonld elapse hetween
the passage of the high-velocity igniting jet front and the arrival
of the lower-velocity reactive wave in the propelliant to permit
the burning propellant surface to reach the inner probes before
the reactive wave in the propellant. Since the probes are trig-
gered by shorting through a highly ionized medium, they could be
triggered when the burning surface reaches them. The apparent
velocity deduced from the inner (3/4-web) probes from that peint
on should be identical to the jel velocity, because the veptov
describing the regression of the burning inner surface in the longi-
tudinal direction is equal to the velocity vector of the jot in
the)aama direction (assuming a constant radial burning-rate wac-
Lor ).,

B - e 3 N “ N . - -

2See paragraphs entitled Conclusions for a discussion of the
ceritical geometry of hollow cylinders, and the definition of
pseudocritical.
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Ps apgeeosinat oly 5 oand 10 kbar, using thisz eqguation:

where ¥ is the burning rate (ips) at pressure P (psig). Ho mea-
surenent of the static pressure within a cylindrical jeb cavity
exists, so there is no way to determine the probahiliry that such
high burning rates are possible.

N B . G.70 sinh €1.%9 % 10-% ) {iv-1)
i\
|

CONGLUSTONS

Based on the reported findings of the jetting phenomena test series
the following conclusions are made. By all consideratious, these
conclusions are subject to revision and correction pending further
study of this complex problem..

a, Core diameter does not affect the abnormal behavior of
the detonation wave in hollow cylindrical samples.

b. The abnrnrmal behavior of the deteonation wave is not
caused by an end-effect mechanism.

The principal cause for abneormal behavior of the deto-

nation process in hollow cylindrical samples is the

wek thickness; specificaily, the size of the wek Lhat

exceeds a pseudocritical value, which is defined a:

that size below which no transitory sustainment occ rs,
d. Thue mechanism that causes abneormal quenching ot the

detonation process consists »f a radial burning,
directed outward from the inner surface,which pro-
ceeds at a high rate and reduces the web size to
below the pseudocritical value.

The last conclusiecn expresses the present interpretation of tle
test results which does nut congider any other perturbkatio. to
steady-<tate behavior than the high puvrning rate process. If

- . suCll a process canh continue unabated, clearly no classically
supercritical hollow cylinder is possible. However, the duration
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povi ton ob thie dinei sweb et ooe,

The cptive Jetting problen in not well enotgh understood in its
basic Fundamelials to allow fwrther speculat oo abwoul this il
afber parathilities, The primary question that remains unanswerred
is how o jet troaveling at about twice the velocity of o dotonat ion
reaction in the webh of a hollow sample continues Lo recoive energy
Lean ihat react ion despite the continuvously increasing separation
of the two fropts. If the jet welocity exceeds the detonaticn
wave velocity, steady-state conditions would he fwpossible  in
hollow-core samples. This tact alone rules out discussion ol
critical aive ond superecit feal size, when spealing o the hollow
cylindery,  Thesoe toens neod Lo bho modified by using the profix
pseudo, Thus, pseudocritioal geomelry iag defined g the minimm
geometry in which detonation can be sustaincd for a minimal dis-
tance, and pseudosupeicritical geometry is defined as any gen-
wetry larger than the pseudocritical geometry.
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APPENDIX Y

CRTITICAL GREOMETRY DATA, AAR-31:9

Table V-1,

Diameter

Batch 4FH-85 Cylinders,

Average

S | o g

Standanrd Resul tg Detonation
Mean Deviation Dopsity ol Velocity Test
fii.) (i) Cgm/cc) Teagrt (mm/usec) No.
2.6Q 0.006 L./26 Go 4,28 3.2,1.62
2,60 0004 1,725 Go 4. 28 3.2.1.440
2.60 0,003 [ Nu go - 3.2.1.1%5
2,60 0.005 1.723 Go 4,25 3.2.1.37
2,60 0005 1.722 Go 4.313 3.2.1.38
2.61 (1,004 1.735 Gao 4.26 3.2.1,61
2.61 0,001 1,729 No go - 3.2.1.63
2.61 0.002 1.729 Go b.26 3.2.1.64
2.6l 0,003 1,728 Go L.31 3,2.1.42
2.h1 nopnn 1,727 Go L.25 3.2.1.60
2.61 0.003 L.724 Go 4.30 3.2,1.31
2,61 0.004 1.724 Go 4,25 3.2.1.36
2.61 0.005 L.724 Go .29 3.2.1.43
2.61 0.004 1,721 No go - 3.2.1.32
2,61 0,005 L./21 No go - 3.2.1.34
2.61 0.005 L.721 Ne go -~ 3.2.1.29
2,66 0.02% 1.725 ~ Go 4,38 3.2.1.47
2.67 ¢, 005 1,731 Go i4.33 3.2.1,52
2,67 0.007 1.729 Go 4.34 3.2.1.57
2.67 0.003 1.728 Go 4.32 3.2,1.55
2.70 Q.,004 1.725 Go 4.33 3.2.1.30
2.73 0.006 1,732 Go 4.37 3,.2.1.56
2,73 0.012 1.723 Go 4.35 3.2.1 .4
2.72 0.002 1.716 Go 4,36 3.2.1.46
2.74 0.003 1.729 Go 4.32 3.2.1.59
2.74 0,004 1.728 Go b,37 3.2.1.58
2.78 0.00" 1.738 Go 4. 38 3.2.1.69
2.78 0.007 1.729 Go 4.4l 3.2.1,68
Z.78 0.005 1.723 Go 4.38 3.2.1,45
2.78 0.006 1,715 Go - 4.36 3.2.1,28
2.79 0.006 1.1135% Go .40 3.2.1,%3
2.79 C.o04 1.73% Gop 4,44 3.2.1,71
2.79 0.003 L 729 Go 4.30 3.2.1.72
2.78 0.00M 1.728 Go 4,41 3.2.1.70
2.79 C.002 1L.726 Go (No Record) ! 3.2.1.44
2.79 0.005 1.721 Go : b.27 3, z.1.27
 2.79 0.003 1.719 Go 4.39 3.7,L,.67
2.79 0.005 1.719 Go b2 3.2.1.54
1 2.80 0.002 L.729 Go L.41 3.2.1.51
C2.80 0.00. 1.727 Go 4,41 3.2.1.50
2.80 0,008 1.726 Go 4,38 13.2.1.43
2.8 0.0uL3 1.720 Go 4,139 '3.2.1.66
2.81 Q.oud 1.728 Go 4.38 3.2.1 .48
2.81 0.006 1L.724 Go 4,38 3.2.1.49

Average Density =

1.726 gm/cc

- Standard Deviation = 0.0048 gm/cc
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Oiainlaaa

Mew o ron

L. Bat ot sl sn ‘,;.\;/" Paned ey,

P

Neng 1y Y

Mo Cin.) Colvn, /o) Tt
. O

dohn 0007 L7751 ] No va
o h G.001 L.r0s Moo
A 0,062 I.726 No o
2.0 (.00 L .722 Hoowo
P 0.007 VL7206 Moy
RERULE 0,004 A a0
2.0 0,061 I .7y No po
Lhh 1y 00 (AT No o
KR O ooy Vo720 Mo o
DA 0.001 1,722 No po
R 0,002 L7222 No po
HH5 0,002 t.721 No 0
255 0.0ul | R No 1o
2,55 0.002 Lo/ No go
7.0 0.002 1.727 No go
ATy 0.0 1725 No oo
2.61 0.003 1,725 No yo
2ol 0.0Vl 1,725 Ho go
ARGY 0,002 L7220 Ho go
AR 0, U2 1.724 No go
2.01 0,003 bo7oh Na go
2.6l 0,002 1.724 NO o
2.0l 0000 V.72 NO 10
2ol 0.003 1.72 NG (2o
.07 0.003 1,721 No go
2.7 0002 1,727 Mo go
2.07 0,00 1,727 No o po
2,67 0,007 | L726 Mo go
2.67 G002 1.72%9 No go
2.7 0.002 | R No go
2,08 0.001 " 1.7 Go'

Z2.08 0.001L L.727 | Go

oL 08 0,002 1.70N No o
2.74 L0004 .72 No go
2.74 [UNVINE 1,729 4 uo

2.74 0.00l1 1,729 Go

2./4 G,0ul f.729 G

2,74 0.003 1.72% No o
2.74 0.001 1.2/ Gu

2.74 0,001 V.70 Noogn
2.74 0.001 ey [BF)

2.74 0,00L 1.726 Go

2.74% ) .00! f./24 (¥}

2./9 O L0402 1.7 o

2,79 0.004 " 1,725 Go

2 .80 Q.002 1.740 G0

2.80 0.001 1.729 Go,

2 .80 | 0,008 1,72y Go

Soandancd
Avetrage Donriot dom
Dol onat ion e
Volocity Vedoo ity Togt
Cumi /s e ) Gun/psec)  No. 3,001
A
- J /4
- - 77
-- - /'
- - 74
. - iy
- - 8]
- - Hiy
- 8"
- R0
.- -- 78
- - 81
~- - 82
- - 87
- - 9¢
- = 9)
- - 93
e - HH
~ - - 97
-— - a4
-~ -- -Gl
-— - 92
~-- -- 89
. C 9
- - 99
- - 100
- - 104
- - 105
- -— 101
.- - LOo
4.12 0,23 103
L.19 0.11 102 -
.- -- 9K
- . - 115
4,21 u.ln 1Lt
4,25 9.10 Liu
4,25 0.10 1L
- -- 112
b, 25 0,013 ‘ 100
- -- o113
4,0 0,06 108
G.26 0.09 Lo .
(nn record) - Loy
4, ‘ 0,11 120
4,29 0,11 i1
b, 27 0.04 11y
L, Q.19 121
b5 0.10 i1

A

Averade
O el

bensity =

bo/746 gm oo
Peviation = 0,003

7
AR |

\
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Yo b i, Fateeb leetn B ameee

Soade et o Ave o Gladirped
Sy Fossonnl b Yoot tore Dewv ot on
Moan  ieyiation fenniiy ol Velocity Velovivy Test
Cin.) (v, ) Conn/eg) Test Cinm/ psec ) Cm/nsee)  No.o 3.7,
2221 ul0lz 1.726 | No go -~ 152
2.2 0.024 t.723 Noy gn -~ - L5k
2.22 0.010 L.723 No go -- - 124
2.23 0.006 1,724 Ny go -~ - 153
2.23 0.006 1.723 No go - -— 122
2,24 0.006 1,724 Ne go -- - L3
2.27 0.00Y 1.722 No go -~ ~~ 187
2.28 0.011 1..723 No go - - 156
4.29 0.029 1. 7?3 No go -~ -- 126
2.29 .009 1.2 No go - -- 127
2.130 0.01.9 1. 7)7 Nu 0 e - 155
LAl 0.008 1L.227 No wo e ~ - 132
RN RN 0,00/ 1.724 No go -~ - 125
2.2 0.014 1.72} No go - -~ 129
72.33 0.010 1./723 No go -- - 133
2.34 ©.015 1,72¢ No go -~ -~ 128
2.34 U o1z 1.721 No go -~ - 134
2.35 0.014 1.724 No go - - 158
2.38 0.050 1.727 No go -~ - 159
7.40 0.028 1.729 No #o - - 13§
2.41 0.031 i.730 No go - -~ 1354
2.41 0.030 L.727 No go -~ -- 137
2.42 0.011 1.723 No go - - 138
2.43 0.012 1.725 Ho go - - 142
2.43 0.037 L.724 No go - -- 139
2.4L5 0.010 1.730 No go - - 140
2.45 C.010 1.727 No o -- -~ 160
2.46 0.0l6 1.729 No yo - - 130
2.96 0.004 1.729 No go -- -- Lul
2.50 0.0°.5 1.7728 Go 4,12 c.211 131
2.50 0.012 L.726 Go 4,23 0.075 L46
2.50 0.018 1.723 Go 4.27 0.078 161
2,51 0,007 1,723 Go 4.16 0.281 L&45
2.53 0.015 L.728 Go 4.30 0.051 Lab
2.5h0 0.010 1.727 Go 4.26 0,053 143
2.5h v.J17 L.726 Go 4,31 0.124 162
2.55 0.01l4 L.723 No go - -- 147
.57 0.0195 1.726 Go “4.28 0.111 164
2,54 0.024 L.728 Go 4,23 0.108 i59%
2.58 0.024 L.724 Go 4.24 u.078 163
2.60 0.010 1.726 Go 4,27 0.125 165
2.62 0.010 1.726 Go 4,28 0.053 148
2.62 0.013 - Go 4.29 0.64 150
2.63 0,027 L.728 Go 4,35 0.046 169
2.63 0.025 L.725 Go 4,29 0.0/0 168
2,65 0.011 1.729 Go 4,35 0.064 ie7
2.68 .021 1.727 Go .26 0,070 151
2.68 0.0L19 1.726 Go 4.34 0,069 io
2.68 0.022 1.725 Go 4,31 0.060 172
2.68 0,010 L.725 Go . 4.30 0.091 175
2.08 0.0l L.723 Go 4,27 0.075% 174
2.70 0.011 1.729 Co L.29 0.087 173
2,70 0.008 1,726 Go L.3b 0.059 170
2,72 0.023 1.727 Gao L,32 0,054 L71

Average Density = 1.725 gm/cc
Standard Deviation = 0.0023 gm/ c
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Sandon d o b e b oned Ton
Mean Dovial fon Dons ity Wi Votac ity
fin,) {in.) Com/ o) Pt Coun/qissne) Tost Mo,
R e g o S N
AN 0. 00 1,787 Mo o 1.3.2.8
ho3h 0.027 1.743 No gro -- 3.4.2.3
oan 0047 b, /%0 No o g .00 08
.35 .04y FL.72m No o 3.5.00.4
oy (.03 1,731 Mo go 3.3.2.10
I, 3K 0,030 V.729 No go - 30302000
.47 0043 I, 730 No po 3.3.2.,12
INE S 0.0139 ). /87 N o 3.39.2.114
449 0,018 b. 730 Moo o $.3.72.14
v, hH0 0,050 bo/4h o b, 2h R )
.50 (,009 L./ Gon L2 50200
4,50 0.054 1,731 No o -- 3.3.2.315
4, h4 0.0358 1,729 Go .32 3.4 2.6
4, 5N 0.032 1.728 o 4,726 3.3.2.1%
4,50 0.045 I, 731 Go 4,30 3.3.2.7
4,56 0.06] |.-730 Go 4.29 3.3.2.14
4., oh 0.025 1.728 Go 4,34 2.3.2.21
4,67 0.054 1.730 Go L.a 2.3.2.29
.67 0.065 L.727 Ga b, ,32 3,2.2.18
v, 70 0.070 1.729 Go No data 5.3.2.19
4,75 1 052 . o Go 4.4l fi.',’x.2.17J

Tahble V-V.

Batch 48H-110 1,/5-~in -Thick Rectangles.

Average 1
Detonat ion
Geomotry Width Velocity
Cia.) Cing) Resuit s (mn/psec) Test No.
7.60 5.00 No go -- 3.3.2.78
269 5.75*% No go - 3.3.2.77
2.69 5.75 Np go -- 3.3.2.49
2.66 5.875 No go - 3.%.4.50
266 5.875 No go -- 3.3.2.%1
27 L.00 No ro - 4.3.2 . UR
2071 6,00 No go - 3.3.2.42
2 7 .00 Go 4,04 3.3.2.37
VAR 6,125 NG go - 3.3.2.46
207 5,135 No go -- 3.3.2.47
2 74 0,25 No go - 3.3.2.45
2.76 5,50 Go L4, 3K 3.3.2.64
2 79 7.00 Go L2y 3.3.2.63
"2 84 7.75 Go 4.29 3.3.2.41
2 93 9.00 Go L.29 3.3.2.38
2 96 9.60 Go 4.13 3.3.2.40
2 90 1UL06 [#17) 4. 26 30302004
3.U5 11.75 Go L4, st 3,3.2.'3'}d

“Sample length - 23.5 in
Average density =

1.726 pmice
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PLEGD QOACION EET METTHOTEY FOE DETERPINTNG VO ity

do b Melmrk, Ghemiaal Speciat 151
Aerajet -General Gorporation
Sacrameat o, Galitornia

IMTRODTICT TON

This report ts oo thal phase of the SOPHY program colcerned with
the evalnation of microscepic metheds rfor determining binder void
content. The objectives of this study were: (1) to determine
whether small voids in the bind:r conld be recognized with the
wicragoope . (2) to evaluate microscopic methods for determining
tolal binder void wolune in a propellant sample, and (3) to deter -
mine the size range or veids in a propellant sample with the micro-
scope.

VOID RECOGNITION

In Objective L1, the swall.st void previousiy observed was 100 y.
Production samples contain voids of a minimum of 15 in diameter.
A difference in the ability to reccgnize voids in this smaller
size range results from the method of sample preparation. The
propcilant is microtomed into thin sections of ¢ predetermined
thickness. If this thickness is 30 p, any void larger than 30 u
in diamcter will pas: completely through the thin section and is
easily seen in transmitted light ‘as clear white circlies, as shown
in Figure VI-1, This section is dry mounted for demonstration
purposes; normally the sectizn must be oil mounted, as in Fig-
u:>s VI-2 b, ¢, and d. 1If a void smaller than 30 is present, it
will be totally included withi:: the section. If oil does not
penetrate the void it, in theory, will appear as a black opaque
spot such as the dry void ingide the AP crystal in Figure VI-2 c.
The void Ls nearly cpaque because it acts ss a spherical mirror
in transmitted parallel light., If parallel light is made to con-
verge on the void with the zwing-in substage condenser, a white
spot appears in the center of the void as shown in Figure VI-2 d.
Ir. this way the void can be distinguished from spherical, com-
pletely opajue aluminum particles. This optical interpretatrion
is confirwed when the same void is examined aftey ine: oil has pene-
trated the void and it is seen te transmit light. This reasoning
will apply on voids down t» about lgp in diameter.
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Figuire VI-1., Photomicrograph of Porous Propellant (Dry Mounted).
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PORE ’A55ING THROUGH SECTION,
86 L 125X

82.

DRY PORE IN
AP CRYSTAL

i

o » e L N
PORE CONTAINED WITHIN SECTION,
‘86 210X

86 . 125X

1 3166- V21

Figure VI-2. Microscopy of Binder Pores.
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Theve oo g movphological structure in the propellant around
these small velids shown in Filoure VI-2 b and oo The wvoid is sur-
ronnded by a chell of MALAD  shich de din tvrn curreounded % o ghell
of cloar binder. ‘two ol these structures are shown in Fipure

VI-2 b, In Figur: VI-2 c, the void is miscing and a balli of MA-

*y is off center in the shell of binder. This structure is use-
ral for finding the swall voidc when counting.

THIZORET ICAL CONSIDERATIONS OF VOID VOLUME AND SIZE
DISTRIBUT/CN

The determination of 4 volume from microscopic study of a two-
dimensicnal field was mathematically developed by Rosiwal in 1898.

Numerous tests were conducted and
E. S, lLargsen and F, S, Miller was
Mineralogical Society of America,
which they state ''that the linear
able of an accuracy within 1 or 2

a review of the procedure by
pubiished in the Journal of _
Vol. 20, No. 4, April 1935, 1in !
method of Rosiwal is easily cap-
percent for each constituent.!

In SOPHY propellant, the voids are congidered to consist of a
series of different size spheres, randomly distributed with a
loose packing. This condition is slightly different from the
Rosiwal problem for an intimately packed crystalline mosaic;
however, the technique should be wvalid,

The distribution of void sizes was given a partial mathematical
development by R. Farris of AerOJet-General by limiting the prob_
lem to spherlcal voids of one size, and iz as follows:
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(0 e the oherd Gt (0 0 Lol b radius X, then 2 rois the
othar legy of the tr ;nl';.,]h Imtnml to £ aud 2 B is the hypotenuse
of a right triungle passing through the center of the snhere

(YD = 2% a (y o© or

J—Q_f/u

If a line of normal incidence intersects the sphera at distance of
radius r, the circle formed by this radius represents the locus
of all chords of length 4, So that

(VI-1)

when £ = 2 R, r ¢

il

(Vi-2)
and £ = 0, r = R

If the probability of intersecting any point on the circle is the
same, then the probability P of measuring a chord length from
£ =0 to " is

2 (R —T) 52 : ‘
P( 2)-P(0) =T = =t 2 (VI-3)
w R” |, n R* o b R2 D2

where D is the diameter of the void. Therefore, Farris concludes,
if a hlstogram is plotted on log-log paper, it should have a slope
of 2 and ar intercept of 1/D2,

A graphical model was coistructed with sphrreg of one size. The.
Rosiwal equation 100 x /(x + y + 2z) was used to calculate the
volume of voids and a plot was made to determine the slope. The
results were slightly in error, presumably because of the small
size of the graphical model but vuffic1ent1y accurate to proceed
- with this experiment.

VO1D VOLUME

An experimental run was made on Sample 82, which is wvisually simi-
lar to the sample in Figure VI-2 a, to determine the void volume.
iwe different microscopic methods were used. Both made use of
the linear method cf traversing the thin section and recording the
‘Lineai Lntercepts of propeliant ard void along a line. 1In one ‘
method, an eyepilece micrometer was used to measure each intereeptv
distance and resulted in a tabulation of each void. I the other
method, the Leitz Integrating Sta e was used which gives a cumula-
tive reading of all intercents and the number of voids was not
recorded. o :
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Ou the tost sample, the length of the lLinear traverse wac 7.45 cm
and the prreent void volume calcvbated was Lt &% using ihe eyepiecs
micromerer, A short traverse of L.3 cem gave 11.0% void volume
using the integrating stage. A density determwmination on the hulk
sanples by an o0il displacement method on an analytical halance gave
a void volume of 12.5%. The 1% discrepancy shouid be due Lo a tew
larger pores in the bulk sample that were deliberately avoided in
microtoming ithe thin gectiou. The methiod using the integra’ i
stage required 20 min while the eyepiece micrometer method re-
quired all day.

VOID SIZE DISTRIBUYTION

When the above eyeplece imensurements of individual voids were
plotted on log-log paper, the slope of the line was approximately
1, which indicates a distribution vf void sizes. The mathematical
procedure developed by R. Farris could be extended to determine

the void size distribution from this single line, but would require
several weeks. Lacking this method, an experimental method was
attempted, In studying the voids at high magnification, it was
noticed that the walls of the voids passing through the thin secc-
tion were cusped up or down, and a few were vertical. From the
geometry of these voids, it is apparent that cusped walls are
formed by minor circles in . sphere and the vertical walls are from
a great circle. Thus, by scanning the thin section and measuring
the diameter of holes with vertical wrlls, the void size distribu-
tion can be recorded. Voids that do 1ot pass through the section
always give a great circle projection and all of these can be
measured. To £ind sufficient voids for measurement, several thin
sections were cut from different parts of the block sample No. 82.
A total of 207 voids were recorded with a size range from 1204

to 17 .. The data were statistically reduced and placed on normal
probability paper, Figure VI-3. There is a dog leg in the curve-
at the median point and another where three very large voids appear.
Two dog legs were expected on the basis that there is a bias in
counting a greater number of voids that do not pass through the
thin section and, secondly, as previously reported, some of the
very large voids were obviously the result of coalescence of the

- two smaller voids. Interestingly, the bias on the graph of the
smaller voids is in the wrong direction and the size is about twice
the thickness of the thin section. This corresponds. to the size
range of the voids which are enclosed in the unique binder shells
shown in Figures VI~2 b and ¢, Disregarding the few cases of
coalescence, it appears that there mav be a bimodul digtribution

. of void sizes. ‘ » ‘ ‘ ‘ ‘
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By microscopic study of wicrotomed propellant thin ssctisna, the
void content by volume and the size distribution of vrid- larger .
than 10 1 can be determined. Although the number of counts muat
be increased, sufffci_i. data can be obtained for statisticel
analy sis. both mathematical and experimental approaches agree
and can be improved upon. The voia size distribution could be
determined from one set of measurements by expanding the math of
Farrio inatand Af jha v catg of measliremants made abrmve, The
statistical bias and possibility of bimodal dic-tributions could
be experimentally investigated by adding polystyrene beads of
predetermined size range fo a polymer and then carrying out ihe
microscopic analysis.
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SHOCK PREISTKE ATTENUATION IN PLEXIGLAG
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Figure VII- 1. Shock Wave Atienuation in 8 in. Square-
) : of Stacked PMMA Plates, TNT Bcoster. :
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APPENDIX VIII i
3HOCI TRESSURE AND WAVE AREA DALA i
Table VIIT-I. Circular Cylindrical Acceptor.
Average Shock
Test Time h r *1 Pressure Wave Area
No. (usec)  (in.)  (ia.)  (in.) (kbar) (in.)?2
3,3.7.1 5.0 -0.88 1.84 0 31.43 11.1
10.0 -0.54 2.31 0.67 16 . Ok 15.85
15.0 -0.62 3.04 1.24 9.91 22,60
20.0 -0.63 3.60 1.85 6.35 25.60
25.0 -0.59 4,06 2.50 3.97 24,86
30.0 -0.29 | 4.23 3.23 2.26 18.99
35,0 0.23 4. 14 3.95 1.03 10,94
3.3,7.2 5.0 -0.34 1.65 0.21 52.79 11.40
10,0 0.30 2.03 1.12 33.27 15.49
15.0 0.51 2.67 1.69 25.70 24,90
20.0° 1.07 2,93 2.45 21.90 28,50
25.0 1.42 3.34 3.04 20,25 | 37,15
30.0 1.48 4,01 4,14 128,00 33.99
35.0 1.80 L .48 5.13 34,30 32.45
3.3,7.3 5.0 0.06 1.04 0.4l 41.33 4,29
©10.0 -0.71 2,69 0.42 29.74 26.38
15.0 -0.20 3.02 1.25 20.77 29.80
20.0 0.81 2.75 2.30 14,59 © 21,76
25.0 1.03 3.15 2.92 10.50 24,90
30.0 1.12 3.65 3.54 | 7.40 28.30
35.0 0.83 | 4.u47 4,14 5.55 . 32,47
3.3.7.4 5.0 -0,.52 1.56 | 0.10 | 34.s54 9,24
10.0 0.13 -} 1.77 0.93 24,70 10.82
15.0 0.17 2.47 1.38 19.40 - 19.50
120.0 0.60 2.77 2.07 15.66- 22.68 !
25.0 0.92 3.12 2.67 | 13.01 26,76 |
30,0 1.08 | 3.60 3,20 11.09 | 33.31
35,0 1.25 4,03 3.94 10.99 33,91
3.3.7.5 5.0 -0.83 2.08 0.00 55.10 | 16.34
10.0 -0,57 2.79 0.52 '} 36.05 29.87
15,0 -0.11 3.25 1.26 29.53 . 38,43
20.0 0.33 3.68 2.46 34.35 35,80
25.0 | 0.57 u,26 | 3.59 41,86 - 33,07
30.0 0.74 | 4,91 L4.63 50.58 31,56
35.0 1.45 | 5.10 5.57 1 60.80 31,27
81




Table VIII-I.

Circular Cylindrical Acceptor (Gont,)

- Average Shock
Test Time h r “1 - Pressure Wave Area
No. (usec) (in.) (in.) (in.) (kbar) (in.)~*
3.3.7.6 10.0 0.30 1.94 1.13 28,02 13.49
15.0 0.50 2.52 1.72 20.96 20.81
20.0 0,97 2.80 2.41 17.23 24 .01
25.0 1.37 3.11 3.03 15.34 28 .37
30.0 1.82 3.34 3.63 14,59 32,09
35.0 2.33 3.50 4.22 14,70 35.35
3.3.7.7 5.0 0.51 0.75% 0.77 L7.68 2.31
10.0 0.44 1,71 1.09 38.20 11.39
15.0 0.68 2.35 1.64 32,17 20.57
20.0 1.56 2.39 2,59 28,06 20.48
25.0 2.42 2.42 3.50 25,53 20.42
30.0 3.20 2.47 4,32 24.18 20.93
35.0 3.84 1 2.56 5.01 23,62 22,32
3.3.7.8 10.0 -0.17 - L.98 0.76 21,99 13.03
‘ 15,0 -0.,02 2.56 1.31 16.60 19.80
20.0 0.48 2.76 2.03 13.03 20.96
25.0 0.9 2.92 2.69 10,62 21.50
30.0 1.47 2.99 3.36 B.79 20.68
35.0 2.04 2.99 L,02 7.40 19.00
3.3,7.12 10.0 0.56 1.79 1.45 18,77 10.1L
. ‘ 15.0 0.50 2.53 1.87 14,56 18.40
20.0 074 3.00 2.39 14,00 .25.48
25.0 G.89 3.48 2.70 16.39 36.42
3.3.7.14 5.0 0.46 0.84 0.73 58.11 3.02
10.0 1.36 0.93 1.81 | 20.88 2.83
15.0 0.23 2.78 1.59 19.77 24,83
20,0 . 0,69 3.10 3.35 15.27 28.14
25.0 1.42 3.16 }] 3.319 . 13.11L 27.54
30.0 1.72 3.50 - 3.71 12.57 33.20
" 35.0 3.59 L,633 13.02 35.44

2.31
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Table VIII-II.

Rectangular Acceptor. ? I
Average Shock
Test Time h R k r Pressure Wave Area

No. (psec) (in.) (in.) (in.) ¢in.)  (kbar) (in.)2
3.3.8.2 5,0 | -3.02| 4.16] -1.69 ] 2.91 120.02 22,92
10.0 -2.11 L.l16 | -1.80( 3.89 111.89 32.84
15.0 -1.41 4,35 0.02 | 3.01 107 .85 40.49
20.0 ~-0.62 4. 45 0.61 ] 3.29 101.13 41.81"
25.0 | -0.07 | 4.77] 0.99] 3.78 93.42 40,00
30.0 0.67] 4.92] 1.76 | 3.90 89.11 39.23
35.0 1.44 5.05 2.62 1 3.93 86.52 38.73
40.0 2.09 5.31 3.52 | 3.93 84,86 38.02
45.0 2.81 5.48 4,13 1 4,22 84, 24 37.28
50.0 3.54 5,66 3.88 | 5.33 84,01 36.36
55.0 4,03 6.06| 4.95]5.16 85.89 35.88
60.0 4.60 6.38 5.48 | 5,52 88.813 35.28
65.0 5.24| 6.66] 6.38] 5.52 93.43 33.84
70,0 5.48 7.29 7.551 5.52 100.09 . 34,76
3.3.8.3 5.0 | -5.00] 6.32] -3.61[4.89 124.30 31.00
10.0 | -3.29] 5.47] -2.37 4,57 | 112.69 36.88
15.0 | -0.95| 4.03| -0.81 | 3.94 106.64 37 .48
20.0 | -1.93| 5.85| -0.77 1 4.70 91.40 36.40
j 25,0 | -1.14| 5.47| 1.36]| 3.48 86,77 37.36
E | 30.0 |-1.17] 6.85| 0.38]5.31 78.51 35.04
35,0 | 0.01} 6.52| 2.,40|#4.20 77.15 35,92
40,0 | -3.87|11.27| 3.10]4.36 72,41 34.00
45.0 1.45] 6.8i| 3.83]4&.51 74,27 | 35.44 ‘ l
50.0 0.38 8,751 bL.u4l4.75 | 73,62 34.32
- 55,0 0.59( 9.42] 5.30{ 4.80 75.43 34,08
60.0 | -1.91] 12.08 6.08 | 4.88 77.91 30.80
65.0 4.19{ 7.61]| 6.73| 5.1k 85.36 34,60
70.0 3.19| 9.u42| 7.18{5.52 90,39 33.80

L ‘ 75.0 | 2.55]|10,96| 7.81]5.77 99,23 33.44
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