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LEGAL NOTICE

This report was prepared as an account of Govern-
ment sponsored work. Neither the United States, nor the
Commission, nor any person acting on behalf of the Com-
mission;

A. Makes any warranty or representation, expressed
or implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any informa-
tion, apparatus, method, or process disclosed in this re-
port.

As used in the above, “person acting on behalf of the
Commission” includes any employee or contractor of the
Commission, or employee of such contractor, to the extent
that such employee or contractor of the Commission, or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his em-
ployment or contract with the Commission, or his employ-
ment with such contractor.
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ABSTRACT

The Kistiakowsky-Wilson equation of state as modified by Cowan
and Fickett was used to estimate the detonation performance of
explosives camposed of various combinations of the elements carbon,
byd.rogen,, nitrogen, boron, aluminum, oxygen, and fluorine. The
computed velocities, pressures, and temperatures are compared with
the available experimental detonation velocities, Chapman-Jouguet
pressures, and brightness temperatures. Over a wide range of density
and composition the computed and experimental pressures and temperatures
agree to within 20%, the detonation velocities to within 10%. The
interrelationships between temperature, pressure, and the particle

density of the C-J products as predicted by the Kistiakowsky-Wilson
equation of state are discussed.
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INTRODUCTION

During the last four years the Kistiakowsky-Wilson equation of state,
as modified by Cowan and Fickett,has been used to estimate the detonation
performance of explosives composed of various combinstions of the elements
carbon, hydrogen, nitrogen, borom, aluminum, oxygen, and fluorine. The
investigation was concentrated on the systems with high heats of explosion
in an effort to detexmine if such systems are promising for use in
applications for which high detonation pressures are of principal
importance,

BKW CALCULATIONS

The theoretical estimation of the detomation perameters is based on
the Kistiakowsky-Wilsom equation of state as modified by Cowan and
Fickett.! To make the calculations as unbiased as possible in predicting
the effect of various combinations of elements, the Cowan and Fickett
treatment was taken unchanged as the starting point, and the new product
species were incorporated in it without adding eny adjustable parameters.
This vas done by using geametrical covolumes for the new species, and the
same covolume scaling factor as was used by Cowan and Fickett for all
the products except the carbon-fluorine products. The TO4 code was
vritten, with Fickett's assistance, so that it would handle mixtures
containing up to five elements and fifteen components, one of which may
be solid carbon or solid (uncompressed) aluminum oxide., The Brinkley
method was used for eomputing the equilibrium composition. This
generalized version of Cowan and Fickett's technique is called the
BKW calculation.



The BXW calculation computes the equilibrium composition of the
explosion products at temperatures and pressures of interest, the
detonation Hugoniot, and the values of the hydrodynamic and thexrmodynamic
variables at the C-J point. The isentrope of the reaction products also
can be obtained in either the pressure-volume or the pressure-particle
velocity plane. As input data the calculation requires, for the explosive,
its elemental composition, heat of formation, density, and molecular
weight; and for the explosion products, their elementel compositions,
heats of formation, covolumes, and cubic fits of their ideal gas-free
enexrgies, enthalpies, and entropy values as a function of temperature,
The thermodynamic data used were taken from references 2 and 3, The
covolumes used are given in Table I, The constants used in the KW
equation of state are © = 400, alpha = 0.5, beta = 0,09, and K = 11.85.

The C-J state was computed by an iteration procedure which was
terninated when the convergence error in temperature was less than 10°C,
The corresponding convergence errors in pressure and detonation velocity
are not the same for all systems, but are of the order of + 5 kilobars
and + 25 meters/second, respectively.

EXPERIMENTAL C-J PERFORMANCE MEASUREMENTS
The methods used at Los Alamos to measure the C-J pressure and
detonation velocity of an explosive have been described previously in
the open literature and are adequately referenced in Table II. The
brightness measurements of W, C. Davis of this Laboratory will be




published sowe time in the future. The temperatures reported are those
of a black body of equivalent photographic brightness, probably with
relative accuracy of 50°K, since each shot has a nitromethane internal
standard, and absolute accuracy of about 200°K, The relationship

between these mmbers and the actual detonation temperature is not

known. Since the agreement between Davis's temperatures and those of
other investigators for void-free systems is rather good, we shall assume,
as previous investigators have, that the temperatures we are measuring
are the C-J temperatures.

The estimated errors given in Table II for some of the pressure and
velocity measurements are considerably larger than normally associated
with the techniques used. The accuracy of the results suffered primarily
as a result of the necessity to design the shot setup in such a way as
to use a minimm amount of material and the necessity of preparing and
loading the hazardous mixtures by remote control.

CHNO Systems

Cowan and Fickett's version of the Kistiakowsky-Wilson equation of
state was calibrated for RDX, Cyclotol, Composition B, and TNT, systems
1, 2, 3, 4, and 5 of Teble II. They obtained their poorest agreement
for TNT,.

Systems 6, 7, 8, and 9 show the effect of changes in oxygen balance,
The C-J pressure and detonation velocity of the Coa-bala.nced system are
disappointing in comperison with what one might expect on the basis

of simple heat of explosion and gamma law (PV7=- C) predictions., If one assumes




that the detonation velocity increases with density at about 3,000 nmeters/
second/gram/cc, then the veloeity difference between the CO- and the

€Oy

density. The temperature increases as the amount of 002 increases until

an excess of oxygen is present, and then the temperature decreases, The

-balanced systems may be attributed entirely to the difference in

observed C-J performance may be explained by the lower particle density
at the C-J state for systems producing CO, instead of CO. The extra
energy present in such a system is primerily thermal energy rather than
intermoleculay potential energy. Thus the temperature would be expected
t0 increase as the amount of CO, formed wvas Increased and the pressure

2
and welocity remain relatively unchanged.

BCHNOF Systems

Systems 19, 20, and 21 are hamogeneous systems which produce 3203
and BF3 as detonation products, Although the heats of explosion are
almost twice that of conventional CHNO explosives, the observed C-J
pressures and detomation velocities are not as high as those of the
better CHNO explosives at the same densities. A possible explanation
for the poor C-J pressures and velocities of the boron explosives relative
to the CHNO explosives can be proposed on the basis of these calculations.
Because the product molecules 18203 and BF3 are complex, the particle
dengity at the C-J point is lower than for systems containing the product
molecules CO, 002, 320, and Na. T™hus the energy is partitioned unfavorably
vith the intermoleculsr potential energy low and the thermal energy high.




At C-J densities the intermolecular potential energy is the primary
pressure-detemmining part of the energy; thus the C-J pressures of the
boron explosives are low and the C-J temperatures are high. We have no
reason to doubt that the heats of explosion of these mixtures are high,
and the possibility remains that they would perform well in applications
vhich rely importantly on the equilibrium expension of the detonation
products.

CHNOAl1 Systems

Systems 17 and 18 are nonhomogeneous systems, but the C-J pressures
and velocities may be explained by assuming that the H.E./Al behaves as
if it is a homogeneous explosive and the product molecule A1203 is formed
as an equilibrium C-J product. Again the computed and experimentel C-J
pressures and velocities are lower than one might expect from heat of
explosion considerations because of the low particle density of the
detonation products. One expects that the C-J temperature would be high
and that H.E./Al systems would perform well in epplications which rely
on the equilibrium expansion of the detonation products.

CHNOF Systems
Systems 1, 15, and 16 show the computed and experimental C-J pressures
and velocities of systems containing fluorine. Although the most
desirable CHNOF system would have the fluorine attached to the molecule
by means of an N-F bond rather than a C-F bond, the C-J pressures and

velocities of the available systems are instructive., The calculated C-J



pressures and velocities of the CHNOF systems are very sensitive to the

HF, carbon, CF) equilibrium. If one does not comnsider the CF, CHF, and
COF species, BKW calculations predict pressures and velocities that are
higher than experimentally observed. If one includes CF),, the

calculated pressures and velocities are somewhat lower than experimentally
observed. The covolumes of the CF, CHF, and COF species were increased
by a factor of 1.6 so as to cause a slight shift in the HF, carbom, CF),
equilibriun and better agreement between experimental and calculated

C-J pressures and velocities. This empirical observation may be of same
value to anyone wishing to use the BXW technique for predicting the
possible C-J performance of some other CHNOF explosive.

CHNOF explosives appear to form products that are energy-releasing
species such as HF and CFh. CFh is less desirable than HF because of
its large molecular weight and hence detrimental effect on the particle
density, resulting in the energy being partitioned so as to give higher
tenperatures and lower pressures.

AGREEMENT BETWEEN EXPERIMENTAL AND CALCULATED C-J PARAMETERS

For the systems reported the EXW technique predicts the C-J pressure
and temperature to within 20% and the detonation velocity to within 10%
of the observed values. The agreement is generally poorer at lower
densities., One cannot expect the BXW technique to predict the C-J
performance of systems that may deviate from equilibrium. The BKW
technique fails for nonhomogeneous systems loaded with large amounts of

10



inert metals and for systems that depend primarily upon the precipitation
of a s0lid as the energy-releasing mechanism,

BKW ISENTROPES
When the C-J temperature is high and the C-J pressure is low, as
for BCHNOF and CHNOAl systems, much of the energy becomes available
only after the products have expanded to fairly low pressures. It is
this feature of the EKW results which makes the isentropes of interest,

Low pressure points on the isentropes of Systems 17 and 19 were
measured by W, E, Deal and W. Garn using their techniques described in
references 4 and 5. The experimental data areshown in Table III and are
plotted in Figs, 1 and 2, along with the ganma law, BKW,and displaced
BKW isentropes., The displaced KXW isentropes were computed using the
experimentel C-J pressure and the BXW Hugoniot temperature computed for
that pressure as the starting condition for the computation of the
displaced isentrope.

The experimental low pressure isentrope values reported by Deal’
for Octol, Cyclotol, and Composition B agree reasonably well with the
constant gamma and with the BKW isentropes. The computed gamma law and
EXW isentropes are significantly different for high energy, low particle
density systems., This is because considerably more energy is available
for such systems than gamms law computations would predict from the
observed C-J pressure and detonation velocity. Thus the obsexrved

agreement between the EKW isentropes and the experimental values is

11




further evidence that the BCHNOF and CHNOAl systems have high heats of
explosion and might perform well in applications which rely importantly
on the equilibrium expansion of the detonation products.

CONCLUSIONS
The C-J performance of an explosive is apparently a very sensitive
function of the C-J particle density. A decrease of the particle density
results in an increase of the thermal energy at the expense of the
intermolecular potential energy with a resultant higher C-J temperature
and lower C-J pressure, The thermal energy is availsble only upon
expansion of the detomation products to low pressures.

12




Table I

Covolumes Used in BKW Calculations

ies Covolume ies Covolume
B,0, 730 c 180
HBO, 1270 B,0, 1740
BO 610 NO 386
B, 674 N 148
B 215 BN 619
B 533 HHB k76
BF, 800 CH, 528
BF 685 Al203 1350
F 108 AL0, 1800
F, 387 AL 1300
HF 3% A10 1160
co, 670 AH ou8
co 3% Al 350
B0 360 CF), 1330
OH 13 CFy 1330
B, 180 CF, 1330
0, 350 CHF, 1920
) 120 CH,F, 1330
H 760 CH,F 1920
N, 380 CF,0 1330

3

Covolume = 10,46 V, vhere Vi hes the dimensions A® and is the volume
of the rotating molecule represented as & sphere whose redius
is the maximm dimension of the molecule measured from its

center of mass.
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Experimental and BKW Celculated C-J Performence of Explosives

Table IT

KV Calculated

CJ Gas MNolas CJ 80144

Yolume Gas/ Cexbom ,;11;;
System  Ewpirical Formuls Sol1d (82 (xcal/mole Reference  Density (cc/mols Mole  Yolume  Carbon/
o, of System Composition  or Liquid (L) HE) to of, (grams/cc) gas) H  (cc/mols) Mole EE
CENO SYSTEMS
1 CyfeSg0 RIX (8) .7 @) 1,80 WAT TS5 37T 1.2
2 Cy ous%y,u60%.876%.753 Cyelotod (6) (8) mixture 9.5 (21) 1755 195 9.26 3.87 2.9
3 °6.651’8.1so'7, 65009.300 Comp. B (7) (8) mixture L9 (21) 1.725 12,43 10.78 3.97 h.20
5 Co%s¥3% T8 (8) -17.81 (1) 1.6%0 13,96  5.87 A1 5,10
s °7's"3°6 ™ (v) -12,95 (22) 1,47 15.5% 6.0 kA6 A9
6 cuauo2 Nitromethase (L) -21.28 (2) 1,128 15.33 2.35 k.56 0,60
7 °1.o71'3'1.28b°2.568 /TR (8) (L) solution -20.66 (21) 1,197 15.28 2,85 4,50 0.32
8 C) osfyN 0, ™/Ta (9) (L) solution -19.08 (1) 1310 15.78 378 - 0
9 °1.5'3'3°5 /T (10) (L) solutioe -16.88 (21) 1.397 15.38 KT6  -- 0
10 Gy ogfeMe 16%10.32 CgBe/T™ (11) (L) solution 422,98 (1) 1.362 15.86 10,39 kM6 2.39
1 03’5'3"9 Mitroglycerine (L) -8%.6 (2b) 1,59 h,22  T.26 -- [
12 CEgN.0g Dina (v) =70.0 (25) 1,43 13.96 8,24  h,26 1,68
13 cl.2§'3'6°m A¥/TRM (22) (L) solution +55.0 (21) 1.380 17,05 901 - -
CENOF SYSTEMS
W™ C RN 0T, rm (13) (8) -180 (23) 1.652 .13 7.61 .08 2.93
15 °z'3'2°2’3 TPEEA (14) (L) -160 (23) 1,523 17.58 3.2 AA3 0.97
16 °3.1'6.35'5.3°6’1.os ROX/TPEA (15) (B) mixture  -53.& (21) 1,754 12,2  T7.60 3.9 1.95
CHNOAL SYSTEMS
17 °1.8'r3'2.h69'1.&u°2.039‘10.n38 Alex 20 (16) (8) mixtwe  -1.0 (21) 1,801 13.20  1.97 h.2h 1.66
18 C1.on.093"1.365%. 70 L e Mrex 32 (17) (8) mixture  -1,1 (21) 1,880 W58 1.30 k.52 1,64
BCHNOF BYSTIMS
19 ByoBiaCs goly 0 EDB/TAN (18) (L) soluticn +h0 (26) 140 16,51  27.07 -~ --
20 ‘10'18"6.55'17.6%5.6 I0B/TWK (19) (L) soluticn 446 (26) 1,427 16,98  29.9% - --
2L B aC)aPan00Ms XDB/TFIRE (20) (L) solutioce -1290 (26) 1,867 17.2 &,9 - -

1k

2.92
2.87
2.9
2.97
2,81
2,53
2,54
FRYS
2,52
2.60
2,61
2.68

2,7h
2.55
2.88

2.2
2.k2
.47




I Cslculnted (Continued)

Experimental Data

Mole Fraction of
Present More than 1 x 10

H R % % e mon
39 - - L2195 JO0Lh 005 .395
395 - - 211 019 L005  .369
0396 -- - 220 025 006 .352
[R5 T, - - «281 .03 .005 .253
«399 002 -- 248 098 .008 .2kk
596 009 - 086 084 ,023 202
A9% 007 - W88 L2120  L017  .217
0395 e 009 312,008 ,003 L26h
315 -- 058 311 L00h - 315
270 005 - 251 221 ,009 ,2kk
L S 035 12 L00R  -- «207
470 001 -- 219 063 009 238
2R % 2 2 X RD
265 - 018 M5 056 - .323 ,020
Ll T S T S %
026 L1T3  L00T L436 .0OT .259 .092
068 092 ,003 .365 010 271 190
016 188 012 k02 ,005 .36 L030
8ol

MO B0 B % X om K
olee

-3669  .35h  ,051 012 L0988 L1488 336

-OL!

-5708 5 271 - 009 .38 .353
Bold 320 not present in equilibrium composition

oo omw e

B %o

+166
#,012

#0010

293

-000%

#Also 0,198 EPS and 0,071 HP

4
ok 7186
138
120

OTT
259

2
2B
+005 .297
«00% ,167

0,

2

018
+003

15

Detonstion
CJ Pressure CJ Temp. Det, Vel, CJ Pressure Velocity

(mb) (*x) (em/usec) (mv) (cm/usec)
338 2677 8584 +3%2 4,005 (27) 859 +.005 (27)
o3 21% 8261 +313 +.005 (27) 829 4,002 (27)
284 2760 8068 292 4,005 (27) 802 +.002 (27)
225 2757 6 190 +.005 (27) 695 +.002 (27)
a7 2960 6TNT 270 4,002 (28) 658 4,001 (28)
#151 2960 6870 130 +.00 (32) 629 +.,001 (32)
168 3200 ~TO85 138 +.010 (29) +657 #.010 (29)
195 3850 T #156 4,00 (29) +688 4,010 (29)
200 3570 +7099 #168 +.010 (29) 678 +.015 (34)
182 3700 6548 685 +,015 (3%)
256 3270 7630 +758 4,020 (34)
217 2960 ~Th69

-192 Ls20 +6930 »156 +,010 (29) «6TL 4,015 (3%)
247 2300 +T387 +249 +.010 (31) +7h0 4,005 (31)
#16% 1950 6176 17k 4,020 (31) +665 +.005 (31)
«298 2530 +8120 +324 4,010 (31) 822 4,005 (31)
#251 4860 JT6TL +230 4,005 (35) +753 #.002 (35)
211 6340 6971 +215 4.005 (35) +T0 +.002 (35)
192 5180 «6849 172 4,015 (30) +67h .01 (30)
9% 5240 6825 +167 #.015 (30) 682 +.01 (30)
2185 4500 6620 206 +.035 (30) 691 +.01 (30)

3030 (33)
3380 (33)
3480 (33)
3750 (33)
3580 (33)
3520 (33)
3470 (33)
3480 (33)

booo (33)

3460 (33)




Table III

Experimental Isentrope States

Pressure
System No, Composition Material (kbs)
19 EDB/TRM Polyethylene 119.1
(p =0.91
cc)
19 EDB/TRM Air 0.570
17 Alex 20 Alr 0.682

16

Particle

Velocit
(c_miw{

0.216

0.810
0.715
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Semilogarithmic plot of BKW and gamma law computed isentropes
and experimental values for a solution of 1 mole ethyldeca=-
borane and 3,75 moles of tetranitromethane.
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