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The performance of shooting and explosive operations in boreholes has
required the development and study of a number of explosives which retain
their properties under conditions of high temperatures and liquid pressures.

Table 1 presents values of critical and limiting diameters (dcr’ dl)

and detonation velocities (D) of explosives with the operating charge den-
sities Pex and diameters exceeding the limiting values,

EXPLOSIVE CHARACTERISTICS OF THERMOSTABLE EXPLOSIVES. TABLE 1,
Explosive Density, Critical Limiting Detonation
3 Diameter, Diameter, Velocity,
g/cm

mm mm m/s=c
TNT 1.58 3.0 8.0 6,950
GFG-2 1.65 1.0-2.0 5.2 7,800
GFG-2 1.0 3.0 - -
GNDS 1.66 1.8 3.0 7,150
LT-4 1.60 2.0 10.0 7,500
V-5 1.62 2.5 7.5 7,200
V-5 0.7 15.9 - -
P-90 1.80 3.0 12.0 6,600
NTFA 1.62 1.5-2,0 8.0 7,200
NTFA 0.95 6.3 - -
Dodenite 1,55 - 12,0 6,400
Dodenite 0.80 15.3 - -

The limiting diameter is determined by measuring the detonation velocity
of charges of thermostable explosives of various diameters using a Type SFR
high speed photorecorder, With a charge diameter greater than the limiting

‘diameter, the detonation velocity remains constant.

Measurements performed also allowed determination of the heat of the
explosion (Q) and specific volume (VO) of explosion products (Table 2).
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; TABLE 2.
s HEAT OF EXPLOSION AND SPECIFIC VCLUME OF EXPLOSION PRODUCTS OF THERMOSTABLE
; EXPLOSIVES.,
% Explosive Density, Heat of Specific
: . g/cm3 Explosicn, Volume,
: kcal/kg 1/kg
b
I GFG-2 1.68 1,380 565
GNDS 1.72 1,120 580
LT-4 1.52 1,010 585
V-5 1.55 980 525
P-90 1.68 875 450
NTFA 1.46 1,010 585

Specifics of Thermal Explosion at Low Pressures

The basis for a complete and proper understanding of the processes of
thermal ignition occurring under high temperature conditions is the theory
of the thermal explosion [67, 72, 73].

The theory of the thermal explosion allows us to establish the quanti-
tative relationship between the critical self-ignition temperature Tcr’

separating the explosive and nonexplosive course of the reaction, and the
charge diameter as a function of kinetic characteristics of explosive de-
composition and heat transfer conditions.

Few works have been dedicated to investigation of thermal ignition under
conditions of elevated or high pressure, although this problem is of signifi-
cant intercst, for example in connection with the problem of initiating an
explosion by shockwaves and mechanical impact.

Yu. N. Ryabinin [62] determined the influence of high pressure (25,000
33,000 atmospheres)- on the flashpoint of barium azide, fulminate of mercury,
TNRS and PETN and found that the flash point changes slightly (usually by
5-10°). F. P. Bouden, etal [23] studied the same problem for cyanurtriazide,
lead azide and PETN at pressures up to 20-22,000 atmospheres and noted a slight
increase in flash point with increasing pressure. However, the results of
these works, performed under thermal flash conditions (supercvitical mode) at
constant charge temperature with slight quantities of explosive, do not give

t us a sufficiently full conception of the process of thermal explosion under
high pressure conditions. The reasons for the phenomena observed remained
unexplained.

In the work of A. G. Merzhanov and F. I. Dubovitskiy [57], we find in-
formation on the specifics of thermal explosion of condensed explosives at
low pressures {(up to 50 atm). It is noted in this work that with increasing
pressure, the critical temperature drops (by approximately 30°), this decreasec
stopping at pressures over 20 atm. The decrease in critical temperatures ex-
; plained by the fact that as pressure increases, elimination of gaseous decom-
\ position praducts from the reaction zone becomes more difficult and the catalylic
effect of these gases on the process of thermal decomposition taking place
increases.

/‘ -2
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The constancy of critical temperature at higher pressures is explained,

according to these researchers, by the fact that the corresponding gaseous

products are converted to the condensed state are not removed from the
reaction zone.

Our studies have shown that generally under high pressure conditions

(430-&,000 atmospheres), the threshold of thermal stability! drops by
. 20-30°C.

Thus, thermal explosion under increased hydrostatic pressure has not
\ yet been studied in the theoretical aspect, and has been only incompletely
studied experimentally., The only exception is the area of low pressures.

During our preliminary investigations, we detected certain qualitative
differences in the course of thermal explosions at pressures of not over
20-50 atmospheres and at higher pressures. We found that at low pressures,
the critical self-ignition temperature (Tcr) and corresponding induction

period (tcr) decrease significantly (up to a certain limit), which agrees

with the data of A. G. Merzhanov and F. I. Dubovitskiy [57]. 1In connection

with this, we performed studies of the specifics of thermal explosions under
these conditions.

Experimental Method

The experiments were performed using an installation diagramed on

g Figure 1.
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E Figure 1. Diagram of Installation for Study of Thermal

X Explosion at up to 1,000 atm.

! The threshold of thermal stability is the maximum permissible temperature
which the explosive can withstand under practical utilization conditions in

a borehole for 6 hours without a noticeable change in its explosive charac-
teristics.
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A pressed charge of explosive 4, contained by plug 3, was placed in
Wood's alloy 1 or any inert fluid (for example, organosilicon fluid No 5),
heated to the required temperature in thermostat 5. The temperature of
the Wood's alloy was maintained constant with an accuracy of *1°C using
contact thermometer 2, placed in Wood's alloy and connected to the electri-
cal circuit heating the thermostat 8.

Sealing of the working volume of the thermostat was performed by the
contact between the conical surface of the plug and the cylindrical surface
of the hole; the remaining joints were sealed using flat copper inserts. The
working pressure was created using a Type NZhR pump 7 and recorded by Type
MTI manometer 6. The decomposition mode (explosive or nonexplosive) was
generally determined by the increase in pressure in the working volume of
the thermostat caused by decomposition of the explosive (Figure 2).

The critical self-ignition temperature was determined by the '"sighting"
method with an accuracy of *1°C, the corresponding induction period -- with
an accuracy of x10%. ’
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Figure 2. Increase in Pressure (4p) as a Function of
Time (t).
1, explosive mode; 2, nonexplosive mode.
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The experiments were performed with cylindrical charges, diameter equal
to height.

VAT

£

Comparison of the hest conductivity factors (A) of the explosive charges

=2
(A = 3-10"4 cal/cm+sec+degree) and Wood's alloy (A = 4+10 ~ cal/cmeseccedegree)
indicates that first order boundary conditions are realized on the charge sur-
face. A similar conclusion was drawn in the work of E. I. Maksimov, A. G,
Merzhanov and V. M. Shkiro [52]. The observations showed that Wood's alloy
does not penetrate into the pores of the explosive and has no influence on
the process of thermal decomposition of the explosives studied within the
limits of error of the experiments.
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Results of Experiments

Octogene. Experiments were performed with charges 3.8 to 15.0 mm in
diameter in the 168-22. " temperature interval and 1-800 atm pressure in-
terval. Charge density w. 1.63 g/cm3.

The experimental data on the critical parameters of the thermal explo-
sive at normal pressure, necessary at high pressure:

a, mm Tcr’ °C top min
3.8 223 150
6.0 215 300
7.0 209 510
8.0 207 560
9.2 205 700

15.0 193 3,000

The experimental data for determination of the dependence of critical
temperature (Tcr) on pressure (p) are presented on Figure 3.

As we can see from Table 3, at a certain, comparatively low pressure
about 20 atm), "saturation' occurs and the critical temnerature remains
L

unchanged within the limits of error of the experiments as pressure increases
to 800 atm,

°
Tcr’ C
220 ——] ———? o] 04
210 ko . ° ? 2
A2J Lo L4 L] O
200 ° . .
T ) T
90 }

0 10 206 300 %00 500 600 700 p, atm

Figure 3. Critical Temperature (Tcr) as a Function of

Pressure (p) for Octogene.
1, for 3.8 mm diameter charge; 2, for 6.0 mm diameter
charge; 3, explosive mode; 4, nonexplosive mode.
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Figure 4. Maximum Critical Temperature Drop
{AT) as a Function of Charge Diameter (d) for
(ctogene.

TABLE 3.
RESULTS OF DETERMINATION OF DEPENDENCE OF INDUCTION PERIOD (min) IN SUPERCRITI-

CAL AND CRITICAL MODES OF DECOMPOSITION ON PRESSURE WITH CHARGE DIAMETER 3.8 mm,

Pressure, atm

Experimental

Temperature, 20 ! 200 600 800
°c E
226 20 16 16 16
223 - 23 20 24
220 - - 27 -
218 - 38 45 40
216 - 40 - -
212 - 45 56 59
208 111* 80* 78* 85*

* Time (min) of attainment of maximum decomposition rate in subcritical mode.

. . ‘s s .
The maximum drop in critical temperature AT = Tcr - Tzr (where Tcr is

the critical temperature in the 'saturation' area) depends on charge diameter.
Since in the saturation area the pressure can be selected rather arbitrarily,
all experiments were performed only at 200 atmospheres. The results of ex-
periments for determinatior of AT as a function of charge diameter are pre-
sented on Figure 4,

The values of the period of induction were:

d, mm Tcr’ °Cc top? min
3.8 209 70
6.0 192 200
7.0 181 380
8.0 176 510
9.2 178 500

15.0 168 1,200
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Substance LT-4. Experiments were performed with a charge from 6.0 to
15.0 mm in diameter 2t 170-234°C and 1-600 atm. Charge density was
160 g/cm3,

: o
: . Tcr’ _C
o | —2 .J 00

" 220

3 'y ]

L+ 2 14 o v

180 2—3 3

150

) l 1
g 20 0 600 p, atm

Figure 5. Critical Temperature (Tcr) as a Function of Pressure

(p) for LT-4.
1, for 6.0 mm diameter charge; 2, for 15 mm diameter charge; 3,
explosive mode; 4, no.sexplosive mode.
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Figure 6. Maximum Critical Temperature Drop (AT)
as a Function of Charge Diameter (d) for LT-4.

The critical parameters of thermal explosion at atmospheric pressure

TR T Ty v T TR TR G O ST O TR ST T

are:

d, mm T , °C t ., min
cr c1
6.0 261 300
8.0 252 400
. 10.0 245 610

12.0 240 820

: 15.0 232 1,200

E
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Table 4 presents the values of induction period at 200 atm. The de-
pendence of Tcr on pressure and AT on charge diameter at 200 atm is shown

on'Figures 5 and 6.

NTFA. Experiments were performed with a charge from 5.8 to 15.0 mm
in diameter at 260-300°C and 1-600 atm. Charge density was 1.54 g/cm3.

The critical parameters of thermal explosion of atmospheric pressure
are:

d, mm T , °C t__, min
cr cr
5.8 295 180
7.5 293 330
9.8 289 720
11.8 285 1,050
15.0 279 1,470

TABLE 4.
INDUCTION PERIOD (min) AS A FUNCTION OF TEMPERATURE AT 200 ATM FOR LT-4.
Charge Diameter, mm

Experimental Temperature, °C 6.0 | 15.0
230 - 14
223 105 -
210 270 47
204 330 -
200 360* 68
190 - 350
180 - 650
174 - 2,100
170 - 2,600*

* Time (min) of achievement of maximum decomposition rate in subcritical mode.

T ,°C
cr
. 2 'y »
S0 ) [ °
20 Figure 7. Critical Temperature (Tcr)
280 N 2 . as a Function of Pressure (p) for NTFA.
i ° ° 1, for 5.8 mm diameter charge; 2, for
270 7.1 mm diameter charge; 3, explosive

0 w0 200 300 400 500 p, atm mode; 4, nonexplosive mode.
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Drop (AT) as a Function of Charge Diameter
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The dependence of the induction period on pressure is shown in Table 5.
Figure 7 shows the dependence of ’l‘cr on pressure, while Figure 8 shows the

dependence of AT on charge diameter at 200 atm.

iexogene, LT-5, thermol, TNT. Thermal explosion of these explosives

under conditions of high hydrostatic pressure were studied less completely
(Table 6).

As a result of the study of the theimal explosion of a number of expio-
sives, certain general regularities were establis!d.

1. The critical temperature and critical . .luction period decreasc
significantly with increasing applied pressure up to 20-30 atm.

At higher pressures (up to 800 atm), the values of Tcr’ tor remain
practically unchanged.

2. The time of maximum drop in the critical temperature (AT = Tcr -
- TZr) in the saturation area depends in a complex manner on charge diameter,
reaching its greatest value with dO cqual to 5-10 mm. Where d < do, the
value of AT decreases significantly with decreasing d, where d > d0 it does
not increasec.

TABLE §.
INDUCTION PERIOD (min) AS A FUNCTION OF PRESSURE FOR NTFA.
' Temperature, °C N
. 208 I 204 280 218 290
Pressure, -
atm Charge diameter, mm
5K (! 8.0
- l _
| 207 240 - ! - X
ol 194 201 - — 20
o0 ! 08 180 400 1 G600 160
2 85 100 X — 119
dn G2 %W 20§ 60 108
o a8 83 - i - .-
NTE . - 30 I 500 -
60 ! RY) - — i - -

FTime (min) of attainment of maximum decomposition rates.

-9 -
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CRITICAL PARAMETERS OF THERMAL EXPLOSION OF EXPLOSIVES. TABLE 6.
Explo- | Diameter,| Density,| Critical Induction Critical |Induction
sive mm /cm3 Tempera- Peried, Tempera- |Period in
& ture, °C min ture in Satura-
(p =1 atm) (p =1 atm) Satura- tion Area,
tion Area, min
°C
Hexogene 7.5 1.54 - - 179 190
6.5 1.60 296 60 - -
LT-5 8.0 1.60 292 240 - - '
10.0 1.60 289 400 - -
15.0 1.60 274 1,400 258 1,700
Thermol 10 1.60 304 360 - -
15 1.60 292 1,200 281 700
20 1.60 285 1,800 - -
TNT 17.6 - 214 330 180 800
(1iquid) ’

3. The values of AT for the explosives studied has a tendency toward decreas-
ing with increasing thermol stability. We present below the results of experi-
ments for a charge 15 mm in diameter:

P o °
Explosive or’ C AT, °C
Octogene 168 30
LT-4 170 60
TNT 180 25
LT-5 258 16
Thermol 281 11

Our experiments confirmed the existence for many explosives of an area
of saturation over a broad range of pressures, the beginning of which was
detected earlier [57].

In correspondence with the primary statements of the theory of themmal
explosion, the possible causes of the observed regularities might be changing
conditions of heat transfer or rate of heat liberation.

Our studies showed that the change in the heat physical properties of .
inert materials [24], similar in physical properties to pressed explosive
charges, is not great (%1%). Apparently, we should ignore also the slight
worsening of heat transfer conditions resulting from cessation of remcval
of gaseous decomposition products from the reactiuu zone, since under the
conditions of our experiments the first order boundary conditions remain
correct over rather broad limits.

Thus, a change in heat transfer conditions does not lead %o a significant
effect.

- 10 -




4 Studying the changes in heat liberation conditions, we must note that

; the possible change in the thermal effect of the reaction resulting from
more complete development of intermediate oxidation-reduction reactions
with the participation of oxides of nitrogen does not agree with the experi-
mental data. Actually, using the Frank-Kamenetskiy critical conditions, we
can show that, for example, as the heat of reaction doubles the maximum

drop in critical temperature is about 7°C, i.e., significantly less than
. the observed values of AT.

Generalizing the explanation of the regularities observed presented

s \ in the work of A. G. Merzhanov and F. I. Dubovitskiy [57], we can assume

i that the decrease in critical temperature and critical induction period
with increasing pressure results primarily from the effects of the gaseous
decomposition products, which accelerate the process of decomposition of
the material, the removal of which from the reaction zone is greatly hin-
dered at increased pressures (conditions of mechanical equilibrium).
Apparently, -dsorption of the gaseous decomposition products on the surface
of the crystals of the material occurs. At a certain limiting pressure,
equal to the saturated liquid vapor pressure (p = ps), depending on tempera-

SF

ey

| b ey

Py

ture, volumetric condensation of vapors occurs and the crystals are completely
covered with a layer of liquid. In this case, the further process of decom-
position of the material is independent of the applied pressure.

i i e e

In the simplest case, when the concentration of adsorbed decomposition
products on the surfaces of material crystals is determined by the Langmuir
isotherm, it follows from the Frank-Kamenetskiy critical conditions that the
value AT for d = const is determined by the expression

nra
e & & PTiX 1
P‘ Al = 3 ln Pt s ( )

where Py is the saturated vapor pressure; py = 1 atm; E is the activation
energy; R is the universal gas constant.

Equation (1) where p = 20 atm and E = 50 kcal/mol properly reflects the
order of cxperimental values of AT. It follows from this equation that fer
LT-4, which corresponds to a value of E = 30 kcal/mol, the value of 4T is
anomalously high, which has also been confirmed experimentally.

s G

We must note that in the 200-250°C temperature interval the saturated
water vapor pressure is 15-40 atm, which is similar to the values of p_

—

determined in our experiments.

CEav-Rrassased

The decrease in AT with increasing charge diameter d > do (sce Figures
3

4, 6) also follows from equation (1) and results from the dependence of Py
on 'l‘cr (according to the Clapeyron-Clausius equation).

- 11 -
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In order to explain the decrease in AT where d > do, we must study

the course of the process of material decomposition in greater detail.
‘As was assumed in concluding equation (1), pressure P is reached no later

cthan attainment of the maximum decomposition rate, i.e., where n 2 Max

(n being the depth of conversion). If the natural pressure of the gaseous

de iti = is < i Y g le-
composition products where n Mhax 1S Puax < Pg» equation (1) guves e

vated values of A: and we should replace P, by p

. The decrease in AT
max
where d < d

0 is apparently explained by the dependence of Phax O0 experimen-
tal temperature.

. The experimental data are also correct for the case when charges are
placed in a sealed, strong shell, preventing removal of gaseous decomposition
products but not transmitting external pressure to the charge. This conclu-
sion was confirmed experimentally for octogene and LT-4 in the case when the
natural pressure of gaseous decomposition products exceeded the value of Pg-

Thermal Explosion at Elevated Pressure (up to 8,000 atm).

The results of experiments showed that the critical temperature of self-
ignition at 20-800 atm remains practically constant. To determine the nature
of further changes in the value of 'I‘cr with increasing pressure, experiments

were performed studying thermal explosion of pressures up to 8,000 atm.

Experimental Method

Studies were performed using two installations, differing in the maximum
permissible working pressure due to design specifics.

In the installation for studies of thermal explosions at up to 4,000 atm
(Figure 9), explosive charge 5, pressed directly into a depression in plug 4,
was placed in a special thermostat 2, the temperature of which was maintained
constant with an accuracy of *1°C using contact thermometer 3, installed in
a depression in the body of the thermostat and connected to heating circuit
8. To produce high pressures, a multiplication type installziion was used
with relative piston arca selected so that liquid 6 was under pressure of
about 150 atm, created by hand pump 9, generating a maximum pressure on the
order of 4,000 atm in the small cylinder, which was recorded by type SV mano-
meter 7 with an accuracy of *1% of the assigned pressure. The maximum pressure
was determined by the sealing method used (rubber rings) 1. The method and

accuracy of determination of critical thermal explosion conditions as well as
charge shape remaincd as before.

Tn the installation for studving thermal explosions at pressures up to
8,000 atm (Figure 10), explosive charge 5 and sealing inserts 4 were placed
in cylinder 2, into which tightly fitted pistons 3 were inserted at each end.
Cylinder 2 was heated using a double-walled vessel, between each heat transfer

- 12 -




medium 6 (fluid No S) was circulated, after being heated in TS-15 thermostat
7 to the required experimental temperature. The temperature was maintained

]

4 constant with an accuracy of *0.5°C. The high pressure was created using

: press 1 and hand pump 8. The maximum pressure was determined by the strength
g characteristics of pistors 3, which were made of high quality steel and heat
4 treated. The decomposition mode was established on the basis of phenomena
3 in companying ignition of the explosive charge in the closed volume (sharp
4 ¢ sound effect, deformation of pistons, etc.). At the beginning of each experi-
‘ ment at various pressures, the explosive charge was preliminarily compressed
3 to the maximum pressure of 8103 atm in order to produce comparable results.
4 1

:

£

§

[y

B

5 s

i

! 2|

3 s,

1™

& g

& 1.

W

H

;

) Figure 9. Diagram of Installation Figure 10. Diagram of Installation
8 for Study of Thermal Explosion of for Study of Thermal Explosion of

E Explosives at up to 4,000 atm, Explosives at up to 8,000 atm.

y

b

; The pressure acting on the specimen was determined by the known ratio
i of areas of pistons and press and indications of the standard manometer in-
¥ stalled on the hand press. The error arising in this case in the pressture

4 interval studied [65] is not over a few percent.

N

¢ v

o Results of Experiments

&

g Octogene. Experiments were performed with charges 5.0 mm in diameter

: at 198-214°C and (1-8).103 atm. The primary results of the experiments de-
; ‘o . ‘s . . 1) I

& termining the changes in critical temperature url = qcr - Tér) with increas-
3 ing pressure are shown on Figure 11 (ng) is the critical temperature at low
£

p pressures) .

] Figure 12 shows the experimental data of the dependence of induction

£ period in the supercritical mode on pressure (T = 230°C) in semilogaritiuic
3 coordinates 1n t, p. The critical period is 130-160 min.
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cr cr’
1n t, min
0 4 L
5 2k
ol o2
¥ 4 6 piatm 0 ; % 6 p; atm
Figure 11, Changes in Critical Self- Figure 12. Induction.Period as
‘s _ +(0) a Function of Pressure (T = 230°C)
Ignition Temperature (Tcr 'I‘cr ) as for Octogene.

Functions of Pressure (p) for Octogene.
1, on installation operating at up to
8,000 atm; 2, on installation operating
at up to 4,000 atm.

Material LT-4. The diameter of the charges was 5.0 mm, the temperature
200-206°C, pressure (1-3).103 atm (see Figure 13). The induction period
under critical conditions is independent of pressure within the limits of
the experimental area and equals 100-120 minutes.

(0) o
Tcr'Tcr’ C
3
Figure 13, Change in Critical Self-
- PR 1 . o (O)
38 Ignition Temperature ('I‘Cr Tcr ) as
a Function of Pressure (p) for LT-4.
Yy 1 ? 3003 atn

As we can see from the data presented, the influence of pressure on
critical self-ignition temperature does exist in this pressure interval,

but is so slight that it could not be detected at lower pressures (up to
800 atm).

- 14 -
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According to M. Evans, the dependence of reaction rate constants (K)
on pressure is approximately defined by the formula

g =R 2
where AVa is the activation volume (cms/mol).

Equation (2), as experiments have shown [21, 31], is well confirmed
for reactions occurring in the liquid and sol1d phases. For reactions in
solutions, the value of AV /RT is generally 103 atm, while the change in

pressure may influence the reaction rate only when it exceeds 103 atm [21].

According to A. Stern, etal, for reactions in the solid phase the valuc of
AVq/RT is still lower.

In the case AVa = const in the interval of temperatures and pressures
studied, it follows from equation (2) that

.y ~ONp ( - L;I:-p \_‘.,.!..) . (3)

If equation (3) is also correct for decomposition of explosives at
temperatures corresponding to thermal explosion, the following relationships
should obtain for a charge of fixed diameter under critical conditions:

Eip\Wy K, (4)
ni cr I(1'°‘ '
' : 1\‘
' -.- ”(‘\p( '[ ' )- (S)

Using equation (4) and the experimental data produced, we found the
effective values of activation volume Avq. It was found that for octogene

at T_. = d472°K and E = 38,000 cal/mol, AV, =4z 1 cn>/mol, while for LT-4
at T, = 472°K and E = 32,000 cal/mol, AV, =3 %1 em®/mol. The value of
AV determined from the angle of 1nc11nat10n of the straight line In t = f£(p)

(see Figure 12) is approximately 10 cm /mol. The increase in the value of
AVa is apparently explained by the fact that in the supercritical mode the

experiments were actually performed at different distances from the critical
mode due to thc existence of dependence Tcr = f(p) (see Figure 11). Since

- 15 -




as we move further away from the critical mode the induction period drops
rapidly, these experiments show a certain summary picture, which results
in elevated values of AVa.

In processing the data produced by F. P. Bouden and A. D. Ioffe [23],
we produce a dependence similar to that shown on Figure 11, 13. Calcula-
tions have showed that where p > 100-200 atm, the value of AVa 2 10 cm3/mol,

which is similar to the values which we have produced.

In processes dependent on pressure, quantity AVa plays a role similar

to the role of activation energy in processes occurring with variable tem-
perature; therefore, we should lock upon the value of AVa in equations (4)

and (5) as the effective value of activation volume, depending on the change
in explosive parameters (heat conductivity, etc.) with increasing applied
pressure. In particular, the value of AVa, as we will show below, may be

significantly determined by state conversions in the material during the
process of decomposition,

Thermal Explosion at Temperatures Near the Melting Point of the Explosive.

For certain explosives used in the performance of shooting operations
in boreholes, the threshold of thermal stability of charges of comparatively
small diameter is near the melting point of the explosive and the influence
of pressure is felt in a specific manner. This problem is also of scienti-
fic interest.

The study of thermal explosions was performed using the installation
we have already described (see Figure 1).

The dependence of induction period on pressure for PETN charges 6.0 mm
in diameter with a density of 1.47 g/cm3 at 136°C and for charges of hexogene
6.0 mm in diameter with a density of 1.56 g/cm3 at 188°C is shown in Table 7.

TABLE 7.
DEPENDENCE OF INDUCTION PERIOD (t) ON PRESSURE (p) FOR PETN AND HEXOGENE.
PETN Hexogene
p, atm t, min p, atm t, min
1 203 1 133
100 255 40 30
250 . 360 100 34
300 390 200 38
400 450 400 47
600 530 600 56
' 800 67

- 16 -
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When solid explosives decompose at temperatures near their melting
point, the formation of liquid decomposition products plays a significant
role. This phenomenon was observed during decomposition of PETN [71],
EDNA [94] and certain other explosives. The study of the kinetic regu-
larities of thermal decomposition of solid explosives under conditions of
“.rmation of liquid phase is the subject of a work by G. B. Manelis and
F. I, Dubovitskiy, K. Boun [53]. A quasistable system of thermal explo-

sion equations, considering the kinetic regularities detected, was pro-
duced by A. G. Merzhanov.

If we ignore the change in volume and heat conductivity of an explo-
sive charge during the process of an experiment, the system of equations
of a thermal explosion can be written as follows:

( = no) 9 -0, (6)
N ,
dt

mﬂ
= (i -t- -1 ": "’;—:‘)n (7)

- 2 . - 4 . - o . - V¥V 7 . I »
where 6 = E/RT0 (T - TO), T = kot exp ( E/RTO), g = ks/k ; kl are

K.»

s
the reaction rate constants in the solid und liquid phases respectively;
0% e [~ Qm(” 0)/RT T,.] Qm T are the heat and temperature of melting;

T0 is the experimental temperature, w = Qm/E T /T

Substituting the known dependence of melting point on pressure into
equations (6) and (7)

Tnl:""r;l'*‘(%)o”!"" (8)

and solving the system of these equations using the known plan of A. G.

Merzhanov, we can find the dependence of induction period on pressure.
llowever, the expression for t =

comparison with experimental data is difficult.

f(p) produced is so cumbersome that its

Considering that, according to the experimental conditions Th - TO/T

1/5 << 1, we can simplify the initial system

t = conste LAY ,
ons oxp( T, ) ©)

- 17 -
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where AVa = Qm(aT/ap)o/Th (cms/mol), and the value of const in the first
approximation is independent of pressure. ]

The equation AVa = Qm(aT/Bp)o/Th is the known Clapeyron-Clausius equa-
tion., Assuming that Qm = 10 kcal/mol, (aT/ap)O = 0,025 degree/atm, T0 * 500°K,
we find AV_ = 20-30 cm®/mol.

In correspondence with equation (9), the experimental data presented in
Table 7 were represented in semilogarithmic coordinates ln t, p (Figures 14

and 15).
The values of AV determined from the angle of inclination of the straight

lines are 30 cm /mol for PETN and 37 cm /mol for hexogene, which agrees with
the theoretical estimate of AVa if we assume Qm 14,5 kcal/mol for PETN and

12,5 kcal/mol for hexogene. The value of AVa in this case has & precise

physical sense -- the change in the specific volume of the material during a
conversion of state (melting). The divergence between the experimental and
calculated values of AVa results apparently from distortions of the model,

In t, min
In t, min
L ]
. X
56 >
. 9
S6
. ) 74 |~ -
W50 J0 <0 50 p, atm a 200 o 600 p, atm
Figure 14, Induction Period (t) Figure 15. Induction Period (t) as
as a Function of Pressure (p) as Function of Pressure (p) for
for PETN. Hexogene.

Thermal Explosion at Pressures on the Order of 105 atm,

We can conclude from the data presented above that at pressures exceed-
ing Pg throughout the entire interval of pressures studied (up to 8,000 atm),

the dependence of the reaction rate constant of thermal decomposition of the

- 18 -
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explosive on pressure is described well by equation (2). However, when the
data produced are extrapolated into the area of pressures on the order of

10s atm where AVa = 3-4 cms/mol, we produce elevated values of effective

activation energy which, as we will indicate, contradict the available ex-
perimental data.

On the other hand, during calculations involved in the determination cr
critical conditions of initiation of detonation of secondary explosives by
shockwaves, standard values of activation energy and pre-exponent are used,
which also are not well founded.

We must consider, in our opinion, that at high pressures the energy
of elastic compression € of an explosive crystal will play an ever increasing
role in the mechanism of activation of molecules.

As Ya. I. Frenkel' emphasized [74], establishment of closer contact be-
tween molecules must be accompanied by weakening of the coupling between the
simpler particles forming the molecules (antagonism of internal and external
bonds), which has been confirmed by many numerical experiments for inert
materials. For example, the increasing dipole moment and decreasing frequency
of intramolecular oscillations upon transitions in the gas-liquid-solid di-
rection for polar molecules, the change in Raman spectra for nonpolar molecules
upon transition from the gaseous tc the solid state, the dissociation of one
substance upon dissolution in another, phenomena of ionization, changes in
valance under the influence of high pressure, etc.

Consideration of the influence of crystal compression energy on the rate
of thermal decomposition of the explosive can be performed using quantum
mechanical ideas; however, the solution of this problem brings up tremendous

mathematical difficulties due to the large number of atoms in an explosive
molecule.

The influence of compressibility on activation energy and the pre-exponent
can be formally considered in the following form:

E--Eyi-p AV, - f (e); (10)
'\. ’\'oq‘ (P). (1 1)

where f(e) and @(e) are functions of compressive energy, which can be defined
if we know the potential energy surface for the given reaction,

Let us expand f(e) into a series with respect to po'.rs of € near the
point ¢ = 0:

10+ 1O (o), et (), o a2

(4]
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Assuming that where ¢ = ¢ compressibility can be ignored, we find
£(0) = 0. Further, considering that where € ~ E, the value of f(e¢) ~ E

we £ind (-”’ )o:"-‘:'(:x.:ch (""’ ), =~ ,',k‘;.-g,;, ° o

Ja Tied

Then in the first approximation:
l;'-Eo'!‘/’AVa'—("ig (13)

and equations (4) and (5) will look as follews:

Eq-l-p AV, -~ Cyp /

At = (14)
RT oy TR

fer
R _/".'u_‘_.' ])AV,_:(.'[E )
'cf‘”‘x”( ey ™)

(15)

With impact compression, which occurs during excitration of detonation

by shockwaves, the internal energy and, consequently, its elastic component
are determined by the Hugoniot equation

=L W —=V)=2L Al
ey (Vo—V) =3 Alcom’

where VO’ V are the specific volumes of the charge at atmospheric pressure

and pressure p.

The value of Avcom is an increasing function of pressure, therefore,
equation (14) indicates that the curve 'I‘cr (p) where Ava > 0 will have a
maximum at a pressure determined by the condition

3 (PAV,—Cye)=0.

Using data on the compressibility of explosives [27], we find that for
PETN the bend point on the curve of Tcr (p) corresponds to a critical pres-

sure on the order of (30-40)-103 atm,

At pressures higher than the critical pressure, the rate of the reaction
of thermal decomposition of the explosives should increase markedly with in-
creasing pressure, while the effective value of activation energy decreases.
Similar considerations were set forth by E. Teller.

Ch Mader [99] showed experimentally that with increasing pressure
the critical size of an explosion center decreases. Thus, a center at
1,400°K in nitromethane, not subjected to impact, is no smaller than 0.27 cnm,
while the size of a center in nitromethane subjected to explosive impact

- 20 -
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(p = 95'103 atm) is (.03-0.06 cm in diameter at the same temperature.

Approximate calculations using equation (13) and considering the com-
pressibility of nitromethane at p = 95+103 atm has shown that under these

conditions there is a significant decrease in activation energy (on the
order of 20 kcal/mol).

Thermal Explosion Under Conditions of Heating at Constant Rate.

in order to determine the capabilities of the material studied, it
seemed interesting to study the process of thermal explosion under condi-
tions of heating at constant rate, corresponding to the rate of increase

in temperature in shooting apparatus lowered into a borehole at W =
= 1 to 2 degree/min.

The heating rate of an explosive in the installation (see Figure 1)
was fixed by mechanical rotation of the head of the contact thermometer at
the required frequency. The critical heating rate wcr separating explosive

from nonexplosive decomposition was determined by sighting.

Octogene. The experiments were performed at normal and elevated pres-
sures with charges 9.0 and 15.0 mm in diameter, density 1.6 g/cm3. Since
the critical temperature of autoignition and the induction period under
critical conditions are practically not influenced by pressure in the
20-800 atm range, the experiments were performed only at atmospheric pressure

and 200 atm. The medium used to surround the charge was primarily Wood's
alloy (Figure 16).

NTFA. Experiments were performed with charges 7.1 mm in d.ameter with

a density of 1.54 g/cm3. The medium surrounding the charge was Wood's alloy
(Pigure 17).

The regularities of thermal decomposition under conditions of heating
(and cooling) at constant rates and normal atmospheric pressure have been
discussed in many works [54, 69]. We note only one specific feature of
thermal explosion under conditions of linear heating and atmospheric pressure,

not described earlier.
At heating rates near the critical, 'I‘cr+ increases rather rapidly with
increasing heating rate. However, where l\’/wcr >> 1 (the area of practical

application of the explosives), there is an area of "saturation,' where

: . : . . N
Tcr+ increases very slightly with increasing I/hcr

The temperature ’I‘cr+ in the area of saturation is several dozen

degrees (50°C) higher than the static critical temperature Tcr'

- 21 -
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Figure 16, Autoignition Temperature (Tcré) as a Function of

Heating Rate (W). Surrounding Medium for Curve 4 -- Clay
Solution,

1,d=15mm, p = 1atm, W_ = 1.6:1072 degree/min; 2, d =

15 mm, p = 200 atm, W__ = 0.5¢1072 degree/min; 3, d = 9 mm,
p = 200 atm, W_, = 2.5°1072 degree/min; 4, d = 9 mm, p =

200 atm, W_ = 2.5¢1072 degree/min.

«

As we can see from Figure 16, the change in autoignition temperature
Crcr+) upon transition from atmospheric pressure to clevated pressure is

generally similar to the change in critical autoignition temperature (Tcr)

under static conditions and the corresponding values of AT = Tcr+ -

-T°_ and AT =T__ - T°_ are numerically similar. However, the dynamic
cr+ cr cr

mode, allowing the thermal ignition process to develop in time, contains
somewhat greater information than the static mode., Ir articular, the ex-
periments performed allow us to find an explanation for the sharp decreasc

in critical induction pericd for NTFA with increasing pressurc (sce Table
5).
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Figure 17. Autoignition Temperature (Tcr+) as a Function of

Heating Rate (W).
1, d=7.1mm, p=1atm; 2,d = 7.1 mm, p = 100 atm; 3,
d=7.1mm, p= 400 atm. ’

Comparing the experimental data (see Figure 17) with the results of

calculation of the dependence TCr+ = f(W/Wcr) for the autocatalytic reac-

tion [56], we can conclude that the value of %o ("0 is the autocatalytic

criterion) increases for NTFA upon transition from atmospheric pressure

to elevated pressure throughout the entire pressure interval (for octogene,
Ny increases only upon transition from atmospheric pressure to pressures

P f_ps). The results of this is a sharp deciease in T ., in the area of
saturation with increasing pressure with fixed values of heating rate.
However, the value of Tcr remains practically unchanged, since the critical

Frank-Kamenetskiy conditions depend little cn o at comparatively low

values.

The results of studies of thermal explosion of octogene, LT-4, LT-5,
NTFA, hexogenc and TNT under elevated hydrostatic pressure conditions, both
in static and in dynamic modes, indicated the following.

1. In the area of low pressure (p < pg = 20 atm), there is a signifi-
cant reduction (to a certain limit) in critical autoignition temperature

(Tcr) and induction period (tcr)‘

The function AT = Tcr - Tir depends on charge diameter in a complex
manner.

The regularities observed are apparently primarily related to the
accelerating influencc of gaseous decomposition products adsorbed on the

surface of the crystals of the material. The calculation values of AT pro-
duced on the basis of this assumption are similar to the experimental values.
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2. At pressures exceeding Pgs right up to 8,000 atm, a slight increase
in Tcr occurs, while the value of ter remains practically unchanged. It has

been demonstrated that the data produced can be explained using ¢he known
kinetic equation 91nK/dp = -AV/RT, where the value of AV (effective activation
volume) must be looked upon as the primary kinetic constant, the value and
sign of which determine the nature and degreé of the influence of pressure

on the parameters of the thermal explosion.

3. Near the melting point for PETN and hexogene, the induction period
increases with increasing pressure over a broad interval of pressures. BDBased
on analysis of the system of equations from the quasistable theory of a ther-
mal explosion, it has been shown that the value of AV in this case has a pre-
cise physical sense and is determined by the Clapeyron-Clausius equation:

&V = (Q, 9T/3p) le.

4. The change in the ignition temperature Tcr+ under conditions of
linear heating occurs similarly to the change in Tcr under static conditions

‘upon transition from atmospheric pressure to increased pressure.

The value of 'l‘cr at a heating rate near that encountered in boreholes

+
is significantly greater (approximately 50°C) than the value of Tcr‘
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