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THERMOLYSIS OF VARIOUS ENERGETIC SUBSTANCES BY 

EXPOSURE TO ADIABATICALLY COMPRESSED GAS 

R.L. Piunti and K.R. B r o w r  

Department o f  Chemislr) 

New Mexico Institute of Mining and Technology 

Socorro. New Mexico 87801 

Abstract: A transient thermal stimulus 0 1  0.1 to 5.0 ms duration is 

delivered to [he suriice of a solid or liquid lest substance by adiabatic 

compression and reexpansion of an inert gas. Pressures in the low kilobar 

range and temperatures up to 3000 K are readily accessible. The quantity 

of heat trmsferred is governed by the peak internal energy density, 8 ,  of 

the gas. Chemical reaction begins abruptly at a minimum threshold value 

of 9. The reaction products can be identified and quantized by I T I R  

spectrometry and G U M S  chromatography. 

Tests on various chemical classes of energetic materials showed that 

each class ( nitrate esters, nitramines, ni troarenes and benzenediazonium 

salts ) has nearly a common threshold which correlates with the energy of 

the weakest bond. 

The condcnsed residue resulting from pyrolysis of the energetic 

materials was analyzed by GUMS and several mechanisms of 

decomposition have been proposed. 

Some features of the heat transport process were investigated by use 

o l  chemically stable high-melting compounds which are converted from 

angular grains to spheroidal beads by melting. The amount of heat 

transferred from the gas to a solid particle is proporrronal to the surface 

area and the peak temperature is inversely proportional to the heat 

capacity which I S  proportional to the volume. Grains equal to or smaller 
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than a certain size are melted. By interpolation , i t  IS possible to predict 

approximately what value of internal energy density of the compressed 

gas ~ 1 1 1  heat a particle to a given temperature. 

INTRODUCTION 

During pyrolysis by adiabatic compression. an inert gas is heated 

reversibly to a temperature up to several thousand degrees at pressures 

up to one kilobar in accordance with the adiabatic gas law. 

(1) T =To  (Vd V )Y -1  where 

y = ratio of heat capacities at constant pressure and 

volume and, 

VJV = compression ratio. 

A thermal pulse, which is found experimentally to be determined by the 

rate of compression and the peak internal energy density, 

(1) e = ( c ~ I R ) P ~ (  v0i v )Y 

is delivered to an energetic substance by conduction from hot compressed 

gas. The duration of the thermal pulse for a specified compression ratio is 

proportional to the square root of the impacting mass which c o m p r e s s e s  

the gas. 

Bowden and Gurton' were among the first to study energetic 

substances using adiabatic compression primarily to investigate the causes 

of accidental explosions. Their objective was to correlate the corn p res sed  

air temperature tvith the temperature calculated for air tor reactions in 

1 0 - 5  seconds. 

Evans and Yuill' used adiabatically compressed 0 2  , a i r ,  N2, and Ar to 

I'ind the minimum gas temperature required lor incipient ignition of 

nitroglycerin and PETN. For a given compression ratio, Ar was found to be 

more efficient than N, in causing ignition. On the other hand, at a given gas 
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temperaturc, N?, was found to be more cfficient than Ar.  Argon has toner 

values of thermal conductivity, heat capacity and density. As a result. 

there is less el'ficient heat transfer from _gas to condensed phase. Ouygen 

was found to be more efficient than N2 in causing ignition, indicating that 

the chemical nature of the gas in contact with the energetic substance is 

also important. 

Freedman3 has studied the difficult problem of thermal ignition of 

energetic substances. The difficulty lies i n  the non-linear dependence of 

heat evolution rate on temperature. Because of the non-linear temperature 

dependence. exact explicit solutions for the critical conditions and time to 

explosion have been unattainable. Freedman was able to solve the the rma l  

ignition problem by using approximate algebraic equations instead of 

non-linear differentia! equations, but his results were not accurate when 

steep temperature gradients existed at the point of ignition. 

Earlier, Ric& had investigated heat conduction during thermal 

gaseous explosions. His conclusion was that at lower pressures, conduction 

and not convection was important. For convection. Taylor5 had recognized 

that a molten layer separates solid explosive from the gas phase reactions. 

Hicks6 appears to have defined the problem of heat transport very 

clearly. The ordinary differential equations go\ernin_g heat transport are 

non-linear because the reaction rate depends on the factor. exp (-EIRT).  

The process of ignition is a transition from an unreactive state to one of 

self-sustaining combustion so that a steady state is nut attained. Thus for 

thermal ignition, the temperature is a function of position as well as time 

and an exact thermal ignition theory must insolve solutions 0 1  non-linear 

partial difrerentiul equations. 

The problem of heat transport is even more difficult lor adiabatic 
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compression because of changing thermal conductivity, heat capacity and 

density. Pasman: appears to have achieved some success using 

approximations and lengthy iteratise procedures. The cylinder conraining 

the gas is divided into eight parallel layers and an equal amount of heat is 

released at the midplanes. From this construction. an approximate 

expression is obtained for the desired quantity which is the surface layer 

temperature. However. that expression also contains the heat flux at t h e  

surface. The heat flux at the surface is not obtainable, but Pasman 

surmounts the problem by setting the heat flux at  the surface equal to a 

quantity which is obtainable, the heat flux due to the chemica l  

decomposition. 

Most recently, Broweg has investigated the heat transport problem 

in a direct and chemically useful fashion. His idea was to correlate the 

surface layer temperature to the temperature of the Arrhenius equation. 

In this study, we present some results which substantiate this idea along 

with useful relationships between surface layer temperature, internal 

energy density, and type of gas to be adiabatically compressed. In  

addition, the above variables have been related to a relatively recent 

additional variable, also introduced by Brower. the exposure or reaction 

time. His method for finding the reaction time is to measure the width of 

an oscilloscope trace obtained from the piston displacement and light 

intensity resulting from a pyrolysis. Each point of the oscilloscope 

recording of piston displacement as a function of time represents a value 

of the compression ratio, V,/V, where 

(31 V, = volume of the cylinder cavity containing the gas at time, 

i d ,  and 

V = volume of the cylinder cavity containing compressed gas 
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at time, I 

Each value i > C  the compression ratio has an associated temperature. T. as 

given by ( 1 ) .  The time-temperature history and activation cnergy lor the 

reaction i n  question give the effective reaction time9. 

We have found that the yield of pyrolysis products resulting from 

adiabatic compression is proportional to the initial pressure 0 1  the gas 

when V,/V is maintained constant and also proportional to the 

temperature of the gas when the initial pressure is constant. The yield of 

products therefore appears to be determined by the available internal 

thermal energy density, (2) ,  which can be defined as, 

(4) 9 = (nC,/ V )( T - To ) - (CP/ RT )( T - To ) - { Po( V / V,)? ] {c, ( T - To)}/ RT 

= {P, , (V/VO)r}{G(  1 - ToIT)}IR. 

In most cases , T>>T,. 

In order to determine the reaction threshold, we have constructed 

plots of 'the yield of a characteristic product versus the internal cnergy 

density and extrapolated to zero yield of product. For each of the classes of 

compounds investigated, which includes the benzenediazonium salts, the 

nitrate esters, the nitramines and the nitroaromatics, i t  was found that the 

threshold was correlated to the energy of the weakest bond initially 

severed i n  the thermal decomposition pathway. Such plots also indicate 

how the percent decomposition varies wi th  the thermal pulse delivered. 

For insensitive compounds, the percent decomposition is expected to 

remain relatively low for severe thermal pulses corresponding to high 

values of fl . The upward curvature of these plots is due to exothermic 

secondary reactions such as the rapid, exothermic reduction oi  oxides of 

nitrogen. I t  is expected that plots of product yield versus internal energy 

density will not be the same for different reaction times. Those products 
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which are rapidly consumed w i l l  appear in decreasing amounts at longer 

reaction times. On the other hand. products formed in subsequent 

pathways ~ 1 1 1  only appear at the longer reaction times or  in very small 

amounis at shorter reaction times. To  lind whether a product is consumed 

at  all. we have plotted the yicld of that product tersus  the extent of 

reaction as measured from the amount of C@ and CO generated. A 

decrease of the amount of product, often plotted as  mL product/mL CO, 

versus the extent of reaction, mL CO, indicates that the product is being 

c o n s u m e d .  

The products used for the construction of the plots previously 

described are gases resulting from pyrolysis and include CHJ, CO?, CO, HCN, 

C ~ H ~ , C ~ H J ,  N20, NO and N@. Many of the energetic compounds pyrolyzed 

to obtain those gases have good or, at least, fair oxygen balance and as a 

result fail to give identifiable condensed phase products. However, 

monofunctional compounds which are not explosives but which belong in 

the same chemical class a s  the energetic compounds of interest are 

expected to  provide identifiable condensed phase products of pyrolysis. 

The monofunctional nitrate esters, nitramines and nitroaromatics should 

pyrolyze according to the same mechanism as  the polylunctional 

compounds. Therefore it is worth the effort to analyze condensed 

phase products resulting from pyrolysis of the analogs with poor 

oxygen balance since we can often deduce a mechanism which will t h e n  

apply to the oxygen rich analogs as well. The mechanism of decomposition 

can vary, howevcr, with the number of functionalities. A well known 

example is the pyrolysis of TNT which gives coke as product in 

contmt  to the oxygen-poor analog, nitrobenzene, which gives 

clean products. 
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DISCL'SSION 

Heat Transoort 

The salts were melted by the adiabatic compression method as 

described i n  the experimental section. From our  results. the tollowing 

trends were observed 

( A )  At  constant 0 and exposure time , the diameter ('0 of the largest 

melted spheroidal bead decreases as the number of internal degrees of 

freedom of the adiabatically compressed gas increases. 

(B)  For any of the adiabatically compressed gases, the diameter of the 

largest melted spheroidal bead decreases with decreasing exposure time at 

constant 8. 

(C) For an): of the adiabatically compressed gases, the diameter of the 

largest melted spheroidal bead decreases as the melting temperature 

increases at constant exposure time and 0 .  

(D) At constant melting temperature , exposure time. and melted grain size 

. the required value of 0 is greater for those adiabatically compressed 

gases having more internal degrees of freedom. 

(E)  At constant melting temperature and melted grain size, the rate of 

change of 0 with exposure time is greatcr for those adiabaticall! 

compressed gases having fewer degrees of freedom. 

(F) For any of the adiabatically compressed gases. the rate of change of 8 

with exposure time is greater at higher temperatures 

In  an individual eKperiment , the quantity 0 1  heat , A H , crossing u n i t  

area of substrate , will remain approximately constant for particles o f  

different sizes because the dose of heat is limited by diffusion through the 

gas according to the equation, 

(5 )  d z = 2 D t ,  
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where D is the thcrmal dilfusivity <)i the gas. The magnitude of' AH can be 

estimated by multiplying the molar density , molar heat capacity , 

temperature rise , and depth , d , in the gas . The temperature rise i n  t h e  

substrate particle is nearly uniform because its thermal conductivity is 

much greater than that of the gas . The temperature rise i s  given b$ , 

(6) AT = ( area of particle ) AH/( heat capacity per cm3 ) . 

The temperature rise is greater lor particles of smaller size , s , since thc 

heat capacity per cm3 of such panicles is less . I t  follows from (6) that , 

(7) AT = ( m'AH )/(pcps3) = ( nAH )/( pcpx ) , 

where n = shape factor ( n=6 for a cube exposed on all sides ) 

p = density of the particle 

cp = specific heat. 

I t  should also be mentioned that the temperature rise of the substrate is  

related to exposure t ime through the rate of compression. We would not 

expect an extremely slow compression to give the same heating effect as a 

rapid compression because of dissipation losses . The effect becomes 

significant somewhere near the one-millisecond range of effective reaction 

time . 
Thc experimental values of melted particle sizc were extrapolated to 

10 micrometers and the corresponding values of 0 tabulated as shown in 

Table 1. The evtrapolation to a 10-micrometer particle wi th  convergent 

heating was chosen because the typical yield of reaction products from a 

liquid substrate of non-energetic material. w i t h  0 well above the threshold, 

is roughly stoichiometrically equivalent to a 5-micrometer layer with 

unidirectional heating. 
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Table 1 

250 100 P.r 
295 I 350 
503 1fr.U 

T. 1073'K 
$10 Ar 

12% 530 1 :  
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T a b l e  2 

61 1 

867.8 

611 

867.8 

1073 

O.SS57 t + SY1 

0.100 t i 990 

0.179 t + 232 
0.374 t + 286 

0.564t + 353 

61 1 

867.8 

1 C73 

0.121 t + 408 
0.214 t + 489 

5.514 t + 549 

CH. 
61 1 I 0.0200 c + 1070 
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We wanted to substantiate the idea that 1 value of R which 

melts a particle 01 10-micrometer size And heats .I 5-micrometer Liver , ) I  

substrate o t  cqual \olumetric heat capacity. would, i n  fact. impart ihe 

temperature. T, . I t  was realircd that the ~ a l u e  of AH is independent 0 1  

substrate. We show later in the section dealing w i t h  the benzenediazonium 

salts and also at ihe end of the present section, that ;I value of R for the 

onset of pyrolysis ot' ArNz+ or R-ONO? or ArN&, gives an estimated 

temperature in agreement with the temperature obtained for kt=l 

according to the Arrhenius law for the reaction in question. 

The extrapolated 8 values of Table 1 can be plotted versus etposure 

time. However, the plots will be straight lines for which equations are 

readily obtained and presented in the second column oi Table 2 . Each o i  

the equations has the form y = m I + b, where y = 8 and s = exposure time 

for the respective surface layer temperatures listed in the first column of 

the table. Using these equations. t3 can be immediately obtained at any 

exposure time between 100 and 1500p for any of the thrce surlace layer 

temperatures using any of the gases listed. 

The pyrolysis oi nitrobenzene conducied i n  Nj under adiabatic 

compression at 100 }IS reaction time was found to give a threshold of 600 

bar by plotting the mL ol NO, evolted during the p)roiysis iersus the 

corresponding values of the internal enersy density. From Table 2 i t  is 

apparent that the third equation listed under N? also gives a value of 600 

bar for 8 at 100 ps. The temperature corresponding to the third equation i s  

1073 K ( the melting point of NaCl ) and i t  is that melting point 0 1  1073 K 

ahich should cqual the Arrhenius equation tcmpcrarure using t h e  

appropriate pre-exponential factor and activation energy for the pyrolysis 
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0 1  nitrobenLene. The Arrhenius cquation l.or the pyrolysis o l  nitrobenzene 

IS * 

(8)  CbHjNQ + CbHs. + NO?. 
,- 1 ) = I,%) 1 0 1  5 e - 3 3 0 : b  T , 

so that tor a reaction time of 100 , T is cqual to 1273 K which agrees 

rcasonably well with the estimate. 

Residue Analwis 

The residue resulting from pyrolysis of N-nitropiperidine, N-n i  tro- 

pyrrolidine. p- n i tros t yre ne, cyclohexanol nitrate, and ort hon i tro to1 ue ne 

gave ion chromatograms which identified such products as pyridine, 

pyrrole, styrene, hesanal. benzene and toluene. The respective 

decomposition mechanisms are presented i n  Schemes I to 5. 

The pyrolysis of orthonitrotoluene ( Scheme 5 ) gave J residue which 

appeared to contain benzene and toluene. In order to rule out any 

adventitious source, deuterated orthonitrotoluene was pyrolyzed u n d e r  

conditions identical for the pyrolysis of orthonitrotoluene and 4- benzene 

and ds-toluene were attained. The decomposition mechanism to produce 

toluene must involve initial formation of a radicai as in step 1 of Scheme 5. 

followed by elimination of nitrite ion and reduction to toluene as given i n  

steps 9- and 31°. No precedent for the formation of benzene appears to be 

known. 

Benzenedi azoni um Sal I s  

The FTIR spectra of the gaseous pyrolysis products of 

benmnediaronium fluoroborate revealed absorbance peaks at 1603, 1500, 

1238 and 754 cm-1 due to fluorobenzene. The production of fluorobenzene 

shows that the Schicmann mechanism remains viable at very high 

118 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
8
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Scheme 1 
NO, 
I -  

. .  internal htdrogen transler . .  
w 

Step 3 

-H -H -H - 
Step 5 
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Scheme 2. 

NO, 
I - .  

L. Step 1 

NO, + RH-HONO + R - 1  Y 

H O N V  OH + NO 

Step 2 

fi +NO- 0 
step 3 

NO 
I 

0 +RH- 0 + R .  
Step 4 
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Scheme 3 

CN [ole + CN - 
Step 2 

Q, oxidation - 
Step 3 - 

NO, CHO - 

H + R  
9.; +RH- Step 5 

".H 
H %H 

H 
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Schcme 4 
ONO, 0 

- Step 2 8 + NO, Y 

0 
0 II &Gq: H 
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Scheme 5 
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tcmperature. The bcqucncc 01 reactions i s  shown below. 

( 9 )  

Benzenediazonium fluoroborslte a a s  pyrolyzed n i t h  methane using an 

initial pressure of 3.13 atm and 100 its reaction time to obtain the data 

plotred in Figurcl. A threshold value oi 140 bar was found. I t  is desired L O  

compare the peak tcmperature of methane at the threshold to the 

Arrhenius temperature at LOO ps relaxation time (k- 1). The compression 

ratio is calculated and used in equation (2)  to find the temperature. Thus. 

140 = 4.146 (2.32)(V0/ V)1.2' , so that 

T = 298(8.966)0-2" = 3 6  K. 

The pre-exponential factor, A, and activation energy of the A r r h e n i u s  

equation for the decomposition of the related salt, p t o l y d i a z o n i u m  

hydrogen sulfate, are calculated to be 7.5 I I0lJ and 27760 ca1;mole 

respectively from the data presented below1 I. 

T ("(3 k x  loj  

0.03 0.960 

9.94 4.11 

69.93 15.7 

Substitution of thc A constant and the activation energy into the Arrhenius 

equation. w i t h  a rclasation time of 100 ps. gives a temperature of 554 K 

which agrees with the temperature at the threshold within the limits. of 

uncertainty. Thus in the case of benzenediazonium salts. the temperature 

of thc adiabatically comprcssed gas is ncarly identical to thc temperature 

of the reacting substate. 
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The steep gradient of the plots of mL of N2 \crsus the internal cnergy 

density for the benzcnediazonium salts attests 10 the absence ol' 

endothermic steps beyond the initial bond breaking. As shoan i n  Figure 2 

for the pyrolysis of CcarboxybenLenediazonium chloride. once the 

threshold is exceeded. the rcaction appears to go quickly to completion 

since there is little significant increase in Nz as  the internal energy density 

is increased from 100 to 300 bar. 

Nitrate Esters 

For plots such as those presented in Figure 3 for the pyrolysis of 

nitroglycerin, where NO/CO, is plotted versus COX. there is a striking 

separation between plots at low values of CO,. The NOICO, value falling on 

a vertical line at a constant value of CO, can be multiplied by that quantity 

of COX to obtain the quantity of NO. The rate of consumption of NO can b e  

inferred from the three values of NOICO, at the three reaction times for a 

particular value of COX. It is assumed that the reaction mixture will h a v e  

had the same initial composition if the value of CO, is the same because 

even at 1 0 0 ~  the consumption of NO is nearly complete. The reactive 

components of the fuel include organic radicals, CHzO, HCN, C2H2, and Hz, in 

addition to CO which is the major component at the times i n  question. 

During the p) - ro lps  of nitroglycerin, a state is reached where most 

of the unreduced nitrogen and oxidizable carbon take the form of NO and 

CO. A t  completion, nitrogen and carbon are converted to N? and a&. Even 

at the shortest reaction time of 100 p, NO? has already been almost 

entirely converted to NO. From Figure 3, i t  is seen that NO represents 29% 

of the group, NO + CO + C@ after 100 [is reaction time at a small e'ttent of 

pyrolysis. However. when pyrolysis is more extensive, the reduction of 
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NO is almost complete at 100 p. We believe that thermal runaway is 

responsible for the rapid escalation in -d[ NO J/dt and that thermal 

runaway I S  associated with good oxygen balance such as occurs i n  

nitroglycerin and other highly energetic nitrate esters. For the 

nitroaromatics, on the other hand, these effects are less pronounced since 

the resulting reaction mixtures are oxygen deficient. 

The decrease in NOICO, with COX for nitroglycerin pyrolysis is 

greatest at 100 ps. The fuel present at 100 ps (CO.CHz0, CzHz and others) 

along with NO gives a second order rate of disappearance of NO which is 

greatest at 100 ps since greater concentrations are present. 

As for the nitrate esters. the nitramines gave lower quantities of NO 

when pyrolyzed at longer exposure times at a given value of internal 

energy density. When the transfer and analysis of the gas was s t r ic t ly  

anaerobic, N Q  was not observed even though N Q  is produced initially 

from homolysis of the N-N bond of the nitramine group. The reason NG- is 

not observed is that reduction to NO and other products occurs before the 

reactions can be quenched. 

One of the most interesting aspects of nitramine pyrolysis is the 

observation of N?O at levels not usually found in the pyrolysates of other 

classes of compounds. For example, pyrolysis of 1.3-dinitro- 1,2,3,4-tetra- 

hydroimidazole gave levels of N z 0  nearly cqual to those of those of NO. The 

pyrolysis of I-nitropyrrolidine. however, showed a low level of NzO. The 

threshold of 1.3-dinitro- 1,2,3,4-tetrahydroimidazole was found to be 200 

bar and that of I-nitropyrrolidine 305 bar (Figure 4). 

I t  was found that RDX and HMX gabe NzO levcls about equal to those 

of NO w i t h  thresholds of 340 and 327 bar respectively. I t  is tempting to 
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ctttnbute the lower RDX threshold value 01' RDX to C-N bond weakening 

because ot the greater ring strain of RDX. For HMX. Shaw and Walker'? 

have pointed out thai nine possible ini[ial thermal decomposition steps are 

possible. Of the nine steps. three involve N-?4 bond breaking to produce 

Mh, HONO. and HNQ.  The remaining possibilities all involve C-N bond 

breaking. There is therefore experimental evidence to substantiate both 

N-N and C-N bond breaking durin? the initial step ol' nitramine pyrolysis. 

.As 3 iinal note. i t  should be emphasized that Behrensi3 work involving 

isotopic scrambling to support C-N bond breaking was performed at much 

lower temperatures and pressures than those of the present study. The 

poini is that the pyrolysis mechanisms may well be different at higher 

temperatures and pressures. 

Nitroaromatics  

As for the nitrate esters and nitramines, the ratio of NO/C& was  

found to be greater at the shorter reaction times for all values COX for the 

pyrolysis of TNR, TNT. nitrobenzene, TATB, and tnnitrobenzene. As 

discussed under the section for the nitrate esters, the vertical spacing oi 

plots of N0XO.i versus COX at the three reaction times is a reflection of the 

rate of consumption of NO. In Figure 5 it is seen that the values of NOK& 

are greater for TNT than for TNR at all values of COX and at all reaction 

times. -'his means that the rate of disappearance of NO IS less for TNT since 

the levels of NO/C& remain relatively high. On the other hand. NO has 

reacted extensively in the case of TNR since the levels of NO/C& are low. 

The reason TNR has a higher rate of consumption of NO is that TNR has a 

much better oxygen balance than TNT. 
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EXPERIMENT.4L 

.A D D ;I rd I U S 

..I11 the pyrolyses n c r e  pertormcd n i th in  thc gas compression cell  

depicted i n  Figure h except that the apparatus for the shortest reaction 

time t100ps) has the emergent stem cul off' just a b o \ e  the "0" rings . A 1.1 1 

cm thick sapphire window aperture of 0.35 cm is located at the bottom ol  

the cell. The piston is usually loaded \vuh 10.0 m g  ol' sample alone a i t h  a 

2.5 mm lead shot pellet which is partially flattened by the piston. Its 

thickness indicates the peak 

The compression ratio, 

compression ratio. 

V,/V, can be calculated using the expression. 

(10) 

where, 

v,/v = 

V= 

v, 

S = shot thickness in inches 

x r ? S  - volume of lead shot (mm))  

= cavity \ohme in (mm)3 

T h e  sidearm is maintained closed during the pyrolysis but later opened to 

allorv the escape of gases to be anal\.& by FI'IR. For each trial, the piston 

cavity is evacuated tvlth a tacuum pump andcharged with inert gas. 

Three differcnt rcaction times of 1500 , 350 and 100 11s are  used. 

The  1500 ps assembly is driven by a 1.8 kg dropweight and has a 

displaccmcnt transduccr attached t o  a piston rod i n  t h e  form of  i i  knife 

edge which intersects a collimated light beam. The 2.8 kg dropweight is 

raised t o  a height up t o  80-90 cm and rclcased t o  impact the piston s h a l t  

stem. The 350 y s  asscmbly is driven by a 10Og pneumatic  hammcr located 

inside a barrcl aligncd w i t h  the piston shaft. Thc hammer is drir.cn by 
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finng a \rax-sealed cartridge loaded with u p  to 35 mg ol smokeless 

powder. For the IOOp assembly , a 10.0g piston w i t h  no stem IS impacted  

with a .21 bullet ( long rifle. short or Cee Bee ). A permanent magnet is 

embedded i n  the stainless steel 10.00 piston and an induction coil is on the 

outside of the cylinder to form il \elocit); transducer. The optical 

displacement transducer for the dropweight and hammer assemblies 

cannot be used because the piston has no stem. 

A Fisher GC Series 2400 gas chromatograph , fitted wi th  a column 

containing molecular sieve absorbant, is used to analyze for H? , N2 , CO a n d 

a. 

A Perkin Elmer 1700 Series FTIR was used to analyze the gaseous 

pyrolysates withdrawn from the gas compression cell. The cell has a path 

length of 15.0 cm and a volume of 15.0 cm3. Conversion of absorbance (A)  

to volume in mL , for absorbance values below 0.100 , was obtained using 

the data presented below. 

COMPOUND v ( cm- 1 ) mL 

a 3017 A l 6 .  I 

@?? 2 3 6 0  A17 0 

03 1 1 6 9  A / 1 . 0  

I903  

1619 

1298 

‘ 1 3 6  

I . 0  

5.8 

1.5 

7 . 0  

9 5 0  

7 3  0 

7 13 

A 1 5 . 7  

A l 2 3 . 0  

A /  10.0 
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A Hewlett-Packard 5890 GC niih ;I 5970 Series Mass Selective 

Detector was used to obtain the ion chromatognms of the condensed phase 

residues remainins on the sapphire window of the cylinder. The r e s idue  

!vas taken up with about 50.0 uL of methanol and transferred to a glass 

bulb for centrifugation and from 1.0 to 1.0 uL of clear liquid was then 

Injected into the GC-MS port. 

Data for Estimation of Surface Temoerature 

Three chcmically stable salts with widely spaced melting points 

( K N 4  334°C . BacNq)?  592 'C , and NaCl 801 "C) were subjected to heating 

by adiabatic compression at exposure times of 100 , 350 and 1500ps using 

compression ratios ranging from 20.0 to 65.0 at initial pressures ranging 

from 1.716 to 3.037 atm. 

A 10.0 mg sample of crushed salt is evenly distnbuted on a thin 

glass slip within the cylinder and heated by adiabatic compression. 

Particles up to a certain maximum size are melted and form spheroidal 

beads. The diameter of the largest beads is measured with a filar 

micrometer on a microscope. 

Procedure for Estimation of Gas Tem~erature 

Equations (1) and (3) can be used to find the gas temperature for 

argon. For polyatomic gases. the equation of state, 

cannot readily be integrated because C, becomes a function of 

temperature. We have developed the following procedure to calculate the 

temperature of polyatomic gases , 

(a) The temperature interval is divided into n subintervals for which C, 
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becomes measured and calculated. 

( b )  The n th  root oi V$V is used in  cquaiion ( I ) .  

( c )  Using thc y corresponding to the initial tcmperaturc . To, cquation ( 1 )  is 

solved for TI .  

(d )  The temperature , TI , found in step (c) serves as the initial 

temperature for the second subinterval. The y corresponding to TI is used 

to calculate a temperature,Tz , using equation (1). 

( 8 )  Steps (c) and (d) are repeated a total of n times to arrive at the desired 

final temperature. 

Preoaration of Materials 

Benzenediazonium fluoroborate and benzenedlazonlum perchlorate 

were prepared by first mixing 0.01 mole of aniline in 5.0 mL H20 with 0.02 

mole of HBF, (B(OHI3 + 4 HF = HBF, + 3 HtO ) or HC104 respectively, and 

then quickly adding 0.02 mole of N a N e  previously dissolved in 5.0 mL of 

HzO. The solids which formed were immediately suction-filtered and 

placed in a desiccator. Diazotized sulfanilic acid and 

4-carbo~ybenzenediazonium chloride were prepared by mixing 0.01 mole 

of sulfanilic acid or 0.01 mole of para-aminobenzoic acid, respectively, w i t h  

0.02 mole of HCI dissolved in 5.0 mL of H?O and then quickly adding 0.02 

mole of NaN@ previously dissolved in  5.0 mL of HtO. 

Cyclohexanol nitrate, 1.2-propanediol dinitrate and cthyleneglycol 

dinitrate were prepared according to Softer. Parotta and DiDomenicdJ a n  d 

W e  y g a  n dl 5. 

The nitramines, 1 -nitropyrrolidine and 1 .3-d in i t re  1.2.3.4- 

tetrahydroimidaLole were prepared by first forming the nitrate 

(neutralizing the amrne with 706 HN@ and evaporating to dryness under 
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20 mm pressure). To 0.034 mole of thc nitrate and 0.0017 mole 0 1  

anhydrous ZnCI, is added 0.098 mole o f  acetic anhydride and the m i x t u r e  

stirred 31 60 'C lor 30 minutes, cooled. and then neutralized with aqueous 

alkali. After extraction with diethylethcr and extraction of the ether with 

10% H2SO.I. the ether layer is dried with CaCIz, filtered and evaporated to 

give the crude nitraminc which is recrystallized with absolute ethanol. 

N-nitropiperidine was prepared as described above but t h e  

evaporation of ether resulted in a crude oil which contained 

N-nitrosopiperidine as an impurity. The crude oil was eluted through a 

silica gel column with petroleum ether and the first fractions collected 

contained only N-ni t ropiper id ine .  

The nitroaromatics, trinitroresorcinol (TNR). nitrobenzene (NB), 

trinitrotoluene (TNT), trinitrobenzene (TNB),  and t r iaminotr ini t robenzenc 

(TATB) were synthesized as described by Davis1 6.  Deuterated 

orthonitrotoluene was prepared according to H i c k i n b o t t o m '  using d8 - 
toluene and f3 - nitrostyrene was purchased from Aldrich. 
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