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In this research we selected for study a typical
representative of the secondary explosives—tetryl.
Many of its thermophysical characteristies [1-3], its
kinetics of thermal decomposition in the liguid state
at quite high temperatures [4,5], and the composition
of its combustion products [6] are known.
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Fig. 1. Oscillograms of temperature profiles obtained

for tetryl burning at atmospheric pressure @), atp =

= 8kg/cm? (b), and at p = 45 kg/cm’ (c).

METHOD

Thetemperature profile was measured with U-shaped
ribbon microthermocouples (tungsten + 5% rhenium—
tungsten + 20% rhenium) 5—7 microns thick by the
method described by A, A, Zenin [7]. The thermo-
couples were welded by discharging a high-capacity
electrolytic capacitor (800 uF). The charges were
pressed into plexiglass tubes 40 mm high with an in-
ternal diameter of 8 mm and a wall thickness of 2 mm.
The thermocouples were inserted in the charge as
follows: first, half the weighed portion of explosive
was poured into the tube and a trapezoidal impression
was formed in it with a shaped punch; thethermocouple
was placed in this impression, the rest of the explo-
sive was poured in, and finally the charge was com-
pressed in a hydraulic press to a density (1.68—1.70
g/cm?) clase to the maximum (1.73 g/cm?®). The charges
were ignited in a constant-pressure bomb with windows
through which it was possible to establish the type of
combustion and the burning rate at the same time as
the temperatire profile was being recorded.

RESULTS OF EXPERIMENTS

Figure 1 presents typical oscillograms of the dis-
tribution of temperature in the combustion zones of
tetryl of different pressures. In all the oscillograms
it is possible to distinguishthefollowing characteristic
zones. Zone I from the initial temperature to the break
corresponding to the melting point, i,e., the solid
zone at a temperature less than 130° C; zone II from
the melting point to the characteristic point of inflection
corresponding to the temperature at the surface of the
condensed phase T, i.e., the molten zoneand reaction
layer; the primary flame zone III directly adjacent to
the reaction layer of the condensed phase, and, finally,
the secondary flame zone 1V, which only appears at
pressures above 7 kg/cm?.

At first, the maximum combustion temperature
{Fig. 2) varies very weakly from 900° Catatmospheric
pressure to 1000° C at p = 7 kg/em?, then it increases
sharply to 2100° C {a secondary flame zone appears at
8 kg/cm?), a further increase inpressuretc 45 kg/cm?
leads only to an inconsiderable increase in maximum
temperature. Similar values of the maximum com-
bustion temperature for tetryl were obtained in 8]
by Polkhil and Mal'tsev. At the point at which the
secondary flame appears (8 kg/cm? the maximum
temperature in it is reached at a distance of 4.5 mm
from the surface of the condensed phase, but with in-
crease in pressure this distance quickly diminishes
(Fig. 3) and at p = 45 kg/cm? it amounts to approxi-
mately 0.25 mm.

The maximum temperature of the primary flame
increases somewhat with increase in pressure (see
Fig, 2).

We note that at pressures of 1-20 kg/em? this zone
includes a region of temperature oscillation but horders
directly on the condensed phase. This regionis clearly
visible in Fig. 1a, b. At 45 kg/cm® these temperature
oscillations are not observed (see Fig. 1c). As the
pressure increases, the amplitude of the temperature
oscillations decreases, while their frequency grows,
At 1 atm temperature oscillations were also noted in
the condensed phase (see Fig. 1a).

At atmospheric pressure the surface temperature
of burning tetryl T, (Table 1, Fig. 2) coincides with
the boiling point of tetryl. An increase in pressure
leads ta a smooth increase in Ty (see Fig. 2) along a
curve similar to the calculated pressure dependence
of the boiling point of tetryl, The boiling point (see
Fig, 2) was calculated from the Clausius-Clapeyron
formula, starting from the fact that, according to
Belyaev's data [1], the boiling point Ty, of tetryl at
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atmospheric pressure is equal to 310° C, while itsheat
of vaporization is 26 kcal/mole.

The temperature profiles enabled us to determine
the temperature gradient close to the surface of the
condensed phase {dT/dx)g (this quantity and the surface
temperature are determined much less reliably than
the combustion temperature and the quantity of heat
transferred from the gas phase to the condensed phase
by conduction (Table 1).

The temperature distribution in zone I(T < T) of the
oscillograms deserves attention. It is characteristic
of this zone that the temperature distribution in it
should apparently strictly obey the Michelsonlaw, since
at such low temperatures (T < 130° C) there should be
na appreciabledecomposition of tetryl in the combustion
wave during heating (half-life at 120° C, 8700 hours
{4]); therefore, with increase in the burning rate u
the width of the heated layer I should decrease so
that the product u! remains constant, but an increase
in pressure from 6 to 45 kg/cm? unexpectedly leads to
a sharp increase in the width of the heated layer
from 0.05 to 0.5 mm, which, in its turn, leads to an
increase in the product ul by a factor of 20 (Fig. 4).
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Fig. 2. Surface temperature (1), temperature of
smoke-gas zone (2) maximum lemperature (3),
and boiling point Ty, as functions of pressure.

HEATED LAYER OF SOLID PHASE

It may be assumed that the increase in the product
u! is associated with radiative heat transfer from
the secondary-flame zone, In fact, the heated layer
begins to expand upon the appearance of the secondary
flame, which must possess considerable radiating
power [8], since when tetryl burns, a large amount
of carbon is formed [6] . Moreover, tetryl is quite
transparent; therefore the intense radiation of the
secondary flame, at a temperature of 2000°~2300° C,
can heat the inner layers of material and produce an
expansion of the heated layer and a substantial devia-
tion of the temperature distribution from the Michelson
law, In order to check this assumption concerning the

role of radiation, we conducted experiments with
tetryl mixed with 2 and 5% of gas black, which con-
verted it into an almost opaque material, so that the
entire radiation flux should be retained in the upper
layers of the melt without penetrating to the zone with
T < Ti'
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Fig. 3. Distance from surface of
condensed phase to maximum
temperature of secondary flameh.

Adding gas black to the tetryl had almost no effect
on the burning rate (Table 1), but led to a sharp con-
traction of the heated layer at 10-45kg/cm? whereas
at lower pressures (7 kg/cm?) the width of the heated
layer did not change. The product ul for tetry! with
gas black does not change with increase in pressure
(see Fig. 4), i,e., as was to be expected, heattransier
in the opaque material is realized only by conduction,
Thus, it is possible to state with confidence that the
expansion of the zone T « T; is associated with radja-
tion,

To determine the characteristics of the heat flux
and the law of temperature distribution in zone I, we
shall write the heat balance equation for stationary
propagation, assuming that there is no chemical reac-
tion and the radiation flux ‘

T
dx?

i,

f _dL _r_ _i—
—ape—— + < exp(s)—ﬂ, 1

where u is the linear burning rate, cm/sec, p is the
density, g/cm®, C is the specific heat, cal/g-deg, r
is the radiant heat flux entering the solid zone,
cal/cm%sec, Aistheheat conductivity, cal/cm.sec-deg,
and 8 is the distance at which the intensity of the radi-
ant flux decreases by e (~ 2.7) times, cm. It is known
that S depends on the wavelength of the light; here, for
gimplicity, we have selected the average value for the
flame spectrum,

The solution of (1) with the boundary conditions
T=Tatx=-~«, T=Tatx=01is

T— Ty= (T, — Ty — 6) exp(%)—f—ﬂexp(%), (2)

N

where

§ = ri , 3
A(lﬁ_ﬁufﬂ*) (3)
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The quantity ¢ shows byhow manydegreesthe solid
phase of the burning explosive is heated by radiation.



Taking logs in expression (2) and considering that
when 8 > I, and {x| > I, the term (T, — T, — ) exp
(x/1,)} becomes negligibly small, we obtain
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M7 ~7T)=mnb - -%When& E I 2 I S ()
consequently, in In(T — Tj) — x coordinates this must
represent a straight line which cuts off an intercept
in 6 on the ordinate axis and has a slope S™!. As may
be seen from Fig. 5, at pressures of 20—45 kg/cm?
in these coordinates the temperature profiles are, in
fact, linearized and only at 10 kg/cm? (I, approaches
8) is there a deviation from the straight line. At S >
>» ], expression (3) is simplified to

u-b-103emt/sec
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Fig. 4. Variation ol ene product
u!l for pure tetryl (1) and tetryl
with gag black (2).

The values of 68, r, and S obtained are presented in
Table 1, where it is shown that S does not depend on
pressure, This serves as an indirect confirmation

of the expansion of the heating zone, as compared
with that predicted by the Michelson law, owing to
radiative heat transfer, In fact, the coefficient of
absorption of light 1/8 is a characteristic of the mate-
rial and the radiation and should not depend on the
burning rate {in the region where combustion is com-
plete and the flame has sufficiently largelinear dimen-
sions), If the width of the zone were determined hy
heat conduction and chemical reactions, then it would
be inversely proportional to the heating rate.

Since, as a rule, all secondary explosives have a
bright hot flame and sufficient transparency (8 > ),
we may assume that many explosives and some powders,
like tetryl, have anomalously wide heating zones
owing to radiative heat transfer. To verify this as-
sumption, we measured by the method described above
the temperature distribution in burning PETN at p =
= 25 kg/cm?, It was found that the width of the heating
zone in PETN under these conditions is also anoma-
lously large and is determined by the radiation of the
secondary flame and the transparency of the material.

From the experimental data and formulas presented
it is clear that owing to radiative heat transfer there
is a considerable aceumulation of heat inthe condensed
phase heating zone (exceeding the accumulation of heat
in the Michelson layer) with a maximum at a certain
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pressure (for teiryl 20 atm). With change in pressure
the accumulation of heat also changes. Consequently,
heating of the explosive by radiation from the flame
must have a substantial effect on the transient and
limiting combustion regimes (combustion with rapid
variation of pressure, ignition, quenching, amplifi-
cation of accoustic waves in the combustion zone,
limiting combustion diameter). In all the experiments
described the inequality A = (L/¢)+ T, — Ty - § > 0
(T, is the melting point, T the initial temperature, L
the heat of fusion) is satisfied; hence it is clear that
the fraction of heat required for heating and melting
the solid material is supplied from the molten zone
by thermal conduction,

By approximately describing the temperature dis-
tribution in the molten zone by means of Michelson's
law, we find the distance from the surface of the con-
densed phase (or from the chemical reaction zone) to
the boundary of the solid and liquid phases

A

=y —
1 "ﬂAJ,-Ts—T,

As A approaches zero, thedistance x, tends to infinity,
while the heat flux from the molten zone to the solid
phase approaches 0. If A < 0, then the heat flux, for-
mally pucA, also become negative, i.e., heat will
pass from the solid phase to the molten zone, which is
impossible. Hence it is clear that in the stationary
case the inequality A > 0 must be satisfied. Otherwise
(A < 0) combustion is nonstationary, the fusion surface
being propagated more rapidly than the flame front,
while the molten zone expands. This expansion may
cease owing to heat losses, Under certain conditions
this combustion regime with an anomalously broad
molten layer may occur for slowly burning explosives
with a hot flame, for example, for PETN. It is not
impossible that precisely this regime is connected
with the known fact that PETN ceases to burn in a
certain pressure interval, a fact attributed by Andreev

and Popova [4,9] to combustion instability of the molten
phase as described by Andreev [4] and Landau [10].
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Fig. 5. Shape of temperature

profile in semi-logarithmic

coordinates at a pressure of

10 atm (1), 20 atm (2), and
45 atm (3).

HEAT BALANCE OF CONDENSED PHASE

To determine the heat balance of the condensed
phase we integrate the heat conduction equation from
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the initial temperature to the surface temperature of
the condensed phase

e(Tg—T) +L+Qe—Q, —Q, — Q=0

where c¢(Ty ~ T) is the heat going toward heating the
explosive to the temperature Ty, L, Qg is the heat
goint toward fusion and evaporation, Qx is the heat
released owing to chemical reactions in the reaction
layer of the condensed phase, and @), QR is the heat
transferred to the condensed phase by thermal con-
duction and radiation.

The quantities Tg, Ty, @, are known from the ex-
periments described above; thequantity L = 20.6 cal* g“
[3]. An upper bound can be obtained for the quantity
QR if we consider that the entireheat flux of the flame,
radiating as a black body of the same temperature,
reaches the condensed phase and is absorbed in if; a
lower bound can be obtain by equating QR to the quan-
tity r/pu absorbed in the solid phase (r is measured).
Concerning the quantity Qg we know in advance only
that it lies between zero and the heat of vaporization
of tetryl Ly, since it is not clear what fraction of the
tetryl is able to evaporate and how much of the mate-
rial is dispersed or foamed (the decomposition product
of tetryl—picric acid—has a heat of vaporization close
to that of tetryl: 93 and 91 cal/g, respectively). The
heat balance equation was used to compute the quantity
Qx and Q = ¢(T, — T) + L—the total reserve of heat in
the condensed phase; in computing Q@ ... it was as-
sumed that @, = L, and QR = r/pu, while in computing
Qx min it was assumed that Qg = 0 and Qy = R/pu
{R = 50 cal/cm?ssec) (Table 2).

1t is clear from Table 2 that at pressures of 10—45
atm the contribution Qg to the heat balance of the con-
densed phase is not less than the contribution Qy; it
is still not possible to compute @, owing to the inde-
terminacy of the guantities Qg and Qe. In order to
determine this quantity it would be necessary to make
detailed measurements of the temperature distribution
in the reaction layer of the condensed phase, which
has not yet proved possible.

Table 1
o kg/cm2
Quantity -
1 7 ‘ i 20 i 5
T, ° C (expt.) 310 — | 350 | 400 | 465
Ty * C (cale,) 30 [ — | a77 | 400 | 427
@T/dxg« 107 %,deg/em2.7 | — 5 175 15
u, cm/sec ;“.IMS 0.18[0.22 0,35 | 01,55
ug, cmfsec o {0.1970.95 | — 0,85
0, °C ] 0 \ 5 1 80 | 78
r, cal/cmilssec a f 4 12 17
S, em — — 012 0.08 0
/R, % U R B R AT

Note: u is the burning rate of pure tetryl, u, is the
burning rate of a mixture of terryl and 5% gas black,
R is the maximum possible Juminous flux from the
flame zone, R : oT" (R = 50 cal/em?-sec,

9
Table 2"
l’kkg/cm2
Quantity -
1 lul .0 |4)
g, 85 951105 [110
b, AT
. 0
Gy Pa(ﬁ)s 15| 15 20
R
QRmax:—p-ll— O | 150] 95 155
.
Q= polowy) o2 |90
@r max 140 | 180 | 160 [160
Qr min . 45 |—=70| —5 | 35
Q_rmux
. 4.1 1.6 1,715 |15
! Q
o — rmin 0.5 |—0.7|—0.05/0.3
Q

G = 0,23 cal/g-deg [3]: & = 1.2:10 ¥ cal/
femsec.deg, In computing A it was assumed
that above the surface carbon is present in the
form of individual particles surrounded on all
sides by gas, The heat was measured in calo-
ries per gram,

Clearly, without improved measurements and more
specific knowledge of the combustion mechanism it
will not be possible uniquely to determine the heat
palance of the condensed phase, We offer certain con-
siderations that make it possible to estimate more
accurately the amount of heat going toward evaporation
of the explosive. First, we shall consider the limiting
case when there are no heat sources or chemical
reactions in the condensed phase. The surface of the
condensed phase is approached by a heat flux trans-
ferred from the gas by the thermal conduction g; and
partially by radiation qﬁ (we have in mind the part of
the radiant flux absorbéd in a quite thin surface layer;
the thickness of this layer requires more accurate
determination). This heat flux goes toward heating
the material to the surface temperature and toward
evaporation of material from the surface. In this case
we always have qp + qﬁ > Lg up.

We now turn to a consideration of a second limiting
case, when there is no heat flux from the gas phase
and the net reactions in the condensed phase are exo-
thermic. As a rule, gas bubbles are formed in the
chemical reaction zone. A growth of the number and
size of these bubbles due to evaporation and decom-
position of a relatively small fraction of the condensed
material leads to intense dispersion or foaming of the
main mass of material; conscquently, in this case the
consumption of energy for evaporation is inconsider-
able (as distinet from the first limiting case) and the
surface is formed by dispersion and foaming, not
surface evaporation.

We shall cite one more reason in favor of the idea
that in the presence of chemical reactions and heat
release in the condensed phase only a small fraction
of the material is evaporated. In the limiting case
considered (no heat flow from the gas phase to the
surface of the condensed phase) stationary propagation
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of the flame is incompatible with surface evaporation,
since in this case the heat going toward evaporation
must reach the surface from the interior of the con-
densed phase, and for this it is necessary that the
surface temperature be lower than the temperature
in the interior of the condensed phase, which would
lead to the formation of a peak and a trough in the
temperature profile. In the event of stationary prop-
agation of the flame front the temperature increases
smoothly, without change of the sign of the derivative
with respect to the coordinate, from the initial value
to the maximum value in the gas phase, i.e., in sta-
tionary combustion the temperature profile does not
have temperature troughs. This principal applies for
quite general {but not any) assumptions concerning the
kinetics of the chemical reactions. In this paper we
shall not consider the limits of applicability of this
principle, and therefore it is regarded here as an
initial assumption.

Table 3
)2 kg/cmz
Quantity ;
1 10 A I 45
Q¢ max, cal/g 85 85 85 90
Qy min, cal/g 45 { —70 | —5 35
Q,\' max
fy o 1.0 0.9 | 0.8 0.8
’ Q.
4y - Damin 0.5 |—0.7]—0.05 0.3
Q:
Qe+ Qp'y
= | —— % 10|10 od 10
¢ / max
Qx + Q}g ;
2, - ~——) 0.5 10808 0.8
& min

In the presence of dispersion and foaming of the
surface layer the concept "surface" has a somewhat
arbitrary character and relates to the zone where a
sharp decrease in density takes place [11-13].

it is also possible to envisage pulsating combustion
taking place as follows: A thin surface layer of the
condensed phase is overheated and then begins to boil
up, the next layer is overheated {or supersaturated
with gaseous reaction products), and so on. In the
presence of such pulsations (which, instead of being
periodic, may also occur from time to time against a
background of stationary combustion) it is also unnec-
essary to expend heat for the evaporation of the entire
condensed phase or even a considerable part of it in
order to form a new surface,

In the more general case when heat does flow from
the gas phase to the surface of the condensed phase
and intense chemical reactions take place in the con-
densed phase with liberation of heat (owing both to
chemical reactions and to the absorption of thermal
radiation), starting from the assumption of the absence
of troughs in the temperature profile, we obtain the
conditions

Qe . Q, + Qp (1)

where Qf 1s the part of Qp absorbed in a surfacelayer
so thin that all the gas formed is able to diffuse to the
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surface and the liguid does not hoil. These considera-
tions help us to refine the relations between Qe, Q}\,
and QR, by imposing on them the above limitation.
This limitation is especially important at small heat
fluxes from the gas phase @, < Lg, since at large
fluxes Q) > L, the inequality obtained above is auto-
matically satisfied,

It may be assumed that in a number of cases the
condition

Qe= Q;_ when Q;‘ < Le,
Qe= Le when @, > L,

is satisfied. In this case the heat flux @, beginstohave
a substantial effect on the burning rate only if Q) » L.
As may be seen from the data presented, for tetryl
burning under the experimental conditions described
we always had @) < Lg.

Table 3 presents the heat balance of the condensed
phase; in computing Qpax We assumed that Q, = Q)
and Qg = r/pu, whilein computing Qp,jn it was assumed
that Q, = 0 and QR = R/pu.

We shall obtain a more accurate value for the quan-
tity Qp. The heat flux absorbed in the solid phase has
been measured, In the molten phase there is almost
no absorption of light (this is clear from the results
of analysis of the measured temperature profile) owing
to the transparency of the material. Nothing is known
in advance of the absorption of light in the reaction
layer of the condensed phase. The formation of bubbles
and a divided uneven surface may lead to considerable
absorption of light. However, it is possible to assume
that the greater part of the light will be absorhed not
in the thin reaction layer of the condensed phase, but
in the much wider layer of the smoke-gas phase adja-
cent to the burning surface, occupied by a two-phase
mixture of intermediate reaction products and particles
of dispersed and foamed condensed phase,

If we set Qi = r/pu, we obtain the following heat
balance (Table 4).

By comparing Qy with the value of Q for tetryl,
equal to 341 cal/g [5], we can estimate the fraction of
tetryl decomposed in the condensed phase. This quan-
tity is from 13 to 25%. The remainder of the tetryl is
dispersed and foamed.

From Table 4, based on the experimental data and
the asumptions made above, it follows that the greater
part (from 80 to 100%) of the heat of the condensed
phase Q is associated with the exothermic reactions
proceeding in it and also with the absorbed radiation
from the flame. Only at 1 kg/cm? is a smaller value
(50%) obtained.

BURNING RATE

To obtain a more accurate picture of theheat halance
of the condensed phase and the combustion mechanism
we shall compare the measured values of the burning
rate with the values calculated under certain assump-
tions concerning the combustion mechanism. Above it
was shown that the surface temperature of tetryl coin-
cides with the boiling point (it would be useful to measure
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the relation between the surface temperature of tefryl
and other explosives and the initial temperature),

We shall compute the burning rate of tetryl for the
following combustion model:

1} surface temperature equal to boiling point;

2) radiant energy absorbed in the solid phase, but
not absorbed in the liquid phase or the reaction layer
of the condensed phase;

3) surface of condensed phase formed by dispersion
and foaming, i.e., Q¢ = 0;

4} heat flux from gas phase neglected;

5} a zero-order reactiontakes place inthe condensed
phase,

With these assumptions the burning rate will be
described by the following formula obtained by the
Zel'dovich~Frank-Kamenetskii method:

1 2 QRT?

z exp (~ £ }
(oot £ rE s
If 6 and L tend to zero, we arriveattheknownformula
of Ya, B. Zel'dovich [14],

The value ® = 1073 em?/sec for liquid tetryl was
determined by analyzing the temperature profiles in
the liquid phase of burning tetryl. In calculating the
burning rate we employed the chemical kinetics of
thermal decomposition of tetryl in the liquid state ob-
tained by Robertson at temperatures of 210~260° C,
i.e., z=10"%%1/gsec; E = 38 400 cal/mole [4]. The
calculation of the burning rate gives satisfactory agree~
ment with the experimental datg {Table 4}, Andreev
and Plyasunov earlier made a similar calculation of
the burning rate of tetryl with several other values of
the constants and concluded that the chemical reaction
in the condensed phase plays a leading part [8].

COMBUSTION MECHANISM

On the basis of direct measurements it has been
established that the solid phase (T < T) is heated by
radiation from the flame and thermal conduction, the
greater part of the accumulation of heat in the heated
layer being attributable to radiation (at pressures of
10-50 atm). The intensity of the radiant flux from the
flame to the solid zone has been measured, The tem-
perature profile due to thermal conduction and radia-
tion is in agreement with theoretical profile.

It has been established that the surface temperature
is equal to the boiling point of tetryl, which experi-
mentally confirms the known view of A, F. Belyaev
[15] concerning the combustion mechanism of volatile
explosives. We note that it is much more important
to know the surface temperature when a leading role
is played by the chemical reactions in the condensed
phase than when the burning rate is determined only by
reactions in the gas phase.

By constructing the heat balance of the condensed
phase and comparing the calculated and measured
burning rates it has been shown that during combustion
a fresh surface is formednot by evaporation, but chiefly
by dispersion and foaming, The burning rate of tetryl
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is mainly determined by the chemical reactions in the
condensed phase.

Table 4
p, kg/cm®
Quantity l ‘
1 10 20 45
- |
Qur max, €275 85 | 85 f 85 a0
Qx miny cal/g 45 70 70 70
Q): max
o) = 1.0 0.9 0.8 0.8
o
azxw 0.5 107 107 | 08
@

+ Q" -
ag—,(ox Q"J 10 (1.6 (1.0 ) 1O

Q. max

Q.+ Q
2 :( ud "’) 0.5 [0.8 | 0.8 | 0.8
\ & min

u, cm/sec (expt.) 0.045( 0.22 1 0.35 | 0.55
u, cm/sec (calce.) 005910350631 1.04

Thus, the combustion mechanims of tetryl is very
similar to the combustion mechanism of powders de-
scribed by P, F, Pokhil [11]. The difference evidently
consists in the fact that the surface temperature of
tetryl is egqual to the boiling point, while the surface
temperature of a powder is determined by the laws of
dispersion and foaming [16].
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