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ANALYSIS OF EXPERIMENTAL DATA ON DETONATION VELOCITIES 

by: 

E. A. Christian and H. G. Snay 

ABSTRACT: The Kistiakowsky-Wilson equation of state 
appears to be satisfactory if the proper covolume factors 
are used. A set of covolume factors is determined by 
analysis of the measured detonation velocity vs. loading 
density curves for 21 explosives. Two arbitrary 
decomposition equations are considered, and any solid 
products formed assumed to be incompressible. There is 
some indication that carbon may be in the diamond form 
in some cases. The proposed new covolume factors are: 

C02 525 
co 313 
HpO 285 
N2 33^ 
h2 60 

U. S. NAVAL ORDNANCE LABORATORY 
WHITE OAK, MARYLAND 



NAVORD Report I508 1 November 1956 

This report is part of a comprehensive project which deals with 
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I INTRODUCTION 

1. Nature of Problem 

For thermodynamic calculations of explosion phenomena, 
«nann of0state aoplicable to pressures of the order of 

100 kïîoba?s and tempe?ature3 of the order of 30OOOK must be 
inown Information on such gas states can be obtained by use 
of the hydrodynamic theory of the detonation process, if 
experlmentaíly^roêasured detonation velocities as a function 
nfPthe loading density of the explosive are known. For an 
ideal gas, the detonation velocity is independent of the 
density. Detonation velocities of solid explosives show a 
rtpfinite increase with increasing loading density, due to th 
imperfect behavior of the explosion gases Such measurements, 
therefore, provide a very suitable means °f finding the 
deviations of the explosion gases from ideal-gas behavior. 

A Equation of State. H. Jones, who gave a very 

however, shows that the p-v 
f0™;, 1= rather’insensitive to this form. Therefore, 

^^TJo^ofthrequatio^orstatrifareroprLte Should be 

ShtSiSSd by measurements of the detonation temperature Since 
Ä s^ements -e not been^to date^must b^ ^ 

bes? miailaMe forS SI the equation of state. In this paper 
the form of the Kistlakowsky-Wilson equation of «tate V h 
been chosen; it is considered to be the best we nave 

present. 

., -p c+'p't’p has been successfully used in many 
This ^natlon t detonatlon and shocltwave phenomena. 

theoretical investigations 01 aeto calculations of 

SÄo^ofmeÄ^resilfs, while in satisfactory 

. Numbers so indicated refer to the list of references at 

the end of this report. 

1 
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agreement with mea8ured.v!:^e?WQnexpiosives^thydrazine nitrate 
in rather poor agreemen^fo^tw^e^losive^^hy^ attrlbuted 

either*'to^inadequacy' of the Klstlakowsky-Wllson e^ua“°n of 

se^uin'^'o^to the Ä°of thfcovo “ume^actora ua¿d In 

those calculations. 

found^hat^thesistlakowsky-Wllson equaÍlonTfttatê ¿es““* 
lead to any contradictions «Ith «perl^nt^and^the^^^^ 

f nir?“CofScS»S^electors which give good agreement for 
auïheoonsldeied experimental data has been determined. 

« inf «îoiid Products. Another problem 

îlllolToÀ^TXâTol product by oxygen-deficient 
explosives. 

2. Decomposition Equation 

Throughout the Investigation discussed here, the assumption 

of an arbitrary iee?”po9Jti?Pee3^o1arbltrary"!'suggested by 
equations were considered; the fbO arbitrary ^68 fey 

Brinkley and Wilson _/, |hd . .. ^ these decomposition 
Wilson and Kistiakowsky |/ ^^“V^Jf^ounts, such as 
eouatlons, components which occur in small amolli, , 
nwi mu-. HCN NO. OH, and frequently CO2 an£ a Sí;, »» 
laborious computations. 

such Simplified calculatl0nsucanbservecasdatbasls for^ 

further studies which consJ;a 3 .h eauation of state, which 
Provide ^PP^fP^tlp of ïhe lÂon Process 
can be used ln ^ equilibrium composition, 
flfh^the use o^quîfibrium calculations my be indicated 

for J^d„fXtheStwo3arbltrary decomposition equations 

encountered^as lafas the most Important equilibrium is 

2 
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concerned - namely, the "water-gas" equilibrium*. Equilibria 
concerning NH3 or CH4 are, of course, not covered. 

II SUMMARY OP RESULTS 

In order to determine the empirical parameters of the 
equation of state, the detonation velocities were calculated 
by methods described in Section 8, and the 
so obtained were compared with experiment. The emulations 
were repeated with different values until the calculated and 
experimental results were in satisfactory agreement. 

■3. The Parameters q and ß of the Klstlakowsky-Wllson 
Equation of State 

The Kistiakowsky-Wilson equation of state has three 
arbitrary parameters, viz, a , ß and k. a P *re 
assumed to be independent of the composition of the 
whereas k, the covolume factor, may vary with the composition. 
The values for a and ß proposed by Kistiakowsky and Wilson 
are 

a = 0.25 
ß = 0.30 

With the use of these values of a and ß , and with k 
varying, it was found that in almost all cases the calculated 
curves reproduced quite well the measured D - p0 relationship. 
The final values of k determined in this way appear to t>e 
consistent for different explosives. This evidence indicates 
strongly that the Kistiakowsky-Wilson equation of state with 
its same empirical parameters 4 and ß is appropriate. 

The desirability of retaining the Kistiakowsky-Wilson 
equation in its original form is apparent. This equation has 
been used in many previous investigations with great success, 
and many tables based on it are available. The satisfactory 
over-all results shown In Pigs 1 to 20 offer further evidence 
that no change of this equation of state is Justified, as long 
as there isno better experimental evidence available than 
D - p data. To be sure, the Kistiakowsky-Wilson equation Is 

Ha ♦ C02 = H20 ♦ CO 

2C0 = C02 ♦ C 

3 
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more or less empirical in character, and it is not quite clear 
whether its form is actually the one best suited for this 
purpose. In any case, it does not seem desirable to augment 
the vast number of existing empirical equations of state until 
more basic evidence on this problem is gathered, either 
theoretically with regard to the form of the equation, or 
experimentally by reliable temperature measurements for the 
Chapman-Jouguet state. Such results will prove whether or not 
the Kistiakowsky-Wilson equation of state is adequate. The 
investigations of this paper show only that no serious 
contradictions with available experimental evidence are 
encountered if this equation of state is properly used for 
problems of detonation phenomena. 

4. Covolume Factors 

The determination of covolume factors (cf. Equation (10)) 
was entirely independent for each of the arbitrary decomposition 
equations, though the procedures followed were the same. For 
a given decomposition equation, a kç^gerved chosen for 
each explosive. The value of kçbs, is that total covolume 
factor for the gaseous decomposition products which gave 
best average agreement between calculated and experimental 
values of D over the density range of the explosive, xhe 
values of kol;)S are shown in Tables IA and IB (column 20). 

The assumption was made tnat k is an additive function 
of values characteristic of the different gaseous product 
molecules HgO, CO, N2, CO2 and H2: 

k = nC02 kC02 f nC0 kC0 + nH20 kH20 t (1) 

Each set of decomposition products, with its corresponding 
le V , was represented in such a linear equation. Thus for 
eacË*explosive there were two such equations, one based on 
each of the arbitrary decomposition equations. The set of 
covolume equations (1) for the'same arbitrary decomposition 
provided a system of about 20 linear equations from which the 
species covolume factors, k^Q^, kco* e^c* were found by the 
method of least squares. 

The influence of lead azide (which has only N2 as a 
(caseous decomposition product) upon the least squares 
calculations was so great that sets of species covolume factors 
were calculated both with and without its inclusion. The four 
sets of ki found from least squares are; 

4 
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H2O Decomp. Equation 

I. Omitting Pb(N3)2 

II. Including Pb(N3)2 

kC02 kC0 kH20 kN2 kH2 

527 314 249 389 

521 314 287 334 ’ — 

CO Decomp. Equation 

III. Omitting Pb(N3)2 534 314 239 400 

IV. Including Pb(N3)2 531 313 284 334 

10 

60 

It is interesting that the k^'s from the two different 
decomposition equations are virtually the same, although all 
of the factors involved in the calculations are 
the two treatments, (cf. ng, k0bS<, Q, etc.. Tables IA and IB.) 

The total covolume factors (Xnjk<) calculated for each 
explosive from these four sets of species covolumes are shown 
in Table III, columns (2), (4), (7) and (9). The agreement 
between particular values of ¿nikj_ and k0vjs is indicated 
in columns (3), (5), (8) ahd (10), Table lit, 
ó - - m<k4. The agreement between ¿n^ and 
is"quîti‘good in general, which is remarkabie. Because the 
covolume of a gaseous mixture is not the sum of the individua 
covolumes of the components. Table III shows, however, that 
this is a good approximation in the cases considered here. 
Aside from lead azide the greatest percentage discrepancies 
in k occur for Fivonite (for which there is some uncertainty 
in the heat of formation; see Section 9) and picric acid. 
For Fivonite, however, the differences in detonat^n.. 
velocities calculated with the various k's are less than 5». 

In consideration of the over-all agreement of any one 
rroup of Xniki values with the corresponding values of k0b8.i 
there is Vindication that any one set of the ki values is 
ictably better than another for the explosives con^d®r®d; 
rhe discussion in Section 10 points out, however, that e 
to the peculiar distribution of the exP1®8^68^611. 
decomposition products are plotted on a percentage basis, the 
inclusion of an explosive having a predominance ^ H20 or 1¾ 
in its products is quite important. Thus it is felt that 
the species covolume factors in which lead azide was included 
are the more nearly correct ones. 

5 
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In addition to the total covolumes k0ts , two average 
values of covolume are.shown in Tables IA and IB, the 
covolume factor per weight unit gas: 

h = kobs./^g 

and the average covolume factor of the gaseous mixture 
referring to one mole of gas 

îc = k0b3,/ng (3- 

The values of h for the CO decomposition equation are the 
same as, or slightly lower than, those for the H2O 
decomposition equation. The latter values are for the most 
part near 12.5. Hydrazine nitrate, which forms no CO, has 
the highest value: h = 14.0 

For those explosives whose product gases are quite 
different for the two arbitrary decompositions, the values 
of k for the CO decomposition are consistently much lower 
than those for the H20 decomposition. In the H20 group, 
all of the Tc values fall surprisingly near 310, if the high 
k values of explosives forming C02 are omitted. The CO k 
values show a much greater variation. 

5. Solid Products* 

Theoretical considerations show that two factors are 
important in the influence of the solids: the adiabatic 
compressibility" of the solids, and their actual volume. _ 
If the adiabatic compressibility of the solids is assumed to 
be negligibly small in comparison with that of the gases, the 
case is called that of incompressibile solids. The assumption 
that solid products are incompressible relative to the gases 
does not remove the possibility that their actual volume may 

vary. 

According to theory, the lowest values of detonation 
velocity are obtained when the solids are assumed to be. 
incompressible, everything else - including the actual 

* The discussion oí solid products applies to calculations 
based on the assumption of the H20 arbitrary decomposition 
eauation. With the CO arbitrary decomposition equation, only 
TNT and Picratol form solid carbon-in negligibly small amounts. 

6 
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volume of the solids - being held constant. ^ treatment 
seems appropriate for TNT, since calculated detonation 
velocities were too high at high loading densitie ( 
T?iic 25) when the solid carbon was assumed to be in the 
graphite’form? Consideration of finite relative adiabatic 
rnmnressibility of the solids would increase the theoretical Sis ""s:: ä 
with^that'of treTa^sfïs'reLSnabïe^^rie^ït0^3^0" 
necessarily to be expected, since the adiabatic compressibility 
“ Ilrton at normal Conditions is similar in order of magnitude 
to that of the gases at Chapman-Jouguet conditions. 

The other factor involved is the actual specific volume 
of the solid products. Since the effects of high pressures 
and hich tenneratures tend to be compensatory, the assumption 

Detonatlon°veloclty1databcanaprovide1some^ïnformatlononthls 
nroblem. With a volume of carbon equal to that of graphite, 

thporetical curve gives tod high values of D at high 
loading densities, but satisfactory values at the lower 
densities. If the carbon is assumed to have the volraje 
diamond at high density, the volume of graphite at 10 
density and related volumes at intermediate densities, a 
surprisingly satisfactory "volume correction" results. 

This nroDOsed variation of the specific volume of solid 

STUSS $ VrTS*S* 
also shown. 

This volume correction, however, should also be a 
function of the temperature. Since it was not possible to 
determine such a temperature dependency using results o 

Tp^rif i? THT. 

S!orirw^eÄsÄrÄ 
£ Ätw^ cüc^a^ÄÄu^? 
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6. Consideration of Equilibrium 

The possibility was considered that the volume 
correction of carbon might prove unnecessary when other 
calculational assumptions are used. For example, since th 
use of eouilibrium calculations involves a variation in th 
number of gaseous moles (to which the calculated value of D 
is quite sensitive), it is possible that the carbon 
correction would not be necessary with such treatment. 
SoSever, it turned out that the detonation velocities of TNT 
(calculated with new covolume factors and yc = 1) 
Rrinklev eouilibrium compositions show the same deviations 
from^experlmental as did the arbitrary decomposition equation. 
Thus,°the carbon correction provides better agreement in this 

case. (See Fig. 25.) 

III PROCEDURES OF CALCULATION 

Detonation velocities were calculated by the ~ethod 
described in reference 6 and reference 12. For the sake of 
completeness, a short summary of this method of calculation 

is given here. 

7 . Assumptions Used 

The calculations are based on the following assumptions: 

The Chapman-Jouguet condition exists. 
The Kistiakowsky-Wilson equation of St,ate 
holds for the explosion gases. 
The solid products formed are incompressible. 

A. The Chapman-Jouguet Condition^ It has been 
established by experiments that the unapman-Jouguet condition 

ilV applies very well to actual detonation processes, If 
he graÄ the erosive is sufficiently fine and the charge 
iiameter sufficiently large. Since coarse grain and small 
iiameter result in lowered detonation velocities for some 
explosives, the calculated results should be compared with 
the highest available experimental- values. This was tak-n 
into-consideration as far as possible in comparing theoretical 

and experimental values. 

in the case of lead azide this was not true. Here the 

calculated detonation velocities ^orrf ^o/^Lead • 
father than to the higher measured values (rig. <^0). heaa 
azide is one of those substances which do not show a diameter 
effect. In addition, since improved measuring techniques 

1¾ 
(C) 

8 
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have resulted In lower velocities than the early measurements 
of OSRD 69, the fitting of the curve to the lower limit seemed 
to be appropriate. This treatment of lead azide is of very 
great importance for the determination of the numerical values 
of species covolume, and is offered only tentatively. 

B The Equation of State. The Kistiakowsky-Wilson 
equation 2>3/ applying to a mixture of different gases and 
small solid particles is 

P(l//°m - Vs) - ^ "T«1 * xe ^ ' (,t) 

where 

X V‘ (5) 

(6) 

(7) 

and where 

P S 1 - n 

Ï7p^ nv3 
(8) 

Mg -(1- r\) M0 (9) 

The symbols are explained in the list of symbols, in the front 
of this report. Note that the subscript g refers to the 
gaseous components, s to the solid components, and m to the 
whole mixture. M0 is the total weight of the mixture 
considered, a -ana ß are the empirical constants of the 
Kistiakowsky-Wilson equation. The values a = 1/4 and 
ß Z 3/10 have been used throughout this investigation. 

k, the covolume factor, is, according to Kistiakowsky 

and Wilson: 

k = Injki 

where is the individual covolume factor of a gaseous 

9 
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*, j « o the number of its molecules in M0 weight 
component and n* is the numoe solids, ki = 0, since 
units of the mixture con8l^®£; ï state applies to the gas the Klstiakowsky-Wilson equation of state appii 
which occupies the volume left by the solías.; 

r Solid Products. The treatment ofthesolidproducts 

... ¿...SS 1. 8.ni5K 5; " ;M 'ä.S'Ä 
included here, the relationship 

V* = f(PD) (1^-) 
v8 s yc * vgraphite ’ 

was used to designate specific volume of the soiid^ 

decomposition equation. 

8 Rmiations of Detonation Parameters, 

D2 = ng TB ^ Cv^ 
(12) 

MoU'^sPo) 

ID can be read from a diagram a. a function of ^and 
ADcoPy of this diagram |2). “ well below> ls 
diagrams (Figs. 23 and 24) whicn wiii u state 

tB =_S- 
ngCv 

300°K (13) 

and XB 1 h Pg° Tß 

- h 

- a 

l-n 
VpT^s 

(14) 

& ¡-„Mrs s*” r 
10 
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the ideal average heat capacity of the mixture between 300oK 
and the actual detonation temperature, Tj), which can be 
expressed by 

ngcv = A ‘ B-TD 

A = InjAi 

B i XnjBi 

(15) 

h* and are the components of the average ideal molar heat 
capacity at constant volume. The summation must include the 
solid products here also. In our calculations the values 
quoted by Brinkley and Wilson 2/ were used. 

The detonation temperature TD can be found from Figure 
23 which shows Tn/Tg as a function of xg and Cv. Since Tp 
occurs implicitly in Tß, xK and Cv, it must be found by means 
of an iteration process. This iteration converges very 
rapidly, however, since the influence of Tß on Tg, xg and Cv 
is relatively small. 

The detonation pressure pD can be conveniently found 

from 

(16) 

where I?(xr>) is shown in Fig. 24 as a function of xB and Cv. 
If the specific volume of the solids is introduced as a 
function of the pressure, as in equation (11) and Figure 21, 
an iteration which includes the calculation of the temperature 
Tp as well as pressure pp must be performed. 

9. Decomposition Equations 

The two arbitrary decomposition equations considered, 
the "HpO equation" of Brinkley and Wilson V and the c0 
equation" of Kistiakowsky and Wilson 2/, give different 
decomposition products only for explosives which do not 
contain sufficient oxygen to completely convert carbon to 
carbon monoxide and hydrogen to water. When an excess of 
oxygen is present, the following decomposition is assumed: 

if (q ♦ f<cs) (17) 

CqHyOgNt = ±r H20 ♦ (s-q-|r)C02 + (2q-s*{rr)C0 ♦ ¿tN2 

11 
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When the explosive does not contain sufficient oxygen to 
convert both its hydrogen and carbon, the decomposition products 
obtained with the two equations are quite different, since the 
names "H^O" and "CO" for the two equations indicate the 
product which is assumed to he formed first: 

if U + s), 
2 

H2O arbitrary decomposition equation: 

CHON, - |r Ho0 ♦ (s-ir)CO + (q-s+ir)C ♦ 5tN2 (l8) 
q r s 0 “ <- 

CO arbitrary decomposition equation: 

CqHrOsNt = q 00 + (q-s*^r) H2 + (s-q) h20 ♦ itN2 (19) 

In the above equations, the coefficients ir, (s-|r), etc., 
correspond to the ni values of equation (15)- Since the Ai 
and Bi for H2, CO, N2, etc., are known, (15) can be easily 
evaluated. The same is true for Q which is found from 

Q = Ln^ HFi ♦ 0.596 ng - HFE (20) 

HFE is the heat of formation of M« weight units of th® A 

explosive. Table IV shows the values of Bi and HFi used. 

The heats of formation (HFE) which were used (Table IA, 
column 16; Table IB, column 17) are those of Schmidt 2/. 
Additional values of HFE from reference 10 are different 
from those of Schmidt for several explosives. For Fivonite, 
DINA, and NENO there is sufficient difference in these HFE 
values to affect the value of Q, and hence the detonation 
velocity calculations. With the CO arbitrary decomposition 
equation, kobs was determined for these three explosives 
using both vaîûes of HFE. The effect upon k is shown below: 
Since both the k0vjS values gave an equally good fit with 
the experimental detonation velocities, there was no 
indication that either value of HFE was preferable. 

li 
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Only for MENO is the difference in kobg values of any 
importance in this particular calculation. (A value for NENO 
of HPE = 110 is also reported by Paterson.) In all three 
cases, the used in the CO least squares determination 
of species covolumes was the numerical average of the two 
values shown above. With the H2O decomposition equation, 
only the HFE of Schmidt were used to obtain the kobs< of the 
least squares calculation. 

10. Evaluation of Covolume Factors 

As was discussed in Section 4, sets of species covolume 
factors (kco, kNo, etc.) were calculated for four conditions: 
two arbitrary decomposition equations, each with and without 
lead azide in the lekst squares calculations. The species 
covolumes calculated for the different arbitrary decomposition 
equations are, for all practical purposes, the same, so that 
the following discussion is concerned only with the effect of 
lead azide upon the calculations. 

Certainly there is some question as to the applicability 
of a least squares method of calculation which is so sensitive 
to a particular one of the twenty equations involved. The 
reason for this sensitivity is apparent from Figure 26, which 
is a three-component plot of the decomposition products H20, 
CO and No. On Figure 26 are shown the explosives which form 
only these three product gases, according to the H20 arbitrary 
decomposition equation* (traces of 02 in hydrazine nitrate and 
nitroguanidine are included with No). When lead azide is not 
included, the dist Ibution of points on Figure 26 is limited 
to a very narrow range of the H20/N2 ratio. 

* With the CO decomposition equation, of course, a fourth 
oroduct gas, HP, is formed, so that Figures 26 and 27 are 
'necessarily significant only for the H20 decomposition 

equation. ^ 
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Fifrure 27 shows even more clearly the importance of 
including any available data on explosives having a higher 
oercentage of N? or H2O in the decomposition products. In 
Fieure 27 the explosives of Figure 26 are represented by 
thlïrk values; ïead azide is omitted. The plane indicated 
by the strings is obtained from Equation (21), which is the 
result of the least squares calculation: 

k = 31^ n lrn 249 nH9o ♦ 389 nN2 (21) 

i e the plane represents the total covolumes which would 
bp calculated using the species covolume factors based on 
the H2O arbitrary decomposition equation, without lead az e. 

For the explosives shown, the scatter of the k values 
around thîs plSe is not at ail tad If the grossly enlarged 
scale is taken into account. Note, however, that the above 
onvolum^ factor of 3o9 obtained for N2 results in extremely 
poo? agreem it between ealoulated_and2eXperlmental ^»nation 
VeZ^let for lead azide, whose k is 330. (Since is the 
only product gas of lead azide, k = k^.) „“ i- also clear 
from PiEure 27 that this k-plane is "supported_ only by a 
relatively narrow strip of observed values as lar as the 
M HoO t-xtension is concerned. Consequently, experimental 
”2t; ?|1 ei?ï?si?es at the eztremitlos of this extension - 
such £r?e!d a?ide - are of relatively very great significance 
^determining the validity of the least squares method of 
calculation for the species covolumes. 

The species covolumes calculated for the CO decomposition 
equation show the effect of lead azide Just as clearly as 
does Figure 2.7 for the H20 equation, though a similar 
pictorial treatment is not possible, ““h the CO 
decomposition products, when a high k of 35 
^Introduced Into the least squares calculation the kj s 

obtained are as follows: k^p = 46, kN2 - values with 
U/s - and k™ - 314. Comparison of these values wipn 
Ïh2§p“nf Table VC?where k = 330 for lead azide) shows that, 
whereatthe^covolume^of CO Ái C02 are not affected, the 
Í L as Zn as that of H20 is lowered to compensate for 

the increase in the value for N2. 

For explosives having an ei;Plricalní0^1ofSÍhe1sets0of 
most of those considered here, the use of any of the sets 01 
species covolume factors would probably be f th 
aafiQfflrtnrv ícf ó columns of Table III). In view 01 tn 
above^conslderations, however. It ia felt that the averages 
of the species covolume factors obtained from both 

14 
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decomposition equations, with load azide included, are 
reasonably reliable for a fairly wide variety of explosives. 
The proposed set of "new" species covolume factors, kj, is 
shown in Table V below. Also shown are the previously 
calculated covolume factors of Brinkley and Wilson ¿7, and 
those of MacDougall and Epstein (see Section 11, reference 2). 

TABLE V 
Covolume Factors 

C02 

ki k1 ki 
New Brinkley - MacDougall 

Wilson Epstein 

525 687 549 

CO 

h2o 

n2 

h2 

313 

285 

334 

60 

387 

108 

353 

153 

316 

241 

316 

54 

Although the MacDougall-Epstein values, like the "new" 
values, were obtained by a least squares fit of k's, only the 
CO arbitrary decomposition equation was considered. The 
differences in these two sets of k^ are apparently due to the 
fact that the "new" values are based on a somewhat wider 
range of explosives, of which nitroguanidine and hydrazine 
nitrate are of particular significance. Also, for some of 
the explosives included in both calculations, improved data 
were availabe and a higher kobs was used in the present 
calculations. 

The sets of k^ obtained in a strictly empirical fashion 
differ considerably from the Brinkley-Wilson kj, which were 
obtained by successive approximations from initial constants 
chosen proportional to the high temperature Van der Waals* 
"b" of Hirschfelder. 

IV PRESENTATION OF THE CALCULATED DETONATION PARAMETERS 

The results of the calculations are shown in Figs. 1-20. 
The measured detonation velocity vs. loading density graphs 
are from reference 7, with the exception of those for 
hydrazine nitrate and lead azide, which comprise unpublished 
data of the Detonation Division of the Explosives Research 

15 
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Department of the Naval Ordnance Laboratory. Additional 
sources of experimental values, if available, are noted on 
each figure. For each explosive, the calculated curve for 
each decomposition equation is shown, and the value of k0bsf 
used in each calculation is noted. Curves representing the' 
experimental values are not included on the graphs. 

The explosive compositions, decomposition products 
predicted by the arbitrary decomposition equation, and all 
the magnitudes involved in the principal steps of the 
calculations are listed in Tables IA and IB for the HoO and 
CO arbitrary decomposition equations respectively. The 
entries wnich are the same for_the two equations are so 
indicated in the tables. The k and h values of columns (21) 
and (22) correspond to the of column (20). The 
calculated curves shown on Figures 1-20 correspond to these 
tabulated h, k and k0bS> values. 

In Tables IIA and IIB (H2O and CO respectively) the 
measured D and the calculated values of D, Tj), and p^ 
(for of Tables I*) are tabulated for several loading 
densities'. The DçXp- values are those listed in reference 7> 
except for nitroglycerine £/, lead azide and hydrazine 
nitrate (see above). Magnitudes which can be found by means 
of simple computations are not tabulated, e.g., 

u = (Pd/PoD) x1°5 

Pd = Po/*1^ 

°D " D ‘ U 

Table III is a compilation of the various values of 
mixture covolume, Dn^k^, that are calculated with the 
different sets of species covolume, k. (see Section 4). As 
in Tables I, column (20), the k0^s chosen for best fit is 
shown for each of the two decomposition equations. The 

Znjki from k^ with and without lead azide are listed for 
each kobS.j and the differences ô = kol:)S> - ^n^k^ are 
tabulated. 

* For DINA, NEMO and Fivonite, where two heats of formation 
were considered (see Section 9)> the calculated values of 
Table II do not correspond to the k0bs> of Table I; the kot)-B 
listed is the average one for the diffèrent HFE values. 

e 

16 
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V AGREEMENT BETWEEN CALCULATED AND EXPERIMENTAL DATA 
ON DETONATION VELOCITIES 

As was discussed above, the calculated detonation 
velocities which are shown on the curves (Fig. 1-20) and in 
Tables IIÄ and IIB are those using the adjusted k0^s/ A 
comparison of the experimental and calculated values*of D 
shown in Tables II indicates,, in some cases, rather poorer 
agreement than is evident from the graphs themselves. The 
experimental values listed in these tables are those from 
reference 7 which result from a straight line representation 
of the D - p0 relationship. (Experimental values are listed 
in both Tables IIA and IIB, for convenient reference.) 
Although this approximation was sufficient in many instances, 
in others, such as PETN (Fig. 12), NENO (Fig. 9) and hydrazine 
nitrate (Fig. 8), it is inadequate. A more accurate judgement 
of the agreement between calculated curves and experimental 
values is possible from Figs. 1-20 than from Tables II. 

Ideally, the calculated D - p0 curves for the two 
decomposition equations should be the same. It should be 
noted again, however, that there was one consideration which 
was necessary for the H2O equation and not for the CO; namely, 
the volume correction for carbon (Section 5). TNT, for which 
the correction was established, was the only explosive giving 
solid carbon as a decomposition product with the CO arbitrary 
equation (the minute quantity predicted for Picratol is 
neglected) whereas the majority of the’ explosives have solid 
carbon with the HpO arbitrary equation. For TNT, the D - pQ 
curves were calculated for the CO decomposition with the 
value for carbon volume of both diamond and graphite. The CO 
calculated curve, carbon volume of diamond, coincided with the 
HpO calculated curve, carbon volume variation as shown in 
Figure 21. The CO calculated curve with carbon volume of 
graphite, as shown on Figure 19, is only slightly higher than 
the H2O curve. 

Aside from the few cases where the two curves are at 
slightly different levels throughout, there is some indication 
that the slopes of the calculated curves are slightly different 
for the different decomposition equations. For several 
explosives (e.g. Comp. A, Ednatol), the curves actually 
intersect, the CO curve having the smaller slope. In other 
cases (Comp. B, Pentolite), the difference is apparent in a 
slightly lower value at high density for the CO curve. Even 
when the CO and H20 calculated curves are slightly different, 
however, the over-all agreement between experimental and 
calculated values is not appreciably different for the two 
treatments. 

17 
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As Figures 1-20 show, the agreement of the calculated _ 
curves with the measured points Is aotuallyexcelle t 
maloritv of the explosives considered, and is very 

in all cases For several explosives, e. g., 
Idna3to! there ls an lntereStlng systematic deviation at high 
loading'densities, the^lculatedcurvebelngoonslstently^ 

It^l^no^clear whïïhe^thîs'ls a^sor^of^dlameter effect", 

?Ôr“xÂeî melr^'fîIlSes^n Fig.PÎ6eSeihe(diaSetei 
effect of hydrazine nitrate, Fig. o.) 

For Pentollte, Comp. B and DINA, the slope of the 

^ÄV-ld^rtÄ^ ^^Ä-ofTtate, or, 

KlstlakowskÍ-wÍls¿ntequatlonnfatlñtmany other°ïnsdnoes^ however, 

In view of the small magnitude of such deviations, one 

irÄT'ti Äfl%r—CÄeod as ^expected 
iri sîch an empirical Equation of state, and is felt to be 

completely satisfactory. 

18 
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LEAD AZIDE 
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r.}jsmsk

mim
«0 X &0 *%%

Flf jr« kJ7. Three-dlffler.aloniil model ol 
(Lead KZldo '>u!tt«d)

covol-ime lectors.

The irlarv'.ler plot of decomposition products Is the 8k.*re es that of 
Jlf. 26. For each explosive located in t)*e trlan^.ler plot, the length of 
ahalt shown represents

Th. plot Itislf t» tslcar. «t t!.» level of ic . l.e., eech sheft actaelly
plctureo (It - £-’b). Values of It • £H7 (Fls^r.Ite) and 7 • S'^8 (Picric Acid)
sre ropreeented by the shortest and lor*rest shafts show'.; all otl.ers lie 
betweer. these two Ic length.

The shafts m the vertices of the triangular plot represent the species 
covolume factors calculated lor and CO ty least a..<.iare8, wltf. lead
aside omitted (see pararraph 4). These values are; s 3r^s*, k.-q - .114

and kHi^O = ‘‘^4^. Since ki, q is less than c7h, the levet of the plot. It Is

neratlve with respect to the reference level. A thread connects the tips
of'the ehalts repre8ej;tlr.r Nj>, r.-^O and CO. The ilatancea ol the various 
shaft tips at-ove and below tne plane Indicated ly this thread are 
proportional to Ir.e differencea (scatter) between and for

this particular aet of kj. The relationships here presented plctoriallv 
are sh%wn in Table ill, col. 1 (k^v^j^), col. 2 (Jlr.^kj) and col. 3 ( <f ).

In view A, the model Is so oriented that the plane delineated by the 
conr.ectlr.^ thread la shown as a line. In the Inset views r. and C, the 
model Is shown from two angles above the plane. Note Uie narrow ran*e of 
explosives wnlch provide experimental "support" lor the nlanr. It la 
apparent that this plane could be tipped radically alanr the CO - H;^'0 
medlar, (l.e., the value of the N^.. vertex lowered, and that ol the .4^.0 
vertex raised) without appreciable chsuwe of Its level In the rerlon of 
experimental points.
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TABLE IA. Explosiv* ParuwUrarHjO Arbitrary Oaeonpoaitlon Equation 

Explosiv* 

1. Aaaoniua Picrat# 

2. Coaposltion A 

3. Coaposltion B 

A. DINA* 

$. EDNA (Hal*it*) 

6. Ednatol (60/J.G) 

7. Plvonit# 

8. Hydrazine Nitrat** 

9. NENC* 

10. Nitroglycerin** 

11. Kitroguanldin* 

12. Pantollt* 

13. PETN* 

U. Pieratol (JO/JO) 

15. Picric Acid 

16. RDI* 

17. T*tryl 

IB. T*trytol (70/30) 

19. T*trytol (6O/J.0) 

20. TOT 

21. L*ad Asid** 

Coaposltion 
(ga-stoas p*r V0go) 

C H N 

Dscoaposition Products 
(giB-ool. p*r ll0 gas) 

h2o CO C0- 

Jt.672 9.3A6 6.140 6.140 

5.104 6.250 5.37 6.69 

5.078 8.190 5.315 6.635 

12 13 

4.673 1.467 ~ 3.070 — 3.205 

3.125 3.565 - 2.085 - 1.539 

4 4 — 2 — 

3 1 — 2 — 1 

4.09 5 2.540 — 2.658 — 2.538 

2.5 - — 1.50 0.25 

3 

1 

5.B25 

5 

6.895 

6 

3 

7 

6.573 

6.734 

7 

(1) 

8 6 12 

5 3 9 

4 4 2 

5.91 3.23 8.04 

8 4 12 

5.795 3.68 6.853 

3 3 7 

6 6 6 

5 5 8 

4.696 4.036 6.853 

4.811 3.931 6.819 

5 3 6 

Eb(N3j3 

(2) (3) (4) 

4 

2.5 

2 

2.955 

4 

2.898 

1.5 

3 

2.5 

2.348 

2.406 

2.5 

(5) 

4 2 

- 3 

5.085 — 

2 3 

3.955 - 

5.5 — 

3 — 

5.5 - 

4.505 — 

4.413 — 

3.5 - 

(Pb t 3N¿) 

(6) (7) 

1.50 0.25 — 

2—1 

1.615 — 0.74 

1.84 — 2.94 

1.5 - 0.5 

3 - - 

2.5 - 1.5 

2.018 — 2.068 

1.966 — 2.321 

1.5 — 3.5 

(8) (9) (ic; 

* Entry nudbsrs 4, 8. 9, 10, 13, 16, 21 have saa* dscoaposltion products for both arbitrary 
dacoaposition «quations. 
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TABLE IB • Bxploiivt Paru*t*ri - CO Arbltnry Dacoapoaitlon Equation 

KxpLoalva 

Coapofltlon 

C H N 0 

Dacoapodtlori Producta 

H2O CO 0¾ 1¾ H2 

1, AaMnliw Plerata 6 

2. Caapoaltlon A. 

3. Caapoaltlon B. 

A. DIMA * 

i. ROMA (Kalaita) 

6. Ednatol (60/A0) 

7. PlYonita 

8. Hydraalna Nitrat« * 

9. NEMO* 

10. Nltroglycarlna * 

11. Nltroguanidlna 

12. Pentollt« 

13. PETN * 

A,672 9.3A6 6.1A0 6.1A0 

5.IOA 6.250 5.37 6.69 

5.078 8.190 5.315 6.635 

12 13 

12 

1 

5.825 5.91 3.23 8.QA 

5 8 A 12 

14. Picratol (50/50) 6.895 5.795 3.68 6.853 

15. Picric Acid 3 3 

16. RDX * 3 6 6 

17. T«trjrl 7 

18. Tetrytol (70/30) 6.573 4.696 4.036 6.853 

19. T«trytol(60/AG) 6.734 4.811 3.931 6.819 

5 8 

20. TNT 

21. Lead Atid« 

(1) 

5 3 

[pb(N3)¿ 

(2) (3) (4) 

1.468 A.672 - 

1.586 5.10A - 

1.557 5.078 - 

2.5 

4 

2.5 

1 

4 2 

3 

1 

2.215 5.825 

6.853 - 

6 

3 

7 

0.280 6.573 - 

0.085 6.734 - 

3.070 3.205 

2.685 1.539 

2 

2 1 

2.658 2.538 

2 2 

1., 

3 

1.5 

0.25 

0.25 

1.615 0.74 

2-- 

1.840 2.898 - 

1.50 0.5 

3 

2.5 1.5 

2.018 2.068 - 

1.966 2.320 - 

1.5 2.5 

0.0A2 

[Pb ♦ 3N2] 

(5) (6) (7) (8) (9) (10) (11) 

* Calculations mad« for two values of HFh; see paragraph 9. 

♦ Entry numbers A, 8, 9, 10, 13, 16, 21 have same decomposition products for both arbitrary 
decoouosltion equations. 
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M0 ng 

¿Itb. lb 11 

250 12./.15 

250 10.91/. 

240.16 10 

150.12 7 

250 11.831 

38/..25 17 

95.08 /..25 

356.20 13 

227.11 7.25 

104.09 5 

250 10.395 

316.17 11 

250 11.591 

229.2 9 

222.15 9 

287.25 12 

250 10.939 

250 11.105 

227.16 10 

291.27 3 

(12) (13) 

Q 
H (U0cal) 

0 130.36 

0 226.71 

0 243.81 

0 *244.42 
267.01 

0 149.25 

0 203.43 

0 * 329.88 
310.31 

0 87.03 

0 433.41 
403.00 

0 349.47 

0 69.62 

0 234.82 

0 451.79 

0.002 135.48 

0 170.71 

0 280.58 

0 262.18 

0 200.52 

0 193.17 

0.053 154.00 

0.712 113.00 

(14) 05) 

Q 
(cal/gm) HFE 

0.529 95.04 ■ 

0.907 - 8.97 

0.975 - 8.64 

1.018 100 
1.111 77.5 

0.994 24.2 

0.813 29.90 

0.858 153 
0.808 172.57 

0.915 6C 

1.217 101.8 
1.132 1 32 .2 

1.539 82.7 

0.668 18 

0.940 55.75 

1.429 123 

0.542 55.37 

0.745 53.5 

1.263 -21.3 

0.913 - 9.3 

0.802 - 1.4 

0.773 - 0.9 

0.678 13 

0.388 -111 

(16) (17) 

A«103 B*106 

63.45 3.95 

71.21 4.56 

64.00 4.17 

63.16 4.74 

42.28 3.02 

68.49 4.414 

102.30 6.95 

27.80 2.30 

69.y. 5.95 

58.70 3.56 

29.33 2.02 

62.57 4.211 

82.42 5.34 

65.07 3.761 

53.08 3.35 

55.89 4.11 

69.60 4.325 

62.09 3.683 

62.62 3.656 

60.51 3.435 

23.10 1.11 

(18) (19) 

k0bs. 8 

3100 282 

3080 2 48 

2950 270 

3100* 305 
3000 

1880 268 

3000 254 

4500* 266 
4550 

1330 313 

4380* 343 
4550 

2915 402 

1380 276 

2950 ?84 

39 5 5 360 

3010 260 

2850 317 

2780 309 

3450 288 

2890 264 

2900 261 

2520 252 

990 330 

(20) (21) 

49 

h 

12.6 1 

12.3 2 

11.8 3 

12.9 4 
12.5 

12.5 5 

12.0 6 

11.7 7 
11.8 

14.0 8 

12.3 9 
12.8 

12.8 10 

13.25 11 

11.8 12 

12.5 13 

12.0 14 

12.4 15 

12.5 16 

12.0 17 

11.6 18 

11.6 19 

11.7 20 

11.8 21 

(22) 
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TABLE IIA. Detonation Paramatara • H20 Arbitrary Decon^oaltion Equation 

Po = 0.8 fo s l.C 

Explosiva Dexp. Dcalc. To PD xD ^exp. Dcalc. TD pD xD 

1. Ammonium Picrata 

2. Composition A. 

3. Composition B. 

A. DINA* 

5. EDNA (Halaita) 

6. Ednatol 

7. Fivonlts 

8. Hydratlns Nitrate* 

9. NHÍO* 

10. Nitroglycerins* 

11. Nltroguandine 

12. Psntollta 

13. PETN* 

14. Plcratol 

13. Picric Add 

16. MX* 

17. Tetryl 

18. Tetrytol (70/30) 

19. Tetrytol (60/40) 

20. TNT 

5000 3370 55 1.87 

4850 4730 3500 50 1.73 

4940 5140 2790 57 2.11 

4790 4880 4150 55 1.72 

4710 3000 48 1.88 

4860 4740 3600 31 1.72 

4760 5030 4580 57 1.70 

4385 4310 3090 41 1.72 

4645 4 540 3190 46 1.82 

5170 4180 62 1.73 

4990 4950 2700 62 2.22 

5780 5750 3700 84 2.16 

5690 5580 3770 82 2.09 

3950 5770 3290 84 2.29 

3910 5870 3500 87 2.23 

5515 5460 3450 77 2.12 

5215 526C 3290 74 2.09 

3830 5940 2670 89 2.61 

5330 5350 4040 83 2.11 

5460 5470 2900 74 2.32 

5480 5430 3500 78 2.11 

5550 5700 4500 87 2.09 

5020 4960 3010 63 2.11 

5255 5210 3090 70 2.24 

6080 5960 4070 95 2.12 

5600 5510 3710 79 2.11 

5250 5240 3390 72 2.05 

5190 5220 3570 71 2.C4 

4360 4340 3380 41 1.63 5010 5000 3290 64 2.02 

ro . 2.0 fo- o r 2.5 

21. Lead Acide 2700 4480 39 1.38 3165 4300 62 1.73 

Entry Numbers 4, 8, 9, 10, 13, 16, 21 have same decomposition products for both arbitrary 
decomposition equations. 
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TABLE IIB. Intonation Paraaataro - CO Arbitrary Dacompoaitlon Equation 

Po s 0.8 s 1*° 

Exploaiva axp. Dcalc. TD pD xD 3axp. Dcalc. TD PD 

1. Aoaoniue Pierata 

2. Conpoaition A. 

3. Conpoaition B. 

4. DINA * *HFE * 100 
HFE = 77.5 

J. EDNA (Halaita) 

6. Ednatol 

7. Fivonlta* HFE 3 133 
HFE = 172.57 

8. Hydraxina Nitrata * 

9. NENO ** HFE = 101.8 
HFE = 132.2 

5000 3370 55 1.87 
5040 3645 57 1.77 

4850 4825 2813 51 1.83 

10. 

11. 

12. 

13. 

14. 

15. 

10. 

17. 

18. 

19. 

20. 

Nitroglycerine ♦ 

Nltroguanidlne 

Pentolite 

PETN * 

Picratol 

Picric Acid 

RDX * 

Tetryl 

Tetrytol (70/30) 

Tetrytol (60/40) 

4940 5160 2790 57 2.11 

4790 4880 4150 55 1.72 
4875 3910 55 1.81 

4790 2295 50 2.o7 

4860 4755 339o 54 1.78 

47o0 5030 4 580 57 1.70 

4385 6 300 2130 40 1.95 

4645 6570 2997 66 1.87 

5170 6180 62 1.73 

TOT Diamond Volume 
used for Solid 
Carbon 

4360 4315 2540 42 1.77 

4990 4990 2000 65 2.52 

5780 5810 2855 89 2.27 

5690 5600 3350 83 2.10 

5950 5770 3290 86 2.29 
5790 3540 88 2.18 

5910 5850 3060 89 2.28 

5515 550C 2720 79 2.25 

5215 5320 2920 72 2.18 
5260 2770 71 2.20 

5830 5940 2670 89 . 2.61 

5530 555^ 4060 83 2.11 
5610 38o0 84 2.20 

5460 5555 2164 77 2.57 

5480 5400 3280 81 2.13 

5550 5700 4500 87 2.09 

5020 4950 2010 62 2.39 

5255 5240 2875 70 2.29 

60180 5960 4070 95 2.12 

5600 5490 3310 82 2.15 

5250 5290 2950 75 2.13 

5190 5270 2840 73 2.15 

5010 4970 2450' 65 2.13 

21. Lead Azide 

Po « 2.0 

2700 4680 39 1.38 

Po = 2.5 

3165 4300 62 1.73 

* Calculations made for two values of HFE; see paragraph 9. 

♦ Entry Numbers 4, 8, 9, 10, 13, 16, 21 have same iecomposition products for both' 
arbitrary decomposition equations. 
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.¿s-*' 

TABLE IV 
Thermodynamic Constants 

1 

H2 

co2 

CO 

h2o 

n2 

c 

0 

94.45 

26.84 

57.80 

0 

Ai-103 

5.02 

10.30 

5.82 

7.13 

5.68 

4.52 

Bi-106 

0.28 

0.42 

0.33 

0.67 

0.37 

0.20 

Calculations of heat capacities which were recently 
carried out at this laboratory (see ref. 11) showed the 
above values of A and B for CO and N2 to be somewhat in 
error. Detonation velocities for lead azide (which, of all 
explosives considered here, is most affected) recalculated 
with the new heat values of reference 11, were not appreciably 
different from those reported; they were higher than the curve 
shown on Fig. 20 by 2$ at the lower densities and <:1.5^ 
at the higher densities. 
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