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APPENDIX I

One -Dimens niona]. Lattice Model. of
Detonation in Heterogeneou.4 Exvlosives

R. F. Chaiken
Technical Consultant

INTRODUCTION

The probl.Am of defining thý, reaction-zo~ne in detonating hetero-
geneous explosives is of prime concern in ciritical'diameter 'studies,.
This ari.ses from the fact that the reaction-zone length and the
related detonation reaction titne determine the space-time region
where chemical. support of the detont. ;ion front occurvs. Hence, the,
detonation reaction-zone aInd the del:.nation reactio~n tinie likewise
esta .blish, in part, the ra~ea of e~n, .pgy loss by side expansion
which would be required to ',.xt~inguidh the detonation.

Eyring (Reference I-1), in his c],Assic~al graftn burning theory, sug-
gesteid that for granular explosiv4.-s the, detonation reaction time
can be expressed as

rI-k
r

where

a r etonati~on r¶ýactibn tfrnme

g average ~s of the, explosive gezýrules

~ thiekiies*,,f monýo1. ayer, Qofxlos

For~ tý.tl '1, o *inm nitit*,te a a4 a~raoi 1 311k Dýerohj~o aee~
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LA. L61L.U1 I grain
burning ocusisatnosyafter p~scage of the detunai iori

fron; hoever undr oetaincondtiofsi teitie o
may be sigriif;Lcant in estab.i~shing the detonation reaction time.
In this connection, it was suggest&_-d that the expression for
Tr be modified to include a grain burning ignition time, i.e.,'

Tr o b -2

wheýre.: _o gri

T time to ignitimeo ganbunn

Terequirement of an ignition time in any complete e"pression
fo rbecomes clear when be consider the case of a heterogeneous

explosive in the limit of Rg -~ 0. In thL. limit, the explosive
becmeshomogeneous in nature, and Trr from Equation 1-2 v'ould
beoeidentical to the ignition timeI, %. Indeed, this is be-
Livdto !be the case for liquid explosives su~ch as nitromethane

(References 1-4 and 1-5).,

Howve,,wh ile. Tjý may be clearly defined in the'L,-mit of negligi-
Ible 'To or, negligible.'Tb, it is certainly not clearly defined
wheliT and 'Tb are of comparable magnitude. In these cases, the
cimple addition ru.lfýe of Equation 1-2 does not obviously account
'for the fact that the' inition and grain burning reactions might
proceed simultaneously, rather than consecutively; hence, its
applicability to definirq,,the detonation reaction-zone is ques-
tionable.

It is the purpose. of this paper toldescribe a model of the deto-
nation reaction-zone which-tre'ats ignition as an integral nart
of the det'bnation reaction., The model utiliz~es the concepts of
both the Bowden hot-spot ignition theory anid the Eyring tIrain

urigth*aory, 'and enables the derivation of an express ioh for
'Tr in which the physical significance of 'to arid its relationship
to tb ismo're clearly; defined. The expression for detonation
reaction time also appears 'to have direct applicability to the_
deto nat ion of solid comwposite propettantf.

7` A



OJN&-LVLMINS1UNAL LATTICE MODELI

DeveLopment of the Model

In the discussions that folLow, it is considered that a hetero-
geneous explosive is a lattice network, composed of initiation
sites of finite volumec connected by a continuous medium. When
a detorn~tio- f-nnt overtakes a region in the explosive, the in-
itiating sites rc~act to xorm hLvi. sptz T~ formration. of :! he)t
spot is Accompanied (with zero delay) by a reaction growing from
the hot spot and spreading into the continuum. Complete reactionI
of the lattice network defines the detonation reaction-zone.

For a one-dimensional treatment of the lattice model, the continuum
re Iaction rate is assumed to be described by a constant linear
velocity, B. The initiating sites may be of different types (i)
characterized by a length Li and a reaction rate constant ki.
The lattice at any ti 'me t from the instant of passage of the deto-.
nation front will-consist of Nipt) site~s of type i per unit lengt-h
and N*T (t) N*i(t) total. hot spots per unit length. Assuming,
hot spot formation to be. a first-order kinatic proceds, the rate.
of formation of hot spots is given by

* dN*(t)/dt k iN i(t) (1-3a)

and

dN* (t)/dt - - k.N.(t) (I-3b)
T it

where k~ is thir rate- constant (sec), o omaino the hot,

sptand (ki)- can be considered as an igiintme for the ith
type of initiating site.

At time t = ,the number of hot spots formed is simply

dN*Tt W 7- dN'~.(-) 7. kjNdYh)deT (1-4)
T .2.

At, time t > #, the total fraction of lattice consumed by, f orma-
tion of and reaction spreading f~rom the d4*T(') 110t 'spots is

df( ~ = 2 [B ( t -.1) + L] dN* -(4)(1)

or

3
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spreading frmall hot spots formed for atll values of,, ts o to
St is then

f(t) 2Jf~ BT.',-Ž, ](t -T) Ni( d,,6

* t+7 L ki *f~ N0 T d (1-7)

or, N* .(t)

*f(t) 2B (t -,!bdN* f(i)

+ L N -Ak .( 0 t)

The rate of lattice reaction is given by th~e time derivative of,
Equation 1-8 wh~ich yields

The detonation reaction time# Trr~can be defined as t = T r when

f(t) =I

Integrating Equation I-9' i.e.,

df t 2 - * N(t)dtJ f(o) 0 = Bf t

theref ore yields 6

1- '2B N*.,at)dt + 7" (I-Li

0

-'-77ý =71



Which in terms of a time-averaged concentration of hot spots,

N* Tv becomes

2BN* -- 7 L .N'*' (i
Tr Tr 1i r(-2

or

~j ~ L - N* (J (1-1.3)

where

N*T Tr ] ~ d (1-14)

0

It. is interesting to note that when the hot spots have no dirnen-
sion, and 'when the average concentration of hot spots is con-
sidered to be the eonctruitx'ation of exp:losive granules:, Equation

z-3reuesdretyto the grain-burning expres ion which waig
suggested for amnmonium nitrate and ammoniumi perchlo-6ate explo-
sivesa (References 1-2 and 1-3), i.e.,

Tr(Il

The equivalence rnf Equations 1-13 and 1-15 is'readily seen by
recognizing that in this caise (N* T> 1' is simply the average dis*-,
tance between the centers of the explosive granules.'

The, question now arises as to the effect'of finite ignition tiMes'
gn Tr It is apparenrt that a finite To will modilfy the value of
N*T(t) in Equation" 1-14. Thua we: wiat obtain an expression for

*T(t)' which, from Fouation. 1-3. depends upon the, timo. d~istribu-,
tion of initiating &;itea.

Now the total rate of decrease of type i initiating Site$ is
given by

-d~ N~df (t)

'The first termn in. the above rats exiprssaion ii simply the f~rat.t-...
order'activation p6oceas to form oti. spt while thg, umcouid term'
in the, rate of destruction 9i Initiatift sitos by ation ýf the

___ý045 vk5



cL~.LLnlwi L-eaut Lon. Thar is, wtien the continTuum react-ion over-
takes an initiating site, that site number is no longer available
to form a hot spot.

6ubstituting Equation 1-9 into 1-14 we obtain

--dtL k.N. + N. 12N' 1E (1-17)
-dN 1 T dN(t)

Suinning over all i and utilizing Equation 1-3, Equation 1-17 be-
comes a phaftian differential eqiiation in more than two variables,

d~r + (l+NTL) dN*T + 2BN* TNT dt 0 (1'18

Vhere NT = 7 Ni, the total concentration of initiating sites, and
L = LidNli/7. dN*i, the number average length of a hot soot.

Unfortunately, Equation 1-18 does not lend itself to ready solu-
ti~on. At this time, however, an approximation approach will. be
pursugd which shquld have some applicability to those cases where
only sites with', ignition times less. than Trr (i.e., ki-ir. > 1) need
be cons~idered.

Approximationi Solution for_§jte~s wit h Ignition Ti mes
Smaller h~an the P1'tonation Reactio Time

In the approximation approach, it is, assumed that the major loss
,of initiatin4 sites is through self activation to form hot spots.
Hence, rlquat Lon 1-16 can be writtent as

-dN.

or

Nit Ni. e~xp (-.kit) (-0

Vher'e N4  ia the ,inicial concentration of the ith type initiating
isbtttutio'of Equation 1-120,-into Equation 1-4. And solvig

or WT(t) yieidni

6
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M-. averapge coucentration of- hot spot's is given by

Nk T (l/' k x ki r 1 (1-22)

Comparing the above expressioni with Equation 1-13 finally yields

2BN 1 - LiN~r i (T d] + kki![ exp (-k tj r (1-23)

where NTO >_,(Ni) 0  and Fi (Ni)0 )/NTo is the initial fraction of
the 1t type of'initiating site. It should be emphasized that
Lhe only sites~ to' be considered in Equation 1-23 are those for
which. ki'~r >' 1, since it is only for these sites that the approxi-
mation of Eauation 1-19 can be valid. Within this constraint, the
value of N*i (rr) is c^ (Ni)0 (i.e., each site leads to a hot
spot) , and th~e t ermt [I- eyp ( -k -r,)]I is x, 1. Hence, a reason -
able approximaL ion to Equation I-ý3 r,

n L N.I- N.
T. N~lOj> k.0 (1-24)

2B ~ NTO __ To i iTo

or

(S/n) -

Here, n is-.the. number of different types of initiating sitesan
n/jL= MLiNio/NTo, ;C = i/- NT are simply number-

weýghtd aerage parameterl of the initi~a I'ng sites; viz.~ h
itime e(-rt,). centers (Stelength(Ladteinio

K'Th:2 above, expression for the. detonation reaction time ýs now in a
f or.d thtat can be readily applied to variou~s expLosive situations.

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

Case of a Single Type of Initiatn, Site (n

Let us consider &n expi. Ave with only one type of initiating site
which meets the criterior kitur > 1. In this case n. x 1 and rho

number weighted average situ parameters in Equation 1-25 1become

7
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I

r 2B s -L + 1 (_-Z6)

The similarity between the above expression and Equation 1-2 is
obvious, suggesting that th, simple addition rule is reasonably
applicable in this case. ft should be noted that Equation 1-26
extrapolates to the expected 1 r 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 •S - L) = 0.
This might be ¢cpec.%.d when S, and hence L, approach molecular
"di mens ions.

In the case of finite size initiating sites (T,) still negligible)
Equation 1-26 is identical to the 6(.etonation reaction timre ex-
pression used at Aerojet (Reference 1-7) to describe detonation
in 2 to 10% RDX-adulterated solid composite propellant. In this
case, it was considered that the RDX particles would act as in-
itiating sites, and that the propellant medium separating the RDX
would act as the grain burning continuum. The reaction time ex-
pression was derived in terms of the mass fraction, fRDX, of
RDX particles, i.e.,

where and PRDX are the propellant and RDX densities, respec-

tively, and LpRX the diameter of the RDX particles. It can be
readily showrn that for spherical RDX particles the hracketed term

inteabove expression is identical with (S/L -1)1.

It is noteworthy that the use of Equation 1-27 has led to a suc-
cessful correlation of the critical diameter of solid composite
propellants as a function of fRDX in the range 0.02 < f _< 0.1
(Reference 1-7).

'Since NTo is the number of RDX particles per unit length, it is
also equal to the cube root of the number of RDX particles per
U-it of propellant volume.

;V,,
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, n- nf Two Typos of Tnnitiptfng Sites (n 2)

Foi this case, Equation 1-25 can be expressed directly as

S(L- L2 ) + L
r 2B (N + N2 o) 2B

+ Fi ('Ic - T2o) + (12o 1-28)

where Fi N io/NTo is the number fraction of sites of type i ini-
tially present (i.e., % Fj = 1).

It is intercsting to examine the above expression in light of the
previous work at Aerojet (Reference I-7), in which Equation 1-27
was modified to account fcr the effect of inherent initiating sites
on the detonation reaction time of solid composite propellant
containing only small amounts of RDX (i.e., fRDX < 0.02). Here,
it was suggested that the inherent sites (e.g., flaws, voids)
acted as an additional weight fraction c of RDX particles. There-
fore, Equation 1-27 becomes

I LRDX IT PBRDX
r 2B 6P (fRDX + c) -l (1-29)

or
"• = -C 2  (1-30)

.r (fRD + c)1/3

In the same terminology, Equation 1-28 (assuming negligible igni-
tion times) yields

~,rPJ/6 P )l1/3 fR 1/3 +(13c.
2B (fR)/ 3  + (/f + c' (L,+ C )

where c' = (fx PRnX/Px)1'•' (LRwx ./L), the subscript x referring to

tho inherent Initiating sites. Since Equation 1ý-31 has the forn of

- C4 (f 1/ 3

'rr (f )1 / 3 + c1 (1-32)

9
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It is evident that Equation 1-31 and the Aerojet expression given

by EquaL iios i-•29 or i-au are not equivalent. I.. the inher, nt
sites in Equat:ion 1-31 are asslimed to have a diameter and density
equivaleut to that of RDX, the I-D lattice expression for Trre-
duces to

fRT ~/ 1= i/X R1(-33)
•r _2B ( / + c' 1/3DX?

This expression while similar to Equation T-30 is still not iden-

tical to it except in the limit of fRDX = 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 Tr

It was emphasized earlier that the general Equations 1-24 and

1-25 were applicable only to systems with initiating sites that
form hot-spots in a time less t ian the reaction time (i.e.,
ki~jr > i). Also, it was shown in the previous sections that the
reaction time will generally 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 initiating sites has only
one type of site active at short reaction tixaes, but as conditions
change to increase the reaction time (e.g., decrease in loading
density or decrease in primr:7y hot-spot concentration), other sites
become active. This phenomena may have implications with respect
to the contrasting behavioral patterns in high explosives that is
discussed in Price (Reference 1-8) as well as with respect to the
role of inherent impurities in thL case of RDX-adulterated pro-
pellants.

In the simplest case, where only two types of sites are consideredand whe? e the concentration of the prima~ry site is being varied,

the expression for the detonation reaction time roight be described
in terms of three different regiuns of rr, viz.,

a. Primary Region:

T10 < Tr < T20, corresponding to significant values of NIo:

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

1.0



L Ti 0 ~rTr T~~F -TB- "" Tr10  (1-34)

r LBN (I-35)

b. Transition region.-

Tl < r = '2o, corresponding to small values of N10 :

Under this set of conditions, Equation 1-28 is approximated by

T II LN. (1-36)
r 1,0Nl I o.

Since L cc< L2 2 , this equation can be written as

= 1 [1 ~LN 2  (1-37)

C. Secondary reg ion:

T1o < T2o < 'yr, corresponding to negligible value's of Nj0 :

Agan, r isimply given b Equation 1-26, i.e.,

~r TBN~ -B + T20 2o <<1-8

1I 1 L2, (1-39)

CORRELAT ION OF NECPETIMENTAI, CRIT ICAL D IAM4ETER DATA

In Referance'l-7 it wags shown by both theoretical and enxperimental-
arguments that the critical diameter, d,0 of, RDX adulterated solid'
composite propellanit should b4 directly proportional to the deto-
nation reaction time at the critical detona'tion velocity, i.o.,

IFO;;ntisitonal prop&fflant based upon Ar, 0 Al, adrUbber 'binder, IA
which varying&Amou.nts of AV were repl~ace by RXJO (15 p partialoiw)..

11



where K is a proportionality factor which remains relatively con-
stant over an Rxu range ot u to LUt'o,

Also described in Reference 1-7 as well as in Reference 1-9 are
experimental critical diameter data for RDX adulterated propellant
in which dc was varied.from - 2 in. to - 70 in. as the hDX cor~tent
was varied from 0 .0% to 0%*. The reported critical diameter data
are shownm in Table I-I.

It is interesting to examine these data in light of Equation 1-41
and the expressions Lor T r which were derived 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 time becomes that given by Equa..
tion 1-27. Con ining this expression with Equation 1-40 then
yields an expression for dc of the form

Kl
dc ( 137- -K 2  (1-41)

c ~~RDX~

As noted earlier, Equation 1-41 is identical to that derived in
Reference 1-7. A best experimental fit to the data was reported
when KI = 15.3 and K2 = -30.9 (dc in in.). The best fit of the
data in Table I-I with Equation 1-41 is shown in Figure I-1. It
is readily seen that in the range of fRDX > 0.02, Equation 1-41

Sfits the data quite well; however, at lower values of fRDjX, the
theoretical curve (based upon the best values of K1 and K2 ) pre-
dicts values of de which are too large. This fact combined with
the fact that dc approaches infinity as fRDX approaches zero led
0. R. Irwin at Aerojet (Reference 1-7) to suggest that, there were
additional initiating sites inherent to the propellant which act
as an effective constant weight fraction of RDX (see Equation 1-29).

In any case it would appear from Figure 1-1 that all the expeii-
mental dc data can not be correlated by the Tr expression for a
single type of initiating site.

3This work was carried out by Ae.-oJet-General Corporati*c a$

part of the Air Force Solid Propellant Hazards Program (Pro-
ject SOPle).

12
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Table I-I. Expe!rimental Critical Diameter Data for
RDX-Adulterated Solid Composite Propellant

(References 1-7 and 1-9).

Mass Fraction of Critical Diameter
RDX (dcd

(ERDX) (in.) (fRrX)1/3

0.10 2.12 0.4642

0.092 2.66 0,4514

0.071 5.25 0.4141

0.0475 11.25 0.3621

0.021 23.5 0,2759

0,00375 48.0 0.1554

0 f60 (No)Go)*
72 (Go)

*Results of one test at each diameter.

Wim
1.
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Gase of Two 'Types ot initiating 6ites, witn
Negligible Initiation Times

In this case, the one-dimensional laitice model expression for Tr
(i.e., Equation 1--31) and Equation 1-40 yields

K'r I K' - 1/3___

dc - (fRDX) 1/3 + cl 2 (RDX) (T-42)

The best, fit to the experimental. data of Table I-I is found for
the parameter values K'l_ = 24 *559 Kt' = -5..5,adc .9
The evrreLý-ti[on of= E,•uation 1-42 w3.th the data is shown in Fig-
ure 1-2. Also shown is Irvlin~s correlation curve (References
1-7 and 1--9) which corresponds to the use of Equation 1-29 for

de - K2 (1-43)
(fRD + 0)l/

It is readily seen that both expressions for d. correlate the data
very well for fRDX >_ 0.00375; however, the results of the two
experimental tests at zero percent RDX appear to favor Equation
1-43.

If one assumes that the experimental dc data r~eflect the existenceof inherent RDX-like initiating sites, then one m4ht conclude
that Irwin's expression for Tr (Equation 1-29) may be nere appro-
priate than the correspondin one-dimensional lattice model ex-
pression (i.e., Equation 1-3a). It i s noted here that the pri-
The bdiscrepancy between the two expf sions liesI- is difor
ence between the factors (fRDX + c ) -  5.4 and (fc' = + 0c.)-,9.
which in essence describe the average dist a es stween centers

of all initiating sites. The factor (fR1?XT/ + c,)-l results fromaveraging the one-dimensional concentration expressed as number
of sitesrunit length, i.e.,

d/C f- ) (1-44).

or-

(f +01/3 1

vor (fRLx + 0.035 (h-eu5)

RM5
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However, in three dimensions the average distatnce between sites
should be based upon an average of the number of site-/unit
volume. This would probably lead to

S (Z -1/3 (1-46),

or

SO (fRDX + c)- 1 3  (I-A7)

Thus if thb assumption of inherent RDX-like initiating sites is
valid t'en the better fit of Irvin's expression to the experi-
mental ac data would suggest thet a three-dimensional lattice model
may be required for a more quantitative description of detonation
in heterogeneous explosives. Unfortunately, the three-dimensional
approach to the problem brings up additional mathematical Drob..
lems, and is not available at this time.

Alternatively, the fact that the app.Lrent dc for fRjX = 0 falls
below the value that is predicted by Equation 1-42, whi].e the d.
data for fpM; > 0,02 follow Equation 1-41 quite well (i~e., single
type of initiating"site) might indicate that the inherent initi-
ating sites are acti.ve only for very small values of finDX (i.e.,
only for large rr). This brings us to the possible situation
described earlier in this section which is applied to the dc data
in the following para.graphs.

C ise Where the Number of Types of Initiating Sites
Varies-with Tr

If one assuzies that the dc data of Table I-I reflect the exis-
tence of inherent initiating sites which become active only.when
.r. exceeds a. Certain value, then in accordance with the approxi-
mation treatment shown earlier in this section the data of
Table I-I should be fit by three different but related expressions
for d0 based upon three differept regions of %.

a. Primary r.gion:

In the prinary' reigon, only the RDX particles are active initia-
ting dites, hence kquations 1.35 and 1-4'0 obviously yield an ex-
pression for dcc which is the same as Equation 1-41. From Fig-
ure I-I, it can b. easti'iated that tha primary region ''extends ofer
the range 2.12 ." •c -<-- 23.5 in.

17
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It is now useful. to express the constants of Equation 1-41 in
terms of more fundamental, quantities. Noting that

6 P - 1/3 1 /3  1/3

1 Pi L (f = C31-48)

where P is the propellant density. Equation 1-41 can now be
expressed as

(dK [ -L] (1-49)

where the subscript I now represents RDX. Comparison of the con-
stants of Equation 1-49 with those of Equation 1-41 yields

K1  = K/2amlB = 15.3 (I-50)

V- = KLi/2Bc = -30.9 (1-51)

These parameters can now be used in the expression for do in the
transition region.

b. Transition region:

Combining Equationsl-37, 1-40, and 1-48, yields

(d).K KI- JNoL2  -1-
Kaflf 1/ 2B0 2Baf

(d ) . al- -2 I/7 - (1-52)

where the subscript 2 refers to the inherent initiation sites.

Utilizing Equations 1-50 and 1-51, the expression for' de can be
expressed as

(-K? K KK (1 -53)
t1

whpere K3 rN 2½L2 (dimensionless).

LB.:
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Assuming that dc = 453 in. reprecents the transition region yields
i . ...... r 4 L 6,, I =VIjJ.L V ci t-reiarionsnip ror

dc in the transition region is

(d= 12.25 30.9 (inches) (1-54)
transition (fRDX)

A comparison of Equation I-54 with the experimental data is shown
in ligure 1-3; also shown is a replot of Equation 1-41 for the
""p• mary region.

c. Secondary region :

(0 oRDX < ( X~ < r

Application of Equations 1-39, 1-40, and 1-48 to the secondary
yields

(do) = alL2 [3 K] (1-55)

Since (de), depends only upon the inherent ignition siter, it must
be a constant of the propellant system. This is shown in Fig-
-re 1-3 where (dc)_ is estimated from the experimental data to
;e 70 in. The actual variation of dc with f is then assumed to
follow the dashed curve of Figure 1-3, which is merely an esti-
mated interpolacion of how the three different detunation regions
transform into each otier.

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 alterate route to explaining the detonative behavior
of RDX adulterated propellants.

It is intereoting to note that the above type of data correlation
Ir Iis not completely devoid of predictive capabilities, since

choosing the constant (dc) at 70 in. sets the value of alL2 at
1.265 in. From Reference 1-7, a. can be estimated as 2.07 x 163
which yields a value of L 2 = 6.1 x 10- 4 in. Thus, assuming that
the abrve analysis is corr 'ct, the inherent hot-spot dLameter
i -- 16 p. Also, since N2o = K3/L2, the resulting distance be-
tween hot-spot centers (i.e., l/N2o) becomes ~-.,80 p,

19
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The grain burning distanct between hot-spfts then becomes S L?
=-64 ýL. It is interesting to note that in the propellant under

C~nf r ... r. .••A•-•-- •L. A ,,Lm&LL wam composed of a bimoaaL dustribu-
tion in which - 60 radius particles (peak size) comprised -50%.
of the propellant mass, and- 6x radius particles comprised - 18%
of the rropellant mass. It is suggestive from the values found
for L 2 and N2o 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 explosives has
been described based upon the concepts of both hot-spot ignition
theory and grain burning theory.

Through a one-dimensional treatment of the model it has been pos-
sible to derive the classical Eyring grain burning equation Lnd
to define the assumptions underlying the use of the Eyring equa-
tion, viz: (i) that hot-spots have no finite dimeusion or i4-
nition time; and (2) the average concentration of hot-spots is
equal to the concentration of explosive granules (i.e., one hot-
spot per granule). In addition, it has been possible to relax
these assumptions and to extend the one-dimensional treatment to
other explosive situations, i.e., (1) where the time to ignition
of grain burning is nonnegligible compared to the overall deton-
ation time, and (2) where there may be several types of ignition
sites, each type having a discretely different ignition time.
Such explosive situations appear to have application to the deton-
ability of RDX adulterated solid composite propellant.

For the case of RDX adulterated propellant in which the ROX par-
ticles are the sole source of hot-spots, the one-dimensional
treatment of the lattice model leads to a detonation r--action time
expression which is identical to an expression previously pro-
posed by Dr. Irwin at Aerojet. The proposed expression for Tr has
already been shown to be very satisfactory in d•ascrihing the vari-
ation of critical diameter of composite propellant containing
varying amounts of RDX in the range of 2 to 10%.
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cac - *-Inri loa thg~ai 9% RMX -hAricaJ
diamte4ter data suggest that RDX cannot be a so'le source of hot-
spots. Extending the lattice model to this case results in ex-
pressions for Cr which differ somewhat from an expression which
was proposed and successfully applied by Dr. Irwin for the same
explosive situation. However, the differerzes are relatively
slight and may simply invol e the use of a one-dinensional approach
rather than a three-dimensional approa.,h in describing the aver-
age concentration of hot-spots.

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

It would be of future interest to undertake a more rigorous mathe-
matical treatment of the lattice model in which certain constraints
(viz., those involved in the approximation of Equation 1-19) were
removed from the one-dimensional treatment. Also, the treatment
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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APPENDIX II

CONMENTS ON THE RUBY CO)DE

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

Downey, California

INTROD UCT ION

The RUBY Code (Reference I1-1) is a FORTRAN computer program
designed to calculate the ideal detonation properties of high
explosives utilizing Chapman-Jouguet (C-3JI) theory. The program
is based on the assumption that the gaseous products obey the
Becker-Kistiakowsky-Wilson (BKW) equation of state (References
11-2 and 11-3), which can be written as

nRT (11

where

= b~i k iniý

V(T +8)al nj

Here, ajt3,K ,E), ki are constants, and hi is the mole fraction
of the th gaseous, product.

In RUBY, this P, V, T relation is used to express the une-dimen-
qion detonation conservatioi 'equations afld C-ýJ hypothesis (i.e.,
D = C* W- ) in termas of P, V, T varia'blest,and also to describe
the fugacity of the gaseous reaction produc'= -a a funotion of
pressure and temperature., in addition, RVt.-', GThPi.y'yan equation
of state 00 the form

2'* Za (P/~' )j + b bkp/" 0 ).k T
j=o 60, k*, S

tohandle thek possiun. existence of one or two solid do to t1~n
Pý'QOuct6
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mum .ree energy) and is calculated by a method of steepest descent,
which is described by White, et al (Reference 11-4).

The main use of RUBY to date has been in the calculation of ideal
detonation properties of CHNO explosives (References 11-2, 11-3,
II-5, 11-6)". The general approach has been to determine the BKW
constants 'i.e., a, 89, •, , k1 ) which allow the best fit to the
experimental D(P ) and Pj(ro) data for one or two specific ex-
plosives (e.g., R8X, PETN), and after selecting these constants,
to apply RUBY to other explosives.

Generally, the RUBY calculated D(Po) and Pj(P ) for CHNO explo-
sives are in fair agreement with experiment; fowever, there is
apparently no single set of BJKW parameters which yields good agree-
ment with all 2U of the explosives considered. For example,
Table 4 in Reference 11-5 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
on 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 results of the RUBY.
program and to determine its usefulness in calculating the ideal
detonation properties of conventional solid propellants containing
arnnonium perchiorate, aluiminum, 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, Pj, Tj). Toward this end, RUBY calculations
have been carried out for ammonium perchlorate (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. These cal-
culations brought out certain apparent internal itLconsistencies
which suggest that RUBY should not be used to predict the detona-
tion properties of aluminized explosives.

RUBY CALCULAT IONS

Ammonium Perchlorate

The detonation properties of ammonium perchlorate (AP) have been
calculated by RUBY over the range of loading densities 0.8 < Po
• 1.5 gm/cc. Various sets of B)W constants have been employed to

4 References 11-2 and II-3 do not refer to RUBY calculations per
se, but to similar calculations using the BKW equation of state.
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attempt to match the reported experimental data (References 11-7
and 11-8), as well as to ascertain the sensitivity of the com-
puted detonation properties to changes in the BKW constants.

The results of these calculations are shown in Figures lI-1 through
11-3 where ideal detonation velocity (D), Chapman-Jouguet pres-
sure (Pj), and Chapman-Jouguet temperature (Tj) are plotted against
p9 . The notes for Figures II-I through 11-3 describe thEc con-
ditions for obtaining curves A through F. These results show that
by suitable adjustment of the BKW constants (a, 1, x, 0, and in
particular, k- for the principal gas products, e.g., H10) almost
any linear D(Po) curve can be obtained.

However, the constants that have been derived for beat fit with
CHNO explosives (e.g., curve A and B), although yielding reason-
able agreement with the experimental Pj value at Po = 1.0 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 11-8) 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 Po results in a decrease
in Tj. This Tj(Po) relationship appears to be common to all
RUBY calculations, including those for CHNO explosives (Refer-
ences 11-2, 11-3, 11-5, and 11-6). This undoubtedly 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 covolume
equation of state (Reference 11-9), shows Tj(Po) to be an in-
creasing function of loading denrity. Cook's covolume depends
only on volume and hence does nol consider the potential energy
arising from intermolecular itrteraction. Unfortunately, the
present lack of reliable experimental Tj data precludes a clear-
cut answer as to whether Tj should be an increasing or decreasing
function of Po.

In the case of high-density CHNO explosives, it has been argued
(Reference 11-2) that since the C-J density (Pj) is generally
greater 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 BXW-type of equation of state).

In this case, even though the total change in specific internal
energy of detonation increases with Po, the net result could be
to increase the potential energy of the C-J system at the expense
of the kinetic energy.

27



(Private communication from L.B. 'a* ley (January 1966)).
CuvA: Covokjme set used by NOT$ In calculating Dropw fat A

detenaopiu proportles (Pri ,ate commtunication freom J . Dittroff

Cur: Cv a~e D.Abtaydceset I::b HTn covu um fHi aind 'p romeI th

Curve E: SRI RUBY eericuletions, from Refer nee 11 -8.

Curve Fi AGC calculations, from Reference 11 -7, using Cook's
covolume equation of state fitted to tle experinwentolIda
detonation velocity at P. 1.0 amfcc~.

7.0- -

5.0. - _ _

10EEIW4 EI#4EI-

000,R~~ H~tNI Ai

.4 0? U *9 .6 11 X3 111.
Fiu~e 11. Caclaed Deo at000loit0

dof aoimPrhoa
'4,0



m I

*EX~PERIMENTAL WAA POINT MMRINNCE 11-8)

C'-;)?Y A; C"volumin sot used by M~f~in colowleting D a A
(Perviswe communskotion, Gra,% L.lC. S~elay ( anuary 1966)).

pCuivv C: Covvlumw set used 6v NO~T$ in calculanving swpalop nt
d~ntaproperties (Pilvate C~mmnleu~alion frovn J. DOlraff

ISO ~(Match 1, 966) ).a
IO Curve 0: Arbitrary der.... in covolumen of HCI rv;;e C12 from #hert -a

of Cwvl C.
C-hrvi E: SRI RUBY calculosiows, from Reference 11 -9.00
Cu.,. Fi AGC taIculut~ons, frosm Refervince 11 -7, usino Cook's

inol~s quation of state Fitted to thf eaperinieotel Wdool

LOAD"e .hhTV, W.g/as

F7igure 11-2. Ca~cultetd, Detonation Pressure'v of
Amuwoium Porohlorata

29



IF

E

1500__

ADIABATIC FLAME TEMPERATURE AT I ATM

U.1

dI-

U

Cuv A; Covotuags set uxed b7 SRI in cehulewisttt D(poj lfcc AP
500(Pivate communicaiofln fromt L.B. Seeley (Jonuevy,1946)).

Curve C: Covoiwne set used by MOTS in .calculatng pro"Ilant
detonation propowtios (Private c-.ammunication from .J. Dioreff

Curve 0: Arbitrary Jecrease An covolumees &I t4C1 and C12 from, those

Curve E: SRI RUBY ealev~ations, from. R*Fweoce 11 -8.

Curve F,; AGC caicuiatioas, fror. Reole. cop 11 . using Cook's
covolumet equation of state fitted tote II.experimental Ideal

dea et~ Isit.ity at p0a 1.0 gm/cc.

0810 1.1 1.2 1.3 1. 1.3

LOADOW DMITY. , solcc

Figure 11-4. Calculated Detonation Teniper'atures
Of Amwuniua ftrchl~orato.

30



in
NOTES FOR FIGURES II-i THROUGH 11-3

Curves A and B

RUBY calculations to determine the effect of a change in
BJU constants, using the same thermodynamics data:

Curve A: i = 0.5; r5 = 0.09; x = 11.85; 0 = 400

Curve B: ; = 0.5; 1 = 0.16; x = 10.91; 9 = 400

The BhW set for curve A corresponds to the set used by
Cowan and Fickett (Reference 11-2) for curve-fitting
65/35 RDX/TNT D(P0 ) data. 1he BK• set for curve B cor-
responds to the set used by Mader (Reference 11-3) for-
curve fitting RDX D(Po) data.

Curves A, C, and D

RUBY calculations 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 Curve D Curve A

H2 0 360 360 250
H2  180 180 180
N2  380 380 380

NH3  476 .476 476
N2 0 670 670 670

NO 336 386 386
0 350 350 350
NO2  670 670 600
HI1 1588 794 643
C12 1157 578 532
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However, for 'innonium perchlof"ate at the loading de'-sities con-
sidercd hero.. P , i. I P.qs. thqn thp rrv.qtpl. rinri1t (1 -(M aml/,-)

it is difficult ther-fore to understand why the above arpument
should still be valid k,,,der these conditions. It is believed
that the RUBY-calculated decrease in Tj as po increaqes is un-
realistic for AP. On the other hand, it shoild be stated that
the Tj values obtained for AP by use of the Cook-covolume equa-
tion of state, which are 600 to 7000 K higher than the AP adia-
batic flame temperature (I atm), might also be unreasonable.
1lowever, the increasing Tj(Po) function that is obtained by such
a covolume equation of state is, at least to this writer, intu-
itively plausible.

Solid Composite Propellant

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

Prevention of aluminum oxidation in the RUBY calculation is readily
accomplished b,., replacing all or part of the aluminum in the ex-
plosive composition by the fictitious metal AIX. The AIX has all
the thermodynttic properties of Al, but no oxidation products
(e.g., AIX203. AIX0 2 , AlXCl3).

The 7esults of the RUBY calculations with the BKW constants and
thermal data corresponding to curve C in Figures II-I through
11-3 ar shown in Table II-I. The data fo•- propellant A (normal
case, % th 100% Al reaction) are comparable to data obtained for
high explcsives with similar heats of explosion. A comparison
of propellant C (9.2% RDX adulterated propellant) with propel-
lant A shows that the detonation parameters (E, Pj T . Ej-Eo)
all increase when the more energetic RDX (AQ =130 al/-m) re-.
places AP (AQ = 300 Kcal/gm). These results are to be expected.
The effect of replacing aluminum (reactive) with AIX (unreactive)
is that Pj, Tj1 Ej-Eo decrease as might be expected, but there is
a 4% increase in the de,-onation velocity. This is e-,ident by
comparing propellant A with propellant B.
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Table 1I-I. Detonation Properties of AP Propellant as
Gaiculared by RJUBY.

Propellant A: AP/AI/PBAA = 0.69/0.15/0.16 (1.00% Al. reaction)

?ropellant B: AP/AI/PRA& = O.69/0,.],5/0.16 (5% A], reaction)*
Propellant C: AP/A1./PBAA/RDX = 0.598/0.15'0.16/0.092 (100% A].

reaction)

Propellant
A B C

DETONATION PROPERTIES P 1.73 o 1.73 Po = 1.715

0, MM/naec 7.14 7.40 7.25

Pj, Kbar 226 206 232

Tj, PK 3198 1091 3217

Vj, cc/mole of gas 12.39 14.41 12.61

Po/P 0.743 0.783 0.743

Ej - E0 , cal/gm HE 401 308 415

BKW parameter 5.71 11.38 5.86

C-J compoaiti.;n, 10-3 moles/gm HE

Total Gases (,**) 28.85 27.74 28.67

CH4  5.19 5.69 5.76

CO 4.25 nil 4.70

CO! 1.65 5.40 1.88

Cl 5.73 nil 4.91

CIO nil 5.04 nill

H2 0.1.9 nil 0.15

H20 8.44 8.29 6.95

N2  2.61 2.83 3.44

NH3  0.65 0.20 0.69

AICI 0.14 nil 0.18

ALC13  nil 0.28 nil

Total Solids (,**) 2.71 5.28 2o69

Al(.) -- 5.25 --

A1 2 03  2.71 nil 2.69

C (graphite) nil -- nil

*) Unreacted Al goes to Al(l) as a detonation product.
(.) Only prodltcts 10-5 moLes/pA HS are included.

(**) A dash indtcatces the product was not programmed,
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Examination of the gaseous dietonation products shows that the total
amouuii of gas is the same in tne two cases, and tnat except toi 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 A120 3 , CO, and CO2 , the net e)thalpy loss
from the explosive system with AIX would be - 350 cal/gm of ex-
plosive. It qould be difficult to reconcille 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 If-I), which does change appreciably. Since ki for C02
is 670 vs 390 for CO in these calculations, it is seen that the
value of k Yikini in Equation II-i will increase when CO is con-
verted to C 0 7When aluminum does not react, there i"s more oxy-
gen available in the explosive for reaction with carbon. Thus,
a greater portion of the carbon is converted to C02 than would Le
the case if aluminum reacted to A1 2 0 3 .)

When this increase is combined with a decrease in C-J temperature
(which results from the AIX not reacting), the BKW parameter be-
comes excessively 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 BK4 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-EO for any given explosive. Similar results are
obtained for RUBY calculations with RDX/AI mixtures.

Aluminized Explos ives

Table II-Il shows the results of RUBY calculations for RDX in
combination with Al, AIX, and A120 3 (80/20 mixtures) at the same
loading density (P 9 = 1.94 gm/cc). For additional comparison,
the results of a similar calculation foi- RDX at a slightly differ-
ent density (Po = 1.8 gm/cc) are also shown. These calculations
were carried out with the same set of thermodynamic data and BIW
constants. (The set of input data are tho. Ž obtained from UCRL
except for the addition of input data required for the aluminum-
containing products: AIO(;,), A1 2 0(g), A1 20 2 (g), Al(l), and
A1 2 03ý(c). Presumably, the UCRL data set has been optimized for
RDX.)

While a direct comparison of the calculated properties of explo-
sive A (pure RDX) with explosive B (207 aluminum) is not possible
because the loading densities are not the same in both cases, the
addition of reacting aluminum greatly increases the detonation
temperature (ATj = 2000 0 K). This is further borne out by the
drastic drop in Tj when the aluminum is prevented from reacting
(explosive C).
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Tahlp_ TI-ITI Detonation Properties of MDX Explosives ii
Explosive A: RM as Calculated by RUBY.

Explcaive B: RDK/AI = 80/20 (100% Al reaction)

Exploilve C: RDX/AUX 80/20 (0% Al reaction)*

Explosive D: RDX/A1 20 3 = 80/20

Explosives
DETONATION PROPERTIES A I C D

p0 ' gm/cc 1.80 1.94 1.94 1.94

D, mn/lisec 8.03 8.56 9.11 8.28

Pj, Kbar 287 359 332 297

"TV OK 1824 3882 2262 2428

V3, cc/mole of gas 11.71 12.28 11.38 12.05

p o/pi 0.752 0.747 0.794 0,776

E3 - 0o, cal/gm HE 472 464 421 410

BDiO parameter 9.23 6.86 8.71 8.09

C-J composition, 1603 mole./Sm HE

Total Gases (•,**) 33.80 25.32 27.06 27.21

CH4  0.38 3.33 0.04 0.26

CO 0.10 4.47 0.17 0.57

CO2  7.09 2.48 5.4.5 5.73

H2  nil 0.04 nil nil

K20 12.72 2.85 10.53 9.57

13.50 10.38 10.74 10.61

MIH3  0.01 Q.83 0.13 0.34

"NO nil 0.0 nil nil

Al 2 0 -- 0.. -- n91

Total Solid& (,**) 5.92 3.31 12,55 6.09

AI(M) - -- 7.41. --

Al 20 3  -- 2.80 -- 1.96

- C (graphite) 5. 0.51 53.14 4.13

(*) lUnwacted Al toso to AI) as a detosatLou poduato
(,) Only products 3 10-5 mole*/$a RR are inctluded.

(*) A dash indicates the prodaat was not progied.

35



As i- thz a~~,i~dpo~lnt it is readily seen that noin-3
reaction of aluminum (explosive C) causes an increase in D, while
Pj, Tj, and Ej all decrease. Again, th4. relatively large increase
in the BKIJ parameter with AIX suggests tNt the conversion of CO
to C02 may be responsible for this effect.

However, it appears that replacing aluminum by Al20 3 (explosive D)
does not show a similar effect, even though in this case A120 3
can be considered as an inert ingredient in the same manner as
AIX. A comparison of the detonation products of explosives C
and D does not appear to offer any significant clues to the dif-
ferent effects of tlVe 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 may not be too meaningful
without experimental data for both RDX/Al and RDX/A1 2 0 3 mixtures.

There are abundant experimertal data on aluminized high explosives
which show thiat aluminum lowers the detonation velocity of the
pure explosives (Reference 11-9). It has been proposed that the
aluminum either behaves as an inert diluent or that it reacts to
A120(g) with an overall endothermic effect. The results of the
RUBY code appear to be inconsistent with the experimental results
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(Pc) and P(Po) data can be calculated for any given explo-
sive. However, it is 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 point had
already been made clear by Cowan and Fickett in their original
paper (T!eference II-2), it has apparently not been emphasized by
subsequent investigators who have reported RUBY calculations.

In spite of any agreement that one can obtain between RUBY-calcu-
lated and experimental detonation velocities and pressures, there
are certain internal inconsistencies 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 increase in detonation velocity
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tribute energy to the C-J state. Both of these effects appear to

be related to the BIGW equation of state which considers the energy
of mnolecular 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-1 with a covolume equation
of state, i.e.,

P(V-b) = nRT (11-3)

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

b/n = RT X exp PX (11-4)

For propellants A, B, and C the values of b/n are 11.0, i3.5, and
11.3 cc/mole, respec, ively. These values represent approximately
90 to 95% of the calculated molar gas volume (Vj), thus indicating
an extremely compact C-J state. It seems unlikely that such a
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 calcmlating detonation properties of propellants and aluminized
explosives. In view of this, and the arguments presente,l against
an equation of state that implies solely repulsive forces,it is
suggested that further work with the RUBY code not be continuad.

Pending development of a more satisfactory computer program (pre-
sumably incorporating a more realistic product equation of state),,
it is proposed that thu Parlin-Andersen-Miller procedure (Refer-
ences II-11 and 11-12) used in the SOPHY I prog ram continue to
Is used to estimate the ideal detonation velocity.
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APPENDIX III

TLST CD-96 DATA

10 O.CI..OCK LEO
STATION 5 CALIBRATION STE1P AND PRESU~RE-TIME MO4CK PROFILE

50.0 pal

4 O'CLOCK LEG
STATIONS. CALIBRATION STEP AI4C PRESSUME-TIME SH4OCK PROFILE

49.8 psi

247CI0Cx Lim Toll fULS
STATIONS, CALIBRATION STEP AND 046V111- TOG nHOCK PROF ILS

Figure II114. Side-Orn Qvarprossure, Stattcnm 5, Test CD-960
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We0* No GAUGE WAS INSTALLED

to O'CLOCK LEG
STATION 4 CALIGRATION STEP AND PRESSURE-TIME 504OCK PROFILE

10.0 Wi

6 O'CL OCR L EG
5TATION 4 CALIBRATION STEP AND PRESSURII-TIME SMOCK PROFILE

10.0 pal,

2O'CLOCK( LEG0
STATION 4 CALIBRATION STEP AND PRFSSURE-1 04iM SHOCK PWPILE

Fitir~e' M1-2,. Side-On overpur*uaure, Station,6, Toot CD-46.
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* 4.90I
4m

S! I I I ! I

STATION I CALIBRATIOM STEP ANM PIOEiU1E-•!i SNOCK PROPILE

6 O'CLOCK LEG
STATION 7 CALIBRATION STEP AND PEUSURIS-TIMRV 011HOCK PROPILE

............. ......... , ......... L ........ .... ...... . ,. .,. .,...,..,., .... .. ,. . . ... ..-..

2 o'CL•:,OC 1.1 I US
STATION 7 C".*NATIO MTP AM PRESIUM-.ir mOKI PROFILE

Figure 111-3. Side-On6oiiOrpressurs, Station 7, Test CD-96.
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4.33 vaia2

10 O'CLO0.K LEG

STATIONS I ALIORATI0W STEP AND POISSURE-TIMiE SH4OCK PROFILE

4.41 Pei

6 O'CLOCK L94,.
STA'rIýW' CALI&RATIOI4 STEP AND0 PRESSURE-TIME S4OCK PROPILO

I . . L....... L..........t..., ... -. . . . 4 .... jJ A

2 O'CLOCK LE4 TO" PULSI
ST&TIOM 0 CALUORATIOt4 STEP AND PRES4IRE-IME X*MK PWOILE1

Figure 111-4. Side-or Overpresurale Station 8, Trest CD-96,4 . .



...... ~ .... W ilM

10 O'CLOCK LEG
STATION I CAUISMATIOW STEP AND PRESSURE-TIME IjIOCX PROFILE

* O'CLUCK LEG
STATION 9 C-1-S*0ATIOS4 STEP APO PlUESSAIR2-TIME SHOCK PIROM;E
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SLVio, CAISRATION STEP ANO 1PRESI4J!E-VlMt 94OCK PWOILE

Figure 111,-5. Side-On Overpressure,: ttati'oau I e Xa t C U-96,
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246. poi

6 OCLOCK LEG

ST AT to"J 5 CALIBRATION STEP AND PRESSURE-TIME SHOCK PROFILE

TI 9.7
6 O'CLOCK LEGIýPll.ý
STATION t CALIBRATION STEP AND PR!sSSuRIPFTiE SOCr PROFILE
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APPENDIX IV

JETTING Y TTENOMENON

Streak-camera observationt. 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
when the results obtained for only one propellait 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 arnamalons behavior of hollow cylindrical
samples may be ascribdd to effects caused by the jetting pheno-.
menon. Therefore, a series of tests was designed to investigate
the mannec in which jetting aff-irt- the detonation reaction of
hollow aylinders. Thesce tests Lizclude studies of the effect of
core diamneter (ID), sample length, and web thickness on the be-
havior of hollow cylinders.

EFFECT OF CORE DIAMETER

Hollow samples cast from AAB-3189 propellant having web thickness
equal to 1.4 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 thp data at radial
positions 1/4-, 1/2-, and 3/4-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-l shows the test setup.

A 1-in. thick Plexiglas plate is placed between the Composition B
booster and the propellant acceptor. The Plexiglas attenuates
the velocity of the shock wave entering the acceptor. This allows
better resolution of the initial behavior of the reactive shock
wave in the propellant by preventing its being masked by the nor-
mcl attenuation of a highly overboostered initiating wave in the
acý.eptor, which would occur if the booster cnarge were placed
direct]3 on the propellant sample. The Plexiglas barrier also
prevents the booster shock wave from forming a jet in the hoilow
acceptor bef ore the propellant detonation reactiot produces its
"jet. The 1-in. thick attenuator does not reduce the shock pres-

'J.,"A sure below the minimum level required to initiaý:e detonation in
these samples.
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*1 (l~AP rAAJ(AI ~nflT F H

11 RO E

PROF~E'PLEXIGLAS PLATF

SECTION A-A

fRI;GG R PROF

HOLLOW CYLINDRICAL SAMPLE

"(AAB.3t89 PROPELLANT

A 
A

P E P 
PROBES AND PROBE WIRES

S~~P ROSE$ ANO P BONE WIRLS,-...

TO MIXER BOX

TO MI AE R BOX PERFORATED WITNE55 PLATE

'UJPPORT B"OCKS

42. 0N I .IER1
20 42-5- H- I 'to MIXERH BOX

Figure IV-i. Jetting Phenomena Test Setun.
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The spý cif.ic purpose of these tests was to determine the influence I
of the ID on the location of the point along the nha•r~P lcrft-.
where aetonation ceases. It is ,,f interest to learn whether a
miliimum core diameter exists below which the jet has no effect on
the propellant behavior, and whether a maximum core diameter of
reasonable proportions exists abovw which the jet has 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 1/4-web depth.
Only straight lines were used to connect the individual data
points, because to have fit 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 begnn to fade after 7 in. of
travel in the samples.

The results obtained at l/2-wub depth are shown in Figure IV-3
and are consistent with the pr*,Teding. The dat• indicate that
from the middle of the web toward the outer surface of the hollow
samples the detonation wave front is purpendicular to the charge
axis until rapid fading begins.

The data obtained at the 3/4-web deptii (Figure IV-4) are muchýaore erratic than those from locations more removed from the in-
ner surface. They also show no correlation with core size, 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 c re sizes.
This would be expected because the Mach interaction that produces
the jet would be greatest when ihe core size is minimim.

SSome exper imental difficulty in probe placem ent with the 0 .06-in.-
ID samples prevented jet-velocity data. from being obtained beyond
the 4-in. distance. Frot.es further,, downr the charge indicated Low
velocities more typical of the values obtained within the web,
and those were assumed to have been Gwing to failure to rewh the
small core with the probes.

From these tests, it ia concluded that the abortion 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 irn length. In the series of tests described in
the paragraphs entitled Effect of Core Diameter, samples ha,,ring
lengths equal to four times the OD were used. Since the ,,e,[
thickness was held constant the OD varied in the same inc,%rMents
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 oi! tests
planned explicitly ,r i-n estigat:e the length effect using samples
of identical cross-se t i,, (4.50-in,, OD by 1_50-in. ID).

Four sample lengths were testedt 18 in. (4 x OD) 22.5 in. (5
x OD), 27 in. (6 x OD), and 36 it;. (,, x 01 ). TVi pro'e instru-
mentation was limited t.. lw,w i',ths: one st t in.merted to 1/4-
web thickness, the other io 3, -v,e:) thickoess. "1 -ig.las was
used to attenuate thi. boos er shock. wa a.

Figure IV-6 shows the da a obi ajth,!,d f roiw .he .ut ;et ot ,,, obey,
reduced to detonation velocity vs distanw.e along h,.. -mrle. It
is evident from these data that the svdce i faifp, of t ie detona-
tion velocity is not caised by an enc effirt. V,-e I.adir* `es ins
after approximately 24 in., and it is tht refore n, ohf-iuved 'r
the two smaller lengt ;. It should bh noted in conroa, ing rhe r,
sults for the 1.5-in. web thickness exEtnd. thu d stan. alc. g
the sample, through ,'hiic a su:. LZa2n d de rnatioi velociy ,ccurs,
from 7 to 24 in. This sitows prooi that, or i g yren matei ial, th<.
web size i. tihc pri.cipal i itluerice on th, "11..ratici of a sustained
detonation veiocity, as judged oy velocity cQa o0 tWiied near tie
outer surface t ý ho.Liow sam[ les.

Figure IV-7 revea1.- *h, xtracr,.inary det, n,,tit vel( ty data ob-
tained from the inn , sct of prob,-E. The -'eP oc t. !s -rea, d t,-
near 7.5 mm/ujsc at t 2. '4-frin distain e. .ga-.n, be ,jior t
the detonation tie the tincr -;ui-fa e o i o] tlow ,iniers is ecr
to differ si if c;. c ly irom tt at n ac the v, r .u rfi cc. Thc
outer portiot of the wub hehaves mtr, , 'ma:iy unti." t ie p, -it is
reached where t! . detona- ý.)n fades. 1;ioce th- inner ic'ttiron is
relatively more _,ri'at..c, t is I ar ` hat a t ' -Alei dy state sius-
tained de'toni at , t-i t'. Cu s 1or" orný.ý 3 Si ol dist ,ce ,ad hi's ,et 'o-
nation is in I ac t -rz Pr : ', ent FIhe , n'T on
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EFFECT OF WEB T11ICKNESS

Two samnpl~es of AAB-3180 propell~ant were. tested that me-asured 8-in.
OD by 1.5-in. ID by 32-in. lo'ig. These wer! fired under: the same

conditions ~ ~ ~ I adwtthsaeype of instrumentation as that shown. 3
in Figure IV-1. Thoi, data frow the two tests were self -consistent.
Figuve P1-8 shows the. vc1ocity-vs-distance record of these tests
and illustrates the behavior ol' detonation velocity in a hollow
cylinder that has a web thickn.,ss (.3.205 in.) that is much larger
than the predicted pscudocr'it!(nal web thickness (1.3 in )5

Throughout the entire sample length the velocity of the wave over
the outer half of the web remains constant. (4.8 mm/utsec). At the
3/4-web de'pttb, the same velocity is maintained for 10 in. and then
the velocity increases very rapidly to. reach an eventual mnaximum
of 9.5 mm/u~sec. The jet velocity increases to between 9.6 and

* 9.5 mm/o.sec after 12.5 in.

Detonation of propellant a 9.5 mm/vi.sec is difficult to accept.
Since this velocity agrees with the Jet vel.ocity, ail altf,-rnative
explanation for the high. velocity registered b,, the 3/4 .web Probes
can. be postulated. As~sume that the -jet froot causeci ignition of
propellant at the inn~er surface as it proceeds down the perfor-a.
tion. Th!n' is reasonable benause of t-hp high temperature and high
pressure characteristics of t~he jet. Assume further that because
of the hiigh pressure in the perforation behind ti~e jet front the
propellant will burn at a fast rate. It ýFollows that at a suffi.-
cient distance down the sample enough time would ela*pse be"tween
the passage of the high--velocity igniting jet- front and the arrival
of' the lower--velocity reactive wave in the propecllant to permit
the burning propellant surf-ace to reach the. inner probes before
the reactive wave in the propellant. Since the probes are tripg-
gered by shorting t~hrough a highly ionized medium, they could be.
triggered when the burning surface reaches them. The apparent
velocity deduced from t~he 'inner (3/.4-web) iprobes froio that point
on should, be Identical to the iet Velocity, because the, vect1or
describing the regress;ion of the burning, inner surface ýin tthc longi-~
tudlinal direction :is equal to the velocity vector of the 'Joat i n 1
t~he same. (dirct ion (a,-ssuming a constant radial burning-ra"t( e.Co-
cor).

S$ee paragraph-, en ti.t ic~d Conc. Ills ion "i 11;t a dsc iooftie
cri tical georitetry of holliow cyliAnde-s, and t)hei Je-finition of
psendoc ri I icr,0.T



PC FA

I I .4 I
I I4

LL a- '',

I-I

0 C)

____- -.---- ---- ---- ___---- .

-- I _ _ 4

_______ ____ NOIV 1(

56do



t II

lX w I I ntil , I;\ 11 q3 1 it n

\wlIor- 8 is t JI i,, hirn iniý r-;iL'' i ips) a t: pres.u re P (psig) NO Inea
"sU T01C IcI~ t 4 the t a t i c piros ýu re. With i n a cy I incAvi. c aI Jet f.av i t y
cxi st. s.'- No there i.s tin W'-ay Lo (1(1V:errnif iie thei proba hiIi ry thi at such

11 Jg b -il. - K r1t0 NSo~ i

Based on the reported findings of the jetting phenomena test series,
the, following coniclusions are made. By all cons i'd&ratioizs, these
conclu~sions are subjoct to revision and correction pending further
study of this complex problem..

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

1). The abTrjrmaI behavior of the detonation wave is not
caused by an end-effect mechanism.

c. The princi~pal cause for abnormal befuavior of the deto-I nat'Lon process in hollow cylindrical samples is the
we' thie~ness; specificaLLy, the size of the web 'That
exceedsi a pseii-docritical value, which is defined a.
that size- below which. no transitory sustainment occ :rs.

detonation proce~ssconsists A a. radial. burning,
dlt.ce outar mfranom that ues ibnnera quraenching po- h

ceed ata hgh rte ridreducesa the web size to
below the pseudocritic-al value.

The last conclusion expresses the present interpretati-on of the
rest results which does nut- consider any other perturbatio; to
steady.--ltate behaviior than t~le, higDi 011V!nI'ig rate nroceaa. if

inca process can continuc unlablated, clearly no classicallyI supercritical hollow cylinder is possible. However, the duration
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geomectry in which detonation can be sustained for a miniimal dis -
Lance, mid pseudo-supci'critical geometry is defined as any geo-
nietry larger titau the pseudocritical geometry.
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A P•)',ND X V

(G.ITICAL GEOMETRY DATA, AAR-3 319

Cable V-I, flrtch J4E1I-85 Cylinders,

D irl' t ,'ry -• -"YZl

St .ZinI1d ")): Resul 1 ,; Det onaftijon t~1mv j fl', Ifoji w-L vv; ocij ty
I J,. ) ( il, ) (gi/'c,) 'e• 1 (mnm/psec) No.

.2. 016 . G2o 4 .4.2t, 3.2, . -62,!2.0 nO.0 004 L. 725i oh 4.28 3.2.1.140

2 60 0.005 1.723 Go 4.,25 3.2. .37
2,60 0.005 1.722 Go 4.33 3.2.1.38
2.6] 0.004 1.735 Go 4.26 3.2.1.61
2.61 0.001 L,729 No go -- 3.2.1.632.61 0.002 1.729 Go 4.26 3.2.1.64
2.b1 0.103 1.728 Go 4.3]1 3,2.1.42
2.61 (). I. 7 WGo 4.2 3,2.1.6.
2.61 0.003 t.724. Go 4.30 3.2.1 .31
2,6] 0. *004 1.724 Go bj.25 3.2.1.36
2.61 O,005 L.724 Go 1,.29 3.2.1.332.61 0. 004 L,721 No go -- 3.2.1.32
2.6' 0,005 L.2 No go 3.2.1.34
2.61 0.005 g.721 N go -- 3.2,1.29
2.66 0.025 1.725 Go 4.38 3.2.L,47
2.67 (1.005 1.731 Go 4.33 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 0. 04 1. 725 Go 4.33 3.2.1.30
2.73 0,900 1.732 Go 4.37 3.2.1.56
2.73 0.012 1.723 Go 4.35 3.2.1.4L
2.73 0.002 1.716 Go 4,36 3.2.1.462.74 0.003 1.729 Go 4.32 3.2.1.59
2.74 0.004 1.728 Go 4.37 3.2.1.58
2.78 0.:00" 1.738 Go 4.38 3.2.1.69
2.78 0.007 1.729 Gz- 4.41 3.2.1.68
2.78 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 i .735 Go 4.40 3.2.1.532.79 0.004 1,733 Go 4.44 3.2.1.71
2.79 0.003 1 779 Go 4.30 3.2.1.Y22,.79 0.4O04 . 72R 0o a .4L 3.2.1..70
2.79 0.002 1,726 Go (No Record) 3.2.1.44
2.79 0.005 1.721 Go 4.27 3.2.1.27
2.79 0,003 1.719 Go 4.39 3 ".1.67
2.79 0.005 1.719 Go 4.42 3.2.1.54
2.80 0.002 i.729 Go 4,41 3.2.1.5L
2.80 0.00: 1.727 Go 4,41 3.2.1.50
2.80 0.008 1.726 Go 4.38 3.2,1.43
2.8: O.O(3 1.720 Go 4.39 3.2.1.66
2.L.8 Go 4.38 3,2.1.482.81 0.006 1.124 40 4.38 3.2.1.49

Average Density = 1.726 gm/cc
Standard Deviation O.0048 gm/cc

61



i i ( I I I, , ':. I V , I I coc , (

**7 .I001 (*.()( 7)I . ' NO('0: ... , 7

'* 0) W .11)I I . 8 N) -, H ' .. /4
( ) .(). ) I; 1 7)() N ". 77

2. ' 10(H :. 00 L 122 No}, ,.( ....
- - /( .( 11),!J, ., .. "

U I

,, () I 01:'1 No pio ....o*CC%' I .002) I /, !C7'• --,- ,I -... •'I/

.', ().0()0I I . 722 N' p .... 80

.'. ) 0 .002 1. /12", No n -,n. 78
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2.14 0.0)01 1 .111 No 1,) .... 82
2 0.504 I..01 No v2o .. 87
2.01 0.002 1.727 No go ..... 91

"".'. ,) 72.. o 0.o N'-
2.61 0.003 1 .125 No ,O ... 93

S .() U1 1 725 No go . 88
)•.)IQ 4.72- .j) N o go. 9/

2 u).o'2 1 7'24 No go .... 914
2 x 0.003 1 72'N No go .. 9[

2 1'1 (,.()()2 1 .1"24• ?o u ro 92
2.1, 0. 0 .0 1W23 N 0 g0. 89

t)* :t I .72 1 8 o....

1 0.003 1 721 No , g

2 j~ O.ooi I .72N Nago 0.3 (1

2 .1, 0.'002 1 .727 No 0..o 100
2.01 0002 I 121 N,) go 102 , 0) 1 . .7 -- f, N o go3 5

2. 7 0 .002 1 .712 No g.) .... 10
2 2.14 0.002 1 *72 No go M.2.. Iii
2 / ().01 1 . 7:-'1 G(Co 4.12 0. 2) 103
2.. 7 ()00L 1 .727 GNo L4.t 9 0.- 1 10268oQ l00 1 71 ,1i No) 98( .. )

2. 74 0 . on 1 .7'1! No ( 2 f 0C) 1 P1)

2. 4 0. 0")/ 1 • ) N(, ,o 4.2 lo -- I l')

2 .74 (1.001 1 . 72 00 1 113.
0. 1) 1)L 1 .12) (w4 2) 0.10 .L('

.7 4  ()()3 ..702 No .g,2 .o 1 72

2 .197 0.001 2 / No 4,0 [211
2.4 0O QOOL 1 .726) too 4, 2 f) 0. 99 1. 1 ()

2/74 1 .04 U0 (no record) -- 707
2. 9 0.002 1 .731 (1) '.-, J () -1 ' 1 202,.19• 1 0 1 .712'5 (;0 4.29 0. 1 ' i Ilq

2.80 1(.003 4 .729 4.2. 21
2 0U um, I .72't 4,Go:,

'.vro,, Dy sity i i./S gmin "
S'-v ,,iitC iOn 0 .1(0j I -'iC/O) 62
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() qll i( ' iw i; ) . V .) IV / t•: I''• (ir i'[ ,,c:) ( i / I ,( '.Y 1u "4 2,on I' No.J~ lt~

22- o.012. 1 .2/i No go . £522. 2 0.024 1.723 No go , - --- 1542 22 0.01( I .723 No 4o ---- -2g

2. 23 ( .006 1 7124 N.o go 1- 153
2 .23 O.00(6 I .723 No go -- 12?
2,24 0.000 1. 724 No go L --
2. 27 0.009) 1. 122 No go --
2 2M 0.011 .. /2Z No go -- 156
2 9 2 0.029 1 723 No go .... 12f
2 . .2) 0.009 1 ./23 No Wo ..... 12?
2. I0 O) 1 27g. No .-o

.,I1 (0.008 t.2 No w) -32

.3 o .O1 1.2/4 No go .... 125
2 .'2 0.014 1.721 No go 1-- .29
2.33 0.010 1. /23 No go -- 133
2.34 1 015 1.726 No go -- 128
2.34 0 017 1.721. No go 14-- 3
2.35 0.01.4 1.724 No go .... 158
2.38 0.050 1.727 No go ..... 1,59

S,,40 0.028 1.729 No go ..... 135
2.41 0.031 1.730 No go .... 13;
2.4L 0.030 1.727 No go .... 137
2.42 0.011 1.723 No go .... 138
2. 43 0.012 1.725 No go -- 142
2.43 0.037 L.724 No go 1- [39
2.4,5 0.01.0 1.730 No go .... [4.
2.45 (C.M10) 1 .727 No ,to .... 160
2.46 0.016 1.729 No go ...... 130
2.4f, 0.0(74 1.729 No go -- L41
2.50 0.01.5 .. 728 Go 4.12 0.211- [31
2.50 0.012 1.726 Go 4.23 0.075 1.46
2.50 0.018 1.723 Go 4.?.7 0.078 161
2,51 0.007 1-723 Go 4.16 0.281 L45
2.53 O.05 1.728 Go 4.30 0.051. 144
2.5h 0.010 1.727 Go 4.26 0.053 L43
2.34 u.017 [.726 Go 4.3i. 0.124 162
2.55 0.01.4 1.723 No go -. -- 147
1.51 0.015 1.726 Go 4.28 O.ill L64
2.5• 0.024 [.728 Go 4.23 0.108 14;
2.58 0.024 1.724 Go 4.2e 0.01/i L63
2.60 0.010 1.726 Go 4.27 0.125 165
2.62 0.010 1.720 Go 4.28 0.053 148
2.62 0.013 -- Go 4.29 0.64 150
2.63 0.027 1.728 Go 4.35 0.046 169
2.63 0.025 1.725 Go 4.29 010/0 168
2.65 0.011 .-729 Go 4.35 0.064 L67
2.68 0.021 1.727 Go 4.26 0,070 151
2.68 O.OL9 [.726 Go 4.34 0,069 1.6
2.68 0.022 1.725 Go 4.31 0,060 172
2.68 O.OO L.725 Go 4.30 0.091 175
2.b8 0.016 J-.723 Go 4.27 0.075 1774
2.70 0.01. 1.729 Go 4.29 0.087 173
2.70 0.008 1.726 Go 4.34 0.059 170
2.72 0.023 1,.727 Go 4,,32 0.054 171

Average Density 1-7.25 9m,/cc
Standard Deviation 0.0023 gm/,c
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I'I v t I) I I ll 0 1 v; i t y t l. V - 1 i I V

( 1 .) (1 II.) 1 ( IJ7ll t< No ' 7' t)I ( --illl~ '' gL'.< "'

14.' 4) W, I ri M7 ~ i-

4 . ,,) Nr) ( J l / ' N - .,44|. .357 4 ) .. ) ,74') 1 . 1Ž) Nn )'3) --- 3. ."'/2o . <

I3t. 'i 1 0,036 1 /31 N, 1 $.3.2 A. )

4It. 38 0,03(i 1 1) No g1o 3 1.2 I
I4. 4/ (7043 1 73(0 No vgo '3. 3.2 12
4 7 48 0) ().)39 /1 3 /I r) , o. 2 . I 'i
4,11i (49 0.0,118 r14N Wo 4 .3. .)4

/! )1 01t 1'3/4 . 1 t 3. 12.

1.I (O ( ') I .- /3i I'I . ,, ), 3. 2.. 2

4./O 0 .054 1 731 No go -- 3.3.2 .. 5
4.5'j4 0.038 1 /29 G 1.32 3. 3 2.
4 .,,4 0 032 1.128 (GO 4. 2, 3.3 .2 .10
4. 56 o .045 1.731 Go 4.30 3. 3.2. 7
4.56 0.OU 1b71(.30 o G4.29 3.3.2.14
4. i,4 0.025 L.728 Go 14.34 3.3.2.2' .

6.b7 0,054 1 .730 Go 4. 31 3.3.2.2(•
4.0/ 0. ow)5 . 72 7 G It. 32 32.]8

10, 0.) O 70 1 .729 Go No data 3.3.2.19I4,7) Q 052 G n 4.4.1 3. 3. 2

Table V--V. Batch -EII-1I1O I.iS-in.-Thick Rectangles.

Ave ragc
Do t orl• I t'i Orl

G Co' Itry Wi d t1 0,Io i ty rs
R el s ui•. Reu s min !' s u) Tesl No.

/.60 5. 0 N) go -- 3.3.2.78
6 .9 5./5* No go1 3.3.2.77

2.09 5.75 No go -- 3.3,2,49
2 f) 5.875 No go -- , 3.03./ 5
2. :, 5,8/5 No go -- 3 3.2-51
'2 .' .O0 No n o 3. .3.2. 48
2 71 loU0 0 No go 3.3.2.42
2 , ',00 Go 4. i') 3.3.2.37

2 /h 6 125 No tr- 3.3. 2 -Ith

2 73 112.5 No go -- 3.3.247
2 74 o. 25 No i?, o --. 3.,2 4
2 .7(1 ( 50 Go 4. :-P4 3,3,2 44•

2 71' 7.0() Go 4.24 3.43.243
2 8 o 7.75 G o 4. 29 3.3.2.41
2 93 9.00 Go 4. z9 .3.3.2.38
2 96 () '),o 4.13 3.3.2.40
z 9 `9 0(G Co 4,2, 5,3 2.3,;
3 .u5 1].5 U.5 4.31 3, 3,2.2 35

.Sample . 1 119'gtt 3 . 5 in
Averagpe -'enslity 1 72h ,rn'f-

61',



F .4. 2 '1 13 4 . 3. .2 -28
I '. t. 91 i7 4 .. 12 1 -3. 2 (,9

1 I4. 12 2. 5 l.2.3 3.3.2 29
. 5 5. 2, 4 4.2 ,. 2 ,70

S45 4.0 0.. 3. 3. 10
1 ,t.0 0 3.' ". J t

[.5 3.88 0 3 I.31.
r3 ... ., ".1) 2 , Y'

3.7.5 0 -- 3.3.2.73
/.~ 5 3."2 0 -- 3.3.2.33
1 .5 3.'9 0 3,- 3.3.2.7 4

3.0 5.,75 7 14.23 '.3.2.22
3.0 5.75 8.5 '4.28 3.3.2,56
3.0 5.62 4.5 4.22 3.3.2.23
3.0 5.62 5 4.25 3.3.2.75
3.0 5.50 0 4.25 3.3.2.24 ,
3.0 5.50 0 -- 3.3.2.55
3.0 5.38 0 -- 3,3.2.25,
3.0 5.38 0 -- 3.3.2.54
3.0 5.25 0 -- 3.3.2.26
3.0 5.25 0 -- 3.3.2.36
3.0 5.25 0 -- 3. "A.2.53

3ý0 5'.12 0 3.3.2.52
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Stw rame tit o., Ca Iitorn ia

IN T RPODI)•ICT I ON

J Th~S 14.?ur'l. Ls _•n LhaL phase of Lhe SOMHY program concerned with
the cvalliation ot microscopic methods for determining binder void
colttctt. The objectives of this study were: (1) to determine
whether smaill voids in the bin(','.:" coiild be recognized with the

i,,.,, , _'-. 2 O t( valuate microscopic methods for determioning
toli,. L itidcI•' Vo• . vvl,e. 'i a propellant sample, and (3) to deter -
mine the size range or voids in a propellant sample wii:h the micro-
"scope.

VOID RECOGNITION

In Objective i, the small-st void previously obfierved was 100 u.
Production samples contain voids of a minimum of 1 5p. in diameter.
A diffei-ence in the ability to recognize voids in this smaller
size range results from the method of sample preparation. The
proptllant is microtomed into thin sections of , predetermined
thickness. If this thickness is 30 ýi, any void larger than 30 .t
in diamefter will pas4. completely through the thin section and is
easily seen in transmitted light as clear white circles, as shown
in Figure VI-I. This sectioo i,- dry mounted for demonstration
purposes; normally the sectiLn must be oil mounted, as in Fig-
u -,s VI-2 b, c, and d. If a void smaller than 30 4 is present, it
will be totally included wLthii the section. If oil does not
penetrate the void it, in :.henry, will appear as a black opaque
spot such as the dry void ir, ide the AP crystal in Figure VI-2 c.
Tne void. is nearly opaque because it acts as a spherical mirror
in transmitted parallel light. If parallel light is made to con-
verge on the void with -the swing-in substage condenser, a white
sp~t appears in the center of the void s shown in Figure V1-2 d.
In this way the void can be distinguishd from spherical, com-
pletely opanue aluminum particles. This' optical interDretAtion
is confirmed when the same void is examined aft= thi; oil has oene-
tiattd the void and it is seen to transmit light. This reasoning
will apply on voids down to about L•in diameter.
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Figure VI-1. Photomicrograph (.,f Porous Propellant (Dry MounteQd)
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Iik I: tj on I Ipj I I II 1 ,, 14 1 14 i I ( p I I-e t~u r Lury, ii,ý LI tiig, proo olla i t: a ~jourird
ihe L e :ma L voi os •io•,,ii in Fi-ure VI-2 b and (i_ I'he void i, s'ur-

ofi cL, •ar binder. 'T'wo oL these structures arTe shown in Fi'gure
VI--2 Ii, In Figur, VI-2 c, the void is missing and a bali of MA--
eP is off center in the shell of binder. This structure is use-

al for finling thle small void' when counting.

THJ2ORETICAL CONSIDERATIONS OF VOID VOLUME AND SIZE
DISTRRIBVU"_,'

The determination of A, volume from microscopic citudy of a two-
dimensional field was mathematically developed by Rosiwal in 1898.
Numerous tests were conducted and a 1-eview of the procedure by
E. S. Larsen and F. S. Miller was published in the Journal of
Mineralogical Society of America, Vol. 20, No. 4, April, 1935, Ln
which they state "that the linear method of Rosiwal io easily cap-
able of an accuracy within I or 2 percent for each constituent."

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

The distribution of void sizes was given a partial mathematical
development by R. Farris of Aerojet-General by limiting the prob-
lem to spherical voids of one size, and is as follows:
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IIP I ". J, i I - ,

,H ., g J . loumuIl to P i,'lid 2 R is t he hyp-'3tenu s1 e
of a tight r tri.angle th"IsF;'ing through tht- center of th•- %.hpry-

9 2
(2R) f + (2 1-) or (VI-1)

r f 2R - ,/4

If a line of normal incidence initersects the sphere at: distance of
radius r, the circle formed by this radius represents the locus
of all chords of length ýP. So that

when ? = 2 R, r = C
(VI-2)

and P = 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
I = 0 to ! is

p~pP(0 _ r 2 1  ,.(R 2 -- •j-) _ =2 (v2
P(,-(O2 e2

where D is the diameter of the void. Therefore, Farris concludes,
if a histogram i5 plotted on log-log paper, it should have a slope
of 2 and aný intercept of I/D 2 .

A graphical model was coistructed with sph, res of one size. The-
Rosiwal equation 100 x /(x + y + z) 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
sv:e of the graphical model, but sufficiently accurate to proceed
with this experiment.

VOID VOLUME

An experimental run was made on Sample 82, which is visually simi-
lar to the sample in Figure VI-2 a, to determine the void volume.
Twt. different microscopic methods were used. Both made use of
the linear method of traversing the thin section and recording the
Linea- intercepts of propellant arA void along a line. In one
method, an eyepiece micrometer was used to mmeaeure each intercept
distance and resulted in a tabulation of each void. Ins the other
method, the Leitz Integrating Stage was used which gives a cumula-
tive reading of all intercepts and the number of voids was not
recorded.
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OnL 'the t-'st smtpY 1te, the leng th of the ].ineav triivvrs2 w•,_ 7.4,", cm
and t ije 1e•'eotant void vol~ume cal.ct, l.ate, CjW,9.s i.:',,q I - ls *(I, i•-f, • ~ ~ •

mnicL•omlever. A short traverse of 1.3 cm gy,.v 11.01, voll vol. ume
us ing the integirating stage. A density determiniaLion on the bulk
saMples b½ an oil. displacement method on an analytic;,l tl,;lanc. graveI
a void volume of 12.1r7),. The. 1% discrepancy shouLd ue due to a lew
larger pores in the bulk sample that were del iberately avoided in
microtoming the thin section. The method using the integrting
stage required 20 mini while the eyepiece mi-crometer met0hod re-
quired all day.

VOID SIZE DISTRTBUTION

Whpn the above eyepiece meosurements of individual uroids were
pl.otted on log-log paper, the slope of the line was approximately
1, which indicates a distribution of 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 void. passing through the thin sec-
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 wt-lls, the void size distribu-
tion can be recorded. Voids that do iot pass through the section
always give a great circle projection and all of these can be
mcasured. To find sufficient voids for measurement, several thin
secetions were cut from different parts of the block sample No. 82.
A totol of 207 voids were recorded with a size range from 1204
to 17 4. 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 thirough 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 c. Disregarding the few cases of
coalescence, it appears that there mav be a bimodal distribution
of void sizes.
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CIO-Nr rIPTnNTQ

By Microscopic study of inicrotomed nronPl1qAt- i4, ..void content by volume and the size distributiorl of' v1-i4 iars-rthan 10 a can be determined. Al]hLgh the number of counts mustbe increased, suff~climh data can be obtained for statistict1nnA;"ZS-i. both mathematical and experimental approaches agreeaid can be improved upon. The voXQ size distribution could bedetermined from one set of measurements by expanding the math of
""�- an -ets of meas1trem-ots made ahnva. Thestatistical bias and possibility of bimodal diLtributionf couldbe experimentally investigated by adding polystyrene beads ofpredetermined size range to a polymer and then carrying out the

microscopic analysis.
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APPENDIX VIII

Table VIII-I. Circular Cylindrical Acceptor.
Average Shock

Test Time h r 1 Pressure Wave Area
No. (Qsec) (in.) (fi.) (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 16.04 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 0.2]. 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 28.00 33.99
35.0 1.80 4.48 5.13 34.30 32.45

3.3.7.3 5.0 0.06 1.04 0.44 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 4.47 4.14 5.55 32,47

3.3.7.4 5.0 -0.52 1.56 0.10 34.54 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
20.0 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 4.26 3.59 41.86 33.07
30.0 0.74 4,91 4.63 50.58 31.56
35.0 1.45 5. 5.57 60.80 31.27
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Tablc VIII-I. Circular Cylindrical Acceptcr (,(Tnt-)

Average Shock
Test Time h r 1 Pressure Wave Ara

No. ( tsec) (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 28A37
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 47.68 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 2.56 5.01 23.62 22.32

3.3.7.8 10.0 -0.17 1.98 0.76 21.99 13.05
15.0 -0.02 2.56 1.31 16.60 19.80
20.0 0.48 -. 76 2.03 13.03 20.96
25.0 0.94 2.92 2.69 10.62 21.50
30.0 1.47 2.99 3.36 8.79 20.68
35.0 2.04 2.99 4.02 7.40 19.00

3.3.7.12 10.0 0.56 1.79 1.45 18.77 10.11
15.0 0,50 2.53 1.87 14.56 18.40
20.0 0.74 3.00 2.39 14.00 25.48
25.0 0.89 3.48 2.70 1.6.39 36.42

3.3.7.J.4 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 3.19 13.11 27.54
30.0 1.72 3,50 3.71 12.57 33.20
35.0 2.31 3.59 4.33 13.02 35.44
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]~I
Table VIII-II. Rectangular Accentor.

Average Shock
Test Time h R k r Pressure Wave Area

No. ("sec) (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
iU.0 -2.11 4.16 -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 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 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 88.83 35.28
65.0 5.24 6.66 6.38 5.52 93.43 33.84
70.0 5.48 7.29 7.55 5,52 100.09 34.76

3.3.8.3 5.0 -5.0b 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 4.70 91.40 36.40
25.0 -1.14 5.47 1.36 3.48 86.77 37.36
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
50.0 0.38 8.75 4.44 4.75 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 5.14 85.36 34.60
70.0 3.19 9.42 7.18 5.52 90.39 33.80
75.0 2,55 10.96 7.81 5.77 99.23 33.44
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