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the equations describing the shock transition from 
state 0 to 1; 

PI PoD(D - ql) = POD2 - PODql' (7) 

ql = (pOD2 - P1)1 PoD. (8) 

From Eqs. (6), (5), and (8), 

dql ql = - (AI AoPoD)(dP I ql), 

!I = - [ 2 1 ] i P 

A dP + 1. 
ql PoD - PIP. Ao 

Integrating by parts 

!l.. = - 2 -P - -dA + 1. [ 1 ]{[A]P fA P } 
ql PoD - PI Ao P. A. Ao 

(9) 

Noting that 

(10) 

when energy dissipation in the plates is neglected 
(m is the mass per unit area of each plate), and 
taking 

AI Ao = 1 + (2xl Ao), (11) 

approximations which are valid for small values of 
the angle of deflection of the walls, 8, we obtain 

qlql = [1/(PoD2 - PI)] 

,[P I - P(1 + 2xlAo) + mV~/Ao] + 1. (12) 

From Eq. (5): 

11 P = V = Aql AoPoD = (qll PoD)(AI Ao)(ql ql) 

= [(pOD2 - PI)/(PoD)2](1 + 2xIAo)(qlql)' (13) 

The time t required for material to move from 
the detonation front (S = 0) to. a distance S be
hind the detonation is 

t = 1s 
(1/q) dS. (14) 

Another quantity, (dP I dp)\ obtainable from the 
analysis is of particular interest because it is in
fluenced in opposite ways by expansion and by the 
energy release from chemical reaction. Because of 
this it serves as a useful measure of the reaction 
zone of the detonation. The rather complex effects 
of area increase and chemical reaction may be 
obtained from Eq. (5) in differential form and from 
Eq. (6); 

q dp q2 
P dq = dPl dp , 

(15) 

!IdA _ ~ 
A dq - dPl dp - 1. (16) 

First, consider the special case when the reaction 
rate is zero and only lateral expansion is occurring. 
Then dP I dp = c2, so that 

(ql p)(dpldq) = -llc\ (17) 

(ql A) (dAldq) = (q2Ic2) - 1. (18) 

For subsonic flow, an increase in area is associated 
with a decrease in flow velocity and an increase in 
pressure and density; for supersonic flow, the reverse 
is true. 

The effect of an exothermic chemical reaction can 
be obtained by assuming first that the pressure P 
is held constant. In this case the velocity q is also 
constant. Therefore, the area A must be increased to 
accommodate the increased volume produced by 
the chemical reaction. If the area A is then adjusted 
back to its original value with no further chemical 
reaction, then from Eqs. (17) and (18) the flow ve
locity increases and the density and pressure de
crease in subsonic flow; again the reverse is true 
in supersonic flow. Chemical reaction and lateral 
expansion thus have opposite effects on the flow vari
ables; furthermore, the effects of both reaction and 
expansion are reversed as the flow passes through 
the sonic or Chapman-Jouguet surface. 

Immediately behind the detonatiQn frQnt befQre 
appreciable acceleratiQn Qf the confining plates has 
Qccurred, 

dAldS = 0, (19) 

The behaviQr Qf (dPl dp)t thrQugh the detQnatiQn 
is indicated schematically in Fig. 6. We first cQnsider 
the idealized case (a) Qf a reaction ZQne with no. 
lateral expansion until reactiQn is cQmpleted, fol
lowed by a ZQne Qf lateral expansiQn with no. further 
reactiQn Qccuring. In the reactiQn ZQne the flow 
is subsonic; q rises to. meet the (usually) falling c 
curve at the Chapman- JQuguet state where reaction 
is cQmplete. In this ZQne (dPl dp) t coincides with 
the q curve [Eq. (19)]. In the expansiQn ZQne the 
flQW is supersQnic, q cQntinues to. increase, and P, 
p, and c decrease. In this zori.e (dP I dp) t cQincides 
with c. Thus, (dP I dp) t reaches its maximum value 
at the Chapman-JQuguet state where reactiQn is 
cQmplete. CQnsidering now the actual case in which 
reaction and expansiQn are Qccurring simultaneously, 
we note in Fig. 6(b) that the q and c curves again 
crQSS at the Chapman- JQuguet state Qr SQnic PQint, 
where reactiQn is nQW Qnly partial. The quantity 
(dP I dp) t initially cQincides with q immediately be
hind the frQnt, but later falls belQw the q curve 
because Qf lateral expansiQn. Eventually, as reactiQn 
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DISTANCE BEHIND FRONT 

FIG. 6. Schematic variations of sound speed (c), .flow rate 
(q), and (dP/dp)l with distance behind the.detonation. front 
for two detonation cases: (a) case of reactlOn zone Wlth no 
lateral expansion until completion of reaction; and (b) case 
of overlap of reaction and expansion regions. 

proceeds to completion downstream from the Chap
man-Jouguet state, (dPldp)! approaches the falling 
c curve. Thus, (dP Idp)! goes through a maximum 
which will generally lie near the sonic point. The 
exact location of the sonic point cannot be obtained 
from the experimental data since the sound velocity 
cannot be determined (unless the equation of state 
of the mixture is known). From the experimental 
approach, the maximum in (dPldp); appears to be 
a reasonable measure of the length of the effective 
reaction zone. 

One would expect that usually the pressure will 
fall monotonically behind the detonation front, since 
lateral expansion gradually increases from an initial 
zero value; whereas, reaction is usually high behind 
the front. In this case, reaction dominates lateral 
expansion in the subsonic zone, while the reverse 
is true in the supersonic zone. However, the reaction 
rate may be very low for an appreciable distance be
hind the front (in an "induction" zone), in which 
case the pressure may rise in the subsonic zone be
cause of the dominance of lateral expansion over 
reaction. Eventually the reaction rate must speed 
up in order that the sonic velocity may be passed. 

Effects of Explosive Thickness and Confinement 

The detonation process can be influenced on the 
one hand by changing some property of the explosive 

to vary the reaction rate, and on the other hand 
by changing the thickness of the explosive and the 
degree of confinement, which affect the rate of lateral 
expansion. In the experiments described in this 
paper, the reaction rate of the explosive was varied 
by changing the particle size of one of the ingredients 
(AN) while keeping the composition (80% AN and 
20% TNT) and the density fixed. If the thicknesses 
of the explosive and of the confining plates are 
fixed, the relative rates of chemical reaction and 
lateral expansion will be changed as the particle 
size is changed. The extent of chemical reaction 
occurring ahead of the Chapman-Jouguet point will 
be changed, with a consequent change in the detona
tion velocity. The altered conditions of pressure 
and temperature as a consequence of the change 
in detonation velocity will influence the rate of re
action. Thus, a change in particle size produces a 
complex effect on the measured reaction time. The 
direct effect of particle size on reaction rate can be 
obtained if the thic1.'TIess of the explosive layer and 
the degree of confinement can be modified in such 
a way that the relative rates of reaction and lateral 
expansion remain unchanged. If the change in par
ticle size changes the time scale of the reaction 
without changing the form of the reaction rate 
curve then a change in the thicknesses of explosive 
and confining plates by the same scale factor by 
which the time scale of the reaction has been changed 
will not change the relation between reaction and 
lateral expansion. Consequently, the detonation ve
locity will be unchanged. The ratio of measured 
reaction times should equal the scale factor. 

If, on the other hand, the change in particle 
size changes the form of the reaction rate then a 
change of the thicknesses of both explosive and con
fining plates by the same factor will not maintain 
an unchanged ratio of reaction rate to lateral ex
pansion throughout the reaction zone. For a given 
thickness ratio, the ratio of particle sizes which 
keeps the detonation velocity unchanged will differ 
from the particle size ratio which gives a ratio of 
reaction times 6qual to the thickness ratio. In dis
cussing the present experimental results, we de
signate as "scale shots" those pairs of shots made 
with different particle sizes and different thickness 
for which the detonation velocity is substantially 
unchanged. In every case, the thickness of the con
fining plates was changed by the same factor as 
the thickness of the explosive. 

In indirect methods of deriving the reaction time 
from measurements of the effects of explosive di
ameter on the detonation velocity, for example, by 


