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A method of studying solid propellant ignition is described which utilizes detonating gas igniters. This article describes (1) 
conditions required for obtaining reproducible igniter systems and ( 2 )  results of application of the method to four well-known 
rocket propellants in which various “chemical” and “thermal” effects were brought out by suitable variations in  the initial 
pressure and composition of the detonating gas igniter. Successful application of the detonating-gas-igniter method requires the 
use of steady state detonation waves, i.e., waves in which the detonation head has attained a steady “size” and momentum. 
Experimental data are presented which show that detonation (following the initial predetonation buildup) must travel W to 
50 cm. in a I-in. diam. steel tube before these steady state conditions are established in the systems studied. 

Results of studies by the detonating gas ignition method show that, besides the important purely physical effects of tem- 
perature and pressure, free oxygen and solid carbon in the igniter system are very effective in lowering the threshold ignition 
pressure. Moreover, increasing oxygen in the igniter markedly lowers the ignition time lag ( T ~ )  for appearance of a n  observable 
flame although it increases the time lag (71) for appearance of reaction sufficient to cause the first measurable ionization in 
the reaction zone ( T ~  >> 7 , ) .  Although true flame-ignition time lags were observed to be of the order of several milliseconds, 
reaction of the propellant was observed to start within 1 msec. (possibly immediately) after collision of the detonation wave 
with the propellant. 

The detonating gas method is shown to provide a reliable measure of the relative ignition sensitivities of various rocket 
propellants. 

Chemical effects on propellant 
ignition may be defined as the ef- 
fects exerted by various chemical 
species by virtue of specific chemi- 
cal reactions, aside from the physi- 
cal or “thermal” factors of tem- 
perature and pressure. It is im- 
portant, however, to realize that 
the chemical effects described in 
this article require high tempera- 
ture. Most investigations in pro- 
pellant ignition have been con- 
cerned with the influence of tem- 
perature(l2, 24, 32)  ; pressure 
(12) ; and heat transfer by radia- 
tion(1, 2, 10, 29>,  convection(13, 
2 7 ) ,  and conduction(18, 28). The 
results of the few studies on chemi- 
cal effects reported(& 13, 5 ,  27) 
thus fa r  have been inadequate to 
show conclusively that chemical ef- 
fects are actually involved to  an 
appreciable extent in propellant 
ignition, most investigators having - 
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attributed ignition primarily to the 
physical factors, temperature and 
pressure. One reason for uncer- 
tainty in this regard is that  chemi- 
cal factors have been studied at 
temperatures much lower than 
those encountered in practical 
ignition system. Also in many in- 
vestigations, especially those with 
conditions comparing favorably 
with practical igniters, i t  was diffi- 
cult to ascertain the composition 
of the gases actually contacting the 
propellant during the time interval 
between the initial application of 
energy and subsequent decomposi- 
tion or burning of the propellant. 

In an attempt to evaluate the 
specific or chemical influence of 
various chemical species on pro- 
pellant ignition a t  realistic tem- 
peratures and pressures, a de- 
tonating-gas-ignition technique was 
developed. Detonating gases de- 
velop pressures and temperatures 
of the magnitude found in practical 
igniter systems, and these condi- 
tions may be varied reproducibly 
over relatively wide ranges by 

proper selection of the initial pres- 
sure and composition of the ig- 
niter system(Z9). Furthermore, 
the thermohydrodynamic theory of 
detonation, solved by use of the 
ideal gas equation of state, pv = 
mRT, known to be reasonably valid 
for gases(%), provides, in addi- 
tion to the temperature, pressure, 
and other thermodynamic data for 
conditions existing in the detona- 
tion front (1 5,  19), the chemical 
composition of the products of 
detonation. Unfortunately detona- 
tion conditions prevail for only a 
few microseconds ( 1  7) , whereas 
true ignition requires in general a 
much longer induction period. On 
the other hand, calculations show 
that the Chapman-Jouguet concen- 
trations of the molecular species 
(i.e., the composition existing in 
the detonation wave) for the vari- 
ous igniters used here should main- 
tain at  least approximately during 
the entire ignition induction peri- 
od. The detonation-head model, de- 
scribed in Appendix I, suggests 
that once the detonation wave has 

Vol. 1, No. 3 A.1.Ch.E. Journal Page 391 



propagated a length L,, a steady 
state detonation head of constant 
size, momentum, pressure, and 
average particle velocity is at- 
tained. Consequently, according to 
this model thermodynamic condi- 
tions existing in the igniter gas 
from the wave front rearward 
should be relatively constant for  a 
distance which should be equal to 
the distance covered by the wave 
front in about 10 to 20 psec. Even 
though the ignition time lag is 
much greater than this, however, 
the most profound thermal effect 
on subsequent ignition should be 
that exerted during the time inter- 
val of application of detonation 
conditions owing to relatively 
sharp rarefactions and cooling out- 
side the detonation head. Chemi- 
cal effects on the other hand exert 
themselves over the entire induc- 
tion period and are probably most 
important in  the later stages. 

The complete heat-balance equa- 
tion of the propellant being ignited 
may be written as follows: 

C k ! f P = 8  (1) 

where the first term on the left 
( u = - K V T )  accounts for the 
heat conduction, the second term 
( B  = CpdTidt )  for  the heat content 
of the propellant, and the term on 
the right ( 6  = p Q k ' f )  expresses the 
heat generated by chemical re- 
action of the propellant. (Here K 
is the thermal conductivity, Q the 
density, C the specific heat, Q the 
specific heat of reaction, and f a 
dimensionless function expressing 
the order of reaction.) Thus when 
ignition of propellants is accom- 
plished with a detonating gas 
igniter, i t  is reasonable to assume 
that a relatively constant tempera- 
ture corresponding to T ,  (the de- 
tonation temperature) persists a t  
the propellant surface for the short 
period of application of detonation 
conditions (10 to 20 psec.), during 
which term a is strongly positive, 
term p increases rapidly in time, 
but term 6 reaches importance 
probably only toward the end of 
this stage. The depth of penetra- 
tion of heat into the propellant 
may be very small, possibly a few 
microns or less, but the surface 
should be raised essentially to gas- 
phase temperature. The increase 
in p when a is positive starts re- 
action a t  the surface, and term 6 
increases exponentially in T ,  reach- 
ing a certain magnitude while u 
is still positive. During this phase 
both a and 8 thus contribute to p 
but a is of f a r  greater importance. 
From considerations of the mech- 

anism of burning of propellants 
(12) the first reaction involves 
only partial decomposition and is 
in general much less energetic than 
complete reaction. After the de- 
tonation head has passed beyond 
the propellant, the temperature of 
the surrounding medium drops 
rapidly; term a then becomes nega- 
tive and heat flows outward from 
the now reacting propellant sur- 
face into the surrounding medium. 
(Sporadic positive thermal effects 
of the igniter after passage of the 
detonation wave exist owing to re- 
current shock effects which are  
ever present, especially in short 
shot tubes, but may be reduced to 
negligible proportions by use of 
long shot tubes and careful con- 
trol of the method of collision of 
the detonation wave with the pro- 
pellant.) 

The chemical effects described in 
this report a re  probably of very 
little, if any, significance during 
the part  of the process where term 
a is positive. As soon as reaction 
has become appreciable, however, 
these chemical effects become im- 
portant (1) by their influence on Q 
in  term 6 and (2) by specific in- 
fluences on the rate of reaction. 
While the surrounding medium will 
thus exert an adverse thermal in- 
fluence on ignition after the de- 
tonation head has passed, or as 
soon as  term a becomes negative, 
i t  may have a very pronounced 
positive chemical effect if it con- 
tains chemical substances which 
upon contacting the reacting sur- 
face can contribute to the heat 
and/or rate of reaction. Ignition 
or nonignition of the propellant 
will thus depend (1) on the mag- 
nitude of the energy input by the 
term a while the detonation head 
is in contact with the propellant 
and (2) on the later influence of 
specific chemical reactions between 
the gas phase and the propellant 
in the propellant reaction zone. 

The detonating gas igniter meth- 
od was for the reasons given above 
considered to offer promise as a 
means for studying propellant 
ignition. 

EXPERIMENTAL METHOD 
Ignition Threshold and Time Lag. 
Quantitative data observable in 

the detonating gas ignition method 
fo r  the study of propellant ignition 
include (1) ignition or nonignition 
and (2) ignition time lag. The 
most satisfactory index for igni- 
tion-nonignition is the minimum, 
or "threshold," pressure for igni- 
tion, where threshold pressure, 
designated p l 0 ,  is here defined as 

the minimum initial pressure re- 
quired to produce consistent igni- 
tions of a given propellant by a 
particular detonating gas of given 
composition. A more fundamental 
index is, of course, the threshold 
detonation pressure pzo .  However, 
since p, may be computed from p1 
and p1 through the  hydrodynamic 
theory, p," is quite as reliable an 
index as p,". It has the advantage 
of being a directly observable 
quantity where p," is not. From 
numerous calculations made a t  this 
laboratory it was observed that 
for most of the igniter composi- 
tions used, many of the detonation 
properties were a linear function 
of log p1 (7'). For  example, in com- 
paring a detonation property cal- 
culated a t  two different values of 
p,, the following equation was 
found to hold satisfactorily. ( S e e  
Figure 1.) 

vi"/#i' = 1 + P1 log10 p1"/p1' (2) 

where +i refers to any of the fol- 
lowing thermodynamic variables : 
Q2 (heat of explosion), D (detona- 
tion velocity, n2 (moles of detona- 
tion productsikg.), T 2  (detonation 
temperature), and some others not 
used in this study. Also p1 is a dif- 
ferent constant for  each of the 
variables in question, and p,"lp,' is 
the ratio of initial pressures. 

The ignition time lag T is de- 
fined as the interval between the 
initial application of energy to the 
propellant, i.e., impact of the pro- 
pellant by the detonation front, and 
the  time of ignition of burning of 
the propellant. The latter requires 
careful definition; i t  depends on 
the particular initial stage of burn- 
ing one observes. Depending on 
how this "ignition" is observed, it 
may be identified with various 
stages of burning; for example, it 
may correspond to the first observ- 
able partial decomposition of the 
propellant, the initial observation 
of evolution of gas, or the initial 
appearance of a high-temperature, 
luminous flame. The literature de- 
scribes three zones of propellant 
burning, namely foam, fizz, and 
flame zones(30). Each of these 
zones makes its appearance a t  a 
somewhat different time, and as a 
result observations involving dif- 
ferent zones of burning would be 
described by different ignition time 
lags. One must, of course, exercise 
care to ascertain that  the stage 
one is observing actually provides 
an  adequate criterion of ignition, 
i.e., that  a stable flame always ap- 
pears at the particular stage ob- 
served. 
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One time-lag index employed in 
this study involved measurement of 
the  induction period of initial de- 
composition sufficient to produce 
enough ionization f o r  discharge of 
a n  ionization gap. This  was  de- 
termined by a technique(7) in 
which the  time T[ t o  start decom- 
position and erode a given thick- 
ness d of propellant f rom the  sur-  
face of the  exposed propellant face 
was measured. The real t ime  lag T~ 
corresponding to  this index was 
then calculated f rom the  equation 

(3) 

where T: is the  measured t ime and 
lc is the  [pressure dependent) burn- 
ing  rate of t he  given propellant 
(30). Unfortunately d could be de- 
termined only t o  within an  ac- 
curacy of about 20 p, and the  pres- 
sure  was known only fo r  the  rela- 
tively short  period of contact by 
the  detonation head. Consequently 
the  th i rd  term in Equation (3) was 
not known precisely. Since it 
turned out t h a t  under operating 
conditions T ~ <  <T[, this criterion 
involved appreciable error. More- 
over, there  is  some question 
whether zi may be considered as a 
t rue  ignition index since t rue  flame 
always appeared considerably later. 
However, i t  provides a means fo r  
detecting reaction in its early 
stages. 

A relatively unambiguous defi- 
nition of t ime lag is that based 
on the  initial appearance of a 
stable flame T ~ .  This time lag, desig- 
nated T ~ ,  was determined by direct 
photography of the  propellant face 
by use of either a streak o r  a Fas- 
t ax  camera. However, at p 1  values 
above 300 to 600 lb./sq.in. abs., 
depending on the igniter composi- 
tion, the  light f rom the  detonation 
and recurring shock waves per- 
sisted a sufficient t ime to mask the  
initial appearance of the stable 
flame. Hence th i s  method was ap- 
plicable only at fairly low initial 
igniter pressures. 

Equipment and Techniques 
The results presented in this pa- 

per were obtained in three different 
heavy-walled, steel shot tubes all of 
1-in. I.D. Initiation of the gas was 
effected in each case by the discharge 
of a 1-pf capacitor a t  4,400 volts 
through a high-pressure (airplane) 
spark plug. Detonation and prede- 
tonation flame velocities were meas- 
ured by means of the pin-oscillograph 
technique ( 7 ) .  Ionization gap pins 
were connected to separate capaci- 
tors charged t o  voltages of 250 to  
1,700 volts (as desired). The capaci- 
tors were discharged in turn through 

the pin gaps by the highly conduct- 
ing ionized wave front of the de- 
tonation or predetonation flame. This 
discharge was fed through suitable 
pulse-forming circuits to an  oscillo- 
scope, where it was recorded photo- 
graphically as  a “pip” on the cali- 
brated sweep of an oscilloscope. 

Shot tube I was 92 cm. long and 
was designed for pressures up to 
30,000 lb./sq.in.abs. It contained ion- 
ization gap stages 50, 25, and 0 cni. 
ahead of the propellant to ascertain 
that a constant velocity was obtained 
a t  least 50 cm. before contact with 
the propellant. The propellant in this 
case was a smooth-surfaced 2.5-em.- 
diam., 3-mm.-thick wafer and was 
mounted on the end of a plug that 
was threaded into the end of the 
tube opposite the point of initiation 
of the gas. Consequently the face of 
the wafer was perpendicular to  the 
axis of the tube, and the detonation 
wave struck it broadside. Ignition 
was viewed in tube I through a plas- 
tic window sealed into the tube with 
0 rings. 

Shot tube I incurred difficulties 
associated with broadside collision of 
the detonation wave with the propel- 
lant, including excessive shock-wave 
interactions and complete interrup- 
tion of the detonation wave. Despite 
these difficulties, results of threshold 
ignition measurement proved surpris- 
ingly reproducible, but the measure- 
ments of time lag were less satis- 
factory. Tube I served admirably in 
the preliminary evaluation of the 
detonating-gas-igniter method. 

Shot tube I1 was designed to  elimi- 
nate the undesirable features of shot 
tube I. It was a 1-in. I.D. tube 302 
cm. long, capable of withstanding 
pressures up to 30,000 Ib./sq.in.abs. 
The propellant was machined in the 
shape of truncated cones 7 mm. thick 
and 11 mm. in diameter a t  the apex. 
The propellant sample was forced 
into a conical hole in the side of the 
tube 107 cm.. downstream from the 
igniter plug. In ignition threshold 
measurements the propellant face 
was allowed t o  crown out slightly 
into the bore as  long as  the 
edges of the pellet were not exposed. 
In measurements of 7% the pellet face 
was machined flush with the tube 
walls by use of a spiral reamer. In 
either case the detonation wave could 
pass over the propellant without be- 
ing appreciably disturbed, and con- 
sequently shock reflections back to 
the propellant occurred only later, 
at relatively long intervals. A 12.5- 
mm.-diam. window was located di- 
rectly opposite the propellant pellet, 
allowing a direct view of the face of 
the propellant for  photographing and 
manipulation. Also with tube I1 pro- 
pellant wafers could be placed at 
one end of the tube just  as in shot 
tube I, by means of which one could 
study the effect of the length of the 
column of igniting gas by compari- 
son with results obtained in shot 
tube I. 

In the measurement of T; an ion- 
ization “pin” was located directly 
opposite the propellant to provide 
the time reference. The pellet pin, 
insulated except for a pointed end, 
was inserted through the plug hold- 
ing the pellet in the tube wall into 
the back side of the pellet until the 
point was the desired distance d 
under the pellet face. Adjusting the 
circuitry permitted the pips from 
each pin to be identified by varia- 
tion in the voltages on the pins. 

Shot tube I11 was designed f o r  
pressure up to 5,000 lb./sq.in.abs. 
primarily t o  study conditions re- 
quired for the development of a 
steady state detonation head, It was 
1.83 meters long and contained twen- 
ty-seven ionization gap stages, each 
of which could be interchanged with 
the igniter plug t o  enable one to 
ignite the gas at any desired posi- 
tion in the tube. Eighteen of these 
stages were spaced a t  10-cm. inter- 
vals, and the remaining nine at 1-cm. 
intervals (spiraled around the tube) 
between the second and third 10- 
em.-interval ionization-gap stages. 
Variable pip amplitudes were again 
used to enable one reliably to  
identify each pip with its respective 
ionization gap. This arrangement 
made possible the determination of 
the length L’ between the points of 
ignition and creation of the detona- 
tion wave and the variation of L’ 
with p1 and composition. It also made 
possible the determination of the 
velocity of the flame front and its 
variation with distance L (the total 
length of flame propagation from 
point of igniter gas ignition) in both 
the predetonation and detonation 
stages. 

Pressures and total end impulse or 
momentum were measured by use of 
a dynamic condenser-type pressure 
gauge having a flat response between 
0 and 10 kc., a resonant frequency 
of about 20 kc., and a 100% rise 
time of less than 50 psec. It was 
located in the end of the tube opposite 
the igniter plug and thus received 
the full impact of the detonation 
head. The output of the pressure 
gauge was coupled to the vertical 
input of a n  oscilloscope, and the 
resulting sweep recorded a pressure- 
time curve. 

The initial temperature of the 
igniter gas systems varied less than 
15C.O in determination of p,’ for 
any particular propellant. Variations 
in the initial temperature of this 
magnitude have very little effect on 
the actual detonation conditions ( 2 6 ) .  
Moreover, variation in the ambient 
temperatures seemed to have very 
little effect on ignition if held within 
this limit. The gases were used as 
received from the suppliers without 
further purification but were of about 
99.5% purity. 

Four homogeneous double-base roc- 
ket propellants, designated for secur- 
ity reasons as propellants A,  B, C, 
and D,  were studied. Each propellant 
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had about 50% nitrocellulose, ap- 
proximately 30 t o  40% nitroglycerine, 
and varying percentages of the usual 
plasticizers, stabilizers, and other 
additives. The propellant C had the 
highest nitroglycerine, and propel- 
lant D had slightly more nitroglycer- 
ine than A and B, which had equal 
amounts. Because propellant igni- 
tion seems to be dependent somewhat, 
on the physical characteristics of 
the propellant, such as size, shape, 
and degree of roughness of the ex-. 
posed surface, each of these factors 
was held constant in any particular 
series. 

Composition of the igniter system 
was determined by the partial pres- 
sures admitting the gases into the 
mixing tubes separately. The gases 
were allowed to mix usually 10 min. 
or more in a mixing tank. All the 
shot tubes were thoroughly dried 
with an air nozzle, brushed with a 
wire brush, and then blown out with 
dry air after each shot. After evacua- 
tion of the shot tube the mixed gases 
were introduced from the mixing 
tank into the tube and allowed to 
remain there for  2 min. before firing. 

- 

- 

Thermohydrodynamic Calculations 

By means of the thermohydro- 
dynamic theory of detonation (1 9,  
26, 1 5 )  the thermodynamic proper- 
ties and the chemical composition 
at the Chapman-Jonguet plane 
were calculated for  each of the 
igniter systems used. Calculations 
were made for each composition a t  
three fugacities, corresponding ap- 
proximately to the initial pressure 
p1 of 1, 10, and 100 atm. Any de- 
sired thermohydrodynamic values 
in the range of 1 to  100 atm. could 
then be obtained very accurately 
by interpolation through Equation 
(2 ) .  These calculations are  too ex- 
tensive for  presentation completely 
in this report but are  available 
upon request. Some of the most 
important results for the H2-02 
system are given in Figure 1. 
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EXPERIMENTAL RESULTS A N D  
INTERPRETATIONS 
Detonating Gas System 

Figure 2 shows comparisons ad 
measured and calculated detonn- 
tion velocities for  the  H,-02 and 
C2H2-02 systems. The agreement 
between calculated and observed 
velocities was in general satisfac- 
tory, except in the C2H2-02 system 
for  C2H2/O2 mole ratios greater 
than 0.90, where the calculated 
velocities were higher than exper i- 
mental. The experimental values 
agreed fairly well with those ob- 
tained hy Breton(%) and Kistia- 
kowsky and coworkers ( 2 1 , 2 3 ) .  The 
discrepancy for  high C,H,/O, 

TABLE 1.-DISTANCE L' FROM IGNITER TO POINT OF DETONATION FORMATION 
FOR THE H2-02-A IGNITER 

Igniter 
composition pl, lb./sq. in. abs. 12.5 

(Parts by volume) 
H2-02-A 

1 3-0 
75 1-2-0 

1-1-0 
2-1-0 31 
3-1-0 42 
4-1-0 64 
6-1-0 
2-1- % 25 
2-1-1 24 

- 

- 

- 

ratios is attributed to failure to 
take into account all the  important 
products of detonation. This prob- 
lem has been discussed adequately 
by Kistiakowsky, et  al., who com- 
puted detonation velocities in fa i r  
agreememt with experiment for 
acetylene-rich C2Hz-02 systems by 

""1 a .  

1n~01 I 

LOG p,lpmiol 

Fig. 1. Variations of theoretical de- 
tonation composition, temperature T, 
and velocity D with initial pressure p ,  
and initial composition for the H2-02 

igniter system. 

25 50 75 100 150 

127 121 112 107 101 
65 56 - 52 45 
40 29 27 20 20 
20 13 16 15 10 
23 22 15 17 12 
58 48 41 39 37 

99 
15 17 - - 15 

94 108 116 112 

making some further assumptions 
as to the  detonation products and 
the mechanism of the reaction. 

The L' vs. p ,  and composition 
results f o r  the H2-02 and a portion 
of the H2-02-A system are  shown 
in Table 1. 
L' was determined with tube I11 

from measurements of the average 
velocity of the flame front  between 

Fig. 2. Variations of theoretical and 
experimental detonation velocity with 
initial composition for the igniters 
C2H,-0, (p1=2 atm.) and H,-0, 

(p ,= 1 atrn.). 

' 
OBSERVED 

CALCULPTED l4 

P E A K  PRESSURE 

(I MOMENTUM 

f VELOCITY 

0 I I I 1 I I l o  
2 5  40 60 80 100 23 140 863 180 

LtNGTn Llcml 

Fig. 3. Momentum, velocity, and peak pressure vs. length for  
the system 2H,-02 at  12.5 lb./sq. in. abs. (tube 111). 
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ionization-gap stations. The data 
given are  subject to  a possible 
error of about k 2 to 10 em., being 
greater for  large values of L'. L', 
like the thermohydrodynamic vari- 
able mentioned above, seemed to  
show a linear relationship with log 
p,. As was expected, the most 
energetic compositions in  the re- 
gion of 2H2-02 (2-1) (composi- 
tions being expressed throughout 
in parts by volume) showed the 
minimum value of L', although 3-1 
and 1-1 exhibited only slightly 
larger values of L'. 

Velocity-distance (D-L)  , peak- 
pressure-distance (p-L)  , and end- 
impulse - or - momentum-distance 
( M - L )  relations obtained in shot 
tube I11 with 2H2-02 are  shown in 
Figure 3.' It will be observed that  
steady state momentum was es- 
tablished a t  about 80 cm. from the 
point of ignition of the gases, al- 
though 120 cm. of propagation was 
required for  the attainment of a 
steady state peak pressure. L' was 
about 30 cm. 

As mentioned, solid explosives 
show a steady state detonation 
head of constant size and momen- 

30 

- 
F es- 
a- 

2 0  

15- 

-2 

model that  L,, should be relatively 
insensitive to composition and 
density. In  such a case steady state 
detonation should have been at- 
tained a t  the position of the pro- 
pellant in both tubes I and I1 for  
all H2-02 compositions in the range 
1<H2/02<4.  I n  all cases L' was 
less than 42 cm. for  these igniters. 
These conclusions seem to be sub- 
stantiated by curves (2) and (3) 
(Figure S) ,  which are  compari- 
sons of plots of p," vs. H2/02 data 
obtained in shot tubes I and 11. 
( S e e  below.) 

For the C,H,-0 igniter systems 
(Figure 2) detonation occurred after 
a flame propagation of less than 42 
em. (L'<42 cm.) for all compositions 
in the range 0.2<C,H2/0,<1.5. The 
upper limit, however, is somewhat 
uncertain owing to the formation of 
excessive free carbon in this range 
which caused erratic behavior of the 
pin-oscillograph equipment. Detona- 
tion should thus have been steady in 
this system a t  the position of the 
propellant in both shot tubes. 

Although not a great deal is known 
concerning the limits of detonation of 
the H,-0,-N, and the H,-0,-A igniter 
systems, it appears unlikely that 
steady state detonation was estab- 

- - 

- 

.. 
- - 

0 0 0  

n o  
0 * o  

I 
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tum for Ln,>3.5d. Also L ,  is de- 
pendent primarily only on the 
geometry of the charge and not 
on the initial density and composi- 
tion. The momentum vs. L results 
for  the mixture H2/02 = 2 given 
in Figure 3 show that a steady 
state detonation head is also estab- 
lished in gaseous detonations in 
this case for L,,-50 cm. Studies a re  
in progress for  the other systems 
but are  as yet incomplete. It is 
expected that they will confirm the 
suggestion of the detonation-head 

*Experimental velocities of 2,819 and 2,831 
meters/sec. were obtained by Lewis ( 2 5 )  and 
Bone ( 3 )  respectively. 

290 I 1  

20 k 

Fig. 5. Threshold ignition pressures 
p I o  vs. igniter composition for pro- 
pellants A ,  B, C, and D in shot tube 

I (H2-02 igniter). 

lished in shot tube I for  the 2-3-X 
(N2 or A) systems, although steady 
state detonation was probably de- 
veloped in the 4-1-X (N, or A)  sys- 
tems for small values of X .  With the 
2-1-X (N2 or A)  igniters the steady 
state occurred possibly for X as  high 
as 40%. 

Ignition-threshold Pressures 
Figure 4 is a plot of the log- 

arithm of the mole ratio C2H2/02 
VS. pl" for  propellant A. The 
broken line gives the ignition- 
threshold curve as a function of 
composition. However, it is doubt- 
ful  that  the results were sufficient- 
ly consistent to justify the detailed 
broken curve ; the solid curve is con- 
sidered t o  be the best smooth curve 
through the observed data. The 
threshold pressure curve showed 
a maximum for  the 2-3 (C2Hz-02) 
igniter and decreased sharply on 
both sides. Powdered carbon was 
found in minute quantities with 
the igniter 1-1 (C2H2-02) ; it in- 
creased rapidly to copious amounts 
as the proportion of the acetylene 
in the igniter was increased. These 
results show that both oxygen and 
solid carbon are eRective in en- 
hancing ignition of propellants. 

The p,"-vs.-composition curves 
for the propellants A, B, G, and D ,  
achieved by means of H2-02 ig- 
niters, given in Figure 5 were 
obtained from 300 tests at eight 
different H z / 0 2  ratios between 
0.125 and 12.0. The data were too 
extensive for  each point to be 
shown, but they were quite con- 
sistent, and the curves may thus 
be considered as a reliable repre- 
sentation of the experimental data. 
They show in general large plo 
values for the hydrogen-rich ig- 
niter and quite small pl" values fo r  
the oxygen-rich igniters. While all 
propellants showed marked sensi- 
tivity to excess oxygen in the prod- 
ucts of detonation, propellant A 
appeared somewhat more sensitive 
to oxygen than propellant D. From 
Table 1 and Figure 5 i t  may be 
seen that  detonation was produced 
in shot tube I only in the igniter 
composition range H 2 / 0 2  from 0.4 
to 5.0, and the failure of PI" to  
increase sharply with H2/02  from 
5 to 7, even though these igniters 
did not detonate, indicates tha t  
the deflagaration flame, although 
cooler and less intense than the 
detonation flame, is a t  least as 
effective as the detonating gases 
in igniting the propellant. With 
the extremely hydrogen-deficient 
and hydrogen-rich igniters the 
curves were very steep, except for  
propellant D at Hz/02 = 12.0. This 
steep rise may be due to the re- 
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duced temperature of the flames as 
the  limits of inflammability were 
approached ( 2 6 )  . 

The ignition-threshold method 
used with igniters with little or no 
oxygen or solid carbon clearly dif- 
ferentiated the relative sensitivi- 
ties of the propellants. On the 
oxygen-rich side the sensitivities 
differed very little, owing to the 
large oxygen effect. Hence the 
measurement of relative ignition 
sensitivity should be confined to a 
particular composition in which 
(0,) is small or absent, for  ex- 
ample, 2H,-02. 

Ignition-threshold pressures of 
propellant B in shot tube I result- 
ing from use of igniter systems 
2-3-XN2 and 4-1-XN2 (H2-02-Nz), 
2-3-XA, 2-1-XA, and 4-1-XA, 
where XN, and XA refer to the 
mole ratio of nitrogen and argon 
in the igniter system, are sum- 

marized in Figures 6 and 7. The 
percentage of nitrogen and argon 
was varied from 0 to 70 mole %. 
It was thought that  the initial de- 
crease in p l0  with N2 might be 
associated with oxides of nitrogen 
and that  therefore the substitution 
of argon for N, would change the 
shape of the curves considerably. 
Instead the comparable sets of 
curves proved to be surprisingly 
alike. It is possible that  the re- 
duced heat capacity of the argon 
systems produced approximately 
the same trend as oxides of nitro- 
gen in the nitrogen systems. In  
nearly all cases the curves ex- 
hibited more than one minimum. 
The maximum percentage of nitro- 
gen a t  which detonation was ob- 
tained in shot tube I is not known 
accurately but was limited to less 
than 40% as judged from the dis- 
appearance of the characteristic 

8 IGNITION 

0 NONlONlTlON 

0 IGN1710N &NO NON~QNITION 120 

2 0  4 0  6 0  8 0  100 
MOLE PEHCENTAGE NITROGEN 

Fig. 6. Threshold ignition pressure p l o  vs. percentage 
of nitrogen f o r  propellant B at H,/O, = 4, 2, and 0.67 

(shot tube I ) .  

I6Or------' 
0 IGNITION 

0 NONlGNlTlON 
I 4 O  t i 

n i zIzot a IGNITION AND NONIGNITION - 
3 m 
v) 

'0 

4-1 g 100 - 

0 0  0 

2-1 
p 6 0 -  
u) w 

40-  

20 w- 
OO L------- 2 0  4 0 60 80 100 

MOLE PERCENTAGE ARGON 

Fig. 7. Threshold ignition pressure p l 0  vs. percentage of argon 
f o r  propellant B at H,/02 = 4, 2, and 0.67 (shot tube I ) .  

"ping" at this percentage Of nitro- 
gen. Hence the minima observed 
a t  about 50% may be associated 
with the change from detonation 
to deflagration and finally to sim- 
ple quiescent burning. Incomplete 
studies of the ignition thresholds of 
propellants A and C were also made 
with the igniters 2H2-02-XN2 and 
H,-O,-XN,. They too exhibited the 
characteristic minima which Seems 
to be associated with change in the 
burning mechanism. 

Figure 8 gives a comparison of 
p,"-vs.-composition curves of pro- 
pellant C obtained in shot tubes I 
and I1 with the H,-O, igniter sys- 
tem. Curve (1) was obtained in 
tube. I. Fo r  this curve the gases 
were mixed in the tube for a t  least 
10 min. Curve (2) was also drawn 
from data obtained in tube I, but 
the gases were premixed a t  least 
30 min. in the mixing tank. The 
two curves agree fairly well except 
for  a decrease in  p," for H,/02 
above 2. The data for  curve ( 3 )  
were obtained under exactly the 
same conditions as (2) but in shot 
tube 11. It is believed that all com- 
positions in the range 3.0>H,/02> 
1.0 should have attained a steady 
detonation head a t  L<<302 em. It 
may be noted that the curves are 
similar in shape but differ by a 
fairly constant value of about 60 
to 70 Ib./sq.in.abs., indicating that 
the same steady state detonation 
conditions existed in the 92-em. 
tube as in the 302-em. tube for  
this system. These results illustrate 
the importance of recurrent shocks 
in shot tube I. Data for  curve (4) 
were also obtained in tube 11, but 
in this case the propellant pellet 
was placed in the side of the tube 
107 em. from the point of ignite1 
ignition. Here p," for H 2 / 0 , = 2  
was about double that of curve 
( 3 ) ,  where the propellant wafey 
was a t  the end of the tube anti 
interrupted the detonation wave 
directly, but a t  H,/O, = 1 for 
glancing incidence p," was much 
less than was obtained for broad- 
side collision with the detonation 
wave. 

The most significant result of 
the ignition threshold studies with 
H,-O, mixtures is the marked in- 
fluence of oxygen on threshold 
pressure p,". 

Figure 9 shows plots of all the 
pertinent (calculated) detonation 
properties a t  the threshold pres- 
sure p," against the H2/02  ratio 
together with the experimental p,"- 
vs.-H,/O, plot itself. This figure 
brings out clearly this oxygen ef- 
fect. (0,) refers to the concentra- 
tion of free uncombined oxygen, in 
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mole per cent, in  the detonation 
head.) The threshold pressure was 
eight times greater for  the maxi- 
mum temperature composition 
2H,-02 than for  one of 20% lower 
temperature but about ten times 
higher (0,) + (0) content. Figure 
10, in which the index l /plo (in- 
stead of p," )  is plotted against 
C2H2/02, shows in a striking man- 
ner the influence of (0,) and (c,), 
concentrations which considerably 
outweighed even the temperature 
involved. (It is l l p , ' ,  not p," which 
should parallel relative ignition 
sensitivity.) 

Ignition Time Lag 
Table 2 gives values of T( ob- 

tained with propellant C and vari- 
ous H2-02 systems. Negative values 
of d denote results in which the 
pellet pin protruded completely 
through the propellant pellet face 
into the chamber of the tube. In  
these cases pips were observed 
on arrival of both the detonation 
wave and the first reflected shock, 
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20c 
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.+ 
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MOL PERCENTAGE 
Dot lo-*( M/Sec) 
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Fig. 9. Comparison of threshold detonation conditions (Do, T2', O,', etc.) 
for propellant C. 
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Fig. 10. Comparison of threshold detonation conditions ( T , O )  , 
(O,'), and ((7,') with l / p , O  fo r  propellant A .  

Fig. 8. Cumparison of 
threshold pressures in  
shot tube I (curves 1. and 
2) and shot tube I1 
(curves 3 and 4)  for pro- 
pellant C (H,-0, system). 

I e 3 4 
H,/02 ( M O L E S )  

TABLE 2.-DATA ON 7'' FOR PROPELLANT c WITH THE H2-02 IGNITER 
AT 300 LB./SQ. IN. INITIAL PRESSURE 

Hz-Oz Hz-2 02 Hz-4 0 2  
Ti', msec d, P d, EL ~i', msec. d, P Ti', msec. 

750 
400 

2.11 
2.13 

10 2.05 
0 2.13 

-30 2.11 

10 
0 
0 
0 

-5 
2.50 
2.50 

95 13.27 
90 16.40 
60 3.98 
50 4.11 
10 5.03 
0 2.70 

- 40 2.70 

the time being sufficient for the 
pins to recharge. Even though the 
pellet pin was exposed directly to 
the gases in the tube, the ioniza- 
tion gap did not break down a 
second time until the first reflected 
shock wave crossed the pellet face. 
The recurrent shock did not cause 
breakdown o f  the pellet gap when 
the pellet pin was not exposed, i.e., 
for a pin still buried in the pellet. 
It was possible to ascertain this 
from the fact  that  the pip fur- 
nished by the pellet gap was much 
larger than that  from the reference 
pin. Also at d>75,>10, and210 p., 
respectively, for  the igniters 1-1, 
1-2, and 1-4, the first shock failed 
to cause pellet-pin breakdown, as 
shown by the 7; values obtained 
for  these values of d. 

From the data in Table 2, with 
p ,  as the upper limit of p during 
reaction and the known burning- 
rate law of propellant C, the upper 
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limit of r,’ was computed to be 1.1 
msec. Since the pressure was much 
lower than p,, zi must have been 
much less than 1.1 msec. Similarly, 
zi was much less than 2.5 msec. 
for propellant C when the 1-2 and 
1-4 igniters were used. 

The meager data obtained so f a r  
for z p  are given in Table 3. They 
indicate that the true ignition 
time lag is directly dependent on 
the initial pressure and inversely 
dependent on the percentage of 
oxygen in the igniter; i.e., zp 
varied linearly with the mole ratio 
Hz/OZ, extrapolating to 260 msec. 
for zp  at H2/02  = 2.0. As expected, 
T~ was much larger (seventeen 
times as large for  the igniter 2-1) 
for glancing than for broadside 
collisions of the detonation wave 
with the propellant. 

From tables 2 and 3 and observed 
zi and T~ data it appears that  (1) 
reaction is initiated within about 
1 msec. and possibly within a few 
microseconds if not immediately 
after the detonation front strikes 
the propellant, ( 2 )  the time to 
s tar t  the initial reaction apparent- 
ly is highly temperature dependent 
and not appreciably dependent on 
the chemical effects, (3 )  stable 
ignition occurs several millisec- 
onds later, and (4) stable burning 
is initiated more rapidly in the 
presence of oxygen. Presumably 
(4) would be true also of solid 
carbon but no measurements of 
time lag have yet been made to 
determine this. I n  normal burning 
of propellants three stages of re- 
action have been observed, namely 
foam, fizz, and flame(30). The 
ordinarily slightly exothermic (or 
perhaps even endothermic) foam 
stage consists of partial decompo- 
sition of the large polymers in the 
propellant to  large molecules which 
remain on the surface. The fizz 
stage consists evidently of the 
initial formation of gaseous prod- 
ucts. This stage is exothermic 
nearly to the extent of the very 
hot flame stage, where the pro- 

pellant reactions go to completion. 
Application of this burning theory 
to the time-lag results indicates 
that  the foam stage may occur 
within a very few microseconds 
after the very intensive energy 
source, the detonation head, is ap- 
plied and that z6 may measure a 
stage in the initial formation of 
the fizz zone. I n  the formation of 
the foam zone one requires a strong 
supply of heat. The reaction be- 
comes strongly exothermic only 
after the fizz zone has developed 
sufficiently. Apparently collision of 
the detonation head with the  pro- 
pellant produces the foam zone and 
early stages of the fizz zone. Only 
,after a time T$ has the fizz zone 
deveIoped sufficiently to produce 
enough ions for discharge of the 
pins of the pin oscillograph. Dur- 
ing this stage thermal effects a re  
much more pronounced than the 
chemical effects discussed in this 
report. This is in accord with the 
observation that  2, increases with 
the oxygen content (or more fun- 
damentally with decreased tem- 
perature) for H2-02 igniter sys- 
tems of positive oxygen balance. 

Chemical effects on ignition are  
limited to the fizz zone and possi- 
ble even to the later stages of de- 
velopment of this zone. This would 
account for  the strong inverse 
oxygen dependance of t rue flame 
ignition time lag zp. It would also 
account for the decreasing thresh- 
old pressures found for igniters 
with increasing oxygen content, 
since the magnitude of exothermi- 
city in the fizz zone would increase 
sharply with increased oxygen in 
this zone. Further evidence for 
this mechanism was found in ob- 
serving the character of the  pro- 
pellant following ignition failure 
at p ,  values below p,” ; partial burn- 
ing was observed to have occurred 
for  the oxygen-deficient igniter 
systems but never for  the oxygen- 
rich ones, where the propellant was 
either completely burned or  showed 
no evidence of reaction. 

TABLE 3.-DATA ON rY, THE IGNITION TIME LAG AS BASED ON A STABLE FLAME 

AND SHOT TUBE 11 USED WITH THE PROPELLANT NONINTERRUPTING 
OF PROPELLANT C, SHOT TUBE I USED WITH THE DETONATION WAVE INTERRUPTED 

Shot Tube I, 2H2-02 Igniter Shot Tube 11, Hz-02 Igniter at p 1  = 300 
Igniter H2-02, 

pl, lb./sq. in. abs. TP, msec. parts by vol. TP, msec. 
90 

150 
150 
150 
300 
450 
600 

170 
100 
84 
66 
15 
12* 
8* 

1-1 
3-2 
7 4  
7-4 

140 
200 
225 
230 

*Possibly less than given owing to masking of propellant ignition by the detonation shock 
waves. 
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NOTATION 
p ,  =initial  pressure of the deto- 

nating gas igniter 
T1 =initial (ambient) temperature 

of the ignition system 
p ,  = detonation pressure (hydro- 

dynamic theory) 
T 2  = detonation temperature 
D = detonation velocity 
Q 2  = heat of explosion 
n = number of moles per kilogram 

of the products of detonation 
p = peak pressure measured a t  

the end of the shot tube (ap- 
proximately twice p 2 )  

L = length 
M = momentum or end impulse 

L,=length of propagation of de- 
tonation necessary to  estab- 
lish a staeady state detona- 
tion 

L‘ = length of propagation from 
the point of initiation to the 
point of formation of de- 
tonation 

plo = minimum or threshold (in- 
itial) pressure for ignition of 
the propellant 

zi = time lag of initial propellant 
decomposition 

zp = time lag of stable propellant 
ignition 

d = thickness of propellant be- 
tween pellet ionization pin 
and surface of propellant 
pellet 

k = burning rate of propellant 
+zo = ignition threshold value of 

the variable 4% where +i may 
be (0,) , D2,  Qn, T2,  and other 
detonation functions 

( ) indicates that  the chemical 
species enclosed in the brac- 
kets was a product of detona- 
tion for  conditions in the 
wave front computed thermo- 
hydrodynamically. 
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APPENDIX 
The detonation-head model was 

proposed initially in 1943 in classi- 
fied reports by one of the authors 
to  account for the observations per- 
taining to  shaped charges with solid 
explosives. More recently i t  has been 
applied to  explain various other ob- 
servations, important among which 
are velocity-diameter curves ( 8 to 11 ) . 
It is entirely phenomenalistic in 
character and, though lacking a 
fundamental basis, i t  has proved 
highly successful as  an empirical 
model for correlating observations, 
developing new experimental ap- 
proaches, and solving problems in 
the design of devices. An important 
reason for presenting i t  here is that  
in reality i t  is the only model yet 
available to handle many of the im- 
portant problems in the technology 
of detonating explosives. Moreover 
experience has shown that it provides 
an intuitive picture of detonation 
which may be relied upon in pre- 
dictions of the influence of various 
geometrical factors, including con- 
ditions required for the development 
of steady state detonations. Here 
briefly outlined are some of the ex- 
perimental observations considered 
most pertinent to  the development 
of the detonation-head model and 
its essential features. 

The total end effect (i.e., the im- 
pulse and kinetic energy generated 
at the end of the charge) applicable, 
for example, in the formation of jets 
from shaped charges is adequately 
described by the following semi- 
empirical equations: 

?i- I = F (L)  __ pi  (~l’)~ W = 9 

T = F (L)  ‘IT (d ’ )3  p2/12  (ii) 

Fig. i. Flash radiograph of unconfined 
than circular in cross section) showing 

where Z is the end impulse or mo- 
mentum, T the effective kinetic 
energy, p1 the charge density, d’ the 
effective diameter (or d‘ = ( d  - d,) 
where d,, a constant edge effect shown 
equal to  about 0.6 em. in most solid 
explosives, is the actual charge di- 
ameter), W is the particle velocity 
calculated for conditions at the Chap- 
man-Jouguet plane, p z  is the “detona- 
tion” pressure, and L is the charge 
length. 

Equation ( i )  to (iii) express the 
following facts : 

1. End effect as  measured, for 
example, by the total hole volume 
and/or depth of penetration in a 
homogeneous target of the jet  from 
a shaped charge liner of total mass 
approximately M increases with 
charge length, as  shown by Equa- 
tion (ii). That is, end effect in- 
creases in proportion t o  the height 
of hypothetical truncated cones of 
constant base diameter d and a height 
proportional to L/3.5 d’ reaching a 
maximum (corresponding t o  a fully 
developed detonation-head cone) at 
about 3.5 charge diameters. For L 
greater than 3.5 d the penetration 
is independent of L. 

2. The end impulse varies as the 
product p1 W of the explosive, other 
factors being constant. 

3. The total end effect varies as 
the cube of the effective diameter 
with other factors constant. 
4. Finally, the optimum liner mass 

for a liner of any angle, shape, and 
composition is that given approxi- 
mately by the equation 

n M = F (L )  -- pi (d’)3 (iv) 9 
That is, the liner should have the 
same mass as  the detonation head. 

Equations (i)  to (iv) suggest that  
there exists behind the wave front a 
detonation head which when fully 
developed has a mass given approxi- 
mately by Equation (iv) and a shape 
resembling approximately a cone of 
miximum height d‘. Before i t  is com- 
pletely developed, the detonation head 
appears to resemble truncated cones 
of height h = d‘(L/3.5d’) and base 
diameter d‘. The outline of this cone, 

solid explosive charge (square rather 
curved front and “triangular region.” 
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Fig. ii. Development of detonation head and steady state head in uncon- 

fined and confined solid explosive charges. 

although not yet completely devel- 
oped, may be seen vaguely in the 
flash radiograph of a square cross- 
sectional charge kindly furnished by 
Ballistics Research Laboratory, Aber- 
deen, Maryland, shown in Figure i. 
A charge of square cross section 
was used in order to  eliminate all 
variations in X-ray density not as- 
sociated directly with initial com- 
pression as the gases entered the 
detonation head and with expansion 
as  they left the detonation-head 
region. This theory is described very 
briefly, in terms of the essentially 
equivalent release wave theory of 
Pugh and associates, by Rinehart and 
Pearson (31  ) . 

The detonation-head model pro- 
posed to account for these results 
simply assumes that for many pur- 
poses the high-density conical region, 
sometimes called the “triangular 
region,” in the front of a detonation 
wave may be regarded as a slug of 
gas of fairly uniform density and 
pressure. This region is largely un- 
influenced inside its boundaries by 
rarefactions that move in toward the 
center from the side of the charge. 
The fronts of these rarefactions form 
the boundaries of the detonation 
head, except for the front boundary, 
which is the detonation front. Ac- 
cording to this model, following in- 
itiation of a detonation wave a t  least 
the main part  of the rarefaction 
wave moving forward from the rear 
is assumed to  lag somewhat behind 
and moves a t  a lower velocity than 
the wave front. Between the wave 
front and the front of the main part  
of the rarefaction region (which is 
assumed t o  appear near the stagna- 
tion plane, i.e., the region behind the 
shock front where the particle veloc- 
ity has finally reached zero), the 
wave is considered t o  be approxi- 
mately a constant density region. For 
unconfined charges rarefactions mov- 

ing toward the charge axis from the 
sides of the charge also are assumed 
t o  move forward a t  speeds lower 
than the detonation velocity. Figure 
ii illustrates the apparent develop- 
ment of the head as a function of 
the charge length, ,first as a spheri- 
cal expansion region and later as 
truncated cones (the base and top 
being spherical) when the rarefac- 
tions start  in from the sides; finally, 
after L becomes equal to or greater 
than 3.5 d, the head is completely 
formed as  a conical region. In  order 
t o  account f o r  the apparent shape 
of the detonation head in condensed 
explosives, one would assign a veloc- 
ity of about 0.6 D for the front of 
the main portion of the rarefaction 
waves from the rear and sides. 

One may take into account the 
hydrodynamic arguments that  rare- 
factions should extend right up t o  
the wave front and still retain the 
essential features of the detonation- 
head model by assuming, in accord 
with conventional hydrodynamics, 
density gradients (represented in 
Figure iii by a series of constant 
density contours equally spaced in 
density space), small in the region 
of the detonation head and becoming 
large only a t  the boundaries of the 
detonation head. It is important to 
realize that experimental evidence 
argues strongly against very large 
density gradients in the region desig- 
nated as  the detonation head. Like- 
wise the gradient must be very steep 
a t  the boundary of the head (heavy 
solid line of Figure iii in order to 
produce the radiographic image. In- 
side these characteristic boundaries 
(the lateral rarefaction front or re- 
lease wave front) rarefactions are 
thus considered relatively unimpor- 
tant, but outside they are sufficiently 
important that  momentum and energy 
cannot be contributed in the direc- 
tion of propagation by material out- 
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Fig. iii. Schematic representation by 
constant density contours of pressure 
gradient in detonation front. (Large 
distance between contours suggests 
small gradients, small distance large 

gradients.) 

side this detonation head. This model 
should not therefore be regarded as  
inconsistent with the hydrodynamic 
concepts that  an  isentropically 
spreading rarefaction wave should 
not have a discontinuous front and 
that limited rarefactions should ex- 
tend right up to the wave front; but 
it merely emphasizes the relative un- 
importance of these effects within 
the conical region corresponding to 
the detonation head determined pri- 
marily by the release waves. 

This concept has been applied only 
to a limited extent t o  gaseous detona- 
tions, and experimental evidence 
showing that i t  may be applicable to 
gases confined in heavy walled tubes 
is limited to the following two ob- 
servations. 

1. After detonation propagates a 
certain critical distance L,, a steady 
state momentum is attained in gases 
just as  with solids, except that  in 
solids L, is only about 3.5d, whereas 
in gases L, is considerably larger. 

2. Direct measurements of the 
density contours ( 2 2 )  of the detona- 
tion front in gases appear to show 
that the density is relatively con- 
stant for a distance of about one 
diameter after the wave has propa- 
gated about seven charge diameters 
from the point of creation of the 
detonation wave. Facts 1 and 2 are 
found consistent when one realizes 
that, owing to  a much higher com- 
pression ratio, p2/p1,. in gaseous than 
in condensed explosives, the stagna; 
tion plane should have a velocity in 
the neighborhood of 0.80 comparM 
with 0.6D in solids. The reason that 
the maximum effective length b,,, is 
not infinite or not even excessively 
large in gaseous detonations in heavy 
walled tubing is simply that lateral 
rarefactions o r  lateral release waves 
still exist in such gaseous detona- 
tions. Instead of being associated 
with free expansion as in condensed 
explosives, these lateral release waves 
result from rapid quenching at the 
walls of the tube. The important 
fact shown in this article is that  
steady state heads are established in 
gases as  well as in condensed ex- 
plosives. 
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