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INTERACTIONS ·or DETONATtON 

s. D. Gardner and Jerry Wackerle 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 

AB!iTRACT 

Flow patterns similar to regular ~nd Mach 
reflection resulting from the interaction of 
detonation waves in eondensed explosives have 
been observed with rotating mirror cameras and 
flash radiography. The principal emphasis of 
the study has been with the oblique collision 
of plane detonation waves. In this configura
tion the assumptions of steady flow, infinites
imal reaction zone thicknesses, the Chapman
Jouguet hypothesis and simple reaction- product 
equations of state permit an analytic solution 
for the detonation parameters for regular re
flection and the computation of the critical 
angle for the onset of Mach reflection. These 
critical angles have been measured for Composi
tion B, 9~0~-03 PBX, Baratol, and nitromethane. 
Additional data obtained on Composition n in
clude a measurement of Mach stem pressure and 
stem shape. In inhomogeneous explosives Mach 
stems and reflected shocks have displayed sub
stantial curvatures and flash x-ray studies 
have revealed anomalous density regions in the 
~ymmetry planes in both regular and Mach re
flection experiments. These observations, 
along with deviations in computed and measured 
critical angle values, have indicated a degree 
of failure of the simplified theory to provide 
an exact, detailed description of the inter
action phenomena, this failure is currently 
believed to result primarily from the non
uniform structure of the detonation wave. 

INTRODUCTION 

There are a variety of conceivable inter
actions of discontinuous waves which involve one 
or more detonation waves. A classification of 
poesible interactions and a brief description 
of their characteristic flow have been given by 
Larischl. In the following only those inter
actions t hat result from an initial oblique 
collision of plane incident detonation waves 
will be considered. 

. In considering these interactions investi.
gatorsl,2,3 have simplified the description of 
detonation waves to waves in which the unreacted 
explosive is discontinuously changed to its com
pletely react ed state. This simplification per
mit s the analysis of detonation interactions in 
t he aame manner as shock waves* and sug~es ts 
that the interaction flow patterns will be 
similar to those of shock interactions. This 
similarity was partially confirmed by 
Foektistova7, who observed in an unn~med ex
plosive a "Mach wave" similar to the Mach stem 
in shock reflections and measured the critical 

IAnalyses of shock wave interactions in non
reactive Jases are Riveq !n review articles by 
Bleakney and Taub~ and PackS and in the classic 
book by Courant and FriedrichsG. 

angle of incidence at which this irregular flow 
commences in the collision of two diverging 
detonation waves. A short time later Dunne re
ported evidence of the triple wave configuration 
characteristic of a Mach reflection and a meas• 
urement of the ~ritical angle for diverging 
waves in two pre-shocked ~xplosives8 , 9 • These 
were deduced from the indentations left on a 
steel "witness" :.plate over which the interacting 
waves passed. He later reported calculations of 
flow parameters of a rer,ular detonation inter
action wh0ae flow pattern was assumed to be 
identical with that of regular shock reflection3• 

Since each detonating explosive has a 
finite length reaction zone (although too narrow 
to be detected in some explosives) it would be 
expected that the floW in a detonation inter
action would depart to some extent from the 
ciassical regular and Mach reflections. However, 
the relative simplicity of these flow patterns 
lessens the task of predicting the behavior of a 
particular interaction so it would be of some 

. value to ascertain how well actual interactions 
are described by the classical flow models. In 
the work reported thus fa~ no direct observa
tions have been made of the flow patterns in the 
regime of the presur.~ed regular reflection 0 its 
existence was inferred ~ the lack of any dis
turbance being propagated ahead of the initial 
intersection point of the incident waves. The 
flow in the irregular Mach interactions has 
been observed in more detail for divergin~ waves 
although the entire flow pattern has not yet 
been established. 

In the following section a brief description 
will be given of the classical regular and Mach 
interactions of plane waves, alon,. with the 
analysis of regular interactions 0 it will be seen 
that the assumption of the Chapman~Jouguet 
hypothesis and of a polytropic ga$ equat ion of 
state for the explosive's reaction products is 

• sufficient to completely describe the regular 
phenomena in terms of the adiabatic gas constant 
and the incident angle. Following this, experi
ments will be described in which the complete 
flow patterns of both regular and Mach reflec
tions of plane detonation waves have been ob
served ln condensed explosives with f lash r adi
ography. ~ear camera studies of both t ypes of 
interactions 'will be presented which include the 
determinations of the critical angles for H ch 
reflection and Mach stem growth rates for four 
explosives, a measurement of a stem shape, and 
a Mach stem pressure determination for Composi
tion B. In a final section these measurements 
will be compared with predicted values and the 
possible sources of some observed discrepancies 
explored. 
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FLOW ANALYSIS 

Resular Reflection 

AD idealized regular flow pattern is 
sketched in Fig. 1. The incident waves 0 are 
plane steady-state detonation waves whose 
pressures are maintained at the Chapman-Jouguet 
value. The angle of incidence is defined as the 
half angle a. The reflected shock waves S will 
also be plane near the interaction point A pro
vided the particle flow relative to A is super
sonic behind the reflected shocks' should it be 
subsonic, rarefaction or compression waves 
could reach the interaction point and attenuate 
the reflected waves. The flow configuration is 
stationary with respect to a reference frame 
moving with A and in this frame a fluid particle 
will traverse the interaction region along a 
path similar to PP'. For the flow pattern to 
remain stationary the reflected shock must 
return the particle flow to its original in
cident direction while remainin~ attached at A. 

In analyzing this flow the configuration 
ia assumed to be at steady state with uniform 
pressure P1 specific volWIIe V and particle 
velocities u in each of three regions (0), (1) 1 
and (2). As shown in Fig. 1, the parameters in 
these regions will be subscripted with O's 
ahead of the detonation front, l's between the 
detonation and reflected shock wave and with 2 1s 
behind the shock. The normal component of u is 
just the detonation velocity 0 1 and the normil 
component of u1 at the detonation front will be 
denoted by c. This latter quantity is D less 
the particle velocity in the laboratory frame 
and if the Chapman-Jouguet hypothesis is assumed, 
it is also the sound speed in the reaction 
products. Contlnui ty of the tangential com
ponent of u across the detonation front dictates 
that 

' D tana • c tan(o+A). (l) 

Use of trigOQOIIetrio reletiou aad notlDg tbat 
tano • cota permits the solution for tanha 

taa6 • ~ l·( c/D )]cotca 
c/DJ + cot2ca • 

(2) 

A aiailar treatment at the reflected shock 
froDt perm! ta the expresaion of tanA' in terms 
of cotca• and the ratio r • (u2

0
/U1n) 

tanA' • C1•r)cotca' 

l+r cot2a• 
(3) 

To aatiafy the aaaW!Ied steady flow configuration 
bahlnd the reflected shock the direction of the 
particle flow must be parallel to the syrt~~M~try 
axis, eo that A • A', and the right hand sides 
of equations (2) and (3) ntay be equated. The 
result is an expression relating the unknown 
parameters r and a' to the incidence angle a, 
and to the normal detonation state, as mani
fested by the ratio (c/D). 

· It follows from consideration of mass con• 
aervatlon that 

( .. , 

and the pressure ratio across the reflected shock 
may be obtained from the momentum conservation 
relation 

• l + 
u1

2(l-r)cos2a• 

P1v1 

With acme trigonometric manipulation 

( 1-r) 
P2/P1 • 1 + 1 

G( l+r2cot2a 1 ) 

where, as with tanA, 

G•- • 

• (c/0)[1-(c/D)] 

(c/D)2 + cot2a 

( 5) 

(6) 

(7) 

depends only upon the angle of collls ion of the 
detonation 'waves and the state behind them. 

Equat ian ( 3) can be employed to express 
cot11' ln tems of the unknown pal'a!Miter r and 
initial conditional 

....... ~";:!. [·· J ... p.~:-"n (I) 

Substitution of (8) 1Dto (6) yields 

(')) 

which eaaentlally represenas, far • given incident 
an11le 11 and detonation condition (c/D) 1 the 
locus of P•Y states available to reflected shock 
vave •• permitted by the assUI!Mtd geometry of the 
flow. 

The intersections of the loci described by 
equation (9) with the explosive's reflected· 
shoclc Hugonlot 1 centered at the detonation 
state, produce the values of the pressure and 
volume ratios for which regular reflection can 
occur.. The reflected-shock Hu~oniot may be 
obtained from measurements or through the as• 
sumptlon of a reaction-product equation of 
state. In Fi~. 2 are shown a family of the loci 
described by (9), along with a typical reflected• 
shock Hugoniot. It is seen that above a certain 
angle of incidence--between lt5° and 470 ln the 
case depleted--solutions cease to exist. The 
angle at which this occurs is called the ~rlti• 
cal angle m for regular reflection. At this 
anglt only i~'atngle solution is obtained for the 

2.. 



atate behind the reflected shock,· but at a 'still 
lower angle two solutions are obtained. Of 
these two solutions the one havin~ the lowe~ 
pressure ratio is chosen, for it is the one 
which extrapolates to the proper pressure 
ratio for a head-on collision (~ 2 0) of the 
detonation waves. It is obvious that with r 
determined G' may be obtained fl'OIII ( 9). 

If the Chapman-Jouguet hypothesis and a 
polytropic-aas reaction-product equation of 
state are assumed, it is possible to express 
the reflected-shock angle and the state param
eters in an analytic form dependent only on ~ 
and a single other parameter. The CJ hypothesis 
can be stated as assuming c to be identical with 
reaction-prOduct sound speed, which with a 
polytropic-gas equation of state, leads to a 
value for the ratio (c/D) of 

pl 
(c/D) • l -- ~ J.... o2 y+l 

& 
( 10) 

where y is the constant ratio of specific·heats. 

The use of the polytropic-gas equation of 
atate in the Hugoniot energy relation 

6£ • (ll) 

leada to an expression for the pressure ratio 
on the Nflected shock Hugoniot t 

where 

1 + (l-r)(l+p2) , 
1'-\12 

(12) 

. (13) 

By equating (12) and (9) and with appro
priate substitutions from other relations, 
either I', a' • or a, ~ere 

a • tana' • r cota•, (1 .. ) 

can be expressed as the single variable in cubic 
equations, depending othel'Wise only on y and a. 
The choice of the variable s permits a more 
compact writing of the cubic equation 

[(l+\12)G] s3 + tanA [1 + (1+\12)G)s2 

The pal'&IIMJters r and a• are related to s by 

and 

•• • tanA +s 
I-s tanA • 

( 15) 

( 16) 

(17) . 

An exami~ation of the coefficients of 
equation (15) for small values of the incident 
an~le reveals ~ negative discriminant and three 
real and unequal roots. · Of these 1 one root is 
ne~ative and does not repre~ent a physically 
realistic configuration (a 1<0) while the other 
two are positive and correspond to the double 
solutions obtained by the ~raphical method dis
cussed earlier. As a is increased the discrim
inant increases and vanishes as the two positive 
roots become equ~l. For larger angles of in
cidence the discriminant becomes positive and 
the roots imaginary. Therefore the angle of 
incidence for which the discriminant vanishes 
corresponds to the upper limit acr for which 
real solutions exist for re~ular reflection. 
Equating the discriminant to zero and (through 
(10) and (13)) expressing G and tanh in terms of 
y and a leads to an expression involving only 
the lat@ir two parameters. This relation--a 
sixth order polynomial in cot2a--is too lengthy 
to reproduce here; a plot of its single accept• 
able solution is presented in connection with 
the discussion in a later section. 

Mach Reflection 

For angles of incidence greater than those 
for which the reflected shock can return the 
flow to its original direction an irregular flow 
will ensue, which is presumed to be Hach re
flection. In the classical Mach interaction 
(Fig. 3) a stem H grows from the initial inter
section point I of the incident waves at a 
uniform rate. The stem and reflected shocks 
intersect the incident waves at common points At 
forming the familiar triple-wave configurations. 
Also attached at the triple intersection points 
are density discontinuity slip planes C which 
form boundaries between those fluid particles 
that have passed throu~ the incident and re
flected waves from those that have passed 
through the stem. The triple-wave configuration 
is stationary with respect to a reference system 
moving with A and in this reference system the 
particle flow is parallel to the slip planes. 
The pressure is uniform in the entire region 
behind the reflected shock waves and the stem. 

The analysis of Mach reflection is similar 
to that of regular reflection except the particle 
flow is now parallel to the slip planes and the 
pressures behind the reflected shocks and the 
stem must be matched in finding an acceptable 
solution to the flow equations. Another param
eter must be introduced, the an~le x, which 
defines the growth rate of the stem. An anal
ysis of the flow in the pseudostationary ref
erence system fixed with respect to A will not 
provide any information about Xt which, in 
practice, is determined experimentally. 

· Calculations of flow 'parameters of Hach 
reflection are somewhat more difficult than 
regular reflection since the stem, being an 
ov~rdriven detonation wave, cannot be described 
as simply as a Chapman-Jouguet wave. Solutions 
of the flow equations for the entire flow will 
not be presented here. However, treating x as 
a known "initial" condition, the computation of 
the pressure behind the center of the stem can 
be easily accomplished in a manner somewhat 
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analogous to that followed in finding graphical 
aolutions in regular reflection. A simple 
exercise in geometry yields an expression for 
~he s~em velocity D

8 

D 0s • slna (i-tanx cotm) • (18) 

Applying the momentum conservation relations to 
the flow across the stem leads to the relation 
for the ratio of the pressure behind the stem P3 
to ~hat of the steady-state detonation pressure 

'• 
o2 [l - (c/D)r] ...:;s ______ • 

o2 [ l - ( c/D) ] 
(19) 

where c has the same connotation as before and 
r is now equal to V3tv1• The combination of 
(18) and (19) yields 

csc2a [l - (c/D)r] (20) 
[1 - coto tanxl2[l - (c/D)] 

Equation ( 20) is anal~ous to equation ( 9) 
in the analysis of regular reflection and ~- I 
presents the loci of pressure-volume states\~~e~~ 
mitted by the initial conditions and the assumed 
gecmetry of the flow. While in regular re
flection solutions were obtained from the.inter
sectiona of the appropriate loci with the, re
flected shock Hugoniot 1 here the detonation . 
Hugoniot for the overdriven stem is necessary. 
to locate the attainable states. As before the 
detonation Hugoniots may be obtained experi
mentally or by the various equations of state 
describing the explosive. The procedure for 
obtaining graphical solutions for attainable 
atates is similar to that illustrated in Fig. 2. 

The assumption of the Chapman-Jouguet 
hypothesis and a polytropic-gas equation of 
state for the reaction products leads to some 
simplification of the analysis. Consider first 
the difference in specific energy between an 
allowed state of an overdriven detonation in the 
stem and a CJ statal 

(21) 

where AQ ia the specific chemical energy re• 
leased in the ov.rdriven detonation wave less 
that of the CJ wave. The use of (10) and the 
1114118 conservation relation and some manipulation 
leads to a aolution for the pressure ratio, 

1-15 (22) 1-y{l-r) • 

4: 

where 

6 
~ 2(y-l) AQ 2(y-l)(y+l)AQ 

(y+lHP1 v1j " o2 • (23) 

When (22) is used to eliminate r from (20) 1 a 
quadratic expressio~ in P3/P1 is obtained, whose 
solution is 

(24) 

where 

CSCCI 
c. ___ ..._ __ _ 

(25) 
[ 1-cotm tanx J 

If AQ«P1 v1 then an approximate expression 
for the pressure ratio is given by 

(26) 

where the explicit dependence on the gas con• 
stant has disappeared. 

EXPERIMENTAL 

Experi~ntal Systems ··~"!ftv· ,. 
fAT 

• \ IdeauV~ in a two-dimensional interaction 
the "inCident~ waves. would be plane 1 traveling at 
a constant velocity and be followed by a region 
of uniform flow. In the experiments reported 
here the incident detonat~on waves were initiated 
by explosive lenses either directly or through 
booster charges··resulting in waves plane within 
o.l5 mm over a 100 mm diameter. In most in
stances a steady detonation velocity of the in
cident waves was essentially achieved in the firet 
few millimeters of run. However, in one case 
(9404-03 PBX) the incident waves were initiated 
at a pressure substantially below the steady
state value for the explosive. Consideration 
was taken of the relatively slow build-up to 
steady-state pressure in interp~ting the ob
served interactions in this explosive. In 
general, no attempt was made to attain a flat 
pressure profile behind the incident waves, 
which would have required an impracticably long 
detonation run before the waves were allowed to 
interact. 

The interactions were effected by initiating 
the faces of an isosceles triangular-shaped 
prism of explosive (Fig. 4) 1 the angle of in
cidence then being determined as one-half the 
apex angle of the prism. The prism faces of the 
solid explosives were machined flat within 
~5 mm. The prism thickness T ranged between 
7.6 em and 15.2 em. The explosive density was 
controlled to within *0.003 g/cm 3• A suitable 
prism-shaped container was constructed for the 
liquid explosive (nitromethane), the initiating 
charges being isolated from the nitromethane by 
o.os mm Mylar. The liquid explosive was ma!n
tained at a constant temperature between 20 
and 2l.S°C and initiated by a booster charge of 
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TNT. The. incident waves were allowed to run for 
approximately 2.s em before cclllding, by Which 
distance they had decay~d to A Rteady velocity. 

The interactions producod in tho explosive 
p~iama were vtewed by pulsed x•r4y radio~raphyt 
along 4 direction parallel to the intersection 
line of the collidin~ waves (seo FiR. ~). This 
provided the density distribution in the inter
action region from which flow discontinuities 
could be identified. The x-ray pulse was pro
duced by a burst of 20 MeV electrons impinging 
en a 3 mm diameter tungsten target resulting in 
radtatlcn inten~ities up to o.~ roentgen at tho 
explosive prism, which was positioned en the 
beam axis approximately 3 meters from the 
target. The x-ray film vas placed approximately 
o.s meters behind the prism in a protective 
aluminum case. 

In separate experiments, the interaction~ 
were observed with a smear camera as they 
emerged from the base of the explosive prism. 
The slit cf the camera vas focused at the center 
of the prism base where the effect of side rare
factions vas minimum. Lucite was placed 
directly on the prism base to suppress air 
shock. This technique was used to detect the 
presence of a Mach stem and to determine its 
shape and width. 

Observ.d Flow Patterns 
"· 

A radiograph of a regular refle~tion in 
the explosive Composition B-3 (60% RP~~.~O\ TNT, , 
f) • 1. 730 • .003 g/eml) is reproduced in ~ri~. 15~1 •• • • 

This and the following radiograph (rig. 6) :.~.~ .. 
negative prints. i.e., the darker regions '· ~ 
correspond to lower densities in the explosive, 
whereas fig. 7 is a positive print. This inter
action is regular in the sense that no disturb
Ance is propagated Ahead of the intersection 
point of the two incident waves (as determined 
fi'OIII smear camera observations). The low-den-
sity -dge-shaped area in the upper portion of 
the radiograph is the unreacted explosive. The 
lower boundaries of this region are the in-
cident w~~ds which are collidin~ at an an~le of 
incidence of ~~ (~ below the measured critical 
angle) in a prism 15.2 em thick. The incident 
waves have traveled through approximately 1~ em 
of explosive at a velocity of o.eoo • .oo7 
Clll/"sec. The curved reflected waves are iden- · 
tified as shock waves since it can be shown 
that the component of particle velocity normal 
to these waves is supersonic. The curvature of 
the reflected waves could result from at le~st 
two factors; the nonuniform flow behind the in
cident waves caused hy the rarefaction centered 
at the back side of the explosive lenses and a 
rarefaction centered at the apex of the prism 
which can always reach the tr~illng segments 
of the reflected waves. 

lA description of the x•ray equipment at tho 
Phermex facility of the Los Alamos SciP.ntif.ic 
LAboratory, where the radio~raphs w~rP taken, 
may be found in a recent artlcle oy 
D. Ven:ililel 0 • 

The na~ hi~·denslty zone trallinR the 
inter4ctton point represents a siRnificant de• 
parture f~ the cla~ftical re~ula~ reflection 
flow pattern ( in wh fch this rest ion behind the roe
fleeted waves would be of uniform density). The 
Rradual widenin~ of this oerturbed zone sUP,ceats 
that It orl~lnates at the interaction point. 

To demonstrate the flow pattern of ~ach re
flftction a radioRraph cf twG de~onation waves 
intc~acting at an angle of incide"ce of 60° in 
Compo~ition B-3 is reproduced ln rig. &. The 
semicircular dark area in the upper part of the 
flqure ts a mask to cover fragment damaqe to the 
film. Immediately below this mask are the in• 
cidcnt waves whlch have traveled 19.3 em in a 
prism lS.2 em thick. The Mach stem has traveled 
approximately 15 em (along the priam altitude 
line) and Rrown to a width of 7.5 mm, as deduced 
from smear camera observations of a lmilar inter
act lens. The curved reflected shock waves are 
quite easily identified although the stem and 
the density discontinuity slip planes are not .. 
well resolved. The boundaries of the nai'I'OW low 
density region trailing the stem are identified 
as the density discontinuity slip planes. It 
should he noted that the flow located between a 
slip plane and an adjacent reflected wave is not 
uniform but that each slip plane is bounded on 
its outer side by a high density zone. 

The relatively poor resolution of the atea 
and slip planes in rig. 6 is probably due to 
edge effects. Since in ~ach reflection the 
entire flow behind.the reflected shock waves and 
stem is subsonic, rarefaction waves fi'OII the NUO 
and sides of the prism will induce considerable 
cunyature in the various discontinuities, re- · 
sulting In a reduction In resolution of surfaces 
which ideally would be plane. This is lllua• 
trated in fig. 7 which is a radlog~ph of a 500 
Mach interaction ln the explosive Baratol (16\ 
Barium nitrate, 2~\ TNT, P • 2.61 g/ce) 1ft ubich 
the Interaction is viewed 1n a directioa 
parallel to the motion of the steft (i•••• a head
on view of the stem along the altitude of the 
prism). The stem width at the center of the 
prism is approximately 1.1 eft after havin~ 
traveled fo~ 18 eft in a prism wltil an altitude 
of 20.3 em. The effect of side rare~actlon has 
been to decre~se the width of the stem away froM 
the center of the prism.· The side effects are 
more pronounced in this interaction since the 
prism thickness is 7.6 em, one-half that of the 
Composition 0·3 prism. In this explosive, as iD 
Composition B-3, the region between the slip 
planes is at a lower density rel~tive to the 
ad1~cent flow. Again, it can be seen that the 
sllp planes are bounded by hlP.h-density zones, 
which in this explosive are quite narrow. The 
low.den~lty regton between the slip planes ex
tend beyond tha original positions of the prism 
~tdes ~s a re~ult of the lateral motion of the 
re4ction products away from the sldes of the 
prism. 

The det~iled sha?e of the Mach stem can be 
found from the smoar-carnera record of the 
arrtval of the inlti~l w~ves of an tnter4Ction 
4t the exnlosivo prism base. A smear-camera 
photo~raoh of a 60° int~raction emerP,ln~ from a 



Compnstt16n B-3 prism after 10.?. em of steM run 
t~ shown in rt.~. a. The thln conve!'1,ln~ tr..cM 
of light tn the upper part of the photo~r.tph 
mark the arrival of th~t·lncldent waves i\t the 
explo~lve surface. Separatln~ th•! incident 
waves ls the ~ach stem, which in this case 1~ 
4.?. mm wide. The arrival of the reflected 
~hock waves Cdn also be sP.en from the faint 
traces of li~ht trailin~ the intersections of 
the incident waves and the stem. The ~rl~ht 
light in the lower portion of photo~raph is 
from the interaction transmitted into -tir .tfter 
t~1versinR a thin Lucite plate placed "~"inst 
the explosive surface. The shape of the stem 
is best represented by an arc of a ci~le with 
a radius of ?.3 mm. Curvature is observed to a 
greater or lesser degree in all Mach stems and 
results in a lower effective stem velocity of 
those parts of the stem away from the center of 
the interaction. In this interaction the st~ 
normal at the triple point ls inclined a~p~l
mately 5.2° to the direction of stem motion, 
which amounts to an effective velocity about 
1/2% less than at the center of the stem (and " 
correspondingly lower pressure). 

Stem Growth Rate and Critical AnP.le ~easurements 

The an~les of incidence for which regular 
and ~ach reflections occur have been determined 
for Composition B-3, Baratol, 9-04-03 PBX (9-\ 
HMX, p a l. 84 * .003 g/Cill3), and ni.tromethllne. 
By observing with a smear camera the arrival of 
the initial waves of an interaction at the 
prism base the presence of a stem and Its width 
could be established. A stem vas always ob
served above a certain angle of incidence and 
from the absence of a stem re~ular reflection 
vas implied. 

ri'O'II thcr mu:.ured Btem wldth 1 the known 
d•tenatldft veloeity, angle of l~eidene~ and 
stem run the avera~e stei!t ~rowth t-ate vas cal
culated. The observed st~ grovth rates ex
pressed in terms of the an~le x (see rt~. 3) 
are shown in rig. 9. 

The data for CCI!Ipositlon B-3 weN obtained 
by mcuurin,!t tlie rlrvo:!l·ll~e gr'Uirlh ra'te for St4!1!1 
runs of 5.l·cm, 7.6 em, and 10.2 em. Within 
experimental error the grovth rates were con
stant over each of these intervals ~d the d~ta 
'points are averages of these ~rowth rates. The 
~rowth rates for Aaratol are ~verages over 5~1 
em and 10.2 em of run whereas for 940~·03 PAX 
the growth rates for angles below 54° are for 
10.2 ~ of stem run and above 54° for 5.1 em of 
run. All growth rates for nitromcthane are for 
7.6 em of ste~ run. Stem widths in Baratol were 
not measured below 39° beca~~e of the difficulty 
in preparin~ a sufficiently smooth surface to 
reliably measure smaller stems. 

The critical angle of incidence was found 
from these data by extr~polatin~ the stem 
~rowth rate to zero. Thi~ procedure (extrap
polation) vas madt necessary by the relatively 
amall and slowly ci1an,ging growth Nte near thf' 
critical an~1P.. The values of the mea~ured 
critical an~les are li~ted in Table 1 in the 
follawlnP. section. 

A ll~tted nUMber of auxtltary obs•~attons 
were made of the effect on a& of slb:htly over-cr • drivlnr, the incident detonation waves in Compo-
sition B-3. A suitable thickness of ~404-03 PBX 
was used for a booster explosive such that the 
incident waves were initiated at a pressure ap. 
p~xl~ately 15 kllobars above the steady state 
pressure. In the first 7.6 em of stem run the 
~rovth rate vas at least doubled but there vas 
no detectable ch~ge In a& • cr 

Stem Pressure Measurement 

One further ex~rlmont vas performed ln 
which ~n app~lmate Mach stem pressure was 
found fi"CCII free-!lurface velocity l'llftaaurements 
of thln metal plates being driven by the stem, 
The stem w~s formed in a 60° interaction ln 
Canpcsltlon B-3 ~nd had ~ to a vldth of' ap. 
proximately 4.2 ~ after a stem run of 10.2 em. 
Upon the aJ"''ival of tho fttem at the explosive 
prism base a shock wave vas transmitted into a 
metal plate placed &Ralnst the explosive, The 
resultant velocity of the free-surface 1110tion 
of the plate vas measured by the "flash gap" 
method. The time required for the free surface 
to move ~ known distance was determined by re
cordin~ with a smear ~ra the li~ht caused by 
the metal free surface colliding with thln 
a~on-filled ~aps placed at appropriate dis
tances ln front of the plate (in this Calie, 
0.508 mm and 1.016 mm). Tbe average free-sur
face velocity vas then related to the original 
shock pressure in the plate from existing shock 
Hugoniot datall. The two plate aaterials-
ma~esi~n and 2021t Dural-ere of such shock 
impedance at the ste~~~ pNssure involved to cause 
a shock to be reflected from the explosive
metal interface !:lack into the reaction products, 
The states of the reflected shocks were deter
mlnod by matQhln~ Pre~~~re$. ~d partie!~ vel~ 
lttes at tho lnta~F~ee and .e~ used to cen~trutt 
a straight llne approxl~atlon of the reflected 
shock Hu~onlot oi' the reaction products. The 
orl~inal state behlnd.the stem was then approxt~ 
mately ftiYen by the InterSection of the re
flected shock Hu~oniot with the explosi98 
RayleiP,h line, defined by P • (o

0
D )u • Whore 

the stet~~ velocttv D vas detennine3 ~~~ a sep. 
arate experiment. fActually, the Impedance of 
m~es lUIII w~s very near to that of the reaction 
products. An acoustic approximation from the 
m~~es{UIII ~tate point to the RayleiP,h line ~a .. 
an equAlly accurate 5tate of the reaction 
products.) 

Because of the nonun t fonn structure of the 
~tem detonation v~ve several plate thicknesses 
were u~ed (ranRln~ f~ o.76 mm to 1.52 mm) 
whlch allowed an estimate to be made of the rete· 
of attenuation of the transmitted shock vave12. 
This in turn allowed an estimate to be made of 
the ~re~sure char~cterlstic of the reaction 
products hehlnd the reaction zone yet not far 
enouP,h behind tho wave front to be seriously 
i\f'.fccted by the r.trefactlon trailing the stem 
or the ~ach inter~ctlon transmitted into the 
plate. For tho fi0° interaetion in Composition 
R-3 the stP.m velocity wa~ measured to be 0.935 
cm/~sec, the stem pressure to be 0.665 * .025 
meP,abars ~nd the ~~sociated particle velocity 
to bP. 0.316 cm/~sec at the center of the stem. 
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Table l 

Explosive 

Comp, B 
Nitromethane 
Baratol 
9404-03 PBX 

Measured 
(J 
cr 

44,0*1° 
42,8*1,5° 
36,0*3° 
49,0*2° 

Table 2 

CJ State 
Exeloslve PlmegaharsJ olcm7usecJ 

Comp. B 0,294 o.9oo 
Nitromethane 0,141 0,629 
Baratol 0,140 0,493 
9404-03 0,376 0,881 

CALCULATIONS AND DISCUSSION 

The principal features of the flow patterns 
in detonation interactions are observed to be 
the same as those of shock interactions, How
ever, the flow that has passed near the inter
action point in regular reflection and near the 
triple intersection points in Mach reflection 
significantly deviates from that expected on 
i:he l.Ja!:l!s of a s!mpH:Hed deseri!)tion ot the 
detonation wave. Since the origin of these 
perturbations appears to be located in that 
region where the reflected waves are very near 
the incipent wave fronts it is concluded that 
they are caused by a nonuniform flow near the 
wave front, such as the chemical reaction zone, 
a turbulence layer, or other unidentified. flow 
irregularities. Since the critical anv.le is 
governed by the flow near the interaction point 
it would be expected that t1 would also be 
affected by these irregularities, 

The reliability of a calculated value for 
o will depend on the extent to which the de
t3fled structure of the detonation waves and 
the interaction flow is known and on how accu
rately the equation of state of the partially 
and completely reacted explosive can be re
presentP.d, In spite of this rather involved 
dependence of the critical angle on the 

1. 

Calculated t1 

45.5° 
47,7° 
43,4° 
45,4° 

Calculated y 
rrom CJ State 

2.77 
2.17 
3,53 
2.90 

cr 

49,9° 
47,3° 

y 1 Implied 
By Measured ocr 

3,24 
3,89 

(uncalc., > 4,00) 
·2.13 

interaction flow, the relative ease and accu
racy with which it can be measured makes it a 
convenient interaction parar~et11r to consider, 
It should first be noted that in comparing a 
measured critical angle to its calculated value, 
consideration must be given to the several 
limiting angles it can represent, A~ in shock 
interactions there will exist a theoretical 
maximum an~le of incidence for which regular 
reflection can exist, the critical angle for 
regular reflection, There will also be a 
theoretical minimum angle of incidence for which 
Mach reflection can occur, The range of angles 
.bounded by either of these limiting angles can 
overlap and there is nothing in the theory to 
determine which interaction will occur within 
this common range, There exists another limit
ing angle t1 1 the so-called sonic angle, which 
is the angl~ of incidence at which the flow 
behind the reflected shocks becomes subsonic 
(relative to the interaction point), If t1 

falls withln the common range of angles ..:~ted 
above, the boundary conditions behind the inter
action may perturb the interaction flow enough 
to chanp,e the interaction from a regular to a 
Mach reflection, In the absence of sufficient 
exper-imental h1formation ~o provide a precise 
description of the interAction it wUl be 
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assumed that the observed m corresponds to the 
critical angle of incidencecfor regular re• 
flection, as is observed to be the case in 
shock interactionss. 

In the analysis of regular reflection it 
vas shown that the critical angle for regular 
reflection is a function of the adiabatic con
stant alone for Chapman-Jouguet detonation 
waves whose reaction products can be repre
sented by a polytropic-gas equation of state. 
As was mentioned there the relation between 
m and y has been calculated and it is shown in 
Fi~. 10. Since the value for y is eiven by 
(10) in terms of steady-state detonation pa
rameters, the critical angle for each ex
plosive can be calculated from experimentally 
determined quantities. The values for y cal
culated from (10) are shown in the third 
column of Table 2 for four explosives, while 
in the fourth column are the adiabatic con
stants implied by the measured critical angles. 
The corresponding predicted m are shown in 
the second column of Table 1 fbr comparison 
with the measured a • It is seen that there 
exists a substantiairdifference between the 
calculated and measured values of m r (or, 
equivalently, between the calculate8 and implied 
y). 

First, considering the likelihood that a 
poor representation of the equation of state of 
the explosive•s reaction products is a cause 
of part of the discrepancies, it is noted that 
experimental data on the CJ-centered reflected 
shock Hugoniots are virtually nonexistent for 
the pressure ranges of interest. However, for 
Composition B Deall2 has reported that the re
flected-shock Hugoniot and isentrope could be 
represented by a polytropic gas equation of 
state within the pressure range explored (up to 
0,515 megabars), Tho adiabatic constant that 
best represented the data was found to be 2.77, 
which is in excellent agreement with that cal
culated from the measured detonation and 
particle velocities (by equation (10)). Usin~ 
this y the ratios of pressures behind the re
flected waves to the Chapman-Jouguet pressure 
given by equations (15) and.(l6) are shown in 
t·ig • .i..L for ang.Les ot incidence between ou and 
the critical angle. It· is seen that pressures 
up to approximately o.aoo megabars are pre
dicted for thi~ explosive (with a CJ pressure 
of 0.294 megabars which is considerably above 
the range of pressures from which y was deter
mined. Also shown in Fig. ll are ratios of 
pressure across the stem given by equation (26). 

One further state point on the reflected 
Hugoniot of Composition B·3 nearer to the pre
dicted pressure at m has been reported by 
Boyd and Venablel3 wRire the zero-particle
velocity pressure of a head-on collision of 
plane detonation waves was found to be 0.687 
megabars. If the reflected Hugoniot is re
pres•nted by an adiabatic constant Yp inde• 
pendent of .that implied by the measured ratio 
c/D then the best value for Yp becomes 2.59 • 
Graphically solving for the critical angle for 
this yi (by the method illustrated in the 
analys s section) it is found that acr s 46° 1 
which differs even more from the observed 
value • 

8 

If the reaction products are represented 
by the more rei!listic Becker-Kistiakowsky-IHlson 
(BKH) equation of st.atel", the interaction flow 
parameters can be found ~raphically using 
equati~n (9) and the BKW reflected-shock 
HuP,oniot~ for reP,ular reflection, and equation 
(20) and the DKW.detonation llugoniot 15 for Mach 
reflection. The pressure ratios found by these 
methods i\re shown in rie. 11. The calculated 
critical angle is found to be 49. 8° and is 
listed in the thlrd column of Table 1. That 
this equation of state is a reasonably accurate 
representation of the reaction products for 
relatively high pressures can be .seen from 
Fig. 11 by comparing the measured stem pressure 
(0.665 t .0?.5 megab~rs) with that calculated 
using the !3KI~ equation of state (0.650 mega
bars). 

In comparing the observed mer with the 
several calculated values for Composition B-3 
it is seen that the agreement between these 
values is progressively worse as increasingly 
better representations of the equation of state 
are used. This would.indicate that a more. 
accurate representation of the equation of state 
would not resolve the discrepancy between the 
measured and calculated critical angles so that 
the principal cause of this difference for 
Composition B-3 is probably associated with the 
flow irregularities responsible for the per
turbed flow patterns. 

Although no equation of state data exist 
for nitromethane in the range of pressures char
acteristic of interactions it is of some interest 
to consider this explosive briefly, it being 
homogeneous with a narrov reaction zone (thus 
far, undetected). Should the perturbed flow be 
caused by the nonuniform flow in the reaction 
zone or other irregularities characteristic of 
an inhomoguneous explosive• better agreement 
might b~ anticipated between the calculated and 
observed critical angles for this explosive. 
However, in comparing critical angles using 
either a polytropic or BKW equation of state 
(Table l) the differences are about the same or 
greater than for Composition B-3. 

Finally, it is noted that the measured 
critical angles of three of the four explosives 
are less than the calculated values. If all 
measured a were found to be less than the 
predicted g~itical angle it might be argued that 
the critical an~le for Mach reflection (which 
could be less than the critical angle for 
regular reflection) might determine the change 
from regular to ~~ch reflection. Again• it is 
difficult to evaluate this possibility without 
an accurate representation of the equation of 
state of the explosives from which these criti
cal anP,les could be reliably calculated. 

tiThe BKW reflected shock llugonlots were calcu
lated by the authors by slightly off-setting the 
BKW isentropes presented in reference 14 by the 
amounts computed as appropriate by Fickett 6 in 
"constant-S" equation of state. 
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From the presented data and the various 
considerations men~loned above, lt l's clear that 
a thorough lnvestlkation of equations of st~te 
of explosives and detailed ob9ervations of the 
interaction flow patterns are required hefore 
the discrepancies between observations and cal
culations can be rosolvad. Althou~h the class• 
ical regular and Mach interaction flow patterns 
describe the gross features of detonation inter
actions, the effect of the structure of the 
detonation waves must be considered when at
tempting to calculate with any precision the 
various interaction flow parameters.· 
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Fig. 1. Classical Flow Pattern of Regular 
Reflection. 

Fig, 3. Classical Flow Pattern of Mach 
Reflection. 

/0 -

REFLECTED SHOCK 
HUGONIOT 

r 

rig. 2. Loci of accessible states, illus
trating regular reflection in Camp. B-3 with 
polytropic-gas reaction products (y = 2.77). 

TO 

LUCITE PLATE 

Fig. 4. Explosive System. 



Fig . 5 , Radiograph of a ~2° regular 
interaction in Composition B-3, 

Fig , 7. Radiograph of a 50° Mach 
interaction in Baratol , viewed in the direction 
of stem motion , 

Fig . 6 . Radiograph of a 60° ~ach 
interaction in Composition B-3 , 

Fig , 8. Smear camera record of a 60° Mach 
interaction in Composition B-3, Time increases 
downward . 
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fig, 9, Measured stem P,rowth rate, .. 

fig, 10, Calculated critic~l an~les for a ~J
polytropic detonation, 
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rig, 11. Calculated pressures of detonation interactions in Composition :>.-3, 




