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The hydrodynemic theory of Part I should permit the calcula-
tion of the detonation velocity of an explosive if the following
information were avallable: composition, heat of formation,
density, and equation of state of the products. Unfortunately
no completely satisfactory & priori equation of state data are
available for these high temperatures and pressures. However,
an approximate form of the eguation of state (Becker) is
available contaeining one unknown ccnstant (which is a function of
the composition of the products, and of tHe temperature, but 1s
independent of pressure). This constant is of the nature of co-
volume. If this covolume could be calculated for a given
composition of the products, the detonation velocity of a new
explosive could then be obtained using only known or readily
obtainable data, In most cases,

In this investigation the covolumes were obtalned by working
backward from the measured detonation velocities at varying
densities of loading for a considerable number of explosives,
These results (given in Table 4, where kp 1s the covelume in
question) show first that kg does not vary much with density
of loading, which confirms the assumption that the form of the
equation of state used is approximately correct. Secondly, the
covolumes obtained In *hls way can be expressed as a simple

function of the compesiticn, namely as an additive function of

UNCLASSIFiED
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the covolumes of the constituent molecules of the product. The
values assigned to the covolumes of the individual species were
ad justed empirically so that the covolumes of the mixtures

agreed with those found as above and listed in Table 6. | Actually
for most of the organic explosives only four different covolumes
dccur so that this whole procedure amounts essentially to fitting
the observed detonation velocities to a formula which involves
the heat of formation, the density, the chemical composition and
four empirical constants. Furthermore these constants agree
surprisingly well with the van der Waals covolumes, when reduced
to the same temperature.

Having succeeded in reducing a considerable body of data in
thls wey, it becomes possible to reverse the process. The
empirical specles-covolumes obtained above may be used to
calculate detonation velocities for rew explosives as yet un-
measured. Furthermore, this calculation can be carried out
approximately for substances which have not been prepared at
ail, because the necessary heat of formation and density can
be estimated from the properties of related compounds and from
various additivity rules, etc.

The results described above are tabulated in Tables 4, 5,
and 6, The text of this report discusses the method of calcula-
tion and the nature and effect of the approximations and
assumptions used. Appendix II gives in concise practical form
the procedure for carrying out the numerical calculations in

any given case.
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Introduction

In a prelimlnary report under the same title (hereafter
referred tc as Part I), the authors discussed the general theory
of detonation end shock waves as developed by Hugoniot, Raleigh,
Jouguet, Becker and others. The present report gives an account
of the theoretical work done by Dr. R. 8. Halford in cooperation
with us in an attempt to develop theoretically'rigOrous and yet
practically useful equations from which the detonation rate (and
;ncidentally the pressure and temperature in the detonation wave)
could be calculated for any explosive. The only data which the
theory requires from experiment are the composition, heat of
formation, and density of the explosive.

This goal has not been quite reeched as yet but none-the-
less the present form of the detalled theory enables one to
calculate the detonation rate of most explosives (i.e. all
organic materials and some others) with very few ad hoc assump-
tions and with an accuracy that compares favorably with the
accuracy of experimental measurements of this quantity. The
prediction of the detonaticn rates of new compounds becomes
therefore possible and if the accuracy desired is not too great,
this can be done without any experimental work at all, because
the heats of formation and the densities can be estimeted from
comparison with known analogous compounds. Each calculation
involves not more than 20-30 minutes of arithmetical work and
hence may be strongly recormended to all who intend to synthesize
new compounds.

At the end of the report we have appended a brief statement

of the procedure to be followed in calculating the detonation
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velocity of a new compound. This is intended for those who do
not want to read through the rather extensive mathematlcal
operations of the main body of the report.

Certain limitations of the theory must be stressed now,
The theory gives only *the greatest possible detonation velocity
under given conditions of loading and hence presumably the max-
imum brisance. Whenever the initiation of detonation has been
inadequate and detonation is chemically incomplete, less vigorous
action must be expected., No information as to the ease of
initiation, that is the sensitivity of the explosive, is to be
gained from the theory. Finally, the theory breaks down when
one of the products is partially gaseous and partially solid or
1liguid under the conditions existling in the detonation wave.
Only when each product is present substantially guantitatively

in one phase will the theory give a correct result.

o 1. General theory applied to solid explosives

In Part I the following general equations were derived:

(iD= £ (D -w) (1)
B-B gD - 2 (D-w) (2)
2 [ z =
4307+ D= Eard(D-w)+ 8
i Z

where D and w denote the detonation veloclty and the material
veloclty in the wave respectively, the subscripts 1 and 2
denote quantities relating to the state before the passage of

the wave and to the state exlsting immediately behind the crest
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of the wave, P is the pressure, §> the density and E the energy
(thermal and chemical) per gram of material. The following eque-
tion defining the detonation velocity was also obtained in Part I

(see Eqg. I-5-6 and I-5-7):
i

p2A
~ -% B 32
D=wM 2(" %—f;)ﬁ (4)

The derivative is to be taken adlabatically arnd reversibly. v,
end v, are the volumes occupied by M grams (for instance 1 mole)
cf the explosive before the passage of the wave and by the detona-
tlion products derived from M grams in the wave. It 1s assumed
that the chemlcal reactions have been completed by the time the
crest of the wave reached a given spot in the explosive.

In solld explosives the initial pressuré is of the order of
one atmosphere whereas P, 1s 10° Atm. and greater; vp on the
other hand 1s only sliightly smaller than vi; and therefore Py and
Pyvy will be neglected in the following compared with Py, or Ppovp.
The resultant error is wholly negligible but the simplification
is great because the equation of state of the expleosive before
detonation is eliminated from consideration. For the gaseous
products of detonation the following rather general equation of
state will be introduced now:

nts 1z

SER

2= Fet) (5)

where f&aﬂais an unspecified function of the volume of M grams
ané of temperature and n is the number of moles of gaseous

products formed from M grams of the explosive. The function, T,

is also a function of the mole number n. In gensral n will change
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with T and P because of shifts in the various equilibria, thus
causing f to depend implicitly on T and v through n as well as
explicitly on T and v. 1In what follows this implicit dependence
will be ignored, i.e. n treated as a constant. The more gensral
treatment introduces but slight gain in accuracy as will be seen

and produces great complication,

Substituting the equation of state (5) into the well-known

thermodynamic relation:
Py _ 31) - oP
(gv a~ <éV /T 3A( ) (6)

one obtalns for the veloclty of detonation the new expression:

N

™ V. pre I

D= i (tfo ) (7)
)

where f'(v) stands for the partial (—?7"‘“' -The quantities

’ﬂ(\

v, P, and D are now eliminated from equations (2) and (3).giving

the following expressions:

Cv ™ AT A N )
M(E=~E) = Sy - ©

Here C stands for the true heat capacity of the gaseous mixtures
under the conditions of the detonation wave., The erergy dhange
in equation (9) may be replaced by the following expression
derived from the First Law of Thermodynamics:

v
ME~E) = Qv + N(Te-T)C; + f“’f( Tidv (o)
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~
{

vhere Qv is the heat absorbed (Q is positive when heat 1is absorbed)
In the reaction of M grams of reactant to give the assumed compcsi--
tion of products and 1s messured in a constant volume calorinchter

at the temperature of the explosive (Tl' normally the room tempera-

ture). évi is the mean heat capecity (from T, to T2) of M grams or

the product mixture divided by the total number of moles, N (in
the ideal gas state or as solids or liguids at low pressures).
The coefficient (dE/dv}T2 ‘must be evaluated from the equation of

state of the product mixture using conveniently the relation:

M (SE), = T(sE =)~ P. (11)

Untll now the calculation has been carried out rigorously,
but the results afe toe cumbersome for practical use.

Extensive studies have revealed that a very convenient method
for the solution of the problem is to attack 1t in two steps. The
Tirst neglects gas imperfections and introduces certain other
gimplifications, while the second either eliminates these approxima

tions or demonstrates thelr unimportance for the final result.

2. Calculation of "ideal' detonation velocity

Replacement of the equation of state (5) by Pyv = nyRTy
where ny 1s the number of moles of gaseous products leads
immedlately to the following simplification of equatlions given

previously: (the subscript 1 refers to the "ideal” state)

Vv - P
V= Vo - CV‘(' - X\Q ’ (12)
— ~ iR Yz ,
Qv = NU(Te=TCw = 5 (13)

} , R V2
DR (y D_v_,Ti.la) . (14)

o
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From these equations the detonation velocity Di i1s readily
calculated when the composition of the product mixture 1s known.
The heats of reaction are calculated by the First Law from the
heats of formation or combustion, available for many compounds
in tabular form. Heat capacities of most simple molecules have
been calculated statistlcally to very high temperatures by many
authors and in Table 7 are given energy integrals derived from
such data in analytical form accurate to about 1% over the
temperature range 2000 to 5000°%.

' Since calculations of this section are concerned with an

"{deal” state, 1ts definition 1s arbitrary and will be chosen

80 as to provide the greatest convenience in calculations and yet

to facilitate the subsequent problem of calculating true detona-

tion rates. For this purpose the following assumptions are made:

(1) A1l product gases are ideal and the volume of solid or
l1iqguid products may be neglected.

(2) All dissociations into free radicals and atoms are non-
existant.

(3) Only solid cerbon, CO, CO,, H,0, Hy,0,,N, (and gaseous
sulfur, 502, metals or metallic oxides, insofar as the
corresponding elements are present in the explosive) are
formed.

(4) Oxygen reacts quantitatively with carbon to form CO, the

excess forms gquantitatively HQO and what is left over reacts

to form COQ.

The gquestion of whether a real pressure and temperature range

exists in which all these assumptlons hold is entirely immaterial

for the following, because Dy and other "ideal” quantities

/7
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resulting from these calculations are merely convenient steps
to reach the real detonation rates,.

In Appendix II of this report examples are given of the
detailed procedure followed in the calculation of ideal quantities

here defined.

%5, The calculation of real detonation rates.

A rigorous calculation of true detonation rates cannot be
carried out at present, a sufficient reason for this being that
the equation of state of gaseous mixtures at densities above 1 g/cc
and temperatures of over 5OOOOK is unknown.

In fact several approximations and simplifications and one
frank assumption (the form of the equation of state) must be made
and they willl now be considered one by one.

Dissociation into atoms and free radicals is fortunately not
of importance because of the high pressures in detonation waves
of s0lid explosives at ordinary densitles of loading. Consider
for example the dissociation Hp = 2 H. At 5000°K (rather high
for most explosives) the dissociation constant has been calculated
statistically to be 44.7 Atm. The concentration of free hydrogen
does not exceed 10% by volume with most explosives and if the
total pressure is 102 Atm. it is readily found that 2% of hydrogen
is dissociated into atoms, This means an absorption of heat
roughly equal to 3 Kcal per Kg of explosive, whose total heat of
explosion is normally of the order of 1000 Xcal/Xg. Thus Tg
1s lowered by the inclusion of this dissociation to the extent
of 0.3% but at the sams time the mole number is increased and

hence the pressure is greater. This effect is of the order of

/2
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0.10¢% and hence the total effect on the detonation rate 1z (be-
cause of the square root relation) (l/é)(O,B—Oolo)% = 0,10%.
2imilar calculations show that the water dissociations:
PH,0 = Hy + 205 or H, + (1/2)0p = 20H and
- QHQO = O2 + 2H2 are of small importance. Dissociations of
oxygen and nitrogen are still more insignificant,

Various polyatomic molecules have been reported in the gas
samples withdrawn from bombs after detonation., Thus Schmidt
(Part I) reports CHy,CoH,, HCN, CoN,, Ni5 1in variable but smell
amounts from almost all explosives. To allbw for equillbrium
formation of all these molecules seems mathematically an almost
impossible task, particularly when it is considered that. the
thermodynamic functions of most of these molecules are not too
accurately known at the high temperatures in question. Approximate
calculations made on some of those which are found in greatest'
amounts indicate that the observed concentrations are in excess
of equilibrium under the conditions of the detonation wave (thus
with TNT Schmidt reports roughly equimolecular quantities of
ammonla and hydrogen whereas the equilibrium ratio is Zssr than
232C). In all probability these molecules are formed during the
cooling process after detonation. But even when it is supposed
that the analytical data represent the true conditions in the
detonation wave, the formation of all these complex molecules
does not alter greatly the results of calculation.

Taking as an example the particularly unfavorable case of
TNT for which the oxygen deficiency is large and the complex

products particularly abundant according to Schmidt, one finds
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that in the formation of all complex products reported by Schmidt
a total of 8.7 ¥cal of heat is absorbed per Kg. of TNT, whiie the
total heat évolution is 875 Kecal. At the same time the mole
number of gaseous products is reduced from 32.6 to 30.7 and there-
fore the total effect on the detonation rate is approximately
[(30:7/32.6)(875/866,3)](1/2) = 0,965, The neglect of the complex
products thus overestimates the rate by 3.5%, but 1t is believed
that in general the corresponding error is smallef°

The formation of free hydrogen In the detonation wave 1in the
absence of s0lid carbon can be neglected because the equilibrium
constant of the reaction HQO + CO0 = 002 + H2 ranges from 0.2
at 3000° to 0.07 at 5000°K. Thus the greater part of the hydrogen
is present as water énd the formation of a few moles of free
hydrogen per Kg of explosive is of little effect on the detonation
rate. This follows because there is no mole number change in the
reaction and the heat evolution is only 4.5 Kcal. per mole at
3000° and is less at EOOOO. The neglect of hydrogen in the
absence of so0lid carbon causes therefore an underestimation of
the rate by a few percent at most,.

In the presence of free carbon, on the other hand, the forma-
tion of free hydrogen will proceed almost quantitatively. The
equilibrium constant of the reaction C + EoC = CO + Ho is about
105 Atm. at 3000°K and may be estimated as 5 x 100 Atm. at 5000°.
Since the pressure {or fugacity, to be more correct) of carbon
monoxide in the detonation wave seldom rises to 105 Atm., the
ratio PH2/3H20 is greater than unity so long as carbon 1is present.

The assumption that the reaction goes completely to the right means

Va2
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an overestimation of the detonation rate because the heat absorp-
tion is overcompensated by an increased mole number of gaseous
products. The following examples in Table 1 demonstraté the
magnitude of the effect on D of the extreme assumptions concern-
ing this equilibrium. It is seen that ideal rates calculated with
no carbon and those calculated with no hydrogen differ only by 3%
or less, In actuality the first case 1s approached closely almost
always and hence fhe error resulting from the extreme assumption

must be small.

Table I

Effect of equllibria on ideal detonation rates,

Compound Decomposition eguation TioK D; m/sec.
Picric 6 CO + Hy0 + 3Hy + 1% Ny 3440 2140
Acid

5% CO + 3 Hp0 + 3C + 1 N, 3615 2120
TNT 6 CO + 25 Hy + C + 13 N, 2880 2070

33 00 + 23H,0 + 32 C + 13 W, 3650 2005
Tetryl 7 CO + HpO + 15 Hp + 22 Np 3950 2360

5% 00 + 2 Hy0 + 1% C + 2% N, 4ous 2290

Summing up the results of this discussion it 1is found that
the effects of chemical equilibria in the detonation wave are
divers and altogether may effect a decrease of the rate with
increasing pressure (or density of loading) amounting to perhaps
10 or at the very most 15%, This conclusion is interesting from

the theoretical point of view since it indicates that the study of
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detonation rates does not provide strong evidence as to whether
chemical equilibria are established In the wave or not. For *the
detonation to comply with the present theory 1t 1s only necessary
to postulate that the reaction is "complete" in the sense that
the oxygen combines with all the carbon to form CO, the excess
oxygen combines with hydrogen to form water and if any is still
left over, it combines with CO to form CO».

Experimental evidence shows that, with increasing density of
the explosive, the detonation rates rise sharply and reach values al-
most four times as high as the "ideal" values calculated by the
described procedure., Other simplifications having been now
eliminated, it appears probable that the rise is due to deviations
of gases from ideal behaviour, unless, of course, the whole theory
is fundamentally incorrect. In Part I the calculations of Schmidt,
who has made use of the Abel equatibn of state, have been reviewed
to show that qualitatively at least deviations from ideal behaviour
may be méde to account for the observed rise.

However the Abel equation, as well as its parent the van der
Waals equation of state, is specifically derived for gases at low
densities and must fall under conditions encountered in the detona-
tion waves., Bridgman has studied the behaviour of nitrogen at
room temperature and at densities as high as 1.2 g/cc and has found
that the semi-~-empirlcal equation of Becker describes hils experimentel
observations very well. This equation has four arbitrary constants

and 1s written by Bridgman in the form:

— X
P=B(+5€7) -G+ e 09




- 1 -

At the high densities of Bridgman's experiments, however, the last
two terms are of minor significance. Omitting them and changing
somewhat the value of the constant k - the only remaining
arbitrary constant - one can obtain almost as good an agreement
wilth Bridgman's data as he was able to obtaln with four constants.
(The second correction term, describing an attraction between
molecules, must become quite unimportant at the high temperatures
and densities of the detonation waves and the last term was used
by Becker to obtain agreement at the critical point.) Tt was |
decided, therefore, to use the Becker equation in abridged form
with only one adjustable constant. It is known from several
experimental and theoretical sources, however, that the repulsive
energy between molecules can be represented as proportional to
the inverse ninth to twelfth power of the distance of approach.
Now, with increasing temperature the kinetic energy of molecules
increases linearly and hence they must approach closer on colli-
sions. The constant k of the Becker equation which, as one can
readlily convince oneself, becomes equivalent to the van der Waals
(or Abel) covolume in the limit of low densities and is therefore
proportional to the cube of the molecular diameter, must be

- temperature dependent. Depending on which of the molecular

"1/3 T—'l//)'!'

repulsion laws is chosen, one must take elther a T or

dependence of k. The former was actually chosen for the calcula-

tions, because it fortuitously shortens the algebraic labor, and

1{/&*1/3)

the final form of the eguation of state is: (where k =

t—

P= *-'B\;-:F(‘i‘—%é'/ge"r/;)’ . (6
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In the form in which the equation 1s written above, the
term KT-1/3 is the covolume of all the molecules formed from M
grams of the reactant. As the following willl show, it may be
represented as a summation over the indlvidual covolumes of the
different products formed.

The substitution of equation (16) into the basic equations
derived in Section 1 1s laborious but straightforward. A few
simplifications in minor terms had to be made,but all of them have
been checked and found to alter the result insignificantly. The
calculation 1s discussed in detall in the Appendix and hers only
the final results for the ratio D/Di and for the equivalent of
equation (8) will be written

Y- (i+2x€x+ xzex |

(D:) - 7, P (c+xe")2 T+ B,

( +M+fe 3Ce;
2 (17)

(3+2xe x*e™)

T l% 2,<e —x*e”) J[l+2xe X x3e7] |7
Ke _ ko- X 8
MY®"MYT oy 1+ xC* (e

T )1+2xe" e

In these equations the vériable X has been used to abbreviate
..1/3 - -

KT /V2, while G/, = OCys - R/2}fi. Since equatiqn (18) re-

lates the quantity ¥@,fqto x , the ratio D/D; may be calculatec

and plotted as the function of the former. In making this calcula-

/s

ey

T Gy o e
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tion it is found that the numerator of the first factor in eque-
tion(33) contributes by far the greatest variation in D/Dy with
density. The product of all the other factors makes at most 30%
difference in the result. In equation (34) the effect of reason-
able changes in the values of 1ri and (@7%?) is extremely
small. This means that the actual values of the heat capaclty

of the product mixture ere of very small import for the shape of
the D/Di curve. In Table 2 three calculations have been made,

the first for Cyy = 11.5, the second for Cyy = 9 and the third
for Cyq = 6.5 cal/mole degree. All known explosives fall into
this range of Cy4 values and the variatlon between the three cases
is so small that if no great accuracy were desired one could use a
universal function for all explosives. In Table 3 we give the
values of  kp el/M’ (r/ﬁ) and T/Ti. They depend only very
slightly upon the value of Cy4 chosen (the calculations have been
made for C ., = 8) and therefore the standard values of (77%?) were
used for the second factor in equation (33). A further simplifica-
tion in the calculations was the neglect of the dependence of ¥k,

C.; and 6;1 upon T as it varies with increasing density of the

vi
explosive. The corresponding changes are very small and so long
as a consistent procedure 1s used for all explosives the demage

to the results is entirely insignificant.

In Table 4 have been collected practically all published
determinations of the detonation velocitles of militarily interec-
ting pure and mixed explosives. Only measurements on 'safety’
explosives have been excluded as these are usually made up of

coarse particles of the combustible and the oxygen carrler, such

inhomogeneity being deliberately resorted to in order to slow down

I
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the detonation velocity below that demanded by the theory. For
each explosive the ldeal temperature and detonation velocity were
calculated by the method outlined in Appendix II and the ratios
D/Di formed using experimental data. Then that one of the three
functions given in Table 2 was used, whose Cvi value was nearest
to the calculated Cy4 in the detonation wave; from it the values
of k 6% /M were read off for all experimental data. The correspond-
ing k are then easily calculated and these are given in the 2 »d
column of the Table. The averages of the k for each explosive
are aiso given; the deviations of individual values from such
averages are rather large. It must be considered, however, that
experimental values of both the detonation velocity and the bulk
density enter into the calculation and in view of the nature of
such experiments accidental errors of quite a few percent are to
be expected. This is supported by the observation that the data
of some investigators are uniformly much better than those of the
others and that for moré thoroughly studied explosives better
agreement 1s obtained.

But over the accidental scattering there is superimposed a
very definite trend of k which decreases with increasing density
of loading. This suggests that the equation of state taken as the
basis of these calculations is not exactly valid over the pressure
range covered in the experiments. A better agreement might have
been obtained by the use of an equation of state requirling a
slightly greater dependence of covolume upon pressure. However,
the available experimental detmnation rate data are not accurate
enough to justify a further elaboration of the theory at the

present time. With the average values of k given for each
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explosive one can obtéin a representation of the detonation veloclty
curve which is within 5% of the mean of experimental data over the
density range of 0.7 to 1.7 g/cc for organic explosives,

This result must undoubtedly be regarded as a considerable
triumph of the theory and from the theoretical point of view it is
valuable, being the first information on the behaviour of gases
under conditions which might best be termed as those ha1f~way be-
tween conditions realisable in the laboratory and those existing
in the stars.

From the practical point of view, however, the theory is of
little interest unless it provides the means for calculating de-
tonation velocities for new compounds. Fortunately the theory 1s
capable of accomplishing this task as the following will con-
clusively show.

In Table 5 have been collected the average values of k from
Table %, the second column giving these values corrected to 3000K
with the aid of the T3/3 law. The third columm gives the cal-
culated values of kzpp obtained from a set of covolumes for the
individual products given in Table 6. These values have been ob-
tained by a process of gradual fitting and could be slightly
altered without impairing the excellent degree of agreement with
experimental data which is shown in Teble 5., Since the covolumes
of CO, Np and O, were chosen as identical, there remalned four
arbitrary parameters to adjust for the best possible fit. The
number of compounds for which excellent agreement with experimental
data is obtained is greater than ten and the degree of agreement
is as good as the quality of experimental data allows. Therefore

the agreement is hardly an accidental one and full confidence may
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be placed in calculations of k's of new organic compounds with
this set of individual covolumes unless solid carbon is formed be-
cause of oxygen deficlency. Some cases of explosive mixtures have
heen included In the Tables and for these an equally good agreement
of theory and experiment is obtained. Thus one may safely epply the
present theory to mixtures of explosives which might be developed
in the search for powerful and yet safe compositions,

The individuel covolumes given in the Table show s sufprisingly

good agreement with the van der Waals constants of these gases

'~ which have been obtained from critical data snd by other methods

(the critical data constants were all recomputed to BOOOK using

‘the same 7-1/3 1ay-as for the detonation data). The detonation

data seem to be somewhat higher on the average, but this.in no vay
detracts from the success of the agreement, because extrapolation
over a 15 fold range of temperature had to be made in arriving at
the 300O data and a cholce cof only a slightly different exponent
of T (for instance T-l/&) might have eliminated the difference.
For steam, however, the selected value is relatively too small; on
the other hand it 1s well known that the law of corresponding
states holds less well for steam than for other molecules here
considered. The change from critical data for steam 1s actually
in the right direction. For carbon dioxide on the other hand an
excessively large covolume had to be taken while for hydrogen it
is too small and we can think of no good reason why this should be
so. For solid carbon 14 cc/mole was taken because at 4000°K this
becomes about 6, thus giving the experimental density of graphite
(2.2 at room temperature) under the conditions in the detonation

ave. In the case of so0lid carbon (and liquid lead, see below),
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the use of the expression covolume 1is really lmproper., To the
extent that the gases are insoluble in the condensed phase 1t is
the real volume of the latter per gram mole which enters into the
calculations and which 1is given in Table 6. The assumption of
the T'l/3 temperature dependence is obviously erroneous and no
physical significance should be attached to values given in Table 6
for BOOOK. These are there merely for the purpose of uniformity.
The date for TNT are definitely out of line with the rest of
the experimental figures whether one chooses hydrogen or water
vapor as the ingredient of the detonation wave. It is to be noted
however that these extreme assumptions bracket the k calculated
from individual covolumes. ©Now, TNT is a rather cool explosilve
with a temperature of eabout 3000O in the detonation wave and at
this temperature the equilibrium constant of the reaction
C + Hy0 = CO + Hy, is such (c.f. an earlier discussion) that at
the high pressures of the detonation wave only partial conversion
according to the eabove equation is to be expected. The extent of
this conversion will vary of course with the density of the
explosive and it is very difficult to estimate because of the
non-ideality of the gas mixture. The partial conversion has little
effect on the detonation velocity as was seen in Table 1, but the
experimental value for k should lie between the values calculated
from the individual covolume constants for the extreme cases con-~
sidered. This is as found experimentally and although the treat-
ment is nét guantitative and hence cannot be regarded as particularly
successful, 1t shows nevertheless that TNT is not in disagreement
wlth the theory. It is, however, a good illustration of the remark

mede in the beginning of this report that when one of the
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ingredients of the detonation wave 1s divided between two pheses,
the theory ceases to be very effective. With all other explosives
tried, except possibly TNB, enough oxygen is avallable to oxidize
all carbon to carbon monoxide and at least some hydrogen to water.
The ratio PCO'PHQ/PHQO is then such that no reduction to solid
carbon can take place even at 3000° or slightly below. Solid
carbon found analytically among the detonation products of these
explosives must be formed in the cooling process.

The treatment of lead azide leaves also something to be
desired. One possible assumption 1s that all lead is vaporised,
in which case one obtains Ti=33000K and Di=1250 m/sec. The boil-
ing point of lead 1s about 1900°K and thus at 33000 it should have
a vapof pressure of only about 100 Atm., qulte insignificant
compared with the total pressure of the order of 105Atm. This
assumption is definitely erroneous therefore and our attempts to
improve it by supposing that lead vapor is dietomic did not change
this conclusion. One must then assume liquid lead, which gives &
much higher temperature in the detonation wave (because of
greater heat evolution) T,= 41600°K, but substantielly the same
detonation rate, Di=1275 because of reduced mole number of gaseous

products. The calculation was carried out assuming C for

vi
liquid lead of 6 cal per gram atom and a heat of fusion of 2 Kcal/g.
atom but a reasonable change in these assumptions will not alter

the Di by more than a very few percent. The vapor pressure of lead
under those conditions is undoubtedly much higher than the 100 Atm.
calculated for 33000, but in all likelihood it is still insignificant

compared with the total pressure in the wave. Partial evaporation,

in any case, does not seriously alter the valuve of Dj, since it
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results in & decreasing temperature but an lncreasing mole number
of gaseous products and these happen to compensate each other
almost quantitatively in the expression for Di' From the ex-
perimental ¥ one finds a volume for liquid lead of 115 cc/gr.atom
at BOOOK, or about 45 cc at the temperature of the detonation wave,
This means a density of lead of about 4.5, a value which might
appear quite unreasonable but really is not. Thus for mercury (c.f.
Handbook of Chemistry, Chem. Rubber Co.) a density between ¥ and 5
is reported for the critical temperature and 4600°K should be not
far from the critical temperature of lead. The result of these
calculations is therefore an entirely reasonable one, but of course
it is very doubtful whether the theory in its present form can
Justifiably be applied to liquids near their critical temperatures
and caution must be advised for all other explosives that may

yleld large amounts of liguid products in the detonation wave.

L, The search for more powerful explosives.

It seemed to us to be of some interest to establish rules

' %hat should govern the synthesis of new and more powerful explosives
but unfortunately the theory is so complex that 1t is impossible to
state such rules in a simple explicit form. ‘

To obtaln the highest possible D; one must have a compound
with the greatest possible heat of formation (as endothermic as
possible) and one that gives the greatest possible number of moles
of products with the largest possible heat evolution. From the
considerable amount of calculation that has been done by us it

appears that the oxygen balance need not be so high as to give

mainly CO, : the greater heat evolution in forming this compound

N
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is compensated by the smaller number of moles formed per unit weight
of the explosive and by the higher heat capacity of carbon dioxide.
One of the highest Di thus far found is that of Cyclonite from
wvhich no carbon dioxide is formed at all., On the other hand,.when
the oxygen balance sinks below the amount needed to give complete
oxidation to CO and H,0, then the temperature in the detonation be-
comes so low that smell values of Dy are the inevitable result.
When it comes to the calculation of real detonation rates, the
prediction becomes much more difficult because additional factors
come into play. Steam and hydrogen have very small covolumes and

therefore glve small D/'Di ratios; CO, on the other hand has a very

2
large covolume and is therefore favorable.‘ High temperatures in

the detonation wave, which give large Dy also reduce the magnitude

of the covolumes and so result in smaller D/Di ratios. To give

hard and fast rules to follow in the search for the ideal explosive
under these circumstances would be presumptuous. It is suggested
instead that a calculation following instructions given in Appencdix II

be made after the conception of a new explosive on paper and before

its synthesis in the laboratory.
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2x

Veriation of ¥/% , of Tp/Ty and of a function (x + x o )
with Loading Density, as Calculated on the Basis of Gas Im-

6k/M

0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0,900
1.000
1.100

1.200

Th

1.000
0.971
0.948
0.930
0.912
0.899
0.88
0.874
0.86k
0.854
0.845
0.836
0.829

perfections,

To/Tpy

1.000
0.980
0.962
0.9kk4
0.925
0.907
0.889
0.871
0.853
0.835
0.816
0.798
0.780

X+ X e

0.0
0.4
0.9
1.6
2.4
3.8
5.6
7.6
10.0
12.8
16.3
20.6

26.0
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Table 4
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Covolumes from experimental data.

Density Detonation Experimental Deviation from Mean
rate ‘ kp ,c0 the mean,%

1 o)
PETN. M = 316; Hf, = -123,000 cal/mole; Ty = 4930 K; Dy = 2590 m/sec.

HHEHOOO

' Case I
Data of Friedrich
.50 3960 204 10
.65 4h00 s 195 5
.80 4900 19k 5
.00 5500 184 -1
.20 6300 18 ' -1
RiYy) 7100 18 -1
.60 7900 181 -2
Data of Roth ‘
0.45 3510 172 7
0.75 4820 196 6 185 co at 4950°K
0.91 5500 193 L
1.0k 5730 183 2
1.45 75 184 -1
1.72 8050 171 -7
' Data of Tonegutti
1.20 6070 176 -5
1.56 7630 178 U
Data of others
1.60 8200 187 1
.71 Lo 178 -4
Cyclonite (Hexogen); M = 202; Hf, = 21,300; Ty = 4650 K; D; = 2510
Case II
Data of Tonegutti
1.20 6310 126 2
1.56 7890 122 -2
' Data of others 12k cc at 46509%K
1.67 8380 126 2
o]
3-Nitroglycerine; M = 227; Hf, = -82,700; Ti = 5250 ; Di = 2350
Case I
: Data of Friedrich
1.59 8020 133 2
1.75 solid, €210 126 -l
Data of others 131 cc at 5230%K
1.59 8450 81 T
1.59 7450 23 -6

1. Heat of fofmation from the elements.




Covolumes from experimental data {continued)
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Tetryl; M = 287; Hf, = 9,300; Ty = 3950
Case III

Date of Friedrich

5480 181

6500 177

7210 176

7380 170

7480 " 165
Data of Roth

2570 235 (omit)

4810 159

6400 178

7000 185

7510 18

7665 172
Data of others

7145 165

7160 159

7200 154

7485 158

5420 185

Picric Acld; M =

229; Ty = 3kko; HEf, = -

Case III
Data of Friedrich
5150 146
5820 135
6450 135
7210 131
Data of Roth
k560 115
5430 146
6110 ik
6940 149
6060 127
7500 152
Data of Kast
6160 U2
6700 14k
7000 143
7100 139
Data of Dautriche
4900 158
5800 b7
7100 149
Data of Forg
L629 153
5213 129
6232 159
7021 138
Data of others
L4970 17
7600 1h7

27

4
2
2
-2 175 cc at 3950%K

-5
+36%

3

7
5
0

-4
-8
-11
-8
7

53,500; Dy = 2140

-4
-4

-18

1
=t
o hoWMWw

111 ec at 3250%K

(o
o hFED N = 1O 2

11
O =



Covolumes from experimental data (continued)
28

o]
TNT; M = 227; Bf, = -13,000; T; = 2950 K; Dy = 2110;

)
(or T4 = 3650 ; Dy = 2005 1if water is
quantitatively formed)

Case I1III
Data of Friedrich
1.00 k700 126 -6
1.29 5900 - 12 6
1.46 6500 140 5
1.57 6749 136 1
1.59 5900 138 3
Data of Roth 1Bk cec at 2950%K
1.21 k720 112 -16
1.27 4650 105 -22 or
1.40 5900 130 -3 141 ce at 3650°K
if HéO is formed
1.52 7400 154 15
Data of Kast
1.5k 5940 137 2
1.45 6400 138 3
1.50 6590 138 p)
1.60 6680 132 -2
Data of Dautriche
0.90 4100 121 -10
1.20 5600 143 7
1.40 6600 149 11
Data of Forg
0,84 L1400 145 8
1.22 5396 134 0
1.45 629k 136 2
1.59 6772 135 1
Data of others
1.62 7000 137 2
1.66 6365 121 -10
Nitropentanone‘(09H12013N4); M = 384; Hf = -153,000; Ty = 3350; Dy = 2250
Case III
Data of Wohler
1.13 4630 180 (omit) -26
1.30 6020 208 -6
1.h4 7170 250 1 2l cc at 3350%K
1.59 7940 254 i
Nitropentanol (CgH;s01slg); M = 431; HE, = -140,000; Ty = 4090°; D; = 2400
Case II
Data of Wohler
0.75 5060 310 (omit) 26
0.91 5100 258 5
1.01 5800 279 13
1.11 5040 258 . 5 oh6 ec at B0O9OSK
1.29 6100 22 -7 "
.51 7050 23 -5
.57 7360 236 -4

62 7540 237 b




Covolumss from experimental dathd (éotibinued)
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£

Nitrohexanone (ClOHllPOIBNLX-); M= 398; Hfo = -163,000; Ty = 2880; Dl = 2150

Case IIT
Data of Wohler
1.18 6000 269 3
1.25 5710 2lhp -8 263 cc at 28807k
1.42 7000 269 2
1.51 7740 279 6
Nitroxenanol (C)oH50,5Ns); M = bi5; B =-152,000; T, = 3820°; D, = 2400
Case IIT
Data oi}vohler
0.81 5470 335 (omit) 16
1.00 5820 299 4
1.28 6800 285 -1 289 cc at 3820°K
1.4k 7670 289 0
1.52 7900 28 -2
TNB; M = 213; Bf, = -2,300; Ty = 3550; Dy = 2260
Case III
Data of Dautriche
0.80 4100 112 -10
1.10 5400 128 +3
1.35 6700 138 +12 12k cc at 3550%K
Data of others
1.60 7000 122 -2
1.63 7000 119 "
Mercury fulminate; M = 284; Hf, = 65,000; Ty = 55500K; D; = 1640
Case IIT
Data of Roth
2.21 3570 74 8
2.70 4000 71 N
3.27 4160 62 -8
3.71 41810 56 -3
Data of others
1.69 3200 80 (omit) 17
1.81 3054 69 2 57.5 cc at 5550°%K
1.8 3122 72 b
2.15 330k 67 -1
2.98 4125 &7 -0
2.99 3971 63 -7
3.60 4500 62 -8
Lead azide; M = 292; Hf, = -103,000; Ty = hc’)hoo; Dy = 1275
Case IIT
Data of Roth
2.65 3850 101 7
2.75 Lh2o 111 19
3.25 4700 99 6
- 3.50 1830 95 2




Covolumes from erperimental data (cuntinued)

Lead azide (continued)

30

Data of Friedrich (in lead tube only; glass confinement gives
utterly different results; seems probable that shock wave through glass
rather than the detonation rate in the salt was measured).

2.56 L1.80 118 27
3.51 h7hs 8¢ -4
L,05 5275 88 -5 9% cc at LELOCK
Data of Stadler
1.45 2120 70 -25 deviations from the
2.16 3080 90 <3 mean are here much
3.12 Lo70 93 0 greater than with other
3.19 4sho "6 3 explosives investigated
Data of others
3.4 4500 65 -30
[o]
Di-PETN (CgHy50:10Ng); M = LB0; Hf, = -210,000; T; = 4630 ; Dy = 2340
Cage T
Data of Friedrich
1.52 7000 275 279 cc at L630%K
1.59 7410 282
Glycol dinitrate; M = 140; Hfy = -56,000; T1 = 5300; Dy = 2520
Cage I
Data of Naounm
1.50 8200 90 cc at 5300°%K
CsNyp, cyanuric triazide; M = 204; Ef_ = 222,000; T; = 4970°; D; = 2220
Case TII
Data of Haid and Koennen
1.15 5000 106 cc at 4970°%
Wet Picric Acid (3.4% Hy); M = 229; Bf = -53,500; T; = 3200; Dy = 1970
Case ITT
Data of Clark
1.01 L730 153 cc at 32009%
Dry Gun Cotton; (1 Kg); Ef, = -528,000; T; = 3720; Dy = 2230
Case II
Data of Kast
1.30 6300 . 358 cc at 3720%K
Wet Gun Cotten; (1 Kg) Hf, = -1,182,000; T4 = 1880; D; = 1640
Casge IT
Data of Kast
1.50 6800 742 cc at 1880%




Covolumes from sxperimental data (bontinued) -31
o
37% PETN; 10% NG; 5% DNT; (1Kg); Hf = -704,000; T; = 4680 ; Dy = 2400
L &% NH NOz
Case I

Data of Nzoum
1.35 6600 5h2 ce at 4680%




&

Compound

. PETN

Cyclonite

Nitro-
glycerine

Tetryl
Pieric Acid
Wet P.A.¥

TNT

TNT

Hitropenta-
none

Nitropenta-
nol

Nitrohexa-
none

Nitrohexanol

TNB

Hg(OCI\T)2
PbiNg
Di-PETN

Glycol-di-
nitrate*

Czly0%

Dry guncotton* 3720
Wet guncotton* 1880

Table 5
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Calculation of covolumes per mole of explogive.

1 K

41930
4550

5230
3950
3440

3200

2950

3650

3350

4090

2880
3820
3550

5550
L6ko
4630

5500
4970

PETN-NH&NOB—NG-DNT

mixture*

4580

kT,cc

185
12k

31

173
41

155
13k

11
ol
oLg

263
289
12k

279

90
106
€13
74

542

%300

b2

310

339
408

318
340
287

32k

545

178
252
595
234
270

1420
1570

1350

kBOO calc.

k59
308

333
403
320

333

322

543

(g

50
631
502

705

230
274
1456
1410

14k6

Remarks ,
Deviation, %

-3

-1

-2
-1
+1

-2

If no H,0, only H2 is

2 s
formed

If only Hy0, no Hy is

formad

-1

+3

+2
-6
+7 Probably some car-

bon and water
formed as with THT

+1

-2

+1

+2 for 1 ka.
+3 » " 7

+6 for 1 kg.

* Only one experimental velue available for each of these.
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Covolumes of different molecules.
Substance k _,cc van der corrscted covolume from
300 Waals to 300° viscosity
a% ¢.p.
N, 38.7 38.6 30.6 39
co 38.7 39.9 31.9 39
0y 38.7 31.8 25.0 31 -~ enters only
into nitro-
glycerine
date
002 67.0 k2,6 ho,5 Ll
Ho0 25.8 30.5 38.5 21.2
- Hy T.75 26.6 12.7 25.7
Hg 62 : chosen to fit Hg(OCN),; for a close packing of spheres
gives a density of about 9 instead of experimsntal of
about 14 for solid mercury
¢ (solid) 14 : chosen to give a density of about 2 at 4000°K

Pb (liguid) 116 : gives a density of about L.5 at 4500% fits PhNg data
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Table 7
T2 Empirical Equations to Represent Valuss of
o
CvdT:: Cv{ T2-300) 1in the Renge 2000° T, 5000°K.
t
300
cvi = a+ blp.
Substance Equation Accuracy
- -3
¢ (solid) CVi =3.9% + 0.27x 107 T, 1%
co T = 5.614 0.21 x 10T 1%
Vi 2
= -3
Co, cVi = 10.16 + 0.46 x 107°T, 1%
— -3
C. =54.914 0.30x 1077 1
H2 A 9 2 %
= -3
Hy0 C"i = 7.86 + 0.55 x 10 "Tp 1%
= -3
N, Oy, = 5.54 + 0.21 x 10T, 1%




Appendix I.

Calculation of the ratio D/Dj.

A division of eguation (7) by equation (14) leads to an expres-
sion for the ratio D/Dy:

, Y 2
%i :fﬁﬁ){ﬁvz’] 2‘}-.%% (19)

in which a1l quantities may in principle be calculated from egua-
tions (8,9,10,12 and 13). This is true, of course, only if it 1is
assumed that chemical equilibria do not shift the composition of
the explosion products with density of the explosive. A discussion
given in Section 3 of the report has shown that the effects of such
equilibrium shifts upon the detonation velocity are very small and
1t has been declded therefore to neglect them altogether in this
calculation. The ratio n/ni is assumed therefore to be unity.
Actually it is somewhat different from unity (and the ratio T/Ti
1s not what we calculate it belov due to the same cause) but these
small effects are automatically taken care of to some extent by the

method of calculation, which blames all variations in D/Di on

gas imperfections. By comparing equations (5) and (16) we note

that:
L%
vi)= K (20)
-f( ! 1§ +-;§%q5 62;=F?3
Hence, 1if %%—"/3 = X <
{4+ 2xC+x*€

(21)

f{\l) - (‘ + xO* )z
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and:

% X 4 X\/2
v):( = (l +2xE +xE (22)
o [F - )
If the following abbreviation is introduced:

K R - C:/-

/
Cv-2%F ~Cv ema Cw—2g = (23)

and furthermore a superscript bar is used toindicate the averaging
and

of C, over the temperature range Tg -—'T1 /components of the

mixture, then (c.f. equations (9), (10) and (13) ) the expression

for T, may be written thus:

= T, g - ( (24)

In the second term U& has been replaced by Eéi because the
second term is much smaller than the first and the total varia-
tion -+ from THy to C{ amounts to only some 15% at the highest

densities. From equation (11) the energy-volume coefficient 1s

readily evaluated:

and hence:

X
= N_-..._—ETZ xC (26)
]
Therefore:
'T'a ‘ CV{/C:I { [27)
4 K eox _ ' 1 R_,oX
T S = (zeg 23‘2)‘4% ‘*Bc'vfe )
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It remelins still to calculate j" . Now:

U4 )
(OE OV
Co=Cyt I grryg’;} ) Cp=C,+ w{@'r) E"T‘) (2€)
93

and the equation of state gives:

(%) - X‘i: I+ er +x2€ ’ (22

(%—?)f MR xS 1) s (30)

Yo
oGSy = E(2x€ - <) ey

These expressions may be substituted into the eguations for Up and

C,, and thus if obtained as a function of Cvi and the varisble x.

v
This value of %“ may in turn be substituted into (27) so that the
temperature ratio also becomes a function only of ideal heat
capacities and of the variable =x.

Returning now to equation (8) and using the derived expressions

for f'(v) and f(v) one can rewrite it thus:

| {

v, — = (32)
V' VZ. t+_ H-xQ: _
Y (1+2xC% 4 xZ€5)
But 1/vy = € /M and if both sides are multiplied by K/“E’/a,
one obtalns the relation:
X
“}i‘x’/ﬂﬁ - 3 (33)
MT" |+ + %2

'}“(4+2XC"+XZC )
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where, of course, the complete expression for '3‘ should be sub-
stituted. Equation (33) is the same as cquation (18) of the text
and equation (19) above by substitution of the various quantities

just obtained.




Appendix II

Computation of Numerical Values of D.

It has been explieined previocusly that the calculation of de-
tonatlon velocities is most conveniently carried ocut in two steps:
en ldeal detonation velocity is first computed for any given sub-
stance, then the actusl detonation velocities for various locading
densities are calculated from the ldeal value with the assistance
of functions previously described, |

By combining equations (12) end (14) we obtain for the ideal

detonation velocity:

T+ /i R0 Ve
(34)

D=~ (=

In this expresslion ny is the number of moles of gaseous products
formed by the explosion of M grams of the explosive material and
ﬁ% is the ratio of heat capacities averaged over the gaseous

products at constant pressure and constant volume and taken at the

temperature, T The latter is to be calculated from equation (13)

ei’
which will be written here in a slightly altered form.

: ‘1‘ S YT .7‘}
- — "!5-”"9“}—:‘"35Hﬂ + _.nJ‘(a'S+b$ gl
Iz; = T =
N:ar — __g___‘_.}..\ n--b. ’
5_ ) ‘ .
BRI -5 PR

Hf denotes heat of formation, the subscript o indlcates the

(35)

original explosive and the subscript j refers to one of the
products of the explosion. This equation has been obtained from

equation (13) by introducing the substition:

“"Qv = HE, —-Zn&;ﬁ{; (36)

;:,t" A?,s’



Appendix IT b 2 -

and the approximation

P

[eaT = (@ +8 kT2 T) 1)
T

which 1is accurate to about 1% in the temperature range from 2000 to

5000°K. Numerlcal values of the coefficients aj and bj have

been given in Table 7. The sign of Ef 1s taken positive if heat

is absorbed in the formation of the substance. Any quantity of
explosive can be made the basis of calculation provided that Hfo
and the various nj's are given values appropriate for that
guantity. All Hfj's refer to one mole of the respective product.
Since it is common practice to tebulate heasts of formation per mole
of substance, this guantity is usually the ﬁost cohvenient basis
for calculation. Two small departures from rigor are convenient
- when using equation (35) for purposes of computation. The term
involving T2i which appears in the numerator makes an almost
insignificant contribution and its value for T2i equa} to 4000°K
can always be used without éppreciable error. Likewlse, in the
denominator the term involving ¥, is of the order of 10% of its
companion terms so that an error of 10% in the value taken for
introduces only 1% error in the value for Tyy. Since the total
C range of variation of values of %% for substances considered in this
report 1s only 10%, the universal use of the mean value of Xf will
‘introduce only 0.5% uncertainty in the value for Tpy» The value
for R/27%, 1s therefore taken always to be 0.80.
The calculation can, of course, be carried out for any assumed
distribution of products. However, only one set of products 1is
consistent with the theory. The rules to be followed in writing

down these products have been fully discussed in the text and will

‘‘‘‘‘
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merely be repeated here. These are, 1) only solid carbon, CO,
002, HQO, 0., Ne»(and gaseous sulfur, 80,, metals or metallic oxides,
insofar as the corresponding elements are present in the explosive)
are formed, and 2) oxygen reacts quantitatively to form CO, any
excess then reacts quantitatively to form HEO, and any further
excess reacts quantitatively to form 002.

Before proceeding to illustrate the method of computation we
mugt discuss one further convention which we have adopted in the
use of equation (34). This concerns the quantity j? which should
be taken at the temperature calculated from equation (35). In order
to obtain the value, as defined, a further procedure is required
which involves the use of tables of heat capacities at various
temperatures from which appropriate values are to be found for each
of the product substances, after which a summation must be carried
out over all of the products. This procedure is fairly tedious.
However, an approximation which results in values of Dy that are
uniformly about 2% too low, but which eventually leads to values of
D for actual conditions from which this error has been eliminated
is very simple. Call the denominetor of equation (35) d. Then

it can easily be shown that

—  gd+a.8n

= 4T 0.am - (38)
As stated, the use of this approximation in equation (34) results
in values of D; which are 2% low, but since we have used this
procedure consistently for all calculations the error is compensated
by our choice of covolumes required for the second stage of the

calculation and given in Table 6.

fglff .5’
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A sample calculation is now given for the exanmple of Nitroglycerin.
The calculation is based on one mole, 227 grams, for which the

proper decomposition equation is:

o CzHgOgN3 = 3/2Np + 5/2HpO0 + 3C0p + 1/405. Ny = T.25
’ Hf, = -82,700 cel./mole, Hf(HyOg,¢) = -57,870, HE(COp) = -9k,2%0.
, 1) 1)
nj nijJ nja.j njbj
N, = 3/2 8.31 0.32 % 1072
Hp0 = 5/2 ~144,675 19,65 1.37 x 1077
COp = 3 -282,720 30.48 1.38 x 1077
0, = 1/4 1.42 0.05 x 10™7 (estimate
X
_— T e -3
- NPy = 427,395 Nj&j-39.86 N:bs= 3.12 x 10
. + Hf, = - 82,700
344,700
1, - 2H700 + 300 (59.86 + 3.12 x 1072 x 4 x 10°)
59.86 - 7.25 x 0.80 + 3.12 x 1070 T,
- 66,400
Toy = 2 =
55.80 + 3.12 x 1077 T,
f i .
. - 3. @ 5 _ 366,400 - 366,400 _ =580%
Assume T,, = 5x10”; Calculate T2i. .80 + 1560 TR 5
’ | 100
= 5,20 103; Calculate T = 366,400 = ééé&———
Assume Tpy = 5-20% 21 7 2380 + 16.20 70.00
5230°K (accept.)
] _ ] _ 70,00 + 2.8 x 7.25 _ 89.6 _
d = 70.00; = 70,00 ¥ 0.8 % 7.25 ~ T5.1 1.20
.20 . . : 8. .20 2
Dy = %_go (DR 222% 8.31 x 1.20 x 10° m/sec. = 2360 m/sec.
1) From Table 7 ﬁﬁgf

e £



OEEEEEEEELEEEREELELELELGLGLGEGCEGECCCEEEEEEEESESESSSS

Appendix IT o5 -

With the exceptlon of niltroglycerin, T.N.T. and the salts
of metals, the calculations for all other substances mentioned in
this report can be still further simplified as follows: If the
formula of the substance be written as C HPO

q
that 1s, there 1s at least enough oxygen to convert all carbon to CO

¢ys then Q% s € 29 + r/
but no more than necessary to oxidize all hydrogen and carbon to
HEO and CO2 respectively. It seems almost certain that the majority
of the compounds likely to be formed from these four elements in the
search for new and powerful explosives will answer the above
description. During the course of this investigation, it was found
convenient to convert equation (35) into general expressions
involving g,r,s and t. These are somevhat simpler to use and
furthermore require less exercise of judgment, or rather, attention
to rules, and do away with the necessity for reference to several
of the tables. 1In the interest of convenience, their use is strongly
recommended whenever possible.

When ¢ £ s £ 2q + r/2 for a substance of composition CquOsNt
it will decompose according to one or the other of two equations.
A, If g + r/2 2 s, then we write:

CquOSNt = (t/e)N2 + qCO + (s-q)Hgo + (q--s+r/2)H2

B. If g + r/2<= s, then we write:

CquOSNt = (t/e)N2 + (r/2) Hy0 + (2g-s+r/2)CO + (sfq-r/e)coe

Introducing the expressions for the nj‘s in terms of g, r, 8 and t
along with the appropriate numerical quantities taken from Table 7
and the numerical values for the heats of formation of CO, 002 and
Ho0; then proceeding exactly as outlined before in this appendix and

as i1llustrated for nitroglycerin one obtains the two equations:




e
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(39)

C_{'f‘I’/QZS
Hf, - 29,843q + 1,222r + 58,368s + 948t

m -
Y21= (1.86q+2.067+2.055+2.37t) + (-0.04g+0.15r+0.255+0.11t).107°To

A

g+ /2% s (40;
HE_ - 40,724q - 4,218r + 69,2495 + 948t

TAe= -
21 (0.26g+1.26r+4.558+2.37t) + (-0.04g+0.15r+0.253+0,11%t).10 3T2

For both cases the equivalent of equation (34) becomes:

'X’i ’/2 (41)

: + 1 t/2 + r/2 + -~

Dy = L2rr/ava g ¥, 7,,.1077 ) 10% m/sec.
?Fi 12q+r+16s+14t

The use of one of these eguations i1s illustrated by the
following example, a calculation for cyclonlte.
To systematize the calculation it is convenient to consider

both equations (39) and (4C) to be of the form

(42)
21 % ; X3 = Q,r,s,t.

+ 10737, ) hyxg

Calculation for cyclonite, CzHgOglig. g+r/2=3=2s8=3,
Can use either (39) or (40). Arbitrarily choose (40).

Xy £ix4 81Xy hyxy
qg=3 ~122,172 0.78 -0,12°
r=2~6 - 25,308 7.56 0.90
s = 6 4415, 494 27.30 1.50
t = 6 5,688 14,22 0.66

+421,182 sum=49.86 3.06
-147,480 -0.12
sum = 273,700 sum = 2,94
+ Hfg = 21,300
295,000
i ~ 295,000
s .
21 49.86 + 2.9% x 10727,
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- 3, - 295,000  _ 295,000 - 4680%
Assume T21—4.5x10 ; Calculate ‘I'21 ﬂ??gé?T3721 63i07

i

)y 3, _ 295,000 _ 295,000 L650°K
Assume Tgi—h.05x10 ;5 Calculate TQi 15.86+13.68 = _63%§E-~ aécept,

————

S ¥ = 63.54 + 2.8 x 9 _ 1.0
. 63.54 + 0.8 x 9

T b, = 2:28 (9 x8.31 x b.65% 1.2§} = 2510 m/sec.
1.28 | 202
When the value of D; has been obtained for & given substance it

becomes a relatively simple matter to predict the detonation veloclty
for various loading densitlies. According to the theory given in the
text, D/Dy is a function of k Q. /i where D 1s the detonation velocity

A at the loading density, Gﬁ , and k 1is the covolume of the products
resulting from decomposition of M grams of the explosive at the

i temperature of the explosion. We begin by calculating a value of k
at 3000. The sum is taken (over all products), of the number of
moles of each product multiplied by its covolume as given in Table 6.
This sum is then multiplied by (300/‘1’21)1/3 to obtain the covolume
at the temperature of the explosion. TFurther multiplication by
the desired loading density and division by M then gives the quantity

which is related to D/Dy. Numerinal values of D/D; as a function of

numerical values of kﬁ%/M are gilven in Table 2 for three different

values of jz as defined in equation (38).
To illustrate we consider cyclonite which decomposes by the
fo 21
D; = 2510 m./sec. From Table 6 we find k3000 = 2(38.7) + 3(38.7)

equation: CyHgOgNg = 3N, + 300 + 3H,0 T . = 4650 K and

+ 3(25.8) = 308. Then Xy6500 = 308(300/4650)1/3 and for M = 222
and €, = 1.20 we obtain kfz/M at 4650°K = 0.665. Observing that

xgﬁ
,
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%E for cyclonite is 1.26 and consulting Table 2 we find in the 3rd
column that the corresponding value of D/Di is 2.47. Hence we
predict D = 2,47 x 2510 = 6180 m/sec at €, = 1.20 g/ecc. If
it is deslired to calculate the real temperature in the detonation
wave, the knowledge of Ti and column 3 of Table 3 make this very
simple. To obtain the real pressuré 1n the detonaticn wave one
may use an equation which follows from the theory developed in

this report:

Pg =

nRﬁE (x + xgex) (43)

After calculating k as discussed previously, one may talke the
values of the function (x + xeex) from the last column of Table 3

and thus obtain P by equation (43) in which R = 82 cc. Atm,

§:
)
i
>
N
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