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ABSTRACT

Qualitative results are obtained for detonation failure due to expansion

losses. The equations fo- the Mach number and the reaction progress

variable are integrated approximately. For certain loss ranges two dot-

onation speeds are obtained. The slow one is actually the deflagration

soot that evolves beyond Mach one. For larger losses detonation failure

occurs.
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SUMMARY OF RESEARCO RESULTS

To avoid repetition, the initial proposal is attached at the end

as a part of this Final Report. The basic equations are Eqs.(47),(4 0 ),

and (46) of the proposal,

2(l-m)dmldz -d( Iiqi)/dz 2e

m(l+ym)(2+(y-1)m) 2 .iqi+H 1 +u1 /2 (1+ym) (47)

where s8 (llA)dA/dz #

d~i/dz -Ri/u 9( 0(40)

2+(y-1)m
(46)

The crucial point is that the right hand side of eq.(47) has to be zero at

the sonic point whore the Mach number squared, M2 -m=l. This condition,

in conjunction with Eq.(40) will determine the value of m right behind the

initiating shock at z-0. We call this m(z=0)=ml = (uI/cl)2

The above equations have been studied for realistic reaction rates
1 2

and for different expansiun losses. The work of Tsuge , Wecken , and

3
others, summarized by Fickott and Davis , has been purely numerical.

Thvy Laveo aid t iuot£in ý .t'-d to find ml, which enters thu

calculation as a kind of eigenvalue. They found that there are two
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detonation velocities. One increases ard the other one decreases as the

expansion loss increases. At a critical loss the two roots coincide.

Beyond this the two roots vanish indicating that there is no steady deto-

nation solution. This is detonation failure.

In this work to understand detonation failure qualitatively, I began

by studying the phase plane of Eqs.(40) and (47). The phase plane is

extraordinarily complex. The phase orbit begins at the point z=-X0 where

ml and, with ml to be determined in such a way that the orbit

reaches the m=l line with a finite slope dm/dX. This can occur only at

the intersections of the curves dm/d%-O and m-l. The curve dm/dX-O is

not very complicated qualitatively, even in the oases where one takes

realistic temperature dependent reaction rates. The problem is that the

curve contains m1 as a phrameter. For different values in the physical

range (y-l)/2y(m1 4l, the curves look radically different; even the

number of critical points changes as one varies m1 . By this method it

was not clear how to go beyond the results in Ref.3 and categorize the

behavior of m, (and therefore D) as a function of the loss parameter

c. The approach discussed below bore much more fruit.

It turns out that Eq.(47) can be integrated very simply. The

integrated equation evaluated at the sonic point z=zs, m=l,X=ks,

and c-cs, yields an exac, equation for ml,

2

2e2

where A ezp~ .... dz
0(l +-m)
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T Pt the form of Eq.(lf), Eq.(46) evaluated at z=O has been used. The

quantities behind the shock arc related to those in front by the usual

Hugoniot relations

2 + (Y-l)m 0

Zymo - (Y-1)

and

2 2 ( 2 ym0 -(y-l))(
2 +(y-l)mo)

€1 =Go = (y+l)2 m

in accordanct with Eq.(15). Here mO-M 0 2 is the Mach number

squared in the unreacted explosive in front of the shock and co

is the speed of sound there. The detonation velocity D is given by

2= 2
D = 0 c0 . When we substitute for m1 and c1 in Eq.(lf)

in terms of m0 and c 0 , we obtain

(1+ 0o)2 = (2+(y-l)m0 +2(r-l) jisqi/c0
2 )A

(1 + y)m0
(2f)

It may seem strange that Eq.(2f) has the same form as Eq.(lf). This should

not surprise us, however, because the conservation equations are

inte-rated across the shock front via the Hugoniot relations for m0•l,

whereas we simply put m,=m0 for m0,l. Tho features of Eq.(2f) can

be understood qualitatively. The value of m0 is found from the inter-

sections of the graphs of the left and right sides of Eq.(2i) versus

mO, keeping in sight the m0 dependence of A(c,mo). For the

case =0, Xis 1 , A(O,m 0 )=l, we obtain Fig.l. The two roots

mi0  and m0+ are found. m0 - represents a no-shock Chapman-Jouguet
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deflagraion. m0÷ is the Chapman-Jouguet detonation solution. As c

increases, A(e,m 0 ) decreases. In the proposal the dependence of A I
on m0 was ignored. Then, as e iucreases, the straight line for e=0

is simply brought down with a reduced slope until the two roots meet at

some value m(l and then disappear below Mach one. The comments in the

proposal regarding Tsuge's results were not really valid,then, because he

considered temperature dependent reaction rates in his numerical

calculations. The temperature dependence changes things because it has an

important effect on the m0 dependence of A(c,m 0 ). This effect

can be understood approximately by studying A(Me,m 0 ) for a simple

case.

Let us take e - constant so it can be brought out of the integral.

This is the case considered by Veckenn2 (actually, one has to solve for

the expansion as a free boundary problem of great complexity). The term

1 + ym in A is a smooth, well behaved function of z. It increases
A

pretty much linearly from its value 1 + ym1 at zmO to its value

1 + 7 at zz as can be seen by examining the results in page 51 of
SI

Ref.3. This linear behavior is in marked coutrast to the z dependence of

u, c. p. T, X, and other relevant quantities, which exhibit a character-

istic step-like behavior. Putting m=l in the integral for A will not

affect the problem very much. In fact, putting m=l minimizes the loss

effect of A. Therefore we will just take

A
:" ~2CZs

A - exp-(---
1 + (3f)
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The strong m0 dependence of A, due to the temperat'Ire dependent

reaction rate, is hidden in z.. To show this let us take

L2

dX/dz = k (1 - ))2 ezp(_Ta/T)

where k is a constant, for Eq.(40). This is not an entirely realistic

reaction rate becauw3e k should be a function of T and m. The T dependence

with the strongest effect on the solution is contained in the exponential,

however. We write T as

T = (O,•/R)p/p = (MwIR)c 2Y

or

2 (y-1)q(%+h)
T = (M,/R) -------

2 + (Y-1)m

where M. is the molecular weight uf the gas, R is the universal gas

constant, and

2~c 0 2 ( 2 + (r-lUmO)

h" (13. + u 1
2/2)/q (

q(y-1)

In the cases where c 0 2<<q we can have h<<l if m0 is near one as

in a weak detonation. If M0 is large, however, h is close to y 2-1

(y-3 is a good value). Since OX,<l and m1 (m~l, the strong detona--

tion behavior is well represented even if we negluct the spatial varia-

tion in T. Therefore we take

6
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4(y-l)q(l+h)
T- (MWIR) 2

(y+l)

where the minimum value y-1I2y has been used for m in the denomina-

tor. This overestimate for T makes the reaction rate as large as it can be

thereby minimizing the loss effect due to A. The reaction equation is

dX/dz = r(l -

(4f)
with

r k exp-(b/(1+h))

The above expression can be handled easily and has the virtue that it

preserves tun m! dependence via h. Integrating Fq.(4f) with the bound-

ary conditions X=O at z=O, and %=.X at z=zs, we get

1-X•a 1/(l+rzs)

Going back to Eq.(47), we impose the condition that the right hand side is

zero at XX.X" z=zs, m=l,

Z(1-Xs) 2 2e

2(1+h)

X, 1 - I + [1+4¢1+1)¢l+h)r/2e (6f)

'74 -



and then

- ~ (7f)

The expression above allows k(<0 when h>r(l+Y)/2c, This is not

allowed and it indicates where Eq.(Sf) cannot be satisfied. When Eqs.(6f)

and (7f) are substituted into Eqs.(2f) and (3f) one should not take

seriously the portions where X (0. A plot of Eq.(2f) is given in

Fig.2 for e=0.005 . In Fig.2 the right hand side has been made zero

wherever (0. The two roots m0_=2.74 and mo+=10.3 are found.

For this example we have taken the parameters of Ref.3, page 46 (except

for b which is taken smaller). With these values the solutions are well

into the double detonation range. A natural dimensionless loss parameter

t is defined by

1/2
6=1eik)

A numerical procedure was used to find the rootsbeing careful about

the Ys(0 problem. The resultR are presented in the Table below. The

speed of sound in the unreacted material is taken to be o0-1367 m/sec.

as in Ref.3. The roots at 6=0 in the Table arc the ideal CJ deflagration

and detonation roots. For 6 less then about 0.0025 there are still a

deflagration and a detonation root. A little above that value th, defla-

gration root goes above Mach one to boc'ne a slow detonation root. The

fast detonation root decreases while the slow detonation root increases

with 6. Neer the value 6=.00715 the two detonation speeds become

equal and then disappear. For 6=.0072, there are no roots. Detonation

failure has taken place. The variation of the slow root is very fast for

small values of 6. This is probably the reason why Tsuge could not

8



follow the slow root in his numerical calculations. Thu values in the

Table are plotted in Fig.3. TLc curve is very similar to those obtained in

the numerical calculations discussed in Rof.3. Clearly, as the diameter

loss parameter 6 is reduced, the slow detonation root goes to Mach one

as conjectured by Tsugo

The above resuLts nre based on an approximation that overestimates the

reaction rate by overestimating T. This givos a lower bound for A.

Furthoe work is needed to find an upper bound for it and thus bound it

from both sides.

9



TdAL.E I

1...m m0+ Dslow(n/s) Dfast(m/s)

0.0 0.047 21.47 294.78 6334.10

0.000001 0.052 21.31 311.72 6310.45

0.00001 0.067 20.90 353.84 6249.45

0.00005 .0.10 20.30 434.44 6159.10

0.0001 0.14 19.86 502.27 6091.98

0.0002 0.19 19.20 599.00 5890.00

0.0003 0.25 18.70 676.63 5911.39

0.0004 0.30 18.30 742.47 5847.82

0.0005 0.34 18.0 797.09 5799.69

0.0008 0.46 17.0 927.14 5636.29

0.001 0.54 16.52 1004.54 5556.14

0.002 0.86 14.50 1268.44 5205.38

0.0025 0.99 13.70 1360.15 5059.75

0.0030 1.35 12.97 1588.31 4923.10

0.0035 1.71 12.3 1787.58 4794.25

0.0040 2.04 11.6 1952.47 4655.83

0.0044 2.31 11.1 2077.66 4554.39

0.005 2.74 10.3 2262.79 4367.20

0.006 3.60 8.8 2593.70 4055.18

0.007 5.10 6.9 3087.12 3590.82

0.0071 5.40 6.5 3176.62 3485.18

0,00715 5.88 6.0 3314.80 3351.24

0.72 no root no root no root no root

10
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... . DESCRIPTIONl OF PROPOSED RESEARCH

-Introduction:

This proposal for a minigrant is a follow-up to the research the

P.I, performed at the AFATL at Eglin AFB under the 1979 USAF-SCEEE Summer Faculty

Research Program. That research dealt with understanding the behavior of nonideal

explosives via their mathematical models. The results of that research are summa-

rized in the Final Report entitled Detonation Physics of Nonideal Explosives With

Analytical Results for Detonation Failure Diameter. A copy of that report is at-

tached as the Appendix to this proposal.

The major causes of nonideal behavior discussed in the Appendix are:

(i) endothermic and reversible chemical reactions, (ii) heat and ii.aral expansion

losses, and (iii) transverse structure of the front. The first two causes receive

some treatment in the Appendix. In the following sections a continuation of the

research is proposed.

Detonation Failure:

The study of cause (ii) in the Appendix led to the development

of an analytical method that predicts detonation failure diameters and the exist-

ence of a "slow detonation" solution of the steady state equations. A number of

questions remain to )e clarified. First, the P.I. believes that the above solution,

which had been found by other authors using numerical schemes, and which really

corresponds to a no-shock Chapman-Jouguet deflagration, is an unstable solution un-

der most conditions. In order to demonstrate this i7 is here proposed to do a sta-

bility analysis. The methods developed here will Li, useful in the work outlined in

the next section. Second, the results in the Appendix rest on an iteration scheme

whose properties were not fully obtained quantitatively. This was because the

equation for the reaction progress variable cannot be integrated in closed form.

Under this grant it is proposed to integrate numerically Eqs.(4B) and (61) of the

Appendix through several iterations to examine the convergence of the iterates

toward the solution that is described qualitatively in the Appendix. Since the

main features of the solution are already understood, there is good guidance for the

success of the numerical methods. The completion of the above plan of work would

be a good start to a truly 2 or 3 dimensiunal treatment of the lateral expansion

and the behavior of the gases behind the sonic locus.

(ii)
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--- Transverse Structure of the Front:

The importance of cause (iii) of nonideal

behavior is well established. A good description of recent advances is contained j
in the book by Fickett and Davis 6 . The development of the Transverse structure
1i due to the ncn.i.r .. ....... . th of in,. .. lities in the l-,imerslcoal soluLioij.

It is here proposed to use the techniques of nonlinear perturbation and bi-

furcation theory to extend the work of Erpenbeck, cited in Ref. 6, on the

formation of transverse front structures.
L

r Connection with Experiment:

Prior tc my departure from the HERD laboratory at

Eglin AFB, Major James W. Holt, Jr., USAF, Chief of the Explosives Branch
L at the AFATL, expressed an interest in doing experiments to verify this theory.

I will reestablish contact with him to try to arrange this.

Facilities Available:

o i s I The numerici'l calculations will be done on the University

of Miami's UNIVAC 1100/81 computer. The budget of the Department of Physics

' allows the P.I. to have access to large amounts of computer time without

L. charge to this mini-grant.

ai

11

(.. ...)



B.UDGET FOR Manuel A. Huerta
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1 I. INTRODUCTION

"The most powerful high explosive formulations are usually composed of
TNT, HMX, RDX and a few other compounds. These substances are relatively

expensive and their availability in large quantities is not assured. To
head-off a possible shortage of high explosive materials, attempts are being
made by the USAF and others to increase the variety of compounds that can be

used as high explosive components. Due to its wide availability, ammonium

nitrate is one of the most important compounds being incorporated into new
high explosive formulations. It is often found that these new formulations
do not perform as well as one would expect from their heats of reaction and

other thermodynamic data. This deficient performance has led to the use of

the term nonideal explosives.

There is no hard definition of nonideal explosives. The situation is

similar to that for ideal vs. nonideal gases. A nonideal gas is one whose
equation of state differs significantly from the ideal gas law PV=NKT. No

real gas is ideal if one looks hard enough, but under the usual conditions
of low pressure and high temperature, however, most gases behave very closely

to ideal gases. In the case of explosives, ideal behavior is pretty well

represented by the Chapman-Jouguet (CJ) theory of detonations. In many cases,
where one deals with explosives with fast reaction rates and large diameter

charges, there is good agreement between the CJ theory and experiment. In

many of the new explosive formulations being developed, however, one finds
nonideal behavior. In these no; ideal explosives the detonation velocity and
pressure are found to be significantly lower than predicted by the CJ theory.

This disagreement betw:een theory and experiment has prompted the need for

further developments in detonation theory.
A

The Chapmanl - Jouguc'L2 theory was developed near the turn of the century.
There are many good expositions of it such as by Courant and Friedrichs' and

by Taylor and TankinO. 'The CJ theory considers the reaction zone to be a dis-
continuity in a reacting gas, very similar to the usual theory of gas-dynamic

shocks. The fluid-flow equations for concervation of mass, momentum and

energy arc integroitcJ edcro:s a l-dimensiourai plane detonation discontinuity.

(5)
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The above is completed with the hypothesis that irnmediately behind the dis-

continuity the chemical reactions are completed, and the fluid velocity rel-

ative to the discontinuity is sonic. The CJ theory will not be discussed in

detail here because more advanced develop:iients are presented below. To comn-

pare this theory with experivmcnt one needs the equation of state and the

energy equation of the explosive. Th.se equations are not well known for

solid explosives. This is typical of the present state of the field, vhere

a lot of important information is just not known. The situation for gases is

much better than it is for solids, and satisfactory comparisons between theory

and experiment can be made.

The next major step forward in the understanding of detonations took

place during World War II with the development of the Zeldovick-Von Neumann 5-

Doering (ZND) theory of detonations. A thorough discussion of this theory

as well as many theoretical and experimental aspects of detonations can be

found in the recently published book by Fickett and Davis 6 . Von Neumann's

rigorous treatment of a 1-dimensional steady detonation wave firms up and

clarifies the CJ theory. His discussion of a pathological reaction also

introduces a way in which nonideal behavior can occur. His model of a

detonation wave is that it consists of a mechanical shock wave that initiates

the chemical reaction, follo;.ied by a deflagration zone (pressure drops away

from shock) where the chemical energy is released.

Present theories for steady detonation waves are extensions cf the ZIND

theory. They include general types of chemical reactions and deviations

from 1-dimensional motion. These effects are the main causes of nonideal

behavior and will be considered below. This work is organized as follows.

Sec II states the rescarch objectives. Sec. III presents a discussion of a

fairly general theory of steady detonations. In Sec. IV the theory is

specialized to 1-dimensional detonations to highlight the nonideal effects

due to various types uf chem;ical reactions. In Sec V the effects of diver-

gent flow are explored. These effects are quite complicated to calculate

because the flow is no luoer 1-dimensional. This section contains the

"original results on detonation failure obtained in this research effort.

Sec. VI contains the conclusions and recec;imendaLions.

(6)



II. OBJECTIVES OF TiE RESEARCH EFFORT

(1) To survey the present state or detonation theory with a view to

obtain a clear understanding of the causes of nonideal behavior

in explosives.

;2) To develop analytical inethod: for obtaining solutions to some of

the problems of interest. Specifically, an approximation method

is studied that can lead to analytical expressions for calculating

the detonation failure diameter of detonating charges.

III. GENERAL DISCUSSION

As the front of a detonation wave passes a point, it leaves behind a gas

moving with some velocity. The set of points where the speed of the moving

gases relative to the front equals the local speed of sound is called

the sonic locus. The strength of thi detonation wave depends on the amount

of chemical energy that is released between the leading shock front and the

sonic locus. Any chemical energy released beyond the sonic locus is lost for

the purpose of producing a strong detonation wave although it may still do

useful work against confining media. As will be seen below, the CJ theory

predicts that in many cases the sonic locLs coincides with the point where

the chemical reaction is completed so the untiro energy released is applied

to the detonation wave. Any deviation from this will amount to nonideal

behavior. In order to rinderstand the problem one should start with a fairly
general model. A good framework is given in the papers of Kirkwuod and Wood"

and Wood and Kirl.oodn. An even w~ore general starLingj point is found in

Chapters 4 and 5 of Ref. 6. The mathewatical moduJl uscs the Lulor cquation,.

for a compressible, noridissipative, reactive, medium, undergoinU adiabatic

motion into which a stuedy detonatiun w,:ave is propagating. Let the 1iacdium

be a cylinder of indufiniLte length but fMidLu radius. We introduce a systLem

of cylindrical cojrd r;.litus with Z-axl 10uMu) the chare ax i, The rugjiUO,

Z 0< wvll cover the un!reac td uX .il(, Vye. 1 h( 'ho0 f ront Is at Z- 0 at t-0

and propag.it(;c to,.drd I. o , Th(i rcgyon 7 > 0 cuvure the zone of reaction,
Th,.. variables are takun to bu if iiup,:..d.nt of the az. liiuthl angjle around the

Z'axis.

(7)



The equations are:

(2)

+ (3)

0 .(4)

and '(5)

Here P is the ma,. density; u and w are the mass velocity components in

the Z and r diroctiont repnctively; p is the fluid pressure; E Is the
internal onergy per unit rias'%; and the Ai are a set of roection progress
variables for th- j chemical reactions taking place with the reaction rates
RA. An oquatlon of -tsto at L (p P,y) Is assumed known. A form often
used is

Ecp 1 ~~~ ~L - 2(6)
whore thu qj ar(. the heats 1mr unit rnass reluahud in the reaCtions, The
dot (.) noLaLion riuarit thJL the cuMr|uLtOVy duervatvae i. tLi:ken

• - •{, "•-;.(7)

Wo still ju'st. contidr a !.tr'Irdy dr!Lorn,•tLin wave locat(;d at Z-O. Ihuc unrtCLtU'd
f1uid ru'Ihuu Inr fruwi th(1- If wItL, j d,. uniLiti ýiuud r (to 1 L u deLurininud).
WU o|-o spu lil I1u the equuLiurn, to the Z axis wherr, ruU and W-O, The

result is

(•*I



,, , .L• ' 4, • L = . y • , (8)

.- ; ... .; -tf •u , ', _ (g.',

2'. 4V (O

and (12)

The Von Neumann model is to assuine that for 7 < 0 the flow quantities

are constant with values P., P., D=uu0, Ni=0 At Z=O there is a mechanical

shock with Jumps to P1, Pit U, but still XiL0. For Z>O the reactions develop

accompanied by changes in p, p, and u. The Mach nu-,;;ers

c1- , (13)

Where co is the sound speed in front of the s'gock, and

(14)

Where C1 is the sound spped right behind the shock, are related by

in accordance wilth the usuil shuck rclation5

and-- - (17)

I

(9)
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as found in Landau and Lifshitz9. A solution of the shock conditions with

no discontinuity, so P1 = Po' Pl Po, and MI=M,, is also allowed. t
Eq. (8) (11) can be integrated with the boundary conditions at Z=O+ and Z:O

(18)

to yield u , (19)

(20)

and . l, , , (21)

where H is the enthalpy per unit mass,

NH ~-- VI , (22)

and -...L(23)

and -L3  - , (24)

in the notation of Chapter 5 of Ref. 6. The integrals 12 and -I represent

losses due to the radially divergent flow. In one dimensio.,;l ilow they

would be zero. Dernoulli's equation along the axis, Eq. (21), is not affected

by the radial flow. The important equation

1- , (25)

can be obtained fro'.i £q,.(3)-(12). The oi are given by
(26)

with

0: ' , ( z-i'i) (j:4) . (27)

(,1 0)



The above equations can describe the steady flo-. rcgion.Eq. (25) has a

singularity at u=c, the sonic locus. Beyond this point the flow has to

match the boundary conditions at Z large. Generally the flow beyond the

sonic locus is some sort of time dependent rarefaction wave. Fig. 1 is a

diagram of the situatiQn.

sonic
locus

unreacted PO P1  Ilain n Rarefaction

explosive Reaction Zone I Wave
p0D-• .

Fig. 1. Main regions of a detonation wave seen in the

frame of the shock front.

The equations in this section allow for a fairly realistic and mathe-

matically very compl icated model. In Sec. IV we specialize the equations

to the much simple 1-dimensional flow vwhere •o. In Sec. V we consider

some aspects of 2-dimensiondl fluows.

(11)
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IV. I-DIMENSIONAL THEORY

Putting w=O and 3/3rt0 in the equations of Sec. III we obtain a

- 1-dimensional theory. The results of this section are standard and are

presented to fix the notation and nnmenclature that is needed in Sec.V.

Eliminating u from Eq. (19j and (20)one obtains

- f~~). (28)

In a p vs. 1/p plot, the graph of Eq. (28) is a straight line called the

Rayleigh line. Eliminating u and D from Eq. (21) one obtains

t" I/[ )(29)

which is a family (as one varies Xi) of curves, in a p vs. 1 /p plot, known

as Hugoniot curves. As we move in Z behind the frontsthe X i are related

because from Eq. (12) we have

.- ý . (30)

Thus in effect a single X parametrizes the Hugoniot family. So far D is not
determincd so the slope of the Rayleigh line (-p 2D2 ) is unknown. Yet the

0
intersection of the Rayleigh line with the HIugoniot curves will determine

the solution. The ans,-;er is obtained by noting that Eq. (25) gives a

singularity for-Du/3z at the sonic locus unless we have

. (31)

(we are in 1-dimension, so w=O). Eq. (31) must be imposed at the sonic locus

to avoid the singularity for the reasons given in Chapter 5 of Ref. 6.

Eq. (31) determines the value of the Xi and thus picks a particular

llugoniot curve, at the sonic locus. Nhoting that W~c at the sonic locus, an6

using Eq. (19), tic have that tihe slope of the Ruyleigh line is

(12)
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. . - _(32)

We also have that the slope of the Hugoniot curves is

Ž0k) ) - (33 gt fr he loe o te(H33)o

Combining Eqs. (27), (32), and (33), we get for the slope of the Hugoniot

curves

•___ - 2.c. (34)

Thus, the slope of the Rayleigh line is the same as the slopO of the Hugoniot

curve (which is determined by Eq. (31) ) at the sonic locus. For the case

where there is only one reaction Eq. (31 ) bccomcs R:0 or X=l at the sonic

locus. This means that the one reaction is cornpletp- at the sonic locus.

This justifies the CJ hypothesis which determines tne Rayleigh line (and thus 0)

by putting it tangent to the completed reaction Hugoniot. For the equation

of state of Eq. (5), the above method yields that 0 satisfies

2- C. (35)

Eq. (35) has the t;.,o roots

t

(13) ]



.- M.

- '9 The two roots give two Rctyleigh lines called R+ and R-. R+ represents a Cd

*. -detonation while D- represents a CJ deflagration. These are depicted in

Fig. 2. For the CJ.- solution the solution goes smoothly along R- from to

L the values at CJ- attained at the sonic locus. No shock takes place for

this deflagration solution. For the detonation, the Von Neumann model is

that the solution goes along the no reaction Hugoniot from 0 to N,

p=:Pland P=PI" (with p, and Pl determined from Eqs. (16) and (17) using

Eq (36) for M ) and then down from N to CJ+ along R+, A detonation solution going

directly from \i I

...

W Fig. 2. The p- 1/ o plane. CJ+ gives the pressure at the sonic locusfor a)

detonation.CJ- gives the pressure for a deflagra-.,ion

0 to CJ+ along R+ with no shock is also allowed. Both solutions have theA
same final state CJ+ at the sonic locus and the same D. The no shock solu-
tion does not usually occur because of problems with initiating the reaction.
The Von Nleumann model in fact says that the O•+CJ4 detonation is actually a
mechanical shock to p, followed by a deflagration from 14 to CJ+. Due to the
way that the equations integrate through a shock, the point CJ+ is the same

S~with or without a Von Nleumann spik~e.

The CJ hypothesis is that the sonic locus is de~termined by tangef, cy of
the fl'yleigh lin•e to th e: co ml~lel L e~ r ea ction lHugoniot. If there are sev eral
irreversible ex Uthermic- reactio ns, t hji s, hyp ot hlesis is co rrect jfor
1 - d im u rnsi on a l , s te a d y f l o w& u) . I f su m ,e o f t h e r e a c ti ons' ' a r e r e v er sl i b l e, h o w e v e r ,

i or if some of the cimay [)ý n ega tive as in w.ole decrement reactions , th.,n
Eq. 01)does n•ot imply that the reactions are completed at the sonic locus.

(14) ?
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Thus some of the chemical unergy iL rcicascd beyond it. This late energy is

not effective in the dLonation ,,d rnoi1dI'l bh.-haviur is found. The analysi s-I

of precisely what happens involves a study of Lhu phase plane of Eq. (25). I

Many complicated results are po%,,ible dependincj on the details of the and I

the Ri. A fairly thorooygh di:;cu!vion of the pu:sibilItius can be found in

chapter 5 of Ref. 6, and in Wood and Sal!burg•'. I
This brief discussion of steady, 1-dimensional detonations doer, not

cover the entire subject. In this research effort we have mado no con-

tribution to this part of the field. 7here are good analytical methods,

that supplemented by computer calculations, can predict the nonideal per-

formance of steady, 1-dimensional detonations. An input to those methodr,

however, must contain a realistic de.cription of the reaction kinetics. This

is presently not known for most gaseous explosives, let alone solid onus. In

the case of solid explosives, beyond the lack of information concerning the

equation of state and the reaction kinetics, there are also the probleml,

associated with inhor;ogencous mixtures. Here the effects duo to grain burning

and diffusion of reactants are not fully worked out.

V. DIVERGENT FLOW AND DETONATION FAILUR1E

When w is not negligible, Egs. (8)-(12) need to be complemented by a

way to compute - a, a function of Z. This depends on tho shapo of the

exploding charge and on the prupurtic of the confining media, In genural,

to compute ) one must solve a difficult frLe boundary problum with motching

at the boundary to account. for tho pr,'pierties of the dliferent nmdia . Lvon

if w were knomqn, however, thtere are still s{m1i interoesting diificultitus in

integrating Eqs. ). Thu(',u (,qation,, s0ioul d predict the observed

phenoriierion of detonation failure when the diamiictcr of the expl udinyj cylinder

is smal . We will cast t0iW,. uqudLiu0l'; in the form for flow il a nozzle by

l Atting

Wher•'le A istil a rc olfl O ti" rio, ziIl:. 1h l'iecUm I Jnn'; {L'cc.me,
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L R

.- (40)

"and ", (41)

Several authors, h;',c t.(:n the abjuvi Lvquz.un.: %.,•Lh rv li~tic rate terms and

applied computer methodb to ubtain a variety of results. Some of this work

is ,unu•oored fii CIopI.tI V c rf Id. L. l;ockon" ta'cp

I C - _ constant , (42)

with one Arrhonius reaction to discuss the .tructure of the reaction zone.

110 is not SucCO~ful in Ubtaining dtnitaLion failure at -ume critical c; because

of computational difficulties, Isug. et al,.1 tanle

A ;t

where uI it. the value of the thic1.nur,o uof ain explosive slab at Z: Q, £ Is

(IG)



where P00 is the density of the confining medium. Eq. (43) >• obtained by

" treating the lateral expansion as a blunt body abuuL which the confining

inert flows. Tsuge et al. take a very detailed description of the reaction

kinetics for H2 + 1 O2-I120 and solve the problem numerically. Their ccm-
2

parisons with experiment for exploding slabs are fairly good. Their nurieri-

cal calculations lead to plots as shown in Fig. 3. For al<Oc there is no

detonation solution, so detonation failure is found in this model. For cI>c

they obtain two solution branches. The upper branch is like the usual

1-dimensional detonat16n MoH of Eq. (36). They did not explore the lower

branch fully because of computational difficulties. They speculate that as
a01 *a the lower branch has M 0-'1 . It will be shown here that this is

incorrect. The limit of the lower branch as aI- C is actually M0 41 Mo
as in Eq. (36).

I'I

Fig. 3. Rough plot of Mo vs. l/c in Tsuge et al.12

Rather than attacking this problem numerically from the beginning we will

try to develop the solution analytically as far as possible. We use the

equation of state given in Eq. ( . Then thI a. defined in Eq. ý6 ) (not

to be confL sed with the u and al above which were lengths) are given by

C-

where,

a(44

(17)
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We rewrite Eq. (39) as

A

LkL

where • = I • (47)

Eq. (47) is to be solved so that dm/dz remains finite at m=l. A necessary

condition for this is that the right hand side of Eq. (47) be zero when

m=l. Also at Z=O, x=O and m=m 1 with mi to be determined. These are

unusual boundary conditions to impose on a first order ordinary differential

equation. Eq. (47) does not zttisfy the usual Lipschitz condition needed for

the existence of a solution with a desired value of m at a specific Z . But

the unusual boundary conditions are sufficiently "free" that a solution will

exist. We do not fix the Z where m=l occurs, the sonic point Z, but we let
the equation tell us so as to keep dm/dz finite. Then we find the value

m, -Since the problem presented by Eq. (47) is not a standard one it is

"unclear that a Picard iteration method will converge for it. We have found

useful results with this method, so we will use it with the awareness that
it may need modification due to convergence difficulties. The n iteration

n
of m, m will be found from

CIA~~.C 2_' (48)6,2,

where n = 2,3,..

with the right hand side of Eq. (48) equal to zero when m 1. We also

need to use Eq. (40). The first iterate mn is found by putting the dA/dz

term equal to zero. The equation for Iii can be integrated to got

(18)
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-'. . . (49)

where y Y&(•o) , (50) 1
and where we have used Eq. (46) evaluated at Z-O , with c 1 = c(Z=O). A

J

Imposing the right hand side condition for the rn equation we getA

Tat T' 1 .(51)

4

If all the qi are positive, and the Ri are as given in Eq. (5), we need

that for the first iteration,at the sonic point Z ,A

\' = I z L (52)

For the simple Ri this implies Zs . We go to Eq. (49) and

put xi I when mn =l to find ml T',.p result is that mi obeys

the equation

______4 Vu*')'j (53)

Manipulating this equation yields

2 V) + 1

M ow" i fi- -Nifflw -(am9 )



... .Eq. (54) is almost the same as Eq. (35). The difference is that in Eq. (35)
we have co and D= 10oc0 whereas c appears in Eq. (54). If we consider the

., case with no shock, then c1 I c0 , m ni 0 and we have the same result as

'in Eq. (35). The solutions obtained viould refer to a no-shock detonation that

goes along O-CJ+ and a no-shock deflagration that goes along O-CJ-. The

second of these is meaningful, but not the first. If we consider the case with

a shock we put

c.~ ~ ~ [a- M''V - 0 [ ('- [2(Y'n !
(55)__..... . . . .s

Into Eq. (54) to get, after using Eq. (15),

c.(2

This is exactly the same as Eq. (35), just as it should be because the R+

line in Fig. 2 is the same whether we consider a shock solution along
O-N- CJ 4 , or a no shock one along O-CJ+. 7he two solutions of Eq. (56) are

interpreted as a Von Neumann detonation along O-N-CJ+ , and an

unphysical shocked deflagration along O-S-CJ- . Out of the four solutions

obtained we only desire the shocked detonation O-I-Cj+,and the no-shock
deflagration O-CJ- Their detonation velocities are given by the roots

D+ cello and D_ c M of Eq, (35). Using Eq. (15) we get the ml
that goes with 11 while the m! that goes with M1

MI = .1 Knowing ml and m1  we go to0- 1-
Eq. (49) and we get m.+ and in' as functions of X (z). Finally from

Eq. ( 4' vie car, integrate to get x t (7) . This first iterate reproduces
the results of Sec. IV because dA/dz 1 5 neglected. But we begin to see

the source of the two roots in the work of Tsuyc et al ,12 ilhen we compute

the roxt iteration the results of the expansion will come in. But as the

dianeter goes to the expansion becumes negl igible and the re-ults reduLe
S~to m+ and mI•lo ceompute m• we go to Eq. (4[.•lhn,

We integrate it with the boundary condition

(20)



So f

The result is

(ss
414

in I s datormined by imposing tho bounded dmdz condition to the right

hand side of Lq. (40) with n-2. At the sonic point z2 we have

L1 (59,

Eq. (40J wan used to obtain Eq. (r9). The latter equation says that A, I at

the sonic point so tho reactl•ons are riot completed, Some of the energy

will be released late loading to nonideal behavior, In principle Eq. (Vg)

determines Z2  in terpis of in? . Thib can be satn ns followm, We

have that

*4 ~ II. ~ £Y(C (60)

so that c in 1.q. (V9) i1 known In tt!.•,1,of V M and ; Also from Cq, 140)

( 1

%Al C. ~ l



In Eq. (61) m2  is known in terms of A2 - from Eq.(58) (We assume that
dA/dz is explicitly known as a function of Z ). Therefore.one can

integrate Eq. (61) to get x as a function of Z and m

IIWhen this function A2 ( Z, m• ) is substituted into Eq. (59) one
can find Z2  as a function of m2  as claimed. Now we go back to
Eq. (58) and demand that

•(•)~ ~ Z •,••(• Y • •I-% (62)

and get

G~'~ Y~ 2 ~1('63)1) ~~ So 2q 4-3 is1)) +an Y-)Y

In Eq. (63) Z^ and ;k2 are functions of m2  So Eq. (63) is an
equation for m2  The last terms is the expansion dependent term. Let

Here c represents an inverse diameter that goes to zero as the diameter goes

to - • Also A(c) -) 0 as c -) 0 or as the expansion is negligible.

Eq. (63) is rewritten as

(c[ 4 +65)

This equation reduces to Eq. (54) as A- 0 and X2 -* 1 as C - 0.
s

Thus there is a clear connection between the two branches to be obtained from
Eq. (65) and thel-dimensional results. The two roots of Eq. (65) are obtained

by the quadratic formula as

6I Y

(c,-

)(66)

(22)



For small c these two roots give the mn+ and mil of before

. :.2•which were connected with the mol+ and m_ of Eq.( 3 5 ). As
0+ 0-

c and A grow beyond a critical value the two roots become complex, so

there is no real solution and detonation failure takes place. To

simplify things let us ignore the variation of X2 with E

Then a plot of the roots versus A appears as in Fig. 4. This is qualitatively

the same as the curve .

Fig. 4. Plot of M0 vs. 1/diameter.

obtained numerieally by Tsuge et al.For A (for the diameter greater

than some critical value) there are two branches. The upper branch is

connected as A-*o to the 1-dimensional shocked detonation O-N-CJ+ of Fig. 2.

The lower branch is connected as A-*O to the 1-dimensional no-shock

deflagration O-CJ_ .Now one sees the error in the work Tsuge et al. They

could compute things like Z2  and X2 numerically but with so muchs s

difficulty that the results were hard to interpret.

The qualitative features of the solution are now clear. To get quanti-

tative results one needs to integrate Eq. (61). This would have to be done

numerically. It is clear that successive steps in the iteration are not

Svery different from the steps to calculate m2  . No theoretical problems

with convergence should arise although this should be checked numerically

in some specific examples. We propose to do this in future work. The

critical value A at which detonation failure occurs is given by
~~~~ (yi i ' , -(~ ] (67)(.C,)L

It would be interesting to explore ways in which this behavior could

be checked with experiment. It should be noted that this theory

predicts that the speed of deflagrations increases as the diameter decreases.

At some critical diameter the detonation and deflagration velocities are the

same and for smaller diameters there is no solution.

(23)

I A . .. .



VI CONCLUSIONS AND RECOMMENDATIONS(I

The causes of nonideal behavior can be summarized in three categories.
(i) Incompletely effective use of the chemical energy for the

detonation wave due to fhe nature of the chemical reactions.

If there are reversible or endothermic reactions, the effects ar,
especially important. For steady 1-dimensional flows the
physical theory is prepared to handle the problem. The knowledg
of the burning rates of the relevant chemical reactions, however

needs to be improved.

(ii) Loss of strength due to the lateral expansion of the explosive.

Here the state of the physical theory is not so good. In Sec. V
we presented a calculation for detonation failure. The radial
flow was not calculated but was assumed known. The analytical
solution presented should be checked with numerical calculations
A further step would be to compare these results with experiment
The author would like to be able to pursue these further,

developments.

(iii) Loss of strength due to transverse structure of the front and
non-steady phenomena in the detonation. These effects are
interesting per se and their effects on nonideal behavior are

judged to be important6. These wave instability problems were
not addressed in this research effort because the author felt
he needed a good understanding of the simpler aspects of noni-
deal behavior before addressing them. There is much room for
research into these effects using the techniques of nonlinear

stability analysis and bifurcation theory.

(24)




